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   Preface 

        The pursuit of knowledge of the ocean has progressed in recent years due to the availability 
of new technologies and tools. Satellites are now equipped with sensors that can measure 
the optical densities of surface waters; pro fi ling  fl oats can collect physical and chemical data 
from around the world; and  fl uorescence detectors can provide information about the 
chlorophyll concentrations at depths beyond reach of satellite-based sensors. These tech-
nologies have stimulated a renewed interest in ocean exploration, and the vast quantities of 
physicochemical data collected have aided in the development of predictive models for 
some of the major ocean processes. By contrast, the integration of cell biology and genom-
ics into oceanographic research is much less developed, even though biological (and espe-
cially microbiological) processes are fundamental for maintaining a functional global 
ecosystem. The study of aquatic organisms at the sub-molecular or molecular level spans 
from the smallest of viruses to the largest marine mammals. Issues addressed using molecu-
lar techniques are deeply rooted in questions posed by biological oceanographers: What 
species are present? How are they related to one another? How do they respond to altera-
tions in the chemical and physical environment? What role do they play in biogeochemical 
cycling, food webs, and maintenance of global climate? Can we use speci fi c organisms as 
indicators of environmental change? One of the major challenges in understanding ocean 
processes is the dif fi culty in four-dimensional sampling of a complex and dynamic habitat 
because of a lack of suitable microbial and biogeochemical sensors. The solution to this 
challenge is to develop new tools and methodologies for genomic-enabled oceanography. 

 The study of aquatic organisms at the molecular level is now widespread in ocean 
sciences. These techniques target molecular signatures (i.e., carbohydrates, lipids, proteins, 
and nucleic acid sequences), which provide a broad foundation for identifying speci fi c 
organisms, revealing evolutionary relationships, inferring metabolic potential and function, 
and indicating stress due to environmental change. Subjects span from environments from 
all corners of the globe, including the shallowest of waters to the deep sea and cold seeps 
to hot vents. Target organisms range from viruses and phage to the largest marine mam-
mals. Most recently, research on aquatic organisms has come to include genomics and 
associated technologies. The initial phase of the global ocean survey, an ambitious expedi-
tion to chart the ocean genome, generated an impressive number of open reading frames 
equivalent to half of the entire GenBank inventory of known genes. This study of marine 
bacteria highlighted the vast and previously unknown genetic information contained in 
extant marine microorganisms, from new protein families to novel metabolic processes. 
However, many of the open reading frames are unlike any known genes, which could 
encode metabolic processes that are yet to be discovered or be important in the regulation 
of cellular activity in the dynamic and variable marine environment. Metatranscriptomics 
and/or proteomics allowed us to elucidate metabolic activities under different conditions 
in the ocean in various organisms. The collection of large amounts of sequence information 
from these molecular studies paved the way for construction of DNA microarrays—high-
density matrixes of DNA probes immobilized on a solid support. DNA array technology 
offers the possibility of detecting the presence and expression of many genes simultaneously 
in a single sample. They are able to identify functional groups, species, and ecotypes reliably 
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vi Preface

and rapidly. Protein arrays on the other hand, complement those based on nucleic acids by 
providing a basis for detecting speci fi c gene products. Applications of DNA and protein 
arrays are projected to enable multivariant assessments of species diversity and function in 
relation to changes in the chemical and physical environment on scales not possible previ-
ously. Increasing reliance on cell-free analytical techniques like DNA and protein has also 
probably spur application of probes in the whole-cell format, to relate genetic content and 
expression to identi fi able, intact cells and associations. 

 Although application of molecular techniques has become well established in ocean sci-
ence, the vast majority of the work typically occurs in the laboratory after the return of a dis-
crete set of samples, limiting opportunities to collect molecular data in near real time. While 
many molecular-based analyses are described as “high-throughput,” those methods are gener-
ally restricted to laboratory use and require substantial effort to process and collect. Molecular 
techniques can form the basis for remote instrumentation sensing technologies for marine 
microbial diversity and ecological function. For example, molecular biological approaches may 
be deployed in the ocean sensor platforms to track microorganisms or processes of interest in 
real time. Most of the sensors used today utilize optical techniques to derive presence, abun-
dance, and activity of organisms. New molecular analytical-based sensors are also emerging, 
such as ecogenomic sensors. Ecogenomic sensors provide measures or microbial presence and 
function at the molecular level. Included in the latter are the Autonomous Microbial 
Genosensor (AMG) and Environmental Sample Processor (ESP). The AMG is a microbio-
logical sensing buoy developed by scientists from College of Marine Science at the University 
of South Florida. The AMG is the  fi rst microbiological detection buoy designed that uses 
nucleic acid-based ampli fi cation. Currently, the AMG is designed to transmit data through a 
WiFi connection and is battery powered for complete autonomous operation and can be con-
nected to a cable network system for data transmission and power. The ESP was developed by 
Chris Scholin and his colleagues from Monteray Bay Aquarium Research Institute in Moss 
Landing, California. It is an electromechanical/ fl uidic device that collects water samples from 
the ocean subsurface and allows for the application of DNA probe arrays to detect target 
rRNAs present in crude homogenate using sandwich hybridization assay. Previous applica-
tions of the ESP have focused on detecting harmful algae and invertebrate larvae in situ. 

 The availability and the reliability of commercially available instruments, methods, and 
supplies have made it possible to dig into the molecular underpinnings of just about every-
thing that is “environmental.” These achievements, coupled with advances in ocean obser-
vatory technology and plans to extend those networks, have fueled the idea of applying 
molecular sensors in remote settings. The evolution and application of ecogenomic sensors 
seems as natural as instruments that have brought real-time chemical, physical, and bio-
optical assessments of the ocean to our desks at a mere click of button. A key to autono-
mous observations of microbes in the ocean is the continuing development of sensing 
technologies in the laboratory, transitioning sensors from the bench to the  fi eld, and inte-
grating sensor suites into observing platforms appropriate to spatial and temporal dimen-
sions of speci fi c process and phenomena. More exciting advances on molecular ocean 
sensing are still to come as more remotely operated autonomous undersea vehicles are 
incorporated into oceanographic research. There is no doubt that much work remains to 
de fi ne the assays that will be deployed in situ and the concomitant sample collection and 
processing requirements. Sustained investment in the development of in situ instrumenta-
tion is essential to bring to fruition the testing of ideas and models discussed in this book.

Dearborn, MI, USA Sonia M. Tiquia-Arashiro 
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    Chapter 1   

 “Omics”-Enabled Microbial Sensors on Ocean Platforms       

         Julie   C.   Robidart      ,    Irina   N.   Shilova   , and    Jonathan   P.   Zehr      

  Abstract 

 In order to assess the diversity and function of microbial communities most effectively, molecular assays 
need to be designed that target the phylogenetic markers and functional genes that are key to major eco-
logical processes and microorganisms. A streamlined design process is presented here that designs probes 
for microarray and quantitative PCR (qPCR) assays, for application on the lab bench or on remote instru-
mentation. These assays can be used for DNA (genome) and RNA (gene transcription) studies. The pipe-
line described here establishes a database of environmental sequences, which is then used for the design of 
molecular probes for microarrays and to inform the design of qPCR assays, which is detailed here along 
with the assay optimization process. Finally, the process for the design of high-density microarrays is 
described. The qPCR protocol is currently used for assay optimization on the Environmental Sample 
Processor, a deployable robotic “genosensor” (  http://www.mbari.org/esp    ). The protocols described here 
should advance applications in microbial oceanography using robotic instrumentation as well as traditional 
sampling methods.  

  Key words:   Quantitative PCR ,  Microarray ,  Biosensors ,  Environmental microbiology ,  Ocean platforms , 
 Robotic instrumentation ,  Microbial oceanography ,  Genosensor ,  Environmental sample processor    

 

 With the advent of environmental metagenomics, marine micro-
biologists have bene fi ted greatly from the availability of sequence 
data that is not dependent on cultured isolates. Since databases of 
environmental gene sequences have rapidly grown due to the appli-
cation of high-throughput sequencing techniques, it is possible to 
design molecular assays to target speci fi c processes or phylogenetic 
groups in the environment with greater ease than previously pos-
sible. Gene sequence databases can now be created that represent 
a large diversity of organisms from the environment, using publicly 
available data. These databases provide the starting point for the 
design of molecular assays to target microorganisms in the 
environment. Presented in this chapter is a streamlined qPCR and 

  1.  Introduction
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2 J.C. Robidart et al.

microarray design processes to increase the probability of successful 
implementation with environmental samples. The assays designed 
by this approach can be used to examine microbial population 
dynamics as well as functional activities. 

  Quantitative PCR has been used extensively in the  fi eld to quantify 
speci fi c phylotypes  (  1–  10  ) , and in the lab to monitor functional 
gene expression in cultures or enrichments (quantitative reverse-
transcription PCR or qRT-PCR)  (  11–  16  ) . Once designed, assays 
can be used for gene abundance quanti fi cation and gene expres-
sion analyses, depending on the nature of the template (DNA or 
cDNA, respectively). Quanti fi cation in qPCR is achieved by detec-
tion of  fl uorescence signal from nonspeci fi c  fl uorescent dyes 
(i.e., SYBR Green) or sequence-speci fi c DNA oligonucleotide 
probes (i.e., TaqMan) that hybridize to PCR amplicons. TaqMan 
chemistry has higher speci fi city due to hybridization of the 
 fl uorogenic probe to complementary DNA. This qPCR chemistry 
is described in this chapter.  

  Oligonucleotide microarrays contain hundreds to thousands of oli-
gonucleotide probes (25–70-nt long) that are speci fi c to genes/
species and immobilized or synthesized on a slide carrier. Samples 
(DNA, RNA) are labeled and hybridized to the array, and hybrid-
ization signal ( fl uorescent or electrochemical) is quantitatively 
measured. Microarrays offer fast and reliable high-throughput 
identi fi cation of microorganisms and their activity, and have been 
increasingly applied to study microbial ecology  (  17–  21  )  oftentimes 
in marine settings  (  7,   22–  32  ) . 

 Environmental microarrays can be classi fi ed into several cate-
gories including phylogenetic arrays targeting 16S-rRNA genes 
(PhyloChip: 18) or genomes  (  31,   32  )  and functional arrays that 
target a set of genes coding for ecologically relevant processes 
 (  21,   22  ) . Functional arrays can be used for both identi fi cation of 
important species in a community  (  27  )  and assessment of their 
transcriptional    activity  (  33  ) . Oligonucleotide microarray designs 
can be spotted (e.g.,  (  25  ) ) or synthesized directly on the slide (or 
“in situ synthesis”), as are most high-density arrays  (  18  ) . Spotted 
arrays feature a single oligonucleotide probe per target gene; these 
arrays are usually of relatively low throughput (hundreds of probes) 
and used mainly for identi fi cation of community composition 
(phylogenetic and functional arrays). The probe for each target is 
carefully designed and may target a single species or a group of 
closely related microorganisms. Synthesized in situ or high-density 
microarrays (Affymetrix, Agilent, NimbleGen) contain 4–20 
probes per each target gene that are synthesized on-chip, and 
speci fi city is provided by probe redundancy. These arrays have tens 
to hundreds of thousands of probes and are often used for assess-
ing transcriptional activity, but also can be used for community 
phylogenetic  fi ngerprinting.  

  1.1.  Quantitative PCR

  1.2.  Oligonucleotide 
Microarrays
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31 “Omics”-Enabled Microbial Sensors on Ocean Platforms

  While the probability of successful application of molecular assays 
has increased with the availability of environmental sequence data, 
the design of molecular probes is still a laborious process, and much 
forethought should be invested into the choice of gene targets 
prior to design. Target genes can provide information on commu-
nity phylogenetic composition, speci fi c microbial processes (e.g., 
nitrogen  fi xation, nitri fi cation), and nutrient limitation, or provide 
information on physiological status and growth rate of key micro-
organisms. Depending on the research questions and gene sequence 
conservation, the probes can be designed to differentiate among 
taxonomic units at various levels. Target genes can act as phyloge-
netic markers (to quantify speci fi c clades within a population) when 
used on DNA, as proxies for a speci fi c activity (implied from gene 
expression) when used on RNA, or as both. Less conserved func-
tional genes, for example, can be used as markers for processes as 
well as speci fi c clades of organisms, while it may be impossible to 
design a clade-speci fi c assay for more conserved genes. Information 
about target genes comes from prior laboratory studies with cul-
tured representatives,  fi eld studies, as well as (meta)genomic and 
metatranscriptomic data  (  4,   27,   34–  40  ) . If such information is not 
available for the organisms of interest, it can be deduced from 
closely related organisms. Thus, the fundamental question is:  What 
does this target gene represent?  Particularly, the following questions 
regarding the target gene should be answered.

     ● How does the abundance of this gene, with contextual data (e.g., 
physical/chemical parameters), provide information on the ecol-
ogy of the organism?   
    ● How does the expression of this gene provide information on the 
current status (activity, physiology) of the organism(s)?   
    ● What taxonomic resolution is required to provide meaningful 
information: i.e., are there selected sentinel organisms or speci fi c 
groups of organisms?     

 Table  1  provides examples of molecular assays and the infor-
mation they provide. In the procedures described below, it is 
assumed that target genes (molecular markers) and organisms of 
interest have already been identi fi ed.   

  Establishing a database for probe design for environmental microar-
rays and degenerate PCR is critical in increasing the sensitivity of 
the assays. For phylogenetic studies using the 16S rRNA gene, 
comprehensive databases exist that include genes from cultured 
and uncultured microorganisms: The ARB project (ARB at   http://
www.arb-home.de    ), Ribosomal Database Project (RDP:   http://
www.rdp.cme.msu.edu    ), SILVA (  http://www.arb-silva.de    ), Green
Genes (  http://greengenes.lbl.gov/    ), and National Center for 
Biotechnology Information (NCBI:   http://www.ncbi.nlm.nih.gov    ). 

  1.3.  Molecular 
Markers

  1.4.  Gene Database
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To represent the diversity of functional genes, homologous 
sequences are acquired from databases (e.g., NCBI) usually using 
gene annotation and key words as was used in developing the 
GeoChip array  (  20,   21  ) . However, because of the underrepresenta-
tion of full-length gene sequences from uncultured microorgan-
isms, ambiguity in gene annotation, and common misannotation, 
resulting datasets may not resemble the natural nucleotide diversity 
of the target genes. This is especially true for less conserved genes 
such as  narB,  encoding the enzyme assimilatory nitrate reductase, 
which was believed to be absent in  Prochlorococcus  spp. due to the 
bias of the isolation technique ( Prochlorococcus  strains have been 
isolated on media containing ammonium as N source, thus decreas-
ing a chance of isolating the strains that are able to utilize nitrate). 
The presence of  narB  in  Prochlorococcus  spp. was discovered only 
through analyzing metagenomic data for natural populations of 
 Prochlorococcus  spp.  (  41  ) . Another approach for acquiring natural 
gene diversity is through ampli fi cation of the target gene from envi-
ronmental samples with degenerate PCR  (  22  ) . The extent of 
sequence diversity in this case can be biased by the degenerate 
primer design, depending on the coverage of the input database 
used to inform the design. A more comprehensive database may be 
built by exploring the increasingly available metagenomic and meta-
transcriptomic data. Considering that the majority of key players in 
ocean biogeochemistry are uncultured, and their genomes remain 
unsequenced, the use of high-throughput environmental sequenc-
ing data in constructing a database for probe design is essential.  

   Table 1 
  Examples of quantitative PCR assays for cyanobacteria   

 Organism/group  Gene  Assay interpretation 

  Synechococcus   Phosphonate transport, 
 phnD  groups 

 Clade-speci fi c indicators of phosphorus 
stress 

  Synechococcus   Iron stress,  idiA   Indicators of Fe stress 

  Synechococcus   Global N regulator,  ntcA  
groups 

 Clade-speci fi c indicators of nitrogen 
limitation 

  Synechococcus   RuBisCO,  rbcL   Near-universal  Synechococcus  proxy for 
carbon  fi xation 

 Unicellular cyano, grp A  Nitrogenase  Group-speci fi c proxy for nitrogen  fi xation 

  Crocosphaera   Nitrogenase  Group-speci fi c proxy for nitrogen  fi xation 

 Heterocystous cyano 1  Nitrogenase  Group-speci fi c proxy for nitrogen  fi xation 

  Trichodesmium   Nitrogenase  Group-speci fi c proxy for nitrogen  fi xation 

  Each assay provides information regarding the ecology and/or physiology of the target organism  
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  Assay design in this chapter is discussed in the order of operations 
in the design process: the establishment of gene database, followed 
by qPCR assay and microarray assay designs. These protocols 
assume no prior information on diversity of the target genes. Those 
interested in using personal gene sequence databases from the envi-
ronment of interest to design probes and/or qPCR assays can begin 
with step 6 ( Choosing representative sequences ) of the  Establishment 
of gene database  protocol, or step 1,  TaqMan qPCR primer and 
probe design , of the  Quantitative PCR assay design  protocol. 

  The objective of the following procedure is to collect all available and 
relevant DNA homologous sequence diversity for the target gene. 
Before proceeding, the genes and organism(s), and the environment 
of interest, need to be de fi ned. The amino acid sequence of a target 
gene is obtained from any of the available sequence databases and 
used as a query in a Basic Local Alignment Search Tool (BLAST, 
 (  42  ) ) against metagenomic and metatranscriptomic nucleotide data-
sets in the Community Cyberinfrastructure for Advance Microbial 
Ecology Research & Analysis (CAMERA). The hits (or “subject 
sequences”) are then  fi ltered based on length and geographic loca-
tion (optional), and a reciprocal BLAST is run against all proteins and 
genomes in NCBI or CAMERA to con fi rm the identity of the sub-
ject sequences. This set of environmental sequences is combined with 
the nucleotide sequences from sequenced genomes, and representa-
tive sequences are selected based on at least speci fi ed nucleotide dis-
similarity. The representative sequences are used directly for microarray 
probe design or for creating an alignment, from which degenerate 
primers for PCR are designed (Fig.  1 ). This protocol has been applied 
to prokaryotic genes, but can be adapted to eukaryotic genes if a 
eukaryotic database is available, or in the near future with more 
sequenced eukaryotic genomes, although speci fi cs of eukaryotic 
genes should be considered (e.g., introns, gene length).   

  A variety of assays have been designed to assess the abundances and 
distributions of microorganisms in situ, using quantitative PCR. 
This process begins with the design of degenerate primers based 
on a database of global environmental sequences, obtained from 
the process outlined above. Degenerate primers should be used to 
amplify genes from the environment where the instrument will be 
deployed, from a variety of seasons, if possible. Clone libraries are 
generated from the amplicons and cloned gene fragments sequenced 
in order to assess the diversity of the gene in that environment. 
These sequences are used to design speci fi c quantitative PCR prim-
ers and probes, based on clades or subclades, depending on the 
research question and the extent of gene conservation (i.e., sub-
clades cannot be targeted with conserved genes). qPCR assays are 
optimized with ESP chemistry at the bench to create a standard 
curve with adequate ef fi ciency and sensitivity, using linearized 

  1.5.  Molecular 
Assay Design

  1.5.1.  Procedural 
Overview: Establishing 
a Database 
for a Target Gene

  1.5.2.  Procedural 
Overview: Quantitative PCR
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 plasmids containing the gene of interest. Environmental samples 
from various times of the year are then queried for gene abundances, 
and assays are eliminated if the temporal data is uninformative (e.g., 
the abundance does not change over the course of the year). Assays 
are then checked for cross-reactivity. A 4- to 6-point standard curve 
should have the sensitivity to detect targets at environmentally rel-
evant abundances, show repeatable ampli fi cation dynamics, and 
have an ef fi ciency of 90–110 %; otherwise, the qPCR assay must be 
modi fi ed in order to achieve accurate abundance information.  

  The experimental scheme of developing a microarray approach has 
been described in detail previously (e.g.,  (  21,   43–  45  ) ). Brie fl y, it 
consists of establishing a database of target sequences, probe 
design, spotting or synthesizing probes on the selected array 
platform, checking sensitivity and speci fi city of the probes by 
hybridizing control samples, and redesigning the array if needed 
(Fig.  1 ). A more general universal procedure for different types of 

  1.5.3.  Procedural 
Overview: Microarrays

  Fig. 1.    Order of operations as described in this chapter .  Work fl ow describes the three main procedures: ( a ) database 
 generation, ( b ) qPCR design, and ( c ) microarray design. Types of software used at speci fi c steps in molecular assay design 
are indicated to the  right.        
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arrays is described here, but speci fi c procedural details vary between 
platforms. Since microarray technology on the ESP is currently in 
development, and the microarray platform that will be imple-
mented is not yet known, we refer the reader to previously pub-
lished protocols for speci fi c details  (  43,   45  ) . Outlined here is a 
general procedure for the design of a high-density oligonucleotide 
microarray (NimbleGen, Agilent, or CustomArray type) for 
identi fi cation of microbial community composition and activity 
(gene expression) in marine environments.    

 

        Gradient thermocycler
   PCR tubes     
  PCR rack  
  Gel electrophoresis system  
  Gel visualization system  
  1.5-ml Eppendorf tubes  
  PCR Master Mix  
  MgCl 2   
  dNTP mix  
  Taq DNA polymerase  
  Sterile water suitable for PCR  
  Degenerate primers  
  Three to  fi ve DNA extracts representing different time points from 

the environment of interest  
  Agarose  
  Gel loading dye
   DNA ladder (spanning the size of the expected amplicon)  
  Gel stain     
  Qiagen QiaQuick Gel Extraction Kit     

     300- m l Multichannel pipettor.  
  2-ml Grow blocks for cultures.  
  Sterile breathable adhesive for grow blocks.  
  200- m l Microtiter plates.  
  LB media: 10 g tryptone, 5 g yeast extract, 10 g NaCl per liter 

milliQ water. Autoclave for 45 min on a liquid cycle.
Selection antibiotic.  
  TOPO TA Cloning Kit (Invitrogen, Inc.) or pGEM Vector System 

(Promega).  

  2.  Reagents 
and Equipment

  2.1.  Degenerate PCR

  2.2.  Clone Libraries
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  Sterile 80 % glycerol: 80 ml glycerol, 20 ml milliQ water. Autoclave 
for 45 min on a liquid cycle.  

  Plasmid Miniprep 96 Kit (Millipore).     

     1-ml Pipettor  
  Culture tubes  
  Sterile toothpicks  
  Microcentrifuge  
  Shaking incubator  
  Gel electrophoresis system  
  Gel visualization system  
  NanoDrop Spectrophotometer (ThermoScienti fi c) or Qubit 

Fluorometer (Invitrogen Corp.)  
  LB media  
  QIAprep Spin Miniprep Kit (Qiagen)  
  Restriction enzyme appropriate for chosen vector sequence  
  Agarose  
  Gel loading dye
   DNA ladder (spanning the size of the expected amplicon)  
  Gel stain     
  Qiagen QiaQuick Gel Extraction Kit  
  Sterile water     

     Real-time PCR machine  
  Accuprime Supermix II  
  MgCl 2  (25 or 50 mM)  
  Sterile water suitable for PCR  
  10 mM Primers  
  100 mM Probe  
  10 5  Copies per 6 ml standard  
  Optical PCR tubes  
  PCR rack  
  1.5-ml Eppendorf tubes      

 

  A combination of Web-based tools and software packages (Table  2 ) 
is used to collect homologous sequences from available environ-
mental databases. In the future, the work fl ow may be automated 

  2.3.  Making qPCR 
Standards

  2.4.  qPCR Reaction 
Optimization and 
Optimizing Sensitivity 
and Ef fi ciency

  3.  Protocol

  3.1.  Establishing 
a Database 
for a Target Gene
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and more widely available. Although it is possible to work with 
several genes simultaneously, it is advised to work with one gene of 
interest at a time since different genes may require different selec-
tion criteria. 

    1.    Nucleotide sequences for the marker gene are obtained from 
all available genomes of targeted organisms and clones at 
NCBI, Integrated Microbial Genomes (IMG), or the UCSC 
genome browser and saved in FASTA format. These sequences 
will be used in step 6. See Note 1.  

    2.    An amino acid sequence of the marker gene (any representa-
tive) is acquired in FASTA format from any of the available 
sequence databases (NCBI, IMG, UCSC genome browser).  

    3.    The amino acid sequence is used as a query in two TBLASTN 
runs in CAMERA against the reference datasets “All 
Metagenomic 454” and “All Metagenomic Sanger.” TBLASTN 
searches nucleotide databases using a protein sequence as a 
query. This allows the acquisition of all homologous protein 
sequences and returns an output of hits (subject sequences) as 
nucleotides. The criteria should be set for a loose search: for 
example,  E  value cutoff 1e −3  and 10,000 hits per query. The 
results are returned as tables of all subject sequences with cor-
responding metadata (BLAST statistics, location of the source 
sample, etc.). The result tables are exported to a local com-
puter, and the subject sequences are  fi ltered and processed.
   (a)    Select unique sequences by subject sequence ID.  
   (b)    Select sequences that are longer than 60 amino acids 

(or 180 bp).  
   (c)    Filter by geographic location (optional).  

   Table 2 
  Software used in this chapter   

 Software or    Web sites  Address 

 CAMERA    http://camera.calit2.net/     

 NCBI    http://www.ncbi.nlm.nih.gov     

 UCSC Genome Browser    http://genome.ucsc.edu/     

 CD-HIT    http://weizhong-lab.ucsd.edu/cdhit_suite     

 IMG    http://img.jgi.doe.gov/     

 ClustalW    http://www.clustal.org     

 Jalview    http://www.jalview.org     

 ARB    http://www.arb-home.de     
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   (d)    All sequences have to be in the sense (+) orientation. The 
strand is indicated in the result table (column “Frame”). 
Sequences that have “+/−“ match have to be converted 
into the reverse complement strand.  

   (e)    Save subject sequences in FASTA format. If no program is 
implemented, the FASTA  fi le can be created from Excel by 
copying the column with subject sequences into any text 
editor program and by manually formatting the entries.     
 The  fi ltering can be done in Microsoft Excel by condi-

tional sorting of columns or by implementing Perl (  http://
www.perl.org    ) or R (The R project,   http://www.r-project.org    ) 
scripts. The implementation of scripts is recommended if there 
are several target genes.  

    4.    Reciprocal BLASTN and BLASTX is performed in CAMERA 
with the selected subject sequences (from step 3) against “All 
prokaryotic genomes” and “All Prokaryotic Proteins.” The 
purpose of this step is to con fi rm sequence identity (BLASTX) 
and select sequences that originate from the organisms of inter-
est (BLASTN). If the goal is to collect all possible homologues 
for the target gene, BLASTN results are used to identify 
taxonomy or closest related organisms for the environmental 
reads. The criteria for BLAST jobs are 1–3 hits per query and 
an E value cutoff of at least 1e −6 . Outputs are saved as tables 
with matching sequences and metadata, and the results are 
 fi ltered in MS Excel to choose sequences that hit to the target 
organism(s) and target annotation. For annotation, the percent 
cutoff for sequence similarity is based on the gene conserva-
tion and the goal, for example at least 60 % for an alignment 
length of at least 30 amino acids. See Note 2.  

    5.    Environmental sequences are trimmed according to the open 
reading frame (ORF) start and stop positions. The reason for 
this is that metagenomic reads often contain genomic frag-
ments that are not part of the gene sequence and will cause 
nonspeci fi c hybridizations if left for the probe design, and will 
complicate sequence alignment. The start and stop positions of 
the ORF are deduced from the BLASTX results based on the 
hit position and average gene length. Custom scripts for this 
procedure can be written in Perl, Python, or R language. See 
Note 3 for an alternative way.  

    6.    Full-length genomic and trimmed environmental gene 
sequences are combined into one FASTA  fi le and clustered in 
CD-EST-HIT  (  46,   47  )  at 90 % nucleotide similarity for 
microarray and 99 % for degenerate PCR assay design. The 
program returns a list of longest (representative) sequences 
from each cluster in FASTA format. The metadata obtained 
from previous steps should also be selected for the representa-
tive sequences. These sequences are used for the degenerate 
PCR primer and microarray probe design.      
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       1.    Using sequences from step 6 above, create a nucleotide 
 alignment in ClustalW and import into ARB or Jalview.  

    2.    Analyze alignments and note conserved regions 1 . Design prim-
ers with the nucleotide sequences for these regions. These 
rules should be followed when designing degenerate primers 
(see Notes 4–6):
   (a)    Amplicons should be as long as possible, and must be 

greater than 600 base pairs (bp) 2 .  
   (b)    Primer length should be 18–22 bp.  
   (c)    Degeneracy should be kept at minimum (less than four 

degenerate bases per primer, and do not include them on 
the 3 ¢  end).  

   (d)    Melting temperature ( T  m ) should be 52–60 °C, and should 
be within 4 °C of the  T  m  of the second primer. The higher 
the more speci fi c the reaction.  

   (e)    GC content should be 40–60 %.  
   (f)    Only 2–3 G or C bases should be included at the 3 ¢  end of 

each primer, but three in a row should be avoided to pre-
vent mispriming.  

   (g)    Avoid primer secondary structures (hairpins, primer dimers, 
etc.).  

   (h)    Avoid dinucleotide repeats (AGAGAG) and mononucle-
otide runs (CCCCC).      

    3.    Amplify 3–5 environmental samples from various time points if 
possible, and optimize the degenerate PCR reaction. A PCR 
protocol to begin optimization of degenerate PCR ampli fi cation 
contains:
   (a)    3  m l 10× PCR buffer  
   (b)    4 mM MgCl 2  (can decrease to zero added MgCl 2 )  
   (c)    200  m M dNTP mix  
   (d)    0.2  m M each primer (can go up to 1.5  m M)  
   (e)    1.5 Units Taq DNA polymerase 3   
   (f)    2  m l Template DNA (or 1:10 dilution of template DNA)  
   (g)    Water to a  fi nal volume of 30  m l     

    For each pair of degenerate primers, the reaction needs 
to be optimized for annealing temperature, primer concentra-
tion (0.1–1  m M), and MgCl 2  concentration (2–6 mM). See 
Notes 7–9.  

  3.2.  Quantitative PCR 
Assay Design

  3.2.1.  Degenerate PCR

   1   If the sequences are too diverse to visualize easily, translate in frame and  fi nd more conserved regions with 
amino acid alignments. Target these regions of the nucleotide sequence for degenerate primer design.  
   2   The less conserved the sequence, the larger the amplicon necessary.  
   3   Must use  Taq  polymerase in order to generate the A-overhangs for subsequent cloning reactions.  
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    4.    Run PCR products on a low-melting-point agarose gel. Stain and 
visualize the gel (Fig.  2 ), and gel-purify ampli fi ed bands of the 
correct length using a QiaQuick Gel Extraction Kit (Qiagen).       

      1.    Construct libraries using the TOPO TA Cloning Kit 
(Invitrogen, Inc.) or pGEM Vector System (Promega Corp.) 
using amplicons from all designed primer sets in order to assess 
the complete diversity of the gene from the same samples.  

    2.    Grow up clones overnight on 96-well grow blocks in 1.5 ml 
LB medium with the appropriate antibiotic.  

    3.    Distribute 150  m l aliquots of each overnight culture to a sepa-
rate microtiter plate, adding 35  m l of 80 % glycerol. Seal the 
plate, vortex, and store at −80 °C as an archive.  

    4.    Extract the remaining (1 ml volume) clone libraries with the 
Montagé Plasmid Miniprep 96 Kit (Millipore).  

    5.    Sequence inserts by your lab’s preferred method. Maintain 
plate well orientation information in the submitted sequencing 
 fi le, in order to return to speci fi c clones.      

      1.    Verify that sequences are from targeted genes using BLAST 
within NCBI  (  42  ) .  

    2.    Align sequenced targets in ClustalW, and import into ARB 
 (  48  )  or a similar program, where a phylogenetic tree can be 
constructed. See Note 10 .  Depending on the objective, a com-
prehensive primer/probe set can be designed for qPCR based 
on all ampli fi ed sequences (which may not be possible if the 
gene is too diverse), or a series of assays for similar sequences 
in clusters, or clades.  

  3.2.2.  Clone Libraries

  3.2.3.  TaqMan qPCR 
Primers and Probe Design

  Fig. 2.    Example of degenerate PCR products, visualized on an agarose gel. The desired 
ampli fi cation product is ca. 900 bp with this particular example. The single band at this 
size is gel-puri fi ed.       
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    3.    qPCR primers and probes should conform to the same rules 
stated above, with the exception that the required amplicon 
length is 50–200 bp and primers are not degenerate; see 
Note 11. Additionally, probes must:
   (a)    Be between the two PCR primers  
   (b)    Be situated near a primer and on the same strand  
   (c)    Have no guanine on the 5 ¢  end  
   (d)    Contain more cytosines than guanines  
   (e)    Have a  T  m  that is 10 °C higher than that of the primers  
   (f)    Have a  T  m  near 68–70 °C  
   (g)    Be labeled with a  fl uorophore of your choice (FAM, 

TAMARA, or NED if using with the ESP) at the 5 ¢  end, 
and Black Hole Quencher at the 3 ¢  end          

      1.    Add 5 ml LB media to ten culture tubes.  
    2.    Retrieve the archive plate from the −80 °C freezer and thaw 

 partially  on ice.  
    3.    Using the well information from the sequence data to orient 

within the plate, choose diverse clones from the archived 
library. For each clone, insert a sterile toothpick into the par-
tially thawed culture from the well, and transfer toothpick to 
one 5-ml LB culture tube.  

    4.    Add the lid to the tube and grow up shaking overnight at 37 °C.  
    5.    Plasmid prep 2 × 2 ml of each culture using the QIAprep Spin 

Miniprep Kit (Qiagen).  
    6.    Before digestion, aliquot 5  m l plasmid into a separate tube and 

keep at 4 °C for Step 8.  
    7.    Linearize plasmids by overnight restriction digest, using a 

restriction enzyme appropriate to the vector sequence and 
terminating the reaction the following day according to the 
manufacturer’s protocol.  

    8.    Run the entire volume of digested plasmids on a low-melting-
point agarose gel, alongside undigested plasmids and previ-
ously linearized plasmids (if available), in order to distinguish 
between the bands on the gel. Only linearized plasmids are 
gel-extracted with the Qiagen QiaQuick Gel Extraction Kit.  

    9.    Plasmids are quanti fi ed using a NanoDrop Spectrophotometer 
(ThermoScienti fi c) or Qubit Fluorometer (Invitrogen Corp.), 
and diluted to concentrations equivalent to    1 × 10 X /6  m l.  

    10.    1:10 serial dilutions of the most concentrated plasmid are 
performed until    1 × 10 0 /6  m l using sterile water.      

  3.2.4.  Making qPCR 
Standards
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  It is advisable to optimize the primer annealing temperature using 
standard PCR with an environmental sample “spiked” with a posi-
tive control. A starting point for optimization would be 7 °C 
below the lowest  T  m  of the primers. Ampli fi cation products are 
visualized on an agarose gel, and the annealing temperature of the 
most speci fi c and ef fi cient reaction (as evaluated by a tight, bright 
band) is used for optimization. Alternatively, if a temperature 
gradient quantitative PCR thermocycler is available, annealing 
temperature can be optimized during the protocol. This protocol 
optimizes MgCl 2  and primer concentrations for qPCR reactions. 
See Notes 12–14.

    1.    Dilute 10  m M primers and 100  m M probe as described here 
(1F to 5F, then 1R to 5R)    (Table  3 ).   

    2.    Make the enzyme master mix:
   480  m l Accuprime  
  115.2  m l MgCl 2  (25 mM) or water  
     19.2  m l water  + 38.4  m l template  (10 5  copies per 6  m l, spiked 

into an environmental extract)  
     652.8  m l total volume “master mix”     

    3.    In 5 × 1.5-ml Eppendorf tubes marked 1R to 5R, dispense 
28.8  m l of each R primer dilution into each tube.  

    4.    Add 122.4  m l master mix to each of the tubes.  
    5.    Set a 5 × 5 square of optical tubes in the PCR rack.  
    6.    Aliquot 25.2  m l of Reverse primer dilutions (Table  4 ).   
    7.    Add 4.8  m l Forward primer dilutions (Table  5 ).   
    8.    Perform thermocycling reaction. A typical qPCR thermal 

pro fi le is as follows: initial denaturation of 94 °C for 75 s, fol-
lowed by 40–45 cycles of 94 °C for 15 s, then the annealing 
temperature (i.e., 7 °C below the melting temperature of the 
primers) for 60 s.  

  3.2.5.  qPCR Reaction 
Optimization

   Table 3 
  Recipes for primer and probe mixes for qPCR optimization   

 Number  Probe ( m l)  Primer ( m l)  Water ( m l) 
 Final concentration 
in reaction ( m M) 

 1  0.6  45.0   2.4  1.50 

 2  0.6  30.0  17.4  1.00 

 3  0.6  15.0  32.4  0.500 

 4  0.6  10.0  37.4  0.333 

 5  0.6   3.0  44.4  0.100 
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    9.    Evaluate results. Reactions are evaluated based on  C  T  and the 
change in  fl uorescence intensity from background to maximum 
ampli fi cation (D  fl uorescence). Reactions with the minimum 
 C  T  are considered equivalent, unless there are differences in 
D  fl uorescence. We have found that the PCR modules on the 
ESP’s Micro fl uidic Block (MFB) are more robust with assays 
with (even slightly) higher delta  fl uorescence on benchtop 
qPCR instruments. Those reactions that have the lowest  C  T  
and largest Δ  fl uorescence should be chosen for further 
testing.      

      1.    Reactions considered optimal based on these criteria are fur-
ther evaluated by standard curve comparisons. Amplify a dilu-
tion series of linearized plasmid standards (minimum 10 0  copies 
per reaction, maximum 10 8  copies per reaction), in duplicate.  

    2.    Evaluate the sensitivity of the reaction. It is imperative that the 
sensitivity (e.g., ten copies per reaction) is suf fi cient to detect 
the abundances of the gene quanti fi ed, in a typical sample from 
the environment of interest.  

  3.2.6.  Optimizing 
Sensitivity and Ef fi ciency

   Table 4 
  Reverse primer/probe and master mix aliquot scheme   

 1  2  3  4  5 

 A  1R  2R  3R  4R  5R 

 B  1R  2R  3R  4R  5R 

 C  1R  2R  3R  4R  5R 

 D  1R  2R  3R  4R  5R 

 E  1R  2R  3R  4R  5R 

   Table 5 
  Forward primer/probe aliquot scheme   

 1  2  3  4  5 

 A  1F  1F  1F  1F  1F 

 B  2F  2F  2F  2F  2F 

 C  3F  3F  3F  3F  3F 

 D  4F  4F  4F  4F  4F 

 E  5F  5F  5F  5F  5F 
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    3.    Plot the log of the copy number (e.g., for 10 4 , plot 4) vs. the 
 C  T  of the reactions with that number of copies (Fig.  3 ). Do this 
for all of the ampli fi ed dilution series.   

    4.    Fit a trendline to the dilution series data, and display equation 
and  r  2 . Use the slope of the trendline equation to calculate the 
standard curve ef fi ciency:

     
( 1/slope)Efficiency ((10 ) 1) 100.-= - ´     

    For accurate quanti fi cation, the ef fi ciency must be between 
90 and 110 %. See Note 15.      

  Fig. 3.    Example of an optimized qPCR reaction. The  C  T  for each dilution of the standard is 
calculated at the same threshold by determining the cycle number at which each 
ampli fi cation plot crosses the threshold (see  arrow ). Data was generated on the Applied 
Biosystems 7500 Real Time PCR System. A standard curve is created by plotting the log 
of the copy number vs. the  C  T  for that ampli fi cation plot. In the example given here, the 
assay has the sensitivity to quantify less than ten copies per reaction. Using the slope of 
−3.29, the calculated ef fi ciency of the standard curve is 101.3 %.       
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      1.    For a  fi rst estimate of the speci fi city of your designed primers 
and probes, use BLAST to compare the sequences to NCBI’s 
nonredundant sequence database (  http://www.ncbi.nlm.nih.
gov/tools/primer-blast/    ). The primer and probe sequences 
should align to the target gene best, and all other hits should 
be of low quality or nonexistent.  

    2.    For a more accurate speci fi city evaluation of the qPCR assay 
perform dissociation curve analysis with SYBR Green chemistry 
(which is useful for testing primer speci fi city though TaqMan 
chemistry is used for the designed assay). Amplify samples from 
the environment, a negative control, and a positive control 
using the designed qPCR primers, minus the probe, with SYBR 
Green I (Biorad), according to the manufacturer’s instructions 
and using the optimized reaction conditions. Add a dissocia-
tion curve to the end of the PCR reaction by slowly increasing 
the temperature from the primer annealing temperature to 
96 °C, and collecting data during the ramp. As PCR products 
and primer dimers melt, SYBR molecules dissociate, and the 
instrument records a drop in  fl uorescence. SYBR dissociation 
pro fi les (the temperature plotted against the derivative of the 
 fl uorescence) (see Sect.  4 ) should have a single distinct peak in 
 fl uorescence at the melting temperature of the intended 
ampli fi cation product, at the same temperature as the positive 
control reaction, if the reaction is speci fi c and there are no 
primer dimers. There should be no peak at that temperature in 
the no-template control (NTC).  

    3.    If no dissociation was performed, a less sensitive but alternate 
method is gel visualization of ampli fi ed product. After 
ampli fi cation, this reaction can be loaded on an agarose gel, 
and visualized. A single band should be visible on the gel. See 
Notes 16 and 17.   

   4.    If assays were design to target clades of microbes within a phy-
logenetic group, each assay should be tested for cross-reactivity 
across a dilution series of the non-target standards.  If cross 
reactivity is high enough to obscure interpretation of results, it 
should be discarded.       

  Oligonucleotide microarrays synthesized in situ can feature tens of 
thousands of probes per chip, can be made multiplex (multiple 
chips on one slide that can be hybridized to multiple samples), and 
can be easily modi fi ed. The focus of this chapter is on the design of 
long probes (50–60 nt), as needed for microarrays listed in the 
Table  6 , and Affymetrix technology (that synthesizes 25-nt-long 
probes) is not addressed here. 

    1.    The set of representative sequences from    Sect.  3.1  is used for 
designing microarray probes. First, determine which sequences 

  3.2.7.  Speci fi city

  3.3.  Design of a 
High-Density 
Oligonucleotide 
Microarray 
(NimbleGen, Agilent, 
or CustomArray Type)
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require gene-speci fi c (probes target the single sequence) or 
group-speci fi c probes, Note 18.  

    2.    Include sequences for control genes: positive and negative 
control (preferably, according to External RNA Control 
Consortium,  (  49  ) ), Note 19.  

    3.    General rules apply for both gene-speci fi c and group-speci fi c 
probes (as a starting point):
   (a)    Probe melting temperature: 85–90 °C  
   (b)    GC range: 40–65 %  
   (c)    Length range: 55–60 nt  
   (d)    Temperature threshold for secondary structure: 65 °C  
   (e)    Temperature threshold for cross-hybridization: 65 °C  
   (f)    No runs of the same nucleotides longer than 5 nt  
   (g)    Number of probes per gene: 10  
   (h)    Maximum distance from 3 ¢ -end: 1,500 bp, Note 20      

    4.    For group-speci fi c probe design, align sequences in each group 
using ClustalW, and use ARB (Note 21), CommOligo 2.0 
 (  46  ) , or HiSpOD  (  50  )  for probe design. Group-speci fi c probes 
should have  ³ 96 % of sequence identity to the target,  ³ 35-base 
of continuous stretch, and  £ −60 kcal/mol of free energy within 
the group  (  51  ) .  

    5.    For gene-speci fi c probe design, use one of the following soft-
ware in addition to software listed for group-speci fi c probes: 
OligoArray 2.1  (  52  ) , OligoWiz  (  53  ) , YODA  (  54  ) , eArray 
(  https://earray.chem.agilent.com/earray/    ). Gene-speci fi c 
probes should have  >= 90 % of sequence identity to the target, 
 >= 20-base continuous stretch of identical nucleotides, and 
 <= −35 kcal/mol free energy  (  55  ) . Also, custom design of gene-
speci fi c probes for high-density arrays is offered at NimbleGen, 
Agilent, or CustomArrays.  

    6.    Standard control probes (random oligonucleotides) are gener-
ated by a microarray supplier, Note 22.  

   Table 6 
  Oligonucleotide microarrays, for which probe design is considered in this chapter   

 Microarray  Address  Features a  

 Agilent    http://www.agilent.com      1 M, 2× 400K, 4× 180K, 8× 60K, 244K, 
2× 105K, 4× 44K, 8× 15K 

 CustomArray    http://www.customarrays.com      4× 2K, 12K, 90K 

 NimbleGen    http://www.nimblegen.com      12× 135K, 385K, 4× 72K 

   a Characterized by how many chips are on one side and by number of probes: 2× 400K means duplex of 400,000 
probes  
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    7.    All probes including control are tested for cross-hybridization 
in silico by running BLASTN against:
   (a)    The whole database of target sequences  
   (b)    “Non-identical nucleotide database” in CAMERA  
   (c)    “All Sanger reads” and “All 454 reads” in CAMERA  
   (d)    Ribosomal genes in RDP     

    The criteria for a nonspeci fi c hit are >90 % sequence identity, 
>20-bases continuous stretches, or <−35 kcal/mol free energy 
    (  20  ) . Probes that have nonspeci fi c hits should be eliminated.  

    8.    Hybridization behavior of probes is predicted with CalcOligo 
 (  56  ) ,   http://www.calcoligo.info/    , which returns weighed 
mismatches of the probes against the entire sequence database 
used for probe design. Based on the result matrix, reference 
sequences representing the desired diversity can be selected to 
use in the array validation  (  45  ) .  

    9.    The oligonucleotide probes are synthesized directly on the slide 
by the manufacturer (NimbleGen, CustomArrays, Agilent).  

    10.    Speci fi city, sensitivity, and validation control:
   Hybridize test samples of extracted nucleic acids from at  –
least some cultures of targeted microorganisms, if avail-
able, and from natural environmental samples varying in 
concentrations of nucleic acid, Notes 23 and    24.  
  Validate microarray detection of selected genes with (RT)- –
qPCR.     

    11.    Redesign is based on the results of speci fi city and sensitivity 
tests. Probes that yielded cross-hybridization, random probes 
that yielded high hybridization signal, and negative and posi-
tive probes that yielded erroneous results are eliminated.       

 

  The generation of a gene database is described using the example 
of the  phnD  gene that codes for a phosphonate-binding protein in 
an ABC-type high-af fi nity transporter. The target organisms are 
the picocyanobacteria  Prochlorococcus  and  Synechococcus . The prod-
uct of the gene is responsible for scavenging phosphonate com-
pounds, which are used as a phosphorus source in phosphate-limited 
open ocean environments. 

 These speci fi c results were obtained at the time of writing, but 
as databases evolve the numbers of reads in these results will change. 
Nucleotide sequences for  phnD  from all available genomes of 
 Prochlorococcus  and  Synechococcus  and an amino acid sequence from 
 Synechococcus  WH8102 were acquired from ProPortal (  http://
proportal.mit.edu/    ), with a total of 26 nucleotide sequences. 

  4.  Typical Protocol 
Results

  4.1.  Generation 
of a Gene Database
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TBLASTN in CAMERA with PhnD from  Synechococcus  WH8102 
yielded 1806 reads from “All Metagenomic Sanger reads” and 
2065 reads from “All Metagenomic 454 reads”    (Fig.  4 ). The CSV 
 fi les of results with metadata were exported into Excel to  fi lter by 
“Habitat,” leaving only unique hits (subject sequences) that origi-
nated from the marine environment, with a sequence length of at 
least 60 amino acids and a percent similarity to the query of at least 
50 % (Fig.  5 ). This resulted in a total of 990 sequences. Next, 
reciprocal BLASTN (“All Prokaryotic Genomes”) and BLASTX 
(“All Prokaryotic Proteins”) in CAMERA were performed, with 
the FASTA  fi le of subject sequences combined from 454 and 
Sanger TBLASTN  fi ltered results. The results of BLASTX were 
 fi ltered by the following criteria:  

    (a)    Annotation of the hit (The “Subject Seq” column should have 
“phosphonate,” “transporter,” and/or “binding”)  

    (b)    Length of the hit (a protein length of about 300 amino acids)  
    (c)    Percent similarity to the hit of at least 40 % over a length of 20 

amino acids     

  Fig. 4.    TBLASTN results for PhnD against “All 454 Metagenomic Reads” in CAMERA.       
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 The results of BLASTN were  fi ltered to leave sequences that hit 
 Prochlorococcus  or  Synechococcus  with at least 75 % similarity on the 
nucleotide level over 60-nt alignment length, which corresponded 
to the highest  E -value of 6.33 E −06. The IDs for selected sequences 
(Column “Query Name”) were saved as a separate column, and 
nucleotide sequences for the selected IDs were obtained from the 
TBLASTN result table. The sequences were trimmed at 5 ¢ , 3 ¢ -ends 
according to hit position from BLASTX (Fig.  6 ), and sequences 
that are at least 180 nt were selected. At this step, total 706 
sequences were con fi rmed to be  phnD  genes and to originate from 
marine picocyanobacteria. The FASTA  fi le of selected sequences 
was combined with sequences of  phnD  gene obtained from the 
genomes, and CD-HIT-EST was used to cluster the sequences at 
90 % nt similarity with the rest of parameters left with default set-
tings (the resulting statistics are shown in Fig.  7 ). This resulted in 
184 representative sequences.    

  While databases of environmental gene sequences enhance the 
ability to amplify diverse target sequences from the environment, 
degenerate PCR remains the most dif fi cult procedure in molecular 
assay design. It is best to use a minimal number of cycles in the 
PCR to amplify a band of the correct size when visualized on the 

  4.2.  Results for 
Quantitative PCR 
Assay Design

  Fig. 5.    TBLASTN results obtained from CAMERA and exported into Excel. The results (“Subject Name”) are then  fi ltered by 
Alignment Length, Percent Similarity, and/or E-Value, Habitat. Note that alignment length is shown in amino acid residues. 
On the  bottom panel , the “Frame” column shows that if there is a minus sign, the subject sequences need to be converted 
into the reverse-complement strand.       
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agarose gel (Fig.  2 ). Since nontarget genes will likely amplify in 
degenerate PCR, the band of the correct size should be extracted, 
avoiding surrounding pieces of the gel. 

 Presuming that the gene is not 100 % conserved, a diversity of 
sequences should be obtained from the environment. This may 
require a few sequencing runs. The optimal scenario is a 96-well 
plate containing a few target genes from nontarget organisms. In 
theory, this would mean that the diversity of targets ampli fi ed from 
the environment was large enough to span from the target organ-
ism to nontarget organisms so that any potential targets in the 
sample would have been ampli fi ed. 

 The ampli fi cation plot and standard curve should look similar 
to Fig.  3 , though the sensitivity in this example is rare. It is often the 
case that the lower concentration standards skew the ef fi ciency of 
the PCR reaction. If this is the case, oftentimes increasing the primer 
and MgCl 2  concentrations can help. Also, one should not expect 
100% consistent ampli fi cation of the 10 0  (and sometimes 10 1 ) stan-
dard concentration(s), and if the ef fi ciency of the curve is not 
90–110 %, eliminating that standard from the curve will likely 

  Fig. 6.     Top : BLASTX results in Excel: JCVI_READ_1103242720382 is an example of an environmental sequence that has to 
be trimmed at 5’-end.  Bottom : The BLASTX results for this sequence were visualized in NCBI BLASTX. The sequence 
 contains parts of two genes, and the second one is  phnD . Thus, 5 ¢ -end of this sequence was trimmed at 637 nt position.       
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  Fig. 7.    CD-HIT-EST output.  Top : Statistics of the output  phnD  representative sequences. The input was 732 sequences. 
 Bottom : Clusters at 90 % similarity are shown, where a     an asterisk  indicates the representative sequence for the cluster.       

 produce a better curve. Good target sensitivity must be achieved, 
however, so amplifying 5 × 10 1  standards when 10 1  is not quanti fi able, 
for example, will provide additional sensitivity information. 

 Figure  8  is an example of a dissociation curve, used to deter-
mine the reaction’s speci fi city. While the NTC shows a melt peak 

  Fig. 8.    Example of qPCR dissociation curves. The   fi rst plot  is the  fl uorescence plotted by cycle number. The  second plot  is 
the usual output from qPCR software. The   fi rst peak  in that plot is the NTC reaction, which should not have a major peak 
corresponding to the cycle number of the other reactions’ peaks. The remaining samples are examples of what a positive 
control and several environmental samples should look like. There is only one peak in these pro fi les, indicating a speci fi c 
ampli fi cation reaction. Curve was generated on a Stratagene M × 3000P.       
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  Fig. 9.    Example of quality and speci fi city control for environmental microarray.  Top : Distribution of normalized hybridization 
signal intensities for all probes (Samples from cultures A, B, C, and Mix of A, B, C; and four environmental samples).  Bottom : 
Distribution of hybridization signal intensities for probes speci fi c to culture B only ( left  ) or culture C only ( right  ). Transcriptome 
from culture B was in samples two and four (Mix), and transcriptome from culture C was in samples three and four. Probes 
that showed cross-hybridization are identi fi ed as outliers in the boxplots (in  red boxes ).       

in the dissociation curve, its magnitude is lower than that of the 
ampli fi cation product. The ampli fi cation product from environ-
mental samples and the positive control should be identical.   

  Gene-speci fi c probes for 1,371 representative sequences, obtained 
for 97 target genes as described in Sect.  3.1 , were designed at 
NimbleGen (Roche). Generating 10 probes for each target 
sequences plus control probes resulted in 14,950 probes total. The 
probes were checked for cross-hybridization by BLASTN against 
the original dataset, the ribosomal gene database in RDP, and the 
“Non-identical nucleotide sequences” database in CAMERA. 
Probes (160 total) that had hit to a nontarget sequence with >95 % 
nt similarity over a 47-nt length were omitted. Five replicates of 
each probe (a set of unique probes is called a BLOCK) were 
 randomly printed on the 4× 72K chip (one slide contains four chips 
of 72,000 probes,). To test for speci fi city, samples from targeted 
cultures and a mix of these samples were hybridized to the microar-
ray at NimbleGen (Fig.  9 ).    

  4.3.  Microarray Design
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      1 .  If the gene is highly conserved and the number of sequences 
available from genomes and clones is suf fi cient to represent the 
extent of diversity, the search in metagenomic and metatran-
scriptomic is likely redundant. Proceed with step 6.  

    2 . Alternatively, the functional identity of hits can be con fi rmed 
with the sequence-region-consensus program HMMER  (  57  ) . 
For this, a pro fi le hidden Markov model is built using hmmbuild 
 (  57  )  on the alignment of selected full-length gene sequences 
(seed sequences) with ClustalW  (  58  ) . This approach allows 
con fi dent identi fi cation of an environmental sequence based 
on the conserved domains versus annotation-based con fi rmation 
from BLASTX results; thus, this approach is preferable if seed 
sequences can be identi fi ed.  

   3  . If the gene model is built (as in Note 2), the environmental 
sequences are aligned to the seed alignment in ARB, and 5 ¢ , 
3 ¢ -ends of the subject reads are trimmed in agreement with the 
alignment.     

      4  . If comprehensive pair of primers cannot be designed according 
to these rules, it is necessary to design a number of primer sets 
for which these rules do apply. The easiest method is to evalu-
ate a phylogenetic tree of the gene to choose sequences to use 
for primer design based on their phylogenetic clustering (i.e., 
eliminate more divergent sequences because the closer the 
clustering, the easier the primer design).  

   5  . Design several alternate versions of degenerate primers if pos-
sible to maximize the chances of success with degenerate PCR. 
Additionally, amplifying from a diversity of samples from the 
target environment increases the chances of obtaining a com-
prehensive representation of sequences, so much time should 
be dedicated to this part of the protocol.  

   6  . If a stretch of similar sequences has a potential to act as a primer 
region, but the resulting primers are too short to use in PCR 
(the  T  m  is too low), it is possible to add a stretch of ca. 5 bp 
that are not homologous to the target sequence, to the 5 ¢ -end 
of the primer, to optimize the  T  m  without affecting the 
ampli fi cation.  

   7  . A touchdown PCR is often used to increase the speci fi city of 
degenerate PCR.  

   8  . It is best practice to include a positive control reaction from a 
cultured organism that contains the gene of interest, and a 
negative control reaction from an organism that does not.  

  5.  Notes

  5.1.  Notes for 
Establishing a Gene 
Database

  5.2.  Notes for 
Quantitative PCR 
Assay Design
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   9  . A temperature gradient thermocycler allows ef fi cient optimiza-
tion of annealing temperature. Use the same PCR conditions 
in a single run, with annealing temperature as the only variable, 
changing by    2 °C increments.  

   10  . Care should be taken to recover all the diversity of the target 
gene in the environment. Strategies to increase diversity in the 
clone library include using a lower number of cycles in the 
degenerate PCR and using a higher diversity of environmental 
samples (representing different times of the year, for example).  

   11  . Aside from manual primer design (as described above), a primer 
design program such as Primer Express (Applied Biosystems) 
or Primer3  (  59  ) , as well as ARB (also in  (  45  ) ), can be used for 
primer and probe design, taking care to verify that the designed 
primers and probes anneal to all target sequences.  

    12 . Accuprime Supermix II (Invitrogen Corp.) contains MgCl 2 . 
The protocol below can be performed once with 3 mM addi-
tional MgCl 2  by using MgCl 2  rather than 115.2  m l water in the 
master mix recipe. If reactions are not suitable under these 
conditions, MgCl 2  can be increased to a maximum of 4 mM or 
it can be eliminated from the reaction.  

    13 . Try with 0.4  m M probe (these instructions) and separately with 
0.2  m M probe if necessary.  

       14 . Avoid freeze/thaw cycles with the probe and the standards.  
    15 . If the ef fi ciency does not fall between 90 and 110 %, return to 

the optimization procedure and increase the added MgCl 2  
concentration in the reactions to 4 mM (it will be necessary to 
use 50 mM stock MgCl 2 ). Optimize primer concentrations 
with 4 mM MgCl 2  per reaction. If adequate standard curve 
ef fi ciencies are not achieved under these new conditions, you 
should return to your less optimized reaction conditions, but 
avoiding the least successful conditions. In the end, it may be 
necessary to redesign the primers and/or probe.  

    16 . If multiple amplicons are created with the primers, the ef fi ciency 
of the reaction may be affected with environmental samples. 
Sequence a clone library based on “low cycle number 
ampli fi cations” from several environmental samples in order to 
assess the diversity of the nonspeci fi c amplicons. The probes 
should not cross-hybridize to the unspeci fi c amplicons, and the 
targeted gene should be the dominant ampli fi cation product. It 
may be necessary to redesign your assay to avoid cross-reactivity.  

    17 . A reference for optimization and a guideline for publication 
requirements can be found in the Minimum Information for 
Publication of Quantitative Real-Time PCR Experiments 
(MIQE) Guidelines  (  60  ) . This publication includes informa-
tion on best practices in order to obtain reliable quantitative 
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results, and a table of the minimum information required for 
publication of qPCR data, to be used by both authors and 
reviewers.     

       18 . The choice to design group-speci fi c probes is optional and 
depends on the sequences and the goal.  

    19 . It is generally recommended that control probes constitute 
10 % of all probes on the array  (  61  ) .  

    20 . This is due to the 3 ¢ -end bias of double-stranded cDNA 
synthesis.  

    21 . Instructions for using ARB for probe design can be found in 
documentation for ARB (  http://www.arb-home.de    ) and in 
 (  45  ) .  

    22 . Control random oligonucleotides can yield relatively high 
signal from environmental samples. In this case, the threshold 
of nonspeci fi c hybridization is set as a mean of 5 % of the 
lowest signals  (  33  ) .  

    23 . Samples are extracted by a preferred method of extraction. For 
extraction of both DNA and RNA from one sample, we rec-
ommend the guanidinium thiocyanate/acid phenol–chloro-
form method  (  62,   63  )  with addition of bead-beating step for 
ef fi cient cell lysis. The extraction is followed by puri fi cation by 
ethanol precipitation or using commercial columns (such as 
Qiagen). Since phenol inhibits reverse transcription, make sure 
to extract with chloroform at least three times after using phe-
nol. RNA samples need to be DNase treated. For concentrat-
ing DNA or RNA, use ethanol precipitation. Total RNA 
required for processing and hybridization is 10–30  m g, which 
is often impossible to obtain from some samples (open ocean 
environmental samples, for example). Therefore, DNA or RNA 
from environmental samples should be ampli fi ed, and in this 
case, the test samples should also be ampli fi ed (not necessary if 
environmental samples are not ampli fi ed before hybridization). 
Synthesis of double-stranded cDNA from RNA is done using 
the SuperScript double-stranded cDNA synthesis kit 
(Invitrogen, Carlsbad, CA). Quality of DNA/RNA should be 
assessed using a NanoDrop spectrophotometer and gel elec-
trophoresis or Bioanalyzer (Agilent) before and after 
ampli fi cation, and for RNA, after cDNA synthesis. The A260/
A280 and A260/A230 ratios measured with NanoDrop should 
be of at least 1.8. RNA should appear intact when analyzed on 
the gel (ratio of 23S to 16S ~2). Quantities of DNA and cDNA 
for hybridization: 1–5  m g of DNA/cDNA. Labeling and 
hybridization of the samples to the chip and getting raw signals 
are performed at a microarray facility. For data normalization 
and analysis, Bioconductor (  http://www.bioconductor.org    ) is 

  5.3.  Notes for 
Microarray Design
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recommended. The data and annotation from the microarray 
should follow standards developed by the Minimum 
Information About a Microarray Experiment  (  64,   65  ) .  

    24 . If cultured representatives are not available, directly ampli fi ed 
genes or transcripts can be used for testing cross-reactivity and 
sensitivity.      

 

 Environmental molecular assays are most robust when a signi fi cant 
amount of effort is invested in their design. This initial investment 
results in minimal time spent troubleshooting in subsequent 
research applications. The more robust assays result in straightfor-
ward transitions to robotic implementation. 

 The Environmental Sample Processor (ESP; described in 
Scholin, Doucette, Chap. 9 and  (  66  ) ) is a sample acquisition and 
delivery system amenable to various downstream analyses, and is 
therefore the optimal platform for molecular assay implementa-
tion. qPCR on the ESP has been used in Monterey Bay to quantify 
clades of cyanobacteria ( Synechococcus ), ammonia-oxidizing Archaea 
( Thaumarchaeota ), and alpha proteobacteria ( Roseobacter  and 
SAR11 clades) at near-shore station    M0  (  67,   68  ) . ESP deploy-
ments are coupled with chemical and physical sensors to provide 
environmental data to evaluate ecological factors that drive popula-
tion dynamics. While the ESP Generation 2 platform provides supe-
rior temporal resolution of microbial processes, it is currently 
limited to  fi ve target assays per sample; so a consensus of the best 
indicators of ecosystem dynamics should be agreed upon. While 
whole cell sample archives can be used to interrogate RNA  (  69  ) , 
the instrument does not allow quanti fi cation of messenger RNA 
in real time. ESP Generation 3 technology will likely have the 
capability for a larger suite of qPCR detection assays and microar-
ray capabilities, allowing detection of functional genes and their 
expression. 

 The high-density oligonucleotide microarray designed based 
on sequence diversity obtained from metagenomic and metatran-
scriptomic studies and targeting about 1,350 sequences was used 
to assess gene expression in natural cyanobacterial populations in 
South Paci fi c Ocean  (  70  ) . This design approach was extended to 
build a comprehensive marine microbial functional microarray as a 
result of a scienti fi c community effort (MicroTOOLS workshop 
II, sponsored by the Gordon and Betty Moore Foundation). The 
major challenge in designing a comprehensive marine microbial 
chip is limited knowledge on natural sequence diversity for marine 
phytoplankton in general as most data comes from surface oceans 

  6.  Future 
Directions
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and particularly underrepresentation of data for eukaryotes in 
 comparison to prokaryotes. One of the advantages using oligo-
nucleotide microarray technologies such as NimbleGen and 
CustomArray is that the design can be easily modi fi ed. The avail-
ability of data will increase in the near future; thus, an automated 
process of gene database establishment is needed to consider con-
stant database updates. Implementation of explorative probes  (  71, 
  72  )  may help to account for the lack of sequence diversity informa-
tion, but this approach could only be used for a limited number of 
genes. With the development and optimization of a high-density 
microarray technology for marine microbial communities in the 
lab, the implementation of microarray on ESP generation 3 
becomes feasible. In addition to common microarray challenges 
such as probe speci fi city, de fi ning the control probes, hybridization 
issues, and data acquisition and analysis, there are ESP-speci fi c 
challenges. Due to stability issues, the choice of detector for signal 
hybridization detection is one of the main keystones in implement-
ing microarray on ESP, and electrochemical signal may be pre-
ferred. Another challenge is ampli fi cation of the nucleic acid 
samples at sea; this is a multistep process and requires a set of 
enzymes that lose activity when not stored at −20 °C. Despite the 
dif fi culties, the efforts of implementation of a well-designed 
microarray will be justi fi ed by the high-resolution (both in time 
and space) data on changes in microbial population composition 
and activity—view on marine microbial ecology that is not possible 
with present frequency of sampling.      
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    Chapter 2   

 Development of a Capillary Waveguide Biosensor Analytical 
Module for Use with the MBARI Environmental 
Sample Processor       

         Harbans   S.   Dhadwal      ,    JoAnn   Radway   ,    Josephine   Aller   , 
   Paul   Kemp   , and    James   Clements     

  Abstract 

 The Monterey Bay Aquarium Research Institute’s Environmental Sample Processor (ESP) is well established 
as an innovative sampling and instrument platform for sensors designed for in situ monitoring of micro-
organisms in the ocean. The platform can be deployed for periods up to 3 months and real-time data can 
be remotely downloaded at any time. A daughter platform, the micro fl uidic block (MFB), is used as an 
interface between the ESP and analytical modules to permit rapid deployment of new sensor technologies. 
We have developed a capillary waveguide biosensor (CWB) which employs nucleic acid hybridization for 
detection and quanti fi cation of speci fi c microorganisms, and have integrated it with the MFB for use with 
the ESP. An important aspect of the CWB is the use of a combined capillary waveguide/hybridization 
surface that can be regenerated for repeated use. This chapter describes design issues related to the integra-
tion of the CWB and MFB and the development of coating protocols to maximize the operational life 
of the capillary.  

  Key words:   Capillary waveguide ,  Fluorescence ,  Hybridization ,  Nucleic acid ,  RNA ,  MBARI environ-
mental sample processor ,  Capillary waveguide biosensor ,  Micro fl uidic block ,  Capture probe ,  Ocean 
sensing    

 

 Many biological processes occur on temporal and spatial scales that 
require near-continuous monitoring to fully understand their 
dynamics. Although a few biological variables (e.g., chlorophyll 
concentration) can be monitored via satellite or moored instru-
ments, for many others no methods are available to collect data at 
appropriate temporal and spatial scales. The dynamics of microbial 
processes are particularly dif fi cult to study except by intensive, 
ship-based studies. However, shipboard studies are expensive and 

  1.  Introduction
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therefore occur too infrequently to capture more than snapshots 
of the true variability of microbial dynamic processes. In recent 
years, increasing attention has been focused on the need to develop 
automated, in situ methods to address the need for long-term, 
cost-effective measurements of microbial properties and processes, 
e.g., microbial abundance, biomass, productivity, and metabolism. 
Some of these properties are amenable to direct measurements 
(e.g., cell counts, concentrations of the biochemical products of 
metabolic pathways), while others can be examined through proxy 
variables such as the presence, abundance, and expression of speci fi c 
genes. Automated, in situ sampling has enormous potential bene fi t 
for water quality management, human health, and the seafood 
industry, both economically and with respect to food safety. 
Applications include detection of human,  fi sh, and shell fi sh patho-
gens in seawater, including water at aquaculture facilities, and 
detection and monitoring of harmful and nuisance species in a 
diverse range of environments. In conjunction with physical and 
chemical monitoring, perhaps based on the same monitoring 
platforms, real-time information on microbial populations will 
expand our understanding of (and ability to predict) microbially 
mediated processes in the ocean and their responses to stresses 
such as climate change or hypoxia. To provide this type of informa-
tion, researchers at the Monterey Bay Aquarium Research Institute 
(MBARI) have developed the Environmental Sample Processor 
(ESP), which is now being commercially sold by McLane 
Laboratories (  http://www.mclanelabs.com    ). The ESP’s capabilities 
include large volume water sample collection, biomass concentra-
tion, and extraction of nucleic acids. Samples may be stored for 
later retrieval, or delivered to downstream analytical modules 
developed by other researchers as well as by MBARI. 

 Several analytical modules are already in development, includ-
ing a  fi lter-based sandwich hybridization assay to detect toxic 
microalgae, and an ELISA assay for the algal toxin domoic acid 
 (  1,   2  ) . MBARI scientists have also developed a PCR module to 
amplify speci fi c gene targets from a DNA sample delivered by the 
ESP core  (  1  ) . For in-depth description of the ESP the reader is 
directed to the MBARI URL at   http://www.mbari.com/    . 

 Detection methods based on nucleic acids are often employed 
because they can be used to infer the presence and activity of 
speci fi c organisms and metabolic pathways. Most such methods 
are based on nucleic acid hybridization, and those techniques 
involving direct detection of target nucleic acids (rather than 
ampli fi cation) generally rely upon the use of surface-bound probes 
to which the targets hybridize. The hybridized products may be 
detected by a variety of techniques, including  fl uorescent labeling, 
chemiluminescence, and plasmon resonance. Fluorescent labeling 
is perhaps the best established and is the mainstay of microarray-based 
systems. We have developed a capillary waveguide biosensor (CWB) 

smtiquia@umich.edu

http://www.mclanelabs.com
http://www.mbari.com/


352 Development of a Capillary Waveguide Biosensor Analytical Module…

which draws upon microarray technology in its use of surface-bound 
oligonucleotide capture probes and  fl uorescence-based detection. 
Because direct chemical labeling of the target with  fl uorophore is 
not amenable to use in the  fi eld, we employ a secondary hybridiza-
tion with a  fl uorescently labeled detection probe. To eliminate 
some of the instrument-dependent  fl uctuations inherent in a 
 fl uorescence measurement, we  (  3  )  proposed an instantaneous 
normalization of the  fl uorescent signal by the un fi ltered excitation 
signal, overcoming dif fi culties attendant on extracting concentra-
tion data from photon counts. 

 Recognizing that in the early stages of instrument develop-
ment a complete ESP is not necessary, MBARI engineers designed 
an intermediate platform, the Micro Fluidic Block (MFB), to 
encourage development of novel analytical modules. The MFB 
provides functions for full control of rotary valves and syringes 
needed for moving reagents through the reaction chamber, as well 
as the computer platform needed for developing the software codes 
for control of the new instrument. This chapter focuses on the 
procedures necessary for integrating the CWB with the MFB for 
use on the ESP platform. We also describe a crucial part of the 
CWB development process, the attachment of capture probes to 
the interior surface of a capillary. In addition, we have optimized 
probes and hybridization conditions, and demonstrated the ability 
of the capillary to be regenerated for sequential measurements. 

  The MFB (shown as delivered in Fig.  1 ) is modi fi ed to be operated 
independently but is otherwise identical to the ESP’s  fl uid handling 
system subsequent to sample collection. It is powered by a 12 V 
15 A sealed lead acid battery (Powersonic PS-12120), which is 
continuously charged using a Xenotronix HPX-30 charger. The 
MFB is designed around the ARM host board, which provides a 
serial port and an Ethernet connection to the outside environment. 
The host board supports the Linux operating system, and the 
programming language is Ruby v1.6.8. Control software for the 
MFB and user-developed codes for the analytical module reside on 
the host board. A 2 GB compact  fl ash card provides additional data 
storage; however, data can be downloaded from a remote computer 
at any time via a Web-based interface. The host board also supports 
two USB 1.1 peripherals. A gateway from the host board to the 
Dwarf stack is established through the use of a core board, which 
connects to the former via the RS232 cable and to the latter 
through the I2C bus connector. The Dwarf stack comprises a core 
board, rotary valve board and a sensor board. The host board uses 
the I2C network to issue instructions to the core board, which 
directly controls the solenoid valves (eight on the current MFB), as 
well as two heaters. The core board also passes RS232 from the 
host board to the analytical module being developed. A connection 
between the host board and the analytical module can also be 

  1.1.  The Micro 
Fluidic Block
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established through the USB port. The rotary valve can control up 
to four DC brushed motors and their encoders. The sensor board 
can also process data from two temperature sensors and one 
pressure sensor.  

 Figure  2  shows the complete  fl uidics pathway available on the 
MFB. Reagents can be pumped into the reaction chamber through 
various ports of the analytic reagent valve (ARV). These valves are 
controlled by Ruby functions supplied with the MFB and resident 
on the ARM host board. Use of these functions from user-devel-
oped software code will be described later. The input port of the 
capillary reaction chamber is connected to port 14 of the analytical 
top valve (ATV) and the output to the center port of the analytical 
sample valve (ASV). The analytic  fl uidic valve (AFV) is used to 
switch between the carrier  fl uid and reagents. Use of the carrier 
 fl uid, rather than air, for shuttling reagents and samples through 
the  fl uid system is recommended, as it allows purging of air bub-
bles from the  fl uid lines. In order to prevent mixing of neighboring 
 fl uids, small air pockets can be introduced in the  fl uid pathway.  

  Fig. 1.    Unmodi fi ed micro fl uidic block (MFB).  DS  Dwarf stack,  ARV  analytic reagent valve, 
 SY  syringe,  SPE  solid phase extraction,  ASV  analytic sample valve,  ATV  analytic top valve, 
 AFV  analytic  fl uid valve.       
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 In the actual ESP system, a nucleic acid extract is supplied from 
the lysate coil, which is connected to the output of the solid phase 
extraction heater. The analytical module will draw the DNA slug 
from the lysate coil and move it into the capillary for detection. 

 Figure  3  illustrates the various interconnects between the MFB 
and CWB. During the development phase, the local host computer 
connects to the ARM host on the MFB via a hardwire Ethernet 
cable. This connectivity is used to upload user Ruby script  fi les to 
the MFB for execution and for downloading the data  fi les back to 
the local machine. However, the code can also be developed on the 
local machine by creating the  esp  environment on the hard drive. 
The RS232 port on the AM can be connected to the MFB through 
either the emulated serial port on the Dwarf stack or the USB1.1 
connector on the host board using a RS232 to USB dongle.  

  The  fi rst step upon delivery of the MFB is to establish communica-
tion between the local host machine and the MFB core board, as 
directed in the accompanying user manual. This is achieved by 
using a wired Ethernet connection from the local computer to the 
ARM processor host board. The host board will integrate itself 
into any network that supports both DHCP and DDNS. The 
pre-con fi guration  fi le assigns a hostname to the MFB, for example, 

  1.1.1.  MFB Installation

  Fig. 2.    Fluid pathways of the MFB.  ATV  analytic top valve,  ARV  analytic reagent valve,  AFV  
analytic  fl uid valve,  ASV  analytic sample valve,  SPE  solid phase extraction,  CF  carrier  fl uid.       
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 MFB8 . At start-up a unique IPv4 address is assigned to this hostname. 
From the local machine running the Linux OS, the command 
 ssh mfb@MFB8  will prompt for a password (supplied by the vendor). 
For networks supporting DDNS, the MFB can only be identi fi ed 
by its numeric IP address of the form 192.168.1.204. This address 
is typically assigned by the network router and may change when 
the MFB is powered down. It should also be noted that some routers 
assign the IP on a lease arrangement. In other words, at the expira-
tion of the lease period the IP will have to be reassigned. Occasional 
problems with connectivity may be traced back to this issue. 

 The MFB is accessed by running the  esp  application that con-
trols the MFB from the host’s ( MFB8 ) Linux command prompt. 
Typically, a new terminal window is opened and the following 
sequence of commands sets up the  esp  environment from which 
the MFB’s various valves and syringes can be tested. 

  ssh~dir@192.168.1.104   [~ is a space character, dir: folder on 
MFB] 

  cd~esp2/bin  [change directory] 
  .~ESPenv~mfb~MFB8   [opens the  esp  environment] 
  su  [login as super user] 
  AFV.to~: holdingcoil   [MFB command to move AFV to 

holding coil] 

 Operation of various valves, as described in the MFB user 
manual, can be veri fi ed in the  esp  environment.   

  Fig. 3.    Schematic of the CWB-AM, showing the interconnects between the MFB and CWB.       

 

smtiquia@umich.edu



392 Development of a Capillary Waveguide Biosensor Analytical Module…

  Figure  4  shows a desktop version of the CWB, prior to integration 
with the MFB. The heart of the CWB is a silica capillary, which 
serves as the reaction chamber for target detection, and as an 
optical element for delivering the excitation energy to the surface-
bound hybridized products and for collecting the  fl uorescence 
emission. For details on the CWB the reader is referred to our 
earlier papers  (  3,   4  )  and a recent chapter  (  5  ) . The essential features 
include an opto- fl uid connector, which serves as an input  fl uid port 
and also as a laser delivery system. Light from a laser source is 
launched directly into the annulus wall of the capillary, which has 
the optical properties of a multimode optical  fi ber. A small fraction 
of the guided optical modes penetrate into the core region of the 
liquid- fi lled capillary, creating an evanescent wave  fi eld, which 
excites the  fl uorochrome label attached to immobilized hybridization 
products. The penetration depth is typically smaller than the 
excitation wavelength. Some of the photons emitted from the 
excitation volume are trapped within the capillary wall, through 
the mechanism of tunneling, and can be collected at the capillary 
ends, while some are emitted into the lumen of the capillary and 
still others are radiated out of the curved outer surface. As 
 fl uorescence detection is noncoherent, theoretically the signal 
could be enhanced through a collection of all possible emissions; 
however, in practice the optical system for achieving this task is not 
easily realizable (see Note 1).  

 The CWB uses a 1 mm silica optical  fi ber to collect photons 
emitted from the curved surface. The distal end of the pickup  fi ber 

  1.2.  The Capillary 
Waveguide Biosensor

  Fig. 4.    Earlier (desktop) version of the capillary waveguide biosensor (CWB).  FV   fl uid 
valves,  PMT1(2)  photomultipliers,  RC  reaction chamber,  OFC  opto/ fl uid connector,  PCB  
printed circuit board,  LD  laser diode.       
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is mated with a 1 × 2  fi ber optic multiplexer, having a power splitting 
ratio of 200:1. Photon  fi elds emanating from the two  fi ber arms 
are  fi ltered to separate the emission and excitation components 
before being detected by two single photon counting photomul-
tipler modules.   

 

 As discussed in Sect.  1.1 , the MFB platform allows the user to 
adapt an existing (or new) sensor in order to create an analytic 
module (AM) that can be merged with the ESP at the front 
(upstream) end. Design of the AM must accommodate constraints 
imposed by the ESP platform, of these, autonomous functioning is 
critical to its success. It is expected that the AM will be activated by 
a single function call from within the ESP application. Size and 
energy constraints will fundamentally limit the scope of the AM’s 
functionality. For example, heaters, being the most energy con-
suming components, will require special attention, and consider-
ation of the data transfer rate over the RS232 serial interface will 
limit overly ambitious imaging-based sensors. 

 As depicted in Fig.  5 , the capillary waveguide biosensor analytic 
module (CWB-AM) has three distinct functional subsystems: 
(1) a  fl uid management system, (2) a data acquisition system, and 
(3) a temperature controller. The MFB platform takes care of the 
 fi rst. Design of the remaining two subsystems is central to an 
ef fi cient merging of the two technology platforms.  

   The  fi rst design decision concerns the selection of the control 
platform for the modi fi ed CWB, and involves a trade-off between 
functionality, cost, and complexity of development. Solutions 
based on the use of a single-board computer or a microprocessor-
based embedded system are unnecessary for the CWB-AM. We 
selected the Silicon Labs microcontroller (#634-C8051F120DK), 
a fully integrated mixed-signal system on a chip. It has eight 8-pin 
I/O ports, one 12-bit 9-channel analog-to-digital converter, three 
12-bit digital-to-analog converters, 128 kB of programmable  fl ash 
memory for in-system programming, 8,448 bytes of RAM, and 
two 24-bit counters with a minimum sample time of 15.625 ms. 
An external 1 MB RAM (IDT #IDT71V124) was added to the 
system to give the capability to store count data for a 100 s duration. 
An in-depth design discussion is not appropriate here. Brie fl y, the 
microcontroller forms the hub of the CWB-AM platform. Firmware 
for controlling and checking the status of the subcomponents 
resides on the master controller’s  fl ash RAM, and can be upgraded 
in the system at any time. For interested readers the microcon-
troller code can be obtained from the corresponding author.  

  2.  Development 
of the Capillary 
Waveguide 
Biosensor Analytic 
Module

  2.1.  Data Acquisition 
System

  2.1.1.  Microcontroller
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  The detection system comprises both electronic and optical com-
ponents. A well-designed optical system will have an optimal  fi lter 
set that matches the excitation and emission spectra of the 
 fl uorescent dye complex being used with the detection probe. 
However, angular sensitivity of these components is usually over-
looked. A few degrees off normal incidence can signi fi cantly 
broaden the  fi lter bandwidth, resulting in an increased background 
signal. For  fi ber-based detection schemes such as this one, care 
should be taken in designing the excitation and emission optics, 
particularly when the numerical aperture exceeds 0.2. The 1 mm 
collection  fi ber, with a NA of 0.5, requires collimation optics, 
which increases its physical size (see Note 2). 

 An earlier model of the CWB used a compact DPSS laser, with 
a footprint of less than 200 mm 2 ; however, we later sacri fi ced size 
for better power stability and the capability for digital control. It 
was replaced by a 30 mW, temperature-stabilized, solid-state 
532 nm laser (World Star Tech TECGL-05-TTL), with power 
stability better than 2 %. For single photon counting systems, there 
are two possible solutions, one based on a photomultiplier (PMT) 
and the other on an avalanche photodiode detector (APD). The 
latter is more costly but has a higher quantum ef fi ciency at the 

  2.1.2.  Detection System

  Fig. 5.    Schematic of the CWB.  PMT1(2)  single photon counting modules,  F1  emission  fi lter 
set,  F2  neutral density  fi lter,  RC2 : second reaction chamber,  FM  1 × 2  fi ber optic 
multiplexer.       
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operating wavelength. However, it requires active cooling to keep 
the dark counts at ~150 cps, whereas the PMT has a dark count 
less than 50 cps at room temperature. APD-based systems have an 
active area of 0.3 mm 2  compared with PMTs with an area of 5 mm 2 . 
The detector size is not an issue for small diameter  fi bers, but for 
the 1 mm pick-up  fi ber, PMT-based system are the only choice. 
The CWB-AM uses two PMT-based single photon counting 
modules, Hamamatsu H8259-01 (see Note 3).   

  The temperature controller presented a major challenge, as it 
consumes the most power and its design is critical for extended 
battery life. The size of the temperature housing, the insulation 
material, the resistive heating element, and the control circuitry all 
play a critical role in the  fi nal design. The size of the temperature 
housing is determined by the length of the capillary, which is  fi xed 
at 65 mm for the current design. The diameter of the housing is a 
trade-off between thermal mass and the higher energy required to 
heat it. The mass is needed as the hybridization times could be of 
the order of 60 min. The CWB uses custom designed 12 V 18 W 
Kapton  fl at resistive heaters. A system requiring rapid thermal 
cycling (e.g., PCR) can use a much smaller thermal mass and 
thereby use smaller heating elements. 

 Most constant temperature controllers use a PID feedback 
loop to obtain the desired temperature pro fi le. The PID coef fi cients 
are empirically tuned to the thermal load. The feedback loop can 
be implemented with either analog or digital signals. Digital feed-
back is more robust and  fl exible and allows downloading of new 
PID coef fi cients for remote applications, but requires additional 
electronic components. We decided on a digital PID algorithm, 
modi fi ed to be run on a microcontroller that did not have a  fl oating 
point processor. The PID algorithm was further modi fi ed by turn-
ing off the feedback loop until the measured temperature was 
within 5 °C of the set point. This modi fi cation reduced the 
thermal time constant. A slave microcontroller was added to the 
system for independent temperature control. Typically, one 
temperature-controlled reaction chamber is needed for the CWB; 
however, a second temperature controller was added in case 
thermal denaturation of dsDNA in sample extracts was required. 
As this may require temperatures close to 90 °C, it cannot be per-
formed in the capture probe coated capillary. Both temperature 
housings are controlled by the slave microcontroller using a 2 × 1 
multiplexer, and each chamber has a steady-state stability of ±1 °C 
with a maximum attainable temperature of 100 °C. The two 
chambers can be operated at different set temperatures. 

  In a tethered deployment with cabled power, the duration of 
deployment of the CWB will be determined primarily by probe 
and hybridization chemistry, i.e., by the longevity of capture probes 
and reagents. However, long-term untethered operation under 

  2.2.  Temperature 
Controller

  2.2.1.  Energy Usage 
Considerations
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battery power requires a detailed exploration and understanding of 
energy usage in the coupled MFB/CWB system. The entire MFB 
and CWB system is powered by a 12 V, 15 Ah rechargeable lead 
acid battery. Because developers of new analytical modules have no 
control over the MFB’s energy consumption, analytical modules 
must be designed to be as energy ef fi cient as possible. The CWB 
requires the use of alternating hybridization and regeneration (tar-
get removal) steps; in the current system the former typically is 
performed at 52 °C for 15 min and the latter at 65 °C for 5 min. 
Elevated temperature increases the speci fi city of hybridization and 
the ef fi ciency of capillary regeneration, but comes at the cost of 
increased energy consumption. The optimal hybridization tempera-
ture varies with the length and sequence of probes as well as the 
composition of the buffer  fl uid in which hybridization takes place. 

 A Hall current sensor with a 1 ms response time was designed 
into the hardware to allow instantaneous measurement of energy 
consumption under different usage scenarios. For example, a mea-
surement cycle with a 30-min hybridization at 60 °C followed by 
regeneration at 80 °C gave a battery consumption of 0.5 Ah (data 
not shown). Under these extreme conditions, the 15 Ah recharge-
able battery powering the MFB and CWB would support up to 30 
target detection cycles. Clearly, it is desirable to decrease energy 
consumption as much as possible. Strategies for achieving the lower 
energy budget include reducing the mass of the reaction chamber, 
lowering the hybridization and regeneration temperatures, and 
 fi nding more ef fi cient methods of heating the  fl uid inside the capil-
lary. The latter could be done by employing integrated heating ele-
ments close to the surface of the capillary. We are already using a very 
ef fi cient insulator, Pyrogel 2250 (  www.aerogel.com    ), which reduced 
the heating time from 120 s (1/4 in. rubber) to 15 s. However, the 
use of a low thermal conductivity insulator meant that rapid tem-
perature reductions in turn became dif fi cult. Since forced cooling 
was not a viable option due to its energy cost, we added cooling 
channels to pump relatively cool water (e.g., ambient temperature 
water in temperate or colder environments) through the housing. 

 As a  fi nal test, the entire CWB-AM system, running with 
maximum load, was placed inside a refrigerator to replicate the 
temperature environment of an immersed ESP in cold waters. 
Figure  6  shows the temperature pro fi le of the two temperature-
stabilized reaction chambers (these data was taken with ¼ in. 
rubber insulation). All other electronic components, including 
the laser and the PMT, continued to operate as normal. Such tests 
are crucial if considerable downtime and cost are to be avoided 
during  fi eld trials.    

  Figure  7  shows a photograph of the completed MFB-CWB plat-
form, ready for testing with the ESP. In its present con fi guration, 
the CWB comprises a number of distributed components mounted 
on the aluminum curved plate. These components include two 

  2.3.  Integration 
of the CWB and MFB
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  Fig. 7.    MFB-CWB integrated platform.  PMT1(2)  single photon counting modules,  EF  
emission  fi lters,  RC  reaction chamber with capillary,  OFC  opto/ fl uid connector,  PCB  printed 
circuit board,  DS  Dwarf stack,  LD  laser diode assembly.       

photomultipliers with optical  fi lters, a DPSS laser source, the 
hardware control board, and the capillary reaction chamber.  

 Each target detection cycle in the CWB involves a complex 
sequence of tasks. As a part of the integration process, the MFB 

  Fig. 6.    Environment temperature test. The complete CWB was placed inside a refrigerator 
at 4 °C. Temperature pro fi les of the two reaction chambers RC1 and RC2 are shown.       
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rotary valves and syringes have to be controlled from the user-written 
Ruby script  fi les. This feature required that the MFB function 
commands be wrapped using pipes. For example, the MFB command 
for moving the ARV to port 12 is  “ARV.to 12”,  this command can 
be called from the user script by opening a pipe and sending 
commands as follows: 

  espClient = IO.popen “espclient”, “a+”   [once at the top of the 
program] 

  …  
  espClient.puts “ARV.to 12”  
  puts espClient.gets(“  \0”).chomp “  \0”  
  …  
  espClient.close   [at the end of the script 

 fi le] 

 At the end of the measurement cycle, a data  fi le containing the 
raw  fl uorescent photon counts for each cycle is stored on the MFB 
ARM board memory. The  fi les can be downloaded to the local 
machine at any time.   

 

 The capillary’s inner surface must allow a  fi rm attachment of 
oligonucleotide probes and be capable of regeneration, i.e., the 
bound target must be removable without altering capture probes 
or their attachment to the surface. These considerations will deter-
mine the capillary’s usable lifespan. In order to better understand 
the attachment chemistry of the capture probe to the silica surface, 
an extensive study was undertaken using a microarray reader. 

  Hybridization/waveguide chambers for the CWB were constructed 
from TSP fused silica capillary tubing (1 mm ID, 1.3 mm OD; 
Polymicro, Inc.). The construction process involved cleaning, 
surface activation, silanization,  fi nal assembly, and capture probe 
application. Adequate cleaning and activation of the silica surface 
are especially critical to achieving good results. 

  The outer polymide coating was scraped from capillary tubing and 
the tubing was cut into 65 mm lengths. Capillaries were cleaned by 
soaking them in anhydrous ethanol (Cat# E1028-500MLGL, 
Spectrum Chemical, Gardena CA) for 20 min to overnight. Alcohol 
was blown out of the capillaries with  fi ltered, compressed oil-free 
nitrogen (see Note 4). After drying (approximately 30 s per 
capillary), capillaries were  fl ushed with ultraclean (18 M W  or 
equivalent) water for a few seconds and drying was repeated.  

  3.  Capillary 
Preparation, 
Probe Selection, 
and Hybridization 
Protocol 
Development

  3.1.  Capillary 
Preparation

  3.1.1.  Cleaning
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  Two methods of preparing the capillary surface for silanization 
have been tested. Method A was to bake the capillaries by wrap-
ping them in cleaned aluminum foil (previously cleaned by heating 
to 130 °C for 30 min in an oven) and heating them to 100 °C for 
2 h or longer. Higher temperatures may be bene fi cial, but 100 °C 
is the minimum to remove a “bound water” layer from the surfaces 
to be treated. In Method B, an ozone generator was used and a 
vacuum pump was employed to suction ozone through the 
capillaries. This removes not only the water, but also any organic 
contamination on the surfaces.  

  Immediately after activation, capillaries were  fi lled with a solution 
of 1–2 % 3-glycidoxypropyltrimethoxysilane (Gelest, SIG 5840.0) 
in anhydrous ethanol. After 1–5 min, liquid was removed by blow-
ing with compressed nitrogen. Silanized capillaries were placed 
into a clean container for 24 h at 35 °C. Care was required to keep 
atmospheric debris away from the surfaces, although some reaction 
with atmospheric water vapor occurs.  

  A half-inch stainless steel ferrule was mounted, using a 5 min epoxy, 
on each end of the capillary. The ferrules permit polishing of the 
capillary end surfaces and are necessary for ease of handling. 
Capillary end surfaces were manually polished to an optical  fl atness 
of   l  /2 and polishing byproducts were removed by blowing with a 
gas duster. Capillaries were stored at room temperature under low 
vacuum (vacuum-sealed freezer bags) to help prevent contamina-
tion of surfaces.  

  To remove residual particles from the polishing process, a syringe 
and custom-built injection  fi tting were used to  fl ush capillaries 
3× with 1 ml of spotting solution (NaH 2 PO  4  

·  H 2 O, 3.4 mM; 
Na 2 HPO 4 , 146.5 mM; SDS, 5 % w/w). Capillaries were then 
injected with spotting solution containing 20  m M amino-modi fi ed 
capture probe. Capture probes modi fi ed with a  fl uorophore were 
used in tests of coating evenness and quality. Filled capillaries were 
incubated at room temperature overnight in a horizontal position 
over saturated NH 4 Cl/KNO 3  to maintain humidity  (  6  ) . After 
16–18 h, capillaries were  fl ushed with approximately 10 ml of 
0.1× SSC, (saline sodium citrate; prepared from sterile 20× SSC; 
 (  7  ) ). They were then dried with a gas duster and stored in vacuum-
sealed freezer bags until they were used.   

  Two types of oligonucleotide probe are needed to bind and detect 
rRNA or rDNA in the CWB. These are as follows:

    1.    Capture probe. Capture probes bind speci fi cally to targeted 
DNA or RNA; for example, to rRNA or rDNA from an organism 

  3.1.2.  Activation

  3.1.3.  Silanization

  3.1.4.  Assembly

  3.1.5.  Capture Probe 
Application

  3.2.  Probes
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being monitored. For best adhesion to the capillary’s silane 
layer, they should contain a functional group (amino group in 
this instance) that reacts with a functional group of the silane 
being used. A spacer (e.g., C 12 ) between the amino group and 
the oligonucleotide is desirable to facilitate free access of target 
molecules to the surface-bound probe.  

    2.    Detection probe. These bind to a different site on the target 
nucleic acid and incorporate a  fl uorophore. They need not be 
speci fi c, since speci fi city is conferred by the capture probe. 
Detection probes may also be used in the absence of sample 
RNA or DNA (“background controls”) to evaluate back-
ground levels of  fl uorescence due to nonspeci fi c binding 
between capture and detection probes.     

 Two other categories of oligonucleotide were needed for pro-
cess development:

    3.    Positive control. A  fl uorescently labeled oligonucleotide com-
plementary to the capture probe was used to evaluate capture 
probe performance (independently of the detection probe) 
under various conditions.  

    4.    Labeled capture probe. A capture probe with an additional 
 fl uorophore modi fi cation was used to visualize capture probe 
binding to a silane layer, allowing comparison of coating 
methods.     

 Although oligonucleotide sequences can be obtained from 
published sources or designed in silico, empirical testing is essen-
tial. Oligonucleotides and probes used in the study are shown in 
Table  1 . Sequences were derived from ProbeBase  (  8  )  except where 
noted, and probes were custom synthesized by OligosEtc Inc. or 
Integrated DNA Technologies. We designed two new detection 
probes (FVdet1 and FVdet2) based on published  Vibrio  sp. 
sequences and information derived from screening candidate 
probes using Integrated DNA Technologies’ online utility 
OligoAnalyzer 3.1 (  http://www.idtdna.com/analyzer/applica-
tions/oligoanalyzer/    ). The new detection probes were designed 
for close binding site proximity to capture probe Amn-GV, and for 
low tendency to form a heterodimer with the capture probe. The 
former allows detection even if RNA is partially fragmented (either 
intentionally or as a result of extraction and processing), while the 
latter is an important consideration in preventing high background 
control values. Typical concentrations in hybridization solutions 
were 100 nM for positive controls, and 200 nM for detection 
probes used in background controls or for labeling of RNA. All 
probes were diluted in 0.1  m m  fi ltered, RNase-free (1 h auto-
claved), deionized and distilled water.   
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http://www.idtdna.com/analyzer/applications/oligoanalyzer/
http://www.idtdna.com/analyzer/applications/oligoanalyzer/


48 H.S. Dhadwal et al.

   Ta
bl

e 
1 

  Ol
ig

on
uc

le
ot

id
e 

ca
pt

ur
e 

pr
ob

es
, d

et
ec

tio
n 

pr
ob

es
, a

nd
 ta

rg
et

s 
us

ed
 in

 th
e 

st
ud

y   

 Na
m

e 
 Se

qu
en

ce
 

 Ta
rg

et
 re

gi
on

 
 No

te
s 

 Re
fe

re
nc

es
 

 A
m

n-
V

ib
ca

p 
 5 ¢

 -A
m

in
o-

C
12

-A
C

C
 A

C
C

 T
G

C
 

A
T

G
 C

G
C

 T
T

T
-3

 ¢  
  V

ib
ri

o  
sp

., 
16

s 
R

N
A

 b
as

es
 

57
2–

58
9 

 M
od

i fi
 ed

 “
V

IB
57

2a
”;

 V
ib

ri
o 

ca
pt

ur
e 

pr
ob

e;
 P

ro
be

B
as

e 
# 

pB
-0

11
88

 
 H

ug
ge

tt
 e

t 
al

.  (
  13

  )  

 A
m

n-
V

ib
ca

p-
C

y3
 

 5 ¢
 -A

m
in

o-
C

12
-A

C
C

 A
C

C
 T

G
C

 
A

T
G

 C
G

C
 T

T
T

-C
y3

-3
 ¢  

  V
ib

ri
o  

sp
., 

16
s 

R
N

A
 b

as
es

 
57

2–
58

9 
 C

ap
tu

re
 p

ro
be

 la
be

le
d 

w
ith

 C
y3

 fo
r 

te
st

in
g 

pr
ob

e 
at

ta
ch

m
en

t;
 P

ro
be

B
as

e 
# 

pB
-0

11
88

 

 H
ug

ge
tt

 e
t 

al
.  (

  13
  )  

 A
m

n-
G

V
 

 5  
 -A

m
in

o-
C

12
-A

G
G

 C
C

A
 C

A
A

 
C

C
T

 C
C

A
 A

G
T

 A
G

-3
 ¢  

  V
ib

ri
o  

sp
., 

16
s 

rR
N

A
 b

as
es

 
84

1–
86

0 
 M

od
i fi

 ed
 “

G
V

” 
 V

ib
ri

o  
ca

pt
ur

e 
pr

ob
e;

 
Pr

ob
eB

as
e 

# 
pB

-0
06

11
 

 E
ile

rs
 e

t a
l. 

 (  1
4  )

 , 
G

iu
lia

no
 e

t a
l. 

 (  1
5  )

  

 A
m

n-
V

ib
r1

 
 5 ¢

 -A
m

in
o-

C
12

-C
G

C
 T

G
G

 C
A

A
 

A
C

A
 A

G
G

 A
T

A
 A

G
-3

 ¢  
 V

ib
ri

on
ac

ea
e,

 1
6s

 r
R

N
A

 
11

13
–1

13
2 

 M
od

i fi
 ed

 “
V

ib
r1

” 
 V

ib
ri

o  
ca

pt
ur

e 
pr

ob
e;

 P
ro

be
B

as
e 

# 
pB

02
25

8 
 K

ys
el

ko
va

 e
t 

al
.  (

  16
  )  

 A
53

2-
V

ib
ta

r 
 5 ¢

 -A
le

xa
 F

lu
or

 5
32

-A
A

A
 G

C
G

 
C

A
T

 G
C

A
 G

G
T

 G
G

T
-3

 ¢  
 N

/
A

 
 C

om
pl

em
en

ta
ry

 t
o 

A
m

n-
V

ib
ca

p;
 u

se
d 

fo
r 

po
si

tiv
e 

co
nt

ro
ls

 
 T

hi
s 

st
ud

y 

 C
y3

-G
 V

ta
r 

 5 ¢
 -C

y3
-C

T
A

 C
T

T
 G

G
A

 G
G

T
 

T
G

T
 G

G
C

 C
T

-3
 ¢  

 N
/

A
 

 C
om

pl
em

en
ta

ry
 t

o 
A

m
n-

G
V

; u
se

d 
fo

r 
po

si
tiv

e 
co

nt
ro

ls
 

 T
hi

s 
st

ud
y 

 A
53

2-
V

ib
de

t 
 5 ¢

 -A
le

xa
 F

lu
or

 5
32

-A
G

G
 C

C
A

 
C

A
A

 C
C

T
 C

C
A

 A
G

T
 A

G
-3

 ¢  
  V

ib
ri

o  
sp

., 
16

s 
rR

N
A

 b
as

es
 

84
1–

86
0 

 M
od

i fi
 ed

 “
G

V
”;

  V
ib

ri
o  

de
te

ct
io

n 
pr

ob
e;

 P
ro

be
B

as
e 

# 
pB

-0
06

11
 

 E
ile

rs
 e

t a
l. 

 (  1
4  )

 , 
G

iu
lia

no
 e

t a
l. 

 (  1
5  )

  

 C
y3

-E
U

B
33

8 
 5 ¢

 -C
y3

-G
C

T
 G

C
C

 T
C

C
 C

G
T

 
A

G
G

 A
G

T
-3

 ¢  
 M

os
t 

ba
ct

er
ia

, 1
6s

 R
N

A
 

ba
se

s 
33

8–
35

5 
 M

od
i fi

 ed
 “

E
U

B
33

8”
;  V

ib
ri

o  
de

te
ct

io
n 

pr
ob

e;
 P

ro
be

B
as

e 
# 

pB
-0

01
59

 
 A

m
an

n 
et

 a
l. 

 (  1
7  )

  

 FV
de

t1
-A

54
6 

 5 ¢
 -C

T
A

 A
T

C
 C

T
G

 T
T

T
 G

C
T

 
C

C
C

 C
A

C
-A

le
xa

 F
lu

or
 5

46
-3

 ¢  
  V

ib
ri

o  
sp

., 
16

s 
rR

N
A

 b
as

es
 

78
8–

80
8,

 li
ke

ly
 o

th
er

s 
 D

et
ec

tio
n 

pr
ob

e 
de

si
gn

ed
 fo

r 
pr

ox
im

-
ity

 t
o 

A
m

n-
G

V
 

 T
hi

s 
st

ud
y 

 FV
de

t2
-A

54
6 

 5 ¢
 -C

G
T

 T
T

A
 C

G
G

 C
G

T
 G

G
A

 
C

T
A

 C
-A

le
xa

 F
lu

or
 5

46
-3

 ¢  
  V

ib
ri

o  
sp

., 
16

s 
rR

N
A

 b
as

es
 

81
7–

83
6,

 li
ke

ly
 o

th
er

s 
 D

et
ec

tio
n 

pr
ob

e 
de

si
gn

ed
 fo

r 
pr

ox
im

-
ity

 t
o 

A
m

n-
G

V
 

 T
hi

s 
st

ud
y 

smtiquia@umich.edu



492 Development of a Capillary Waveguide Biosensor Analytical Module…

    Vibrio harveyi  BAA-1116 (American Type Culture Collection) was 
maintained on Difco Marine Broth 2216 (Becton Dickinson, 
279110) solidi fi ed with 1.2 % agar (Becton Dickinson, 214010). 
Stock cultures were maintained at 30 °C and transferred monthly. 
Cell slurries were obtained by inoculating spread plates on the 
same medium and incubating overnight at 30 °C. Cells were 
scraped from the plates with an alcohol-dipped,  fl amed 25 × 40 mm 
cover slip and washed into a few ml of liquid Difco Marine Broth. 
The suspension was washed by centrifugation, resuspended in 
sterile 2 % NaCl, and its cell concentration determined by the 
epi fl uorescence method of Hobbie et al.  (  9  )  as modi fi ed by Watson 
et al.  (  10  ) . After being pelleted by centrifugation and the superna-
tants discarded, aliquots (usually on the order of 10 9  cells) of 
packed cells were stored frozen at −80 °C.  

  An RNeasy Mini Kit (Qiagen, 74104) was used to extract RNA 
from cell pellets. The extraction procedure was modi fi ed to incor-
porate lysozyme digestion according to procedures described for 
bacteria by Qiagen  (  11  ) . Quantity and quality of extracted RNA 
was evaluated by means of a Nanodrop ND-1000 (Thermo 
Scienti fi c) and by agarose gel electrophoresis. RNA was aliquoted, 
immediately stored at −80 °C, and typically used at a concentration 
of 20–22  m g/mL hybridization solution (see Note 5). Total RNA 
extracted from bacterial cells is generally considered to contain 
90–95 % ribosomal RNA.  

  Secondary structure of rRNA/rDNA affects its accessibility to 
probes  (  12  ) ; this problem might be exacerbated when the short 
probes are bound and the ca. 1,500 nt RNA is free in solution. To 
help eliminate secondary structure, RNA was chemically frag-
mented in some experiments according to the ZnCl 2  protocol 
described by Kreatech, Inc. (  http://www.kreatech.com/Portals/
kreatech/downloads/labeling/40_RNA%20fragmentation_
v2.0doc.pdf    ). This method is claimed to yield fragments averaging 
60–200 nt.   

   3-Glycidoxypropyltrimethoxysilane-coated microarray slides 
(Corning, CLS40041) were used to optimize probes and hybrid-
ization conditions, since they allowed a large number of hybridiza-
tions to be performed simultaneously and their use enabled the 
concurrent optimization of 3-glycidoxypropyltrimethoxysilane 
coating protocols for capillaries. The spotting and hybridization 
procedures described by the slide manufacturer  (  8  )  were modi fi ed 
by the use of the same nonproprietary spotting solution used for 
capillaries, and by the omission of distilled water and 1× SSC 
washes (which proved unnecessary in preliminary tests). Slides 
were spotted using a manual glass slide replicator (V&P Scienti fi c, 
VP478A) and a custom-built single-position indexing unit. 

  3.3.  Growth of Bacteria 
and Preparation of RNA

  3.3.1.  Cultivation 
and Harvesting

  3.3.2.  RNA Extraction

  3.3.3.  RNA Fragmentation

  3.4.  Optimization 
of Hybridization 
and Denaturation 
Protocols

  3.4.1.  Use of Slides 
as a Model System
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Hybridizations were carried out under lifter slips (Thermo 
Scienti fi c, 25X401-2-4772). Elevated incubation temperatures 
were maintained for slides by means of a humidi fi ed multislide 
chamber (Genetix Ltd.) and a hybridization oven (Hybaid H9270), 
and for solutions by means of a water bath (GeneMate HSP1000). 
Hybridization times of 15 min—overnight at optimal temperature 
showed no consistent differences in  fl uorescence intensity (data 
not shown). For convenience, slides were hybridized for 1 h and 
capillaries for 15 min. All solutions were prepared using deionized, 
distilled water that had been 0.2  m m  fi ltered and autoclaved for 1 h 
to inactivate RNases. Glassware and disposable supplies were 
selected to be RNase-free or were autoclaved for 1 h, while care 
was taken to select RNase-free reagents for all stages of hybridiza-
tion. Slides were visualized and  fl uorescence data were acquired 
using a GenePix 4000B microarray scanner (Molecular Devices).  

  Solutions, temperatures, and times for a typical hybridization cycle 
are shown in Table  2 . The hybridization solution contains 15 % 
formamide (see Note 6) and therefore the effective hybridization 
temperature is 61 °C. Buffer rinses entail  fl ushing the previous 
solution from the feed line and capillary using 0.1× SSC, then 
re fi lling with 0.1× SSC. Fluorescence data are gathered after 
re fi lling the capillary (i.e., after Rinse 1 and Rinse 2). Hybridization 
of RNA with detection and capture probes is carried out simulta-
neously, while positive control hybridizations are carried out with 
a labeled target complementary to the capture probe, and back-
ground control hybridizations receive the detection probe but no 
RNA. It should be noted that each cycle of target detection requires 
two measurements, i.e., before and after hybridization. This is nec-
essary to prevent false-positive results.     

  3.4.2.  Hybridization 
in the CWB

   Table 2 
  Hybridization and denaturation protocol used in the CWB   

 Step  Solution  Temperature (°C)  Incubation (min) 

 Denature  0.1× SSC + urea (50 % w/w)  65  5 

 Rinse 1  0.1× SSC  52  0 

 Prehybridize  5× SSC, 0.01 % BSA (w/w), 0.1 % SDS (w/w)  52  15 

 Hybridize  5× SSC; 15 % formamide (v/v); 0.1 % 
SDS (w/w); labeled target oligo, labeled 
detection probe, or RNA + detection probe 
as required 

 52  15 

 Posthybridize  2× SSC, 0.1 % SDS (w/w)  52  5 

 Rinse 2  0.1× SSC  52  0 
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 As a  fi rst step in preparing the CWB for target detection, it was 
necessary to check the system under controlled conditions using a 
standard reference material (SRM). For this purpose an uncoated 
capillary was mounted into the reaction chamber and loaded with 
a solution of Alexa Fluor 532-labeled positive control solution 
(A532-Vibtar; Table  1 ) at an arbitrary concentration. The 
CWB-AM was run remotely from a Linux host machine. A Ruby 
script  fi le with an abbreviated measurement cycle was uploaded 
into the MFB’s ARM processor for execution. The CWB was 
instructed to load a buffer solution into the capillary and record 
the background  fl uorescence signal  N  B  for 30 s. Subsequently, the 
SRM was loaded into the capillary and the  fl uorescent signal  N  S  
was recorded for 30 s. The difference between these two signals 
provides an indication of the operational status of the CWB. A differ-
ence below the preset limits  (  5  )  indicates that the CWB should not 
be operated. Figure  8  shows a summary of the results from 20 cycles 

  4.  Results 
of Capillary Tests 
and Hybridization 
Optimization 
Studies

  Fig. 8.    System test with an uncoated capillary, loaded with a standard reference material 
(Alexa532 dye solution).  Top panel : raw photon count data measured with PMT2. The 
signal count  n  ex  is proportional to the excitation energy;  middle panel : raw photon count 
data at the output of the emission  fi lter, measured with PMT2. This is the  fl uorescence 
emission signal  n  em ; bottom panel: normalized data (= n  em / n  ex ).  N  S  and  N  B  correspond to 
sample and background, respectively.       
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of measurements. The top panel is the raw (scaled) photon counts 
corresponding to the optical excitation power  n  ex , at the point of 
measurement. The middle panel is the raw photon counts corre-
sponding to the  fl uorescence emission  n  em . The bottom panel is the 
normalized signal,  n  em / n  ex  ( N  B  for the background solution and  N  S  
for the dye solution). As discussed by Dhadwal et al.  (  4  ) , this nor-
malization eliminates the machine to machine variability that 
plagues  fl uorescence measurements. The results show that the sys-
tem is working correctly and within speci fi cations. From a practical 
view, the background  fl uorescence signal determines the limit of 
detection (see Note 7).  

 In order to stably immobilize a capture probe on the interior 
surface of the capillary, the surface of the capillary needs to be 
silanized. Proper cleaning and activation of the silica surface proved 
critical to this procedure. Figure  9  shows capillaries in which sur-
face activation was carried out by Method A (baking) and Method 
B (ozone treatment) as described in Sect.  3.1.2 . Visualization of 
the coating by application of a labeled capture probe clearly showed 
that the probe attached more densely and evenly to capillaries pre-
pared by Method B, which was adopted for use with the CWB.  

 Hybridization temperature and buffer composition both 
in fl uence the speci fi city of hybridization, and can be conveniently 
expressed as an “effective temperature,” a function of the actual 
temperature and the effects of formamide concentration. The 
effective temperature must be high enough to minimize mis-
matches and nonspeci fi c binding. Too high an effective tempera-
ture will reduce the number of target molecules bound to probes, 
including both binding of targets to capture probes and binding of 
detection probes to immobilized targets. Figure  10  shows a typical 

  Fig. 9.    Visualization of probe attachment inside capillaries, silanized after baking ( a ) or 
ozone treatment ( b ). Capillaries were coated with Cy3-labeled capture probe (Amn-
Vibcap-Cy3) and were visualized using a microarray scanner and a slotted polycarbonate 
holder.       
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experiment in which hybridization temperature was optimized by 
maximizing the ratio between  fl uorescence intensity of positive 
and background control slides. The results show an optimal hybrid-
ization temperature range between 58 and 61 °C. The rather high 
standard deviation in the data points is due to spot variability asso-
ciated with the use of a manual arrayer and normalization of the 
data with the low background control signal.  

 The use of microarrays expedited the testing of candidate 
probe pairs for the detection of  Vibrio . Figure  11  shows tests of 
two capture probes and three detection probes. The best results 
(lowest background control values combined with highest detec-
tion of RNA) were achieved using capture probe sequence GV and 
detection probe FVdet2. Little difference was observed between 
fragmented and intact RNA. This  fi nding suggests that access to 
both binding sites is not markedly impeded by RNA secondary 
structure, a conclusion supported by the effectiveness of GV as a 
FISH probe  (  10,   11  )  and the close proximity of the two binding 
sites. Our  fi ndings also indicate that, as expected from their prox-
imity, the GV and FVdet2 binding sites are seldom separated by 
fragmentation of the RNA.  

 Methods tested for the removal of positive control oligonucleotide 
(to regenerate the capture probe for subsequent hybridizations) 

  Fig. 10.    Optimization of hybridization temperature. Effective hybridization temperature was varied by varying actual 
 temperature (45, 52, or 59 °C) and formamide concentration (10 % or 15 %; 1 % formamide is equivalent to a 0.6 °C 
temperature increase). Overnight hybridizations were performed on microarray slides spotted with capture probe 
 Amn-Vibcap. Values represent the ratio between  fl uorescence intensity of positive and background controls, where positive 
control slides received a complementary labeled oligonucleotide (A532-Vibtar) and background controls received detection 
probe A532-Vibdet in the absence of RNA as a measure of nonspeci fi c hybridization (noise).  Error bars  represent standard 
deviations.       
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included formamide (up to 90 %), 0.1× SSC at temperatures up to 
95 °C, and urea (Fisher Scienti fi c BP169-500; 50 % w/w in 0.1× 
SSC) (data not shown). A 50 % urea treatment at 65 °C gave best 
results and was selected for use in the CWB (see Note 8). 

 The optimized probe system and hybridization/denaturation 
protocol (Table  2 ) were then tested using the CWB. Figure  12  
shows sample data obtained over four cycles using a labeled target 
oligonucleotide. The capillary had been previously used and  fi lled 
with 0.1× SSC for storage. One cycle was required to reestablish 
stable performance, after which the difference between normalized 
 fl uorescence values before and after hybridization remained con-
stant. To date, over 20 cycles have been achieved using a single 
capillary, without apparent loss of performance (see Note 9).    We 
are con fi dent that we have found a coating procedure that will 
preserve the integrity of the capture probe for many more cycles. 
The  fi nal number will be established after the complete system is 
fully operational.  

 Development of a  fi eld-deployable biosensor draws upon  fi elds 
ranging from optical engineering, to chemical engineering, to 
molecular biology. Using an interdisciplinary approach we have 
achieved reproducible and automated detection of an oligonucle-
otide target. The system is currently in  fi nal testing stage and the 
next step will be to demonstrate detection of extracted RNA in the 
CWB, as has already been done using our probes and protocols on 
microarrays.  

  Fig. 11.    Effect of capture and detection probe sequences on  fl uorescence signal from 
 Vibrio  RNA. Hybridizations were performed for 1 h on microarray slides.  Unshaded bars : 
background control with detection probe but no RNA,  hatched bars : detection probe plus 
unfragmented RNA,  stippled bars : detection probe plus ZnCl 2 -fragmented RNA. Fragmented 
RNA bound to our capture probes was not detected with detection probe Eub338 because 
of the large distance between binding sites (data not shown). 2.35–2.55  m g/slide total RNA 
was used.  Error bars  represent standard deviations of 60 spots. Data for the Cy3-labeled 
Eub338 are corrected for comparison with the two Alexa Fluor 546-labeled probes.       
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     1  . The detection limit of a  fl uorescence instrument is determined by 
the background signal, which is minimized by carefully selecting 
compounds that make up the solution at zero concentration 
and by reducing stray re fl ections through creative optical 
design and by the use of a holographic notch  fi lter to exclude 
excitation energy from bleeding into the emission band.  

   2  . Spectral response of the emission  fi lters is based on normal 
incidence. A spread of a few degrees will lead to suboptimal 
 fi ltering, causing an increase in the background signal. Thus, 
for  fi ber-based optical receivers, care must be taken to colli-
mate the output of the optical  fi ber.  

   3  . As discussed in Note 1, the detection limit is determined by 
the background signal, which will be at its lowest value when it 
approaches the dark count of the single photon counting 
system. Photomultiplers have dark counts of the order of 
30 cps at room temperature, whereas avalanche photodiodes 
can achieve dark counts of 150 cps when actively cooled.  

  5.  Notes

  Fig. 12.    Consecutive hybridizations in the CWB. Repeated hybridizations and denatur-
ations were performed in automated mode, using a capillary coated with Amn-GV capture 
probe and Cy3-GVtar as the target. The capillary had been previously used for approxi-
mately 20 hybridization cycles and  fi lled with 0.1× SSC for storage. Values represent the 
difference between mean normalized  fl uorescence intensity measured before and after 
hybridization at each cycle. Sixty sets of data points were acquired at each measurement 
time; error bars represent standard deviations for the difference between hybridized and 
unhybridized mean values. One cycle was needed to restore normal functioning of the 
capillary, after which values stabilized.       
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   4  . Any oil contamination in the compressed gas will coat and 
contaminate the interior surfaces of the capillaries.  

   5  . RNA is exceedingly susceptible to degradation, and precau-
tions should be taken to minimize exposure to room tempera-
tures and to RNases. If partially used, an RNA aliquot should 
be discarded rather than refrozen. RNA solutions should 
contact only RNase-free solutions and equipment.  

   6  . Deionized formamide is best aliquoted and stored at −20 °C, 
preferably under an inert gas. It should not be used if a yellow-
ish color develops.  

   7  . Dhadwal  (  5  )  described a target detection error rate, which 
computes the probability of detection based on the signal-to-
noise ratio of both the zero concentration and the target 
solutions. He showed that it was possible to further reduce the 
detection limit by increasing the data accumulation time and 
using time-averaged signals for comparison.  

   8  . We do not recommend this use of microarray slides for tests of 
probe regeneration, since drying of slides for examination in 
the microarray scanner makes subsequent denaturation of the 
probe–target complex exceedingly dif fi cult (Eli Hatchwell, 
personal communication). The number of cycles that can be 
tested using slides is thus limited by the number of replicates 
that can be run (since slides must be sacri fi ced at each hybrid-
ization/denaturation cycle), and some air exposure is nonethe-
less unavoidable.  

   9  . The CWB allows the entire process, including data acquisition 
and storage of the capillary between experiments, to be carried 
out with liquid inside the capillary, avoiding the problems 
described in Note 8.     

 

 We intend to explore the dynamic range of the system and its abil-
ity to quantify  Vibrio , a genus which includes numerous human 
and animal pathogens, against a background of other organisms. 
The development of robust probe attachment capabilities, capillary 
regeneration methods, and  fi eld-deployable instrumentation pro-
vides a foundation upon which probe systems for other target 
organisms of economic and ecological importance can be con-
structed and optimized according to the procedures we have 
outlined.      

  6.  Future 
Directions
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    Chapter 3   

 Microfabricated Flow-Through Device 
for In Situ Gene Analysis       

         Tatsuhiro   Fukuba       and    Teruo   Fujii     

  Abstract 

 A miniaturized and self-contained in situ genetic analyzer Integrated In Situ Analyzer-Gene (IISA-Gene) 
was developed to conduct PCR-based targeted sequence detection using micro fl uidic technology. The 
core element of the in situ analyzer is a micro fl uidic device that conducts cell lysis, DNA puri fi cation, PCR, 
and optical detection of ampli fi ed DNA fragments. In this device, a standard three-step SYBR green PCR 
ampli fi cation with a pair of oligonucleotide primers is conducted using environmental microbial DNA 
templates eluted from glass beads packed in a microchannel. The micro fl uidic device is integrated with 
pumping components and control electronics for real- fi eld deployments. Here, the performance of the 
micro fl uidic device and results of in situ operation of the IISA-Gene in deep-sea hydrothermal areas are 
presented.  

  Key words:   PCR ,  Microbes ,  Gene detection ,  Micro fl uidic device ,  Genetic analyzer ,  Three-step 
ampli fi cation ,  Micro fl uidic device ,  In situ molecular analysis ,  IISA-Gene system ,  16S rRNA gene    

 

 Microbial communities formed in various ocean environments 
have vast diversity on their functions and compositions. These 
communities play important ecological roles as  fi nal decomposers 
and primary producers of organic substances in complex marine 
food webs. This is especially true in deep-sea environments, where 
chemoautotrophic or chemolithoautotrophic microbes support 
unconventional, dense, and unique ecosystems by converting 
inorganic compounds into organic compounds using the oxidiza-
tion energy of electron donors in surrounding environments. For 
example, H 2 S and CH 4  are widely known and biogeochemically 
important electron donors supplied from hydrothermal vent  fi elds 
or hydrocarbon seepage areas  (  1,   2  ) . Habitats of extremophiles, 

  1.  Introduction
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which are microbes adapted to physically or geochemically extreme 
environments, may extend to areas far beneath the sea fl oor that are 
subject to extraordinarily high temperatures and pressures  (  3,   4  ) . 
Elucidation of the phylogenetic diversity, biogeochemical roles, 
and total biomass of marine microbes including extremophiles is 
one of the most important issues involved in estimation of global 
cycles of materials and exploration of the frontiers of life. 

 Standard PCR-based highly sensitive and speci fi c detection of 
microbial (bacterial and archaeal) genomic DNA partial sequences 
that encode ribosomal RNA or functional genes is traditional, but 
it is still one of the major, useful, and powerful molecular biologi-
cal methods used in the  fi eld of environmental microbiology. For 
example, the existence of genetic  fi ngerprinting molecules related 
to a series of enzymes for methane oxidation such as the particulate 
methane monooxygenase gene ( pmoA )  (  5  )  indirectly, but strongly, 
suggests the prosperity of methanotrophs supported by methane 
supplied from their habitat. Species-, genus-, phylogenetic group-, 
and domain-speci fi c 16S rRNA sequences or the genomic DNA 
sequences encoding them are also recognized as useful genetic 
probes  (  6–  8  ) . Fingerprinting genes can be used in the exploration 
for novel natural resources such as methane (gas) hydrates  (  9  )  or 
hydrothermal ore deposits  (  10,   11  )  in ocean environments because 
speci fi c geochemical settings that allow the formation and accumu-
lation of these resources will regulate the members and the proper-
ties of environment-associated microbial communities  (  11,   12  ) . 
Furthermore detailed environmental assessments should be 
conducted for actual development and use of novel resources  (  13  ) . 
Long-term and continuous monitoring of the microbial commu-
nity will provide fundamental information about the impact of 
resource development on local ecosystems. In addition, growing 
industrial and medical demands on the applications of marine 
genetic resources  (  14  )  reinforce the importance of novel and use-
ful survey tools to detect  fi ngerprinting genes. 

 Development of in situ analysis tools that have the ability to 
conduct the entire analytical process for gene detection will prob-
ably lead to meaningful breakthroughs in traditional sampling-
based methodologies. For instance, detailed analysis of the 
spatiotemporal distribution and diversity of  fi ngerprinting genes is 
highly meaningful for elucidation of the environmental properties 
of their habitat. The use of in situ analyzers will improve reliability 
and spatiotemporal resolution for environmental microbiological 
surveys. To date, few studies have been conducted to develop in 
situ molecular biological tools for oceanography applications. 
These studies have investigated the usefulness of such tools for 
evaluation of the oceanic environment to detect marine inverte-
brate larvae  (  15  ) , harmful phytoplankton  (  16,   17  ) , and bacterio-
plankton  (  18  ) . The next key achievement is to develop highly 
miniaturized and functionally integrated analyzers to mount them 
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on a wide range of ocean observation platforms including small 
remotely operated vehicles (ROVs), autonomous underwater vehicles 
(AUVs), and buoy systems. 

 Application of “micro fl uidic devices” is a promising solution 
for meeting this requirement. Micro fl uidic devices (also known as 
micro total analysis systems ( μ TAS) or lab-on-a-chip) have been 
recognized as an essential element in realizing functionally inte-
grated tiny devices that can be applied to the  fi elds of clinical diag-
nosis, medical chemistry, and industrial chemistry. Some completed 
tools based on micro fl uidic devices for quantitative determination 
of dissolved metals  (  19  )  or inorganic nutrients  (  20,   21  )  have been 
developed for oceanography applications. However, to conduct 
complicated molecular biological analyses, reliable functional units 
for temperature control and sophisticated pumping are necessary. 
Accordingly, our group has developed prototypes of some 
micro fl uidic devices designed for in situ chemical  (  22  ) , biochemi-
cal  (  23  ) , and PCR-based molecular biological analyses  (  24  ) . 

 Here, a completely integrated PCR-based molecular biological 
analyzer (Integrated In Situ Analyzer-Gene, IISA-Gene) with a 
built-in micro fl uidic device is presented. This system employs a 
polydimethylsiloxane (PDMS)-glass micro fl uidic device that 
conducts cell lysis, DNA puri fi cation, PCR, and optical detection 
of PCR products, and is integrated with miniature pumping 
components. The adoption of a simple  fl ow-through PCR tech-
nique makes it possible to conduct complicated molecular biological 
analyses in situ.  

 

  The IISA-Gene system is a self-contained in situ molecular biologi-
cal analyzer that uses a micro fl uidic device for PCR-based detec-
tion of targeted gene fragments in ocean environments. The 
IISA-Gene consists of an analysis unit and a control unit (Fig.  1 ). 
The analysis unit can conduct sample intake from environments, 
microbial cell lysis, DNA puri fi cation and concentration, PCR, 
detection, and recovery of PCR products. Analysis steps from cell 
lysis to PCR ampli fi cation and optical detection are conducted in a 
reusable micro fl uidic device. The temperature of the micro fl uidic 
device is controlled by integrated heaters and temperature sensors. 
Fluidic operations including sample intake, reagent supply, and 
switching are conducted by stepping motor- and DC motor-driven 
pumps, and solenoid valves integrated in the analysis unit. All 
reagents are stored in reagent tanks that have an indirect pumping 
function (see Note 1). All  fl uidic operations and molecular biologi-
cal processes are conducted under ambient hydrostatic pressure in 
the oil-immersed analysis unit. A pair of optical  fi bers is connected 

  2.  IISA-Gene 
System

  2.1.  System Overview
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to the micro fl uidic device for  fl uorescence-based detection of PCR 
products. Optical components such as an LED as a light source 
and a photomultiplier tube (PMT) as a photodetector are enclosed 
in a cylindrical pressure vessel with control electronics. The analysis 
unit and control unit are  fi xed on a metal frame and mounted on 
an underwater vehicle for in situ operation (Fig.  2 ). An operator of 
the IISA-Gene system can remotely monitor the condition of the 
systems, and data are measured using a PC on a surface vessel.    

  A typical operational procedure is shown in Fig.  3 . In this proce-
dure, a seawater sample is introduced into the system using one of 
the pumps in the analysis unit. The sample is then processed to 
obtain PCR amplicons in the micro fl uidic device, as described 

  2.2.  Operational 
Procedure

  Fig. 1.    Schematic illustration of the IISA-Gene.       

  Fig. 2.    The IISA-Gene mounted on the ROV “HYPER-DOLPHIN”.       
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below. After the PCR step, the amplicon can be recovered for fur-
ther onboard analysis. The micro fl uidic device is treated using DNA 
Away  TM  (Molecular BioProducts Inc., USA)  (  25  )  prior to the next 
operation. The total time for a single whole analysis sequence is 
about 130–180 min depending on the elapsed time for PCR.   

  The micro fl uidic device (Fig.  4 ) is the core functional component 
of the IISA-Gene (see Note 2). The micro fl uidic device is com-
posed of a PDMS micro fl uidic chip with a microchannel and a glass 

  2.3.  Micro fl uidic 
Device

  Fig. 3.    Operational procedure of the IISA-Gene for typical single analysis. Adapted from 
Fukuba et al.  (  26  )  with permission.       

  Fig. 4.    Photograph of the micro fl uidic device for the IISA-Gene.       
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chip with integrated heaters and temperature sensors. The micro-
channel is designed to perform cell lysis, DNA extraction,  fl ow-
through PCR, and optical detection of the amplicon. PDMS, a 
transparent silicone elastomer, is one of the most widely used mate-
rials for fabrication of micro fl uidic chips containing micro- to nano-
scale structures by means of a simple replica-molding method  (  27  ) . 
The glass chip is used to control the device temperature for the cell 
lysis and PCR steps. The thin  fi lm heaters and temperature sensors 
are fabricated by a conventional wet etching of metal layers depos-
ited on the glass substrate (50 × 75 mm). The heaters are designed 
to realize well-de fi ned uniform temperature distributions on the 
glass substrate for the cell lysis and  fl ow-through PCR steps.  

 The functions of the micro fl uidic device are summarized in 
Fig.  5 . First, a 500  μ L seawater sample (see Note 3) mixed with a 
cell lysis buffer passes through a serpentine microchannel for 
microbial cell lysis. Since the cell lysis buffer contains a chaotropic 
agent (guanidium thiocyanate), microbial genomic DNA is cap-
tured onto the glass beads packed in the microchannel (see Note 4). 
The glass beads are then cleaned with a washing buffer to remove 
the cell lysis buffer (see Note 5). Next, the captured DNA is 
directly eluted into a PCR reagent mixture containing SYBR 
Green I dye. The  fl ow-through PCR is subsequently conducted in 
a long serpentine microchannel (100- μ m wide, 3,050-mm long) 
designed to perform 30 cycles of thermal cycling with a residence 
time ratio of 8:2:2:3:10 for initial denaturation, followed by 30 
cycles of denaturation, annealing, extension, and  fi nal extension 

  Fig. 5.    Functions of the micro fl uidic device for PCR-based microbial gene detection.       
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(see Note 6). The  fl ow-through (or continuous- fl ow) PCR  (  28,   29  )  
is suitable for in situ instrumentation because of its simplicity with 
respect to temperature and  fl uid control  (  24  ) . Amplicons are opti-
cally detected at the end of the microchannel using a pair of optical 
 fi bers for excitation and  fl uorescence detection.    

 

  To evaluate the performance of the micro fl uidic device for  fl ow-
through PCR, manually extracted and puri fi ed microbial genomic 
DNA was used as a template. The genomic DNA was prepared 
from frozen stock methanotroph ( Methylosinus trichosporium  
OB3b) cells by a conventional protocol (see Note 7). The PCR 
reagent mixture contained 1× PCR buffer (TAKARA Bio Inc., 
Japan), 1× SYBR Green I (Invitrogen, USA), dNTPs (0.2 mM 
each),  Taq  DNA polymerase (0.075 U/ μ L,  TaKaRa Taq  Hot 
Start Version, TAKARA Bio Inc.), forward and reverse oligonucle-
otide primer (0.5  μ M each), and genomic DNA (0.8 ng/ μ L  fi nal 
concentration). To prevent the adsorption of PCR mixture con-
tents onto the PDMS surface, a 5 % (vol/vol) of Tween 20 (ICN 
Biomed. Inc., USA) was added to the PCR mixture. Flow-through 
PCR was then conducted under various  fl ow-rate conditions (e.g., 
various times were used for 30 cycles of PCR). A primer pair for 
the particulate methane monooxygenase (pMMO) gene (pmof1-
pmor)  (  30  )  was used for the functional gene detection trial. The 
temperature conditions for the PCR were 95, 50, and 72 °C for 
denaturation, annealing, and elongation, respectively. A control 
experiment was conducted using a desktop PCR thermal cycler 
(TaKaRa Thermal Cycler PERSONAL, TAKARA Bio Inc.). The 
PCR conditions for the control experiment were 2 min of initial 
denaturation followed by 30 s each for denaturation, annealing, 
and elongation, and a 10-min  fi nal elongation step (approx. 60 min 
total)   . The temperature setting was the same as that used for the 
micro fl uidic device. Figure  6  shows the results of agarose-gel elec-
trophoresis analysis of the ampli fi ed pMMO gene fragments 
obtained using the micro fl uidic device. Under rapid PCR condi-
tions (20 and 30 min for 30 cycles), the amount of speci fi c ampli-
cons (approx. 330 bp) was smaller than the amount obtained in 
the control experiment. In contrast, almost the same levels of 
amplicons were provided when 45 and 60 min were used for 30 
cycles. A long and nonspeci fi c band observed in the control experi-
ment (~2,000 bp) was not observed in the amplicons from the 
micro fl uidic device. These results indicate that use of the micro fl uidic 
device for the IISA-Gene is capable of amplifying functional gene 
fragments from microbial genomic DNA with suf fi ciently high 
speci fi city and ef fi ciency.  

  3.  Performance 
Evaluations

  3.1.  PCR in the 
Micro fl uidic Device
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 On the IISA-Gene system, all analysis procedures should be 
conducted under ambient hydrostatic pressure because the 
micro fl uidic device is placed in an oil- fi lled analysis unit for pres-
sure equalization. Here, the PCR performance was evaluated under 
high hydrostatic pressure conditions assuming practical operation 
in deep-sea environments. To accomplish this, the micro fl uidic 
device and a pumping apparatus were immersed in  fl uorinated oil 
(Fluorinert FC-43, 3 M, USA) and placed in a high-pressure cham-
ber to apply 10 and 30 MPa of hydrostatic pressure. The eubacte-
rial universal 16S rRNA gene was ampli fi ed using  Escherichia coli  
genomic DNA as a template. The 968f–1401r  (  31  )  primer pair was 
used to amplify approximately 430 bp DNA fragments. The PCR 
conditions were the same as described above, except for the  fl ow-
rate setting (40 min for 30 cycles). Control experiments were con-
ducted under atmospheric pressure (0.1 MPa) using the same 
micro fl uidic device. The PCR reagent mixture was composed of 
1 × PCR buffer, dNTPs (0.5 mM each),  Taq  DNA polymerase 
(0.1 U/ μ L), forward and reverse oligonucleotide primers (1  μ M 
each), 5 % Tween 20, and genomic DNA (0.4 ng/ μ L  fi nal concen-
tration). The amplicons were analyzed by gel electrophoresis and 
the results were visualized by ethidium bromide staining (Fig.  7 ). 
Even at 10 and 30 MPa, no PCR inhibition as a result of elevated 
hydrostatic pressure was observed. The sizes of the amplicons were 
consistent with those of the control experiments. These results 
indicate that PCR can be conducted as usual, even in deep-sea 
environments at depth of up to 3,000 m.   

  Fig. 6.    Results of pMMO gene ampli fi cation using the micro fl uidic device.  Lane M  : 100 bp 
DNA ladder,  C : control experiment.       
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  To evaluate the performance of the completed IISA-Gene system, 
 M. trichosporium  OB3b cells were processed to simulate targeted 
gene ampli fi cation from natural samples. Guanidium thiocyanate-
based cell lysis buffer prepared as described by Boom et al.  (  32  )  is 
used in the processing. 1× PCR buffer for  Taq  DNA polymerase is 
used as the washing buffer. The PCR mixture is composed of 1× 
PCR buffer, dNTPs (0.2 mM each),  Taq  DNA polymerase 
(0.075 U/ μ L), forward and reverse oligonucleotide primers 
(0.5  μ M each), 2× SYBR green I (see Note 8), and 5 % of Tween 
20. To amplify the eubacterial universal gene, a primer pair speci fi c 
for the 16S rRNA gene (341f–926r)  (  33  )  was used for this evalua-
tion. The temperature conditions for the  fl ow-through PCR are 
98, 50, and 72 °C for each PCR step (46 min for 30 cycles). The 
results of the analysis conducted using 500  μ L of 10 4  cells/mL are 
shown in Fig.  8 . The PMT output voltage values that correspond 
to the  fl uorescence intensity from the amplicons showed a clear 
increase when the microbial cells were analyzed, whereas the nega-
tive control showed no increase. Similarly, analysis using a sample 
composed of 10 3  cells/mL provided negative ampli fi cation (data 
not shown). Therefore, the detection limit for the 16S rRNA gene 
using the IISA-Gene was estimated to be around 10 4  cells/mL. As 
shown here, the capability of the IISA-Gene for PCR-based molec-
ular biological analysis using microbial cells as a sample was suc-
cessfully demonstrated.    

  3.2.  Performance 
of IISA-Gene

  Fig. 7.    Results of PCR conducted under high-pressure conditions.  Lane M  : 200 bp DNA 
ladder.       
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 The completed IISA-Gene system was operated at a hydrothermal 
site in Hatoma Knoll  (  34,   35  ) , Okinawa Trough, Japan, using the 
ROV “HYPER-DOLPHIN” and the research vessel 
“NATSUSHIMA” (Japan Agency for Marine and Earth Science 
and Technology: JAMSTEC, Japan) in June 2008. The IISA-Gene 
was mounted on a payload-bay of the ROV and was operated a few 
meters above an active hydrothermal vent at a depth of 1,471 m. 
The in situ analysis was performed twice at the same position for 
16S rRNA gene and pMMO gene detection using the 341f–926r 
and A189–A682  (  36  )  primer pairs, respectively. The PCR condi-
tions were the same as those described in    Sect.  3.2 . The results are 
summarized in Fig.  9 . The microbial 16S rRNA gene was success-
fully detected by PCR-based in situ analysis using the IISA-Gene. 
In contrast, PCR targeted to amplify the pMMO gene showed a 
negative result. These results imply that detectable numbers of 
microbial cells (more than 10 4  cells/mL) were present, but that 
methanotrophic microbes are not a major member of the microbial 
community in the hydrothermal  fl uid of Hatoma Knoll.   

 

     1  . The tank for the reagent has two compartments separated by a 
deformable membrane for the indirect pumping using 1× PCR 
buffer as a displacement  fl uid. Capacity of the tank is approxi-
mately 2 mL for regular uses, and it can be modi fi ed depend-
ing on the frequency of in situ analysis. All of the tank materials 
should be autoclaved to avoid contaminations prior to  fi lling of 
the    reagents.  

  4.  In Situ 
Deployments

  5.  Notes

  Fig. 8.    Result of 16S rRNA gene ampli fi cation using microbial cells as the sample.  NC  : 
Negative control without microbial cells. (Adapted from Fukuba et al.  (  26  )  with permission).       
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   2  . All of the materials for the micro fl uidic device are autoclavable. 
The micro fl uidic device should be autoclaved prior to integrat-
ing with IISA-Gene system. After the autoclave, the PDMS 
material becomes cloudy white color because of penetration of 
water vapor in the material. The PDMS returns to a transpar-
ent state by keeping it in a dry condition for a few hours.  

   3  . The volume of the sample is de fi ned by the total volume of a 
coiled tube as a sample loop. The volume of the loop is variable 
depends on a requirement.  

   4  . Approximately 5 mg of glass beads (30–50  μ m in diameter) are 
packed in the microchannel. The glass beads should be washed, 
and small particles of broken beads should be removed before 
the packaging of the glass beads to avoid a clogging of the 
microchannel.  

   5  . The glass beads with template DNA should be washed at 
around room temperature condition. Washing the glass beads 
under the high temperature condition (e.g., more than 90 °C) 
will cause loss of the template DNA.  

   6  . PCR conditions such as the number of thermal cycle and the 
residence time ratio are de fi ned by a design of the micro fl uidic 
device. The total time for the PCR (regulated by  fl ow rate for 
the continuous- fl ow PCR) and the temperature setting are 
variable.  

   7  . A commercially available kit (DNeasy Blood & Tissue Kit, 
QIAGEN, Germany) was used for the preparation of the posi-
tive control DNA.  

   8  . Addition of Tween 20 is essential to use SYBR green I in 
2 × concentration in PCR mixture to improve the  fl uorescence 
signal intensity. No PCR products will be obtained without 
Tween 20 in the case of 16S rRNA gene and pMMO gene.     

  Fig. 9.    Results of 16S rRNA gene and pMMO gene ampli fi cation during the dive #853 in 
the Hatoma Knoll hydrothermal site, Okinawa Trough, Japan. (Adapted from Fukuba et al. 
 (  26  )  with permission).       
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 The development and evaluation of the IISA-Gene in this study 
demonstrated that micro fl uidic devices have signi fi cant potential 
for use in functionally integrated and portable in situ analysis tools. 
The next essential mission to realize higher spatiotemporal resolu-
tion during in situ gene detection is improvement of the through-
put of the system. In addition, for further miniaturization of the 
IISA-Gene system, well-miniaturized or on-chip pumping compo-
nents should be used instead of the stepping motor-driven pumps 
and solenoid-actuated valves used as pumping components. 
Application of a miniature and integrated continuous pumping 
system that has on-chip microvalves and  fl ow regulators  (  37  )  will 
contribute to improvements in the throughput and size of the 
IISA-Gene system. Realization of an IISA-Gene system with quan-
titative PCR capability is possible by applying a simple and novel 
quantitative PCR method using a  fl ow-through PCR micro fl uidic 
device  (  38  ) . By integrating a reverse transcription function on the 
micro fl uidic device, in situ gene expression analysis using microbial 
RNA as a sample will also become possible in the future.      
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    Chapter 4   

 Method for the Quanti fi cation of Aquatic Primary 
Production and Net Ecosystem Metabolism 
Using In Situ Dissolved Oxygen Sensors       

         Joseph   A.   Needoba      ,    Tawnya   D.   Peterson   , and    Kenneth   S.   Johnson      

  Abstract 

 We present an example-based methodology for the “open-water” technique to determine net ecosystem 
metabolism (or net community metabolism) of coastal and oceanic environments using dissolved oxygen 
measurements collected with in situ sensors. We brie fl y discuss strategies for instrument deployment, data 
collection, and performance evaluation. The main focus is a presentation of the analytical steps necessary 
to convert raw dissolved oxygen measurements into daily estimates of primary production, aerobic respira-
tion, and the resulting net metabolic sum. The data manipulation is based on a compilation of approaches 
from the literature that span multiple decades of research. We provide a summary of the foundational 
concepts, a brief discussion of the necessary assumptions, and a list of additional variables required for the 
parameterization of the individual components, such as the air–water diffusion term. The methods are 
presented in a step-by-step example format using representative data sets from two contrasting environ-
ments, the coastal ocean (Monterey Bay, California) and an estuary (Columbia River Estuary, Oregon/
Washington).  

  Key words:   Dissolved oxygen ,  Net ecosystem metabolism ,  Primary production ,  In situ sensors ,  Water 
quality ,  Primary production ,  Ocean observatories ,  Net ecosystem production ,  Respiration rates , 
 Air–water diffusion  fl ux    

 

  This chapter provides the methodology for the collection and 
analysis of high-resolution in situ dissolved O 2  (DO) measurements 
for determining net ecosystem metabolism (NEM), net ecosystem 
production (NEP), gross primary production (GPP), and ecosys-
tem respiration (ER) of coastal and estuarine aquatic ecosystems. 
We focus on the “open-water” or “diel oxygen” techniques 

  1.  Introduction

  1.1.  Overview
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employed to measure the daily rates of organic matter production 
and aerobic respiration, the sum of which determines the daily 
NEM  (  1  ) . An accurate determination of the changes in oxygen 
attributable to biological activity relies on having corresponding 
data to (i) correct for temperature and salinity effects on oxygen 
solubility ( 2 ), and (ii) characterize the potential importance of 
physical inputs or losses to the system  (  3–  5  ) . Our approach is simi-
lar to that of Staehr et al.  (  6  ) , which presents the methodology for 
calculating NEM in lake ecosystems, and thus should be consulted 
for studies pertaining to lakes. In addition, for a more detailed 
overview of the assumptions and uncertainties associated with 
NEM estimates based on the use of high-resolution sensors, the 
reader is encouraged to consult Staehr et al.  (  7  ) .  

  The determination of NEM, broadly de fi ned as the difference 
between primary production and aerobic respiration within an 
ecosystem (or community of organisms), is increasingly being 
employed as a means to assess the health of aquatic environments 
and to quantify the biogeochemical  fl uxes of organic carbon, oxy-
gen, and other important nutrients at regional and global scales. 
For example, in many estuaries an external nutrient input can 
 stimulate primary productivity that results in an    initial increase of 
inorganic carbon biomass, but it is typically followed by elevated 
organic matter respiration rates that can lead to hypoxia and shifts 
in community structure and function. Observations and measure-
ments that accurately quantify rates of primary production and res-
piration are very useful for characterizing ecosystem-scale processes 
and determining the metabolic balance of a system. Therefore, 
NEM is closely tied to habitat quality and indicates the nature of 
carbon  fl ux within a system, which can be used to inform steward-
ship and remediation activities. 

 A realistic representation of biogeochemical variability within 
aquatic environments (including processes associated with NEM) 
requires measurements performed at appropriate temporal and 
spatial scales. Yet, in practice, the effort required to collect water 
samples over long duration and large spatial areas is often impracti-
cal or cost prohibitive. For example, in many coastal environments 
the variations in water quality parameters such as algal biomass or 
nutrient concentration occur over timescales from minutes (tidal 
variability) to years (seasonal and climate variability), and can be 
altered by episodic weather events at unpredictable times. Periodic 
sampling, especially in coastal ecosystems, is likely to under-sample 
this variability. Even when data are collected at high enough fre-
quency to capture variability appropriately, the intense personnel 
effort required for these efforts renders the observational periods 
short and unsustainable for multiple seasons or years. Thus, meth-
ods other than traditional ship-based  fi eld sampling are needed to 
capture high-resolution variability while also providing suf fi cient 

  1.2.  Dissolved Oxygen 
as a Measure 
of Ecosystem 
Metabolism
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temporal coverage to allow the identi fi cation of seasonal and 
 inter-annual changes in biogeochemical parameters. For these rea-
sons, the development of robust, relatively inexpensive instruments 
capable of continuous deployment in the aquatic environment has 
dramatically improved the quanti fi cation of biogeochemical cycles 
and characterization of ecological function  (  8–  11  ) . As evidenced 
by other papers in this volume, the development of biological and 
chemical sensors is an emerging  fi eld in environmental sciences and 
a variety of technologies seek to adopt biological methods typically 
used in a laboratory setting and apply them to a range of new appli-
cations designed for in situ and autonomous operation. 

 Many aquatic monitoring programs now incorporate some 
kind of autonomous platform observational approach to provide a 
routine measure of water quality parameters that can be used as a 
complement to more advanced investigations of habitat structure 
or function and to support modeling studies. Dissolved oxygen 
(DO) is one such routinely measured parameter; it is relatively easy 
to measure autonomously and yields rich information regarding 
the health of an ecosystem. Oxygen gas (O 2 ) is released by primary 
producers as a product of the light reactions of photosynthesis and 
is consumed during cellular aerobic respiration with the following 
approximate stoichiometry  (  9  ) :

    + + + +�2 3 3 4 2 106 175 42 16 2106CO 16HNO H PO 78H O C H O N P 138O    (4.1)   

 Therefore, changes in O 2  can be used to calculate rates of organic 
matter production and respiration if measured at the appropriate 
resolution and considering other processes that may simultane-
ously occur. The utility of the diel DO approach has increased con-
siderably with the development of robust sensor technologies 
capable of high accuracy, long-term deployments in a variety of 
platforms, including moorings  (  12  ) , pro fi ling  fl oats  (  13,   14  ) , and 
autonomous vehicle surveys  (  15,   16  ) .  

  The magnitude of organic carbon production within an ecosystem 
is often used to classify aquatic environments (or ecoregions) at a 
global scale. Longhurst  (  17  )  de fi nes ecological regions in the ocean 
based on rates of primary production derived primarily from satel-
lite observations of surface chlorophyll concentrations. Nixon  (  18  )  
identi fi es the trophic status of marine systems based solely on 
organic carbon production. For example, oligotrophic systems are 
de fi ned as having organic carbon production rates of <100 g C m −2  y −1  
and eutrophic systems range between 301 and 500 g C m −2  y −1 . 
Traditional methods of measuring primary productivity require 
sample collection (usually on a ship or small boat) followed by 
incubation of water with a tracer such as 14 C-labelled HCO  3  

−    (  19  ) . 
Alternatively, changes in DO or CO 2  concentration can be moni-
tored over the course of an incubation to yield a net or GPP rate. 
Depending on the technique, bottle incubations do not provide a 

  1.3.  Overview 
of Primary Production 
and Net Ecosystem 
Metabolism (NEM)
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measure of carbon respiration (i.e., net productivity) and they 
often suffer from so-called bottle effects that lead to biases in rate 
estimates  (  20–  22  ) . 

 Odum  (  23,   24  )   fi rst suggested the use of changes in open-
water dissolved oxygen (DO) to provide integrated estimates of 
metabolic processes in aquatic systems. In this holistic view, the 
“metabolic status” of a given environment re fl ects the balance of 
autochthonous organic matter production (i.e., primary produc-
tion), allochthonous delivery of organic matter (advection), and 
respiration of organic matter (from whichever source) at an ecosys-
tem scale. He coined the term “net ecosystem metabolism” (NEM), 
alternatively called “net community production” in oceanographic 
literature, to describe the difference between oxygen production 
(photosynthesis) and community respiration. Ecosystem, or com-
munity, metabolism can be calculated based on oxygen, carbon 
dioxide, or macronutrient measurements. The former has been 
most widely adopted because oxygen sensors are more practical: 
they are cheaper to produce, require less power to operate, and 
tend to be more robust compared to carbon dioxide or macronu-
trient sensors  (  25  ) . Before the wide availability of robust in situ 
oxygen sensors  (  26,   27  ) , it was necessary to make measurements 
periodically or over short time spans; however, in recent years there 
have been many examples where NEM has been determined over 
extended periods. Examples of NEM measurements are common 
in lake  (  7,   28  )  and estuarine  (  29–  31  )  systems, but are also possible 
in open ocean environments  (  9  ) . 

 At face value, daily measurements of NEM are simply the dif-
ference between O 2  produced through photosynthesis minus that 
used by aerobic respiration (of the community) in a 24 h period, 
corrected for nonbiological gas exchange. At the ecosystem scale, 
and over suf fi ciently long periods, positive NEM suggests that the 
system is a sink for inorganic carbon (and ultimately atmospheric 
CO 2 ), while negative NEM values implies an autochthonous source 
of organic matter is available in addition to the supply from pri-
mary production from within the ecosystem. In addition, many 
systems likely operate relatively close to a “balanced” NEM (no net 
change in organic carbon); however, the daily variability is an 
important indicator of ecosystem function, i.e., high productivity 
and high respiration versus low productivity and low respiration. 
For example, in low-productivity regions such as the oligotrophic 
ocean, the small signals of oxygen production have sparked debate 
about whether NEM is positive or negative, with some studies sug-
gesting that respiration (mainly by bacteria) exceeds production by 
phytoplankton  (  32–  34  ) . Others, citing systematic methodological 
biases in the literature  (  35  )  and geochemical estimates of excess 
seasonal oxygen production  (  36  )  argue the opposite. Recently, 
long-term records of DO from autonomous  fl oats have improved 
the temporal resolution of direct measurements of DO that suggest 
that these regions have positive NEM  (  14  ) .  
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  The utility of DO measurements for calculating NEM is hindered 
by physical processes that are sometimes dif fi cult to validate. These 
include changes associated with air–water diffusion of oxygen and 
the consistency of the water mass over the measurement period. 
These are not trivial issues and should be carefully considered and 
tailored to the system of interest. The propensity for dissolution of 
oxygen in natural waters depends strongly on temperature, since—
according to Henry’s Law—the concentration of a gas is a product 
of its partial pressure and its solubility in the aqueous medium, as 
well as salinity  (  2  ) . In order to separate the physical and biological 
 fl uxes of dissolved oxygen, the atmospheric  fl ux (air–water 
exchange) must be measured or estimated  (  24  ) .This is facilitated 
by knowledge of the temperature and salinity of the water mass for 
each oxygen measurement. 

 In addition to oxygen solubility in water, both wind speed and 
water velocity affect air–water gas exchange  (  11,   37  ) . The magni-
tude of effect of each of these processes, however, may differ from 
system to system. In a fast- fl owing system, such as a large river, 
water velocity is more likely to play an important role in air–water 
exchange when wind speeds are less than 7 m s −1   (  37  ) . Conversely, 
in a low- fl ow system and in the open ocean, wind speed is more 
likely to be important  (  38  ) . Thus, it is necessary to identify and 
measure the factors that most strongly in fl uence air–water gas 
exchange for a given environment.  

  The fundamental assumption in NEM calculations is that all mea-
surements come from a water mass that has the same recent his-
tory, which allows for point measurements in  fl owing waters to be 
compared over time. This assumption is dif fi cult to assess in many 
systems and is often not satis fi ed, especially in estuaries where 
signi fi cant horizontal exchange occurs due to tidal forcing. 
However, some basic rules can be applied to determine if the sys-
tem of interest is appropriate for the calculation of NEM. Ideally, 
water residence times should be suf fi ciently long that the same 
water mass is likely measured over a 24 h period. Ancillary mea-
surements, such as temperature and salinity, are useful for deter-
mining if mixing or water movement is introducing new water 
masses over short periods of time. Ideally, before beginning a mon-
itoring program where NEM criteria are to be employed, a thor-
ough analysis of water mass variability of the system should be 
undertaken. 

 A second important assumption is that respiration rates are 
constant over a diel cycle. It is likely that daytime respiration 
exceeds nighttime respiration  (  39,   40  ) , although it is nontrivial to 
determine the true respiration rates  (  41  ) . It is therefore commonly 
assumed that photosynthesis is zero at night, and therefore the 
diffusion-corrected decrease in oxygen is a direct measure of respi-
ration. The hourly rate determined at night can therefore be 
extrapolated to a daily rate. 

  1.4.  Physical 
Processes Affecting 
Oxygen Concentration

  1.5.  Assumptions 
Made When 
Calculating Net 
Ecosystem 
Metabolism (NEM)
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 Another point to note is that, in practice, dissolved oxygen 
sensors are not always deployed at multiple depths, and single point 
measurements may not be representative of photosynthetic rates 
throughout the water column. In order to calculate water column 
primary productivity accurately, the simplest approach is to assume 
that suf fi cient mixing occurs throughout the water column such 
that concentrations at a  fi xed depth are representative of the entire 
vertical section—in this case, rates are typically reported as a real 
rates (m −2 ) per unit time. If this condition is not met, rates can be 
reported as volume rates (m −3 ). Unless water depth is accounted 
for during the calculation, the latter method will overestimate the 
importance of air–water diffusion if the measurement is then 
extrapolated to more than 1 m depth, and therefore should be 
avoided in most cases. 

 Finally, respiration rates measured by changes in dissolved oxy-
gen are aerobic respiration rates only, thus in environments where 
signi fi cant anaerobic organic matter decomposition occurs this 
method will underestimate the true NEM.  

  There are many choices for sensor and platform operations, and 
the methods presented here are mainly concerned with post-data 
acquisition steps to the extent possible. It is assumed that the reader 
has some knowledge about sensor calibration and necessary time 
series con fi gurations when purchasing or building instruments and 
implementing observatory platforms in the  fi eld. However, given 
the myriad ways in which environmental observatory science is 
evolving, it is increasingly possible for anyone to access data from a 
public database to make the calculations presented here, and, 
depending on the data source, may never directly communicate 
with the people who collected the original data. Thus, it is impor-
tant to understand the practical considerations for data collection 
even if it is external to the research project. 

 It is important to underscore that in order to determine primary 
productivity, NEM, or metabolic changes in any aquatic system, a 
suite of sensors must be deployed together as a uni fi ed platform with 
similar sampling frequencies to provide the necessary physical con-
text needed to correct for solubility and air–water gas transfer. At a 
minimum, a conductivity-temperature-depth (CTD) package must 
be co-deployed with an oxygen sensor. A meteorological (Met) sta-
tion that provides wind speed data (speed and direction) and a cur-
rent meter that provides water velocity will improve the estimates of 
air–water diffusion. Additional biological and chemical sensors are 
not needed but can often add synergistic information that helps to 
interpret the changes in DO. For example, sensors that determine 
inorganic carbon concentrations or pH  (  42,   43  )  are useful for fur-
ther constraining the biological changes in DO, a chlorophyll 
 fl uorometer will provide context regarding algal biomass, and in situ 
optical nitrate sensors  (  44  )  or other “wet chemistry sensors”  (  45  )  
can capture variability in nutrient biogeochemistry. 

  1.6.  General 
Considerations 
of Working with In Situ 
Sensors and 
Observatory Data
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 The frequency and length of sensor deployment depends on 
the variability of the biological DO signal, which varies according 
to the environment in which the sensors are to be deployed. 
A  further constraint is the practical limitation of sensor mainte-
nance schedules, which can be labor intensive, and thus incur sub-
stantial costs. The goal is to minimize loss of data due to baseline 
drift, bio or geo-fouling, degradation of instrument components, 
data storage limitations, or power interruptions. The Nyquist 
 theorem  (  46  )  suggests that sampling should occur at twice the 
frequency of the signal to be detected. Ideally, in estuaries and tidal 
systems, the sensors are programmed to collect data at hourly time 
scales (or shorter) to capture sub-tidal variability and to allow for 
long-term deployments. Collecting data at too high a frequency 
shortens the length of deployments due to limitations on sensor 
function or data storage capabilities. To avoid potential biases 
introduced by small-scale processes (e.g., internal waves  (  3  ) ), it is 
recommended that the data be band-pass  fi ltered (low-pass  fi ltered) 
or smoothed, if such physical processes are likely to in fl uence the 
observations. Similarly, if low-frequency variability (>33 h) is 
expected, then the observations should be high-pass  fi ltered  (  47  ) . 

 Many oxygen sensors are subject to irregular changes in cali-
bration coef fi cients  (  48  ) , requiring frequent and careful inspection 
of the data for baseline drift. The calibration coef fi cients should 
therefore be determined frequently (on a monthly basis) or the 
data should be compared with recently calibrated instruments in 
the  fi eld, side by side. In high-productivity waters where biofoul-
ing may be a signi fi cant problem, it is best to choose a deployment 
length of approximately a week for oxygen sensors to avoid prob-
lems with fouling or instrument drift. On the other hand, deploy-
ment of oxygen sensors can be challenging in oligotrophic 
environments since biomass is low and therefore O 2   fl uxes are 
expected to be small, yielding low signal-to-noise ratios that make 
it dif fi cult to detect hourly changes in O 2 . In all cases, quality con-
trol is best achieved by strictly following manufacturer speci fi ed 
operation and calibration procedures.  

  To facilitate the description below of the basic steps to calculate 
NEM parameters, we refer to sample data sets from sensor plat-
forms in two contrasting environments, a marine, near-shore 
coastal environment (~21 m depth) in Monterey Bay (Fig.  1a–e ) 
and an estuarine environment (~7 m depth) in the Lower Columbia 
River Estuary in the US Paci fi c Northwest (Fig.  1f–j ). In both 
locations, variability in temperature and salinity of the water mass 
remain relatively constant over 2–3 day periods or longer (Fig.  1a, f  ) 
and thus meet the assumption that the same community is repre-
sented throughout the diel cycle. The additional parameters nitrate 
and chlorophyll are complementary to the NEM measurements 
and are included for contextual purposes (Fig.  1b, g ).    

  1.7.  Example Datasets
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  Fig. 1.    Example datasets from two contrasting environments, Monterey Bay, CA ( a – e ) and the Columbia River Estuary, OR 
( f – j ). ( a ,  f ) Hourly measurements of temperature and salinity. ( b ,  g ) Hourly measurements of chlorophyll (Chl  a ) and nitrate 
concentration. ( c ,  h ) Hourly measurements of dissolved oxygen concentration (DO) and high band-pass  fi ltered DO (DO HBF ). 
( d ) Hourly calculated air–water diffusion  fl ux (Fo2

) using wind speed correction ( blue line ) or a constant correction factor 

( black line ) and the biological oxygen change (BDO  fl ux). ( i ) Hourly calculated air–water diffusion  fl ux (Fo2
) using wind 

speed correction ( blue line ) or water velocity correction ( red line ) and the biological oxygen change (BDO). ( e ,  j ) Daily cal-
culated gross primary production (GPP— black line ), ecosystem respiration (ER— red line ), and net ecosystem metabolism 
(NEM— histogram ).       
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   (A) Dissolved Oxygen 
  Instrumentation: Clark-type polarographic electrode or  ●

oxygen optode (Note 1)  
  Units:   ● μ mol L −1    

  (B) Temperature 
  Instrumentation: Thermister integrated with oxygen sen- ●

sor, or external sensor (Note 2)  
  Units: °C    ●

  (C) Salinity 
  Instrumentation: CTD sensor (Note 3)   ●

  Units: Practical Salinity Units (psu)    ●

  (D) Wind speed (m s −1 ) 
  Instrumentation: Anemometer (Note 4)   ●

  Units: m s  ● −1    
  (E) Water velocity 

  Instrumentation: Current meter or Acoustic Doppler  ●

instrumentation  
  Units: m s  ● −1    

  (F) Photoperiod 
  Instrumentation: PAR (photosynthetically active radia- ●

tion) sensor or sunrise and sunset predictions  (  49  )   
  Units: h       ●

  2.  Materials 
(Required 
Measurements)

 Example 

 Both example datasets described here were collected using 
Land/Ocean Biogeochemical Observatory (LOBO) platforms. 
LOBO is a commercially available multisensor platform devel-
oped in collaboration with the Monterey Bay Aquarium Research 
Institute, Moss Landing, CA  (  12  ) . The instrumentation plat-
form measures a variety of water quality parameters including 
dissolved oxygen, salinity, temperature, chlorophyll  a  
 fl uorescence, turbidity, and nitrate concentration. The  fi rst 
example dataset is from the L20 mooring located 1 km offshore 
in Monterey Bay and operated by the Monterey Bay Aquarium 
Research Institute, and the second example dataset is from the 
SATURN-05 platform located at river mile 53 of the Columbia 

(continued)
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 The step-by-step procedure presented below is intended to pro-
vide a complete description of the calculations needed to convert 
time series observations into rates of primary production, aerobic 
respiration, and NEM for a given data set. For each step, the exam-
ple data sets are shown for a deployment period (Fig.  1 ) and a 
detailed calculation over 24 h (Tables  1  and  2 ). The basic steps are 
listed here and described in greater detail below:  

    1.    Collect high-resolution in situ measurements from one or 
more locations in the system for at least 24 h, starting at sun-
rise. Convert oxygen measurements to appropriate units.  

    2.    Calculate the air–water diffusion  fl ux (    
2OF   ) for each time 

interval.  
    3.    If necessary,  fi lter the time series data to remove variability 

associated with processes occurring at frequencies longer than 
the diel cycle [high band-pass  fi lter (HBF)).  

    4.    Calculate the biological oxygen change for each time interval.  
    5.    Sum the biological oxygen change over 24 h to calculate NEP 

and night respiration.  
    6.    Calculate the aerobic respiration rate from the night respira-

tion and extrapolate to 24 h to calculate daily ecosystem 
respiration.  

    7.    Calculate the daily GPP from the NEP plus the correction for 
daytime respiration, assuming a constant respiration rate.  

    8.    Convert NEM measurements to units of organic carbon     

  3.  Methods

River Estuary on a USGS water monitoring structure and operated 
by the Center for Coastal Margin Observation and Prediction at 
Oregon Health & Science University. Both stations collected 
measurements at an hourly frequency. Wind speed data for the 
Monterey Bay example was acquired from the nearby MBARI 
M0/CIMT mooring (approximately10 km from the L20 moor-
ing). For the Columbia River Estuary example, wind speed was 
acquired from the NOAA NOS/CO-OPS station 94470422 
and water velocity was acquired from the USGS National 
Stream fl ow Information Program Station 14246900, which is 
co-located with the SATURN-05 instrument platform in the 
Columbia River Estuary. 
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  Observations should be collected and reported in molar mass, as 
this allows for conversion and comparison with other measures of 
productivity such as nutrient drawdown, and also facilitates the 
conversion to units of carbon (see below). However, dissolved 
oxygen is measured and reported in a variety of common units. For 
clarity, we provide the routine unit conversion for DO at sea level 
here. 

 DO measured in  μ mol L −1  is converted to mg L −1  by multiply-
ing by the molar mass of O 2  and dividing by 1,000:

     − −= μ ×1 1
2 2O (mg L ) O ( mol L ) 0.0319    (4.2)   

 DO measured in mg L −1  can be converted to a molar volume 
of O 2  (mL L −1 ) at standard temperature and pressure (STP; 0 °C, 
1 atm) by:

     − −= ×1 1
2 2

22.4
O (mL L ) O (mg L )

31.9
   (4.3)   

 The numerator in ( 4.3 ) is the standard volume of 1 mol of an 
ideal gas and the denominator is the molar mass as in ( 4.2 ). DO 
solubility is also reported in relation to atmospheric equilibrium:

     = ×2meas
2%Sat

2sat

O
O 100

O
   (4.4)  

where O 2meas  is the measured value, corrected for salinity and tem-
perature, and O 2sat  is the computed equilibrium concentration of 
oxygen with respect to the atmosphere at sea level as a function of 
water temperature and salinity  (  2,   50  ) . For routine computation of 
O 2sat , we follow the recommended procedure of Garcia and Gordon 
 (  50  ) :

    − = + + + + +
+ + + + + +

1 2 2 3 4
2sat 0 1 s 2 s 3 s 3 s 4 s

5 2 3 2
5 s 0 1 s 2 s 3 s 0

lnO (mL L )

( ) ,

A A T A T A T A T A T

A T S B B T B T B T C S
   (4.5)  

where  T  s  is a scaled temperature function,  S  is salinity (psu), and  A , 
 B , and  C  are coef fi cients.  T  s  is calculated by:

     −= − × + 1
s ln[(298.15 ) (273.15 ) ],T t t    (4.6)  

where  t  is the measured temperature (°C). The coef fi cients  A ,  B , 
and  C  are originally from  (  51  ) :  A  0  = 2.00907,  A  1  = 3.22014, 
 A  2  = 4.05010,  A  3  = 4.94457,  A  4  = −2.56847 × 10 −1 ,  A  5  = 3.88767, 
 B  0  = −6.24523 × 10 −3 ,  B  1  = −7.37614 × 10 −3 ,  B  2  = −1.03410 × 10 −2 , 
 B  3  = −8.17083 × 10 −3 ,  C  0  = −4.88682 × 10 −7 . For example, solving 
( 4.5 ) for 10 °C and 35 psu yields 6.315 mL L −1  (i.e., 
281.9  μ mol L −1 ).   

  3.1.  Collect High-
Resolution In Situ 
Measurements from 
One or More Locations 
in the System for 
at Least 24 h, Starting 
at Sunrise. Convert 
Measurements to 
Appropriate Units
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  Several factors in fl uence the diffusion and transfer rates of DO 
 (  52–  54  ) , including the concentration gradient between the water 
mass and the atmosphere, temperature- and salinity-dependent 
oxygen solubility, wind speed  (  38,   55  ) , and water velocity  (  37,   56  ) . 
The last two factors will vary in their relative importance depend-
ing on the environment; therefore we consider four different 
parameterization schemes for oxygen diffusion: (i) the open ocean 
deep-water environment, (ii) the  fl owing shallow-water environ-
ment, (iii) environments where both water velocity and wind must 
be taken into account, and (iv) a constant air–water correction fac-
tor. In all cases, oxygen solubility for each time interval must be 
calculated to determine the diffusion gradient. For example, when 
the oxygen concentration is above the calculated solubility, O 2  will 
diffuse from the water to the air, producing a negative  fl ux. Except 
for the case of the constant correction factor, the  fl ux is described 
by calculating the piston velocity (  ν  O 2 ):

     ν = +2 wind flowO ,k k    (4.7)  

where  k  wind  is the  fl ux caused by wind-induced turbulence at the sur-
face, and  k   fl ow  is the  fl ux caused by turbulence generated by water mov-
ing over the benthos. If the environment is dominated by water 
velocity (e.g., in many rivers and shallow estuaries),  k  wind  may be 
ignored and   ν  O 2   »   k   fl ow , if the water column is deep and velocities are 
low (often observed in lakes and ocean waters), then   ν  O 2   »   k  wind   (  56  ) . 

 Once piston velocity and the oxygen gradient are known, the 
concentration-dependent  fl ux is determined by:

     = −ν × −
2O 2 2meas 2satO (O O ).F    (4.8)    

    
2OF    is expressed as a mass transferred per unit surface area (i.e., 

integrated over the entire water column) and unit time (e.g., 
mmol O 2  m −2  h −1 ). 

  3.2.  Calculate 
the Air–Water 
Diffusion Flux (Fo2  

) 

for Each Time Interval

 Example 

 DO for the two example datasets are shown for approximately 
1 month during mid-summer (Fig.  1c , h) and at high resolution 
in Tables  1  and  2 . The DO sensors were automatically corrected 
for the effects of temperature on the raw measurement using an 
internal temperature sensor. For the Monterey Bay dataset, 
salinity was measured externally using a CTD (Fig.  1a ) and 
salinity corrections for the DO measurement were applied using 
manufacturer speci fi ed protocols. For the Columbia River 
Estuary dataset, salinity was always below 0.1 (Fig.  1f ), there-
fore no correction was required. DO concentrations are reported 
in mmol m −3  (i.e.,  μ mol L −1 ). O 2  solubility for each time step 
was calculated from ( 4.5 ) and concurrent temperature and salin-
ity measurements. 
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  The wind-generated O 2  diffusion,  k  wind  (cm h −1 ) can be approxi-
mated for each time interval based on wind speed and the Schmidt 
number (ratio of viscous diffusion rate to mass diffusion rate of a 
 fl uid)  (  38  ) :

     
−

⎛ ⎞= × ⎜ ⎟⎝ ⎠

0.5
2

wind 100.31 ,
660
Sc

k u    (4.9)  

where  u  10  is wind speed (m s −1 ) at 10 m above the water surface and 
 Sc  is the Schmidt number for O 2 . In fresh water (i.e., 0 salinity),  Sc  0  
can be determined from the empirical relationship:

     = − + −2 3
0 1800.6 120.10 3.7818 0.047608 ,Sc T T T    (4.10)  

where  T  is temperature (°C).  Sc  is also dependent on salinity and 
can be determined as follows:

     −= + × 3
0(1 3.14 10 ),Sc Sc S    (4.11)  

where  Sc  0  is calculated from ( 4.10 ) and  S  is salinity.   

  3.2.1.  Air–Water Diffusion: 
Open-Water Environment

 Example 

 The Monterey Bay LOBO platform was deployed at a site where 
the sea fl oor was 21 m deep, and the euphotic zone (i.e., mixed 
layer) was approximated to be 6 m during the time period of the 
example dataset. Therefore this dataset meets the criteria for using 
 k  wind  as the best estimate of piston velocity (  ν  O 2 ) since the bottom 
has no measurable in fl uence on the turbulence at the surface of 
the mixed layer. Therefore, ( 4.9 )–( 4.11 ) was used to determine 
air–water  fl ux. Prior to calculating     

2OF   ,  k  wind  was converted from 
units of cm h −1  to m h −1 . Wind measurements and the resulting 
air–water  fl ux are provided for a 24 h period in Table  1 . Note that 
both wind speed and the DO concentration both changed 
throughout the day that result in variability in the hourly estimate 
of     

2OF   . The hourly measurements of     
2OF   for the month long time 

series are shown in Fig.  1d  (left axis, blue line). 

  The gas transfer velocity in  fl owing waters depends mainly on the 
kinematic viscosity of the liquid (  ν  ), the molecular diffusion of 
oxygen ( D),  and the rate of water velocity ( U).  Gas exchange is 
highly dependent on turbulence and the transfer of large eddies 
from the bottom to the surface  (  56,   58  ) , therefore water depth ( h ) 
is also an important parameter, and  k   fl ow  (cm h −1 ) is calculated by:

     
− −

⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

1 1
2 2

flow .
v Uh UD

k U
D v h

   (4.12)   

  3.2.2.  Air–Water Diffusion: 
Flowing Water
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 For ( 4.12 ),  U  (cm s −1 ), and  h  (cm) are directly measured and 
 D  (cm 2  s −1 ) is calculated from dynamic viscosity (  η  ), molar weight, 
and molar volume according to Wilke and Chang  (  57  ) :

     −= × ×
η

0.5
8

0.6

( )
7.4 10 ,

xM T
D

V
   (4.13)  

where  x  is the association factor of water (=2.26),  M  is the molar 
weight of water (=18),  T  is temperature in Kelvin (=°C + 273.15), 
  η   is the dynamic viscosity of water (in centipoise), and  V  is the 
molar volume at the boiling point (=25.6). A practical approxima-
tion of   η   as a function of temperature is

     − −
⎛ ⎞

η = × × ⎜ ⎟
⎝ ⎠

247.8
2 ( 140)(2.414 10 ) 10 ,T    (4.14)  

where  T  is in Kelvin (=°C + 273.15).  

  The effects of wind speed and water velocity must both be accounted 
for in shallow systems  (  37,   58  ) . These are combined in an additive 
fashion to yield the overall piston velocity as in ( 4.7 ). See Note 5 for 
further discussion of piston velocity considerations.   

  3.2.3.  Air–Water Diffusion: 
Wind and Flowing Water

 Example 

 A LOBO platform was deployed in the main-stem of the 
Columbia River Estuary in a vertically well-mixed, freshwater 
region with an average depth of approximately 7 m. The river 
velocity is a result of both discharge volume and the tidal cycle 
(even though ocean water does not reach the site, the river  fl ow 
responds to the changing sea level and can even  fl ow “back-
wards” during very high tides). In addition, the river is suf fi ciently 
wide (>500 m) that wind speed must also be considered. 
Therefore, this example dataset meets the criteria for using  k  wind  
and  k   fl ow  as the best estimate of piston velocity. Equations ( 4.12 )–
( 4.14 ) were used to determine  k   fl ow  and ( 4.9 ) and ( 4.10 ) were 
used to determine  k  wind . The  fl ux (    

2OF   ) for  fl ow and wind calcu-
lated separately are shown in Fig.  1i  (left axis) to demonstrate 
the relative importance of each factor over time. The combined 
    

2OF   calculated from ( 4.8 ) is shown for hourly measurements in 
Table  2 , and used for the NEM calculations below. 

  Due to uncertainties or measurement errors in some of the terms 
used to calculate gas diffusion, Caffrey  (  1,   29  )  found it useful to 
employ a constant  K  value to describe air–water exchange in estuar-
ies. This approach is the simplest of the presented scenarios and is 
most accurate when wind speeds are >2 and <5 m s −1  and water veloc-
ity is ignored. Since air–water diffusion is nonlinearly dependent on 

  3.2.4.  Constant Correction 
Factor,  K 
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wind speed, assuming a constant of 0.5 for  K  may signi fi cantly 
underestimate exchange when wind speeds are >5 m s −1  and overes-
timate exchange when wind speeds are <2 m s −1 . Assuming the con-
stant diffusion coef fi cient of  K  = 0.5 (in g O 2  m −2  h −1 ), then air–water 
diffusion can be calculated by:

     
+⎛ ⎞

= − × ×⎜ ⎟⎝ ⎠
2

2

2%Sat, 1 2%Sat,
O

O O
1 d ,

200
t tF K t    (4.15)  

where d t  is the time interval between two consecutive measure-
ments, and O 2%Sat  is the percent oxygen saturation calculated from 
( 4 ) for the two time intervals  t  1  and time  t  2 .    

 Example 

 A comparison of     
2OF   calculated with the constant diffusion 

co ef fi cient ( 4.15 ) converted to molar concentration, and the 
wind speed diffusion (from Sect.  3.2.1 ) is shown in Fig.  1d  (left 
axis). As expected, the constant correction leads to a higher     

2OF
  when the  fl ux approaches zero, and to a lower     

2OF   when the  fl ux 
becomes large as a result of high wind speeds. 

  Changes in dissolved oxygen occurring at longer frequencies than 
the day/night cycle are inherent to most natural systems and can 
be mathematically removed from time series data while still pre-
serving the short-term variability associated with diurnal oxygen 
production and consumption. This can be accomplished with 
Fourier transformation by using a HBF  (  59  ) . 

  

  3.3.  If Necessary, Filter 
the Time Series Data 
to Remove Variability 
Associated with 
Processes Occurring 
at Frequencies Longer 
Than the Diel Cycle 
(HBF)

 Example 

 Figure  1c , h (left axis) show oxygen data for a 1 month period 
where spring/neap tidal and other forcing may be changing the 
background oxygen concentrations. A HBF for frequencies 
greater than 33 h  (  47  )  was applied to both datasets (Fig.  1c , h, 
right axis) to yield [DO] with frequencies longer than the diur-
nal cycle removed (DO HBF ). 

  The production and consumption of DO caused by biological 
processes (BDO) for each time interval ( t ) is calculated from the 
change in DO HBF  for each time interval ( t ), the air–water diffusion 
(    

2OF   ) for time interval ( t ) using the appropriate approach from 
Sect.  3.2 , and the depth of the mixed layer ( h  in m):

     −= − × −
21 OBDO (DO DO ) .t t t h F    (4.16)     

  3.4.  Calculate the 
Biological Oxygen 
Change for Each Time 
Interval
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 Example 

 BDO was determined for each example dataset by calculating 
the hourly change from the DO HBF  data shown in Fig.  1c , h 
(right axis) and integrating over a depth of 6 and 7 m for the 
Monterey Bay and Columbia River Estuary sites respectively. 
Tables  1  (Monterey Bay) and 2 (Columbia River Estuary) show 
the hourly measurements for a 24 h period. Note that the 
change in DO HBF , i.e.,  Δ DO HBF  is depth-integrated and there-
fore assumes that the single point measurement is representative 
of the entire mixed layer (see Note 6). From Tables  1  and  2  it is 
evident that the BDO calculation is signi fi cantly in fl uenced by 
the     

2OF   calculation, although the term becomes less important 
as depth (i.e.,  h  in ( 4.16 )) increases. 

  The total daily NEM is calculated by adding the hourly values cal-
culated in Sect.  3.4  over a 24 h period. The choice of the start time 
will cause small differences in the NEM calculation. Depending on 
the site and the time series duration, it is more appropriate to begin 
at sunrise rather than the calendar day, as this will integrate one 
complete photoperiod and one complete dark period, rather than 
combining the dark periods before and after the photoperiod in a 
calendar day. By differentiating the day into a photoperiod and a 
dark period, the NEM sum can be divided into a “net ecosystem 
production” term and a “night respiration” term that together 
sum to the “daily net ecosystem metabolism” term.   

  3.5.  Sum the Biological 
Oxygen Change Over 
24 h to Calculate NEM, 
NEP, and Night 
Respiration

 Example 

 Tables  1  and  2  show the hourly BDO during the day (BDO d ) 
and night (BDO n ) for one 24 h period starting at sunrise. The 
sum of BDO d  is the NEP and the sum of BDO n  is the night 
respiration. Table  3  shows these values along with the overall 
sum, i.e., NEM. Note that the data columns of Table  3  are dif-
ferent representations of the initial calculation in mmol O 2  m −2 . 
The Daily NEM was 107.6 mmol O 2  m −2  d −1  for Monterey Bay 
(July 4, 2008) and 95.0 mmol O 2  m −2  d −1  for the Columbia 
River Estuary example (July 19, 2009). From Fig.  1e , j (histo-
gram), the variability in NEM is such that the Monterey Bay site 
has both positive and negative daily NEM values over the month 
long time series and the Columbia River site had always positive 
(but variable) daily NEM values.  
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  For the period when there is no daylight, it is assumed that the 
only process altering the BDO  fl ux is aerobic respiration. Therefore, 
the hourly respiration rate (mmol O 2  m −2  h −1 ) is

     =
Sum of BDOn

Hourly respiration rate
Hours of night

   (4.17)   

 And the daily oxygen respiration is determined by:

     = ×Daily respiration rate 24 Hourly respiration rate.    (4.18)     

  3.6.  Calculate the 
Aerobic Respiration 
Rate from the Night 
Respiration and 
Extrapolate to 24 h 
to Calculate Daily 
Ecosystem Respiration

 Example 

 Table  3  shows the calculated hourly respiration rates from the 
BDO n  values in Tables  1  and  2 . The night respiration rate is 
21.7 and 5.5 mmol O 2  m −2  h −1  for Monterey Bay and Columbia 
River Estuary, respectively. It is clear from the hourly measure-
ments in Tables  1  and  2  that the respiration rate is not the same 
each hour, and therefore the average rate calculation likely 
introduces error into the daily respiration rate calculation. 
From the hourly rate, a daily respiration rate is determined 
from ( 4.18 ) (520.4 mmol O 2  m −2  d −1  for Monterey Bay and 
132.3 mmol O 2  m −2  d −1  for the Columbia River Estuary). 
Figure  1e , j (red line) show the ecosystem respiration rate dur-
ing the time series. Although signi fi cant variability exists in both 
regions, overall, the rates are higher in Monterey Bay than the 
Columbia River estuary. 

  The daily GPP is the sum of the NEP (from Sect.  3.5 ), plus a cor-
rection for the DO removed by respiration during the day:

     = +
×

GPP NEP (Hours of daylight
Absolute value of hourly res. rate).

   (4.19)   

  

  3.7.  Calculate the Daily 
GPP from the NEP Plus 
the Correction for 
Daytime Respiration, 
Assuming a Constant 
Respiration Rate

 Example 

 Table  3  shows the calculations of GPP for the example datasets. 
For the dates shown, GPP is 628.0 and 227.3 mmol O 2  m −2  d −1  
for Monterey Bay and Columbia River Estuary, respectively. 
   GPP varies over time with a temporal relationship to nitrate and 
chlorophyll  a  (Fig.  1b , g) which is an indicator of primary pro-
ductivity, however, a statistical examination of these relationships 
is beyond the scope of this methodology paper (see Note 7). 
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  Changes in BDO are a direct measure of metabolic processes; 
however, changes in productivity and respiration are often expressed 
in units of organic carbon (OrgC). In general, the stoichiometric 
relationship for production and consumption can be modeled after 
the Red fi eld ratio of OrgC:O 2  of 106:138 (see Note 8). 
Therefore:

     
2 1

2 1 2(mmol m d )
OrgC(mmol m d ) .

1.3
O − −

− − =    (4.20)      

  3.8.  Convert NEM 
Measurements 
to Units of Organic 
Carbon

 Example 

 Table  3  provides a summary of the NEM calculations for the 
two example datasets. The  fi rst column of Table  3  provides the 
NEM calculations for the example datasets in units of 
mmol O 2  m −2  d −1 . Column 2 was determined by applying ( 4.2 ) 
to the values from Column 1. Columns 3 and 4 are the calcu-
lated unit volume rates, determined by dividing Columns 1 and 
2, respectively, by water depth. Columns 5–8 are the rates calcu-
lated in Columns 1–4 converted to units of carbon using ( 4.20 ). 
For example, Column 5 shows that the daily GPP rate for the 
two example datasets are 5.80 and 2.10 g C m −2  d −1  for Monterey 
Bay and the Columbia River Estuary, respectively. The average 
values for metabolic rates over the course of the time series 
(Fig.  1e , j) in units of g C m −2  d −1  for Monterey Bay are 2.3 ± 1.3 
(GPP), 1.9 ± 1.3 (ER), and 0.84 ± 0.6 (NEM). For the Columbia 
River Estuary the results are 1.3 ± 0.4 (GPP), 0.8 ± 0.4 (ER) and 
0.67 ± 0.2 (NEM). Therefore, despite higher rates of productiv-
ity and respiration between the two ecosystems, the NEM are 
relatively similar during this time series comparison. 

 

     1   .  Oxygen sensors are available from many oceanographic and 
environmental sensor manufactures. Clark electrodes have tra-
ditionally demonstrated a fast response time; however, they 
suffer from calibration drift and a propensity for biofouling. 
Optodes tend to be more stable in long-term deployments and 
recent models have a faster response time  (  27,   60  ) .  

   2  . Temperature is required to accurately calculate DO concentra-
tion and can be included as a component of in situ oxygen 
sensors. However, temperature can also be measured separately 
and oxygen measurements can be post-corrected following 
 manufacturer protocols.  

  4.  Notes
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    3  .  Salinity is required to accurately calculate the DO concentra-
tion and is usually not included as a component of in situ 
oxygen sensors. Salinity must be measured separately and used 
to correct the DO measurement. Salinity is calculated from the 
temperature-corrected conductivity of the water mass (there-
fore referred to as Practical Salinity Units). The measurement 
is normalized to a standard solution and therefore salinity is a 
unit-less measurement.  

   4   .  Wind speeds should be collected at 10 m above the water level 
or extrapolated to 10 m assuming a linear change in wind speed 
with altitude  (  61,   62  ) . For example, NDBC wind speeds are 
calculated from an algorithm that uses wind speeds at 10 m, 20 m 
and a constant relative humidity of 85 %, a constant sea-level 
pressure of 1,013.25, and the air and water temperatures  (  63  ) .  

   5   .  The two most common causes of turbulence that lead to 
enhanced air–water gas transfer are wind speed and water 
velocity. Here we assume that the two components can be 
determined separately and added together as in  (  58  ) . The 
approach described here is based on empirical relationships 
described in  (  38  )  for wind-generated turbulence, and O’Connor 
and Dobbins  (  56  )  for water velocity-generated turbulence. 
This later approach method was originally developed for 
streams, but is applicable to rivers and estuaries  (  64  ) . However, 
multiple recent empirical determinations of piston velocity for 
estuaries are also available (see  (  65  )  for a summary). If possible, 
it is best to calculate piston velocity for the range of conditions 
experienced in a desired location, e.g.,  (  66  ) . On the other 
hand, estimates related to wind speed and water velocity, or 
more direct measures of near surface turbulence, e.g.,  (  67,   68  )  
are available, and there are multiple options for choosing an 
empirical expression that is suited to a particular environment, 
e.g., shallow-water estuaries  (  30,   31  )  or turbid estuaries  (  69  ) .  

   6  . In the case where diel oxygen measurements are collected from 
only one depth, it must be assumed that the rate of change is 
representative of the entire water column or mixed layer. In water 
column greater than a few meters deep, this requires rapid verti-
cal mixing since photosynthesis is more likely to be light limited 
at deeper depths, and therefore the assumption will not hold true 
unless the oxygen signal is quickly integrated throughout the 
mixed layer. A better approach is to deploy oxygen sensors at 
multiple depths to provide an average mixed layer concentration 
(e.g.,  (  30  ) ).  

   7  . In addition to O 2 , inorganic carbon, nitrogen, and phosphorus 
are all necessary components of primary production (see ( 4.1 )) 
and therefore their daytime disappearance is a potential measure 
of GPP. In addition, carbon dioxide is both the substrate for 
photosynthetic carbon  fi xation and the direct product of 
 cellular respiration, thus its application to NEM is analogous 

smtiquia@umich.edu



974 Method for the Quantifi cation of Aquatic Primary Production…

to the oxygen methodology described above, and it provides a 
more comprehensive measure of ecosystem respiration since it 
is also the product of anaerobic organic matter respiration. 
Several components of ecosystem metabolism have been 
successfully determined from in situ measurements of  p CO 2  
 (  9,   70  )  and nitrate  (  9,   15,   47,   71  ) . In addition, recent sensors 
designed to measure pH  (  42  ) , ammonium  (  45  ) , and inorganic 
phosphorus  (  72  )  in seawater can also be adapted for one or 
more aspects of NEM calculations. Here, we brie fl y summarize 
the advantages and disadvantages to adapting these measure-
ments to open-water techniques. 
  Carbon dioxide: p CO 2  can be determined in situ using wet 
chemistry techniques  (  73  )  and by infrared spectrometry  (  74  ) . 
As stated above, changes in CO 2  provide a comprehensive 
measurement of ecosystem respiration that accounts for all 
respiration processes including those occurring in anoxic 
sediments or hypoxic zones, which may be common in estua-
rine environments. 
  Nitrate : NO  3  

−   can be accurately determined in situ using a 
variety of instrumentation, including electrochemical, colori-
metric, and UV absorption techniques. Of these, UV absorption 
has proven reliable for high resolution, long-term deployments. 
Nitrate disappearance can be used as a measure of phytoplank-
ton growth and has the major advantage of the absence of the 
need to correct for air–water gas diffusion. The disadvantage is 
the complicating factors caused by other processes in the 
aquatic nitrogen cycle, such as nitri fi cation and denitri fi cation, 
which also alter the nitrate concentration over short time scales. 
In addition, other nitrogen substrates, such as ammonium, 
may also be accessible to primary producers. 
  Ammonium and phosphate : The low concentration of NH  4  

+   
and PO  4  

3−   that are typical of most oceanic environments, cou-
pled with the low relative changes compared to either O 2  or 
CO 2  make these analytes less useful for direct diel productivity 
measurements, except perhaps in highly eutrophic or polluted 
systems. However, measurements of either analyte can provide 
useful information about organic matter remineralization and 
potential limiting growth conditions, and therefore high reso-
lution measurements are desirable to complement oxygen 
NEM methodology.  

   8  . The Red fi eld ratio of 106:138 is dependent on a number of 
intrinsic factors, most notably the photosynthetic quotient 
and respiration quotient. Anderson  (  75  )  suggests that a ratio 
of 106:150 is more representative of the oxygen content of 
algal cells. The actual ratio is dependent on a variety of envi-
ronmental and physiological variables  (  41  ) , thus introducing 
additional uncertainty when calculating ecosystem metabo-
lism in units of organic carbon.     
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 NEM (or, net community metabolism) is a useful metric for assess-
ing the organic carbon balance in a given ecosystem, whether it be 
at large (ocean basin) or small (estuary or bay) scales. Intense 
debate over the balance of in situ oxygen and carbon production 
and consumption in vast oceanic regions based on relatively low-
resolution data are being resolved through analysis of high-resolu-
tion datasets arising from the deployment of in situ oxygen sensors, 
particularly when they are coupled with in situ nutrient sensors 
 (  15,   47,   76  )  and mounted on pro fi ling  fl oats  (  13  )  or autonomous 
vehicles  (  15,   16  )  that provide improved spatial resolution over 
 fi xed moorings. 

 For regional applications, the emergence of in situ monitoring 
programs and increased data accessibility is likely to lead to more 
opportunities for employing calculations of NEM as a practical and 
cost-effective metric to assess the status of a given environment for 
water quality applications.      
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    Chapter 5   

 DNAzyme-Based Sensing for Metal Ions in Ocean Platform       

          Jung   Heon   Lee   ,    Zidong   Wang   , and    Yi   Lu         

  Abstract 

 The ocean contains a number of metal ions that are either bene fi cial or detrimental to marine lives or ecology. 
Developing sensors for on-site and real-time detection of these metal ions plays an important role in our 
understanding the ocean as well as its protection. DNAzymes, DNA molecules with enzymatic functions, 
have emerged as a new class of sensing molecules for metal ions, because DNAzymes with high af fi nity and 
speci fi city for almost any metal ions at a speci fi c oxidation state can be obtained through in vitro selection. 
By integrating the DNAzyme with different signal transduction molecules, such as  fl uorophores or nano-
particles, DNAzyme-based sensors for a broad range of metal ions with high sensitivity (with limit of 
detection down to ppt) and selectivity (with over a million fold) have been reported. In this chapter, we 
summarize recent progress in DNAzyme-based sensors for metal ions and describe detailed protocols in 
designing  fl uorescent and colorimetric sensors for uranium and mercury. The diverse range of metal ions 
it can detect as well as its excellent sensing properties makes DNAzyme an excellent choice for ocean 
sensing.  

  Key words:   DNAzyme ,  Sensing ,  Seawater ,  Uranium ,  Mercury ,  Colorimetric sensor ,  Fluorescent 
 sensor ,  Fluorophores ,  Nanoparticles ,  Ocean    

 

 The ocean contains many metal ions, such as copper, molybdenum, 
and vanadium, that are important for marine organisms and plants 
 (  1  ) . At the same time, heavy metal ion contaminations from sewage 
run-offs and air pollution (such as mercury from power plants) are 
becoming an increasingly serious problem in ocean. Monitoring 
these metal ions in seawater is very important to protect the ocean 
from environmental contamination which can threaten the safety 
of the ecosystem including human being. The recent damage of 
Fukushima Daiichi Nuclear Power Plant due to tsunami that hit 
Japan on March 11, 2011 and the resulting release of several toxic 
radioactive metals into the ocean highlights the importance of 

  1.  Introduction
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developing effective metal sensors for on-site and real-time detec-
tion. However, accurate and fast detection of metals in seawater is 
quite challenging because of their low concentration (nM to pM 
range) and high interferences from the competing species  (  2  ) . 
Thus, seawater generally has to go through several processes, 
including preconcentration and separation, before complicated 
instrumental analysis can be performed  (  3,    4  ) . Furthermore, most 
detection methods rely on expensive and sophisticated instruments, 
such as inductively coupled plasma mass spectrometry and atomic 
absorption spectrometry, which are not suitable for on-site real-
time monitoring  (  2,   5,   6  ) . 

 DNA has been regarded as a passive molecule, containing 
genetic information of a living organism. However, in 1994, the 
existence of short DNA strands with active catalytic functions has 
been reported and they were called catalytic DNA, deoxyribozyme, 
or DNAzyme  (  7  ) . These DNAzymes perform catalytic function, 
such as cleavage of the complementary substrate strand, in the 
presence of metal ion cofactors. Since this reaction occurs in 
response to certain metal ion cofactors, DNAzymes can be used as 
a universal platform for their detection. Furthermore, because 
these DNAzymes can be obtained through in vitro selection from 
a large DNA library in the presence of metal cofactors  (  7  ) , 
DNAzymes speci fi c for a variety of metal ions, including Pb 2+   (  7, 
  8  ) , Cu 2+   (  9–  11  ) , Zn 2+   (  12  ) , Co 2+   (  13,   14  ) , Mn 2+   (  15  ) , Hg 2+   (  16  ) , 
and UO  2  

2+    (  17  ) , have been selected. Recognizing this new capabil-
ity, we and others have converted these DNAzymes as a new class 
of metal ion sensors  (  18–  32  ) . In this chapter, we summarize recent 
advances in and provide detailed protocols for DNAzyme-based 
 fl uorescent and colorimetric sensors for detection of metal ions, 
using uranium and mercury sensing as examples.  

 

  Uranium is one of the radioactive metals which exist ubiquitously 
in our environment, and it is also a core component of nuclear 
energy generation and nuclear weapon. Therefore, precise moni-
toring of uranium in our environment is highly demanded to pro-
tect human health and our environment. 

 Recently, our group has used in vitro selection to obtain a 
DNAzyme with high speci fi city for uranyl (UO  2  

2+  ), which is the 
most stable form of uranium in water (see Fig.  1 )  (  17  ) . UO  2  

2+  -
speci fi c DNAzyme is composed of two strands of DNA: a substrate 
strand (39S) and an enzyme strand (39E). The DNAzyme remains 
hybridized in the absence of UO  2  

2+  . However, the substrate strand 
which contains hydrolytically susceptible ribo-adenosine (rA) is 

  2.  DNAzyme-Based 
Metal Detection

  2.1.  Uranium-Speci fi c 
DNAzyme
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cleaved by the enzyme strand in the presence of UO  2  
2+   and breaks 

into two fragments. Uranyl-speci fi c cleavage is a highly ef fi cient 
multiple turnover reaction, with dissociation constant of 469 nM 
for uranyl, making it an ideal choice as UO  2  

2+   sensor  (  33  ) .   

  In order to design a sensor, at least two components are needed: 
target recognition and signal transduction. The high sensitivity and 
selectivity of DNAzyme in response to speci fi c analytes allow them 
to serve as an ideal target recognition element for sensing. However, 
we also need a part which transforms the recognition event into 
detectable signal. 

 Since DNA can be chemically modi fi ed with a variety of organic 
 fl uorescent dyes of choice, DNAzymes have been converted into 
 fl uorescent sensors  (  8,   24  ) . Recently, our group developed uranyl-
speci fi c  fl uorescent sensor by introducing a  fl uorophore on the 
substrate strand of the DNAzyme and a quencher on its enzyme 
strand (see Fig.  2a )  (  17  ) . With this simple design, the catalytic 
activity of the DNAzyme remains intact and the  fl uorescent uranyl 
sensor with a detection limit of 11 parts per trillion (45 pM) and 
selectivity of more than one million fold over other metal ions has 
been observed. This sensor rivals one of most sensitive analytical 
instruments for uranium detection.  

 This strategy can also be applied to detection of other metal 
ions, such as mercury. Hg 2+  can bind speci fi cally to two DNA thy-
mine (T) mismatches and form stable thymine–Hg 2+ –thymine 
complex. We introduced several thymine mismatches to the cata-
lytic site of the uranyl DNAzyme, which is only activated in the 
presence of Hg 2+  (See Fig.  2b ). By attaching  fl uorophore/quencher 
pairs to the DNAzyme complex, the DNAzyme could function as 
highly sensitive and selective Hg 2+  sensor in aqueous solution with 
detection limit of 2.4 nM and no interference from competing 
metal ions  (  34  ) . 

  2.2.  Fluorescence-
Based Sensors

  Fig. 1.    The secondary structure of an UO  2  
2+  -speci fi c DNAzyme. Reproduced by permission of National Academy of Sciences 

of the United States of America (17).       
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 While this modi fi ed uranyl DNAzyme sensor shows excellent 
performance for detection of Hg 2+ , it functions only in the pres-
ence of micromolar concentration of UO  2  

2+  . A  fl uorescence sensor 
which is also based on the thymine (T) mismatches but does not 
need UO  2  

2+   has also been developed from our group (see Fig.  2c ) 
 (  35  ) . This “turn-on” sensor shows excellent performance in water 
with 3.2 nM (0.6 ppb) detection limit and no response from other 
metal ions. The practical application of this sensor has also been 
demonstrated for detection of mercury in pond water. These few 
examples suggest that DNA can be an ideal tool for detection of 
broad range of metal ions in seawater.  

  Even though  fl uorophores are commonly used as signal reporter 
molecules for the development of high performance sensors, the 
requirement of analytical instruments such as  fl uorimeters makes 
them less convenient for on-site and remote monitoring. On the 
other hand, noble metal nanoparticles such as gold nanoparticles 
(AuNPs) have several unique optical properties  (  36  ) . For instance, 
AuNPs have extremely high extinction coef fi cients; so the color of 
a few nanomolar AuNP can be distinguished with naked eye with-
out the need of any instrument. In addition, the extinction wave-
length of AuNPs can be signi fi cantly altered by changing the 
distances between the nanoparticles. For example, 13 nm AuNPs 
have reddish color in dispersed phase while their color changes 
bluish after aggregation. These interesting optical properties of 
AuNPs make them an ideal reporter for colorimetric sensing. 

  2.3.  Interaction 
Between Gold 
Nanoparticles and 
DNA: The Labeled and 
Label-Free Systems

  Fig. 2.    DNAzyme-based  fl uorescent metal ion sensors: ( a ) uranyl sensor, (b, c) mercury sensors. Sensor (b) needs uranyl 
for detection of mercury while sensor (c) does not. Reproduced by permission of  National Academy of Sciences of the 
United States of America (17), Wiley-VCH Verlag GmbH & Co. KGaA (34) and the Royal Society of Chemistry (35).       
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 While DNA has the capability to identify a broad range of target 
molecules, they can also interact with AuNPs in a certain way and 
control their aggregation and disassembly status. This essential role 
of DNA will construct direct correlation between the presence of 
analyte and the color change of the sensor. The DNA-based AuNP 
colorimetric sensors can be designed in either labeled or label-free 
methods based on the way DNA interacts with AuNPs  (  26,   27,   37  ) . 

  In the labeled method, AuNPs are chemically functionalized with 
DNA and their aggregation and disassembly status is controlled by 
the hybridization of the DNA  (  37,   38  ) . Two batches of AuNP–
DNA are  fi rst prepared by conjugating AuNPs with two different 
DNA arm strands (Arm 5 ¢  and 3 ¢ ) through Au-thiol chemistry. 
When both batches of AuNP–DNA are mixed together, they stay 
dispersed with reddish color due to the strong negative charge of 
the DNA. In the presence of the bridging DNA, however, which is 
complementary to both arm strands, the AuNPs aggregate and the 
color of the AuNP becomes blue because the distance between the 
AuNPs becomes close (see Note 1). 

 Uranyl colorimetric sensor uses uranyl-speci fi c DNAzyme 
complex (39S and 39E) as the bridging DNA to crosslink AuNPs 
(see Fig.  3 )  (  26  ) . While the AuNPs of the sensor stay assembled in 
the absence of uranyl, they start to disassemble in its presence due 
to the cleavage of the substrate strand (39S). The disassembly of 
the AuNPs can be signi fi cantly accelerated by introducing two 
invasive DNA strands which are complementary to both ends of 
the substrate strands  (  39  ) . The addition of this invasive DNA can  
help to shorten the detection time.  

 Figure  4  summarizes various properties of the optimal-labeled 
uranyl sensor. As shown in Fig.  4a , the blue shift of the plasmonic 
resonance of the AuNPs could be observed by UV-vis in the pres-
ence of uranyl within 30 min and the detection limit was found to 
be 50 nM. This is lower than the maximum contamination level of 
uranium (130 nM) de fi ned by the US Environmental Protection 
Agency (EPA). Furthermore, no color change of the sensor occurred 
on competing metal ions, which indicates that the sensor only 
responses to uranyl and not to other metal ions (See Fig. 4b).   

  The label-free method is based on the different adsorption properties 
of single-stranded (ss) DNA and double-stranded (ds) DNA on 
the surface of citrate modi fi ed AuNP  (  27,   40  ) . Although citrate-
capped AuNPs are negatively charged, they are naturally unstable 
in the presence of NaCl and can be easily aggregated. Because 
ssDNA is  fl exible and can uncoil its structure, positively charged 
bases of the ssDNA can be easily exposed and adsorbed on nega-
tively charged AuNP surface, resulting in enhanced stability of 
AuNPs even in the presence of NaCl. On the other hand, because 
dsDNA is relatively rigid and surrounded by negatively charged 
phosphate backbone, its binding with AuNP is negligible. 

  2.3.1.  Labeled 
U Colorimetric 
Sensing

  2.3.2.  Label-Free 
U Colorimetric Sensing
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  Fig. 4.       Properties of labeled uranyl colorimetric sensor: (a) Variation of AuNP disassembly kinetics as a function of uranyl 
concentration (b) Image of the color of labeled sensor in response to different concentrations of UO2

2+ and other metal ions. 
Reproduced with permission of ref. 26, copyright of 2008 American Chemical Society.       

  Fig. 3.       Scheme of labeled colorimetric UO2
2+ sensor: (a) Labeled sensor need chemical modi fi cation between AuNP and 

DNA. (b) The blue-colored AuNP aggregates disassemble in the presence of UO2
2+, resulting in color change of the sensor. 

Reproduced with permission of ref. 26, copyright of 2008 American Chemical Society.       

 

 

smtiquia@umich.edu



1095 DNAzyme-Based Sensing for Metal Ions in Ocean Platform

  Fig. 5.    Scheme of the label-free colorimetric uranyl sensor: (a) Label-free sensor does not need chemical modi fi cation 
between DNA and AuNPs. (b) The sensor is based on different adsorption properties of ssDNA and dsDNA on citrate 
modi fi ed AuNP. The amount of ssDNA is determined by the concentration of uranyl. Reproduced with permission of ref. 26, 
copyright of 2008 American Chemical Society.        

Therefore, NaCl induced aggregation of AuNPs will occur in the 
existence of dsDNA. 

 The label-free uranyl sensor can be prepared by,  fi rst hybridizing 
unmodi fi ed 39E and 39S strands to form DNAzyme complex (see 
Fig.  5 ). The DNAzyme complex is then treated with uranyl for 
6 min, resulting in the release of the short 10-mer DNA strand 
from the substrate that can interact with AuNPs. The uranyl-
dependent cleavage reaction can be quenched by quickly mixing 
concentrated TRIS base solution with the DNAzyme solution, 
which results in a shift of the pH from 5.5 to 8. Since UO  2  

2+   
DNAzyme is most active at pH 5.5 but nonactive at pH 8  (  33  ) , the 
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cleavage reaction is quenched after the addition of TRIS. Once 
13 nm AuNPs are added to the solution containing DNA, the 
color of the AuNP will change in correlation to the amount of 
uranyl in the solution.  

 The color change of the AuNPs treated with various uranyl 
concentrations has been monitored by comparing the extinction 
ratios between 522 and 700 nm by UV-vis (Fig.  6 ). The sensitivity 
of sensor was found to be as low as 1 nM, which is even lower than 
that of the labeled sensor. The color change can also be easily 
observed by naked eye. No color change of the sensor was observed 
when it was treated with other metal ions, indicating that the label-
free sensor has excellent selectivity over competing metal ions.   

   In order to form DNAzyme complex, 60 nM 39S with both 
 fl uorescein and quencher labeled on each end (FQ-39S) and 60 nM 
quencher modi fi ed 39E (Q-39E) were used. The two strands were 
annealed in a buffer containing 300 mM NaNO 3  and 50 mM MES 
(pH 5.5) by heating the solution up to 70°C and cooling down to 
room temperature in 1 h (see Fig. 2a). 

 The detection can be accomplished using a  fl uorimeter. Five 
hundred microliters of the prepared sensor solution was transferred 
to a quartz cuvette with a 0.5 cm path length. The cuvette was 
placed in a  fl uorimeter (FluoroMax-P; Horiba Jobin Yvon, Edison, 
NJ). The excitation and emission wavelengths were set at 490 and 
520 nm, respectively. After the initial measurement, a small volume 
of concentrated metal solution was added to initiate the cleavage 
reaction.  

  Thirteen nanometer AuNPs were synthesized by reducing HAuCl 4  
with sodium citrate based on previous literature (see Note 2). AuNP–

  2.3.3.  Experimental 
Protocols of U Sensors

   Fluorescence Sensor

   Labeled Colorimetric 
Sensor

  Fig. 6.    Properties of label-free uranyl colorimetric sensor: (a) Variation of the aggregation status of the label-free sensor at 
different concentration of uranyl. (b) Color change of label-free sensor in response to different amount of uranyl. (c) Image 
of the color of label-free sensor treated with competing metal ions. Reproduced with permission of ref. 26, copyright of 
2008 American Chemical Society.       
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DNA conjugates were formed by reacting thiol modi fi ed DNA 
with AuNPs. First, thiol modi fi cation placed on Arm 5 ¢  strand was 
activated by mixing 9  m L of 1 mM Arm 5 ¢  strand, 1  m L of 500 mM 
pH 5.5 MES buffer, and 1.5  m L of 10 mM tris (2-carboxyethyl)
phosphine hydrochloride (TCEP) solution in a microcentrifuge 
tube and keeping them for an hour. A parallel procedure was per-
formed with Arm (3 ¢ ) strand to activate thiol modi fi cation on Arm 
(3 ¢ ) strand. 

 In order to react Arm (5 ¢ ) strand with AuNPs, 3 mL of 13 nm 
AuNP solution was mixed with 9  m L Arm (5 ¢ ) strand in a scintillation 
vial and left overnight. The process was repeated with Arm (3 ¢ ) 
strand to react the Arm (3 ¢ ) strand with AuNPs. The next day, 
300  m L of 1 M NaCl and 15  m L of 500 mM TRIS acetate buffer 
(pH 7.6) were added to each scintillation vial and were stored for 
another day. 

 To prepare the labeled sensor, AuNPs functionalized with Arm 
strands were puri fi ed to remove excess DNA. Both 500  m L of Arm 
(5 ¢ ) functionalized AuNPs and Arm (3 ¢ ) functionalized AuNPs 
were, respectively, placed in 1.5 mL microcentrifuge tube and were 
centrifuged at 16,110 ×  g  for 15 min. The supernatant was replaced 
with 500  m L of 100 mM NaCl, 50 mM MES (pH 5.5) solution. 
After additional puri fi cation process, the supernatant was replaced 
with 250  m L of 300 mM NaCl, 50 mM MES (pH 5.5) buffer. In 
order to form AuNP aggregates, both AuNP–DNA solutions were 
mixed with 10  m L of 10  m M elongated substrate strand (39S-L), 
and 20  m L of 10  m M enzyme strand (39E) and the combined solu-
tion was heated up to 55 °C and cooled down to room temperature 
for about 1 h. DNA directed AuNP aggregation should happen, 
which can be noti fi ed by the color change of AuNP solution. The 
microcentrifuge tube containing the AuNP aggregates should be 
centrifuged for about 1 min followed by supernatant replacement 
with 120  m L of 300 mM NaCl, 50 mM MES (pH 5.5) solution to 
remove excess DNA (39S-L and 39E) in the solution (see Note 3). 

 Before detection of uranyl, a pair of invasive DNA strands were 
added to the sensor solution to expedite sensing process. Three 
hundred and eighty-one microliters of 50 mM MES buffer (pH 
5.5), 4.5  m L of 0.2 mM Inva (5), and 4.5  m L of 0.2 mM Inva (3) 
were mixed with 60  m L sensor solution. Uranyl was added 1 min 
after the addition of invasive DNA strands and the detection typi-
cally took 30 min. Color change can be monitored by either UV-vis 
or naked eye.  

  In order to form DNAzyme complex, 4  m L of 100  m M 39S strand 
were mixed with identical amount of 39E strand in 70  m L 300 mM 
NaCl, 10 mM MES buffer (pH 5.5) in a microcentrifuge tube and 
mixture was annealed by heating it up to 80 °C and cooling it 
down to room temperature (see Note 4). For the reaction with 
uranyl, 77 mL of the DNAzyme complex were transferred to a new 

   Label-Free Colorimetric 
Sensor
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tube and treated with uranyl for 6 min. To quench UO  2  
2+  -induced 

cleavage reaction, 1.19  m L of 500 mM TRIS base solution and 
56  m L Millipore water were added to the tube containing DNAzyme 
and uranyl with quick vortexing. In order to observe color change 
of the sensor, 76  m L of 10 nM AuNPs were added to the tube 
containing DNAzyme and uranyl. The color change of the solu-
tion, which can be monitored by either UV-vis or naked eye, will 
be determined by the amount of the uranyl in the solution.   

  DNA–AuNP-based colorimetric sensors have recently received 
 signi fi cant attention because the detection can be made for a broad 
range of analytes at a low cost without the need of any complicated 
instrument. But it is noteworthy to emphasize that in most cases, 
DNA–AuNP-based sensors are operated by either labeled or label-
free method. 

 Although both methods take advantage of the altered optical 
property of the AuNP induced by the introduction of the analytes, 
the difference in the basic principle of both sensors make their 
general properties signi fi cantly different. Therefore, it is worth-
while to compare the two sensing systems. 

 In terms of sensor performance, the label-free sensor is much 
more sensitive than the labeled sensor. Because the labeled sensor 
relies on uranyl dependent disassembly of AuNPs from aggregated 
states, certain amount of uranyl concentration and reaction time is 
necessary for the detection to be recognized. These factors result 
in relatively lower detection limit (50 nM) and slower kinetics 
(30 min) of the labeled sensor. On the other hand, because the 
label-free sensor allows UO  2  

2+  -induced cleavage reaction to hap-
pen in the absence of AuNPs and AuNPs are added to the DNA 
solution afterwards, just to monitor the amount of the released 
short DNA strands, the reaction can be completed much quickly 
(6 min) with high sensitivity (with 1 nM detection limit). 

 In terms of sensor preparation and handling, both sensors have 
distinct properties as well. The labeled sensor requires more time 
and effort to be prepared as DNA–AuNP conjugation and AuNP 
aggregation processes are needed. However, once the labeled sen-
sors are prepared, it could be more convenient to be used because 
UO  2  

2+   detection can be completed in a single step, by adding it to 
the sensor solution. On the other hand, although the label-free 
sensor can be relatively easily prepared, multiple handling steps 
such as UO  2  

2+   treatment, quenching, and AuNP addition, are 
required, for detection. 

 Finally, for practical applications, the labeled sensor has higher 
 fl exibility, due to its high stability of AuNP–DNA conjugation and 
simpler handling process. In contrast, the label-free sensor is nor-
mally restricted by the narrow operational condition, such as ionic 
strength, and multiple handling steps needed for detection.    

  2.3.4.  Comparison of the 
Labeled and Label-Free 
Colorimetric Sensors
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 Because the DNAzyme has been demonstrated to target a broad 
range of metal ions with excellent sensitivity and selectivity in buf-
fer solution, it holds great promise to serve as an ideal platform for 
detection of metals in ocean. In comparison with buffer solutions, 
the ocean water contains much higher level of various metal ions, 
including Na + , Mg 2+ , Ca 2+ , and K + . Although these metal ions 
might not affect the selectivity of a DNAzyme, they can still have 
considerable effect on its property. Therefore, the DNAzyme-
based sensor will have to be optimized so that it can have maximal 
performance in the ocean. To obtain a DNAzyme with the best 
performance in the seawater, it would also be possible to carry out 
in vitro selection to obtain new DNAzymes directly in seawater. 

 While it is likely that  fl uorescence-based sensors could be 
adapted for ocean sensing without much alteration on the sensor 
designs, colorimetric sensors may have to be reengineered to adapt 
the high salt environment in seawater due to the vulnerability of 
AuNPs to salt. Among the two colorimetric sensors, the labeled 
sensor has advantages on ocean sensing application as DNA conju-
gated AuNPs are more resistant to salt-induced aggregation. On 
the other hand, since the label-free sensor uses naturally unstable 
citrate-capped AuNPs, the samples have to be diluted to appropri-
ate concentration before optimal sensing performance could be 
obtained. In both cases, the sensors need to be recalibrated in 
ocean water with a standard addition method. 

 Although the DNAzyme sensors can be used for detection of 
metal ions in solution phase, it can also be integrated into various 
devices, such as nanocapillary array membranes, micro fl uidic 
devices, and dip sticks  (  41–  44  ) . The possibility of adapting 
DNAzymes onto diverse devices gives us the opportunity to expand 
the capability of DNAzyme for ocean sensing in other detection 
platforms.  

 

     1. Because the AuNPs are linked by DNA base-pairing interac-
tions, the general property of the labeled sensor is highly 
dependent on the NaCl concentration.  

   2. In order to  prevent AuNPs from sticking on the glass surface, 
the scintillation vials were  fi rst incubated in 10 M NaOH 
solution for an hour, and then rinsed with distilled water and 
subsequently with Millipore water copious times.  

  3.  Application 
of DNAzyme for 
Ocean Sensing

  4.  Notes
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   3. Even though DNA–AuNP conjugates stored at room temper-
atures for months can still form aggregates, the degradation of 
DNA can cause change of the sensing property and perfor-
mance. To obtain consistent results, it is desirable to use freshly 
prepared conjugates for sensor preparation.  

   4. It should be emphasized that exact same concentration of 39E 
and 39S strands should be used for the hybridization of 
DNAzyme complex to minimize the background signal.     

  

In this study, we have discussed the possibility of using DNAzyme 
based sensors for ocean sensing, using UO  2  

2+   and Hg 2+  as exam-
ples. Although detection of both UO  2  

2+   and Hg 2+  is meaningful, 
there are a number of other metal ions that can be important tar-
gets. For example, as a result of the tragic nuclear plant meltdown 
in Fukushima, Japan, several radioactive metals, such as cesium, 
plutonium, and strontium, have been released to the ocean that are 
highly harmful to not only human beings, but also the whole eco-
system  (  45,   46  ) . Therefore, the development of facile method for 
detecting these metals becomes crucial. Furthermore, the ocean 
contains numerous metals that can be important resources. For 
example, seawater contains 250 billion tons of lithium which 
exceeds the amount of lithium stored on earth  (  47  ) . Considering 
the highly increasing demand of these metals, it will be very useful 
to detect these metals with high sensitivity in the ocean. The 
DNAzyme can serve as one of the best candidates for these pur-
poses as DNAzymes speci fi c for almost any target metal ion can be 
obtained via the in vitro selection process. Furthermore, as the 
selectivity of the DNAzyme originates from a speci fi c sequence, 
and each DNAzyme can be labeled with a different reporter group, 
it is possible use different DNAzymes in one system for multiplex 
sensing of various metal ions in the ocean.      
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    Chapter 6   

 Ultrasensitive Visual Fluorescence Detection of Heavy Metal 
Ions in Water Based on DNA-Functionalized Hydrogels       

         Juewen   Liu      ,    Neeshma   Dave   , and    Po-Jung   Jimmy   Huang      

  Abstract 

 Heavy metal contamination of oceans, lakes, and other water resources can occur by both natural and 
human-related processes. Human exposure to heavy metals such as mercury is known to cause a number 
of serious health problems. Due to its high toxicity and bioaccumulative properties, the maximum toxic 
level of mercury in drinking water is set to be 10 nM or 2 parts-per-billion by the US EPA. Therefore, 
detection of mercury at such a low concentration poses an analytical challenge. While analytical instru-
ments such as ICP-MS are still very widely used for heavy metal analysis, biosensors, are emerging as a 
cost-effective alternative allowing on-site and real-time detection. We herein describe a protocol for pre-
paring polyacrylamide hydrogel-based biosensors functionalized with a thymine-rich DNA that can effec-
tively detect mercury in water. Detection is achieved by the selective binding of Hg 2+  between two thymine 
bases inducing a hairpin structure where upon the addition of SYBR Green I dye, green  fl uorescence is 
observed. In the absence of Hg 2+ , the addition of the dye results in yellow  fl uorescence. This hydrogel-
based sensor can easily detect 10 nM Hg 2+  using the naked eye, can be regenerated using a simple acid 
treatment, and can be dried for storage and easily rehydrated. This sensor is also used to detect Hg 2+  from 
Lake Ontario water samples spiked with mercury. In the case where a cationic gel formulation is used, the 
background  fl uorescence can be effectively suppressed to increase sensitivity. The future research directions 
of using such gels to detect other metal ions and to detect metal ions in ocean water are also discussed.  

  Key words:   Mercury ,  Hydrogels ,  DNA ,  Biosensors ,  Fluorescence ,  DNA-functionalized Hydrogels , 
 Real-time detection ,  Hydrogel-based sensor ,  Heavy metal detection ,  Ocean sensing    

 

 Heavy metal ions such as Hg 2+ , Cu 2+ , Cd 2+ , and Pb 2+  are known to 
cause various adverse health effects including immune system dys-
function, damage to the brain, nerve system, kidney, and other 
organs  (  1,   2  ) . The adverse effects are not only limited to human 
beings, but also to other species in the environment, such as those 
in the ocean  (  3  ) . For example, the accumulated Hg 2+  in  fi sh and 

  1.  Introduction
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other marine species can effectively pass through the food chain to 
reach human beings. The release of heavy metals into water sources 
is a result of both natural processes and human activities. The larg-
est body of water is sea water. The high saline content of the oceans 
makes the analytical chemistry even more challenging since the 
metal speciation under such conditions is very different from that 
in other water sources  (  4,   5  ) . 

 Traditional methods for metal analysis in water rely heavily on 
analytical instruments, such as atomic absorption and atomic emis-
sion spectroscopy. While high sensitivity and simultaneous detection 
of multiple metal ions can be achieved, such instruments are only 
available in centralized laboratories, making on-site and real-time 
detection dif fi cult. In addition, sample pretreatment, skilled operators, 
and high operation costs are also associated with these detection 
methods. As a result, the development of chemical and biological 
sensors for heavy metal detection becomes highly attractive  (  6,   7  ) . 

  Given the similar charge and size of metal ions, the rational design 
of highly selective metal sensor is dif fi cult. While several successful 
examples have been reported, the generality still remains to be 
demonstrated  (  2,   8,   9  ) . An interesting recent advancement is the 
use of DNA for metal recognition  (  10,   11  ) . For a long time, DNA 
has been only known for its genetic function. With the develop-
ment of chemical and biological tools, it becomes possible to 
explore new functions of DNA that does not exist in nature. For 
example, catalytic DNA or DNAzymes are DNA sequences that act 
as catalysts  (  12  ) . All known DNAzymes are isolated using a combi-
natorial technique known as in vitro selection. For these DNAzymes 
to work, divalent metal ions are usually required. As a result, it is 
now possible to obtain DNAzymes that work only in the presence 
of speci fi c metal ions. Using this method, many highly selective 
and sensitive sensors for metal ions such as Pb 2+ , Hg 2+ , Cu 2+ , and 
UO  2  

2+   have been reported  (  13–  16  ) . 
 In addition to being a catalyst, certain DNA sequences can also 

selectively bind to other molecules without exerting catalytic reac-
tions. These binding DNAs are called aptamers  (  17  ) . Using a simi-
lar combinatorial selection method, DNA aptamers for Zn 2+  have 
been recently isolated  (  18  ) . Several highly speci fi c metal/DNA 
interactions have also been recently discovered. For example, Hg 2+  
can be selectively chelated by two thymine bases to turn a T-T 
mismatch into T-Hg 2+ -T base pair (see Fig.  1c ), whose stability is 
even slightly higher than that of T-A base pairs  (  19,   20  ) . The high 
selectivity of this reaction stems from the fact that no other metal 
ion can perform the same recognition. Similarly, Ag +  can form a 
C-Ag + -C base pair  (  21  ) , and K +  or Pb 2+  can be recognized by the 
formation of G-quadruplex  (  22,   23  ) . Therefore, the rich but still 
under-explored bioinorganic chemistry of nucleic acids provides us 
a unique opportunity to obtain highly effective metal sensors.   

  1.1.  DNA for Heavy 
Metal Detection
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  There are many sensors that can effectively detect Hg 2+  with either 
a  fl uorescence or color change  (  2,   24  ) ; most are based on small 
molecule chelators. Recently, the number of sensors for Hg 2+  
detection based on the thymine base is growing very rapidly. As 
mentioned above, this is due to the highly speci fi c thymine/Hg 2+  
interaction with a high binding af fi nity. A large number of 
 fl uorescent  (  20,   25–  27  ) , colorimetric  (  28,   29  ) , and electrochemi-
cal sensors  (  30  )  have been designed. In some cases, detection lim-
its in the lower nanomolar have allowed such sensors to be used for 
Hg 2+  detection in drinking water (toxic level = 10 nM mercury or 
2 parts-per-billion as reported by the US Environmental Protection 
Agency [US EPA]). However, most of the reported sensors are 
based on DNA probes freely dispersed in solution; for practical 
applications, immobilized sensors are preferred.  

  To design a biosensor, a signal transduction mechanism needs to 
be coupled to the target recognition element. Since DNA is a 
highly predictable molecule, it has allowed a large degree of versa-
tility in terms of sensor design  (  10  ) . Our aim is to achieve a cost-
effective sensor with minimal use of analytical instruments. At the 
same time, high sensitivity needs to be maintained. Therefore, a 
design  fi rst reported by the Liu group was employed  (  27  ) . A rich 
thymine DNA sequence shown in Fig.  1a  contains seven hypothetic 

  1.2.  Detection of Hg 2+ 

  1.3.  Sensor Design

  Fig. 1.    The DNA sequence of acrydite-Hg-DNA and the  fl uorescence signal generation in the presence of Hg 2+  after the 
addition of SYBR Green I. The 5 ¢ -end is modi fi ed with an acrydite group for hydrogel attachment ( a ). Covalent DNA immo-
bilization in a polyacrylamide hydrogel and the interaction with Hg 2+  and SYBR Green I produces a visual  fl uorescence 
signal ( b ). The chemical reaction scheme of Hg 2+  binding with thymine base pairs ( c ), as well as, structures of acrylamide, 
( d ) and allylamine ( e ) monomers. Copyright 2010 American Chemical Society. Reproduced from Dave et al., 2010  (  34  )  with 
permission from American Chemical Society.       
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Hg 2+ -binding sites. In the absence of Hg 2+ , the DNA sequence 
adopts a random coil structure in water and binds weakly with 
SYBR Green I (SG) through electrostatic interactions. SG is a 
commonly used dye for staining double-stranded DNA and the 
quantum yield of SG is close to zero in the absence of DNA. At 
low DNA and SG concentrations (e.g., 15 nM DNA and 90 nM 
SG), the SG  fl uorescence is close to zero if no Hg 2+  is present. The 
addition of Hg 2+  quickly folds the DNA into a hairpin structure 
and SG can strongly bind to the duplex region through minor 
groove binding and intercalation to emit an intense green 
 fl uorescence. This design is attractive because of its label-free 
nature; there is no covalent DNA modi fi cation. 

 To visually observe the  fl uorescence, however, much higher 
DNA and SG concentrations are required. For example, if 1  m M 
DNA and 6  m M SG are mixed, intense yellow and green  fl uorescence 
can be respectively observed in the absence and presence of Hg 2+  
by the eye using a handheld UV lamp under the 365 nm excita-
tion. To covalently attach the DNA to a polyacrylamide hydrogel, 
the 5 ¢ -end of the DNA is modi fi ed with an acrydite group that 
allows the DNA to be copolymerized with acrylamide and bis-
acrylamide during gel formation.  

  Hydrogels are crosslinked hydrophilic polymer networks. With the 
majority of the gel volume being water, immobilized biomolecules 
can retain their native structure and function  (  31–  34  ) . There are a 
number of advantages of using hydrogels for sensor immobiliza-
tion. First, a hydrogel has a much larger loading capacity compared 
to planar surfaces because the immobilization occurs in 3D. This 
facilitates the generation of a strong signal for visual detection. 
Second, hydrogels are transparent with a very low optical back-
ground, making it easy to observe visual signals. Third, hydrogels 
can be readily dried and rehydrated, allowing long-term storage. 
This property is particularly useful for DNA-based sensors since 
denatured DNA can be readily renatured upon rehydration. 
Fourth, the gel matrix can protect the immobilized DNA from 
nuclease degradation. Fifth, immobilization also allows for sensor 
regeneration. Finally, the gel backbone property can be engineered 
to improve sensor performance. 

 We choose to use polyacrylamide gels since they can be conve-
niently prepared in aqueous solutions and acrydite-modi fi ed DNA 
can be copolymerized (monomer structure in Fig.  1d ). In addi-
tion, a wide range of monomers are available to control the prop-
erty of the gel. For example, by using allylamine, the gel backbone 
carries a positive charge. In this chapter, we describe the protocols 
for preparing DNA-functionalized hydrogels for visual  fl uorescence 
detection of Hg 2+ . The various features of this system have been 
explored including the active adsorption of mercury for sensitive 
detection, hydrogel drying, rehydration, and regeneration. The 
effect of hydrogel charge on the detection is also discussed.   

  1.4.  Hydrogel Design
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      1.    40 % Acrylamide/ N , N  ¢ -Methylenebisacrylamide 29:1 gel 
stock solution (VWR, CA-99500-938)  

    2.    Ammonium persulphate (APS) (VWR, CA99501-026)  
    3.     N , N , N  ¢ , N  ¢ -Tetramethylethylenediamine (TEMED) (VWR, 

CA99501-596)      

      1.    Acrydite-Hg-DNA (Acrydite-5 ¢ -CTTCTTTCTTCCCCTTG
TTTGTTG-3 ¢ )      

      1.    Mercury(II) perchloride hydrate (99.998 %, Sigma-Aldrich, 
529656-5G)  

    2.    Copper(II) sulfate dihydrate (99.99 + %, Sigma-Aldrich, 
467847-50G)  

    3.    Zinc chloride (99.999 %, Sigma-Aldrich, 229997-10G)  
    4.    Manganese(II) chloride tetrahydrate (99.99 %, Sigma-Aldrich, 

203734-5G)  
    5.    Cobalt(II) chloride hexahydrate (Sigma-Aldrich, C8661-25G)  
    6.    Lead(II) acetate trihydrate (99.999 %, Sigma-Aldrich, 316512-

5G)  
    7.    Magnesium chloride hexahydrate (Mandel Scienti fi c, Canada, 

AMR-0288-500G)  
    8.    Calcium chloride dihydrate (Mandel Scienti fi c, Canada, AMR-

0556-500G)      

      1.    Sodium nitrate (>99 %, Mandel Scienti fi c, Canada, AMR-
0598-500G)  

    2.    Tris(hydroxymethyl)aminomethane (Tris) (Mandel Scienti fi c, 
Canada, AMR-0497-500G)  

    3.    4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (Mandel 
Scienti fi c, Canada, AMR-0511-1KG)  

    4.    4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid sodium 
salt (Mandel Scienti fi c, Canada, AMR-0485-500G)      

      1.    MilliQ water (18.2 MΩ Millipore Milli-Q system, Billerica, MA)  
    2.    Lake Ontario water (Colonel Samuel Smith Park in Toronto, 

Ontario, Canada)      

      1.    SYBR Green I (10,000× in dimethyl sulfoxide, Invitrogen, 
S-7585)  

    2.    Dimethyl sulfoxide (DMSO) (VWR, CA99501-202)      

  2.  Reagents and 
Equipment

  2.1.  Hydrogel-Related 
Reagents

  2.2.  DNA Samples

  2.3.  Metal Ions

  2.4.  Buffer and Salts

  2.5.  Water

  2.6.  DNA Staining dye 
and Solvent
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      1.    Microcentrifuge tubes (VWR, 10011-722)  
    2.    15 mL conical tubes (VWR, 89039-664)  
    3.    50 mL conical tubes (VWR, 89039-656)      

      1.    Dual wavelength 254/365 nm 4 W compact handheld UV 
lamp (Fisher Scienti fi c, 95002112)      

      1.    Canon PowerShot SD 1200 IS      

      1.    Alpha Innotech FluorChem FC2      

      1.    PTI spectro fl uorometer      

      1.    Micro-cuvette for  fl uorometer (Starna, 3-4.45/SOG/4)  
    2.    Ada ptor for micro-cuvette (Starna, FCA4)      

      1.    Goggle for UV radiation protection (VWR, 33002-078)      

      1.    Thermolyne Labquake tube shaker (Fisher Scienti fi c, 13-687-
10Q)      

      1.    Denver Instrument UltraBasic benchtop pH meters (Fisher 
Scienti fi c, 02-226-213)      

      1.    Mettler Toledo (AL204) analytical balance      

      1.    Antistatic polystyrene weigh boat (VWR, 89106-764)      

      1.    Nalgene PTFE syringe  fi lters (0.2  m m, VWR, 28195-868)  
    2.    BD 10 mL syringe (10 mL, VWR, WLBBD309604)      

      1.    Mini-centrifuge (Fisher Scienti fi c, 05-090-100)      

      1.    96-Well polypropylene microplates (VWR, 82050-636)       

 

       1.    Weigh 2.42 g Tris base in a weighing boat transfer it to a 50 mL 
conical tube. Add ~30 mL water to dissolve it.  

    2.    Add 12 M HNO 3  drop wise using a glass Pasteur pipette and 
monitoring the pH using a pH meter.  

  2.7.  Plastic Tubes

  2.8.  Handheld 
UV Lamp

  2.9.  Digital Camera

  2.10.  Gel 
Documentation 
System

  2.11.  Fluorometer

  2.12.  Fluorometer 
Cuvette

  2.13.  UV Protection 
Goggle

  2.14.  Tube Shaker

  2.15.  pH Meter

  2.16.  Analytical 
Balance

  2.17.  Weighing Boat

  2.18.  Syringes 
and Syringe Filters

  2.19.  Mini-Centrifuge

  2.20.  96-Well Plate

  3.  Protocol

  3.1.  Preparing Stock 
Solutions

  3.1.1.  Preparing 500 mM 
Tris Nitrate Buffer, pH 8.0
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    3.    Stop the addition when pH reaches 8.0.  
    4.    Fill with water to 40 mL.  
    5.    Filter the buffer through a 0.22  m m syringe  fi lter and store 

at 4 °C.      

      1.    Weigh 6.8 g NaNO 3  and dissolve in 40 mL water.  
    2.    Filter the solution through 0.22  m m syringe  fi lter and store 

at 4 °C.      

      1.    Transfer 720  m L of 500 mM Tris nitrate buffer, pH 8.0 to a 
50 mL conical tube.  

    2.    Transfer 450  m L of 2 M NaNO 3  to the conical tube.  
    3.    Fill with MilliQ water up to 45 mL.      

      1.    Weigh 5.96 g HEPES-free acid and dissolve in 50 mL water to 
make 500 mM solution.  

    2.    Weigh 6.51 g HEPES sodium salt and dissolve in 50 mL water 
to make 500 mM solution.  

    3.    Mix 20 mL of each above solution in a 50 mL conical tube to 
achieve a pH 7.6 buffer.  

    4.    Filter using a syringe  fi lter.  
    5.    Transfer 100  m L of the above buffer to a 15 mL conical tube 

and add MilliQ water to 10 mL to obtain 5 mM HEPES 
solution.      

      1.    Weigh ~100 mg Hg(ClO 4 ) 2 · x H 2 O in a plastic weighing boat. 
Since this mercury salt is in the crystalline form, it is dif fi cult to 
weigh the exact designated amount. Therefore, the  fi nal vol-
ume needs to be adjusted to make the appropriate concentra-
tion. Add 2 mL water and an orange color can be observed.  

    2.    Add 12 M HNO 3  drop wise until the salt is completely dis-
solved and the solution becomes clear. Fill with water to a  fi nal 
volume of 5 mL to obtain an Hg 2+  concentration of 50 mM.  

    3.    Make subsequent tenfold dilutions in 10 mM HNO 3 .  
    4.    Other metal salt solutions are prepared in a similar way.      

      1.    Mix 195  m L MilliQ water and 195  m L DMSO solution.  
    2.    Add 10  m L 10,000× SG to prepare 250× SG (500  m M) and 

store it at −20 °C.      

      1.    Centrifuge the received lyophilized DNA powder using a mini-
centrifuge.  

    2.    Add 5 mM HEPES buffer, pH 7.6 to dissolve the DNA so that 
the  fi nal DNA concentration 500  m M. Store the DNA 
at  −20 °C until use.       

  3.1.2.  Preparing 2 M 
NaNO 3  Solution

  3.1.3.  Preparing Buffer A 
(8 mM Tris Nitrate, pH 8.0, 
20 mM NaNO 3 )

  3.1.4.  Prepare 10 mM 
HEPES Buffer, pH 7.6

  3.1.5.  Preparing Hg 2+  
and Other Salt Solutions

  3.1.6.  Preparing SG 
Solution

  3.1.7.  Preparing DNA 
Solution
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       1.    Weigh 50 mg APS in a plastic weighing boat using an analytical 
balance.  

    2.    Add 0.5 mL MilliQ water to dissolve the APS. To this solution, 
add 25  m L TEMED in a fume hood. Transfer the mixed solu-
tion to a microcentrifuge tube (see Note 1).      

      
 MilliQ water  104  m L 

 NaNO 3  (2 M)   15  m L 

 Tris nitrate buffer (pH 8.0, 0.5 M)   30  m L 

 29:1 Acrylamide:bisacrylamide (40 %)   30  m L 

 DNA (500  m M)   6  m L 

 Initiator solution (to be added the last)   15  m L 

     
 MilliQ water     107.8  m L 

 NaNO 3  (2 M)   10  m L 

 Tris nitrate buffer (pH 8.0, 0.5 M)   20  m L 

 Allylamine (35 %)   9.6  m L 

 29:1 Acrylamide:bisacrylamide (40 %)   33.6  m L 

 Bisacrylamide (2.5 %)    4.8  m L 

 DNA (500  m M)    4.2  m L 

 Initiator solution (to be added the last)   10  m L 

      1.    After mixing all of the gel components, add the initiator solu-
tion last followed by immediate vortexing of the solution.  

    2.    Transfer 75  m L aliquots of the acrylamide gel solution or 50  m L 
for the allylamine containing solution using a pipette to a wellt  
of the round bottom 96-well plate (see Note 2).      

      1.    Add 50  m L MilliQ water for lubrication to each of the wells 
containing the polymerized gels.  

    2.    Wait for 2 min and use two 200  m L pipette tips to push each 
gel from the side into a 50 mL conical tube (see Note 3).      

      1.    Soak the gels in 50 mL conical tubes with 45 mL Millipore 
water on a rotating tube shaker for 6 h at room temperature.  

    2.    Remove all of the water carefully using a pipette. Pay particular 
attention not to damage the gel in this process.  

    3.    Fill the tube containing the gels with 45 mL of fresh MilliQ 
water again and soak the gels overnight (see Note 4).  

  3.2.  Preparing 
Hydrogels

  3.2.1.  Preparing Initiator 
Solution

  3.2.2.  Preparing Hydrogel 
Sol 

   For 4 % Polyacrylamide 
Gel, Mix the Following 
(75  m L for Each gel). Read 
the Following Steps in 
Sect.  3.2  Before Starting 
This Step

   For 6 % Polyacrylamide/
Allylamine Gel (50  m L for 
Each Gel)

  3.2.3.  Gel Casting

  3.2.4.  Gel Harvesting

  3.2.5.  Gel Washing
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    4.    The next day, remove the water and place the gels in 1.7, 15, 
or 50 mL microcentrifuge tubes.       

  Hg 2+  detection can be achieved in one of the following formats. 
For example, Hg 2+  and SG can be added at the same time to soak 
the gel. Alternatively, Hg 2+  can be added  fi rst in a large volume to 
soak the gel for a long time (e.g., overnight). This is to enrich Hg 2+  
inside the gel since the DNA has a very high binding af fi nity. 
Therefore, even very low concentration of Hg 2+  can be detected. 

      1.    Place each gel in a 1.7 mL microcentrifuge tube.  
    2.    Add 1 mL of buffer A.  
    3.    Add 1  m L of 1 mM Hg(ClO 4 ) 2  solution to achieve a  fi nal 1  m M 

Hg 2+  concentration.  
    4.    Add 2  m L of 500  m M SG and soak the gel for 1 h on the tube 

shaker.      

      1.    Fill a 50 mL conical tube with buffer A. Add Hg(ClO 4 ) 2  solu-
tion to the desired  fi nal Hg 2+  concentration. Soak the gel on a 
shaker in the dark overnight to allow Hg 2+  to diffuse into the 
gel and bind with the DNA.  

    2.    Recover the gel and transfer it into a 1.7 mL microcentrifuge 
tube. Add 1 mL fresh buffer A and 2  m L 500  m M SG.  

    3.    Soak the gel for 1 h at room temperature on a tube shaker in 
the dark.  

    4.    Observe the gel using the handheld UV lamp in a dark room 
under the excitation of 365 nm. Place the lamp at a distance 
of ~10 cm from the gel (see Note 5).  

    5.    Record the gel  fl uorescence using a digital camera.  
    6.    Transfer the gel into a gel documentation system for 

quanti fi cation. Use the 365 nm excitation and the SG  fi lter for 
collecting the emission light into the CCD camera.       

      1.    Add  fi nal concentration of 15 nM DNA and 90 nM SG in 
500  m L buffer A.  

    2.    Transfer the solution into a quartz micro-cuvette.  
    3.    Scan  fl uorescence emission from 500 to 650 nm by exciting at 

485 nm (see Note 6).  
    4.    Add 2.25  m L of 200  m M Hg 2+  to make the  fi nal Hg 2+  concen-

tration 90 nM. Vortex the cuvette immediate after the addition 
of Hg 2+ .  

    5.    Scan the  fl uorescence spectrum again using the same settings.  
    6.    Alternatively, add 1  m L of 500  m M DNA and 6  m L of 500  m M 

SG to 493  m L buffer A. Measure  fl uorescence in the absence of 
Hg 2+ . Add 2  m L 1 mM Hg 2+  to make a  fi nal of 4  m M Hg 2+  and 

  3.3.  Hg 2+  Detection 
in Gel

  3.3.1.  Adding Hg 2+  and SG 
at the Same Time

  3.3.2.  Adding Hg 2+  First

  3.4.  Hg 2+  Detection 
in Solution
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measure the  fl uorescence again. Alternatively, take 100  m L 
 aliquots of this mixture into 0.6 mL microcentrifuge tubes and 
add varying concentrations of Hg 2+ . Observe the  fl uorescence 
using the handheld UV lamp in a dark room with the 365 nm 
excitation.      

      1.    Soak the gels in 1 mL MilliQ water for 1 h. Replace with fresh 
water and soak for another hour.  

    2.    Transfer the gels onto a plastic weighing boat. Place the round 
side of the gel in contact with the weighing boat surface. 
Otherwise, the gel dries to form a  fi lm sticking to the plastic 
surface.  

    3.    Leave the gels overnight at room temperature to allow com-
plete drying. This is con fi rmed by weighing the dried gels. The 
mass of each gel before drying is ~80 mg. After drying, the 
mass is reduced to 3–4 mg.  

    4.    To rehydrate the gel, soak the dried gels in buffer A for 3 h at 
room temperature. The gel mass can be recovered to the original 
value and the gels are then ready for Hg 2+  detection.      

  After incubation with SYBR Green I and Hg 2+ , the hydrogels show 
green  fl uorescence. To regenerate hydrogel, both Hg 2+  and SG 
need to be removed.

    1.    Soak the gels in 1 mL of 1 % HCl for 3 min.  
    2.    Discard the HCl solution using a pipette and wash the gels 

with 10 mL of MilliQ water for 1 min and then soak in 10 mL 
buffer A for 20 min.  

    3.    Soak the gels again in 1 mL of 1 % HCl followed by washing. 
This process is repeated  fi ve times. After the last soaking in 
buffer A, soak an additional hour in 10 mL buffer A. After 
that, the gels can be observed using a handheld UV lamp to 
ensure no  fl uorescence is observed, and these gels are used for 
Hg 2+  detection.      

  ICP-MS analysis showed no detectable mercury in the collected 
Lake Ontario water samples. Therefore, Hg(ClO 4 ) 2  was added to 
simulate contaminated water.

    1.    Transfer 15 mL of the collected water samples into 15 mL 
conical tubes.  

    2.    Add Hg(ClO 4 ) 2  solution to make appropriate Hg 2+  concentra-
tion in the lake water.  

    3.    Add one hydrogel to each of the tubes and soak for 1 day to 
allow Hg 2+  binding.  

    4.    Transfer the gels into 1.5 mL microcentrifuge tubes and add 
1 mL buffer A containing 1  m M SYBR. After 1 h, image the 
gels using a digital camera.       

  3.5.  Hydrogel Drying 
and Rehydration

  3.6.  Hydrogel 
Regeneration

  3.7.  Detection of Hg 2+  
in Lake Ontario Water 
Samples
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  Before attaching DNA to the hydrogel, Hg 2+  detection in solution 
is tested. This is to ensure that all of the reagents and buffers work. 
With 1  m M DNA and 6  m M SG, a yellow  fl uorescence can be 
observed using a handheld UV lamp under the 365 nm excitation 
as shown in the inset of Fig.  2b . In the presence of 4  m M Hg 2+ , a 
bright green  fl uorescence can also be observed. This is a quick test 
of our system. To quantitatively understand the  fl uorescence 
change, a  fl uorometer can be used for measuring the spectra of 
these samples. By exciting the sample at 485 nm, the emission 
peaks at 521 and 526 nm appear for the samples with and without 
Hg 2+ , respectively (Fig.  2b ). Even though the wavelength shift is 
only 5 nm, the  fl uorescence color has completely changed. Using 
a lower DNA and SG concentration, as shown in Fig.  2a , the fold 
of  fl uorescence increase is much larger. After con fi rming that the 
system works in the solution phase, the next step is to immobilize 
the DNA in the hydrogel.   

  The DNA-functionalized polyacrylamide hydrogels are transparent. 
Since the gels are prepared in a round-bottom 96-well plate, they 
are hemispherical. After adding 1  m M Hg 2+  and 1  m M SG to hydro-
gels soaked in 1 mL buffer A, a gradual increase in green  fl uorescence 
can be observed with increasing Hg 2+  concentration. As shown in 
Fig.  3a , at least 200 nM Hg 2+  is required for visual detection. For 
quantitative analysis, a gel documentation system is used. The gels 

  4.  Typical Protocol 
Results

  4.1.  Detecting Hg 2+  
Using the Non-
Immobilized Sensor

  4.2.  Detecting Hg 2+  
Using Polyacrylamide 
Hydrogel

  Fig. 2.    Fluorescence spectra of SYBR green I and Hg-DNA free in solution where the Hg-DNA concentration is 15 nM 
( a ) and 1  m M ( b ). SYBR green I dye and DNA ratio is maintained at 6:1 for both cases. The Hg 2+  concentration is 90 nM in 
( a ) and 4  m M in ( b ) and the inset shows a photograph for 1  m M DNA with and without 4  m M Hg 2+  excited at 365 nm using 
a handheld UV lamp. The normalized curve in ( b ) is achieved by multiplying the yellow curve by a factor such that the same 
peak intensity as the green curve is obtained. Copyright 2010 American Chemical Society. Reproduced from Dave et al., 
2010  (  34  )  with permission from American Chemical Society.       
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  Fig. 3.    Sensor sensitivity documented using a digital camera ( a ) and a  fl uorescence gel documentation system ( b ) and its 
quanti fi cation ( c ) using 1 mL of water sample. ( d ) Sensitivity test using 50 mL water sample. ( e ) Shows the selectivity test 
of the hydrogels with 1  m M of various metal ions in 1 mL samples. Copyright 2010 American Chemical Society. Reproduced 
from Dave et al   2010  (  34  )  with permission from American Chemical Society.       

are excited at 365 nm and the emission is collected using a CCD 
camera through a green  fi lter (Fig.  3b ). The plot of  fl uorescence 
intensity versus Hg 2+  concentration is shown in Fig.  3c . The inten-
sity initially increased linearly with Hg 2+  concentration (inset) and 
saturated at ~1  m M Hg 2+ . The detection limit is determined to be 
75 nM based on the Hg 2+  concentration required to generate a 
signal greater than three times the standard deviation of the back-
ground noise. Since the wavelength shift is only ~5 nm, it is dif fi cult 
to use a  fi lter to separate the green and yellow  fl uorescence spectra. 
Therefore, only the intensity of  fl uorescence is measured. Due to 
the intense yellow background  fl uorescence in the absence of Hg 2+ , 
the  fi nal  fl uorescence intensity increase is only ~30 % with a satu-
rating concentration of Hg 2+ .  

 An important property of this acrylamide hydrogel is its ability 
to actively adsorb Hg 2+ . The amide nitrogen in the gel backbone 
has a binding af fi nity for Hg 2+  and the gel acts as a selective sponge 
to concentrate Hg 2+  inside the gel. Therefore, unlike most sensors 
whose response is limited by the target concentration, the hydrogel-
based sensor should have higher sensitivity by simply increasing the 
sample volume. For example, after soaking the gels in 50 mL 
buffer A (previously in 1 mL) containing varying concentrations of 
Hg 2+ , as shown in Fig.  3d , even 10 nM Hg 2+  (the toxic level in 
drinking water) shows a visible green  fl uorescence and the sample 
containing 30 nM Hg 2+  is highly  fl uorescent green. This sensitivity 
is among the highest one reported for Hg 2+  sensors where no ana-
lytical instruments or signal ampli fi cation methods are used for 
detection purposes. If the gel is incubated with 1  m M of other 
metal ions, only yellow  fl uorescence can be observed (Fig.  3e ), 
suggesting that high selectivity of the DNA is still maintained 
within the hydrogel matrix.  
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  Immobilized sensors may allow regeneration by washing away target 
molecules under denaturing conditions. Since the DNA is immo-
bilized in 3D in a hydrogel, it takes a longer time for the content 
inside the gel to diffuse out. We employ an acid treatment method 
for regeneration. After incubating Hg 2+  and SG-treated gels 
(Fig.  4a ) with 1 % HCl for 3 min, the gels are transferred into buf-
fer A. This process is repeated  fi ve times. As shown in Fig.  4b , the 
hydrogels become non fl uorescent after regeneration, suggesting 
that both Hg 2+  and the dye have been removed. The addition of 
Hg 2+  and SG to these regenerated gels regains the sensor response 
(Fig.  4c ). This experiment con fi rms that it is possible to achieve 
regeneration for the hydrogel immobilized sensor.  

 The majority of the gel volume is occupied by water. Therefore, 
another feature of hydrogel-immobilized sensor is the possibility of 
drying. Drying provides a convenient means for long-term gel 
storage, DNA protection, and ease of handling. The gels can be 
dried under ambient conditions and the dry mass is ~4 % of the 
fully hydrated gel mass. The dried gels can be easily rehydrated by 
soaking in buffer A to the original volume (Fig.  4d ). These rehy-
drated gels can still effectively detect Hg 2+  (Fig.  4e ).  

  To evaluate whether the hydrogel-based sensor is capable of detecting 
and removing Hg 2+  from environmental water samples, samples 
from Lake Ontario are tested. Since these water samples do not 
contain Hg 2+  as determined by ICP-MS, Hg 2+  is deliberately added 

  4.3.  Hydrogel 
Regeneration, Drying, 
and Rehydration

  4.4.  Detecting Hg 2+  
in Lake Ontario Water

  Fig. 4.    The test of freshly prepared ( a ) and regenerated ( b ,  c ) hydrogels. ( d ) A photo of freshly prepared ( top ), dried ( middle ), 
and rehydrated ( bottom ) gels. ( e ) Detection of Hg 2+  with a rehydrated hydrogel sensor. ( f ) Detection of Hg 2+  in spiked Lake 
Ontario water samples. Reproduced from Dave et al., 2010  (  34  )  with permission from American Chemical Society.        
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to simulate contaminated water. After soaking each gel in a 15 mL 
conical tube with no additional salt or buffer overnight, the gels 
are transferred into 1 mL of buffer A with 1  m M SG. After 1 h, the 
gels are imaged. As shown in Fig.  4f , a weak green  fl uorescence is 
observed for 50 nM Hg 2+  and an intense green  fl uorescence is 
observed for 200 nM Hg 2+ . This sensitivity is slightly lower in 
comparison to that obtained in buffer A. This may be attributed to 
the presence of anions such as Cl −  in the lake water that can also 
bind Hg 2+  to decrease its effective concentration  (  35  ) . These results 
clearly demonstrate that our hydrogel is capable of detecting Hg 2+  
from environmental water samples.  

  While the above polyacrylamide gel can effectively detect Hg 2+  
based on a yellow-to-green  fl uorescence color change, the back-
ground  fl uorescence is quite high, disallowing high sensitivity 
using the gel documentation system. The reason for the high back-
ground can be attributed to the electrostatic interaction between 
DNA and SG. At high DNA concentration, SG can bind to DNA 
to emit yellow  fl uorescence. Therefore, by introducing a fraction 
of cationic monomer (e.g., allylamine shown in Fig.  1e ), it may be 
possible to promote DNA/gel interaction and reduce DNA/SG 
interaction therefore reducing the background  fl uorescence  (  36  ) . 
The schematics of Hg 2+  detection in a cationic gel is shown in 
Fig.  5a . With the hydrogel containing 20 % allylamine/80 % acryl-
amide and a sample volume of 50 mL, the background  fl uorescence 
can be signi fi cantly reduced (Fig.  5b ). The increase of  fl uorescence 
intensity can reach ~300 % (Fig.  5d , black dots). A detection limit 
of 1.1 nM can be achieved using this gel formulation. Under the 
same condition but using the neutral polyacrylamide gel, very high 
background  fl uorescence is still observed (Fig.  5c ) and the 
 fl uorescence increase is only 55 % (Fig.  5d , red triangles).    

 

     1 .  APS is a hygroscopic powder and its activity is reduced after 
absorbing water. Make sure that the container is capped tightly. 
The weighed APS can be slightly deviated from 50 mg, as long 
as the amount of water and TEMED are adjusted accordingly. 
The initiator solution needs to be prepared fresh daily.  

   2 .  After adding the initiator, the solution needs to be immediately 
mixed to avoid high local initiator concentration. The step of 
transferring the sol into a 96-well plate needs to be performed 
in less than 2 min to avoid gel formation before completing 
the transfer step. Leave the plate in a drawer for 1 h at room 
temperature (~25 °C) for polymerization.  

  4.5.  Detecting Hg 2+  
Using Allylamine/
Polyacrylamide 
Hydrogel

  5.  Notes
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   3 .  To avoid damaging the gel, do not pinch the gel from the cen-
ter. It should be quite easy to harvest 4–8 % gels since they are 
soft and can be reversibly deformed. Higher percentage gels 
(e.g., 20 %) can break more easily during this process. The 
polymerization should not take longer than 1 h. Exposure of 
the gel to air for too long can result in gel drying.  

   4. Gel soaking is important for Hg 2+  detection because it removes 
initiators, free monomers, and DNA. The initiator contains 
ammonium persulfate and TEMED, which can bind to Hg 2+  
interfering with the  fl uorescence signal. Free monomers and 
non-incorporated DNA also need to be removed to obtain 
consistent results. These chemicals can be removed by repeated 
soaking the gels in ample amounts of water. The amount of 
incorporated DNA is estimated to be 50–60 % and the rest is 
washed away.  

  Fig. 5.    Schematic presentation of covalent immobilization of DNA in a positively charged hydrogel (containing allylamine) 
( a ). In this gel, the DNA interacts more with the gel backbone in the absence of Hg 2+  and the diffusion of SG into the gel is 
retarded, giving rise to low background  fl uorescence. Hydrogel mercury sensor sensitivity obtained using a digital camera 
(the  top panels ) and a gel documentation system (the  lower panels ) for cationic (20 % allylamine) ( b ) and neutral ( c ) hydro-
gels. ( d ) Responses of the sensors are quanti fi ed using the gel documentation system. Cationic gel:  black dots ; neutral gel: 
 red triangles . Reproduced from Joseph et al., 2010  (  36  )  with permission from American Chemical Society.       
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   5 .  Hg 2+  is a toxic metal ion and a waste container should be prepared 
for discarding solutions containing Hg 2+ . Wear the UV protection 
goggles to observe the  fl uorescence under the UV lamp.  

    6  .  It may be necessary to adjust the slit width of the excitation 
and emission light so that the detector is not saturated at high 
DNA/SG concentrations when using the  fl uorometer.     

 

 The hydrogel-immobilized DNA sensor has showed several impor-
tant advantages for Hg 2+  detection in water samples. For example, 
ultrahigh sensitivity with visual detection can be achieved and the 
gel can be dried for storage and rehydrated. Sensor regeneration can 
also be achieved using a simple acid treatment. The high sensitivity 
comes from the fact that the gel can actively adsorb Hg 2+ . At its cur-
rent form, however, it takes a long time (e.g., overnight) for a low 
concentration of Hg 2+  to be adsorbed in a large volume. One of the 
future directions is therefore to make the adsorption kinetics faster. 
This can be potentially achieved by using a  fl ow through system. 

 In addition to the detection of Hg 2+ , hydrogels responsive to 
other heavy metal ions also need to be demonstrated. The eventual 
goal is to construct a sensor array. Although DNAzyme and 
aptamer-based  fl uorescent sensors for many other metal ions have 
been demonstrated in solution, covalent immobilization of these 
sensors in hydrogel is still very challenging. This is because major-
ity of such sensors are designed to contain several DNA pieces 
annealed together. It is highly desirable to have just a single DNA 
strand to contain all of the necessary components. Otherwise, the 
sensor fabrication and response could be adversely affected. With 
one of the ends being occupied by sensor immobilization, it is 
dif fi cult to add all the other modi fi cations and still keeping the cost 
and yield at an acceptable level. Therefore, innovative sensor design 
methods are required. 

 In addition, the gels need to be tested more extensively in dif-
ferent water samples. The hydrogel-based Hg 2+  detection has been 
tested in a pure buffer and in Lake Ontario water. The sensitivity in 
lake water is slightly lower compared to that in the pure buffer, 
which is attributed to the presence of interfering anions such as 
Cl − . In the case of samples with extremely high salt, ocean water 
represents an even greater challenge. Under such conditions, the 
different speciation of metal ions needs to be considered. For 
example, it has been reported that a signi fi cant fraction of Hg 2+  in 
sea water is present as the HgCl  3  

−   and HgCl  4  
2−    (  5  ) . The overall 

Hg 2+  concentration is in the sub-nM to low nM. Therefore, it is 
often necessary to perform pre-concentration steps before deter-
mination by spectroscopic techniques. Since the hydrogel can 

  6.  Future 
Directions
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actively adsorb Hg 2+ , which is effectively a pre-concentrating step, 
the chemistry and physics of hydrogels may allow researchers to 
overcome these challenges. 

 Finally, from the engineering perspective, the hydrogel-based 
sensor can be integrated into an autonomous platform in the ocean 
and other water bodies. The gel is optically transparent with immo-
bilized DNA sensors being protected, allowing long-term moni-
toring after incorporation into a device. A remote signaling 
mechanism can be designed so that if a certain Hg 2+  level has 
reached, an electromagnetic signal will be sent out. If this can be 
realized, a profound impact on environmental monitoring can be 
envisioned using this hydrogel-based technology.      
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    Chapter 7   

 The Use of Peptide Nucleic Acids in Surface Plasmon 
Resonance for Detection of Red Tide Algae       

         Amber   R.   Bratcher       and    Laurie   B.   Connell      

  Abstract 

 There is a need for low-cost, rapid, and accurate detection of harmful organisms. Some species of the 
marine dino fl agellate  Alexandrium  produce paralytic shell fi sh toxins that can accumulate in shell fi sh tissue 
and can cause paralysis and death if ingested by humans. We have developed a method for RNA detection 
of  Alexandrium  using a portable surface plasmon resonance biosensing instrument and peptide nucleic 
acid probes. Because our method is user-friendly, cost-effective, and yields quick results, it will greatly 
improve the abilities of monitoring programs to detect harmful species and take appropriate measures to 
prevent detrimental human health effects.  

  Key words:   Red tide ,  Harmful algal blooms ,  Surface plasmon resonance ,  Peptide nucleic acids , 
 Biosensors ,   Alexandrium  ,  Paralytic shell fi sh toxins ,  Ocean sensing ,  Bloom detection ,  Dino fl agellates    

 

 Paralytic shell fi sh poisoning (PSP) is caused by consumption of 
shell fi sh that have fed on toxic algae and is a major health issue 
worldwide  (  1  ) . Even at densities as low as 100–200 cells/L, dino fl agellates 
of the genus  Alexandrium  can produce enough paralytic shell fi sh 
toxins (PSTs) to be of public health concern before the water dis-
coloration often associated with harmful algal blooms (HABs) is 
evident  (  2,   3  ) . Detection of blooms during early stages is extremely 
important for human health issues and maintenance of healthy 
 fi sheries since HABs can lead to adverse effects on shell fi sh, zoo-
plankton, coral, seabirds, and marine mammal populations through 
bioaccumulation of toxin within the food web and ecosystem dis-
ruption  (  2,   4–  7  ) .  Alexandrium  species that produce PSTs are dif fi cult 
to distinguish morphologically from non-PST producing species, 
and current identi fi cation methods are expensive, time-consuming, 

  1.  Introduction
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and require special training. HABs vary interannually in location, 
intensity, and duration, with increasing frequency and geographic 
distribution over past decades, making detection and prediction 
challenging areas of current research  (  8,   9  ) . The development of a 
rapid, low-cost, and easy-to-use device to detect and monitor 
 Alexandrium  would be an important advancement in HAB research 
and management. 

 Surface plasmon resonance (SPR) is a label-free, optical detec-
tion method that measures the change in refractive index after 
binding (hybridization) of a target to a target-speci fi c probe on a 
surface (Fig.  1 )  (  10  ) . Polarized light of varying angles is used to 
illuminate a thin gold surface and is then re fl ected back to a detec-
tor element. At a speci fi c angle, electrons in the gold will resonate 
and form a surface plasmon wave. This angle is dependent upon 
the refractive index of the media adjacent to the gold sensor sur-
face opposite the incident light. As the refractive index changes, 
the angle at which the surface plasmon wave is excited also changes. 
When target molecules bind to a speci fi c probe immobilized on the 

  Fig. 1.    SPR operation demonstrated with a PNA probe layer on gold sensor surface. Binding of target molecules to the probe 
layer causes a subsequent change in the refractive index of the surface.       
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gold sensor surface, the subsequent change in refractive index at 
the sensor surface is detected in real-time and converted to a signal 
that is expressed in resonance units (RU). One RU is equivalent to 
an angle shift of 1 × 10 −6  degrees  (  11  ) .  

 The most well-known SPR instruments are produced by 
Biacore (GE Health, Piscataway, NJ, USA). These instruments are 
expensive and designed for bench-top applications only, making 
them impractical for use in  fi eld-based HAB monitoring programs. 
SPR has been widely used in laboratory detection assays for toxins 
 (  12,   13  ) , proteins  (  14,   15  ) , and other small molecules  (  16,   17  ) , 
and is gaining momentum as a tool for detecting nucleic acid 
sequences  (  18–  20  ) . Most nucleic acid assays for the identi fi cation 
or detection of HAB species to date, however, have made use of 
DNA probes and  fl uorescence with whole-cell hybridization 
 (  21,   22  ) , sandwich hybridization  (  21  ) , or utilized a PCR-based 
approach  (  23–  25  ) . While these methods offer some improvement 
over traditional microscopic identi fi cation, they can still be time-
consuming, expensive, require specialized training, and lack porta-
bility for use in on-site  fi eld detection. 

 In order to employ a  fi eld-based approach to HAB detection, 
we are using a portable SPR instrument (SPIRIT, Fig.  2 ) devel-
oped by collaborators in Seattle, Washington. SPIRIT employs a 
reusable, miniature sensor module with a gold-coated surface 
(Spreeta, by Icx Nomadics, Fig.  3 ) to which the PNA probes are 
bound. The Spreeta SPR chips have three distinct channels and 
are self-contained with an LED light source and array detector 
that are integrated with the gold sensor surface  (  26–  28  ) . SPIRIT 
contains eight sensor chips, giving the user the ability to simulta-
neously detect up to eight different organisms or targets of inter-
est. Liquid samples are  fl owed over the sensor surface and 
subsequent binding of target to probe is visible on a connected 
laptop in real-time  (  29  ) .   

 Peptide nucleic acids (PNAs) are short-chain DNA mimics 
where the negatively charged sugar-phosphate backbone is replaced 
by a neutral peptide chain  (  30  ) . Similar to DNA, PNAs bind 
according to Watson–Crick rules for base pairings  (  31  ) . PNA 
probes are superior to the more traditionally used DNA probes 
due to their high discrimination for mismatches, resistance to pro-
tease and nuclease degradation, and the ability to hybridize in low 
salt concentrations  (  10,   30  ) . These characteristics make them 
robust and ideally suited for  fi eld applications. 

 Current detection methods for  Alexandrium  consist of col-
lecting samples from  fi eld sites, then transporting them back to a 
lab for processing, taking up to several days before a positive 
identi fi cation can be made. The standard method for determining 
bloom toxicity utilizes a mouse bioassay, in which a laboratory 
mouse is injected with extract from shell fi sh suspected of containing 
PSTs, and the occurrence and timing of death corresponds to the 
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  Fig. 3.    Miniature Spreeta SPR sensor (Icx Nomadics).       

  Fig. 2.    Custom-built SPR instrument (SPIRIT, Seattle Sensor Systems). A = sample injection 
port, B = Buffer Tube, C = touch screen controls, D = data output to PC.       
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level of toxicity present. Due to the high toxicity of blooms of certain 
species of  Alexandrium , it would be extremely bene fi cial to have 
the ability to rapidly classify blooms as toxic or nontoxic. This 
would then allow managers to take appropriate action for the clos-
ing of affected shell fi sh harvesting areas before heightened toxicity 
occurs and human health is adversely affected, and also avoid 
unnecessary large-scale closures of shell fi sh  fi sheries that could lead 
to huge economic losses. Our custom-built instrument is small and 
portable, allowing the user the ability to easily transport the instru-
ment to suspected bloom sites and obtain results within minutes.  

 

  All of our SPR assays used a portable SPR instrument (SPIRIT) 
developed by Seattle Sensor Systems in Seattle, Washington  (  26  ) , 
that uses a miniature sensor module with a modi fi able gold-coated 
surface (Spreeta, by Icx Nomadics) to which the probes were cova-
lently bound via a thiol linkage. The Spreeta SPR chips are designed 
with three distinct channels, a light source, and an array detector 
integrated with the gold sensor surface  (  27–  29  ) . SPIRIT is designed 
so that samples  fl ow through a temperature-controlled (±0.01 °C) 
 fl ow cell over the sensor surface and subsequent binding of target 
to probe is visible on a connected laptop in real-time  (  29  ) .

    1.    SPIRIT, Seattle Sensor Systems  
    2.    Disposal SPR sensor chips, Icx Nomadics  
    3.    PC laptop computer running Windows operating system.  
    4.    50 mL conical tubes, BD Falcon  
    5.    15 mL conical tubes, BD Falcon      

  PNA probes were designed as 16 base long sequences and modi fi ed 
on the C-terminus with carbon spacer groups and either cysteine 
molecules to provide a reactive thiol group for direct immobiliza-
tion on the gold sensor surface or biotin to allow for streptavidin–
biotin coupling. All sequences were HPLC puri fi ed to >95 % and 
obtained lyophilized from Panagene (Daejeon, Korea) in 100 nmol 
quantities.  

  Synthetic sequences of 15, 43, and 60 bases were designed com-
plementary to PNA probe sequences and to mimic the targeted 
species of interest. Oligonucleotides were puri fi ed using standard 
desalting methods after synthesis and purchased from IDT 
Technologies (Coralville, Iowa, USA) in quantities of 1  μ mol of 
lyophilized DNA.  

  2.  Reagents 
and Equipment

  2.1.  Surface Plasmon 
Resonance

  2.2.  PNA Probes

  2.3.  Synthetic 
Oligonucleotides
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      1.    10 mL luer-lock syringes, BD Falcon  
    2.    3 mL luer-lock syringes, BD Falcon  
    3.    Blunt-tip, luer-lock needles, Popper and Sons      

      1.    NaCl  
    2.    KCl  
    3.    Na 2 HPO 4   
    4.    KH 2 PO 4   
    5.    diH 2 O  
    6.    Sucrose      

      1.    Nalgene 500 mL 0.22  μ M bottle top  fi lters  
    2.    Pyrex 1,000 mL bottles  
    3.    Vacuum  fi ltration system      

      1.    Nalgene 500 mL 0.22  μ M bottle-top  fi lters  
    2.    Pyrex 1,000 mL bottles  
    3.    L1 Media Kit, Provasoli-Guillard National Center for Culture 

of Marine Phytoplankton  
    4.    Natural seawater      

      1.    Nalgene 500 mL 0.22  μ M bottle top  fi lters  
    2.    Pyrex 1,000 mL bottles  
    3.    Vacuum  fi ltration system      

      1.     Alexandrium ostenfeldii , (CCMP1773), Provasoli-Guillard 
National Center for Culture of Marine Phytoplankton  

    2.     A. tamarense , (CCMP1978), Provasoli-Guillard National 
Center for Culture of Marine Phytoplankton      

  Cultures of  A. tamarense  and  A. ostenfeldii  are grown at 15 °C 
under a photon  fl ux density of 360  μ mol/m 2 /s, on a 14:10 light/
dark cycle in a diurnal illuminated incubator (Shel Lab LI15 
Diurnal Plant Growth Chamber; Cornelius, Oregon, USA).  

      1.    5  μ M Millipore SVLP 25 mM hydrophilic Durapore  fi lter 
papers  

    2.    Swinnex 25 mM syringe  fi lter holders  
    3.    0.45  μ M Whatman Puradisc 25 mM Sterile Non-pyrogenic 

syringe  fi lters      

      1.    3 M guanidinium thiocyante  
    2.    50 mM Tris  

  2.4.  Sample Injection

  2.5.  SPIRIT Running 
Buffer and Calibration 
Components

  2.6.  Running Buffer 
Preparation Equipment

  2.7.  Culture Medium 
Components

  2.8.  Culture Medium 
Preparation Equipment

  2.9.  Culture Strains

  2.10.  Culture 
Maintenance

  2.11.  Cell 
Concentration 
and Lysis

  2.12.  Cell Lysis Buffer 
Components
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    3.    15 mM EDTA  
    4.    2 % sarkosyl  
    5.    0.2 % SDS  
    6.    diH 2 O      

      1.    Heat block  
    2.    Vortex instrument      

      1.    RNAsecure reagent, Ambion      

      1.    Cylinder of compressed N 2  gas (see Note 1)  
    2.    Pipettes, 20, 200, 1,000  μ L, Rainin  
    3.    Disposable pipette tips, MBP Art Low-Retention hydrophobic 

20, 200, 1,000  μ L sizes  
    4.    1.5 and 2.0 mL microtubes       

 

   PBS is prepared as 10× stock solutions and  fi ltered by vacuum 
 fi ltration using the 500 mL 0.22  μ M bottle-top  fi lters. Buffer can 
be diluted to working concentrations by adding 900 mL of diH 2 O 
to 100 mL of    10× stock, adding Tween and allowing to mix com-
pletely, then  fi ltering again with a 0.22  μ M  fi lter.  

 Component  For 1 L of 10× stock solution 

 1. NaCl  80 g 

 2. KCl  2 g 

 3. Na 2 HPO 4   11.5 g 

 4. KH 2 PO 4   2 g 

 5. diH 2 O  suf fi cient to bring volume to 1,000 mL 

 Component  For 1 L of 1× solution 

 10× PBS  100 mL 

 Tween   1 mL 

 diH 2 O  889 mL 

  New solutions must be made every time a new 1× PBST stock is 
used and  fi ltered to 0.22  μ M. Solutions will last at room tempera-
ture for 1–2 months; discard and make fresh if solutions become 
contaminated. 

  2.13.  Cell Lysis 
Equipment

  2.14.  RNA Preservation

  2.15.  Miscellaneous 
Preparatory Items

  3.  Protocol

  3.1.  Preparation 
of Buffers

  3.1.1.  SPR Running Buffer 
(PBS–Tween 0.1 %)

  3.1.2.  SPIRIT Calibration 
Solutions
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 Component  For 50 mL of initialization solution 

 Sucrose  10 g 

 1× PBST  suf fi cient to bring solution to 50 mL 

     
 Component  For 50 mL of initialization solution 

 Initialization solution   1 mL 

 diH 2 O  49 mL 

  Using reagents from L1 media kit (CCMP), mix with 0.22  μ M 
 fi ltered seawater. Media can be stored at 4  ° C up to several 
months.  

      1.    Measure out 200 mL diH 2 O in a bottle or beaker on a stir 
plate.  

    2.    Add sarkosyl.  
    3.    Add Tris base.  
    4.    Add EDTA.  
    5.    Add SDS.  
    6.    Add GuSCN. Let stir several hours or overnight until com-

pletely dissolved.  
    7.    Add remaining H 2 O to bring to 500 mL.  
    8.    Check pH, adjust to 8.9 using HCl if needed.      

 Component  For 500 mL 

 20 % sarkosyl  50 mL 

 Tris  3.03 g 

 EDTA  2.79 g 

 1 M SDS  1 mL 

 3 M GuSCN  177.24 g 

 diH 2 O  Suf fi cient to make 500 mL 

  The PNA probes were developed by optimizing previously designed 
DNA probe sequences ATNA1 for  A. tamarense ,  A. fundyense , and 
 A. catenella  species complex  (  32  )  and AOST01 for  A. ostenfeldii  
 (  33  ) . A universal probe sequence (UniR) that does not match any 
eukaryotic sequence found in GenBank was used as a negative con-
trol  (  34  ) . Probe sequences were derived from large-subunit ribo-
somal RNA sequences for these species and are speci fi c to target 
28S ribosomal RNA  (  32,   33  ) . Probes were modi fi ed on the 3 ¢  ter-
minus with either a biotin or cysteine molecule and carbon spacer 

   Initialization Solution 
(PBST–Sucrose 20 %)

   Calibration Solution 
(PBST–Sucrose 0.4 %)

  3.1.3.  Laboratory Culture 
Media

  3.1.4.  RNA Extraction 
Buffer

  3.2.  Preparation 
of PNA Probe Stock 
Solutions
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groups of 1.3 nm long ethylene glycol linkers inserted before the 
probe sequence. The biotin will bond with streptavidin molecules, 
while a cysteine molecule provides a reactive thiol group on the 
probe that allows for direct absorption onto the gold surface of the 
sensor  (  35  ) .

    1.    Dilute PNA to 250  μ M concentration in molecular biology 
grade water.  

    2.    Divide into 5  μ L aliquots and store at −20  ° C, protected from 
light.      

  For laboratory assays, 15-mer, 43-mer, and 60-mer target DNA 
sequences were designed complementary to the probes. The DNA 
oligonucleotide sequences were synthesized by IDT Technologies 
(Coralville, Iowa, USA) and were reconstituted to 250  μ M stock 
solutions in molecular biology grade ultrapure H 2 O, storing 
at −20 °C until use. Oligonucleotides were further diluted to the 
desired concentrations in PBS buffer prior to experimentation.  

  The  Alexandrium  cell lysis protocol is modi fi ed from Goffredi 
et al .   (  34  )  to maintain the integrity of the extracted RNA and allow 
for compatibility with SPR detection in SPIRIT.

    1.    Concentrate a known quantity of cells on a 5  μ M Millipore 
 fi lter in Swinnex syringe  fi lter holder.  

    2.    Remove  fi lter from holder and insert into a 1.5 mL tube, add-
ing 0.5 mL of GuSCN lysis buffer.  

    3.    Heat at 85  ° C for a total of 5 min,  fl icking tube exactly halfway 
through incubation.  

    4.    After cooling,  fi lter lysate through a 0.22  μ M sterile Millipore 
syringe  fi lter into a clean 2 mL microtube.  

    5.    Add 1 mL of PBST to the sample.      

  There are a variety of protocols that can be used for binding of 
probe sequences to sensor surfaces, including a streptavidin–biotin 
coupling method, and for this method of detection, a more favor-
able thiol immobilization was also utilized. SPR sensors are coated 
with probes outside of the instrument using a benchtop protocol. 

      1.    Taking care not to touch the gold surface, rinse new BioCap 
SPR sensor with diH 2 O.  

    2.    Dry sensor surface using N 2 .  
    3.    Dilute biotin-labeled PNA probe to 1  μ M concentration in 

30  μ L of PBS buffer.  
    4.    Gently pipette the 1  μ M probe solution onto the gold surface 

of the sensor chip, and taking care not to touch the pipette tip 
to the surface, spread the droplet across the surface.  

  3.3.  Preparation 
of Synthetic 
Oligonucleotides

  3.4.  RNA Extraction 
from  Alexandrium  
Cultures

  3.5.  Preparation 
of Sensor Surfaces

  3.5.1.  Binding of PNA 
Probes to Streptavidin-
Coated Sensors
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    5.    Incubate sensor chip at room temperature in a dark humid 
chamber for 3.5 h.  

    6.    Rinse sensor surface with diH 2 O.  
    7.    Dry sensor surface using N 2 .  
    8.    Chip is ready for use or can be stored with desiccant at 4  ° C up 

to several months for future use.      

      1.    Taking care not to touch the gold surface, rinse new SPR sen-
sor with diH 2 O.  

    2.    Dry sensor surface using N 2 .  
    3.    Dilute cysteine-labeled PNA probe to 1  μ M concentration in 

30  μ L of molecular biology grade water.  
    4.    Gently pipette the 1  μ M probe solution onto the gold surface 

of the sensor chip, and taking care not to touch the pipette tip 
to the surface, spread the droplet across the surface.  

    5.    Incubate sensor chip at room temperature in a dark humid 
chamber for 3.5 h.  

    6.    Rinse sensor surface with diH 2 O.  
    7.    Dry sensor surface using N 2 .  
    8.    Chip is ready for use or can be stored with desiccant at 4  ° C up 

to several months.       

   Prior to experimentation, sensors should be inserted into SPIRIT 
and washed with 5 mM NaOH for 1 min at 57  μ L/min followed 
by PBST for several minutes to remove any loosely bound probe or 
organics on the surface.  

  Before starting each set of assays, SPIRIT must undergo a series of 
calibration steps to set the SPR detection parameters. The calibra-
tion must be repeated each time the instrument is powered on, but 
is not necessary between each individual sample that is tested.  

  Assays reported here were carried out in PBS-Tween (0.1 %) run-
ning buffer at a  fl ow rate of 57  μ L/min at 25  ° C (see Note 2). 
A 1.5 mL sample was  fl owed across the sensor surface for a total of 
15 min for all of the oligonucleotide assays. At 15 min, running 
buffer was  fl ushed through the sample loop and the SPR response 
was determined by subtracting reference sensors from experimental 
sensors after a stable signal was obtained (see Note 3).  

  Each assay is followed by a 2 min regeneration step using 7.5 mM 
NaOH to remove any bound target oligonucleotides while leaving 
the PNA probe layer intact (see Note 4). PBS–Tween (0.1 %) is 
then again  fl owed over the sensor surface for 1 min before starting 
a new assay cycle.  

  3.5.2.  Binding of PNA 
Probes via Thiol 
Immobilization to Sensors

  3.6.  Surface Plasmon 
Resonance

  3.6.1.  Preparation 
of Sensors for Assay

  3.6.2.  Calibration 
of Instrument

  3.6.3.  Experimental 
Procedure

  3.6.4.  Regeneration 
of Sensor Surfaces
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  After experimentation, sensors should be removed from SPIRIT, 
rinsed thoroughly with diH 2 O and dried with N 2 . Store with desic-
cant at 4  ° C protected from light.  

  After all experiments for the day have been completed, SPIRIT 
must be purged of all remaining buffers in order to ensure the 
integrity of the  fl uidics system and  fl ushed out using diH 2 O. Further 
care should be taken to purge and clean the  fl uidics for long-term 
storage using an additional EtOH  fl ush (see Notes 5 and 6).    

 

 This method of combining the use of PNA probes with SPR can 
reliably detect and discriminate between the species of interest: 
 A. ostenfeldii  and  A. tamarense . Figure  4  shows the SPR response 
of a sensor coated with the PNA probe speci fi c for  A. tamarense  
(PNA 008) to a 43-mer nucleotide sequence in which the  fi rst 15 
nucleotides of the sequence are complementary to this probe. 
There was no detectable binding to a sensor coated with the nega-
tive control probe PNA 010. Assays have also been conducted to 
determine if increasing the concentration of target sequence present 

  3.6.5.  Sensor Storage

  3.6.6.  SPIRIT Storage

  4.  Typical Protocol 
Results

  Fig. 4.    A sensorgram of SPR detection of  Alexandrium tamarense  oligo by PNA 008 probe 
(designed speci fi c to this species). There was no binding detected by the negative control 
probe PNA 010.       
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in the sample in fl uences SPR response, and it was found that higher 
nucleotide concentrations yield higher SPR responses (Fig.  5 ). In 
order to investigate the SPR response to sequences of varying 
lengths, oligonucleotides of varying lengths that were designed to 
mimic  A. tamarense  were hybridized to probe PNA 011 (Fig.  6 ) .  

  Fig. 5.    SPR detection of  Alexandrium ostenfeldii  oligo at multiple concentrations (reference subtracted). Higher concentra-
tions yield higher SPR responses.       

  Fig. 6.    SPR detection of  Alexandrium tamarense  oligonucleotides sequences of varying length (reference subtracted). 
Longer-length sequences yield higher SPR responses.       
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These results demonstrate that as target oligonucleotide sequences 
increase in length, SPR signal response also increases. These results 
are very promising for the use of this method in rapid detection of 
organisms based on genetic identi fi cation.     

 

      1  . N 2  is optional, though extremely bene fi cial in preparation and 
maintenance of SPR sensor chips and its use is included in the 
protocols for chip preparation and storage.     

      2  . Assays were conducted using decreased  fl ow rates (6  μ L/min) 
and shorter time periods for  fl owing samples across sensor sur-
faces (6 min), and SPR responses similar to the faster, longer 
 fl ow rates and times were obtained. Though these times and 
rates will likely vary with changes in target sequences and hybrid-
ization parameters, for these methods using decreased  fl ow rates 
dramatically reduces the time required for each assay cycle.     

      3  . Though the Spreeta sensors contain three channels, the method 
of the probe immobilization causes all three channels to be 
coated with probe sequences and thus the SPR response is 
reported as a average of three channels to minimize any possible 
across-channel variance. Therefore, it is important to include a 
reference sensor during each assay that is coated with a probe 
that is known not to hybridize with the targeted sequence in 
order to eliminate any residual SPR responses due to the 
in fl uence of buffers on the chip surface. The SPR signal from 
this reference sensor is then subtracted from the experimental 
sensor(s) to obtain the actual binding response during an assay.     

      4  . In order to keep costs per assay to a minimum, sensor surfaces 
are regenerated following each SPR-binding assay by removing 
bound target sequences while leaving the PNA probe layer 
intact. The effectiveness of regeneration is determined by the 
SPR response obtained after all regeneration solution has been 
 fl ushed from the sensor surfaces, replaced with running buffer, 
and a stable response is achieved. Successful regeneration is 
achieved if the response returns to the same baseline level 
obtained prior to running a binding assay. Several different 
methods of achieving successful regeneration have been 
explored, including exposing the surface to 95  ° C diH 2 O as well 
as chemical treatments. Treating surfaces with 95  ° C diH 2 O was 
able to effectively remove target sequences from probes; how-
ever, this method was impractical for use inside SPIRIT due to 
the introduction of extreme heat to the instrument components. 

  5.  Notes

  5.1.  Sensor 
Maintenance

  5.2.  Flow Rate 
and Time

  5.3.  Reference Sensors

  5.4.  Regeneration 
of Spreeta Sensor 
Surfaces
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Varying concentrations of HCl did not prove suf fi cient for 
removing all bound target sequences, while even extremely low 
concentrations of SDS removed all target sequences but also 
seemed to damage the PNA probe layer and decreased the bind-
ing ef fi ciency in subsequent assays. It was found that for these 
assays, 7.5 mM NaOH is the most effective at removing bound 
target sequences without damaging the probe layer; lower con-
centrations of NaOH do not remove all of the target and higher 
concentrations adversely affect binding in subsequent assays.     

      5  . After use, it is important to ensure that all tubing within 
SPIRIT is suf fi ciently  fl ushed to avoid crystallization of buffers 
or buildup of organics. This can be accomplished by replacing 
the buffer tube with a tube of diH 2 O and allowing the diH 2 O 
to  fl ow for a period of 2 min to thoroughly  fl ush out the instru-
ment. Before resuming assays, ensure that any diH 2 O has been 
 fl ushed out and replaced with running buffer.  

   6  . If SPIRIT is not used for several days, in addition to  fl ushing 
the system out with diH 2 O it is also recommended to follow 
with a 50 % EtOH  fl ush. SPIRIT should be stored dry without 
any liquid in the buffer tubes.      

 

 The ability to rapidly detect harmful organisms in the ocean by 
genetic identi fi cation using portable SPR technology is an impor-
tant advancement. This will allow users to run detection assays at 
potential HAB sites to determine the level of risk for exposure to 
algal toxins in that immediate area. Further, this technology is also 
currently being adapted for use on ocean gliders and buoys, allow-
ing for autonomous detection at offshore sites. Additionally, the 
assay will be expanded for the detection of both organisms and 
toxins using the same platform, eliminating the need to run a sepa-
rate assay for the detection of toxins if a harmful species is identi fi ed. 
These continuing advancements ensure that this method can be of 
bene fi t to a wide range of users, while maintaining the rapid and 
reliable detection attributes of an SPR assay.      
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    Chapter 8   

 Immobilization of Fluorescent Aptamer Biosensors 
on Magnetic Microparticles and Its Potential Application 
for Ocean Sensing       

         Po-Jung   Jimmy   Huang   ,    Imran   Khimji   , and    Juewen   Liu         

  Abstract 

 Many important analytes are present in the ocean water and primary examples include various marine 
toxins. The unique marine environment possesses an extremely high ionic strength, posing a signi fi cant 
analytical challenge for biosensor design. Protein-based enzymes and antibodies are likely to denature 
under such non-physiological conditions. Aptamers are nucleic acid-based binding molecules that can be 
obtained using a combinatorial in vitro selection technique. Since such selections are carried out in the 
absence of living cells, it is possible to obtain aptamers that work optimally under high salt conditions. 
Similarly selections in low pH and high temperatures have already been carried out. The high salt concen-
tration in marine samples may also cause signi fi cant  fl uorescence quenching, reducing the sensitivity of 
 fl uorescent aptamer sensors. We propose that this problem may be solved by immobilization of aptamer-
based biosensors on magnetic microparticles, allowing spatial separation of the target binding and the 
 fl uorescence detection steps. In this chapter, we describe a protocol for the detection of adenosine and 
ATP in high salt buffers and in human blood serum. Compared to the non-immobilized sensor, more 
consistent results with reduced interference were achieved after immobilization. Future research directions 
of using such immobilized sensors for marine detection are also discussed.  

  Key words:   Magnetic microparticles ,  DNA ,  Aptamers ,  Biosensors ,  Fluorescence ,  Real-time detec-
tion ,  Biomolecular recognition ,  Ocean sensing ,  Immobilized sensor ,  Marine detection    

 

 Traditional analytical methods for small molecule detection employ 
mass spectrometry, NMR, and various chromatographic tech-
niques. With their outstanding performance, these methods have 
established the current analytical standard. However, these instru-
ments are available only in centralized laboratories, making on-site 

  1.  Introduction
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and real-time detection dif fi cult to achieve. Biosensors are devices 
based on biomolecular recognition. Protein enzymes, antibodies, 
nucleic acids, and even whole cells can be used for target recogni-
tion. The current biosensor market is dominated by protein-based 
assays. Primary examples include enzyme-based glucose sensors 
and antibody-based pregnancy tests  (  1  ) . Ultrasensitive and selec-
tive detection of contaminants in water using biosensors has 
attracted a lot of research interests because it is highly desirable to 
obtain instant results for such applications  (  2,   3  ) . The use of bio-
sensors in various environmental water samples, such as rivers, 
lakes, and tap water, has already been demonstrated. Considering 
the extremely high ionic strength of the marine environment, 
biomolecular interactions that can occur under physiological con-
ditions may be inactivated due to probe denaturation, posing a 
signi fi cant challenge for developing biosensors for related analyti-
cal applications. Table  1  lists the comparison of three metal ion 
concentrations of tap water, Lake Ontario water, and ocean water, 
where the ocean water ionic strength is three orders of magnitude 
higher. Many important targets need to be detected in ocean water 
including toxins, pollutants as well as nutrients. For example, sax-
itoxins produced by different species of algae can cause paralytic 
shell fi sh poisoning (PSP) which is life threatening. Spirolades were 
con fi rmed to be highly toxic through mouse bioassays  (  4  ) . Other 
important targets include steroids, nitrate, pesticides, and organo-
tin compounds such as tributyltin (TBT)  (  5  ) .  

 One potential molecular biology solution to overcome the 
high ionic strength problem is to evolve functional biomolecules in 
the ocean environment and a viable approach is through aptamer 
selection. Aptamers are nucleic acid-based ligands that can bind to 
essentially any molecule of choice  (  9–  11  ) . Since aptamer selection 
does not involve living cells, rather harsh conditions can be used. 
Although no marine applications have been demonstrated yet, we 
believe that this molecular biology tool is feasible for such applica-
tions. In this chapter, we introduce aptamer selection, related 
 fl uorescent sensor design and in particular we emphasize the 

   Table 1 
  Concentrations of several common cations 
in different waters   

 Metal ions  Lake Ontario  (  6  )   Tap water  (  7  )   Ocean/seawater  (  8  )  

 Na(I)  12.6  35  10,594 

 Mg(II)   8.6  10  12,171.9 

 Ca(II)  33.8  34  396.9 

  All values are in mg/L  
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importance of sensor immobilization. As an example to simulate 
the complex marine environment, the protocol of immobilizing a 
signaling aptamer on magnetic microparticles for detecting ade-
nosine and ATP in human blood serum is described. 

  DNA aptamers are DNA-based binding molecules. For environ-
mental applications, DNA aptamers are preferred over their RNA 
counterpart for cost and stability reasons. Fluorophores and vari-
ous attachment chemistries can be applied to DNA aptamers, pop-
ularizing aptamers as a choice for biosensor development. In the 
past 20 years, DNA aptamers have been isolated to bind to metal 
ions, small molecules, proteins, and even whole cells  (  12,   13  ) . 
Many aptamer selection protocols have been reported and an 
example of a selection cycle is shown in Fig.  1 . The selection starts 
from a single-stranded (ss) DNA library, typically containing 10 14  
to 10 15  random DNA molecules. Each DNA has a randomized 
region (e.g., 20–80 nucleotides)  fl anked by constant regions for 
polymerase chain reaction (PCR) primer binding. Due to the large 
number of random strands produced, there is a high likelihood 
that a fraction of sequences exhibit binding af fi nity to the target. 
Small molecule targets are typically immobilized on a column to 
allow the retention of bound DNA. As binding af fi nity is expected 

  1.1.  DNA Aptamers

  Fig. 1.    Schematic presentation of a typical aptamer selection process for small molecule targets.       
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to depend on the external conditions, incubation should be carried 
out to mimic the expected test conditions. For example, in the case 
of marine detection, a buffer with very high salt concentration 
might be used. After a suf fi cient incubation period, unbound 
DNAs are washed away. The bound strands are then eluted and 
ampli fi ed via PCR, creating an enriched DNA pool for the next 
round of selection. Many methods exist for eluting bound DNA. 
The use of non-immobilized target for elution allows for good 
speci fi city. Subsequent rounds of selections may be carried out 
using more stringent conditions such as with a shorter incubation 
time to obtain aptamers with higher binding af fi nity. Once the 
library-binding activity stopped increasing, the DNAs are cloned 
and sequenced. Detailed protocols for aptamer selection have been 
reported a number of times in the literature and are not repeated 
here  (  14–  16  ) . This chapter focuses on the sensor design and detec-
tion part.   

  While most aptamer selections have been carried out under physi-
ological conditions, a number of examples in the literature have 
demonstrated the feasibility of DNA selection under harsher con-
ditions. For example, Li and coworkers performed a DNA selec-
tion experiment under various pH conditions ranging from 3.0 to 
7.0 to obtain RNA-cleaving DNA  (  17  ) . Active DNA sequences 
were obtained under all tested conditions and each selected DNA 
worked the best under the condition that it was selected. The selec-
tion of functional DNA at high temperature (e.g., 90 °C) was also 
reported  (  18  ) . Therefore, it should also be possible to select aptam-
ers that can work directly in the marine environment with high 
ionic strength.  

  After determination of the aptamer sequence, a signaling mecha-
nism must be engineered to complete the biosensor design. 
A diverse range of methods have already been demonstrated to 
couple the aptamer binding event to various physical signals includ-
ing color, electrochemistry, mass, and  fl uorescence  (  3,   19–  22  ) . We 
focus on  fl uorescence detection here because of its high sensitivity 
and versatility. Several commonly used designs are illustrated in 
Fig.  2  .  For the monochromophore approach (Fig.  2a ), the change 
of aptamer conformation upon target binding alters the local envi-
ronment of the attached  fl uorophore, leading to  fl uorescence 
intensity change  (  23  ) . The amount of  fl uorescence change, how-
ever, was typically less than onefold for most reported designs. For 
bischromophore approaches shown in Fig.  2b , c,  fl uorophores and 
quenchers are arranged in a manner such that aptamer binding 
induces their distance change. Increasing the distance leads to 
 fl uorescence enhancement (Fig.  2b ) and vice versa (Fig.  2c )  (  24–  27  ) . 
Unlike most of the assays that require covalent  fl uorophore label-
ing, another method to generate aptamer  fl uorescence signal is to 

  1.2.  Aptamer 
Selection Under 
Non-Physiological 
Conditions

  1.3.  Fluorescent 
Aptamer Sensors
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use DNA-binding dyes (Fig.  2d )  (  28,   29  ) . For instance, SYBR 
Green I dye is one of the commonly used stains available for detect-
ing double-stranded DNA (dsDNA). The dye is commonly used in 
real-time polymerase chain reaction (RT-PCR) for monitoring 
DNA ampli fi cation. SYBR Green I exhibits minimal  fl uorescence 
when free in solution but when bound to dsDNA, the  fl uorescence 
can increase up to 1,000-fold. If aptamer binding is accompanied 
by a change in the DNA structure, such label-free detection can be 
achieved, allowing cost-effective detection.   

  Compared to homogeneous assays, immobilized biosensors have a 
number of advantages. For example, immobilization allows for sig-
nal ampli fi cation, target enrichment, sensor regeneration, and 
long-term storage. More importantly, the complex sample matrix 
in blood serum and in ocean water may complicate detection. For 
example, serum proteins scatter light very strongly while the high 
salt concentration in ocean water is likely to quench  fl uorophores. 
Immobilization allows the separation of target recognition event 
from signal generation. Aptamer immobilization onto various sub-
strates has been reported. Materials like gold  (  13,   30,   31  ) , silica 
 (  32  ) , carbon  (  33,   34  ) , hydrogels  (  35–  38  ) , and magnetic micropar-
ticles  (  39–  43  )  are the common choices. Immobilization strategies 
can be generally classi fi ed into four different approaches: adsorption, 

  1.4.  Immobilized 
Sensors
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  Fig 2.    Rational design strategies for signaling aptamer ( a ) Monochromophore approach. 
( b ,  c ) Bischromophore approach with covalently labeled  fl uorophore-quencher pairs. The 
design in ( b ) is typically called structure-switching aptamer. ( d ) A label-free design of 
 fl uorescent sensors using DNA binding dyes. In all the  fi gures,  F  and  Q  denote for 
 fl uorophore and quencher, respectively.       
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entrapment, covalent linkage, and af fi nity binding. Adsorption is 
the simplest immobilization method since it does not require any 
nucleic acid modi fi cation. Adsorption process is based on ionic, 
hydrophobic, and Van der Waal’s forces. Entrapment of aptamers 
can be achieved in a gel matrix. Covalent linkages usually require 
functionalization of either DNA or substrate or both. Primary 
examples include the thiol-Au chemistry or the coupling between 
amino-modi fi ed DNA and carboxyl substrate to form the amide 
bond. A primary example of af fi nity binding is the biotin–avidin 
interaction, which has an extremely high binding af fi nity and 
speci fi city; stable conjugation can be achieved after a simple 
mixing.  

  Magnetic microparticles are ideal for immobilization because they 
can be conveniently manipulated using a magnet for separation 
and washing. Tagged samples can be accumulated in a smaller area 
to improve signal or detection. Signal ampli fi cation and mecha-
nisms can also be used. Commercial microparticles are available 
where a large number of DNA molecules can be immobilized to 
achieve a high surface density. Commonly used signaling methods 
for homogeneous assays shown in Fig.  2  can all be applied for 
immobilized sensors. In addition, signal ampli fi cation mechanisms 
can be introduced. Several designs reported in the literature are 
shown in Fig.  3 . We immobilized a signaling aptamer shown in 
Fig.  3a  for detecting adenosine and ATP in blood serum  (  42  ) . In 
the initial state, the particle was non fl uorescent because of the 
hybridized quencher. Addition of adenosine induced aptamer 
binding and releasing of the quencher to make the particle  fl uoresce 
green. Fig.  3b  shows a label-free approach for signal generation 
and we used this method to detect mercury ions in water  (  43  ) . 
Fig.  3c  shows a method involving signal ampli fi cation  (  44  ) . The 
target protein is designed to be sandwiched between two aptamers, 

  1.5.  Magnetic 
Microparticles 
for Immobilization

  Fig. 3.    Methods for signal generation and ampli fi cation on magnetic microparticles. All employed the biotin–avidin inter-
action for immobilization. ( a ) Bischromophore approach with quenching mechanism, ( b ) dye-staining approach, ( c ) a 
sandwiched assay system involving (RCA).       
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one of which is immobilized on a magnetic particle and the other 
contained a primer sequence shown in green. The primer can bind 
to an external template (in blue) to make it into a circular DNA in 
the presence of DNA ligase. The primer can then be extended 
using the rolling circle ampli fi cation (RCA) reaction in the pres-
ence of a DNA polymerase, allowing signal ampli fi cation upon 
addition of  fl uorophore-labeled DNA. In this chapter, we focus on 
the system shown in Fig.  3a .    

 

      1.    Dynabeads ®  M-270 Streptavidin 2.8  μ m diameter (Life 
Technologies, 653-05)      

      1.    Aptamer DNA (5  ¢  -FAM-CACTGACCTGGGGGAGTATTGC
GGAGGAAGGTTTTTT-biotin, puri fi ed by standard desalt) 
(Integrated DNA Technologies, Coralville, IA) (See Note 1)  

    2.    Quencher-labeled DNA (5  ¢  -CCCAGGTCAGTG-Iowa Black 
FQ, puri fi ed by HPLC) (Integrated DNA Technologies, 
Coralville, IA)      

      1.    Adenosine-free base ( ³ 99 %, Mandel Scienti fi c, Canada, AMR-
0325-50G)  

    2.    Cytidine (Ultra pure grade, Mandel Scienti fi c, Canada, AMR-
0182-25G)  

    3.    Guanosine (Ultra pure grade, Mandel Scienti fi c, Canada, 
AMR-0193-50G)  

    4.    Uridine (Ultra pure grade, Mandel Scienti fi c, Canada, AMR-
0975-25G)  

    5.    Adenosine 5’-monophosphate monohydrate from yeast 
( ³ 97 %, Sigma-Aldrich, A2252-5G)  

    6.    Adenosine 5’-triphosphate disodium salt, Grade II ( ³ 99 %, 
Sigma-Aldrich, A3377-1G)  

    7.    Adenosine 3 ¢ ,5 ¢ -cyclic monophosphate sodium salt monohy-
drate (Sigma-Aldrich, A6885-100MG)      

      1.    Sodium chloride ( ³ 99.5 %, Mandel Scienti fi c, Canada, AMR-
X190-1KG)  

    2.    Tris(hydroxymethyl)aminomethane (Tris) (Mandel Scienti fi c, 
Canada, AMR-0497-500G)  

    3.    4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (Mandel 
Scienti fi c, Canada, AMR-0511-1KG)  

  2.  Reagents 
and Equipment

  2.1.  Magnetic 
Microparticles

  2.2.  DNA Samples

  2.3.  Nucleosides 
and Nucleotides

  2.4.  Buffers and Salts
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    4.    4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid sodium 
salt (Mandel Scienti fi c, Canada, AMR-0485-500G)  

    5.    Ethylenediaminetetraacetic acid disodium salt dehydrate 
( ³ 99 %, Mandel Scienti fi c, Canada, AMR-0105-1KG)      

      1.    Human blood serum (100 mL, Fisher Scienti fi c, 
ICN2930249)      

      1.    MilliQ water (18.2 MΩ Millipore Milli-Q system, Billerica, 
MA )      

      1.    Microcentrifuge tubes (VWR, 10011-722)  
    2.    15 mL conical tubes (VWR, 89039-664)  
    3.    50 mL conical tubes (VWR, 89039-656)  
    4.    5 mL 12 × 75 mm polystyrene round-bottom BD Falcon tubes 

(VWR, CA60819-310)      

      1.    Perkin-Elmer LS-55  fl uorometer      

      1.    Micro-cuvette for  fl uorometer (Starna, 3-4.45/SOG/4)  
    2.    Adaptor for micro-cuvette (Starna, FCA4)      

      1.    Denver Instrument UltraBasic benchtop pH meters (Fisher 
Scienti fi c, 02-226-213)      

      1.    Analytical balance (Mettler Toledo, AL204)      

      1.    Antistatic polystyrene weighing boat (VWR, 89106-764)      

      1.    Nalgene PTFE syringe  fi lters (0.2  μ m, VWR, 28195-868)  
    2.    BD 10 mL syringe (10 mL, VWR, WLBBD309604)      

      1.    Mini-centrifuge (Fisher Scienti fi c, 05-090-100)      

      1.    BD FACS Vantage SE  fl ow cytometer      

      1.    Zetasizer nano ZS (Malvern)      

      1.    DynaMag—Spin magnet (Life Technologies, 123-20D)      

      1.    FCS Express 3 RUO Lite (De Novo software)       

  2.5.  Blood Serum

  2.6.  Water

  2.7.  Plastic Tubes

  2.8.  Fluorometer

  2.9.  Fluorometer 
Cuvette

  2.10.  pH Meter

  2.11.  Analytical 
Balance

  2.12.  Weighing Boat

  2.13.  Syringes 
and Syringe Filters

  2.14.  Mini-Centrifuge

  2.15.  Flow Cytometer

  2.16.  Zeta Potential 
Analyzer

  2.17.  Magnet

  2.18.  Software 
for FACS Data Analysis
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       1.    Weigh 23.36 g of NaCl, 0.074 g of EDTA, and 0.242 g of Tris 
and transfer it to a 250 mL PYREX bottle. Add 170 mL water 
to dissolve it.  

    2.    Add 12 M HCl drop wise using a glass Pasteur pipette and 
monitoring the pH using a pH meter.  

    3.    Stop the addition when pH reaches 7.5.  
    4.    Fill with Milli-Q water to 200 mL.  
    5.    Filter the buffer through a 0.22  μ m syringe  fi lter and store it 

at 4 °C.      

      1.    Weigh 29.79 g of HEPES-free acid and 32.54 g of HEPES salt 
in weighing boats.  

    2.    Transfer it to a 500 mL PYREX bottle and dissolve it in 500 mL 
Milli-Q water.  

    3.    Filter the solution through a 0.22  μ m syringe  fi lter and store it 
at 4 °C.      

      1.    Weigh 2.92 g of NaCl and transfer it to a 50 mL conical tube.  
    2.    Dissolve the salt in Milli-Q water.  
    3.    Filter the solution through 0.22  μ m syringe  fi lter and store 

at 4 °C.      

      1.    Transfer 30 mL of 1 M NaCl solution and 10 mL of 500 mM 
HEPES buffer, pH 7.5 to a 250 mL PYREX bottle.  

    2.    Dilute the mixture to 200 mL with Milli-Q water.  
    3.    Filter the solution through 0.22  μ m syringe  fi lter and store 

at 4 °C.      

      1.    Weigh 0.2 g of adenosine-free base and dissolve in 15 mL of 
Milli-Q water in conical tube. To fully dissolve adenosine, heat 
the solution to the boiling temperature.  

    2.    Prepare other nucleosides/nucleotides solutions in a similar 
way. Due to solubility reasons, prepare cAMP and guanosine 
stock solutions at 25 mM (see Note 2).       

      1.    Incubate 15  μ L of 1  μ M of the aptamer DNA with 30  μ L of 
1  μ M quencher-labeled DNA in 100  μ L 1× B&W buffer at 
40 °C for 10 min and gradually cool it to room temperature.  

    2.    Store the conjugated DNA in ice bath before the immobili-
zation step.      

  3.  Protocol

  3.1.  Preparing Stock 
Solutions

  3.1.1.  Preparing 200 mL 
of Binding and Washing 
(B&W) Buffer (2×), pH 7.5. 
The buffer contains 10 mM 
Tris–HCl (pH 7.5), 1 mM 
EDTA, and 2 M NaCl

  3.1.2.  Preparing 500 mL 
of 500 mM HEPES Buffers, 
pH 7.5

  3.1.3.  Preparing 50 mL 
of 1 M NaCl Solution

  3.1.4.  Preparing 200 mL 
of Buffer A (150 mM NaCl, 
25 mM HEPES)

  3.1.5.  Preparing Adenosine 
and Other Nucleosides/
Nucleotides Solution

  3.2.  DNA Hybridization
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       1.    Vortex/sonicate the stock bottle containing the magnetic 
microparticles for 1–2 min.  

    2.    Pipette 40  μ L of magnetic microparticles into a 0.7 mL micro-
centrifuge tube.  

    3.    Place the centrifuge tube on a magnetic tube holder for 2 min 
and remove the supernatant.  

    4.    Add 40  μ L 1× B&W washing buffer to resuspend the 
microparticles.  

    5.    Repeat steps 3–4 two more times and store them in 1× B&W 
buffer.      

      1.    Incubate 10  μ L of the washed magnetic microparticles with 
20  μ L of 1  μ M hybridized DNA at room temperature for 
30 min (see Note 3).  

    2.    Wash away uncoupled DNA  fi rst with 30  μ L 1× B&W twice 
followed by using 30  μ L buffer A twice.  

    3.    Resuspend the immobilized aptamer sensor in 10  μ L buffer A.       

      1.    Dilute the hybridized DNA from Sect.  3.2  in buffer A to a  fi nal 
aptamer DNA concentration of 10 nM and quencher-labeled 
DNA of 20 nM to a  fi nal volume of 400  μ L.  

    2.    Transfer the solution to a quartz micro-cuvette.  
    3.    Measure the  fl uorescence spectrum with a  fl uorometer using 

490 nm excitation and collect emission from 500 to 600 nm.  
    4.    Add 10 mM adenosine and repeat the  fl uorescence measure-

ment again after 5 min.  
    5.    To detect in serum, include 30 % human blood serum in the 

sample and follow the same procedures.      

       1.    Prepare 49  μ L of various concentrations of adenosine in buffer 
A or serum.  

    2.    Add 1  μ L of immobilized aptamer sensor into the adenosine 
solutions and incubate it for 20 min.  

    3.    Dilute each sample to 300  μ L with buffer A for  fl ow cytometry 
analysis.       

      1.    Dilute 1  μ L of unmodi fi ed magnetic microparticles into 
300  μ L buffer and transfer it to BD Falcon tube. This refer-
ence sample is used to de fi ne the gate for sample analysis.  

    2.    During the live analysis, a boundary of the magnetic micropar-
ticles population in the forward (FSC)/side (SSC) scatter plot 
is drew. Only the events that fall within the boundary are 
counted. At least 20,000 events are counted for each sample.  

    3.    The data collected can then be further analyzed with FCS 
Express software.       

  3.3.  Preparing 
Magnetic 
Microparticles

  3.3.1.  Washing Stock 
Magnetic Microparticles 
to Remove Preservatives

  3.3.2.  Sensor 
Immobilization

  3.4.  Adenosine 
Detection Using 
the Non-Immobilized 
Sensor

  3.5.  Adenosine 
Detection Using 
the Immobilized 
Sensor

  3.5.1.  Immobilized 
Aptamer Sensor 
for Adenosine Detection

  3.6.  Flow Cytometry 
Analysis
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  The sensor is prepared by hybridizing the quencher-labeled DNA 
with the aptamer, resulting in an initially quenched  fl uorescence. 
Addition of adenosine induces a conformational change in the 
aptamer to allow target binding, resulting in the release of the 
quencher-labeled DNA and causing the  fl uorescence signal to 
increase. In the presence of 10 mM adenosine in buffer, the sensor 
can produce ~ 20-fold  fl uorescence enhancement (Fig.  4a ). 
However, the  fl uorescence is largely obscured in 30 % serum with 
same concentration of the sensor and adenosine (Fig.  4b ). In this 
case, the  fl uorescence enhancement is less than onefold due to the 
strong light scattering effect of serum proteins. With 80 % serum, 
 fl uorescence enhancement could barely be observed (data not 
shown).   

  It appears that optical interference is unavoidable for direct 
detection of  fl uorescence in concentrated serum. We reason that 
if the target recognition and detection steps can be separated, 
high sensitivity can still be achieved. This goal can be achieved 
after immobilizing the sensor DNA on magnetic microparticles. 

  4.  Typical Protocol 
Results

  4.1.  Non-Immobilized 
Sensor Response

  4.2.  Detecting 
Adenosine Using 
Immobilized Sensor

  Fig. 4.    Fluorescence spectra of the non-immobilized sensor in ( a ) buffer and ( b ) 30 % serum and  fl ow cytometry histograms 
of the immobilized sensor in ( c ) 150 mM NaCl, 25 mM HEPES buffer and ( d ) 30 % serum. Copyright 2010 American 
Chemical Society. Reproduced from [Huang P. et al., 2010] with permission from American Chemical Society.       
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Flow cytometry analyzes particle  fl uorescence one-by-one in a 
 capillary and is ideal for such applications. First, detection in buffer 
is carried out (Fig.  4c ). The  x -axis is the FAM  fl uorescence inten-
sity and the  y -axis is the number of particles. In buffer A, unmodi fi ed 
magnetic microparticles have an average  fl uorescence of ~2 (black 
curve). After adding the FAM-labeled aptamer DNA, the peak 
shifts to ~110 (red curve). With the quencher-labeled DNA, the 
 fl uorescence shifts back to ~8 (blue curve). The result corresponds 
to a 14-fold  fl uorescence difference. In the presence of 10 mM 
adenosine, the  fl uorescence signal is almost fully recovered (green 
curve). Similar degrees of  fl uorescence enhancement are achieved 
in the serum samples (Fig.  4d ). 

 This improvement is attributed to two factors. First, adenosine 
binding to the DNA aptamer was carried out in a concentrated 
serum to release the quencher-labeled DNA. At this moment, the 
signal is already on the particle surface. Next the sample was diluted 
by buffer A and quickly analyzed using a  fl ow cytometer. Although 
the target analyte concentration is also diluted, detection is  fi nished 
before the quencher-labeled DNA can be rehybridized with the 
aptamer on the particle surface. Second, the detection happens in 
a small glass capillary with a diameter of 70  μ m. This light path 
length is signi fi cantly reduced compared to that of 4 mm for the 
cuvette, further reducing the protein scattering effect.  

  For practical applications, the effect of ionic strength on sensor 
performance needs to be studied. For example, marine water sam-
ples contain more than 1 M salt. Since DNA is polyanion, the per-
formance of such sensors is likely to be affected by salt. Here we 
compare the free and immobilized sensor as a function of NaCl 
concentration. The buffer contained 25 mM HEPES, pH 7.6, 
with which varying concentrations of NaCl were tested (25 mM to 
1 M). For the non-immobilized sensor, the assays are performed in 
a cuvette with a  fl ourometer (Fig.  5a ). There is a clear trend that 
 fl uorescence signal was inhibited by the presence of high salt con-
centration. With 1 M NaCl, the signal decreased by ~70 % com-
pared to the signal in 25 mM NaCl. On the other hand, the  fl ow 
cytometry data shows a much less pronounced salt-dependent 
response for the immobilized sensor (Fig.  5b ). In the range of 
25–300 mM NaCl, the average  fl uorescence stayed at ~50 in the 
presence of 2 mM adenosine. The background signal in the absence 
of adenosine is more stable across the 1 M salt range tested. This 
study shows that such immobilized sensors can potentially be used 
even in the marine environment.  

 We attribute such a salt-independent performance of the 
immobilized sensor to the effect of charged surface. DNA immo-
bilization results in a highly negatively charged surface that can 
attract counter ions (e.g., Na + ). This ability is reduced in high salt 
due to surface potential drop. Therefore, the overall effect is 

  4.3.  Effect of Salt
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 relatively more cation accumulation at low salt and less accumula-
tion at high salt.  

  With the optimized conditions, the sensitivity and selectivity of the 
sensor in buffer A is examined. The  fl ow cytometry histograms of 
the sensor in the presence of varying concentrations of adenosine 
are presented in Fig.  6a . A gradual shift in the peak  fl uorescence 
can be clearly observed. If the average  fl uorescence in Fig.  6a  is 
plotted against adenosine concentration, an overall sigmoid-shaped 
curve is obtained with a slow signal increase at low target concen-
trations followed by a sharp rise at high concentrations (Fig.  6b ). 
Based on the 3  σ  /slope calculation, the low concentration region 
can be  fi t to a linear response (inset) with a detection limit of 
178  μ M. Various nucleosides (10 mM) are prepared to test the 
selectivity of the immobilized sensor. As shown in Fig.  6c , the 
 fl uorescence peak of the uridine, cytidine, and guanosine samples 
remain at the same position as the untreated sensor. The result 
indicated that the high sensitivity of the aptamer was not altered 
because of the immobilization step. Adenosine analogues like ATP, 
AMP, and cAMP were also tested (Fig.  6d ). The sensor is also sen-
sitive to these compounds but with slightly lower responses, which 
is consistent with literature reports  (  45  ) .   

  For quantitative analysis of adenosine in serum, samples with 30 % 
serum are spiked with varying concentrations of adenosine (see 
Note 4). Flow cytometry analysis shows the  fl uorescence signal 
increased with increasing adenosine (Fig.  7a ). The detection limit 
of 167  μ M is estimated, which is relatively close to the value 
obtained in buffer A. High selectivity of the immobilized aptamer 
in serum shown in Fig.  7b  also indicated that serum did not com-
promise the target recognition property of the sensor. Therefore, 
combining immobilization and  fl ow cytometry makes it possible to 
achieve sensitive detection even in very complex sample matrix.    

  4.4.  Performance 
of the Immobilized 
Sensor in Buffer

  4.5.  Performance 
of the Immobilized 
Sensor in Serum

  Fig. 5.    Fluorescence signals of ( a ) non-immobilized and ( b ) immobilized sensor with increasing NaCl concentrations. 
In both plots, the sensor signals before and 20 min after addition of 2 mM adenosine were compared. Copyright 2010 
American Chemical Society. Reproduced from [Huang P. et al., 2010] with permission from American Chemical Society.       
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  Fig. 6.    ( a ) Flow cytometry histograms of the sensor in the presence of varying concentrations of adenosine. ( b ) Sensitivity 
and ( c ,  d ) selectivity of the immobilized adenosine sensor in buffer are also shown. In panels ( c ) and ( d ), 10 mM adenosine, 
adenosine analogues, or other nucleosides were used. Copyright 2010 American Chemical Society. Reproduced from 
[Huang P. et al., 2010] with permission from American Chemical Society.       

  Fig. 7.    ( a ) Sensitivity and ( b ) selectivity of the immobilized adenosine sensor in 30 % serum. Flow cytometry histograms of 
the sensor response to varying concentrations of adenosine in ( c ) 90 % serum and ( d ) 90 % serum after centrifugation to 
remove aggregated proteins in serum are also shown. Panel ( c ) shares the  fi gure legend shown in panel ( d ), and the  inset  
in panel ( c ) highlights the magnetic microparticles population. Copyright 2010 American Chemical Society. Reproduced 
from [Huang P. et al., 2010] with permission from American Chemical Society.       
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     1. For sensor immobilization,  fi ve thymine nucleotides are intro-
duced as a spacer between the biotin and the aptamer to mini-
mize possible effects of surface immobilization on aptamer 
binding. Such spacers are typically used to separate the target 
recognition part from the surfaces.  

    2 . Adenosine, guanosine, and cAMP are dif fi cult to dissolve. The 
samples need to be heated to boiling temperature. Adenosine at 
50 mM can remain dissolved for ~30 min while the other two 
recrystallize in a few minutes even with just 25 mM. After several 
times of heating, some white powders start to show up on the 
cap region. When this happens, it is recommended to prepare 
new samples to avoid errors in concentration determination.  

   3. It is important to estimate the DNA coverage on magnetic 
microparticles. For this purpose, mix a  fi xed amount of the 
FAM and biotinylated DNA (e.g., 16.5 pmol) with various 
amounts of particles. After 30 min incubation, supernatant 
 fl uorescence is measured. The  fl uorescence signal of the super-
natant decrease with increasing amounts of particles. It is deter-
mined that 1  μ L of magnetic microparticles (~6.5 × 10 5  particles) 
can take 1.31 ± 0.19 pmol DNA. The average number of DNA 
on each particle is thus 1.2 × 10 6 . The experimental value is 
comparable to the value provided by the vendor (~1.8 × 10 6 ).  

   4. For  fl ow cytometry experiments performed in the presence of 
human blood serum, we noticed that peak broadening some-
times occurred. This is attributed to the increased viscosity of 
the  fl ow sample, which decreased particle  fl ow rate in serum to 
produce a broader peak in the histogram.     

 

 In this chapter, we describe a protocol for immobilizing a  fl uorescent 
biosensor for adenosine and ATP detection on magnetic micropar-
ticles. High quality streptavidin-coated magnetic microparticles 
are commercially available, allowing for convenient attachment of 
biotinylated DNA. We  fi nd the following advantages for sensor 
immobilization. First, the target recognition and detection steps 
can be carried out independently, allowing detection even in con-
centrated human blood serum samples. Second, immobilization 
allows signal ampli fi cation. This has not been directly demonstrated 
in the current example, but in a related work, we have shown that 
by using a larger sample volume, sensitivity can be increased  (  43  ) . 

  5.  Notes

  6.  Future 
Directions
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Other signal ampli fi cation mechanisms can also be found in the 
literature. Third, quite unexpectedly, we  fi nd that the immobilized 
sensor is less salt dependent. While both non-immobilized and 
immobilized sensors work even in 1 M NaCl, which is close to the 
salt concentration in the ocean water, the immobilized sensor per-
formance is more consistent from low to high salt. 

 This work demonstrates that by combining aptamer sensor 
with magnetic microparticles, it is possible to achieve detection in 
complex sample matrixes. Future work will be focused on the fol-
lowing several aspects. First, aptamer selection work needs to be 
performed in buffers mimicking the marine environment for related 
targets such as the various marine toxins. Since aptamers are poly-
anions, their binding properties are likely to be affected by ionic 
strength. Selections carried out in ocean water conditions will likely 
generate aptamers that show optimal detection for practical marine 
applications. To demonstrate real applications of aptamers, sensors 
need to be able to detect several important targets at analytically 
relevant concentrations. 

 The current detection method relies on  fl ow cytometry. While 
portable  fl ow cytometers are being developed, alternative means of 
detection is desirable. For example, visual detection does not 
require any analytical instrument and is thus an important direc-
tion. This requires a relatively high DNA concentration of ~1  μ M, 
which might be dif fi cult to achieve for surface immobilized sen-
sors. Therefore, three-dimensional immobilization is needed to 
achieve a higher sensor loading capacity. For example, we recently 
reported the use of hydrogel for visual detection of mercury and 
lead ions in water  (  38,   46  ) . Incorporation of magnetic nanoparti-
cles into hydrogels may achieve both magnetic separation and high 
loading capacity. 

 The current sensor has a relatively low sensitivity. For example, 
the adenosine aptamer has a dissociation constant of ~10  μ M, but 
the immobilized sensor has a detection limit close to 200  μ M. 
While the concentration of ATP is in the millimolar range inside a 
cell and this sensor is still useful for cellular analysis, detection in 
marine samples is likely to require much better sensitivity. Novel 
sensor design methods need to be developed to increase 
sensitivity.      
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    Chapter 9   

 Functional Gene Arrays for Analysis of Microbial 
Communities on Ocean Platform       

         Katelyn   M.   McKindles    and    Sonia M.     Tiquia-Arashiro         

  Abstract 

 Recently there has been an increased use of microarray technology as a tool to determine the presence 
of functional genes in a population of hard to culture communities (e.g., soil, extreme environments). 
A functional gene array (FGA), or GeoChip, uses probes to screen for speci fi c functional genes vital in 
biological systems such as nitrogen and carbon cycling, and has even been expanded to include aquatic 
conditions. However, the time delay from when the sample is taken from the ocean to evaluating the test 
results back in the lab still posed a problem. The Environmental Sample Processor (ESP) minimizes this 
time difference by housing a robotic system placed in the ocean for a long period of time that can collect 
a small sample, concentrate the DNA, run a microarray, and take a picture of the array before sending the 
data ashore to be evaluated by a researcher. The included protocol and reagents list goes through both lab 
microarray procedures as well as the procedures list for the ESP, which brie fl y mentions deployment and 
data acquisition. The protocols described here should advance applications in microbial oceanography 
using robotic instrumentation.  

  Key words:   Autonomous platform ,  Functional gene array ,  Environmental sample processor , 
 Microarray ,  Hybridization ,  Genosensor ,  DNA ,  GeoChip ,  Oligonucleotide ,  Biogeochemical cycling 
genes    

 

 Over the past decade, environmental scientists have been casting a 
wider net in their attempts to understand complex environmental 
processes on a molecular scale. Microarray technology is used in 
gene expression studies of individual microorganisms     (  1–  4  ) , and 
has more recently been used to understand how genes are impor-
tant regulators of earth-scale processes as carbon and nitrogen 
cycling  (  5,   6  ) . DNA microarrays show great promise as a revolu-
tionary tool for large-scale parallel analysis of microbial community 
structure and activities  (  5,   7–  9  ) . 

  1.  Introduction
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 Different types of microarrays have been developed to monitor 
microbial community dynamics in environmental studies (Table  1 ) 
 (  10  ) , including functional gene arrays (FGAs) or GeoChip  (  5–  7, 
  10–  15  ) , community genome arrays (CGA)  (  16,   17  ) , and phyloge-
netic oligonucleotide arrays (POAs)  (  10  ) . FGA is a gene microarray 
chip designed to identify “functional genes” involved in important 
nutrient cycles. It allows the identi fi cation of genes in an environ-
mental sample that regulate carbon  fi xation, decomposition, and 
atmospheric nitrogen  fi xation, to name a few. Understanding what 
functional genes are available in a system allows scientists to both 
understand the potential of that system for cycling nutrients and 
better predict how that system will respond to environmental change. 
Imagine a glass  fl oor divided into hundreds of identical squares. 
Each of these squares contains a different fragment of DNA, recon-
structed from known DNA sequences. To probe an environmental 
sample for speci fi c DNA sequences, the samples are hybridized over 
the  fl oor. Fragments of DNA will stick to their complementary 
sequence on the  fl oor, causing a square to light up. The array can be 

   Table 1 
  Major differences of various types of microarrays for environmental studies  (  10  )    

 CGAs 
 PCR-product-
based FGAs 

 Oligonucleotides-
based FGAs  POAs 

 Probe size  Entire genomic 
DNAs 

 Individual 
functional genes 
(200–1,000 bp) 

 Individual 
functional genes 
(50–70 bp) 

 Ribosomal rRNA 
(18–25 bp) 

 Types of informa-
tion provided 

 Phylogenetic  Functional  Functional  Phylogenetic 

 Construction of 
comprehensive 
arrays 

 More dif fi cult  More dif fi cult  Easier  Intermediate 

 Reagent handling 
and tracking 

 Intermediate  More dif fi cult  Easier  Easier 

 Targeted 
microorganisms 

 Culturable  Culturable and 
non-culturable 

 Culturable and 
non-culturable 

 Culturable and 
non-culturable 

 Speci fi city  Species  <80–85 % 
sequence 
homology 

 <86–90 % 
sequence 
homology 

 Single nucleotide 
difference 

 Sensitivity (ng of 
pure genomic 
DNA) 

 ~0.2  ~1  ~8  Undetermined 

 Quantitation  Yes  Yes  Yes  Unknown 

 Taxonomic 
resolution 

 Genus–species  Genus–species  Species–strains  Species–strains 
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read by identifying  fl uorescently lit spots where environmental DNA 
has attached. This information is then used to develop a picture of 
the functional genes present in that system  (  9  ) .  

 In Antarctica, FGA has already been used to answer important 
ecological questions  (  18  ) . For example, scientists are  fi nding that 
genes for nitrogen  fi xation, the crucial ecosystem process that pro-
duces plant-useable nitrogen in the soil, occur in lichen-rich areas. 
Lichens are believed to be among the earliest land colonizers, and 
the ability of lichen-dominated systems to add nitrogen to the soil 
may be an important  fi nding in reconstructing the early coloniza-
tion of terrestrial systems. Other  fi ndings include carbon- fi xation 
genes in plots that lack vegetation, indicating microbial communi-
ties that are able to perform some sort of photosynthesis in the 
absence of plants  (  18  ) . 

 In two more recent studies, FGA technology was used in aquatic 
conditions, speci fi cally in acid mine drainage (AMD)  (  15  )  and the 
hydrothermal vent at the Juan de Fuca Ridge  (  14  ) . While both of 
these microbial communities have been thoroughly studied in the 
past, very little was understood about their functional gene and 
physiological diversity. The use of GeoChip 2.0 when studying the 
microbial community of an AMD found that almost all major meta-
bolic processes could be found in this ecosystem, including carbon 
and nitrogen  fi xation, carbon degradation, methane metabolism, 
ammoni fi cation, and more  (  15  ) . Similarly, GeoChip was used to 
study the community housed in the chemical and thermal gradients 
of a vent chimney at the Juan de Fuca Ridge  (  14  ) , through which it 
was discovered and reaf fi rmed that high-throughput microarray 
technology has a great potential in understanding ecosystem 
dynamics. In the hydrothermal vent study, GeoChip revealed the 
presence of functional communities involved in CO 2   fi xation, meth-
ane cycling, nitrogen cycling, and metal resistance  (  14  ) . Unfortu-
nately, there is one limitation of this method of research, and that is 
that DNA-based GeoChip analysis can only detect the functional 
potential of a community, not the speci fi c population  (  15  ) . 

 The Environmental Sample Processor (ESP) (Figs.  1a , b and  2 ) 
takes FGA technology in the ocean one step further by making it 
an almost fully automatic system. The ESP is a relatively new tech-
nology which enables scientists to analyze the microorganisms of 
the ocean in an almost real-time situation by remotely collecting 
samples from the oceans subsurface, administering reagents as 
needed for a selected few processes such as probe arrays, and col-
lecting data to be sent as images to be processed ashore via radio 
mooring  (  19  )  (Figs.  3  and  4 ). This instrument has a uniform meth-
odology, which makes it ideal in detecting a variety of targets using 
one system, and consists of three major sections:  (  1  )  the core 
sample processor (Fig.  5a ),  (  2  )  the sampling modules, and  (  3  )  the 
analytical modules  (  20  ) . The system uses a rotating carousel to 
house the sample chambers or “pucks,” (Fig.  5b ) which contain 
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  Fig. 1.    ( a ) 2 G ESP without pressure housing, showing pucks at bottom of clear plastic carousel tubes ( lower center  ) and 
several reagent bags ( lower right  ). ( b ) Field deployment of 2 G ESP contained in pressure housing and mounted with two 
battery packs ( orange boxes  )  (  64  ).        

  Fig. 2.    The second-generation Environmental Sample Processor (2 G ESP) being tested in a seawater tank ahead of deploy-
ment in Monterey Bay. The instrument is moored subsurface and an electromechanical cable provides for communications 
between a remote  station and the ESP’s surface buoy. An integral conductivity-temperature depth (CTD) package is visible 
at left. The ESP operates on 12-V rechargeable batteries (at bottom, above the anchor).  Photo credit: Todd Walsh, Monterey 
Bay Aquarium Research Institute   (  19  ).        

 

 

smtiquia@umich.edu



1739 Functional Gene Arrays for Analysis of Microbial Communities…

 fi lter media and probe arrays, but utilize robotic mechanisms to 
load the pucks into their proper processing positions after the ESP 
has collected a sample  (  21  ) . The samples are run through the sand-
wich hybridization assay (SHA) format, which detects 16S rRNAs 
indicative of phylogenetically distinct groups of marine bacterio-
plankton  (  22  )  (Fig.  6 ), a variety of invertebrates, and harmful algal 
species  (  23  ) . In addition to collecting the samples, the ESP houses 
chemical and physical sensors which enable the samples to be eval-
uated in respect to the environmental conditions  (  23  ) .       

 The technology originated as a means to study the emergence 
of harmful algal blooms (HABs)  (  24,   25  ) , but has since included 
the detection of marine bacterioplankton  (  22  ) . The HABs produce 
a toxin that severely disrupts both the ecosystem and the surrounding 
human population, a problem which demands further research. 
The use of the ESP in the ocean allowed for periodic sampling of 
the water during near real-time intervals which enabled researchers 
to  fi nd trends in phytoplankton abundances  (  24  ) . Later deployments 

  Fig. 3.    Schematic diagram of the  fl uid path within the ESP instrument for sample collection and array processing. Seawater 
is brought into the instrument and  fi ltered through a puck until the speci fi ed volume is reached or until the  fi lter clogged. 
( a ) The collection syringe presents various reagents to the particulates collected on the  fi lter in the puck, resulting in cell 
lysis followed by dilution of the lysate. ( b ) The diluted lysate is passed to the processing syringe. The processing syringe 
delivers the lysate to a puck containing an array; then after incubation cleared to waste. The process is repeated for sub-
sequent reagents. ( c ) The array is positioned under CCD camera and photographed. ( d ) The resulting image  fi le is sent 
ashore via surface radio mooring. ( e ) Black circles represent valves that make connections between the syringes and puck, 
reagents, air or waste  (  22  ).        
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of the ESP con fi rmed the hypothesis that environmental conditions, 
such as the strength of upwelling (a wind driven motion which 
greatly enhances nutrient supply to the surface of the ocean) and 
associated patterns in strati fi cation effected the HAB species com-
position.  Alexandrium catenella , a motile dino fl agellate, is favored 
by relatively strong strati fi cation while  Pseudonitzschia  is favored 
by a strong upwelling pulse  (  25  ) . The main goal of both of these 
studies was to be able to determine either the cause or any trends 
in HABs in order to effectively and ef fi ciently monitor and predict 
their occurrence  (  25  ) . The study done by Preston et al.  (  22  )  had a 
slightly different goal in mind to report the  fi rst in situ DNA probe-
based detection of marine bacterioplankton. This study discusses 
the ability of the ESP to become a diverse detection tool, as well as 
the limitations of the system, such as its inability to detect low copy 
number targets. No matter what the target microbe the ESP has 

  Fig. 4.    Vision of the components of an ocean-observing system, including cabled observatories, autonomous underwater 
vehicles, gliders, buoys, moorings, satellites, and a traditional observing platform (research vessel)  (  19  ).        
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been programmed to detect, this tool has such potential in real-world 
and autonomous applications. 

 The following sets of protocols are intended to serve as a basic 
introduction to microarray construction and the steps required in 
microarray experimental design. There are four fundamental steps 
required in oligonucleotide-based FGA construction and experi-
mentation: (1) FGA microarray construction, (2) Labeling and 
quantitation of labeled DNA, (3) Hybridization, and (4) Image 
processing and data analysis. The schematic diagram for these steps 
is illustrated in Fig.  7 . It is our hope that the methods presented 
here will serve as an initial and useful tool to study the functional 
gene pro fi les of microbes the ocean.   

  Fig. 5.    SolidWorks ®  models showing: ( a ) the core ESP with a micro fl uidic block (MFB) and polymerase chain reaction 
module attached on the right-hand side, ( b ) different types of pucks used for processing samples, and ( c ) the sample-
collection station clamp in the closed position holding a sample puck. Puck assemblies are specially designed for different 
operations. In ( b ), the pucks shown are designed for collecting and homogenizing large-volume samples ( top left  ), archiving 
material for microscopy ( top right  ), and developing probe arrays printed on 12-mm or 25-mm membranes ( bottom left  and 
 right , respectively). All pucks conform to the same overall size and shape so that robotic systems used to move and utilize 
the pucks can be standardized against a constant form factor. ESP with MFB is ~0.5-m diameter and ~1-m tall. A puck is 
~30-mm diameter × 17-mm tall  (  20  ).        
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  Fig. 6.    In situ detection of marine bacterioplankton using ESP DNA probe arrays during a spring  fi eld deployment. The ESP 
was moored in Monterey Bay, California, 17 May to 11 June 2007. Top four graphs show physical and chemical data 
 collected by contextual sensors on the ESP mooring during the deployment. The bottom images shows DNA probe arrays 
targeting rRNA indicative of various groups of marine bacterioplankton. Sample volume is shown underneath the array. 
The arrays shown are 15 mm × 15 mm  (  20  ).        

  Fig. 7.    The design pipeline for FGA construction  (  11  ).        
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      50 % D MSO printing buffer  
  0.1 % SDS buffer     

     Aminosilane-coated glass slides (SuperAmine) (Telechem # SMA)  
  384-Well Printing Plate and lid  
  Orbital Shaker  
  Centrifuge with rotor for microtitre plates  
  Array Printer (PixSys 5500) (Cartesian Technologies, Irvine, CA)  
  200–500  m m spaced split pins  
  Slide box  
  GS Gene Linker ®  UV ChamberOligonucleotide probes     

     Genbank, EMBL, or Swiss Prot  
  UniGene (UniGene Laboratories, Boonton, NJ)  
  PRIMEGENS (Digital Biology Laboratory, University of Missouri-

Columbia) Primer 3 (Whitehead Institute for Biomedical 
Research, Cambridge, MA), or Web Primer (Stanford 
University, Stanford, CA)  

  OligoArray (University of Michigan, Ann Arbor), Array Designer 
(PREMIER Biosoft, Palo Alto, CA), or Sarani (Strand 
Genomics, Burlingame, CA)      

     Temliphi ampli fi cation kit  
  PicoGreen (Quant-iT™ PicoGreen ®  dsDNA kit; Invitrogen, 

Carlsbad, CA)     

      1 mM Cy3 or Cy5 dCTP (Amersham Pharmacia Biotech 
#PA55021)  
  RNase- and DNase-free water (Ambion, Inc. # 9934)  
  750 ng  m L −1  random octamer primers (Invitrogen # Y01393)  
  5 mM dATP, dTTP, dGTP, and 2.5 mM dCTP (Biopioneer Inc., 

San Diego, CA)  
  40 U  m L −1  Klenow fragment (Invitrogen # Y01396)  
  20 pmol PCR primers  
  25 mM dATP, dCTP, dGTP, and 15 mM dTTP (New England 

Biolabs)  
  10 mM aminoallyl-dUTP (Sigma, St. Louis, MO)  
   Taq  DNA polymerase  

  2.  Reagents 
and Equipment

  2.1.  Oligo Microarray 
Fabrication

  2.1.1.  Reagents

  2.1.2.  Equipment 
and Materials

  2.1.3.  Software and 
Web-Based Resources

  2.2.  Target Preparation

  2.3.  Labeling 
and Quantitation 
of Target DNA

  2.3.1.  Reagents
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  0.1 M carbonate buffer (pH 9.0)  
   N -Hydroxy Succinimide esters Cy3 or Cy5 (NHS-Cy3 or Cy5; 

Amersham Pharmacia Biotech, Piscataway, NJ)  
  100 mM NaOAC     

     QIAquick columns (Qiagen, Valencia, CA )  
  Speed-vac (e.g., SPD 1010 SpeedVac system; Thermo Savant 

Waltham, MA)  
  Spectrophotomer (NanoDrop TM  ND-1000 spectrophotomer; 

Nanodrop Technologies, Wilmington, DE)      

      Hybridization solution: RNase-free water, formamide, 20× saline 
sodium citrate (SSC) solution, 5 % SDS buffer, Herring sperm 
DNA  

  SSC solution  
  0.2 % SDS buffer     

     Hybridization chamber (product number 2551; Corning, Lowell, 
MA)  

  Hybridization oven (e.g., PersonalHyb Hybridization oven; 
Strategene, La Jolla, CA)  

  Array coverslip (Structure Probe, West Chester, PA)  
  Centrifuge with rotor for microtitre plates      

      Fluorescence reader (e.g., FLUOstar OPTIMA; BMG Labtech, 
Durham, BC)     

      1.    ScanArray 5000 System (GSI Lumonics, Watertown, MA).  
    2.    ArrayStat TM  (Imaging Research, Inc., Ontario, Canada).  
    3.    Imagene (BioDiscovery, El Segundo, CA), GenPix Pro (Axon 

Instruments, Union City, CA), Array Pro (Media Cybernetic, 
Carlsbad, CA), Quant Array (Packard Biosciences, Boston, 
MA), or TIGR Spot Finder (The Institute of Genomic Research 
TIGR, Rockville, MD).       

      Signal probe cocktail in 2 M guanidinium thiocyanate (GuSCN) 
signal buffer  

  Anti-Dig HRP (Pierce; Rockford, IL)  
  Stabilized diluent blocker (1 mL) (Pierce)  
  Substrate (Pierce SuperSignal West Femto Maximum Sensitivity 

Substrate: Stable Peroxidase Buffer and Luminol/Enhancer 
Solution mixed 1:1 before delivery to the array)     

  2.3.2.  Equipment 
and Materials

  2.4.  Hybridization

  2.4.1.  Reagents

  2.4.2.  Equipment 
and Materials

  2.5.  Image Processing 
and Data Analysis

  2.5.1.  Equipment

  2.5.2.  Software

  2.6.  Environmental 
Sample Processor

  2.6.1.  Reagents
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     First- or Second-Generation ESP.  
  5- m m pore size hydrophilic Durapore backing  fi lter (Millipore).  
  Charge-coupled device (CCD) camera (1G ESP: Santa Barbara 

Instruments model ST-8EI [Santa Barbara, CA, USA] with a 
Fujinon [Japan] HF35A-2M1 lens; 2G ESP: Starlight Xpress 
model SXV-H9 [England] with a Fujinon model HF16HA-1B 
lens).  

  V++ Precision Digital Imaging System, v. 4.0 (Digital Optics, 
Auckland, NZ).      

     Pipettes (with appropriate tips)  
  0.1 ml PCR tubes  
  1.8 mL microcentrifuge tubes  
  Laminar  fl ow hood or PCR workstation hood (e.g., AirClean 600 

PCR Workstation, AirClean Systems, Raleigh, NC)  
  Thermocycler  
  Water bath  
  Heating block  
  Gel electrophoresis unit (with appropriate agarose, buffers, and 

staining supplies)  
  Ice bucket  
  Nuclease-free or PCR quality water  
  MilliQ water  
  Coplin jars or similar container  
  Diamond pen  
  Slide rack      

 

   The 50-mer FGAs can be constructed with the probes from 
sequences recovered from a variety of environments to represent 
the known microbial population diversity involved in the biogeo-
chemical processes of interest. Sequences can be retrieved from 
public databases such as GenBank, EMBL, and SwissProt. However, 
these databases contain redundant sequences and it can be dif fi cult 
to retrieve all sequences of interest. It might be better to retrieve 
sequences from the UniGene database (  http://www.ncbi.nlm.nih.
gov/UniGene/query_tips.html    ). This database is a collection of 
unique GenBank sequences grouped by organism and gene, and 
gives all sequences in one entry with links to the GenBank 
entries. 

  2.6.2.  Equipment 
and Materials

  2.7.  General 
Laboratory Supplies 
and Equipment 
Required

  3.  Protocol

  3.1.  Oligo Microarray 
Fabrication

  3.1.1.  Oligo Design
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 Alternatively, sequence retrieval can be carried out using the 
GeoChip design pipeline  (  11  ) . The whole pipeline runs on a Web-
based Common Gateway Interface (CGI) server and the scripts are 
written in Perl (Fig.  8 ). For each functional gene, a query of words 
is  fi rst submitted to GenBank Protein Database to fetch all candi-
date amino acid sequences. All candidate sequences for each func-
tional gene are retrieved by key words and con fi rmed by HMMER 
2.3.2. (Ashburn, VA, USA)  (  26  ) , with seed sequences. In addition, 
all con fi rmed protein sequences are used to obtain the nucleic acid 
sequences from GenBank for probe design. A new version of 
CommOligo 2.0 with group-speci fi c probe design features is used 
to design 50-mer oligonucleotide probes (both gene-speci fi c and 
group-speci fi c) using the same criteria as described for GeoChip 
2.0  (  13  ) . After the speci fi city of all designed probes is computa-
tionally checked with currently available databases (GenBank), the 
best probe for each sequence or each group of sequences is selected 
to synthesize for GeoChip 3.0 construction. Because all seed 
sequences and key words are stored in databases, automatic updates 
can be performed in the future (see Note 1).  

 To design 50-mer oligonucleotide probes, oligo design soft-
ware such as PRIMEGENS (  http://compbio.ornl.gov/structure/
primegens/    ), Primer 3 (  http://www.bioinformatics.nl/cgi-bin/

  Fig. 8.    Schematic diagram of microarray construction and experiments.       
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primer3plus/primer3plus.cgi    ), and Web Primer (  http://genome-
www2.stanford.edu/cgi-bin/SGD/web-primer    ) can be used. These 
online programs have been used primarily for primer design but they 
can also be used to design oligo probes. The PRIMEGENS program 
has been used to design gene-speci fi c primers for whole genome 
cDNA microarrays  (  27  ) , and oligo probes for FGAs. The software 
initially compares each gene sequence against the entire sequence 
database using BLAST, and produces an alignment with the other 
sequences that have more than the desired threshold sequence simi-
larity (e.g., 85 %) using dynamic programming. Based on the global 
optimal alignments, segments of 50 bp oligonucleotides with less 
than the threshold identity to the corresponding aligned regions of 
any of BLAST hit sequences are selected as potential probes. Among 
these identi fi ed potential probes, a  fi nal probe is selected by consider-
ing the GC content, melting temperature, and self-complementarity. 
Outputs of the designed probes are imported into Excel and a pivot 
table is constructed containing the sequence information of each 
probe. There are several free and commercial software packages for 
designing oligonucleotides. OligoArray  (  28  )  is a free software that 
designs gene-speci fi c oligonucleotides for genome-scale microarray 
construction. Array Designer (Biosoft International, Palo Alto, CA) 
and Sarani (Strand Genomics, Burlingame, CA), are commercial 
softwares for automatic large-scale design of optimal oligonucleotide 
probes for microarray experiments. Thousands of gene sequences 
can be analyzed together, and the best available oligonucleotide 
probes with uniform thermodynamic properties and minimal similar-
ity to nonspeci fi c genes can be selected using these software. 

 Oligos are synthesized at the desired scale at the  fi nal concen-
tration of 100 pmol ul −1  without any modi fi cation, and diluted to 
30–40 pmol  m l −1  with 50 % DMSO. Thereafter, oligonucleotides 
are printed onto aminosilane-coated glass slides such as SuperAmine 
(Telechem # SMA). SuperAmine slides contain covalent amine 
groups that allow stable attachment of nucleic acids.  

      1.    Prepare printing oligo solution to a  fi nal concentration of 
50 pmol  m l −1  using 50 % DMSO in a 384-well printing plate 
(5  m l probe and 5  m l DMSO).  

    2.    Cover the plate with plastic lid and mix in an orbital shaker at 
700 rpm for 3 min.  

    3.    Spin the printing plate using a centrifuge equipped with a rotor 
for microtitre plates at 500 rpm for 5 min.  

    4.    Setup the array printer (PixSys 5500 printer; Cartesian tech-
nologies, Inc., Irvine, CA) and print slides according to the 
manufacturer’s protocol. The ideal relative humidity should 
be between 40 and 60 % at room temperature (20–25 °C). 
The spot size should be approximately 100–150  m m, with 
200–500  m m spacing distance using split pins from Telechem.  

    5.    Allow the slides to dry for 2 h prior to UV cross-linking.     

  3.1.2.  Oligo Array Printing
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 Reproducibility is one of the most critical requirements for 
microarray fabrication. For reliable and reproducible data, the 
uniformity of individual spots across the entire array is crucial for 
simplifying image analysis and enhancing the accuracy of signal 
detection. Several factors will affect the uniformity of spots, includ-
ing array substrate, pins, printing buffer, and environmental con-
trols. For instance, signi fi cant variations could be caused by pin 
characteristics due to the mechanical difference in pin geometry, pin 
age, and sample solutions. Movement of the pin across the surface 
in the  XY  direction may cause the tip to bend. Tapping the pins on 
the surface may result in deformation of the pin tips. Also, dragging 
the pin tip across the surface may cause clogging of the pin sample 
channel. Therefore, great care is needed in handling pins. Pins 
should be cleaned with an ultrasonic bath after each printing. 

 Environmental conditions have signi fi cant effects on spot uni-
formity and size  (  29  ) . Humidity control is crucial to prevent sample 
evaporation from source plates and the pin channel during the 
printing process. Sample evaporation can cause changes in DNA 
concentration and viscosity. As a result, the quality of the deposited 
DNA will be changed. Also, reducing evaporation can help the 
spotted volume of DNA to have more time to bind at equal rates 
across the entire spot. As a result, DNA spots of increased homoge-
neity will be obtained  (  30  ) . The printing buffer is also critical for 
obtaining homogeneous spots. With the widely used SSC buffer, 
the spot homogeneity as well as binding ef fi ciency is often poor. 
Using the printing buffer containing 1.5 M betaine improves spot 
homogeneity as well as binding ef fi ciencies  (  30  ) . This is because 
betaine increases the viscosity of a solution and reduces the evapo-
ration rate. More uniform spots can also be obtained with the print-
ing buffer containing 50 % DMSO (dimethyl sulfoxide)  (  9,   29  ) .  

  At the end of the print, remove slides from the printer, label each 
slide with an identi fi er and the slide number by writing on the edge 
of the slide with a diamond pen and place slides in a dust-free slide 
box. It is useful to etch a line, which outlines the printed area of 
the slide, onto the  fi rst slide. This serves as a guide to locate the 
area after the slides have been processed.

    1.    Expose the slides, printed face up, to a 80 mJ dose of ultravio-
let irradiation in a GS Gene Linker ®  UV Chamber for 30 s.  

    2.    Wash slides at room temperature  fi rst with 0.1 % SDS and then 
with water:  

 Washing time 

 Wash 1  0.1 % SDS  4 min 

 Wash 2  Water  2 min 

  3.1.3.  UV Cross-Linking 
and Slide Processing
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    3.    Transfer slides to a ten-slide glass rack and place the rack into 
a glass tank.  

    4.    Remove the slides and spin using a centrifuge equipped with 
a rotor for microtitre plates at 500 rpm for 5 min to dry.  

    5.    Transfer the slides to a clean, dust-free slide box and let it stand 
overnight before hybridization.       

  Once the oligo microarrays are printed, targets are prepared for 
hybridization. For community analysis of environmental samples, 
genomic DNAs from pure cultures or environmental clones are 
normally used as target, and human genes as controls  (  9  ) . Successful 
application of microarray for microbial community analysis relies on 
the effective recovery of nucleic acids from the environment. Hurt 
et al.  (  31  )  and Zhou et al.  (  32  )  pointed out some criteria for ideal 
recovery of DNA or RNA from environmental samples: (1) the 
nucleic acid recovery ef fi ciency should be high and not biased so 
that the  fi nal nucleic acids are representative of the total nucleic 
acids within the naturally occurring microbial community; (2) the 
DNA should be of suf fi cient purity for reliable hybridization; (3) the 
extraction and puri fi cation protocol should be robust and reliable. 
The DNA extraction and puri fi cation protocol described by Hurt 
et al.  (  31  )  ful fi lls the above criteria (see Note 2). Of course it should 
be possible to substitute other protocols that meet these criteria. 

 The FGA requires 2–5  m g of genomic DNA for hybridization. 
Depending on the amount of DNA available, whole genome 
ampli fi cation (WGA) may be required. WGA can be performed 
using either phage  F 29  (  16,   33  )  or  Bacillus stearothermophilus  
DNA polymerases  (  34,   35  ) . Ampli fi cation using  F 29 (Templiphi, 
GE Healthcare; Piscataway, NJ) for WGA of microbial community 
DNA has been systematically evaluated and shown to provide sen-
sitive (10 fg detection limit) and representative ampli fi cation 
(<0.5 % of ampli fi ed genes showed more than twofold different 
from unampli fi ed)  (  16  ) . The following protocol uses the Templiphi 
ampli fi cation kit (GE Healthcare) and is based on a previously 
published protocol  (  16  ) . All steps should be carried out in a lami-
nar  fl ow hood or PCR workstation hood.

    1.    Add 10  m l of sample buffer (supplied with kit) to a PCR tube 
or micro-well plate.  

    2.    Transfer 10–100 ng DNA to the sample buffer. The total 
volume of DNA added should be no more than 5  m l and the 
sample volume should be the same for all samples. Use nuclease-
free water to bring the volume up, if necessary. See Note 3.  

    3.    Mix the DNA and buffer thoroughly and incubate 10 min at 
room temperature.  

    4.    While DNA and buffer are incubating, prepare the Templiphi 
premix [for each reaction: 10  m l reaction buffer, 0.6  m l enzyme 

  3.2.  Target Preparation
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mixture (both supplied in the kit), and single-stranded binding 
protein (USB; Cleveland, OH) and spermidine to a  fi nal 
concentration of 260 ng  m l −1  and 0.1  m M, respectively].  

    5.    Transfer 12.85  m l of the Templiphi premix to the DNA/buffer 
mixture (or the equivalent volume for one sample).  

    6.    Incubate the reaction at 30 °C for 3 h and then heat-inactivate 
the enzyme at 65 °C for 10 min.  

    7.    To evaluate the ampli fi cation quality, run approximately 2  m l of 
ampli fi ed product on a gel. The product should produce a 
smear rather than a single band.  

    8.    Quantify the ampli fi ed DNA using a dye-binding assay, such as 
PicoGreen (Quant-iT™ PicoGreen ®  dsDNA kit; Invitrogen, 
Carlsbad, CA). The ampli fi ed product cannot be measured 
using 260/280 ratios due to primers and dNTPs remaining in 
the sample. There should be at least 2  m g of ampli fi ed DNA. 
If there is less than this, the ampli fi cation should be repeated.      

  DNA for hybridization is generally labeled using  fl uorescent dyes, 
primarily Cy3 or Cy 5. The DNA can be labeled directly (dyes are 
directly integrated into the target DNA) or indirectly (targets are 
labeled after hybridization) (see Note 4). 

  Random primer and PCR ampli fi cation labeling with Cy3 or Cy5 
 fl uorescent dyes are the most common means used for target detec-
tion in environmental samples  (  9  ) . Random primer labeling with 
Klenow fragment of DNA polymerase I is particularly useful for 
labeling genomic DNA fragments. Targets can also be labeled by 
PCR using gene-speci fi c primers. PCR labeling targets using gene-
speci fi c primers is particularly important for increasing detection 
sensitivity. 

      1.    In a 0.2 ml PCR tube combine:
   (a)    1–2  m g puri fi ed community DNA (in 10  m l RNase-free 

water)  
   (b)    20  m l (750 ng  m l -1 ) random octamer primers (Invitrogen # 

Y01393)  
   (c)    5  m l DNase- and RNase-free water      

    2.    Mix them well and denature at 100 °C for 5 min.  
    3.    Place immediately on ice for at least 30 s.  
    4.    In a 1.5-ml microcentrifuge tube, combine:

   (a)    0.2  m l dNTP’s (5 mM dATP, dTTP, dGTP, and 2.5 mM 
dCTP)  

   (b)    0.4  m l (1 mM) Cy3 or Cy5 dCTP  
   (c)    1  m l (40 U  m l −1 ) Klenow fragment (Invitrogen # Y01396)  
   (d)    13.4  m l DNase- and RNase-free water      

  3.3.  Labeling 
and Quantitation 
of Target DNA

  3.3.1.  Labeling

   Random Priming 
Labeling Method
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    5.    Add this mixture to the 0.2 ml PCR tube that contains DNA 
(volume = 35  m l).  

    6.    Mix well and incubate at 37 °C for 3 h or overnight.  
    7.    After incubation, boil the mixture at 100 °C for 5 min and chill 

on ice.  
    8.    Purify labeled target DNA using QIAquick columns according 

to the manufacturer’s instructions (Qiagen, Valencia, CA).      

      1.    In a PCR tube, combine the following and make up to 30  m l 
volume using RNAse-free water:
   10 pg of plasmid containing the desired target gene  
  20 pmol PCR primers (speci fi c primers for gene of interest)  
  25 mM of dATP, dCTP, dGTP, 15 mM dTTP (New England 

Biolabs),  
  10 mM aminoallyl-dUTP (Sigma, St. Louis, MO)  
  0.5 U  Taq  DNA polymerase     

    2.    Place PCR mixture in a thermocyler using the following 
ampli fi cation conditions: 1 cycle at 80 °C for 30 s, 94 °C for 
2 min followed by 25 cycles of 94 °C for 30 s, 57 °C for 1 min, 
and 72 °C for 1 min, with a  fi nal extension step at 72 °C for 
7 min. Note that the annealing temperature may vary depend-
ing on primers used.  

    3.    Purify PCR product using QIAquick columns (Qiagen, 
Valencia, CA).  

    4.    Dry PCR product in speed-vac for 30 min and resuspend in 
4.5  m l 0.1 M carbonate buffer (pH 9.0).  

    5.    Mix the solution with (4.5  m l)  N -hydroxy succinimide esters 
Cy3 or Cy5 (NHS-Cy3 or Cy5; Amersham Pharmacia Biotech, 
Piscataway, NJ) and incubate in the dark for 1 h.  

    6.    After incubation, add 35  m l of 100 mM NaOAC (pH 5.2).  
    7.    Purify labeled target PCR products using QIAquick columns 

(Qiagen, Valencia, CA).       

  Labeling is a critical step for obtaining high-quality microarray 
data. The experimental problem most often encountered is that 
microarray hybridization signal varies greatly from time to time. In 
many cases, poor hybridization signal results from poor dye incor-
poration. Decreased dye incorporation (<1 dye per 100 nucle-
otides) gives unacceptably low hybridization signals. However, 
studies have shown that very high-dye incorporation (e.g., >1 dye 
molecules per 20 nucleotides) is also not desirable, because high-
dye incorporation signi fi cantly destabilizes the hybridization duplex 
 (  36  ) . Thus, it is important to measure dye incorporation ef fi ciency 
prior to hybridization. The speci fi c activity of dye incorporation 

   PCR Ampli fi cation 
Speci fi c Labeling Method

  3.3.2.  Quantifying the 
Amount and Speci fi c 
Activity of Cy-Labeled 
DNA Targets
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can be determined by measuring the absorbance at wavelengths of 
260 and 550 nm for Cy3 or 650 for Cy5. A suitable labeling 
reaction should have 8–15  A  260 / A  550  ratio for Cy3 and 10–20 
 A  260 / A  650  for Cy5.

    1.    Use a spectrophotometer to quantify the OD at 550 for Cye 3 
and OD 650 for Cy5. Also, measure OD at 230, 260 and 280 
to assess purity.  

    2.    Take 1  m l of the labeled DNA OD using NanoDrop TM  ND-1000 
spectrophotometer (NanoDrop Technologies, Inc., 
Montchanin, DE).  

    3.    Calculate the amount of DNA and as well as the speci fi c activity 
of the labeled DNA (see Note 5). The speci fi c activity is calcu-
lated as follows:

     amount of target DNA 1,000
Specific activity .

pmol of dye incorporated 324.5
×=

×
     

    4.    Dry in speed-vac (no heat) for 1–2 h. Do not use high heat or 
heat lamps to accelerate evaporation. The  fl uorescent dyes 
could be degraded.       

  Hybridizations using glass arrays can be carried out manually or 
using automated or semi-automated hybridization stations. Manual 
hybridizations are performed using a water bath or hybridization 
oven and specially designed hybridization chambers that maintain 
humidity levels within the chamber. Several hybridization stations 
provide incubation at controlled temperatures and mixing (e.g., 
Mail Tai from SciGene, SlideBooster from Advalytix, Maui from 
BioMicro Systems). Washing after hybridization can be accom-
plished manually or using an automated wash station (e.g., Maui 
Wash Station, BioMicro Systems). Other systems are completely 
automated from pre-hybridization through post-hybridization 
wastes (e.g., Tecan HS4800Pro, TECAN, USA). 

 An array covered by a 22 × 22 mm coverslip will require 
~15  m l of hybridization solution. For a 15  m l hybridization solu-
tion, combine the following components (see Note 6):  

 Hybridization buffer  Volume ( m l)  Final concentration 

 a. RNase-free water  2.5 

 b. Formamide  7.5  50 % 

 c. 20× SSC  2.5   3.25× 

 d. 5 % SDS  2.0   0.31 % 

 e. Herring sperm DNA 
(Promega) 

 1.2   0.775  m g 

  3.4.  Hybridization
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      1.    Heat the hybridization solution at 95 °C for 2 min in a ther-
mocycler, cool quickly to 25 °C, and spin down at 14,000 ×  g  
for 5 min  ( see Note 7 ) .  

    2.    Deposit the hybridization (15  m l) solution directly onto the 
immobilized DNA prior to placing a cover slip (6.25 mm × 8 mm) 
over the array, avoiding bubble formation. It is helpful to 
practice this operation with buffer and plain slides before 
attempting actual samples (see Notes 8 and 9).  

    3.    Put the slide in the hybridization chamber.  
    4.    Dispense 20  m l of 3× SSC solution into the hydration wells on 

both sides.  
    5.    Close the hybridization chamber. Make sure the seal is formed 

along the O-ring.  
    6.    Incubate the chamber in a 50 °C water bath for 12–15 h (see 

Notes 10 and 11).      

      1.    Place slides, with the coverslips still af fi xed, in a jar  fi lled with 
1× SSC and 0.2 % SDS buffer and wash for 5 min. Allow the 
coverslips to fall from the slide and then remove the coverslips 
from the jar with forceps.  

    2.    Transfer the slides to a fresh jar  fi lled with 0.1× SSC and 0.2 % 
SDS wash buffer. Wash the slides for 5 min.  

    3.    Wash slides with 0.1× SSC for 30 s.  
    4.    Transfer the slides to a slide rack and immediately spin the 

slides dry at 600 rpm for 5 min in a centrifuge with a horizontal 
rotor for microtitre plates. As the rate of drying can be quite 
rapid, it is suggested that the slide be placed in the centrifuge 
immediately upon removal from the jar.  

    5.    Slides are ready for scanning (see Note 12).       

  The objective of microarray image processing is to measure and 
quantify the relative abundance of the signal intensity of the arrayed 
spots. It is therefore important that the spots on the array image be 
correctly identi fi ed. Microarray images are comprised of arrays of 
spots arranged in grids. An ideal microarray image for easy spot 
detection should have the following properties: (1) the location of 
spots should be centered on the intersections between the row and 
column lines, (2) the spot size and shape should be circular and 
homogeneous, (3) the location of the grids on the images should 
be  fi xed, (4) the slides should have no dust or other contaminants, 
and (5) the background intensity should be low and uniform across 
the entire image. 

      1.    Scan the slide initially at a low resolution of 50  m m to obtain a 
quick display image and then at 5  m m using for instance the 

  3.4.1.  Hybridization 
Protocol

  3.4.2.  Post-hybridization 
Wash

  3.5.  Image Processing 
and Data Analysis

  3.5.1.  Image Acquisition 
and Processing
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ScanArray 5000 System (GSI Lumonics, Watertown, MA). 
The emitted  fl uorescent signal is detected by a photomultiplier 
tube (PMT) at 570 nm (Cy3) or 670 nm (Cy5) (see Note 13).  

    2.    Save the scanned display as a 16-bit TIFF image  fi le and quan-
tify the intensity of each spot. Many methods are available for 
resolving the spot location errors, spot size, shape irregulari-
ties, and contamination problems  (  37  )  to accurately estimate 
spot intensities. Typically, a user-de fi ned gridding pattern is 
overlaid on the image and the areas de fi ned by patterns of 
circles are used for spot intensity quanti fi cation.  

    3.    Assess spot quality and reliability, and perform background 
subtraction of the microarray data. Because of the inherently 
high variation associated with array fabrication, hybridization, 
and image processing, the intensity data for some spots may 
not be reliable. Thus, the  fi rst step in data processing is to 
assess the quality of spots and to remove unreliable, poor spots 
prior to data analysis. Also, in many cases, because of slide 
quality, background and contamination, the quality of data can 
vary signi fi cantly among different slides  (  38  ) . Be sure to sub-
tract local background for each spot and then  fl ag and remove 
poor quality spots from the data set for further analysis.  

    4.    Compute signal-to-noise ratio (SNR) for each spot to discrimi-
nate true signals (SNR  ³  .3.0) from noise (SNR < 3.0)  (  39  ) . 
The SNR ratio is calculated as follows:

     
Signal mean Background mean

SNR .
Background standard deviation

−=         

 Remove outlying spots (outliers) prior to data analysis using 
ArrayStat TM  (Imaging Research, Inc., Ontario, Canada). Outliers 
are extreme values in a distribution of replicates. Outlying spots 
could be caused by uncorrected image artifacts such as dust or by 
the factors undetectable by image analysis such as cross-hybridiza-
tion. Thus, removal of outlying spots is an important step for pre-
data analysis. However, distinguishing outliers is very challenging, 
because there is no general de fi nition for outliers. 

 Besides Imagene software, there are other software packages 
available for image processing, spot identi fi cation, quantitation, 
and normalization. These imaging softwares include GenPix Pro 
(Axon Instruments, Union City, CA), Array Pro (Media Cybernetic, 
Carlsbad, CA), Quant Array (Packard Biosciences, Boston, MA), and 
TIGR Spot Finder (The Institute of Genomic Research TIGR, 
Rockville, MD).  

  Data analysis is the most challenging aspect of FGA because of 
the large amount of data generated. Several methods have been 
frequently used in FGA studies (Table  2 ). These include various 

  3.5.2.  Data Analysis
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   Table 2 
  Microarray data analysis methods   

 Analysis methods  Information provided 

  Descriptive statistics  
 Richness, evenness, 

diversity 
 Commonly used descriptive methods. For microarray data, functional 

genes (or probes) would be considered “species” and signal intensity 
would be used for abundance 

 Relative abundance  Percent of all genes detected that belong to a certain functional group of 
gene. Signal intensity of gene number can be used for this calculation 

 Shared/unique genes  Percent of all genes detected that were found in two or more samples. 
Unique genes are those that are only detected in one sample 

 Response ratios  Determine changes in gene abundance based on different treatments or 
conditions by comparing the signal intensities between two samples, 
generally control vs. treatment  (  46  )  

  Ordination techniques  
 Principal component 

analysis (PCA) 
 Ordination method that reduces the number of variables needed to 

explain the data and highlight the variability between samples. In the 
ordination plot, the distance between sample points indicates how 
similar or dissimilar samples are 

 Detrended correspondence 
analysis (DCA) 

 Similar to the PCA but uses detrending to remove artefacts (i.e., the arch 
effect) typically found in correspondence analysis  (  65  )  

 Parallel coordinate analysis  Plots microarray data such that data points that showed similar signal 
intensities are clustered together 

  Methods for environmental data  
 Canonical correspondence 

analysis (CCA) 
 Provides information on how abiotic and biotic factors impact and drive 

the community structure. Ordination plots show similarity between 
samples based on distance and how much in fl uence environmental 
variables (shown as arrows) have on a given sample 

 Variation partitioning 
analysis (VPA) 

 Uses data obtained in the CCA to determine the relative in fl uence of 
environmental variables on the microbial community. Data is shown 
as a percentage of variation 

  Similarity comparisons of microarray data  
 Euclidean distance  Uses the square root of the summation of the squares of the differences 

between all pair-wise comparisons 
 Pearson correlation 

coef fi cient 
 Correlates between two variables  X  and  Y  to identify pro fi les with similar 

shapes 

  Other multivariate statistical analyses  
 Cluster analysis  Group samples based on overall similarity of gene patterns or pro fi les 
 Neural network analysis  Based on the random matrix theory  (  66  )  and creates microbial ecological 

networks to visualize relationships between genes or gene groups 
 Self-organizing maps 

(SOMs) 
 Data points are mapped onto a grid and clustered in such a way that 

those points closest to each other are the most closely related 
 Mantel test  A multivariate correlation analysis used to compare environmental 

factors and functional genes 

diversity indices (e.g., richness, evenness, diversity) based on the 
number of functional genes detected. The relative abundance of 
speci fi c gene groups can be determined based on the total signal 
intensity of the relevant genes, or the number of genes detected. 
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The percent of genes shared by different samples can also be 
calculated to compare communities. The response ratio can be 
used to determine changes in gene abundance based on different 
treatments or conditions. For statistical analysis of FGA data, several 
methods are commonly used. These include ordination techniques 
such as principal component analysis (PCA) or detrended corre-
spondence analysis (DCA), cluster analysis (CA), neutral network 
analysis (NNA), and parallel coordinate analysis  (  5,   40  ) . PCA and 
DCA are multivariate statistical methods that reduce the number 
of variables needed to explain the data and highlight the variability 
between samples. They provide an easy way of identifying outliers 
in the data such as genes that behave differently than most of the 
genes across a set of experiments  (  41,   42  ) . It also can be used to 
visualize clusters of genes that behave similarly across different 
experiments. CA groups samples based on the overall similarity of 
gene patterns. It has been used to identify groups of genes, or clus-
ters that have similar expression pro fi les  (  43  ) . Subsequently, the 
clusters and genes within them can be examined for commonalities 
in functions as well as sequences for better understanding of how 
and why they behave similarly. Cluster analysis can also help establish 
functionally related groups of genes and can predict the biochemi-
cal and physiological roles of functionally unknown genes  (  44  ) . 
NNA is used to visualize relationships between genes or gene 
groups. Parallel coordinates technique is a multivariate visualization 
technique that allow for ef fi cient analysis and understanding of 
complex data  (  45  ) . In this study, parallel coordinates technique 
was used to cluster microarray data and determine the most domi-
nant genes at different depths. This technique uses hierarchical 
clustering algorithm that aims at grouping items so that items in a 
cluster are similar as possible and as different from data items in the 
other clusters as possible. In order to determine the most dominant 
genes in a sample, microarray data with similar signal intensities 
were clustered.  

 Response ratios compare the signal intensities between two 
samples, generally control versus treatment  (  46  ) . If environmental 
data is available, several statistical methods are available to correlate 
environmental variables with functional community structure. 
These include canonical correspondence analysis (CCA)  (  47  ) , 
variable partitioning analysis (VPA)  (  48,   49  ) , self-organizing maps 
(SOMs) or other correlation analyses (e.g., Mantel test). CCA has 
been used many times in FGA studies to better understand how 
environmental factors are affecting the community structure 
 (  6,   50,   51  ) . Based on the results of the CCA, the relative environ-
mental variables on the microbial community can be determined 
using VPA. SOMs are a more robust and accurate method for 
grouping large data sets  (  52  ) . In this analysis, the data points are 
mapped onto a grid and the positions of the representative points are 
iteratively relocated in a way that each center has one representative 
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point. Clusters close to each other in the grid are more similar to 
each other than those further apart. Further correlations can be 
made with Mantel test  (  6,   13,   50,   51  ) . For similarity comparisons 
of microarray data, two approaches are generally used for quantifying 
the relationships among different genes. One approach is to use 
Euclidean distance, which is de fi ned as the square root of the 
summation of the squares of the differences between all pair-wise 
comparisons  (  53  ) . The other approach is the Pearson correlation 
coef fi cient, which is ideal for identifying pro fi les with similar 
shape  (  54,   55  ) . 

 There are software packages available to facilitate statistical 
analyses of array data. For instance, ArrayStat (Imaging Research, 
Inc., Ontario, Canada) allows analysis of statistical signi fi cance, 
 p -values, and standard deviation of microarray data. GeneSpring 
(Silicon Genetics, CA) permits the analysis of array data for scatter 
plot, cluster analysis, PCA, and SOMs. Free-computer programs 
(i.e., CLUSTER and TREEVIEW) to ascertain hierarchical 
relationships of different spots are also available  (  43  ) .   

  The following protocol was taken from Green fi eld et al.  (  56  ) , 
except where noted, which brie fl y outlines the use of an ESP, 
including the deployment (Fig.  9 ), array processing, and sample 
archiving. 

    1.    When the ESP is deployed in the past, it has been  fi elded 
different platforms, including moorings, piers, remotely oper-
ated vehicles (ROVs) and benthic “elevators” for a period of 
around 30 days  (  57  ) . So far, all of the ESP deployments have 
taken place in Monterey Bay, California, and at a depth range 
of the surface to 1,000 m for the ESP and continuing down to 
4,000 m for the D-ESP  (  23  ) . For further references on ESP 
deployment, see Preston et al.  (  22  ) , Scholin et al.  (  23  ) , and 
Jones et al.  (  58  ) .  

    2.    Printed arrays prepared above are loaded into a clean array puck 
on top of a 5- m m pore size hydrophilic Durapore backing  fi lter 
(Millipore), leaving a 0.009-in. gap above the array, and the 
puck is then placed into the instrument’s rotating carousel.  

    3.    An aliquot of sample is drawn into the ESP’s processing syringe. 
The ESP then loads the puck to the SHA (Sandwich 
Hybridization Assay) processing position and heats the puck to 
25–30 °C. The 1G and 2G ESPs add sample and reagents in 
the same sequence, but the 1G uses 2 ml of each whereas the 
2G uses 1 ml each. Lysate and processing solutions (see 
Goffredi et al.  (  59  ) , except where noted) are applied automati-
cally as follows: lysate, 20 min; 1× wash, 2 min; signal probe 
cocktail in 2 M GuSCN signal buffer, 10 min; 2× wash, 2 min 
each; anti-Dig HRP (Pierce; Rockford, IL) diluted 1:1,500 in 
stabilized diluent blocker (1 mL) (Pierce), 5 min; 4× wash, 

  3.6.  Application 
of Microarray 
Technology in 
Autonomous Platform
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2 min each; HRP substrate (Pierce SuperSignal West Femto 
Maximum Sensitivity Substrate: Stable Peroxidase Buffer and 
Luminol/Enhancer Solution mixed 1:1 before delivery to the 
array), 10 s.  

    4.    Afterward, the puck is immediately positioned beneath the 
camera and the image is captured using a CCD camera (1G 
ESP: Santa Barbara Instruments model ST-8EI [Santa Barbara, 
CA, USA] with a Fujinon [Japan] HF35A-2M1 lens; 2G ESP: 
Starlight Xpress model SXV-H9 [England] with a Fujinon 
model HF16HA-1B lens).  

    5.    The  fi nal phase of ESP array processing, image analysis, is done 
using V++ Precision Digital Imaging System, v. 4.0 (Digital 
Optics, Auckland, NZ). The grand mean (±standard error 
[SE]) spot intensity per DNA probe is determined for each 
image by measuring a 10-by-10 pixel area per spot then record-
ing average (±standard deviation [SD]) pixel intensity. An array 
spot with a grand mean intensity signi fi cantly higher than 
background (array region where no probe spotting occurred) 

  Fig. 9.    Application of ESP for detection of invertebrates associated with a whale fall at 633-m depth in Monterey Bay, 
California, in August 2007. ( a ) From  left  to  right  are arrays from pre-deployment negative control ( fi ltered seawater [FSW]) 
and two arrays from material collected from different portions of the carcass. Different sets of probes reacted positively 
depending on sample source. Actual size of the arrays is ~15 mm × 15 mm. ( b ) Array key showing locations of probes for 
different invertebrate rRNA sequences, including universal probe for Eucarya.  Colored boxes  surrounding probe spots on 
arrays ( a ) correspond to invertebrate species detected. ( c ) The  top picture  shows deployment of ROV Ventana with the 
D-ESP mounted below; the sampling wand is held in a robotic arm. The  bottom picture  is a video frame grab showing 
the sampling wand extended during sampling of the rib cage  (  23  ).        
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indicates a positive reaction for that probe. Background 
intensity is determined as above by taking the grand mean of 
three randomly selected unspotted regions of the imaged array.  

    6.    The resulting image taken by the CCD camera is sent ashore 
via surface radio mooring  (  22  ) . An electromechanical cable 
provides for communications between a remote station and 
the ESP’s surface buoy  (  19  )  (Fig.  4 ) .        

 

 The hybridization image indicated that the 50-mer oligonucleotide 
arrays hybridized well with the DNAs from marine sediment 
(Fig.  10 ). The DNA content of the sediments ranged from 1.69 to 
18.10  m g, with highest yield from sediment samples collected at 
0–0.5 cm. Within the mixed zone (0–25.5 cm depth), the DNA 
content ranged between 5.23 and 18.10  m g, whereas it was between 
1.69 and 3.56  m g in the unmixed zone (50–84.5 cm depth). The 
hybridization image indicated that the microarrays hybridized 
reasonably with DNA’s from Puget Sound marine sediments 
(Fig.  10 ). Strong signals were obtained with some nitrogenases 
( nif H) dissimilatory sulfate reductase ( dsr AB), ammonia monoox-
ygenase ( amo A), methane monooxygenase ( pmo A), and nitrite 
reductase ( nirK /S). Microarray analysis indicated difference in the 
number of positive hybridization signals and signal intensity 
between sediments from shallow (bioturbation zone) and deeper 

  4.  Typical Protocol 
Results

  Fig. 10.    Hybridization images hybridization images showing the pro fi les of different  dsr AB,  nir S,  nir  K,  nif  H,  amo A, and 
 pmo A genes. Community DNA (2  m g) from marine sediment was labeled with Cy5 using random primer labeling method, 
and hybridized at 50 °C for 15 h to the oligonucleotide arrays printed in replicate.       
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(below bioturbation zone) depths. The standard variation of the 
mean is relatively small for most of the gene probes (Fig.  11a ). The 
 Q – Q  (quantile–quantile) plots of the observed standardized 
residual versus the expected values showed that the majority of the 
expected values fell closely along the observed values in a wide 
dynamic range, and only 6.4 % of the spots were outliers (Fig.  11b ). 
Therefore the designed 50-mer FGAs should be useful in monitor-
ing the composition, structure, activities, and dynamics of microbial 
populations involved in these functional processes across different 
natural environments. Using the hierarchical rule induction 
method, the test generated  fi ve layers of hierarchy corresponding 
to  fi ve signal intensity groups (1 × 10 4 , 2 × 10 4 , 3 × 10 4 , 4 × 10 4 , and 
5 × 10 4 ) (Fig.  12 ). Eight most abundant functional genes (signal 

  Fig. 11.    Quality of microarray data. ( a ) Proportional model showing the relationship between standard deviation and the 
mean. ( b )  Q – Q  plot displays.       

  Fig. 12.    Ordinate plots from principal component analysis based on the amount of  amo A/pmoa,  dsr AB,  nir S,  nir  K, and  nif  H 
genes at different sediment depths. Values in  parentheses  indicate percent of total variances of PCA derived from the 
amount of individual functional gene group data and the combine data.       
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intensities between 3 × 10 4  and 5 × 10 4 ), similar to those found in 
groundwater, terminate gut, sediments, and known cultivable 
bacteria. Some of these genes were dominant in all samples collected 
at different depths, while others are abundant only within the bio-
turbation zone or below the bioturbation. For example, the nitrite 
reductase gene similar to  nir K_NKTH17 was found to be dominant 
across all samples; the nitrogenase gene similar to that isolated 
from termite gut ( nif H_3157499), the nitrogenase-containing 
bacterium  Pseudanabaena  sp. ( nif H_1698867), and the ammonia 
monooxidase gene similar to amoA_E03A16280 were only detected 
within the bioturbation zone; and nitrite reductase gene similar to 
 nir K_WA20 was dominant only below the bioturbation zone.     

 

      1  . Regardless of how comprehensive the FGA is, sequences are 
constantly being added to public databases, leading to an expo-
nential increase in the number of functional genes as well as 
the number of sequences for each particular functional gene. 
As such, continual updates of the FGA are necessary. Even with 
advances in probe design software, this process is still time 
consuming due to the large number of sequences and probes 
that must be designed and tested.     

      2  . The extracted DNA should be puri fi ed as soon as possible after 
extraction to prevent degradation. We have observed degrada-
tion of raw DNA extracts after as little as 1 month, even 
at −20 °C. Ideally, DNA should have a 260:280 ratio  ³ 1.8 and 
260:230 ratio  ³ 1.7. Gel puri fi cation of soil and sediment DNA 
has worked very well for our lab. A column puri fi cation kit can 
also be used, especially for samples with low DNA yields. While 
these steps can be tedious, it is critical that DNA used for 
hybridizations be as pure as possible; therefore, it is bene fi cial 
(both in terms of time management and cost) to spend the 
time necessary on DNA preparation before proceeding with 
subsequent steps. Any impurities remaining in the DNA can 
interfere with ampli fi cation, labeling, and hybridization.  

   3  . The best ampli fi cation results will be obtained using freshly 
extracted, high molecular weight DNA of the highest quality 
obtainable. However, DNA from samples with very low biomass, 
limited sample size, or that would be impossible to replace may 
not be of optimum quality yet are important to analyze. These 
samples can still be ampli fi ed, but may require some additional 
steps. If the DNA sample is very dilute, the DNA can be con-
centrated so that more DNA can be added to the reaction. If no 
or poor ampli fi cation occurs, try decreasing the amount of 
sample volume used to dilute out any inhibitors that may be 

  5.  Notes

  5.1.  Notes for DNA 
Microarray Fabrication

  5.2.  Notes for Target 
Preparation
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present. Serial dilution (2–3 dilution steps) of the sample can be 
used to “wash” the DNA. This approach has been used success-
fully in our lab for a variety of samples. Serial dilution can also 
be used if the DNA quality is above the recommended thresh-
olds, but the ampli fi cation results are poor. Other options that 
can be tried to include re-precipitating the DNA (using an 
ethanol or isopropanol protocol) to try and remove any inhibi-
tors, increasing ampli fi cation time or performing multiple 
ampli fi cations of low product samples and combining the prod-
ucts to increase the total amount of ampli fi ed DNA.     

      4  . High quality, fresh reagents should be used to insure the best 
possible results  (  9  ) . The higher the labeling ef fi ciency, the better 
the hybridization results will be. Cy dyes are light sensitive and 
should be protected from the light as much as possible. We 
have stored dried, labeled products for months with no appar-
ent loss of ef fi cacy.  

   5  . Corning (  http://www.corning.com/cmt    ) recommends not 
using labeled target if the speci fi c activity is more than 75. 
Check speci fi c activity of labeled target before use. Speci fi c 
activity should be one dye molecule per 25–50 nucleotides for 
good hybridization.     

      6  . Since microarray hybridization is generally performed in the 
absence of mixing, the hybridization solution should be mixed 
well so that the labeled targets are evenly distributed on the 
array surface to obtain optimal target–probe interactions across 
the entire microarray. Otherwise, the availability of the labeled 
target molecules to the arrayed spots could be signi fi cantly dif-
ferent across the microarray surface.  

   7  . One common problem in microarray hybridization is the 
quality of  fl uorescent dyes. The labeling ef fi ciency and hybrid-
ization vary signi fi cantly sometimes from batch to batch, espe-
cially Cy5. It is very important to use fresh reagents to achieve 
highly sensitive detection  (  9  ) .  

   8  . Labeled target molecules may be depleted in some areas, yet 
abundant in others. As a result, signi fi cant differences in signal 
intensity could be observed. Nonuniform hybridization is a 
common problem associated with microarray experiments. 
Thus, it is essential to have replicate spots well separated on a 
slide. It is also imperative to determine the volume of hybrid-
ization solution required.  

   9  . The volume of the hybridization solution is critical. When too 
little solution is used, it is dif fi cult to place the coverslip without 
introducing air bubbles over some portion of the arrayed oligos. 
If the coverslip is bowed toward the slide in the center, there 
will be less labeled DNA in that area and the hybridization will 

  5.3.  Notes on Labeling 
and Quantitation 
of Target DNA

  5.4.  Notes on 
Hybridization
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be nonuniform. When too much volume is applied, the coverslip 
will move easily during handling, which may lead to misplacement 
relative to the arrayed oligos, and non-hybridization in some 
areas of the array may occur.  

   10  . Labeled DNA or RNA is suspended in hybridization buffer. 
FGA can be hybridized at 42–50 °C and 50 % formamide  (  5–  7, 
  13,   51,   60,   61  ) . The hybridization temperature and formamide 
concentration can be adjusted to increase or decrease stringency 
in order to detect more or less diverse sequences. The effective 
hybridization temperature can be increased be the use of 
formamide (0.6 for every 1 %).  

   11  . To reduce handling time of the slides at room temperature 
after hybridization, take out only one hybridization chamber at 
a time from the water bath.  

   12  . Completed arrays should be protected from the light until 
imaged. A black or foil wrapped slide box works well. Imaging 
should be done within a few hours of removing the arrays from 
the hybridization chamber to minimize loss of signal.     

      13  . While increasing the PMT increases signal intensity, this also 
increases background. The hybridization signal can be photo-
bleached, so the number of scans should be limited. The 
hybridization quality should be evaluated both during scan-
ning (e.g., presence of positive control spots, even hybridiza-
tion signals across the array, minimal background intensity) 
and after image analysis (e.g., presence of weak or poor spots). 
Several sources are available that provide more information 
regarding image preprocessing and analysis  (  13,   62,   63  ) .      

 

 This paper focused on applying the DNA microarray technology in 
detecting functional genes and attempted to describe the potential 
ESP technology to extend the methodology in autonomous 
platform. The availability and the reliability of commercially avail-
able instruments, methods, and supplies have made it possible to 
dig into the molecular underpinnings of just about everything that 
is “environmental.” These achievements, coupled with advances in 
ocean observatory technology and plans to extend those networks, 
have fueled the idea of applying molecular sensors in remote set-
tings. In that regard, there is considerable potential to explore the 
ESP technology for DNA microarray applications as it is a highly 
con fi gurable platform. Sampling and processing protocols can be 
tailored to user speci fi cations. For example, assay chemistry can be 
modi fi ed, new probes can be developed, and sampling/processing 

  5.5.  Notes on Image 
Processing and Data 
Analysis

  6.  Future 
Directions
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procedures (sample volume, archiving,  fi ltration, lysis, etc.) can be 
amended  (  56  ) . Since the  fi rst-generation ESP trials, the system has 
evolved to take into account deep-sea deployments on ROVs and 
benthic observatories. The deep-sea ESP (D-ESP) represents the 
next step in autonomous platform sampling, but still more work is 
being done to extend deployment duration, geographic coverage, 
depth rating, and analytical capacity  (  23  ) . In the long term, it is 
our hope that this project will stimulate and inspire ocean scientists 
and engineers, who will in turn, contribute the major break-
throughs needed to make an impact in this  fi eld.      
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    Chapter 10   

 Bioluminescence Detection for ATP Quanti fi cation 
Using Micro fl uidic Device       

        Tatsuhiro   Fukuba       and    Teruo   Fujii      

  Abstract 

 An IISA-ATP (integrated in situ analyzer for ATP) was developed for the quantitative determination of 
ATP (adenosine-5 ¢ -triphosphate) in ocean environments, including the deep-sea. Total (intracellular and 
dissolved) ATP was quantitatively determined using a simple luciferin-luciferase (L-L) bioluminescence 
assay. A micro fl uidic device was incorporated as a core functional element in the IISA-ATP for performing 
cell lysis and carrying out the L-L reaction. The IISA-ATP has the capability to process environmental 
samples in the laboratory and in situ .  Here, we provide an overview of the performance of the micro fl uidic 
device and the IISA-ATP on the basis of results of an in situ trial.  

  Key words:   ATP ,  Bioluminescence ,  Luciferin-luciferase assay ,  Micro fl uidic device ,  Ocean sensing , 
 In situ detection ,  Micro fl uidic chip ,  IISA-ATP ,  Microbial activity ,  Microbial intracellular ATP    

 

 A large number of prokaryotic microbes such as bacteria and 
archaea inhabit ocean environments. These organisms play impor-
tant roles in the local and global circulation of materials through 
ecological functions such as primary production or  fi nal decompo-
sition. Furthermore, their large biomass in ocean environments is 
recognized as one of the major pools of biologically essential ele-
ments such as carbon, nitrogen, and phosphorus on Earth. 
Therefore, estimation of their biomass is essential for elucidating 
the contribution of microbes to material circulation and stocks. 

 Adenosin-5 ¢ -triphosphate (ATP), a biogenic molecule well 
known as “energy currency,” is frequently used as a proxy of micro-
bial activity in the  fi eld of environmental sciences. The quantity of 

  1.  Introduction
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microbial intracellular ATP (particulate ATP: P-ATP) can be 
 converted into carbon weight to obtain a semiquantitative estimate 
of the microbial biomass  (  1  ) . P-ATP in ocean environments is 
widely dispersed with concentrations of 10 −11  to 10 −8  M at shallow 
depths (0–100 m) and 10 −13  to 10 −11  M at large depths (>1,000 m) 
 (  1  ) . Near geochemically active sites such as hydrothermal vents, 
the P-ATP concentration shows apparent anomalies (e.g., 10 −9  M 
near the hydrothermal vent at Galápagos Rift  (  2  ) ). Anomalies in 
P-ATP concentration have also been observed in the deep-sea hal-
ocline layer of the Bannock Basin, where the chemocline supports 
the formation of a microbial biomass-rich layer  (  3  ) . Therefore, 
P-ATP concentrations in seawater can be utilized as markers or 
indicators of novel geochemically active sites and to elucidate the 
extent of their in fl uences on the surrounding environments. 
Dissolved ATP (D-ATP) found in seawater is recognized as one of 
the important carbon and phosphorus sources for marine microbes, 
and its concentration is closely related to microbial activity through 
uptake and release processes. Azam and Hodson reported D-ATP 
concentrations of up to 10 −10  M in relatively oligotrophic surface 
seawater and 10 −11  M in deep water (~500 m)  (  4  ) . Hodson et al .  
determined that the percentages of D-ATP in total ATP (T-ATP: 
sum of P-ATP and D-ATP) were up to 27.9 % at the surface of the 
western wall of the Gulf Stream  (  5  ) . Furthermore, Björkman and 
Karl reported that D-ATP concentrations generally exceed P-ATP 
concentrations in the oligotrophic North Paci fi c Ocean  (  6  ) . 
Because both P-ATP and D-ATP concentrations are closely linked 
to microbial activity, quantitative determination of the T-ATP con-
centration in seawater can be employed as an operational strategy 
to elucidate the spatiotemporal distributions of potential activities 
of marine microbial communities. 

 The most widely accepted method for quantitative determina-
tion of ATP is the bioluminescence-based luciferin-luciferase (L-L) 
assay. Owing to its simplicity and sensitivity, the L-L assay is used 
for monitoring food hygiene  (  7,   8  )  and cleanliness  (  9,   10  ) , as well 
as in environmental microbiological studies. Today, a variety of 
L-L assay kits and desktop apparatuses are commercially available 
for measuring the bioluminescence intensity, and these are com-
monly used for scienti fi c studies and practical tests. Even though 
some of these apparatuses are highly portable, to the best of our 
knowledge, in situ apparatus that can be remotely operated in 
ocean environments has not been developed yet. Automated and 
portable in situ apparatus for the quantitative determination of 
ATP concentrations will facilitate microbial activity assays in ocean 
environments without the risk of contamination or degradation of 
samples. Furthermore, real-time and spatiotemporally resolved 
measurements of ATP concentrations will enable the detailed 
determination of multidimensional distribution of marine micro-
bial communities and biogenic phosphorus pools. 
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 Micro fl uidic technology can be employed to realize highly 
portable, automated, and functionally integrated in situ apparatus 
for L-L bioluminescence assays. Micrometer-scale channels or reac-
tion chambers enable rapid and appropriate mixing of reagents in 
a limited space and time. Further, the use of micro fl uidic devices 
eliminates the need for complicated tubing, thus improving the 
reliability of the system and reducing dead volumes. Previously, we 
reported and evaluated the performance of a micro fl uidic device 
for L-L bioluminescence assays  (  11  ) . Here, we describe the perfor-
mance of micro fl uidic devices for L-L bioluminescence assays and 
introduce the complete in situ apparatus named integrated in situ 
analyzer for ATP (IISA-ATP) for the quantitative determination of 
T-ATP in ocean environments.  

 

  The IISA-ATP is a functionally integrated in situ instrument used 
for the quantitative determination of T-ATP by a simple method 
employing a commercially available L-L bioluminescence assay kit 
(CheckLite HS Set, Kikkoman Co., Japan). In this system, a 
 seawater sample is mixed with reaction reagents without pre- 
concentration or precipitation processes for condensation and 
desalting. For highly sensitive and quantitative determination of 
P-ATP concentrations in seawater, a pre-concentration process of 
microbial cells using a  fi lter is commonly employed. Because L-L 
reactions are inhibited by elevated ionic strength in reaction mix-
tures  (  12  ) , desalting of the seawater sample is generally recom-
mended to achieve the best sensitivity. Besides the pre-concentration 
process, the  fi ltration process also results in the desalting of micro-
bial cells. D-ATP can be highly condensed and desalted using the 
modi fi ed magnesium-induced co-precipitation procedure reported 
by Björkman and Karl  (  6  ) . These pretreatment procedures improve 
the sensitivity and reliability of the instrument when applied to 
laboratory-based analysis; however, they are too complicated for 
application to in situ analysis. Therefore, the simplest method for 
ATP quanti fi cation, direct mixing of seawater samples with the 
reaction reagents, was selected for the IISA-ATP. Even though the 
bioluminescence intensity is reduced by  fi ve to ten times when 
seawater-based samples are used instead of freshwater-based 
 samples, the sensitivity of the assay is still acceptable (10 −12  M, data 
not shown). 

 A  fl ow diagram, schematic illustration, and photograph of the 
IISA-ATP are shown in Fig.  1 , Fig.  2 , and Fig.  3 , respectively. The 
most important element of the IISA-ATP is the micro fl uidic device, 
which has the ability to conduct microbial cell lysis and an L-L 

  2.  IISA-ATP System

  2.1.  System Overview
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  Fig. 1.    Flow diagram of IISA-ATP.  P1–3  miniature syringe pumps,  P4  DC motor pump,  V  2-way or 3-way valves,  AR  ATP-
releasing reagent,  LL  luciferin-luciferase mix,  S1 and 2  ATP standards,  BS  blank arti fi cial seawater,  SC  sample coil,  LP  lysis 
part,  DP  detection part,  PM  photomultiplier tube,  W  waste. Parts enclosed within the  dashed line  are included in the 
micro fl uidic device.       

  Fig. 2.    Schematic illustration of IISA-ATP. The micro fl uidic device is placed in front of the optical window on the pressure 
vessel for measuring the bioluminescence intensity using the PMT placed inside the pressure vessel.       
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bioluminescence reaction. All reagents (ATP-releasing (cell lysis) 
reagent, L-L reagent, ATP standards, and blank seawater) are 
stocked in individual reagent cartridges and introduced into the 
micro fl uidic device by miniature syringe pumps in parallel. 
Additionally, 1 ml of sample seawater is stocked in a sample coil 
(a coiled Te fl on FEP tube) and introduced into the micro fl uidic 
device. Reagents are pumped indirectly using a displacement  fl uid 
(DI water) that is separated from the reagent by a plastic piston to 
prevent contamination. Seawater samples are indirectly pumped by 
double-sterilized and  fi ltered arti fi cial seawater as a displacement 
 fl uid that is also used as a blank standard. The pumps, valves, and 
micro fl uidic device are immersed in  fl uorinated oil (Fluorinert 
FC-43, 3M) and enclosed in a metal box that provides electrical 
insulation and pressure compensation. The reagent cartridges and 
plastic bags for DI water and waste are stored outside of the oil-
immersed metal box. L-L bioluminescence intensity is measured 
using a photomultiplier tube enclosed in a cylindrical pressure ves-
sel with a pressure-resistant optical window. Control electronics 
are also placed in the pressure vessel. Electric power (24VDC) is 
supplied from a surface boat or an underwater platform such as an 
ROV. RS-232 communication with a PC is necessary to control 
the IISA-ATP and monitor the data in real time. The analysis of a 
single seawater sample or measurement for calibration is completed 
in approximately 10 min.     

  Fig. 3.    Photograph of IISA-ATP. Plastic bags for DI water and waste storage are enclosed 
in a metal cage  fi xed on the analysis unit, for protection.       
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  The most important feature of the IISA-ATP is utilization of the 
micro fl uidic device as the core functional element. The micro fl uidic 
device is composed of a polydimethylsiloxane (PDMS) micro fl uidic 
chip and a glass substrate with integrated heaters and a tempera-
ture sensor (Fig.  4 ) (see Note 1). The transparent micro fl uidic 
chip has a multilayer format as shown in Fig.  5 . The upper layer 
contains a narrow (100  m m) and wide (800  m m) serpentine micro-
channel (200- m m deep) for reagent mixing and cell lysis, respec-
tively. The lower layer has a spiral microchannel (800- m m wide, 
400- m m deep) as the detection part for the L-L bioluminescence 
(Fig.  6 ). Because L-L bioluminescence reactions are temperature 
dependent, the temperature of the micro fl uidic device should be 
maintained under optimum conditions (25 °C here, see Note 2). 
Accordingly, transparent heaters and a temperature sensor made 
of Indium Tin Oxide (ITO) are fabricated on the glass substrate 
for temperature control of the micro fl uidic device. The PDMS 
micro fl uidic chip is fabricated by a replica-molding method  (  13  )  
using a negatively patterned mold master. ITO heaters and tem-
perature sensors are fabricated by a wet etching method  (  14  ) .      

  2.2.  Micro fl uidic 
Device

  Fig. 4.    Photograph of multilayer micro fl uidic device used in IISA-ATP. All the materials 
used in the micro fl uidic device are transparent to enable bioluminescence intensity 
measurements.       
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  Fig. 5.    Schematic illustration of PDMS multilayer micro fl uidic chip used for quantitative 
determination of ATP.       

  Fig. 6.    Bioluminescence emission on spiral-shaped detection part (contrast- and 
brightness- adjusted image).       

 

 

smtiquia@umich.edu



210 T. Fukuba and T. Fujii

 

 The L-L bioluminescence assay kit (CheckLite HS Set) used for 
the IISA-ATP contains extracellular ATP-eliminating enzymes, 
ATP-releasing (cell lysis) reagent, and L-L reagent. The P-ATP 
concentrations can be speci fi cally quanti fi ed by adding the extra-
cellular ATP-eliminating enzyme to a liquid sample. However, 
when the extracellular ATP-eliminating enzyme is added to a sea-
water sample, a large amount of precipitation occurs, which causes 
serious clogging of the microchannel. Accordingly, use of the ATP-
eliminating enzyme is not suitable for micro fl uidic devices and 
thus, T-ATP contents are assayed by the IISA-ATP. Although mix-
ing of the ATP-releasing reagent and seawater sample also causes 
precipitation, it is possible to decrease the amount of precipitate by 
adding 10 mM EDTA to the ATP-releasing reagent, thereby pre-
venting microchannel clogging. To avoid the adsorption of L-L 
reagent contents such as luciferin and luciferase onto a hydropho-
bic PDMS microchannel surface, 2 % (v/v) Tween 20 (see Note 3) 
is added to the L-L reagent. ATP standard solutions (2 × 10 −12  to 
2 × 10 −8  M) for calibration are prepared by diluting the ATP stan-
dard solution (Kikkoman) with double-autoclaved and  fi ltered 
arti fi cial seawater (Daigo’s arti fi cial seawater SP for marine microal-
gae medium, Nihon Pharmaceutical Co. Ltd., Japan).  

 

  Fresh ATP-releasing reagent and L-L reagent were prepared 
according to the manufacturer’s instructions and EDTA and Tween 
20 were added to the ATP-releasing reagent and L-L reagent, 
respectively. Hundred microliters of sample or ATP standard was 
introduced into a plastic test tube (see Note 4). Then, 100  m l of 
the ATP-releasing reagent was added to the sample or ATP stan-
dard and mixed thoroughly using the vortex mixer. After a few 
seconds of the mixing for the ATP release, 100  m l of the L-L 
reagent was added and mixed thoroughly using the vortex mixer. 
Immediately after the mixing, the test tube was applied to the 
luminometer (Lumitester C-110, Kikkoman) to record the biolu-
minescence intensity data (see Note 5). For all samples and ATP 
standard solutions, triplicate measurements were conducted.  

  Fresh ATP-releasing reagent and L-L reagent were prepared and 
modi fi ed as described in Sect.  1 . ATP-releasing reagent, L-L 
reagent, ATP standard solutions (2 × 10 −12  to 2 × 10 −8  M), and blank 
arti fi cial seawater were  fi lled into individual 1-ml plastic syringes 

  3.  Reagents

  4.  Protocol

  4.1.  ATP Quanti fi cation 
Using Desktop 
Apparatus

  4.2.  ATP Quanti fi cation 
Using Micro fl uidic 
Device
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aseptically. Temperature of the micro fl uidic device was controlled 
at 25 °C using the integrated heaters and temperature sensor. After 
the temperature had been stabilized, ATP-releasing reagent, L-L 
reagent, and ATP standard solution or blank seawater were derived 
to the micro fl uidic device at a  fl ow rate of    160  m l/min each 
(480  m l/min in total) using a syringe pump (KD-230, KD Scienti fi c 
Inc., USA). Bioluminescence intensity data was recorded during 
100 s after the bioluminescence reached a plateau. For all samples 
and ATP standard solutions, triplicate measurements were 
conducted.  

  Fresh ATP-releasing reagent and L-L reagent were prepared and 
modi fi ed as described in Sect.  4.1 . ATP-releasing reagent, L-L 
reagent, ATP standard solutions (2 × 10 −11  and 2 × 10 −9  M), and 
blank arti fi cial seawater were  fi lled into individual reagent car-
tridges aseptically (see Note 6). The micro fl uidic device and the 
cartridges were set to the IISA-ATP. Before deployment of the 
IISA-ATP, temperature control was started using the integrated 
heaters and temperature sensor. Immediately after the IISA-ATP 
reached to the sea bottom, calibration was conducted using the 
ATP standards and blank arti fi cial seawater. The IISA-ATP was 
placed on the desired location followed by introduction of an envi-
ronmental sample into the system using the pump for 2–3 min. 
The sample processing was started immediately after the sample 
introduction. Typical  fl ow-rate setting for the analysis is 160  m l/
min each for all of the reagents (480  m l/min in total). The biolu-
minescence data were recorded during approximately 7 min of the 
processing time.   

 

  A typical calibration curve for ATP standards of 2 × 10 −12  to 2 × 10 −8  
M was used (Fig.  7 ). The bioluminescence intensity was linearly 
correlated with the ATP concentration (R2 > 0.99). The detection 
limit calculated from these data was 1.1 × 10 −11  M, which is suf fi cient 
for microbial biomass assays in most ocean environments, except 
for those with extremely low-ATP concentrations such as deep-sea 
and deep-subsurface environments. When compared to the results 
obtained from conventional manual procedures using the desktop 
apparatus and test tubes, the detection limit was approximately  fi ve 
times higher in micro fl uidic device. This is because of the weaker 
bioluminescence emissions caused by the difference in the total 
volume of the  fi nal reagent that can be used for bioluminescence 
intensity measurements (178.3  m l for the micro fl uidic device and 
300  m l for the conventional method using the test tubes).   

  4.3.  Environmental 
Sample Analysis Using 
IISA-ATP

  5.  Typical Protocol 
Results

  5.1.  ATP Quanti fi cation 
Using Micro fl uidic 
Device
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  To demonstrate the performance of the IISA-ATP, a surface 
 seawater sample collected from an arti fi cial shore area in Tokyo 
Bay, Japan, was analyzed using the desktop apparatus and the IISA-
ATP in the laboratory. The sample was collected using a plastic test 
tube and stored for several hours at room temperature until analy-
sis in the laboratory. The time course bioluminescence intensity 
data is shown in Fig.  8 . As shown here, the bioluminescence inten-
sities that correspond to the ATP standard solutions, the blank 
seawater, and the T-ATP contents in the environmental sample can 
be successfully measured by the IISA-ATP. The time course biolu-
minescence data from the environmental samples appeared to 
 fl uctuate more than that of the ATP standard solutions and the 
blank seawater. This may have been caused by the nonuniformity 
of the actual seawater samples owing to the formation of microbial 
aggregates. The average T-ATP concentration calculated from the 
data obtained using the IISA-ATP was determined to be 
2.7 × 10 −10  M. On the other hand, 3.3 ± 0.9 × 10 −10  M of T-ATP was 
determined from the data obtained by the desktop apparatus. As 
shown here, the IISA-ATP can process and analyze environmental 
samples appropriately, and reliable T-ATP concentration data can 
be acquired.   

  5.2.  Results of 
Environmental Sample 
Analysis

  Fig. 7.    Typical calibration curve for ATP quanti fi cation using micro fl uidic device (adapted 
from ref.  (  15  )  with permission).       
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  A  fi eld trial of the IISA-ATP system was conducted in a shallow 
submarine hydrothermal area in the subtropical coral reef off 
Taketomi Island, Okinawa, Japan, in March 2009. A surface boat 
with a power supply and divers was employed for the  fi eld trial 
(Fig.  9 ). The IISA-ATP was connected to a rope with an electrical 
cable for power supply and communication. In situ calibration and 
analysis were conducted at the prominent gas bubbling site depth 
of approximately 13 m  (  16  ) . The sample inlet of the IISA-ATP was 
directly subjected to a stream of hydrothermal  fl uid. The hydro-
thermal  fl uid at the same position was collected manually using 
disposable plastic syringes by the diver for control analysis with the 
IISA-ATP and the desktop apparatus in the laboratory. The sample 
was stored at room temperature for approximately 4 h prior to 
conducting measurements in the laboratory. Representative results 
are summarized in Table  1 . The in situ T-ATP value was lower than 
that measured by the IISA-ATP and the desktop apparatus in the 
laboratory. These results suggest that the microbial activity changed 
during sample transportation and emphasize the importance of in 
situ microbial activity assays in ocean environments to elucidate 
their biomasses and contribution to the circulation of materials 
with higher reliability.     

  5.3.  Field Deployment 
Result

  Fig. 8.    Results of sample processing in laboratory using IISA-ATP.  Blk  blank seawater, 
 Std.1  2 × 10 −11  M ATP,  Std.2  2 × 10 −9  M ATP,  Sample  Environmental sample collected from 
Tokyo Bay (adapted from ref.  (  15  )  with permission). Spike noises observed occasionally 
during the analysis are caused by instability of the pumping system.       
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      1  .  All of the materials for the micro fl uidic device are autoclavable. 
The micro fl uidic device should be autoclaved prior to integrat-
ing with IISA-ATP system. After the autoclave, the PDMS 
material becomes cloudy white color because of penetration of 
water vapor in the material. The PDMS returns to a transpar-
ent state by keeping it in a dry condition for a few hours.  

  6.  Notes

  Fig. 9.    IISA-ATP deployed by diver at submarine hydrothermal site at coral reef off 
Taketomi Island.       

   Table 1 
  In situ T-ATP concentration measured by IISA-ATP 
at bubbling site   

 IISA-ATP (in situ)  IISA-ATP (lab.)  Conventional (lab.) 

 ATP (M)  3.4 × 10 −10   1.2 × 10 −9   1.4 × 10 −9  

  Data obtained by laboratory analysis of environmental samples collected by the IISA-
ATP and the conventional method are also shown (adapted from ref.  (  15  )  with 
permission)  
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    2  .  At the low temperature conditions without the temperature 
control, the bioluminescence intensity becomes apparently 
lower than that measured under the optimum temperature 
condition. For instance, the bioluminescence emission under 
4 °C becomes approximately 4 % of bioluminescence intensity 
compared to 25 °C.  

    3  .  Tween 20 should be sterilized using an autoclave prior to 
adding to the L-L reagent.  

    4  .  The plastic test tubes should be handled with care to avoid 
contaminations of microbes or ATP to the assay. Wearing 
disposable plastic gloves is recommended.  

    5  .  After adding the L-L reagent to the tube, bioluminescence 
emission is immediately started, and it decays gradually. 
Therefore, the time lag between the mixing and the measure-
ment of the bioluminescence intensity should be reproducible 
as possible.  

    6  .  The plastic pistons and barrels that are used as the reagent 
cartridges are not compatible with autoclave. Sometimes, 
apparently high background signal is observed because of 
native contamination of the pistons and barrels. In such a case, 
replacement of the reagent cartridges is necessary.     

 

 For quantitative estimation of the microbial activity, biomass, and 
dissolved phosphorus pools, independent measurements of P-ATP 
and D-ATP are preferable. For example, further optimization of 
the L-L assay kit to prevent the occurrence of precipitation when a 
seawater sample is mixed with the extracellular ATP-eliminating 
enzyme will enable speci fi c quanti fi cation of P-ATP. To compen-
sate for the inhibitory effect of seawater contents such as salt on 
the L-L reaction system for reliable assays, internal standards should 
be utilized for in situ calibrations of the IISA-ATP  (  17  ) . For fur-
ther miniaturization of the IISA-ATP system, highly miniaturized 
pumping components such as micropumps, on-chip microvalves, 
and micro  fl ow-rate regulators  (  18  )  will be integrated in the future. 
The IISA-ATP can be operated at hydrostatic pressures as high as 
60 MPa. Experimental results obtained using a high-pressure 
experimental tank in our laboratory showed that the L-L reaction 
could be successfully conducted at hydrostatic pressure of 60 MPa 
without inhibition (data not shown). An improved IISA-ATP will 
be deployed in a variety of ocean environments, including deep-sea 
areas, in the near future.      

  7.  Future 
Directions
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    Chapter 11   

 Use of Biosensors as Alternatives to Current Regulatory 
Methods for Marine Biotoxins       

        Luis   M.   Botana      ,    Natalia   Vilariño   ,    Amparo   Alfonso   ,    M. Carmen   Louzao   , 
   Mercedes   R.   Vieytes   ,    Ana   M.   Botana   , and    Carmen   Vale      

  Abstract 

 Marine toxins need a continuous monitoring system that is usually implemented in most producer and 
consumer countries. This is needed to protect consumers, as marine toxins are very toxic compounds. Up 
to now, the mouse bioassay has been the method of choice, but there is a legal requirement in Europe to 
replace the bioassay for mass spectrometry with chromatographic separation. This method is rather com-
plex and expensive, and therefore biosensors are an option that provides an easy, reliable, and affordable 
fast system. A biosensor commonly used for marine toxin developments is the optical, label free, surface 
plasmon resonance (SPR). We provide in the chapter a discussion about SPR and a comparison among 
several technologies, and also a detailed example of an SPR-based method for saxitoxin and analogs. We 
also provide a method that uses another approach, the resonant mirror, in this case for yessotoxin. Both 
resonant mirror and SPR are good options for monitoring purposes for marine toxins.  

  Key words:   Resonant mirror ,  SPR ,  Marine toxin ,  Alternative method ,  Food safety ,  Biosensor ,  PSP 
detection ,  Ocean sensing ,  Biorecognition system ,  Real-time detection    

 

 High-throughput screening methods for lead compound 
identi fi cation is a resource that drug companies have been using 
for years to speed up the  fl ow of information and determine in a 
fast pace what compounds are interesting and deserve further 
resources to be invested  (  1  ) . A similar approach has been suggested 
in many occasions for marine toxins, but to date, there has been no 
success. This chapter explores the reasons to the current situation 
on marine toxin monitoring, and what the use of biosensors will 
deserve for the future. 

  1.  Introduction
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 Marine toxins, or phycotoxins, are a group of compounds, 
very complex in their biochemical nature, which are produced as 
secondary metabolites by about 100 different species of 
dino fl agellates or diatoms  (  2,   3  ) . Their ecological role is not known 
yet, but since dino fl agellates are accumulated by  fi lter-feeding mol-
luscs in the digestive tract, shell fi sh are natural concentrators of 
marine toxins, and their concentration reaches deadly levels within 
a short period of time. Since some of these toxins are very potent, 
some of them being the most potent compounds in nature, as it is 
the case of palytoxin  (  4,   5  )  or maitotoxin  (  6  ) , then it is evident that 
the need for a continuous control of their presence in seafood 
products intended for human consumption. 

 Ever since the very beginning of marine toxin control, the 
mouse bioassay has been the method of choice  (  7  )  given its 
combined easiness of use, low cost, and accessibility. But as animal 
protection issues and legal requirements  (  8  )  have increased the 
pressure on the use of animals, a recent European Food Safety 
Agency (EFSA) working group has provided opinions on the legal, 
toxicological, methodological, and risk status for most of the 
marine toxins  (  9–  20  ) . The conclusions from this working group 
were used as base for a new Regulation issued in Europe that 
requires after June 2011, and coexisting with the mouse bioassay 
for 3 years, the reference method for marine toxins will be liquid 
chromatography coupled to mass spectrometry (LC-MS)  (  21  ) . 
This same regulation allows the use of screening methods, and here 
a window for  biosensors is open, as long as they are proven to be 
equivalent to the reference method in terms of protection to con-
sumers, and the method is validated. Although this approach is not 
necessarily the preferred option in other parts of the world, and it 
is not the approach being followed by the Codex Alimentarius, in 
terms of trading with Europe it is the one to use, and therefore, 
since Europe is a major consumer of bivalves, it seems logical to 
expect that LC-MS will be the standard for trading in the future. 
The need to convert LC-MS results into values of a reference com-
pound for each group makes necessary the use of toxic equivalent 
factor (TEF) to translate concentration values of one compound 
into the equivalent of the reference toxin. This is a complex issue 
that is not clari fi ed yet, as TEF are unknown for most of the toxin 
analogs  (  22  ) . Therefore, those methods that use a biorecognition 
system that identi fi es the TEF are the best for monitoring pur-
poses, of them, obviously, the receptor itself is the best choice, but 
this is not always possible. This chapter focuses on a method that is 
probably the most widely explored, the surface plasmon resonance 
(SPR) biosensor. The method uses antibodies for the detection of 
one of the most dangerous marine toxins, the saxitoxin analogs. 
The article also describes the use of a resonant mirror biosensor 
method for yessotoxin, that we chose because it uses a totally differ-
ent approach than the SPR method, with receptors as biorecognition 
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system. Both methods, SPR and resonant mirror, with antibodies 
and receptors, respectively, show that biosensors are a fast, reliable, 
and affordable way of monitoring marine toxins. 

  There are probably a thousand marine toxins being produced by 
dino fl agellates and diatoms. Only a few compounds are quantita-
tively relevant, and they can be grouped on few toxin groups. The 
classi fi cation of the marine toxins has been always a matter of 
debate, but it is clear that the best approach is to assign a group 
name to a set of compounds with the same target and mode of 
action  (  22–  24  ) . Based on this, marine toxins present in shell fi sh 
can be classi fi ed as:

    1.    Saxitoxin and analogs (gonyautoxins, decarbamoyl analogs, 
benzoate analogs, neosaxitoxin), also known as PSP group 
(paralytic shell fi sh poison). With about 30 analogs described 
 (  25  ) , they target the site 1 of the sodium channel  (  26  ) . 
Tetrodotoxin is an analog produced by bacteria  (  27  )  with a 
similar action, but it is not produced by dino fl agellates, and it 
is commonly present in  fi sh  (  28  ) . Nevertheless, its presence 
and a severe human intoxication have been identi fi ed recently 
in gasteropods  (  29  ) .  

    2.    Azaspiracids  (  30  )  is a group with three major analogs and up 
to 30 compounds detectable in traces     (  31–  33  ) . Their mecha-
nism of action is not yet known  (  34,   35  ) .  

    3.    Palytoxin is a unique, very large molecule that has been 
identi fi ed recently as a problem in bivalves  (  4  ) . There are many 
potential stereoisomers  (  5  ) , and the target is the sodium-potas-
sium ATPase  (  36,   37  ) .  

    4.    Brevetoxins are activators of the site 5 at the sodium channel 
 (  38  ) , and there are about 15 analogs described  (  39  ) .  

    5.    Ciguatera toxins, with about 20 analogs,  (  40,   41  )  target the 
same receptor as brevetoxins  (  42–  44  ) .  

    6.    Domoic acid (amnesic shell fi sh poison, ASP) activates the kain-
ate receptor  (  45,   46  ) , and there are 11 analogs reported  (  47  ) .  

    7.    Cyclic imines, this group is the most complex in terms of chem-
ical diversity, with several subgroups  (  19,   48  )  (gymnodimine, 
spirolide, pinnatoxin, pteriatoxin, pinnamine, prorocentrolide, 
spiroprorocentrimine, symbioimine), each one with several 
analogs. They target the cholinergic receptor, either nicotinic 
 (  49  )  or muscarinic  (  50  ) . The use of this receptor as a reagent 
for manipulation in method development is rather feasible, as it 
is very stable if kept in membrane vesicles  (  49,   51,   52  ) .  

    8.    Okadaic acid (OA) and analogs (dinophysistoxins), known as 
diarrheic shell fi sh poison (DSP), with about 12 analogs, it is 
the most common marine toxin worldwide, and inhibits pro-
tein phosphatases 1 and 2A  (  53,   54  ) .  

  1.1.  Marine Toxins 
Diversity
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    9.    Pectenotoxins (20 analogs) are inhibitors of F-actin formation 
 (  55–  57  ) .  

    10.    Yessotoxin, this group has about 50 analogs  (  58,   59  ) , and its 
mechanism of action is not fully elucidated yet  (  60–  62  ) .      

  A biosensor can be de fi ned as a system that converts a biochemical 
reaction into an electrical signal. This wide de fi nition allows many 
possible setups, but essentially, the biological recognition of the 
compound is achieved by means of an antibody or a receptor. The 
term receptor is here again used in a broad sense, as both enzymes 
modifying a substrate or constitutive macromolecules that trigger 
transduction signals could be used for the purpose of biorecogni-
tion for a biosensor. The electrical device, the transducer, that con-
verts the biological recognition to a signal is again open to many 
possibilities, as this is a  fi eld of research that is constantly expand-
ing its scope, and there are many technical solutions in the market 
 (  63,   64  ) , which range from ion-sensitive electrodes, to optical, 
piezoelectric or calorimetric systems  (  63  ) . Marine toxins are a 
proven dif fi cult sort of compounds to detect, since the bivalve 
matrix effect is rather important, and therefore, although there are 
many methods described, very few sustaine real chances of 
success. 

 Biosensors offer simplicity, low reagent use, and very high 
sensitivity in their usually simple experimental design  (  65  ) . Figure  1  
summarizes the strategies to use for the development of a 
biosensor.  

  Any receptor has three properties which are essential to their role; 
they are selective, speci fi c, and sensitive. Therefore, they are able to 
discriminate among many compounds the structures related to the 
target group and they always respond and bind to the compound 
in the same way. The de fi nition of receptor used here covers 
enzymes and protein complexes that trigger a mechanism of trans-
duction, and do not necessarily correspond to the concept of 
receptor being used in therapeutics. These set of characteristics are 
essential to understand why this would be the best approach for 
marine toxins. The use of a receptor to a marine toxin group would 
mean that all the analogs of that group sharing the same mecha-
nism of action would be detected by the receptor. Therefore, they 
would be identi fi ed within a matrix mixture. Nevertheless, matri-
ces, with high salt concentrations, are a common source of inter-
ferences; and in general any method newly developed must be 
accompanied by a speci fi c extraction protocol  (  24  ) . Both enzymes 
and receptors share similar capabilities to recognize the molecules 
of the target group, although in general it becomes easier to work 
with isolated enzymes than with isolated receptors. For this reason, 
receptors are usually semipuri fi ed and contained within membrane 
vesicles  (  52,   66,   67  ) . 

  1.2.  Biosensors

  1.2.1.  Biorecognition
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 Biorecognition can be achieved with antibodies developed 
against certain structures of the molecule. A similar approach can 
be taken by means of aptamers  (  68,   69  ) , which are speci fi c nucleic 
acid sequences (RNA or single-stranded DNA molecules) that 
bind target molecules with high af fi nity and speci fi city  (  70  ) . Both 
aptamers and antibodies are able to detect very low amount of 
target compounds, but they are limited to their crossreactivity, and 
it is dif fi cult to predict their detection capabilities with unknown or 
new substances that belong to a target group, and share the mech-
anism of action, but may not be recognized by the aptamer of the 
antibody  (  71,   72  ) . 

 The basic difference with regard to recognition is that recep-
tors or enzymes will bind to any compound sharing the mechanism 
of the group, while antibodies or aptamers will bind only those 
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  Fig. 1.    Different approaches to biosensor detection.       
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compounds they can recognize; hence, receptors and enzymes are 
dynamic in their recognition, while antibodies or aptamers are not. 
This is in fact the reason why so many antibody-based methods 
have failed to detect marine toxins, since they only recognize a few 
of the total number of compounds in a group. It is important to 
keep in mind that a toxin group is a set of compounds that share a 
mechanism of action; therefore, a receptor-based method is the 
best possible approach. 

 Recent advances in antibody development allow the use of 
selected antibodies that show cross-reactivities that match the 
potency of the target compounds  (  73  ) , but still this approach is 
reliable with toxin groups with few components, such as the 
protein phosphatase inhibitor group of okadaic acid analogs  (  74  ) .  

  There are several technologies that may be used as transducers of 
the signal generated at the biorecognition to be viewed at the end-
point. Calorimetric, piezoelectric, and electrochemical systems 
have not been successful or fully explored for marine toxins, since 
they require large amounts of sample, or do not provide enough 
selectivity to the target compounds  (  63  ) . By far, the most success-
ful approach is the optical technology. Optical transducers are 
label-free systems that monitor the binding of speci fi c molecular 
recognition compounds by means of several technologies commer-
cially available such as SPR  (  75  ) , resonant mirror  (  76  ) , or dynamic 
mass redistribution  (  1  ) . They use evanescent electric  fi elds to 
measure the change in local refractive index after binding between 
the target compound and a molecule that is bound to the sensor 
 (  75  ) . This technology allows real-time interaction and kinetic 
analysis; hence, it is very versatile  (  77  ) . Currently, SPR is the tech-
nology most widely used for the development of new methods, as 
this has been the most successful from a commercial point of view. 
Multisampling is possible now with multiplex analysis for large and 
small molecular weight compounds by means of multiple channel 
chips for SPR  (  78  ) , microplate readers in the case of the dynamic 
mass redistribution using waveguide resonance  (  1  ) , or by means of 
image analysis  (  75  ) . Future developments intend to associate 
the SPR detection with mass spectrometry, Raman spectroscopy, 
imaging, etc.  (  79,   80  ) . 

 Although there are many technological options for biosensing 
marine toxins, there is a problem, related to the food analysis in 
general, and it is the low pro fi t margin of this sector. Therefore, 
competition is  fi erce, and here comes the main problem of biosens-
ing technology, which is the cost. Either the chips or the equip-
ment is rather expensive at the time, and mass spectrometry is now 
the preferred approach. On the other hand, rapid detection by 
automated immunoassays is inexpensive, and therefore, unless 
biosensors  fi nd a way through the low cost detection market, they 
will always be a marginal option for food safety analysis. 

  1.2.2.  Transducers 
and Endpoint
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 A good example of a marine toxin that has been deeply studied 
for its biosensor-detection options is yessotoxin. The mechanism of 
action of yessotoxin is not well de fi ned, as several targets were pro-
posed, such as cadherin  (  81  )  and phosphodiesterase  (  60  ) . In addi-
tion, yessotoxin is a lipophilic toxin that is coextracted in the same 
fraction of other lipophilic toxins with totally different mechanisms 
of action, such as okadaic acid (phosphatase inhibitor  (  53,   82  ) ), 
pectenotoxin (actin inhibitor  (  56,   83  ) ), or azaspiracids (unknown 
target  (  84–  88  ) ). The fact that yessotoxin appears on the same 
extraction fraction of other toxins, but has a different potency and 
toxicity  (  89  )  and shows a totally different bioassay time response, 
has always been a management problem for regulators. Yessotoxin 
above legal limits shows a mouse death time of 6 h, while the other 
toxins above the legal threshold need 24 h to kill a mouse. 
Therefore, a selective extraction procedure for yessotoxin is needed, 
and this complicates notably its regulatory management  (  90  ) . The 
use of isolated phosphodiesterases as biorecognition compounds 
for yessotoxin allowed the development of several rapid and 
 biosensor-based approaches for detection. An indirect microplate 
 fl uorescent method was  fi rst developed based on the use of a 
 fl uorescent substrate of phosphodiesterases (anthranyloyl-cAMP) 
that would change  fl uorescence upon activation of phosphodi-
esterases by yessotoxin. This approach was further evolved to a 
direct assay and determined just the interaction of yessotoxin with 
the phosphodiesterase, by means of a resonant mirror biosensor 
 (  76  )  and a polarization  fl uorescence assay  (  91  ) . The use of the bio-
sensor allowed the study of the kinetic parameters of the binding of 
yessotoxin to phosphodiesterases  (  62,   77  ) . The next step was the 
development of an SPR-based method for yessotoxin  (  92  )  and for 
ladder-shaped polyethers  (  93  ) . Among all these methods, there is a 
philosophical difference with regard to binding and biorecogni-
tion. On the one hand, resonant mirror or polarization  fl uorescence 
are direct binding assays; hence, the more the binding, the more 
the signal. On the other hand, SPR are often inhibition assays, 
where the receptors or large molecules are not constrained on the 
sensor chip surface, and it is the small molecule, the toxin, that it is 
attached to the sensor. The inhibition assay re fl ects the inhibition 
of the binding of the enzyme to the attached toxin on the surface 
in the presence of competing toxin from the sample  (  71,   93  ) . In 
addition to these biosensor methods, immunoassays for yessotoxin 
were also developed  (  94,   95  ) , and the availability of antibodies 
allows the use of antibody-based biosensor assays.   

  For most of the marine toxin groups, there are biosensor methods 
available. Only those groups that have not receptor candidates, 
such as azarpiracids  (  34  ) , pose problems to develop receptor-based 
biosensors, and antibodies are an alternative solution to the prob-
lem. On the other hand, toxins with very high potency are dif fi cult 

  1.3.  Methods
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to use as a source of antibodies, as they are lethal even at very high 
dilutions, and therefore only antibodies with low titles can be 
obtained  (  96,   97  ) . A recent paper describes a direct SPR method 
for palytoxin using mouse antibodies and with a good sensitivity in 
the low to sub-ppb range  (  98  ) . 

  Paralytic shell fi sh toxins were the focus of a large European project 
(BIOCOP) that provided an SPR method based on the use of anti-
bodies  (  71  ) , the method was in house validated  (  99  )  and has been 
proven in an inter laboratory study  (  100  )  to be an empowering 
tool in the drive towards the reduction and replacement of the 
mouse bioassay  (  101  )  and as a support screening method for the 
reference HPLC method  (  102  ) . With the exception of antibodies, 
receptor-based biosensors for PSP are rather dif fi cult to develop 
since the sodium channel is unstable  (  103  ) . A rather unique type of 
biosensors for PSP toxins are those based on the measurement of 
the electrical currents modulated by PSP, or tetrodotoxin for this 
same matter, as they share the same receptor. One approach has 
been described based on the measurements of the electrophysio-
logical currents in cultured cells that express STX-sensitive skeletal 
muscle Na channel  (  104  ) . A similar approach, that used cultured 
neuronal networks grown on integrated microelectrode arrays, has 
been developed for PSP and brevetoxins  (  105,   106  ) . This neuronal 
network biosensor measures the bioelectrical activity of the net-
work as extracellular action potentials and can monitor noninva-
sively the amount of neuroactive marine toxins. The method might 
be probably adapted to ciguatoxins as they are also active on sodium 
channels  (  44  ) . The combined use of antibodies and screen-printed 
electrodes has been reported for okadaic acid, brevetoxin, domoic 
acid, and tetrodotoxin  (  107  ) . This type of methods combine an 
ELISA with the use disposable carbon electrodes coupled to 
amperometric detection of  p -aminophenol/alkaline phosphatase 
as endpoint   . Although brevetoxins and ciguatoxins are dif fi cult to 
detect by means of using sodium channels as the binder in biosensors, 
there are two methods that can screen them. One, mentioned 
above, is the SPR-phosphodiesterase sensor developed for ladder-
shaped polyethers such as yessotoxin or brevetoxins  (  93  ) ; the second 
one, that has been described for ciguatoxins, but can be modi fi ed 
to brevetoxins, is the use of electrodes clamped to cerebellar neu-
rons to measure the electrical current in voltage gated sodium or 
potassium channels  (  44  ) . This last method can detect the toxins in 
the very low nanomolar range.  

  For okadaic acid and analogs, a pseudofunctional method that uses 
a monoclonal antibody that has been described, it shows a cross- 
reactivity that matches the relative toxicity of each of the analogs 
 (  73,   108,   109  ) , and the results show a good correspondence with 
LC-MS equivalent data. To date, there is not an SPR-based 

  1.3.1.  Sodium Channel-
Active Toxins (Saxitoxins, 
Brevetoxins, Ciguatoxins)

  1.3.2.  Phosphatase 
Inhibitors (Okadaic Acid 
and Analogs)
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 phosphatase assay, but phosphatase has been used in an 
 electrochemical method sensitive to dephosphorylation  (  110  ) , a 
biosensor based on a screen-printed electrode with immobilized 
okadaic acid that binds to monoclonal antibodies and uses ampero-
metric measurements as end point  (  111  ) , and an electrochemical 
biosensor that detects H 2 O 2  produced by oxidation of the glucose 
produced by the effect of phosphatase on glycogen  (  112  ) . A differ-
ent sensor design used anti-OA monoclonal antibodies labeled 
with horseradish peroxidase that compete with sample and 
OA-bovine serum albumin (BSA) bound to polyethersulfone 
membranes  (  113  ) , chemiluminescence being the end point.  

  For yessotoxins, the several approaches available were described 
above, but since yessotoxin is a ladder-shaped polyether toxin, 
sharing similitudes with brevetoxins, there is a phosphodiesterase-
based SPR method that can also detect brevetoxin 2  (  93  ) .  

  Since domoic acid receptor is very complex to handle, there is no 
method based on the use of the receptor. Domoic acid is the only 
marine toxin that has been always detected by HPLC with UV 
detection  (  114,   115  ) ; hence, this toxin group has not been a con-
cern in terms of animal use. In addition, there is an ELISA avail-
able for domoic acid and legally endorsed in the EU  (  116  ) . For 
domoic acid, an SPR inmunobiosensor with DA attached to the 
chip surface  (  117  ) , that uses rabbit polyclonal antibody, has been 
developed and compared to the reference method with acceptable 
results. Screen-printed electrodes were used for detection of 
domoic acid  (  118  ) ; they combine antibody recognition with dif-
ferential pulse voltammetry quanti fi cation, but in a similar fashion 
as for neurotoxins, the biosensor is only used for  fi nal quanti fi cation, 
being an ELISA the initial part of the method.  

  There are several receptor-based methods for cyclic imines  (  52,   119  ) , 
but since cholinergic receptors  (  49,   50  )  are stable only if used in 
vesicles, their use in biosensors is complex. Therefore, future SPR 
methods for these compounds will probably be based on antibodies 
rather than receptors.  

  An SPR method has been mentioned above for palytoxin  (  98  ) . For 
maitotoxin, azaspiracids, etc., there is no method yet, and this is 
attributable to the scarcity of the toxins to develop antibodies, or 
the dif fi culty in isolating a reliable functional receptor.   

  For any method, it is mandatory to validate it in an interlaboratory 
exercise, and following international guidelines  (  120–  122  ) . This is 
actually one of the major drawbacks of alternative methods, as vali-
dation is essential given the high toxicity of some of the marine 
toxins, and there is no dedicated international body to this task. 

  1.3.3.  Yessotoxin

  1.3.4.  Domoic Acid

  1.3.5.  Cyclic Imines

  1.3.6.  Other

  1.4.  Validation
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It is possible to run a validation study by means of AOAC that has 
a protocol for validation, or ECVAM  (  123  ) . But in general, the 
cost of a validation is high and complex, and there are very few 
methods that were fully validated. At this time, only the HPLC 
method for PSP toxins  (  124  )  and domoic acid  (  125  ) , and the 
ELISA method for domoic acid  (  126  )  were recognized as vali-
dated methods. There is no biosensor-based validated method, 
although the SPR method for PSP is the only biosensor method 
that has gone through a pilot interlaboratory validation study 
 (  100  ) . 

 In summary, very little advance has been achieved in develop-
ing biosensors for marine toxins. Although SPR is by far the pre-
ferred choice of scientist, it is dif fi cult to use receptors, and 
antibodies will always fall short in terms of cross-reactivity, specially 
for large toxin groups. The future of biosensors in marine toxin 
detection is unclear, as the acceptance of LC-MS as reference 
method will probably reduce the efforts to have alternative meth-
ods. Still, biosensors are a good screening option for marine toxins, 
once they are proven in interlaboratory validation exercises that 
they are reliable and provide good consumer protection.   

 

      Saxitoxin dihydrochloride  
  CM5 sensor chips from Biacore  
  Amine coupling kit (EDC, NHS and ethanolamine)  
  HBS-EP buffer (pH 7.4, 0.01 M HEPES, 0.15 M NaCl, 3 mM 

EDTA, 0.005 % polysorbate) (see Note 1)  
  Formaldehyde (37 %)  
  2,2-(Ethylenedioxy) bis-(ethylamine) (Jeffamine)  
  Borate buffer, 50 mM, pH 8.5     

     Glacial acetic acid  
  Sodium acetate minimum 99 %     

     Biacore Q SPR biosensor  
  HCl (1 M)  
  HBS-EP buffer (pH 7.4, 0.01 M HEPES, 0.15 M NaCl, 3 mM 

EDTA, 0.005 % polysorbate)  
  Saxitoxin dihydrochloride  
  Polyclonal antibody as saxitoxin binding protein     

     BIAevaluation software version 4.1.      

  2.  Reagents 
and Equipment

  2.1.  Reagents for PSP 
Detection by SPR-
Based Biosensors

  2.1.1.  Immobilization

  2.1.2.  Sample Extraction 
Protocol

  2.1.3.  Sample Analysis

  2.1.4.  Evaluation of Results
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       1.    Iasys carboxymethyl dextran (CMD) cuvettes (two wells) (Lab 
systems, UK)  

    2.    Coupling kit: 1-ethyl-3-(3-dimethylaminopropyl) carbodiim-
ide (EDC),  N -hydroxysuccinimide (NHS) and 1 M etha-
nolamine (Lab systems, UK)  

    3.    Phosphodiesterase 3,5-cyclic-nucleotide-speci fi c from bovine 
brain (PDEs) (Sigma Chemical Co, Madrid, Spain)  

    4.    Sodium acetate (Sigma Chemical Co, Madrid, Spain)  
    5.    Tween 20 (Sigma Chemical Co, Madrid, Spain)  
    6.    Yessotoxin (CIFGA Laboratories (  http://www.cifga.com    ), 

Spain)  
    7.    Deionized water (Milli-Q)      

      1.    PBS/T (mM): Na +  145.2; K +  4.7, HPO  4  
2−   8.2; H 2 PO  4  

−   1.5; 
Cl −  141.2; and 0.05 % v/v Tween 20  

    2.    PB (mM): Na +  20; HPO  4  
2−   10. pH 7.7      

      1.    Iasys Af fi nity Sensor (Lab system, UK) with simultaneous dual-
channel monitoring system to use dual cuvette surfaces.  

    2.    Stirred cuvette system connected (to ensure minimal mass-
transport effect): 85 rpm rate.  

    3.    Data-sampling interval: 0.3 s.  
    4.    Temperature: 22 °C.        

 

   Saxitoxin is covalently bound to the chip surface by amino–amino 
coupling.

    1.    Apply a mixture (1:1, v/v) of 75 mg/ml 1-ethyl-3-(3-dimeth-
ylaminopropyl) carbodiimide hydrochloride (EDC) and 
11.5 mg ml −1  NHS for 30 min to the surface of a CM5 chip.  

    2.    Remove excess solution and apply 20 % jeffamine 
(2,2-ethylenedioxy)-bis (ethylamine) in borate buffer for 1 h.  

    3.    Mix 36.6  μ l of saxitoxin solution (100  μ g in 0.1 M acetic acid), 
64  μ l of water and 46  μ l of 37 % formaldehyde. Apply to the 
chip surface after removal of the solution added in step 2 and 
incubate for 3 days.  

    4.    Remove solution and deactivate the chip surface by exposure 
to 1 M ethanolamine for 30 min.  

    5.    The chip surface is then washed with a  fl ow rate of 25  μ L min −1  
of HBS-EP buffer prior to initial use.      

  2.2.  Reagents for YTX 
Detection: Resonant 
Mirror Optical 
Biosensor

  2.2.1.  Reagents

  2.2.2.  Buffers

  2.2.3.  Equipment

  3.  Protocol

  3.1.  Protocol for PSP 
Detection by SPR-
Based Biosensors

  3.1.1.  Immobilization 
of Saxitoxin on the Chip 
Surface
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      1.    Removed shell fi sh samples from their shells and drain.  
    2.    Homogenize 100 g of shell fi sh meat.  
    3.    Weight 1 g of homogenate into centrifuge tubes and add 5 ml 

of sodium acetate buffer, 0.2 M, pH 5 (see Note 2).  
    4.    Vortex for 10 s and roller mix for 30 min.  
    5.    Centrifuge samples at 3,600 ×  g  for 10 min at room 

temperature.  
    6.    Collect the supernatant and dilute 1:20 in HBS-EP buffer.      

      1.    Prepare saxitoxin calibrants at concentrations of 0, 1.0, 2.5, 
5.0, 7.5, and 10.0 ng ml −1  in HBS-EP.  

    2.    Dilute the saxitoxin binding protein (antibody) to the adequate 
concentration.  

    3.    Load samples, calibrants, saxitoxin binding protein, and regen-
eration solution on the BiaCore Biosensor racks.  

    4.    Start the BiaCore biosensor protocol for analysis. The proce-
dure for the analysis are:
   a.    Mix equal volumes of the binding protein and the saxitoxin 

calibrant (or sample).  
   b.    Inject the mixture over the STX sensor chip surface at a  fl ow 

rate of 12  μ L min −1  for 120 s.  
   c.    Regenerate the chip surface with 8  μ L of 50 mM HCl at a 

 fl ow rate of 12  μ L min −1 .  
   d.    Mix and inject the next calibrant solution (or sample).         

 The duration of the procedure for one sample would be 
approximately 1 h for the extraction (ten samples can be easily 
managed simultaneously), 30 min for calibration curve and sample 
preparation and 7 min per cycle for biosensor detection (14 min 
for each sample in duplicates).  

  Each binding cycle in the biosensor has a baseline, a binding phase, 
a dissociation phase and a regeneration step that yields the binding 
surface ready for the next binding cycle (Fig.  1 ). Report points for 
each cycle are taken 10 s before injection and 30 s after the injec-
tion is stopped and the dissociation phase is started. 

 The relative response is calculated by the difference between 
report points. The values of the relative response corresponding to 
the calibrant solution are used to generate a calibration curve with 
a four-parameter  fi t. The binding response for each sample is used 
to calculate toxin content in saxitoxin equivalents using the BIA 
evaluation software version 4.1 (Fig.  2 ).  

 The assay provides a dynamic range for saxitoxin from 2.8 to 
7.8 ng ml −1  and the detection capability in shell fi sh extracts for this 
toxin has been estimated in 120  μ g kg −1 . The estimation of PSP 

  3.1.2.  Sample Extraction

  3.1.3.  Sample Analysis

  3.1.4.  Evaluation of Results
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content for each sample using this assay will depend on the cross-
reactivity pro fi le of the saxitoxin binding protein and the toxin 
pro fi le of the sample. Table  1  shows the cross-reactivity pro fi le of 
the polyclonal R895 antibody and the toxicity equivalency factors 
of PSP toxins.  

 This technique is very robust and no problems should be 
encountered other than the stability of reagents due to aging or 
inadequate storage. Each sensor chip has four cells and each can be 
used for at least 300 binding cycles (see Note 3). In any case, it is 
a good practice to monitor baseline and binding response values 

   Table 1 
  Relative toxicity factors and R895 antibody cross-reactivity of PSP toxins   

 PSP toxin  Relative toxicity factor  R895 antibody cross-reactivity (%) 

 STXdiHCl  1.000  100 

 NEO  1.091  33 

 GTX 1/4  0.899  <0.7 

 GTX 2/3  0.601  39 

 dcSTX  0.745  142 

 dcNEO  0.701  6 

 dcGTX 2/3  0.398  13 

 C1/C2  0.075  20 

 GTX5  0.063  76 

 C3/C4  0.043  <7 

  Fig. 2.    Sensogram of one cycle of sample analysis in a BiaCore Q biosensor. The parts of the sensogram are identi fi ed as: 
( a ) baseline, ( b ) binding (injection of binding protein and extract mixture), ( c ) dissociation (HBS injection), ( d  ) regeneration 
(50 mM HCl injection), and ( e ) new baseline. Reporting points are marked as  1  (baseline) and  2  (response).  Arrow  indicates 
binding signal.       
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  Fig. 3.    Results displayed by the biosensor software after the PSP detection assay is  fi nished.       

for indications of surface or binding protein decay (see Note 4). 
The performance of periodic maintenance and cleaning procedures 
in the biosensor is essential to avoid problems with the micro fl uidic 
system (   Fig.  3 ).    

   Principle . Method based on the measurement of phosphodi-
esterases-yessotoxin association by using a resonant mirror 
biosensor. 

      1.    Prepare activation solution following manufacturer’s instruc-
tions (mix equal volume of 0.2 M EDC and 0.05 M NHS just 
before using) (see Note 5).  

    2.    Add EDC/NHS solution in both wells. Incubate for 10 min.  
    3.    Replace the activation solution by PBS/T. Incubate for 

1 min.  
    4.    Replace by 10 mM acetate buffer pH 5.0. Incubate for 1 min.      

      1.    Add 0.1 mg ml −1  PDEs to the cuvette (PB solution). Incubate 
5 min.  

    2.    Wash with PB.  
    3.    Add ethanolamine pH 8.5. Incubate for 3 min (nonspeci fi c 

binding, NSB).  
    4.    Replace the solution by PBS/T.      

  3.2.  Protocol for YTX 
Detection: Resonant 
Mirror Optical 
Biosensor

  3.2.1.  CMD Surfaces 
Activation

  3.2.2.  Ligand 
Immobilization
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      1.    Prepare  fi ve YTX working standards: For example: 1, 3.75, 5, 
7.5, and 10  μ M YTX (PB, pH 7.7).  

    2.    Add 10  μ M YTX to one cuvette well.  
    3.    Add the same amount of standard vehicle to the other cuvette 

well (control well).  
    4.    Monitor association curves (response) for 20 min.  
    5.    Wash the cuvette (both wells) with PB, recording dissociation 

phase for 5 min.  
    6.    Cuvette regeneration: Add 0.01 M HCl and incubate for 

2 min.  
    7.    5 min equilibration with PB.  
    8.    Add the other YTX concentrations and repeat steps 3–7.  
    9.    Add shell fi sh samples (extracted following [EC, 2005 #1]) and 

repeat steps 3–7 (see Note 6).  
    10.    Add PBS/T to the cuvette and store at 4 °C. The cuvette (with 

the immobilized PDEs) is ready for a new experiment (see 
Note 7).      

      1.    Normalize data by subtracting control well to the response of 
YTX/sample well.  

    2.    Calculate from each association curve the association rate 
constant  k  on  (s 

−1 )  (  62,   76,   77  ) .        

 

 A typical experiment is shown in Fig.  4 . As it can be observed, the 
activation and ligand immobilization is ready in less than 1 h. In 
these conditions, the cuvette can be stored at 4 °C, and it is ready 
for several experiments. The calibration curve can be done with 
four or  fi ve YTX concentrations. The extraction procedure of 
toxins from contaminated samples is fast, 30 min, and the toxin 
concentration is easily known. Several samples can be fast and 
selectively checked for the presence of YTX in a short period. 
Therefore, this is an accurate, feasible, and reliable method to 
detect YTX. 

   Represent YTX concentration versus   ● k  on  (s 
−1 ) obtained.

     [ ]on ass diss( YTX ).k k k= × +     

 (see Fig.  5 ).   
  Transform shell fi sh   ● k  on  to YTX concentration (Fig.  6 ).      

  3.2.3.  Toxin Detection 
by Toxin Association/
Dissociation and Sensor 
Regeneration

  3.2.4.  Data Analysis

  4.  Typical Protocol 
Results
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  Fig. 4.    Graphic pro fi le of the steps described to be taken in this assay, from the surface activation to the addition of a test 
sample.       

  Fig. 5.    Representative association curves (arc seconds response) after addition of different amounts of YTX over immobi-
lized PDEs obtained from Fig.  4 . From these curves,  k  on  (s −1 ) for each YTX concentration is obtained.       

 

 Although for SPR the chip is very stable and reusable many times, 
the major problem concerning the resonant mirror method for 
yessotoxin is the stability of cuvettes once the immobilization is 
done. This item depends on storage conditions but also the purity 
of samples is important. Keeping at 4 °C the cuvettes with enough 
buffer, avoiding dryness, and contaminations, is essential to preserve 

  5.  Notes
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an active surface. In addition, a  fi ltration step trough 0.45  μ m, 
before biosensor quanti fi cation, is sometimes recommended.

     1 . Degassed buffer should be used for good performance of the 
biosensor. One of the main problems of the technology is the 
presence of bubbles in the micro fl uidic system. The buffer 
should not be used for more than 2 days after opening the 
container.  

    2 . Buffers should be prepared fresh.  
    3 . Binding signals should not vary greatly among cells within one 

chip for good quality chips.  
    4 . If binding signal diminishes signi fi cantly from initial values 

within one cell, that cell should be discarded for further use. 
Likewise if an increase of baseline values is observed, baseline 
signal for binding cycles may change slightly during the  fi rst 
cycles of one cell until it stabilizes.  

    5 . Aminosilane cuvettes can also be used. In this case, the activa-
tion protocol is done with glutaraldehyde (4.2 % v/v).  

    6 . The sample preparation includes the extraction of toxins from 
contaminated shell fi sh with acetone, three times, followed by 
three dichloromethane partitions. This process can be replaced 
by a methanol extraction to quantify YTX by other technolo-
gies. However when the resonant mirror optical biosensor is 

  Fig. 6.    Kinetic plot of apparent association constant  k  on  (s −1 ) obtained from Fig.  5  plots 
versus YTX concentration. With this calibration curve the amount of YTX in a sample can 
be calculated.       
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used the organic partition is also necessary. In some cases, the 
cleaning procedure of samples includes a silica cartridge 
followed by a 10000 NMWL. These two steps can be replaced 
by a 0.45  fi lter even though the solid phase extraction improves 
sometimes the results.  

    7 . Each activated cuvette can be used with 100 samples 
approximately   .     

 

 The future of biosensors will be largely based on the two factors. 
One is the success of the mass spectrometry (LC-MS) methods, 
and their complexity. If LC-MS are a popular option, biosensors 
will no longer be pursued. On the other hand, the second factor to 
keep in mind is the need to develop antibodies with a cross-reactiv-
ity that mimics TEFs, and detect all the analogs required by the 
legislation. The realistic approach at this time is that there is no 
biosensor close to getting the status of usable, mostly because the 
equipments are rather expensive, and therefore downscale is very 
much needed, and because no method covers all the compounds 
required. 

 Another very important aspect is the need to validate the 
method once developed, and this will require a good usable method 
(not available yet) and a successful validation study. Therefore, 
although biosensors are promising, in the dif fi cult arena of marine 
toxins, they are not ready yet.      
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    Chapter 12   

 Electrochemical Detection of Harmful Algae by Means 
of a Sandwich Hybridization Assay on an Electrode Surface       

        Jahir   Orozco       and    Linda   K.   Medlin      

  Abstract 

 We report on the development of a sandwich hybridization assay on an electrode surface-based sensor 
device for the detection of toxic algae. This DNA (rRNA)-based sensor uses an electrochemical detection 
of a target sequence by means of its hybridization to a capture probe, with an attachment label at its 5 ¢  end 
that binds it to the electrode surface, and a signal probe with a DIG detection label at the 3 ¢  end. The thiol 
(biotin)-labelled capture probe is immobilized onto gold (carbon, graphite or carbon nanotubes) screen 
printed electrodes. Synthetic positive control DNA or real rRNA isolated from algal cells is applied to the 
sensor and allowed to hybridize to the capture probe. A signal probe with a digoxigenin label is then 
hybridized to this construct, followed by an anti-DIG-antibody coupled to horseradish peroxidase (HRP) 
and a substrate. The electrical signal obtained from the redox reaction is proportional to the amount of 
DNA (rRNA) applied to the biosensor, which is in turn proportional to the number of cells harvested 
when applied to real samples. The optimized hybridization conditions and steps of the fabrication process 
are presented here. The biosensor has been used to detect different algal species, such as  Prymnesium 
parvum, Gymnodinium catenatum, Pseudo-nitzschia australis, Alexandrium ostenfeldii  and  Alexandrium 
minutum , by immobilizing their genetic material over the different transducer platforms.  

  Key words:   Sandwich hybridization assay ,  DNA sensor ,  Harmful algae ,  Screen-printed electrodes , 
 Environmental monitoring ,   Prymnesium parvum  ,   Gymnodinium catenatum  ,   Pseudo-nitzschia australis  , 
  Alexandrium ostenfeldii  ,   Alexandrium minutum     

 

 Monitoring of aquatic pathogens is an essential requirement to 
guarantee safety of water for humans. Identi fi cation and detection 
of harmful algae, as hazardous aquatic pathogens, are of special 
interest because they can produce powerful toxins to  fi sh and 
shell fi sh (e.g. oysters, mussels) and cause amnesic, paralytic or diarrhe-
tic shell fi sh poisoning  (  1–  3  )  when the toxic animals are consumed 
by humans. To mitigate their negative effects not only to  fi sheries, 

  1.  Introduction

smtiquia@umich.edu



244 J. Orozco and L.K. Medlin

aquaculture and tourism, but also to local economies and to health 
problems for humans, the development of rapid, accurate and 
cost-effective detection systems for toxic algal identi fi cation, 
and detection in aquatic environments is urgently required. In the 
past, monitoring and mitigation efforts have relied on visual 
con fi rmation of water discoloration,  fi sh kills and laborious cell 
counts. These practices are very time consuming, require special-
ized or trained personnel, expensive equipment, then being inap-
propriate when many samples have to be routinely analyzed. 
Conventional methods for species detection often require trans-
portation of samples to specialized laboratories and identi fi cation 
of species, which can take several days. Currently, using conven-
tional methods by light microscopy, it is typical for up to 5 working 
days to elapse between specimen collection and the delivery of a 
diagnostic report of the species present in a sample. Molecular 
methods that are potentially faster and more accurate than tradi-
tional light microscopic methods have been used for the 
identi fi cation of phytoplankton, not just those that are toxic  (  4–
  11  ) . The simplicity and low power requirements of electrochemi-
cal biosensors as well as their speed, sensitivity, accuracy and 
versatility have made them attractive candidates to overcome tradi-
tional detection and quanti fi cation limitations and have allowed 
the fabrication of compact and inexpensive devices  (  12,   13  ) . 
Moreover, the ability of electrochemical sensors to identify directly 
nucleic acids in complex samples is a valuable advantage over other 
approaches, such as polymerase chain reactions (PCR) that require 
target puri fi cation and ampli fi cation  (  14  ) . 

 Biosensors are powerful tools for species detection. Among 
them, those based on the direct electrochemical detection of 
nucleic acid target molecules have successfully been demonstrated 
in a variety of approaches by linking DNA or RNA hybridization 
events to an oligonucleotide-modi fi ed electrode surface  (  15,   16  ) . 
The study of toxic algal biodiversity and distribution is greatly 
facilitated by the application of rRNA probes. The detection 
strategy is an electrochemical sandwich hybridization assay (SHA) 
in which target DNA or RNA is bound by both a capture and a 
signal probe  (  17,   18  ) . Only one of the two probes needs to be 
speci fi c for the target species. A capture probe is immobilized on 
the electrode. If the target sequence binds to the immobilized cap-
ture probe in the  fi rst hybridization event, thus its detection takes 
place via a second hybridization event with a signal probe linked to 
a recorder molecule  (  2  ) , such as a  fl uorochrome or digoxigenin. 
An antibody to the recorder molecule is coupled to a horseradish 
peroxidase (HRP) enzyme for electrochemical signal ampli fi cation 
and forms the  fi nal complex. HRP converts electrochemically 
inactive substrates to an electroactive product that can be detected 
amperometrically, in which the current signal is proportional to 
the amount of the bound enzyme (and hence to the analyte 
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concentration in a sample). Oligonucleotide probes detection 
assays involving the ampli fi cation of hybridization signals through 
enzyme tracer molecules have the advantage of being potential 
ultrasensitive  (  19  ) . Besides, the assay format maximizes discrimination 
of the target sequences and puri fi cation of rRNA is not required. 
The reactions are rapid, easy to execute and amenable to automa-
tion. Quanti fi cation of the target species can be performed by using 
smaller, portable and less expensive instrumentation. 

 Preliminary data from an innovative approach to harmful algal 
cell enumeration based on  fi bre optic genosensors for  A. tamarense 
(North American clade) , P. australis and  A. ostenfeldii  have been 
introduced  (  20  ) . A faster, cheaper, and more user friendly and reli-
able biosensor method, together with a handheld device for the 
detection and identi fi cation of the toxic dino fl agellate  A. ostenfeldii  
and  A. minutum  have been reported  (  13  ) . Development and 
adaptation of a multiprobe biosensor for the use in a semi- 
automated device for the simultaneous detection of 14 target spe-
cies of toxic algae has been also recently devised  (  12  ) . To test the 
biosensor platform format that was initially developed for sensing 
 Alexandrium  species  (  6,   13  )  the protocol was assessed using 
probes for  G. catenatum  and  P. parvum  developed by  (  21  )  in a 
microtiter plate assay following the same SHA format, detection 
protocol and conditions. This study has indicated that the electro-
chemical sensor approach has the potential for species-speci fi c 
detection of toxic algae. More recently, elucidation of the differ-
ent steps of the biosensor fabrication process from the electro-
chemical point of view, proof of concept with different algal 
species, and the evaluation of the in fl uence of the transducer plat-
form geometry and material in the biosensor analytical perfor-
mance have been recently published by us  (  22 ,  23  ) . However, a 
multianalyte system not only to identify a broad spectrum of toxic 
algal species, but also to quantify very low concentrations of them 
without  fi ltration of large volume of water sample is still an object 
of study. 

 The protocol reported here concern the validated SHA format 
for the sensing of different toxic algae over different transducer plat-
form sizes and materials. It includes not only the optimized hybrid-
ization conditions, but also the different steps of the fabrication 
process. In this context, the formation of a mixed self-assembled 
monolayer (SAM) and the use of casein and bovine serum albumin 
(BSA) as blockage agents were included in the fabrication proto-
col. The best orientation of the probes and the best mediator/
substrate concentration ratio was selected. The entire protocol and 
detection system improve the biosensor performance in terms of 
higher sensitivity and enhanced limits of detection when testing 
real samples. Proof of concept with different algal species demon-
strated the feasibility of their use for the detection of  P. parvum, 
G. catenatum, P. australis, A. ostenfeldii  and  A. minutum.   
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      1.    An EmStat (Electrochemical Sensor Interface), using the 
PSTrace software from Palm Instruments BV (The Netherlands) 
and a boxer connector DSC from Dropsens (Spain) are used 
for Voltamperometric measurements (see Fig.  1a ).   

    2.    Measurements are carried out with a three electrode cell printed 
over ceramic substrates, whose total volume is 50  m l. This cell 
consists of a DNA-modi fi ed working electrode and an on-chip 
counter and pseudoreference electrode of different materials 
(see Fig.  1b ). All characteristics are summarized in Table  1 .       

       1.    Synthetic oligonucleotides probes (Thermo Scienti fi c, 
Germany) (see Note 1), are listed in Table  2 .       

  2.  Reagents 
and Equipments

  2.1.  Apparatus 
and Materials

  2.2.  Reagents 
and Solutions

  2.2.1.  Probes

  Fig. 1.    Experimental set-up. ( a ) Electrochemical sensor interface, chip connector and chip; ( b ) three electrode cell printed 
on a ceramic substrate (SPAuE from Dropsens).       
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   Table 1 
  Characteristics of the screen printed gold (SPAuE-4, SPAuE-1), graphite (SPGE-1) 
electrodes and single wall carbon nanotubes electrodes (SWCNT-4)   

 Abbreviated 
name  Supplier  Area (mm 2 ) 

 Electrode 

 Working  Counter  Reference 

 SPAuE-4  Dropsens (Spain)  12.57  Au  Pt  Ag/AgCl 
 SWCNT-4  12.57  Carbon nanotubes  C  Ag 

 SPAuE-1  BVT technologies 
(Czech Republic) 

  0.79  Au  Au  Ag/AgCl 

 SPGE-1   0.79  Graphite  Au  Ag/AgCl 

      1.    50 mM NaHCO 3  buffer solution (pH 9.6).  
    2.    10× PBS (0.5 M NaH 2 PO 4 ·H 2 O buffer solution containing 

1.54 M NaCl, pH 7.4).  
    3.    Bead buffer (0.1 M Tris solution containing 0.3 M NaCl, 

pH 7.6).  
    4.    4× Hybridization buffer (0.08 M Tris solution containing 

0.3 M NaCl and 0.04 % sodium dodecyl sulphate (SDS), 
pH 8.0).  

    5.    10× POP buffer (0.5 M NaH 2 PO 4 ·H 2 O buffer solution 
containing 1.0 M NaCl, pH 6.45).  

    6.    PBS-BT (1.0 M PBS containing 0.1 % BSA and 0.05 % Tween 
20, pH 7.4).      

      1.    0.5 M sulphuric acid solution, containing 0.01 M KCl.  
    2.    1 mM potassium hexacianoferrate solution, containing 1 M 

KCl.  
    3.    1 mmol l −1  6-mercapto-1-hexanol aqueous solution.  
    4.    0.5 mg ml −1  neutravidin solution (see Note 2).  
    5.    3 % casein solution in 1× PBS  
    6.    7.5 U ml −1  anti-digoxigenin-HRP fragments (Roche, France) 

(see Note 3).  
    7.    3.48  m g  m l −1  salmon sperm DNA solution was also used as 

blocking reagent in the hybridization mixture (see Note 4).  
    8.    100 mM hydrogen peroxide solution (see Note 5).  
    9.    0.4 mM  N -phenyl- p -phenylenediamine monohydrochloride 

99 % (ADPA) (Acros Organics, Belgium) (see Note 6).        

  2.2.2.  Buffers

  2.2.3.  Other Solutions
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   Table 2 
  DNA probe sets designed with the ARB program  (  21,   22  )    

 Abbreviated name  Sequence (5 ¢ –3 ¢ direction)  Modi fi cations 

 B-Prym  CAG CCG ACG CCG AGC GCG  5 ¢  Biotin 

 T-Prym  CAG CCG ACG CCG AGC GCG  5 ¢  Thiol 

 B-Gym  TTT TTA AAA GAT TAC CCA ATC  5 ¢  Biotin 

 T-Gym  TTT TTA AAA GAT TAC CCA ATC  5 ¢  Thiol 

 T-PsAus  AAC GTC GTT CCG CCA AT  5 ¢  Thiol 

 B-AlOst  CAA CCC TTC CCA ATA GTC AGG T  5 ¢  Biotin 

 T-AlOst  CAA CCC TTC CCA ATA GTC AGG T  5 ¢  Thiol 

 B-Almin  GAA GTC AGG TTT GGA TGC  5 ¢  Biotin 

 T-Almin  GAA GTC AGG TTT GGA TGC  5 ¢  Thiol 

 D-Prymnext  CGC CAT CCT ACC AGG CTC  3 ¢  Digoxigenin 

 D-Gymnext  CTG TCG GAC AAG GTC GTA  3 ¢  Digoxigenin 

 D-PsAusnext  CAA GGT GCT GAC GGA GAC GT  3 ¢  Digoxigenin 

 D-AlOstnext  GAA TCA CCA AGG TTC CAA GCA G  3 ¢  Digoxigenin 

 D-Alminnext  TAA TGA CCA CAA CCC TTC C  3 ¢  Digoxigenin 

  Prymnesium parvum  a,b   GAG CCT GG T A GG ATG GCG CGC GCT 
CGG CGT CGG CTG b  

  Gymnodinium catenatum  a   TAC GAC CTT GTC CGA CAG GAT TGG 
GTA ATC TTT TAA AAA 

  Prymnesium parvum 
differently oriented  c  

 CGC GCT CGG CGT CGG CTG GAG CCT 
GGT AGG ATG GCG 

  Pseudo-nitzschia australis  c   A CGT CTC CGT CAG CAC CTT G ATT 
GGC GGA ACG ACG TT 

  Alexandrium ostenfeldii   GTT GGG AAG GGT TAT CAG TCC ACT 
TAG TGG TTC CAA GGT TCG TC 

  Alexandrium minutum   GCA TCC AAA CCT GAC TTC GGA AGG 
GTT GTG GTC ATT A 

 Negative control  ATA TAG ATT ATC ACC AGT TGT AAG 
AAC CTT CCT TAA 

   a The regions speci fi c for the capture and signal probes are such that their labels are distal to each other.
bThe original positive control used by (21) contained an error and the correct nucleotides are indicated in bold.
cThe regions speci fi c for the capture and signal probes are inversed, thus their labels are proximal each other.     
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  Identi fi cation of toxic algae using oligonucleotide probes are 
usually carried out with probes designed against ribosomal RNA. 
Targets for the probes are the small and large subunit rRNA genes 
in the ribosomes of the cells. Their conserved and variable regions 
make it possible to develop probes speci fi c for different taxonomic 
levels  (  24  ) , the so-called hierarchical probe approach. Probes are 
designed with the probe match function within the ARB (latin, 
“arbor” = tree) software package  (  25  ) , in which mismatches to 
non-targeted are positioned in the middle of the oligonucleotide 
(as close to the centre of the probe as possible to destabilize the 
helix formation with non-target DNA)  (  21  ) . Only one of the two 
probes has to be speci fi c for the target species. Theoretical probe 
speci fi city is dependent on the number of sequences of the targeted 
gene available in the databases. If molecular probes are designed 
from only a few sequences, then a danger of cross-hybridization to 
non-targeted species and organisms occurs, whose sequences are 
unknown and not yet in the database. Prior to the analysis of  fi eld 
samples, molecular probes are tested for speci fi city with cultivated 
target species and closely related species because in silico (in or by 
means of a computer simulation) and in situ results can show dif-
ferent speci fi city signals. In the in silico testing, programs (e.g. 
Oligo) are used to determine if the probes can bind to each other, 
fold back on themselves and bind. The melting temperature of the 
probe from its target is determined. Hybridization temperatures, 
usually two degrees below the melting temperature, are selected 
for initial testing.  

  A gold-activated surface has a remarkable positive effect over the 
intensity of the further amperometric signal. To pretreat the 
SPAuEs:

    1.    Place a 50  m l drop of a 0.5 M H 2 SO 4  solution containing 
0.01 M KCl on their surface.  

    2.    Cycle the potential between 0.0 and +1.2 V, around 30 times, 
at a scan rate of 0.1 V s −1 .  

    3.    Rinse with water and dry with a vacuum pump.  
    4.    Evaluate the electrochemical behaviour in the sulphuric solu-

tion (see Note 7).      

  Before the development of the biosensor, it is very important to be 
sure of the transducer platform suitable stage. The performance of 
the biosensor, among other factors, depends on a straight electron 
transference process taking place on the electrode surface. To char-
acterize the electrodes made of any material mentioned here:

  3.  Protocols

  3.1.  Probe Design

  3.2.  Pretreatment 
of Gold Electrodes

  3.3.  Characterization 
of all the Transducer 
Platforms
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    1.    Place a 50  m l drop of 1 M KCl solution containing 1 mM 
K 3 Fe(CN) 6.   

    2.    Cycle the potential between −0.25 to +0.5 V, around  fi ve 
times, at a scan rate of 0.50 V s −1 .  

    3.    Rinse with water and dry with a vacuum pump.  
    4.    Evaluate the electrochemical information from the voltamo-

gramm obtained (see Note 8).      
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  Fig. 2.    Sandwich hybridization assay, where a target probe is immobilized on an electrode surface between a capture and 
a signal probe. ( a ) Carbon and ( b ) Gold surface.       

  Fig. 3.    Incubation chamber and drying vacuum pump.       

 

 

smtiquia@umich.edu



25112 Electrochemical Detection of Harmful Algae by Means of a Sandwich Hybridization…

  A general approach for species-speci fi c identi fi cation and 
quanti fi cation of toxic algae using a DNA (rRNA)-based biosen-
sor involves an SHA, in which the target sequence is immobilized 
between single-stranded oligonucleotide capture and signal probes 
 (  17,   18  )  (see Fig.  2 ).  

      1.    All the incubations are made in a closed, incubation chamber 
(see Fig.  3 ) with wet Whatman  fi lters to avoid evaporation, at 
room temperature (unless otherwise stated).   

    2.    For electrodes with 4 and 1 mm diameter incubations are made 
by using 7  m l and 2  m l of the corresponding incubation 
solutions, respectively.  

    3.    The rinsing of electrodes was performed three times by using 
ca. 40  m l of the corresponding solution (as it is indicated) 
and intercalating with drying with the vacuum pump as shown 
in Fig.  3 .         

  Overall, different sizes and materials can be used as transducer 
platform (see Table  1 ). Based on the type of material, to explain 
better the fabrication process, they can be set in two groups—gold 
(SPAuE-4 and SPAuE-1) and carbon (SWCNT-4 and SPGE-1) 
electrodes, thus varying the way of capture probe immobilization. 

  To anchor the capture speci fi c probe onto SPAuEs:

    1.    Incubate in 10  m M T-probe, overnight (see Note 9).  
    2.    Rinse with 1× PBS and dry with a vacuum pump.  
    3.    Post-treat with 1 mmol l −1  6-mercapto-1-hexanol, for 1 h (see 

Note 10).  
    4.    Rinse with 1× PBS and dry with a vacuum pump.      

  To anchor the capture speci fi c probe onto the SWCNT-4 and 
SPGE-1:

    1.    Incubate overnight in 0.5 mg ml −1  neutravidine solution, at 
4 °C (see Note 11).  

    2.    Remove excess of neutravidin by washing the chips in 1× 
PBS and dry with a vacuum pump.  

    3.    Block with 3 % casein, for 1 h (see Note 12).  
    4.    Rinse excess of casein with 1× PBS and dry with a vacuum 

pump.  
    5.    Incubate in 10  m M B-capture probe, for 30 min.  
    6.    Rinse excess of B-capture probe with 1× PBS and dry with a 

vacuum pump.       

  3.4.  Development 
of the Biosensor Device

  3.4.1.  General 
Considerations

  3.4.2.  Immobilization 
of the Capture Probe

   For Gold Electrodes 

   For Carbon Electrodes
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  If the target sequence binds to the immobilized capture probe in a 
 fi rst hybridization event, then its detection takes place via a second 
hybridization event with a signal probe linked to digoxigenin  (  2  ) , 
and later an antibody to the DIG coupled to an HRP enzyme is 
applied for electrochemical signal ampli fi cation. This process is 
common for both SPAuE and SWCNT. 

 Assemble target and signal probes over the capture-modi fi ed 
chips in a unique step by incubating in a hybridization mixture 
(master mix) containing:

    1.    1  m l DIG-labelled DNA probe (1.4  m M).  
    2.    3.5  m l 4× hybridization buffer.  
    3.    1  m l salmon sperm DNA.  
    4.    7.5  m l milliQ water.  
    5.    Either 1  m l target sequence (1.4  m M) for the positive control or 

1  m l non-complementary sequence for the negative control.  
    6.    1  m l, 1 % BSA (see Note 13).  
    7.    Incubate the chips in the master mix at 46 °C for 30 min (see 

Note 14).  
    8.    Allow them to cool for 10 min.  
    9.    Rinse excess of master mix with POP and dry with a vacuum 

pump.  
    10.    Incubate in anti-DIG-HRP enzyme for 30 min to complete 

the biosensor development.      

  HRP electrochemically converts an inactive substrate to an electro-
active product that can be detected amperometrically. The current 
signal is proportional to the amount of the bound enzyme (and 
hence to the analyte concentration in a sample).

    1.    Place the chips in the connector as shown in Fig.  1 .  
    2.    Pipette 45  m l of ADPA to the chip.  
    3.    Apply a  fi x potential of −0.15 V between the working and 

reference electrode (by means of the electrochemical sensor 
interface software) and register the current for 60 s.  

    4.    Add 5  m l of 100 mM H 2 O 2  solution and continue registering 
the current 60 s more.        

 

  This protocol has been successfully tested for the electrochemical 
detection of synthetic  P. parvum  sequence by using a sandwich 
hybridization assay on an electrode surface of different sizes and 

  3.4.3.  Hybridization 
of Target and Signal Probe

  3.4.4.  Electrochemical 
Detection

  4.  Typical Protocol 
Results

  4.1.  Synthetic Target
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  Fig. 4.    Analytical signal recorded at a  fi x potential of −0.15 V. ( 1 ) POP background, 
( 2  ) negative control, ( 3  ) positive control using an SWCNT-4 mm electrode, ( 4  ) positive 
control using the SPGE-1.       
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centrations of  Prymnesium parvum  were set to react with the capture and signal probes. 
( b ) The corresponding calibration curve.       
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materials. Figure  4  shows the typical amperometric signal expected 
for two kinds of electrodes (SPGE and SWCNT) (see Note 15). 
Figure  5a  depicts the signal for increasing concentrations of target 
sequence immobilized over the SPGE from 0.0 to 5.2 ng  m l −1  of 
 P. parvum  (see Note 16), and Fig.  5b  the corresponding calibra-
tion curve.   

 The protocol has been also interrogated with other algal spe-
cies, such as  G. catenatum, P. australis, A. ostenfeldii  and  A. minu-
tum , by hybridizing the synthetic sequence between the respective 
capture and signal probes (according to Table  2 ) over the different 
transducer platforms.  

  When the protocol is used for real sample analysis, the following 
steps have to be performed to preserve and store the samples and 
isolate the target sequence from the cells before its hybridization to 
the signal probe (Sect.  3.4.3 ). 

  After collecting  fi eld samples, the algal cells can be stored at room 
temperature for several days by using RNALater from Ambion, 
Huntingdon, UK for a later RNA isolation. The cells can be frozen 
for long-term storage by  fl ash-freezing in liquid nitrogen and an 
immediate transfer to −70 °C. Alternatively, the cells can be stored 
for a longer term if placed immediately in TRI Reagent (Sigma) for 
RNA isolation, but cells should be disrupted for long-term storage 
so that the RNA is released from the cells (see Note 17). Cell 
disruption is best done in a bead beater    and the time and duration 
of the disruption should be visually veri fi ed to ensure that all cells 
are broken in the  fi eld sample, which will undoubtedly contain a 
variety of cell walls.  

  Isolation of RNA can be performed by using one of the two meth-
ods explained as follow (see Note 18). Although in general terms, 
both methods are user sensitive, some practice must be made to 
ensure consistent extraction ef fi ciency. 

      1.    Add 450  m l buffer RLT with ß-mercaptoethanol (ß-ME) to 
the cells.  

    2.    Pipette the lysate into the glass beads and disrupt the lysate in 
a bead beater for 2 × 20 s.  

    3.    Pipette the lysate directly onto a QIAshredder spin column 
(lilac) placed in a 2 ml collection tube and centrifuge for 15 min 
at maximum speed. Carefully transfer the supernatant of the 
 fl ow-through fraction to a new microcentrifuge tube without 
disturbing the cell debris pellet in the collection tube. Use only 
this supernatant in subsequent steps.  

    4.    Add half of volume (usually 225  m l) of ethanol (96–100 %) to 
the cleared lysate and mix immediately by pipetting. Do not 
centrifuge. Continue without delay.  

  4.2.  Real Targets

  4.2.1.  Preservation 
and Storage

  4.2.2.  RNA Isolation

   RNA-Isolation with RNeasy 
Plant Mini Kit (QIAGEN)
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    5.    Apply sample (usually 650  m l), including any precipitate that 
may have formed, into an RNeasy mini column (pink) placed 
in a 2 ml collection tube. Close the tube gently and centrifuge 
for 15 s at 8,000 ×  g . Discard the  fl ow-through. Reuse the col-
lection tube in the next step.  

    6.    Add 700  m l buffer RW1 to the RNeasy column. Close the tube 
gently and wait for ca. 45 s, then centrifuge for 15 s at  ³ 8,000 ×  g  
to wash the column. Discard the  fl ow-through and collection 
tube.  

    7.    Repeat step 6.  
    8.    Transfer the RNeasy column into a new 2 ml collection tube 

(supplied). Pipette 500  m l buffer RPE onto the RNeasy column. 
Close the tube gently, and centrifuge for 15 s at 8,000 ×  g  to 
wash the column. Discard the  fl ow-through. Reuse the collec-
tion tube in step 9.  

    9.    Repeat step 8.  
    10.    Add another 500  m l buffer RPE to the RNeasy column. Close 

the tube gently and centrifuge for 2 min at 8,000 ×  g  to dry the 
RNeasy silica-gel membrane.  

    11.    To elute, transfer the RNeasy column to a new 1.5 ml collec-
tion tube. Pipette 30–50  m l RNase-free water directly onto the 
RNeasy silica-gel membrane. Close the tube gently and centri-
fuge for 1 min at 8,000 ×  g  to elute.  

    12.    To obtain a higher total RNA concentration, a second elution 
step may be performed by using the  fi rst eluate (from step 11).  

    13.    Measure the RNA concentration by using a spectrophotometer, 
e.g. Nanodrop spectrophotometer.      

      1.    Homogenize tissue samples in 10–20 volumes TRI Reagent 
solution.  

    2.    Incubate the homogenate for 5 min at room temperature.  
    3.    (Optional) Centrifuge at 12,000 ×  g  for 10 min at 4 °C and 

transfer the supernatant to a fresh tube to remove any particles 
from the cell lysate.  

    4.    Add 100  m l 1-bromo-3-chloropropane (BCP) per 1 ml of TRI 
Reagent solution, mix well, and incubate at room temperature 
for 5–15 min.  

    5.    Centrifuge at 12,000 ×  g  for 10–15 min at 4 °C. Then transfer 
the aqueous phase to a fresh tube.  

    6.    Add 500  m l of isopropanol per 1 ml of TRI Reagent solution, 
vortex for 5–10 s, and incubate at room temperature for 
5–10 min.  

    7.    Centrifuge at 12,000 ×  g  for 8 min at 4–25 °C, and discard the 
supernatant.  

   RNA-Isolation with TRI 
Reagent (Sigma)
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    8.    Add 1 ml of 75 % ethanol per 1 ml of TRI Reagent solution.  
    9.    Centrifuge at 7,500 ×  g  for 5 min, remove the ethanol, and 

brie fl y air dry the RNA pellet.  
    10.    Dissolve RNA in the buffer of choice.     

 Target sequence of  A. ostenfeldii  and  A. minutum  has been 
isolated from the respective algal growing using both protocols 
described above. However, Tri Reagent has empirically shown 
to be much more ef fi cient for rRNA extraction (Fig.  6 ), thus is 
recommended for this purpose.  

 Once isolated the target sequence, it has to be hybridized to 
the signal probe as described in Sect.  3.4.3 , and the protocol 
follows as explained for the synthetic target. 

 Finally, for both synthetic and real target, a calibration curve 
has to be determined for each probe. For each target species of real 
rRNA, the current density (nA mm −2 ) for 1 ng rRNA, and the 
RNA concentration per cell have to be founded. Subsequently, the 
cell concentration of the target species in a sample can be calcu-
lated from the electrochemical signals (see Note 19).     

 

     1. Synthetic oligonucleotides probes are diluted in 18 M W  cm 
ultrapure deionized water (free of DNA and RNA) to have 
100  m M stock solutions.  

   2. A stock solution of neutravidine is prepared by diluting the entire 
content of 1 mg  fl ask (Ref 40945, Sigma) in 500  m l of 50 mM 

  5.  Notes
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  Fig. 6.    Comparison among three RNA-Isolation methods:  Neasy Plant Mini Kit (QIAGEN),  TRI 
Reagent (Sigma) and the Promega commercial kit.       
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NaHCO 3  buffer solution (pH 9.6) and stored at 4 °C when not 
in use. A working solution is prepared by diluting the stock solu-
tion with the appropriate volume of 50 mM NaHCO 3  buffer 
solution (pH 9.6) to get a 0.5 mg ml −1  solution, prepared daily.  

   3. A stock solution of anti-DIG HRP fragments is prepared by 
diluting the entire content of a 150 U  fl ask (Ref 11207733910, 
Roche) in 1 ml of 1.0 M PBS-BT and stored at 4 °C when not 
in use. A working solution is prepared by diluting 50  m l of the 
stock solution with 950  m l of PBS-BT buffer solution (pH 7.4) 
to get a 7.5 mg ml −1  solution and stored at 4 °C when not in 
use.  

   4. All reagents are prepared by diluting analytical grade reagents 
(Sigma-Aldrich, France) in 18 M W  cm deionized water and 
stored at 4 °C when not in use, unless otherwise stated.  

   5. The solution is prepared by dilution of analytical grade reagent 
in 1× POP buffer solution.  

   6. ADPA is  fi rst dissolved in around 100  m l of 96 % ethanol and 
then diluted in 1× POP buffer solution. To avoid degradation 
of the solution, it has to be prepared before use.  

   7. SPAuEs should have an electrochemical behaviour charac-
teristic of a gold electrode. This is the characteristic and stable 
gold oxide formation and reduction peaks.  

   8. Voltammograms should show a well-de fi ned reversible oxida-
tion and reduction peaks with an experimental current inten-
sity close to the theoretical one (that expected based on the 
geometrical area). The theoretical current can be calculated 
with the Randles-Sevcik equation:

     5
p (2.687 10 )i nAC nvD= ×    

where:  i  p , intensity of the peak ( m A);  n , # electrons involved in 
the semi-reaction for the redox couple (in this case = 1);  A , 
geometrical area of the electrode (cm 2 );  C , concentration of 
the analyte (mol cm −3 ) (in this case = 1.0 × 10 −6 );  v , scan rate (V s −1 ) 
(in this case = 50); D, coef fi cient diffusion of the analyte (cm 2  s −1 ) 
(in this case = 6.07 × 10 −6  for the K 3 Fe(CN) 6 ).  

   9. B-Prym, T-Prym,  P. parvum  and  D -Prymnext are used as 
examples. However, the concept was also extended to other 
different species in Table  2 . The reader can use the suitable 
coupling of previously designed capture and signal probes for 
detecting certain target sequences.  

   10. To enhance the accessibility of the DNA (rRNA) probes to the 
target, the surface was exposed to MCH after DNA (rRNA) 
immobilization. By this treatment, the thiol group of MCH 
rapidly displaces the weaker adsorptive contacts between the 
nucleotide chain and gold, covalently attaching to the interstitial 
regions between ssDNA (rRNA) chains. The post-treatment 
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ensures that the DNA probes are only attached to the gold 
surface through the terminal sulphur atom of the thiol linker 
because the DNA negligibly interacts with the hydroxyl end of 
MCH.  

   11. It is also necessary to note that the effect of capture probe 
density on signal level and hybridization ef fi ciency has been 
empirically tested, and optimal conditions are proposed here.  

   12. Casein is commonly used as a blocking agent to minimize 
unspeci fi c adsorption (some capture probe that can physically 
adsorb to the part of electrode uncovered by neutravidin).  

   13. When the SHA is performed over SPAuE, 1 % BSA is added to 
the master mix to minimize the non-speci fi c interaction 
between the gold surface and the DNA probes.  

   14. Hybridization temperature is speci fi c for the target sequence 
interrogated. It was previously selected and validated based on 
the ARB program.  

   15. Although the amperometric response should be independent 
of the material, it turned out to be highly dependent on the 
electrode size. One millimetre diameter electrode led to seven-
fold higher current density compared to 4 mm diameter one.  

   16. By using the amperometric technique, a simply current read-
ing in the display of the electrochemical sensor interface can be 
related to the concentration of a target species even by any 
inexperienced analyst.  

   17. TRI Reagent solution is a complete and ready-to-use reagent 
for the isolation of total RNA or the simultaneous isolation of 
RNA, DNA, and protein from diverse biological material, 
which can be completed in about 1 h.  

   18. Ribonucleases (RNases) are very stable, active enzymes that 
are dif fi cult to inactivate; even minute amounts are suf fi cient to 
destroy RNA. Use only plasticware or glassware that has been 
chemically or heat treated to destroy RNases. Glassware should 
be cleaned with a detergent, thoroughly rinsed and baked at 
180 °C for four or more hours before use. Always wear gloves 
while handling reagents and RNA samples to prevent RNase 
contamination from the surface of the skin or from dusty labo-
ratory equipment, which are the most common sources of 
contamination. Change gloves frequently and keep tubes 
closed whenever possible. Keep isolated RNA on ice when ali-
quots are pipetted for downstream applications.  

   19. Probe signal (nA mm −2 ) = Total RNA present in the  sample (ng). 
 Then, Cell number = Probe signal (ng)/per cell (ngRNA).     
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 A prototype of a portable semi-automated electrochemical bio-
sensor system has been developed to facilitate the detection of 
toxic algae in the  fi eld   (  12  ) . This device enables the electrochemi-
cal detection of microalgae from water samples in less than 2 h, 
without the need of expensive equipment, but is still not available 
for general purchase. Nevertheless, probes for only a limited num-
ber of phytoplankton exist, they must be validated for each region 
where they are and high sample volume is required if the cell densities 
are expected to be relatively low. The manual isolation of RNA is 
currently the limiting factor of all systems. The concentration and 
quality of the RNA required is high so that large amounts of water 
have to be  fi ltered and RNA isolation should be done by a trained 
molecular scientist. Separate users can isolate different qualities of 
rRNA from the same sample with an equal number of algae cells. 
The resulting signal intensities cannot be compared to cell counts 
determined using another enumeration technique, thus calibration 
curves are necessary. The validation of probe signals against total 
rRNA over the growth cycle of the target microalgae under differ-
ent environmental conditions has to be conducted to verify the 
calibration curves. This will allow the extrapolation of the electro-
chemical readings into more accurate values of cells per litre. Future 
research is directed to overcome these dif fi culties and so an auton-
omous biosensor can be combined with the state-of-the-art in situ 
measurement systems for the reliable and high resolution monitor-
ing of marine phytoplankton in order to evaluate consequences of 
environmental change in the oceans. 

 First attempts to make an automated device come from the 
labs of Chris Scholin in California (  http://www.mbari.org/canon/
ESP.htm    ). Their environmental process sampler is in a prototype 
stage of development and has been  fi eld tested. This instrument 
uses an SHA with chemiluminescent detection and exchangeable 
pucks with membrane  fi lters for the dot blot hybridization. 
Suf fi cient pucks for about 30 days operation are in the present 
prototype. Ideally, an automatic system that can be recharged, such 
as the electrochemical sensor presented here, would ensure that 
the automatic deployment can be unlimited in time. Another system, 
using a submersible, with detection by surface plasmon resonance, 
has been developed by IFREMER but it has only been lab tested 
and so far can only analyze one probe at a time. The Autonomous 
Microbial Genosensor (AMG) USA uses a PCR ampli fi cation of 
the RNA present in the sample and is not available as a laboratory 
instrument but only as a buoy. Using a PCR step as part of the 
analysis is always open to biases. Clearly, there is a need for auto-
mated systems but the perfect one has yet to be designed.      

  6.  Future 
Directions
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    Chapter 13   

 Waterborne Pathogen Detection Using a Magnetoresistive 
Immuno-Chip       

         So fi a   S.  A.   Martins *   ,    Verónica   C.   Martins *      ,    Filipe   A.   Cardoso   , 
   Paulo   P.   Freitas   , and    Luís   P.   Fonseca      

  Abstract 

 Magnetoresistive bioassays, in which the traditional optical labels are replaced by magnetic labels, hold the 
promise of increased response speed, sensitivity, and portability in the detection    system. These properties 
make these systems ideal for the monitoring of microbiological quality of drinking water or hydric resources. 
In this chapter, we demonstrate the applicability of magnetoresistive biosensors for the detection of the 
environmental pathogen  Salmonella typhimurium . The approach comprises the coating of magnetic nano-
particles with polyclonal antibodies to  Salmonella  spp. in order to speci fi cally capture and concentrate the 
 Salmonella  cells from solution. Once captured, the magnetically labeled cells are recognized by a second 
immuno-recognition on top of the sensor’s surface through the use of speci fi c monoclonal antibodies. 
Quantitative data are then obtained using an electronic platform to measure the resistance change of the 
sensor due to presence of the magnetic particles.  

  Key words:   Pathogen detection ,  Immunoassay ,  Chemical functionalization ,  Magnetoresistive 
biosensors  

    

 Immunoassays are based on the unique ability of antibodies to 
bind with high speci fi city to a particular molecule (antigen), 
through particular structures on the molecule (epitopes). The 
enzyme-linked immunosorbent assay (ELISA) is the most com-
monly used immunoassay technique for the detection of a wide 
range of analytes, in particular whole microbial cells. In the last 
decade, ELISA has been combined with biosensors and biochips 
to create immuno-sensing devices with improved detection 

  1.  Introduction

 * So fi a S.A. Martins and Verónica C. Martins contributed equally for this work. 
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performances with respect to speed and sensitivity  (  1  ) . Nevertheless, 
more advanced immuno-sensors are being developed based on the 
ELISA principle but avoiding the enzymatic label. Examples are 
label-free technologies that use direct detection of antigen bound 
to the antibody on the surface of the biosensor (e.g., SPR, piezo-
electric, FET-based biosensors)  (  2–  4  )  while others replace the 
reporter enzyme by a different label (e.g., magnetic particles, gold 
nanoparticles, or quantum dots)  (  5–  8  ) . 

 Magnetoresistive sensors may be used in association with the 
ELISA principle to perform immunoassays. These sensors replace 
the traditional optical detection system, since the labeling is 
performed by a magnetic nanoparticle rather than a colored, 
 fl uorescent, or bioluminescent label (Fig.  1 ). The construction of 
the magnetoresistive bioassay may be generally described in four 
steps: (1) antibodies (poly- or monoclonal) speci fi c to the micro-
bial cell of interest are immobilized (e.g., physically adsorbed, 
chemisorbed, or chemically bound) on the chip surface; (2) a second 
speci fi c antibody is immobilized on the surface of the magnetic 
labels; (3) the target sample is brought into contact with the biochip 
surface, and the probe antibodies speci fi cally recognize the target 
microbial cell; (4) target cells are magnetically labeled, either prior 
to or after surface biorecognition, by the second antibody conju-
gated with the magnetic particles. The assembly formed by probe 
antibody/target cell/second antibody/magnetic particles is the 
so-called  sandwich  assay format  (  9  ) .  

 This chapter outlines the major strategies for the immunomag-
netic capture and magnetoresistive detection of  Salmonella typh-
imurium  cells from solution. The main protocol considerations are 

  Fig. 1.    Schematic representation of a “sandwich” enzyme-based immunoassay (ELISA) in 
analogy with a magnetoresistive immunoassay.       
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therefore related to the type of immobilization chemistry required 
for antibody’s immobilization on both the surface of magnetic 
particles and the surface of the chip, aiming at optimal speci fi city 
and sensitivity for cell capture and detection. 

  In these bioassays the selection of the antibodies is very important 
in order to assure speci fi city. Antibodies (most commonly immu-
noglobulins G, IgG) are known to have Y-shape and to consist of 
one Fc and two Fab fragments (Fig.  2 ). Fab fragments are the vari-
able active sites of the molecule which react with antigens to form 
immune complexes. Therefore, their spatial accessibility is an 
important factor in ensuring the immunosorbent activity. These 
molecules are formed by four smaller protein units (two heavy and 
two light chains) that are linked to each other by disul fi de bonds 
(Fig.  2 ). This is an important aspect to consider in some immobi-
lization approaches that use thiol functional groups.  

 The process to chemically attach the probe antibody to the 
chip surface is known to highly in fl uence the performance of the 
system  (  10  ) . Depending on the immobilized molecule orientation 
on the surface, a higher or lower amount of Fab fragments appear 
to be available for the interaction with the antigen present in 
solution. The manner of antibody immobilization determines its 
orientation, and, as a result, its activity in the immunoassay can 
vary. Random antibody immobilization may result in inaccessibility 
of the active binding site to the antigen molecule or originate 
spatial hindrances or even structural deformation of the molecule. 
This is likely to occur in the case of molecules’ adsorption, either 
by hydrophobic or electrostatic interactions, or random covalent 
binding using bifunctional cross-linkers such as Sulfosuccinimidyl 

  1.1.  Immobilization 
of Antibodies on Solid 
Surfaces

  Fig. 2.    Schematic representation of an antibody molecule depicting the main functional 
groups involved in immobilization reactions.       
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6-[3 ¢ (2-pyridyldithio)-propionamido] hexanoate (Sulfo-LC-SPDP) 
or glutaraldehyde, which makes the bridge between the active solid 
surface and the functional amine groups of the antibody molecules 
(Fig.  3a–c ). Furthermore, results were published demonstrating 
that amine groups of the antigen-binding site show higher chemical 
activity over the ones within the immunoglobulin molecule  (  11  ) . 
Consequently, oriented antibody immobilizations are reported to 
be the best approach in order to retain all the immunological activ-
ity  (  12,   13  ) . However a limited number of oriented alternatives are 
described. The most common includes oxidation of carbohydrate 
residues mostly located in the Fc fragment of the immunoglobulin, 
followed by the reaction of the resulting aldehyde groups with 
amine, hydrazine, or hydrazide groups on the support (Fig.  3d ) 
 (  14,   15  ) . Alternatively, disul fi de bridges in the hinge region of the 
Fab fragments may be reduced to originate active thiol groups, 

  Fig. 3.    Schematic representations of antibody immobilization on solid surfaces (gold in particular when stated (Au) and 
other functional surfaces in general) by random and site-directed chemistries. The main functional groups of the molecule 
involved in the immobilization process are represented on the  left-hand side  of each diagram. ( a ) Random physical 
adsorption through hydrophobic or electrostatic interactions. ( b ) Random covalent binding of antibody amine groups to 
N-hydroxysuccinimide (NHS) groups of SPDP molecules. ( c ) Random biotinylated antibody immobilized by biotin–streptavidin 
af fi nity interaction. ( d ) Site-directed immobilization through oxidized carbohydrate side chains of antibodies over amine, 
hydrazide, or hydrazine functional surfaces. ( e ) Thiolated antibody fragments by speci fi c reduction of disul fi de bridges on 
the hinge region, immobilized directly over gold surfaces or through a maleimido functional linker. ( f ) Site-directed immo-
bilization through af fi nity binding of immobilized Protein A or G towards antibody Fc region (see Note 8).       
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allowing the direct chemisorption of the fragments to a gold 
surface  (  16  )  or the use of linkers with maleimido moieties (Fig.  3e ). 
In this way the antigenic binding sites are available for antigen 
capture. A third option is the use of antibody-binding proteins 
such as Protein G and Protein A, which speci fi cally target the Fc 
region on the antibody (Fig.  3f ). In this case there is no need for 
antibody chemical modi fi cation avoiding the usually associated lost 
of activity. Other strategies are related with the recent advances on 
protein engineering, where recombinant antibodies are immobilized 
employing genetic fusions such as histidine or cysteine tags  (  17  ) .   

  Following antibody immobilization target cell recognition and 
labeling is another relevant topic in the success of the analytical 
device. In particular for magnetoresistive biochips the target analyte 
has to be labeled with a magnetic particle (MP) (Fig.  4a , b). Then, 
the magnetoresistive sensors incorporated in the biochip are able to 
detect the small magnetic fringe  fi elds coming from the labels  (  18  ) .  

 The most commonly used labeling strategy makes use of a sec-
ond antibody, also speci fi c to the target analyte but preferentially 
recognizing a different epitope (Fig.  4d ). By conjugating the sec-
ond antibody with MPs through one of the immobilization 
chemistries previously mentioned, it is possible to use the immuno-
conjugate for cell capture, puri fi cation, concentration, and/or 
transportation, besides magnetic labeling (Fig.  4c )  (  19–  23  ) . 
However these particles were originally designed and produced to 
be used freely in solution, presenting some constraints to their 
application as magnetic labels over solid surfaces, namely nonspeci fi c 
adsorption. To minimize the nonspeci fi c interactions, a blocking 
step of the particle surface can be carried out using blocking agents, 

  1.2.  Target Pathogen 
Cells’ Capture 
and Labeling

  Fig. 4.    Sketch out of the protocol steps for pathogen cell magnetoresistive detection. ( a ) Mixture of the  Salmonella typh-
imurium  cells with antibody-modi fi ed 250 nm magnetic particles. ( b ) Magnetic labeling of the target cells. ( c ) Magnetic 
capture of the magnetically labeled cells by a permanent magnet. ( d ) Loading and detection of the labeled sample over a 
magnetoresistive immuno-chip.       
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such as polyethylene glycol (PEG) or bovine serum albumin (BSA), 
in association with a surfactant in order to promote biological 
stabilization and prevent particles’ aggregation and    adhesion. 
Conversely, their remarkable magnetic properties associated to 
easiness and low-cost production as well as broad commercial 
availability make these labels a valuable choice  (  24  ) . Additionally, 
because magnetic moments of magnetic particles exceed by far 
those of biological materials, background problems are eliminated 
and magnetic detection has little interferences even in samples with 
a complex biochemical composition. 

 The requisite for non-clustering, disperse MPs in homoge-
neous suspensions makes superparamagnetic particles a preferential 
choice. Superparamagnetic particles can quickly be attracted and 
agglomerate under an external magnetic  fi eld, but also promptly 
resuspended in a  fl uid upon removal of that  fi eld, exhibiting zero 
remanence. Therefore a simple permanent magnet can be easily 
used to assist on MPs’ biochemical modi fi cation protocols. 
Presently, a variety of such particles are commercially available with 
a wide range of alternatives in terms of magnetic properties, types 
of coating (e.g., polymeric, silica, gold, latex)  (  25  ) , sizes (from 
several micrometers down to few nanometers)  (  26  ) , shapes (e.g., 
spherical, cluster-type, rods), and surface functionalization. 

 The nature of the functional groups (e.g., –NH 2 , –COOH, –SH) 
or molecules (e.g., streptavidin, Protein A, or antibodies) on the par-
ticle surface will dictate the immobilization strategy as well as the 
labeling performance. Also the adopted size of MPs depends on the 
target analyte dimensions as well as on the number of target labeling 
sites available. For example on microbial cells the number of surface 
epitopes limits the number of labeling sites and therefore magnetic 
labels. Larger labels imply a lower labeling density and are more prone 
to leakage during protocol performance (e.g., washing steps). On the 
other hand smaller labels may reach higher labeling densities, which 
may hinder further biomolecular recognition events. 

 Strategies to estimate the density of antibodies on the magnetic 
particles’ surface and further the magnetic labels’ density over 
the target analyte are important for the design and optimization of 
the detection system.  

  After successful magnetic labeling and capture of the target cells, 
on-chip biomolecular recognition and further magnetic detection 
occur. The magnetoresistive chip may be designed with different 
architectures. Important parameters in this design are the number 
of sensing sites and biomolecular active regions. Presently, the chip 
in use comprises up to 32 sensing sites of U-shaped spin-valve 
sensors. Four of those are reference sensors biologically inert to 
the target entities. The remaining sensors are covered with a bioactive 
region de fi ned by a gold thin  fi lm pad of dimensions 13 × 40  m m 2 . 
The gold pad de fi nes the probe antibody standing area through 
thiol–gold immobilization chemistry (Fig.  5 ).  

  1.3.  Magnetoresistive 
Detection of Pathogen 
Cells
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 The chip (Fig.  6a ) is produced by a standard microfabrication 
process taking place inside a clean-room environment  (  27  ) . After 
microfabrication, the chip is wire bonded on a chip carrier to make 
the electrical contact that will allow the sensor readout by an 
electronic measurement setup (Fig.  6b )  (  28  ) . The biological sample 
loading over the previously bio-functionalized and electronically 
connect chip is performed through a micro fl uidic system. The 
 fl uidic system consists of a U-shaped channel printed in a poly-
dimethylsiloxane (PDMS)    block. The channel is connected with 
metallic adapters to tubing for the inlet and outlet (Fig.  6b ). The 
sealing of the U-shaped channel to the chip is achieved by applying 
pressure over the PDMS, guaranteeing at the same time a correct 
alignment between the channel and the sensors (Fig.  6c )  (  29  ) .  

  Fig. 5.    Overview ( a ) and transversal cross section ( b ) of the magnetoresistive chip depicting the multilayer thicknesses.       

  Fig. 6.    Pictures from the magnetoresistive chip. ( a ) Chip on- fi nger. ( b ) Chip wirebonded on a chip carrier and integrated with 
a micro fl uidic system forming the assembled device. ( c ) Microscopic picture (800× magni fi cation) of a sensing unit of 
the chip.       
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 Before sample loading the labeled target cells are magnetically 
concentrated in a reduced sample volume (from 5 to 10  m l) and 
injected inside the  fl uidic system by an automate syringe pump. 
Thus the assemblage of the MR chip itself with the electronic sys-
tem and micro fl uidics provides a portable platform suitable for 
point-of-use analytical applications. A full description of the MR 
chip microfabrication process as well as the electronic platform for 
sensor signal readout is out of the scope of the current chapter. 
Nevertheless, the reader is invited to consult several recent pub-
lished works on this matter  (  27–  29  ) . 

 In the following sections different protocols for antibody 
immobilization on magnetic particles are presented and optimized 
for maximum antibody loading.  S. typhimurium  cell capture is 
performed and optimized for the different magnetically labeled 
antibody protocols. Finally, the captured cells are detected by a 
magnetoresitive biochip on a sandwich con fi guration strategy.   

 

 Biosafety Level II laboratory facilities are demanded when handling 
bacteria from the genus  Salmonella . Good practices comprise 
restricted access when work is being conducted, the obligatory 
use of gloves and lab coats, dedicated laminar  fl ow cabinets, and 
the use of proper containers for biological waste. All the materials used 
in bacterial culture/handling must be sterilized (e.g., autoclave). 

  S. typhimurium  cells were kindly provided by the Water Analysis 
Laboratory of Instituto Superior Técnico from Technical University 
of    Lisbon. Cells were provided in Ramback Agar (Merck), which is 
a chromogenic growth medium for the discrimination of  Salmonella  
spp. cells from other  Enterobacteriaceae    . Speci fi cally,  Salmonella  
spp. will appear as red colonies, opposite for example to  Escherichia 
coli  that will originate blue colonies. 

 There are many alternatives for the necessary reagents, equip-
ment, and suppliers. The following section describes the solutions 
implemented at our laboratory for the accomplishment of this 
protocol. 

      1.    Sodium Phosphate, Dibasic (Merck, Cat: 567550).  
    2.    Sodium Phosphate, Monobasic, Monohydrate, Molecular 

Biology Grade (Merck, Cat: 567549).  
    3.    Tween ®  20 detergent (Merck, Cat: 655205).  
    4.    Sodium chloride (NaCl) (Panreac, Cat: 211659).  
    5.    Sodium Acetate, Anhydrous, Molecular Biology Grade (Merck, 

Cat: 567418).  

  2.  Materials

  2.1.  Buffers and Culture 
Media for Cell Culture
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    6.    Tris, Hydrochloride, Molecular Biology Grade (Merck, Cat: 
648317).  

    7.    EDTA, Disodium Salt, Dihydrate, Molecular Biology Grade 
(Merck, Cat: 324503).  

    8.    Sodium meta-periodate, NaIO 4  (Sigma-Aldrich, Cat: S1147).  
    9.    BSA-Fraction V lyophilized powder    (Sigma-Aldrich, Cat: 

85040C).  
    10.    Sodium cyanoborohydride solution 5.0 M in 1 M NaOH, 

NaBH 3 CN (Sigma-Aldrich, Cat: 296945).  
    11.    Thiol-polyethyleneglycol, HO-PEG-SH b (RAPP Polymer, 

Cat: 103000-40).  
    12.    DL-Dithiothreitol, DTT (Sigma-Aldrich, Cat: D0632).  
    13.    Rappaport Vassiliadis Liquid Broth (BD, Cat: BA-257257.01).  
    14.    LB-AGAR (Sigma-Aldrich, Cat: L2897).      

      1.    Amine (NH 2 ) coated magnetic nanoparticles, 250 nm 
(Micromod, Cat: 09-01-252).  

    2.    Streptavidin coated magnetic nanoparticles, 250 nm 
(Micromod, Cat: 09-19-252).  

    3.    Protein A coated magnetic nanoparticles, 250 nm (Micromod, 
Cat: 09-20-252).      

      1.    Rabbit polyclonal antibody (PAb) to  Salmonella  spp. (Abcam, 
Cat: ab35156).  

    2.    Rabbit PAb to  Salmonella  spp. biotin conjugated (Abcam, Cat: 
ab69255).  

    3.    Mouse monoclonal antibodies (MAbs) to  Salmonella  spp. 
(Abcam, Cat: 13633).      

      1.    Sulfo-LC-SPDP (Pierce, Cat: 21650).      

      1.    Portable electronic platform for magnetic detection readout 
(INESC-ID—  http://sips.inesc-id.pt/biochip/    ).  

    2.    Syringes 1 mL (Codan, Cat: 621640).  
    3.    Blunt tips 23 G (Small Parts, Cat: NE231PL25).  
    4.    Te fl on tubing 0.02 in. ID (Small Parts, Cat: B0013HMTI0).  
    5.    Syringe Pump (New Era, Cat: NE-300).      

      1.    Refrigerated centrifuge (Hermle, rotor 220.72 for 15-mL 
centrifuge tubes and rotor 220.87 for 1.5-mL tubes).  

    2.    Isopropanol (Sigma-Aldrich, Cat: 190764).  

  2.2.  Magnetic Particles

  2.3.  Antibodies 
to  Salmonella  spp.

  2.4.  Chemical Cross-
Linkers for Antibody 
Immobilization

  2.5.  Sample Loading 
and  Salmonella  
Detection in the 
Magnetoresistive 
Biochip

  2.6.  Others
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    3.    Glacial acetic acid (Sigma, Cat: 320099).  
    4.    Magnetic concentrator Dynal MPC-S (Invitrogen, Cat: 120.20).  
    5.    Sterile centrifuge tubes 15 mL (Corning, Cat: 430766).  
    6.    Sterile Eppendorf tubes 1.5 mL.  
    7.    Spectrophotometer (Hitachi U-2000).  
    8.    Disposable plastic cuvettes (VWR-Int., Cat: 97000-586).  
    9.    Disposable Petri dishes.  
    10.    Disposable inoculating loops (VWR-Int., Cat: 1612-9358).  
    11.    Orbital shaker (Aralab, Agitorb 2000).  
    12.    Balance (Denver Instruments company, AA-250).  
    13.    Microcon centrifugal  fi lter devices 100 kDa cut-off (Millipore, 

Cat: UFC510096).  
    14.    Coomassie Protein assay Kit (Pierce, Cat: 23200).  
    15.    Clear 96 microwell plates (Greiner Bio-ONE, Cat: 650901).  
    16.    Microplate reader (Molecular Devices, SpectraMax 340 PC).  
    17.    UV-Ozone source (Jelight, Cat: 144AX-220).  
    18.    End-over-end Eppendorf rotation with  fi xed speed at 12 rpm 

(Orbit, Cat: 3000445).       

 

       1.    Prepare two stock solutions* as follows: 
 Solution A: 0.2 M

   Weight 35.61 g of Na  – 2 HPO 4 .  
  Bring the  fi nal volume to 1 L with dH  – 2 O.    

 Solution B: 0.2 M
   Weight 27.6 g of NaH  – 2 PO 4 ·H 2 O.  
  Bring the  fi nal volume to 1 L with dH  – 2 O.    
 *These solutions, when autoclaved, are stable up to 1 year 

when stored in the dark at 4 °C.  
    2.    Prepare 500 mL of 0.1 M phosphate buffer pH 7.2* as 

follows:  

 Component  Volume (mL) 

 Solution A  180 

 Solution B  70 

 dH 2 O  250 

 *This solution, when autoclaved, is stableup to 
1 year when stored in the dark at 4 °C      

  3.  Protocols

  3.1.  Buffer Preparation

  3.1.1.  0.1 M Phosphate 
Buffer (PB) pH 7.2
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      1.    Prepare 50 mL of 0.1 M phosphate buffer–0.02 % Tween 20 
(v/v):  

 Component  Volume (mL) 

 Tween 20  0.01 

 0.1 M Phosphate buffer pH 7.2  Up to 50 

      1.    Prepare 100 mL of 1.5 M NaCl solution as follows:  

 Component  Composition 

 NaCl  8.8 g 

 dH 2 O  100 mL 

    2.    Prepare 500 mL of 0.1 M phosphate buffered-saline solution 
at pH 7.2* as    follows:  

 Component  Volume (mL) 

 Solution A  180 

 Solution B  70 

 1.5 M NaCl solution  50 

 dH 2 O  200 

 *This solution, when autoclaved, is stable up to 1 year 
when stored in the dark at 4 °C      

      1.    Prepare 100 mL of 0.1 M sodium acetate buffer pH 5.5 as 
follows:  

 Component  Composition 

 NaC 2 H 3 O 2   0.82 g 

 dH 2 O**  100 mL 

 *This solution, when autoclaved, is stable up to 1 year 
when stored in the dark at 4 °C 
 **Before bringing the  fi nal volume up to 100 mL, adjust 
the pH to 5.5 with glacial acetic acid      

      1.    Prepare 500 mL of 10 mM Tris–HCl, 1 mM EDTA pH 7.4 as 
follows:  

 Component  Composition 

 Tris–HCl  0.8 g 

 EDTA  0.15 g 

 dH 2 O**  500 mL 

 *This solution, when autoclaved, is stable up to 1 year 
when stored in the dark at 4 °C 
 **Before bringing to the  fi nal volume, adjust the pH to 
7.4      

  3.1.2.  0.1 M Phosphate 
Buffer, 0.02 % v/v Tween 20

  3.1.3.  0.1 M Phosphate-
Buffered Solution    pH 7.2

  3.1.4.  0.1 M Sodium 
Acetate Buffer* pH 5.5

  3.1.5.  10 mM Tris–HCl, 
1 mM EDTA (TE)* pH 7.4
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      1.    Prepare 1 mL of 20 mM sodium meta-periodate as follows:  

 Component  Composition 

 Sodium  meta -periodate  4 mg 

 0.1 M acetate buffer, pH 5.5  1 mL 

 *This solution must be prepared immediately before use 
and protected from light      

      1.    Prepare 1 mL of sulfo-LC-SPDP solution in phosphate buffer 
as follows:  

 Component  Composition 

 Sulfo-LC-SPDP  1 mg 

 0.1 M phosphate buffer, pH 7.2  1 mL 

 *This solution should be prepared immediately before use      

      1.    Prepare 10 mL of solution as follows:  

 Component  Composition 

 BSA  2.5 g 

 Tween 20  0.005 mL 

 0.1 M phosphate buffer, pH 7.2  Up to 10 mL 

      1.    Prepare 1 mL of solution as follows:  

 Component  Composition 

 SH-PEG  1 mg 

 TE buffer, pH 7.4  1 mL 

 *This solution should be prepared immediately before use      

      1.    Prepare 1 mL of solution as follows:  

 Component  Composition 

 DTT  0.15 mg 

 0.1 M sodium acetate buffer  1 mL 

 *This solution should be prepared immediately before use       

       1.    Prepare 25 mL of Rappaport liquid medium* as follows:  

 Component  Composition 

 Rappaport  0.66 g 

 dH 2 O*  25 mL 

 *Autoclave at 115 °C for 15 min. Protect from light and 
store at 4 °C      

  3.1.6.  20 mM Sodium Meta-
periodate (NaIO 4 )* in 0.1 M 
Acetate Buffer, pH 5.5

  3.1.7.  1 mg/mL Solution 
of Sulfo-LC-SPDP*

  3.1.8.  25 % (w/v) Bovine 
Serum Albumin and 
0.05 % (v/v) Tween 20 
in Phosphate    Buffer

  3.1.9.  1 mg/mL SH-PEG*

  3.1.10.  1 mM DTT*

  3.2.  Media Preparation

  3.2.1.  Rappaport Liquid 
Medium
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      1.    Prepare 500 mL of LB-Agar Medium* as follows:  

 Component  Composition 

 Rappaport   17.5 g 

 dH 2 O*  500 mL 

 *Autoclave at 115 °C for 15 min. Store at 4 °C       

       1.    Filtrate 100–200  m L of PAb molecule at 1 mg/mL using the 
Microcon centrifuge  fi lters (100 kDa cutoff) at 10,000 rpm for 
15 min at room temperature to remove the previous buffer 
solution and exchange buffer to 100–200  m l of 0.1 M sodium 
acetate buffer, pH 5.5 (see Notes 1 and 2).  

    2.    Add an equal volume of 20 mM sodium  meta -periodate solu-
tion ( fi nal concentration 10 mM), mix well, and incubate the 
mixture for 30 min at 4 °C, protected from light.  

    3.    Filtrate with the Microcon (100 kDa cutoff) using a refriger-
ated centrifuge with the temperature set to 4 °C, at 10,000 rpm 
for 15 min.  

    4.    Remove the sodium  meta -periodate solution with the Microcon 
 fi lters (100 kDa cutoff) at 10,000 rpm for 15 min and exchange 
buffer to 100–200  m l of 0.1 M phosphate buffer, pH 7.2. The 
carbohydrate molecules are now oxidized and the PAb 
molecules are ready for the coupling reaction with amine 
groups (see Note 3).  

    5.    Gently resuspend the amine-coated magnetic particles stock 
solution (5 × 10 11  particles/mL stock concentration) in order 
to obtain a homogeneous solution (see Note 4).  

    6.    Remove the necessary volume of particle stock solution to 
obtain a  fi nal concentration of 10 7  particles/ m L in 0.1 M phos-
phate buffer pH 7.2 into a 1.5-mL Eppendorf tube (1:10 dilu-
tion). For example, for a  fi nal volume of 100  m L, remove 10  m L 
from the stock solution.  

    7.    Place the 1.5-mL Eppendorf tube containing the nanoparticles 
in the magnetic concentrator and wait for 3–5 min, until the 
particles pellet is clearly visible on the tube sidewalls. With the 
aid of a pipette, gently remove the original buffer without aspi-
rating the particles. Resuspend the particles in 100  m L of 0.1 M 
PB pH 7.2. Repeat this procedure at least twice in order to 
completely remove the original preservative buffer.  

    8.    Prepare a 100  m L dilution of the oxidized PAb at 6.25  m g/mL 
in 0.1 M PB, pH 7.2.  

  3.2.2.  LB-Agar Medium

  3.3.  Polyclonal Antibody 
Immobilization on the 
Magnetic Particles

  3.3.1.  Carbohydrates 
Oxidation Site-Directed 
Immobilization Chemistry
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    9.    Using the magnetic concentrator remove the buffer from the 
particles solution (see step 7) and replace it with the antibody 
solution prepared above.  

    10.    Incubate the mixture for 3 h at 37 °C with moderate agitation 
(end-over-end rotator at 12 rpm) (see Note 5).  

    11.    Using the magnetic concentrator, discard the supernatant and 
resuspend in 100  m L of 0.1 M PB, pH 7.2. Repeat this proce-
dure twice in order to remove the non-bound antibody 
molecules.  

    12.    Reduce the primary amines by adding directly from the stock 
solution 10  m L of cyanoborohydride. Allow to react for 10 min 
at room temperature (see Note 6).  

    13.    Using the magnetic concentrator, wash the Ab-conjugated 
particles three times with 0.1 M PB, pH 7.2.  

    14.    Finally, resuspend the particles in 1 mL 0.1 M PB 
(10 6  particles/ m L). The Ab-conjugated particles are preserved 
up to 1 week at 4 °C in this buffer without loss of antibody 
activity (see Note 7).      

      1.    Filter 100–200  m L of biotin-PAb molecule at 1 mg/mL using 
the Microcon centrifuge  fi lters (100 kDa cutoff) at 10,000 rpm 
for 15 min at room temperature to remove the previous buffer 
solution and exchange buffer to 0.1 M PBS, pH 7.2.  

    2.    Gently resuspend the streptavidin particles stock solution 
(5 × 10 11  particles/mL stock concentration) in order to obtain 
a homogeneous solution (see Note 4).  

    3.    Remove the necessary volume of particles stock solution to 
obtain a  fi nal concentration of 10 7  particles/ m L in 0.1 M PB, 
pH 7.2 to a 1.5-mL Eppendorf tube (1:10 dilution). For 
example, for a  fi nal volume of 100  m L, remove 10  m L from 
stock solution.  

    4.    Using the magnetic concentrator, wash the particles three 
times with 0.1 M phosphate saline buffer pH 7.2, as indicated 
in Sect.  3.2.1 , step 7, in order to remove the preservative 
buffer.  

    5.    Prepare a 100  m L dilution of the biotin-PAb at 10  m g/mL in 
0.1 M PBS, pH 7.2.  

    6.    Using the magnetic concentrator, remove the buffer from the 
particles solution and replace it with the antibody solution 
prepared in step 5.  

    7.    Incubate the mixture for 30 min, at room temperature, with 
moderate agitation.  

  3.3.2.  Biotin–Streptavidin 
Af fi nity Binding
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    8.    Using the magnetic concentrator, discard supernatant and 
wash the Ab-conjugated particles three times with 0.1 M PBS, 
pH 7.2.  

    9.    Resuspend the particles in 1 mL 0.1 M PB (10 6  particles/ m L 
 fi nal concentration). The Ab-conjugated particles are preserved 
up to 1 week at 4 °C in this buffer without loss of antibody 
activity.      

      1.    Proceed as described above for biotin/streptavidin immobili-
zation but replace the biotin-PAb by the nonconjugated PAb 
molecule and use the Protein A-coated magnetic nanoparticles 
(5 × 10 11  particles/mL stock concentration) (see Note 8).      

  Protein quanti fi cation methods can be used to determine the effec-
tiveness of the immobilization chemistries described above. The 
following protocol is based on the Coomassie Protein assay kit and 
can be used to determine the number of immobilized antibodies 
per particle.

    1.    Standards: Prepare a serial dilution of the antibodies ranging 
from 0 to 100  m g/mL in a total volume of 100  m L (see Note 9).  

    2.    Samples: Preserve the 100  m L supernatant and the washing 
solutions containing the unbounded antibody molecules (see 
above sections).  

    3.    Transfer the standards and samples to a clear 96-microwell 
plate.  

    4.    Add an equal volume of Coomassie reagent to each well, mix, 
and incubate in the dark for 10 min.  

    5.    Transfer the plate to the microplate reader and collect the 
absorbance at 595 nm.  

    6.    Plot the absorbance of the standards as a function of its 
concentration and use the standard curve to interpolate the 
concentration of each sample (see Note 10).  

    7.    Calculate the amount of immobilized antibody as follows:
     ( ) ( )

( ) ( )

−= × ×

× ×

*6

23

Ab molecules Concentration g / L 100 10

L 6 10 molecules / mol / 150,000 g / mol

    

 (*Reactional volume)

     

+

=

− ∑
Initial

(supernatant washing buffers)

Immobilized Ab molecules Ab molecules

Ab molecules .i

          

  3.3.3.  Protein A Af fi nity 
Binding

  3.3.4.  Evaluation of 
Immobilization Ef fi ciencies
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      1.    Wash the chip three times with isopropanol followed by a 
three-time wash in dH 2 O. Dry under compressed air or N 2 .  

    2.    Treat the chip with the UV-ozone source setting for at least 
15 min for the UV irradiation time (see Note 11).  

    3.    Filter 50  m L of MAb molecule at 50  m g/mL using the Microcon 
centrifuge  fi lters (100 kDa cutoff) at 10,000 rpm for 15 min to 
remove the preservative buffer and exchange buffer to 0.1 M 
PB, pH 7.2. Keep this solution at 4 °C until step 8.  

    4.    Dispense 20–50  m L of sulfo-LC-SPDP solution over the chip 
surface and incubate at room temperature for 1 h in a humidi fi ed 
atmosphere in order to prevent evaporation (see Note 12).  

    5.    Remove excess cross-linker by rinsing with 0.1 M PB.  
    6.    Incubate the chip with 50  m L of DTT solution for 15 min. 

This step aims to reduce the remaining disul fi de bridges on the 
cross-linker and further enhances Sulfo-LC-SPDP cross-linkage 
to the gold surface. Wash using a pipette with 0.1 M PB, pH 7.2.  

    7.    Incubate the chip with 50  m L of MAb solution (from step 3) 
for 2 h at room temperature in a humidi fi ed atmosphere to 
prevent evaporation.  

    8.    Remove the unbound MAb molecules by washing with 0.1 M 
PB, pH 7.2.  

    9.    Block the chip surface with 50  m L of OH-PEG-SH solution in 
TE buffer for 1 h at room temperature in a humidi fi ed atmo-
sphere (see Note 13).  

    10.    Remove excess blocking solution by washing the chip two times 
with TE buffer. Rinse with PB. The chip is now ready to use.      

       1.    In an aseptic environment and with the aid of an inoculating 
loop, remove one isolated colony of  S. typhimurium  from the 
culture plate and inoculate 25 mL of Rappaport liquid medium.  

    2.    Incubate for 16 h in an orbital shaker at 37 °C with 250 rpm 
agitation.  

    3.    In aseptic conditions transfer the enriched medium to two 
sterile 15-mL centrifuge tubes. Centrifuge at 5,000 rpm for 
5 min.  

    4.    Discard supernatant into a proper biohazard container for fur-
ther decontamination. Resuspend the cell pellet in 0.1 M PB, 
pH 7.2.  

    5.    Using the spectrophotometer, measure the culture optical 
density at 600 nm (OD 600 ) using PB as blank. All contami-
nated waste must be discarded into a proper container.  

    6.    The cell concentration is calculated as follows:

     8
6001OD ~ 5 10 cells / mL.×      

  3.4.  Monoclonal 
Antibody 
Immobilization 
on the Chip Surface

  3.5.   Salmonella 
typhimurium  
Magnetic Capture

  3.5.1.   S. typhimurium  
Cell Culture
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    7.    In aseptic conditions dilute the cell suspension to the desired 
concentrations (typically in the range of 0–10 6  cells/mL) in 
0.1 M PB, pH 7.2.      

      1.    Prepare 100  m L (10 6  particles/ m L) of the PAb-modi fi ed 
particles as described in Sect.  3.3 .  

    2.    Using the magnetic concentrator, remove the conservation 
buffer and replace it for 100  m l of a 5 % BSA–0.02 % Tween 20 
solution. Block the particles for 30 min at room temperature 
with moderate agitation (see Note 14).  

    3.    Discard blocking solution and replace it by the cell suspension 
(see Sect.  3.5.1 , step 7). Incubate for 30–45 min at room 
temperature, with moderate agitation (see Note 15).  

    4.    Using the magnetic concentrator, gently remove the supernatant. 
Repeat this procedure three times with 0.1 M PB. All waste 
should be discarded into a proper biohazard’s container for 
further decontamination.  

    5.    Perform a  fi nal suspension of the magnetically labeled cells in 
10  m L of 0.1 M PB, pH 7.2.      

  Evaluation of capture ef fi ciencies can be performed to assess the 
ef fi cacy of the capturing procedure. The following protocol is 
based on traditional colony plate assays coupled to mass balances 
and affords a mean to calculate the number of captured cells origi-
nated from cell suspensions not exceeding 10 4  cells/mL. Higher 
cell concentrations will result in dif fi culty in cell counting.

    1.    Autoclave LB-Agar medium for 15 min at 115 °C. Cool down 
approximately to 40 °C, assuring that the medium has not 
solidi fi ed.  

    2.    In an aseptic environment, add approximately 20 mL of 
LB-Agar medium into each Petri dish. Wait until the culture 
medium completely solidi fi es at room temperature.  

    3.    Preserve the supernatant and washing solutions from step 4 in 
Sect.  3.5.2  and 100  m L of the initial cell suspension. With the 
aid of an inoculating loop, plate the samples in the LB-Agar 
plates. Spread expansively in order to obtain isolated cells. Each 
isolated cell will originate an individual cell colony. Incubate 
the plates for 16 h at 37 °C.  

    4.    Count the Colony-Forming Units (CFUs) obtained in each 
plate. The number of captured cells can be calculated as 
follows:

     

( )

Initial cell suspension

supernatant Washing buffers

Captured cells No. CFU

No. CFU .
i +

=

−∑
          

  3.5.2.  Magnetic Capture

  3.5.3.  Evaluation of Cell 
Capture Ef fi ciencies
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       1.    Assemble the PDMS block (containing the U-shaped 
micro fl uidic channel) against the poly(methyl methacrylate) 
(PMMA) piece.  

    2.    Press the piece against the chip surface (previously functional-
ized as depicted in Sect.  3.4 ) and tighten the screws in order to 
seal the micro fl uidic channel.  

    3.    Using tweezers, insert the Te fl on tubing in the inlet and outlet 
ports to form the complete device (see Fig.  6b ).  

    4.    Using the 1-mL syringe, carefully aspirate the solution con-
taining the magnetically labeled cells (see Sect.  3.5.2 , step 5), 
avoiding air bubbles.  

    5.    Assemble the blunt end tip into the cell-containing syringe and 
connect it to the inlet tubing. Place the syringe in the syringe 
pump and set the  fl ow rate at 5  m L/min.      

      1.    Signal acquisition starts with the connection of the device to a 
portable electronic platform, containing all the necessary cir-
cuitry for the sensors readout. Operational measurement condi-
tions use an external magnetic AC + DC  fi eld set to 13.5 Oe 
rms + 30 Oe. During the measurements, the sensors are biased 
with a 1 mA electrical current. The signal is captured using a 
gain of 40 and the sensors are sequentially read. Finally, the 
signal is digitally  fi ltered with a 1-Hz-bandwidth  fi lter and trans-
ferred through a Universal Serial Bus (USB) port to a laptop.  

    2.    Start to acquire the baseline signal for 10 min ( V  baseline ). Initiate 
sample loading by plugging the syringe pump (see Sect.  3.6.1 , 
step 5). The binding of the magnetic particles on the chip 
surface can be monitored in real time. Stop  fl ow and allow the 
binding reaction to occur for 35 min.  

    3.    Replace the sample-containing syringe with a new one con-
taining 0.1 M PB pH 7.2–0.02 % Tween 20. Connect to the 
inlet tubing and start the  fl ow at 5  m L/min in order to wash 
the non-bound particles. Stop the washing reaction when the 
reference sensor ( V  reference ) has returned to the baseline (see 
Note 16).  

    4.    A positive binding signal ( V  binding ) is obtained when the signal 
of the bioactive sensor ( V  positive ) is higher than the signal in the 
reference sensor ( V  reference ).        

 

  For all the described chemical strategies, the successful immobili-
zation of the antibodies on the surface of the magnetic particles 
was tested by varying the initial antibody concentration in solution 

  3.6.  Magnetically 
Labeled Cell Detection

  3.6.1.  Sample Loading

  3.6.2.  Signal Acquisition

  4.  Typical Results

  4.1.  Polyclonal Antibody 
Immobilization on the 
Magnetic Particles
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and calculating the number of antibodies per particle, as described 
in Sect.  3.3.4 . Results are depicted in Fig.  7 .  

 Antibody immobilization could be con fi rmed for all the immo-
bilization chemistries. Because the antibody molecules are immobi-
lized on a solid surface, the antibody surface density is an important 
variable affecting capture ef fi ciencies. A very sparse surface coverage 
will result in poor capture ef fi ciencies. However, as surface density 
increases, concerns regarding steric effects hindering the antibody 
recognition event may emerge. For the af fi nity-based chemistries, 
biotin/streptavidin and Protein A, the antibody surface density 
follows a saturation pro fi le, with maximum surface densities reach-
ing 2,000 and 3,500 antibodies/particle, respectively. For the carbo-
hydrate oxidation, a double-layer pro fi le emerged. This trend suggests 
interactions between the immobilized antibodies. Consequently, a 
superior number of antibody molecules could be immobilized.  

  The biological activity of the antibody-functionalized particles was 
tested by incubating the particles with a  fi xed number of  S. typh-
imurium  cells (10 3  cells) as described in Sect.  3.5.3 . Results 
depicted in Fig.  8  show that it was possible to magnetically capture 
 S. typhimurium  cells from a solution, independently of the immo-
bilization protocol in use. Apparently, biotin/streptavidin af fi nity 
binding affords higher capture ef fi ciencies. However, it must be 
pointed out that the blocking protocol could not be performed 
(see Note 14) and therefore the nonspeci fi c adsorption contrib-
utes signi fi cantly to the observed capture ef fi ciencies. An inverse 
proportionality between antibody surface densities and capture 
ef fi ciencies is observed. These results indicate that despite the fact 
that more antibodies can be loaded as initial concentration increases, 
biological functionality becomes compromised. This trend enabled 
us to de fi ne optimum surface densities (~1,000 antibody/particle) 
for each particular immobilization strategy.  

  4.2.   Salmonella 
typhimurium  
Magnetic Capture

  Fig. 7.    Density of immobilized Abs as a function of immobilization strategy. Particle number was set to ~10 9  particles in a 
total volume of 100  m l.       
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 Using the described approaches, it was possible to magnetically 
capture different cell concentrations (10 1 –10 6  cells/mL) with 
ef fi ciencies higher than 80 %.  

  The magnetically labeled cells were detected using the magnetoresis-
tive platform as described in Sect.  3.6 . It was veri fi ed that aminated 
particles adsorbed strongly on the gold chip surface. On the other 
hand, Protein A particles do not adsorb on the surface but react 
strongly when the MAb is immobilized. In the latter case, this appar-
ent disadvantage was indeed useful to con fi rm the presence of the 
MAb molecules on the surface of the chip. Results on Fig.  9  show 
that the presence of Protein A particles is restricted to the bioactive 
sensors, which possess gold pads modi fi ed with Mab molecules.  

  4.3.  Detection of 
Magnetically Labeled    
Cells with the 
Magnetoresistive 
Biochip

  Fig. 8.    Capture ef fi ciencies of  S. typhimurium  cells (10 4  cells/mL) as a function of the different immobilization chemistries. 
Particle number was set to ~5 × 10 8  in a total volume of 100  m l.    No blocking strategy (see Note 12).       

  Fig. 9.    Optical microscope pictures (800× magni fi cation) from sensors after chip incubation with Protein A particles. The 
sensor on the  left  is a positive control for MAb immobilization (gold pad), whereas the sensor on the  right  is a reference 
sensor, with no gold pad. The presence of protein A particles only on the positive control con fi rms the presence of immo-
bilized MAb molecules.       
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 For the magnetoresistive measurements, cell capturing was 
performed using Ab–streptavidin-conjugated nanoparticles and a 
cell suspension containing 10 6  cells/mL. Real-time measurements 
were acquired as described in Sect.  3.6  and results are depicted in 
Fig.  10 . At the end of the experiment, after the washing procedure, 
it was possible to observe that the signal from the bioactive chip 
(modi fi ed with MAb) was kept at 50  m Vrms while the signal from 
the reference sensor (no MAb) returned near the baseline. These 
results validate the approach, con fi rming that the magnetically 
labeled cells were recognized by the MAb molecules and remained 
attached even after washing. Taking into consideration an initial 
concentration of 10 6  cells/mL (before capturing) and a reaction 
volume of 0.5  m L (channel capacity), approximately 1,000 cells were 
incubated over the chip surface. Since the chip has 28 bioactive sensors, 
the 50  m Vrms signal corresponds to an average detection of ~30 cells.    

 

     1. Commercial antibodies are usually supplied in buffers contain-
ing preservatives and stabilizers such as sodium azide or BSA, 
which should be removed prior to any coupling reaction 
(Sect.  3.3.1 , step 1). This step is mandatory in case of the 
presence of glycerol since this compound is an inhibitor of 
the oxidation reaction.  

  5.  Notes

  Fig. 10.    Real-time sensing data from a spin valve sensor. Detection of antibody–antigen 
recognition event between immobilized monoclonal anti- Salmonella  antibodies and 
 Salmonella  cells labeled with 250 nm streptavidin-coated magnetic particles. The signal 
of the bioactive sensor (MAb immobilized over the sensor surface) is 50 times higher than 
the signal from the reference sensor.       

 

smtiquia@umich.edu



284 S.S.A. Martins et al.

   2. Avoid dryness of the  fi lter membrane by over-centrifugation in 
order to prevent nonspeci fi c adsorption and consequent anti-
body losses in the recovery step (Sect  3.3.1 , step 1). The time 
and centrifugation speed depend on the rotor rotation angle. 
In the  fi rst usages, it is advisable to carefully monitor this step 
by stopping the centrifugation within short period of time to 
ensure that the sample volume is retained in the sample 
   reservoir.  

   3. Aliquots of oxidized antibodies (1 mg/mL) were stable when 
stored at −20 °C up to 1 month. Once thawed, use immediately.  

   4. Do not centrifuge the magnetic particles. Particles collection 
must be performed using proper magnetic concentrators. 
Additionally, the particles cannot be frozen.  

   5. Alternatively, the reaction in Sect.  3.3.1 , step 10, can be accom-
plished by incubating the mixture overnight at 4 °C.  

   6. Cyanoborohydride is toxic. Use protective personnel equip-
ment and work inside a fume hood to perform protocol in 
Sect.  3.3.1 , step 12.  

   7. Please note that MAbs may lack carbohydrate residues at the 
Fc region, which may compromise the applicability of the pro-
tocol in Sect.  3.3.1 .  

   8. Proteins A and G mentioned in Sect.  3.3.3  are native and 
recombinant proteins of microbial origin that bind to mam-
malian immunoglobulins. Binding speci fi cities and af fi nities 
of these proteins differ between source species and antibody 
subclass. Please consult Table  1  to select the antibody-binding 
protein that is best for your application.   

   9. The antibodies in Sect.  3.3.4 , step 1, are diluted in different 
solutions according to the immobilization chemistry. For the 
carbohydrate oxidation chemistry the standard curve should 
be prepared in 0.1 M PB, whereas for biotin/streptavidin 
chemistry, 0.1 M PBS should be used.  

   10. Under our experimental conditions (Sect.  3.3.4 , step 6), the 
sensitivity of Coomassie assay was in the order of 3  m g/mL. 
For applications requiring lower protein concentrations the 
Micro-BCA assay kit should be preferable.  

   11. The UV/ozone treatment (see Sect.  3.4 , step 2) cleans the 
surface from organic compounds rendering it hydrophilic, 
which is crucial for a successful biochemical modi fi cation. The 
treatment ef fi ciency depends on the distance between the 
sample and the UV lamp. A distance of 5 mm (achieved by 
adjusting the level of the tray inside the chamber) is recom-
mended by the supplier as the optimal condition. Alternatively, 
oxygen plasma generating systems can be used. Corona discharge 
or chemical treatments (e.g., Piranha solution) can be used on 
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surfaces not comprising electronic circuitry, since these 
treatments may irreversibly damage the structures.  

   12. The NHS ester in the Sulfo-LC-SPDP cross-linker is moisture 
sensitive and hydrolyzes easily in the presence of water 
molecules. Increasing the reaction time (see Sect.  3.4 , step 4) 
will not increase the ef fi ciency of the surface chemical 
modi fi cation. For this purpose, it is preferable to increase the 
linker concentration.  

   13. SH-PEG blocks unoccupied sites on the gold surface. Non-
reacted NHS groups are blocked by the amine molecules of 
Tris solution (refer to Sect.  3.4 , step 9).  

   14. The composition of the blocking solution was previously opti-
mized with the aim of reducing nonspeci fi c adsorption of 
 Salmonella  cells on the particles surface. Although effective for 
amine- and Protein A-coated particles, it was observed that 
streptavidin particles precipitate, forming clusters in an irre-
versible way. In view of this, no blocking procedure was 
included in the immobilization chemistry described in 
Sect.  3.5.2 , step 2.  

   Table 1 
     Binding af fi nities of Protein A and G to the Fc region 
of antibodies from different mammalian source species   

 Species  Protein A  Protein G 

 Human  +++  +++ 

 Mouse  +++  +++ 

 Rat  +  ++ 

 Cow  +  +++ 

 Goat  +  +++ 

 Sheep  +  +++ 

 Horse  +  +++ 

 Rabbit  +++  +++ 

 Guinea pig  +++  + 

 Pig  +++  + 

 Dog  +++  + 

 Cat  +++  + 

 Chicken  −  − 

  +++ strong binding, ++ medium binding, + weak binding, − no binding. Adapted from 
Pierce (  http://www.piercenet.com/ fi les/TR0034-Ab-binding-proteins.pdf    )  
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   15. Exceeding the incubation time mentioned in Sect.  3.5.2 , step 
3, it will increase the cell nonspeci fi c adsorption.  

   16. Different  fl ow velocities may be used as stringent washing in 
order to increase discrimination between the positive and nega-
tive signals. We have assayed washing speeds as high as 50  m L/
min (see Sect.  3.6.2 , step 3).     

 

 In this work, a protocol for the magnetic capture and detection of 
labeled  S. typhimurium  was optimized in the scope of the develop-
ment of an MR biochip-based platform. It is important to high-
light that this protocol, despite being developed for particular 
application on MR chips, may be straightforwardly implemented 
on the functionalization of other types of gold surface-based 
immuno-analytical devices. On the contrary not all the gold-surface 
biochemistries available are suitable to use on the electronic 
integrated devices such as the MR chip, since they may damage the 
electrical structures of    it. 

 Immunomagnetic capture coupled to magnetic detection, as it 
was demonstrated in this chapter, has the potential of becoming a 
valuable tool for bioanalytical analysis over a wide range of envi-
ronmental samples. Indeed, the presence of a speci fi c pathogen, 
 S. typhimurium , in control samples could be detected within 1 h 
(capture + detection) total reaction time. 

 Although attractive for the perspective of point-of-use appli-
cation, a major challenge will be the response of these systems to 
real samples with constraints regarding low target analyte concen-
trations that are usually dispersed on complex sample matrices. 
Therefore a few important issues have been identi fi ed, and already 
started to be addressed at our research group. For example scaling 
down the sensing units close to the target dimensions is expected 
to improve sensitivity and detection limits. We envisage the design 
and microfabrication of dedicated chambers for sample pretreat-
ment (e.g., concentration). Micro fl uidic solutions for sample 
loading, preparation, and transportation inside the device are 
being designed, including micro fl uidic structures such as valves 
and pumps. 

 Finally, scalability of the detection features, seeking high-
throughput applications and improvements on the electronic 
control of the system, will potentiate device’s autonomy, porta-
bility, and automation.      

  6.  Future 
Directions
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