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ABSTRACT 

Ratiometric photonic explorers for bioanalysis with biologically 
localized embedding (PEBBLE) nanoprobes have been de- 
veloped for singlet oxygen, using organically modified silicate 
(ORMOSIL) nanoparticles as the matrix. A crucial aspect of 
these ratiometric singlet-oxygen fluorescent probes is their 
minute size. The ORMOSIL nanoparticles are prepared via 
a sol-gel-based process and the average diameter of the resultant 
particles is about 160 nm. These sensors incorporate the singlet- 
oxygen-sensitive 9,lO-dimethyl anthracene as an indicator dye 
and a singlet-oxygen-insensitive dye, octaethylporphine, as 
a reference dye for ratiometric fluorescence-based analysis. 
We have found experimentally that these nanoprobes have much 
better sensitivity than does the conventional singlet-oxygen-free 
dye probe, anthracene-9,lO-dipropionic acid disodium salt. The 
much longer lifetime of singlet oxygen in the ORMOSIL matrix, 
compared to aqueous solutions, in addition to the relatively high 
singlet oxygen solubility because of the highly permeable 
structure and the hydrophobic nature of the outer shell of the 
ORMOSIL nanoparticles, results in an excellent overall re- 
sponse to singlet oxygen. These nanoprobes have been used to 
monitor the singlet oxygen produced by "dynamic nanoplat- 
forms" that were developed for photodynamic therapy. The 
singlet oxygen nanoprobes could potentially be used to quantify 
the singlet oxygen produced by macrophages. 

INTRODUCTION 
There are two different lowest excited singlet states of oxygen, 
IC,+ and 'A,. The O2 ('Ag), an oxygen molecule at its lowest 
excited singlet state, is commonly called singlet oxygen ( ' 0 2 ) .  lo2 

is known as a highly reactive and metastable species that can 
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oxidize many chemical and biological substrates (1). Though not 
a radical (it does not have an unpaired electron) it is a reactive 
oxygen species (ROS) often associated with free radicals that have 
a strong oxidizing activity. lo2 is generated by input of energy 
such as light excitation or irradiation. Many organic dye molecules 
such as photofrin or methylene blue (MB) will produce singlet 
oxygen upon light excitation; these dye molecules are called 
photosensitizers and the process is called photosensitization (2). 

lo2 plays an important role in many natural photochemical and 
photobiological processes, such as photodegradation and aging 
processes. There is also much evidence that lo2 is a key element in 
the defense system of the mammalian body, being generated by 
phagocytes to kill invading microorganisms (3,4). It is also 
reported that '02 plays a role as an activator of gene expression (5). 
Reactions of '02 are used in several fields, including organic 
synthesis, bleaching processes and the photodynamic therapy 
(PDT) of cancer (6,7). PDT has emerged as a promising method for 
overcoming some of the inherent problems in classical cancer 
therapies (8-12). It involves the selective delivery of photo- 
sensitizers such as photofrin to specific tumors. Singlet oxygen is 
widely believed to be the primary cytotoxic agent for killing the 
tumor cells in PDT. The theory is that upon excitation the 
photosensitizer produces singlet oxygen and other ROS, resulting 
in the in situ initiation of apoptosis in many types of tumors, with 
minimal systemic toxicity (1 3). 

Because of the above-listed important roles of lo2, the detection of 
lo2 has drawn lots of interest. So far, singlet oxygen detection 
methods can be sorted into two groups: 1) physical detection, given 
by the most direct measurement of near-infrared luminescence of '02 
at 1270 nm and 2) chemical lo2 probes, to be discussed in this article. 

Although many studies have been reported on the subject, it is 
still difficult to detect '02 in biological systems, mainly because of 
its relatively short lifetime in aqueous solutions or biological 
environments (14). Even though it has been recently reported that 
singlet oxygen can be quite long-lived and diffuse over appreciable 
distances contrary to common perception ( 1 9 ,  the lifetime of 
singlet oxygen in water itself or in live cells is still quite short 
(about 2 ps) and the solubility of singlet oxygen is very poor, the 
combination of which presents challenges to both the physical 
detection method and the naked molecular probes for singlet 
oxygen. The released lo2 produced in cells encounters an aqueous 
environment that results in the immediate quenching of a large 
fraction of the '02 produced, hence reducing the emission signal 
below the sensitivity of detection methods. Several investigators 
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Scheme 1. Chemical structure of ORMOSIL. R is the phenyl group in 
the inner layer of ORMOSIL and the methyl group in the outer layer 
of ORMOSIL. 

have reported positive results from cells in suspension (16,17) or 
from red-cell ghosts (18). There is also a recent report on time- 
resolved measurements of '0, luminescence that was generated by 
PDT in cells in vitro, or in tissues in vivo (19). However, the 
combination of the relatively short lifetime of singlet oxygen and 
the very low quantum yield of singlet oxygen luminescence has 
either required the use of deuterium oxide (D20) to increase the 
lifetime of '02 and eliminate absorption of the 1270-nm lumi- 
nescence by HzO, or, alternatively, did not adequately distinguish 
between intracellular and extracellular '0,. This significantly limits 
the sensitivity of the physical method, thus making the detection 
very unreliable and irreproducible. Furthermore, it is extremely 
difficult for the physical method to reveal the accumulation of 
singlet oxygen production during the PDT process, which is one of 
the most important parameters to determine the efficiency of PDT. 

In the chemical detection method, the '0, chemical probes react 
with '0, to produce endoperoxides, as shown in Scheme 2. In most 
cases the '0, chemical probes show fluorescence or absorbance 
peaks at certain wavelength(s), however the endoperoxides do not. 
Thus, by monitoring the fluorescence emission decrease of the '02 
chemical probes, one can monitor the singlet oxygen quantitative- 
ly. The chemical trap method is useful even when the singlet 
oxygen generation is very low, because the concentration of 
endoperoxides is proportional to the cumulative amount of singlet 
oxygen generated. However, most of the well-known chemical 
probe molecules are hydrophobic dyes that are not suitable for use 
in an aqueous environment. Although water-soluble derivatives of 
these chemical probes have been developed (20-23), the problem 
associated with the relatively short lifetime of '0, still remains, in 
addition to the possible dye toxicity problem. 

The combination of the chemical detection method with the 
photonic explorers for bioanalysis with biologically localized 
embedding (PEBBLE) approach promises to tackle some of the 
problems mentioned above. Like the other chemical methods, it is 
suitable for the measurement of the minute amounts of singlet 
oxygen produced from cells, because the concentration of 
endoperoxides (product of reaction between singlet oxygen and 
chemical probe) formed is proportional to the cumulative '0, 
generated, thus it allows one to monitor the accumulation of singlet 
oxygen during the natural or PDT process. Furthermore, the 
PEBBLE probes can be introduced inside cells by either gene-gun 
delivery or liposomal delivery with negligible physical perturba- 
tion (24-26). PEBBLE technology has been used especially for 
intracellular measurements of biologically important ions and gas 
molecules (24-26). These PEBBLE-type probes have several 
advantages over traditional molecular dye probes: (1)  the dye- 
embedded nanoparticles can be used in aqueous solution regardless 

of the hydrophobicity of the dye; (2) the dye molecule will be 
protected from the chemical and biological environment in the 
physiological system while, simultaneously, the physiological 
system is also protected from the potential toxicity of the dye 
molecules, thus enabling one to measure the concentration of the 
desired species in an unperturbed environment; and (3) by also 
loading a reference dye into the nanoparticles, ratiometric mea- 
surements can be made. 

Here we developed singlet oxygen nanoprobes, designed to 
quantitatively monitor the singlet oxygen production during PDT, 
by adopting the PEBBLE technology. Organically modified silicate 
(ORMOSIL) nanoparticles incorporated with the hydrophobic 
singlet oxygen-detecting dye 9,lO-dimethyl anthracene (DMA) 
were synthesized and tested for their feasibility as spectroscopic 
singlet oxygen detection probes, with very good results described 
below. This incorporation makes the detection take place inside the 
ORMOSIL particles, which significantly increases the lifetime of 
singlet oxygen molecules, thus allowing more time for them to 
react with DMA to be detected. It turns out that the incorporation 
of DMA inside ORMOSIL significantly enhances the sensitivity of 
these nanoprobes in comparison to that of the water-soluble 
molecular probe anthracene-9,lO-dipropionic acid disodium salt 
(ADPA). In addition, these ORMOSIL nanoparticles are chosen as 
the matrix because they have been shown to provide a near-perfect 
environment for oxygen measurements (26) because of their good 
solubility, permeability and homogeneity to oxygen molecules. We 
thus expect that this matrix will provide similar advantages for 
singlet oxygen measurements, specifically the partition advantage 
for singlet oxygen in ORMOSL rather than in water. Furthermore, 
these ORMOSIL nanoparticles can load either hydrophobic or 
hydrophilic dye molecules and this provides flexibility when it 
comes to which dyes should be chosen for optimal fabrications. We 
also incorporated DMA into poly (decyl methacrylate) (PDMA) 
nanoparticles and these nanoprobes demonstrated good responses 
to singlet oxygen. However, because of the severe aggregation of 
PDMA particles in aqueous solution, we concentrated our efforts 
on the ORMOSIL nanoparticles. 

DMA was chosen as the chemical trap mainly because it has 
a relatively high quenching rate constant and unique selectivity for 
' 0 2  (k is 9.1 X 10' K' sC' for DMA quenching of singlet oxygen) 
(27). In addition, the fluorescence of DMA does not change upon 
contact with hydrogen peroxide, nitric oxide or superoxide, 
confirming the specificity of DMA for '0, (27). 1,3-Diphenyliso- 
benzofuran (DPIBF) is traditionally considered to have the fastest 
reaction rate constant with singlet oxygen (9.6 X 10' M-' s-'); 
however, it suffers from a severe auto-oxidation problem, espe- 
cially in water (K. Gwangseong, Y. Cao, Y. E. Koo. W. Tang and 
R. Kopelman, in preparation), therefore it was not chosen as the 
probes in this paper. DMA reacts with '0, to produce DMA- 
endoperoxide, as shown in Scheme 1. As for DMA endoperoxide, it 
is quite thermally stable; it must be heated to about 120°C to 
dissociate into DMA and oxygen molecules (28,29). Thus the 
reaction of DMA with singlet oxygen to produce DMA endo- 
peroxide is irreversible under our experimental conditions, which is 
conducive to singlet oxygen detection. We also believe that the 
physical quenching of singlet oxygen by DMA is relatively small, 
as is the case for similar probes like ADPA or diphenyl anthracene 
(DPA), and that it is negligible when compared to the overall 
quenching by the solvent (30). DMA also has a strong fluorescence 
emission in the range of 40W50 nm, whereas DMA-endoperoxide 
has no emission in that range. Thus by monitoring the fluorescence 
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decrease of DMA, one can detect the amount of singlet oxygen 
produced over time. For ratiometric measurement, the octaethyl- 
porphine (OEP) dye was incorporated into the ORMOSIL nano- 
particles, because of its relatively low reaction rate with lo2. Both 
reference and probe molecules are hydrophobic but the nanoprobes 
containing them are easily suspended in water, as required for the 
measurement of singlet oxygen production in an aqueous 
environment. The previously used ADPA molecules (30) are 
inferior in their kinetic and spectroscopic parameters compared to 
DMA, but were developed to have the advantage of being water 
soluble compared to DMA and other similar anthracene derivatives. 
The PEBBLE combines the advantages of both systems. In the 
work described below, ORMOSIL nanoprobes have been used to 
successfully determine the singlet oxygen production efficiency of 
photosensitizer-loaded PDT nanoplatforms designed and developed 
in our lab (31-33). 

Intracellular measurements of '02 produced during phagocytosis 
were reported by Steinbeck et al. (3), where they used micron-sized 
glass beads coated with 9,lO-diphenyl anthracene, with perylene 
coated glass beads as an internal standard. Although they suc- 
cessfully demonstrated that lo2 is produced from the cells, there 
are still aspects to be improved: (1) Because the dye is coated onto 
the surface of the glass beads, and hence exposed to the cells 
directly, dye toxicity may affect the cells. (2 )  The glass bead size 
was 1.6 phf, which may be large enough to perturb the cells. We 
note that our singlet oxygen nanoprobes contain the dye inside the 
nanoparticles, avoiding the toxicity problem caused by the dye 
molecule; also, the probe size is reduced to 1/10 the size of the 
glass bead, i .e. the perturbing volume is reduced by a factor of 
1000. We thus believe that these nanoprobes are promising 
candidates for intracellular singlet oxygen measurements, such as 
the singlet oxygen production inside live macrophages. 

MATERIALS AND METHODS 
Chemicals. Phenyltrimethoxysilane (F'TMS), methyltrimethoxysilane (MTMS), 
ammonia, 9,lO-dimethyl anthracene (DMA), methylene blue (MB), and 
dichloromethane (DCM) were obtained from Aldrich (Milwaukee, WI) and 
used without further purification. Octaethylporphine (OEP) was purchased 
from Frontier Scientific, Inc. (Logan, UT). Anthracene-9,lO-dipropionic 
acid, disodium salt (ADPA) was purchased from Molecular Probes 
(Eugene, OR). A stock solution of 10 p M  ADPA was made in water and 
kept in the dark until use. The chemicals for the synthesis of photofrin- 
loaded Poly(acry1amide) (PAA) nanoparticles including hexane, Aerosol 
OT, and brij 30, acrylamide, 3-Aminopropyl-methacrylamide, N, N- 
Methylene(bis)acrylamide, 10% APS and TEMED were purchased from 
Aldrich (Milwaukee, WI). Photofrin was a gift from Axcan Pharmaceuticals 
(Mont Saint-Hilaire, Quebec, Canada). The 18 MR water used for all the 
solutions was purified by a Barnstead 1 Thermolyne Nanopure I1 system. 

Gases. O2 (99.6%, extra-dry grade), air (dry grade), N2 (99.998%, 
prepurified) and Argon (99.796, prepurified) were obtained from Cryogenic 
Gases (Detroit, MI). Nitric oxide (99.9%, CP grade) was obtained from 
Matheson Tri-Gas (Montgomeryville, PA). 

Experimental sections 

Preparation of ORMOSIL nanoparticles incorporated with DMA or OEP. 
Two different batches of ORMOSJL particles were prepared exactly as 
described in our previous work (25): one batch was loaded with DMA and 
the other was loaded with OEP. The dye amounts used in each batch were 
as follows: for DMA-loaded PEBBLE, 0.6 mL of DMA (1 mg/mL in 
DCM); and for OEP-loaded ORMOSIL PEBBLE, 0.5 mL of OEP (1 mg/ 
mL in DCM). The resulting two batches of ORMOSIL PEBBLE were 
suction-filtered through a Fisher-brand glass microanalysis vacuum filter 
holder with a 0.1 -pm Osmonics/MSI MAGNA nylon membrane filter. The 
PEBBLE were rinsed three times with water and then resuspended in the 

Scheme 2. The reaction of DMA and singlet oxygen. 

water-ethanol 1:2 mixture, sonicated for 5 min and then filtered through 
a 0.02-pM Whatman Anodisc filter membrane, washed with ethanol and 
allowed to air-dry. Emission spectra of 0.1 mg/mL of these two batches of 
PEBBLE in 5050 water/ethanol were taken on fluorimeter. Every one part 
of DMA-loaded ORMOSJL powder was mixed together with two parts of 
OEP-loaded ORMOSIL powder. This mixed powder was the ratiometric 
singlet oxygen nanoprobe and, unless noted otherwise, was used throughout 
all the experiments described in this paper. 

Synthesis of amine-functionalized photofrin-incorporated PAA nano- 
particles. A clean 250-mL round-bottom flask was charged with argon- 
purged hexanes. Aerosol OT (3.2 g) and brij 30 (6.4 mL) were added to the 
reaction flask and the contents were stirred under argon atmosphere until 
a uniform solution resulted. A 20-mL glass sample tube was charged with 
acrylamide ( 1.1 g) and 0.1 M sodium phosphate buffer (4 mL, pH 7.25) and 
sonicated 10 min to yield a uniform solution. 3-Aminopropyl-methacryla- 
mide (0.2 g) was added to the acrylamide solution and sonication was 
continued until a clear solution formed. N, N-Methylene(bis) acrylamide 
(0.36 g) was added to the acrylamide solution and sonicated again until 
a clear solution resulted. Photofrin (20 mg, Axcan Pharmaceuticals) was 
added to the acrylamide solution and sonicated for a period of 20 min at 
room temperature. The clear, dark red monomer solution was added to the 
hexane reaction mixture and stirred vigorously for 20 min at room 
temperature. Ten percent APS (65 pL) and TEMED (85 KL) were added to 
the reaction mixture under argon atmosphere. The reaction mixture was 
gently stirred at room temperature in the dark for 24 h. The reaction mixture 
was concentrated to a thick liquid residue and the residue was diluted with 
100 mL of ethanol. The mixture was sonicated for 2 min and the separated 
particles were washed in an amicon stirred cell (Millipore, 200 mL) with 
ethanol (5 X 180 mL). The deep brown nanoparticles were further dried 
under nitrogen atmosphere and gently crushed to a fine powder. The 
material was covered with aluminum foil to protect it from light and stored 
in the refrigerator at 4°C. 

Scanning electron microscopy (SEM) imaging. The above two individual 
batches of ORMOSIL PEBBLE were dispersed in 5050 water/ethanol and 
sonicated for 20 min to prevent aggregation of particles. Then a drop of the 
PEBBLE solution was placed on the SEM specimen mount (aluminum) and 
dried gradually at room temperature. The sample was then sputter-coated 
with gold and the SEM images were taken on the Phillips XL30 Scanning 
Electron Microscope. 

Optics. All fluorescence emission spectra are taken on a FluoroMax-2 
spectrofluorimeter (ISA Jobin Yvon-Spex, Edison, NJ), slits set to 5 nm for 
excitation and 5 nm for emission respectively. If without any further 
specification, all emission spectra are taken with excitation at 380 nm. 
Without any further specification, all experiments and spectra were done 
in a darkroom with the lights off, because the photosensitizers used in this 
paper are sensitive to room light. 

Detection of singlet oxygen produced by free MB in distilled water. To 
detect the singlet oxygen production by the photosensitizers (MB or 
photofrin), the ORMOSIL nanoprobes' suspension was mixed with certain 
amount of photosensitizer solution. The mixture was then irradiated 
continuously at 650 nm (for MB) or 630 nm (for photofrin) for a fixed 
amount of time: after each irradiation, the emission spectrum of the mixture 
was taken. By monitoring the emission spectra over the irradiation time, it is 
possible to monitor the singlet oxygen production. 

Singlet oxygen was produced using 10 phf MB in distilled water. Based 
on the excitation and absorption spectra of MB in water, a 650-nm light 
source was used to irradiate the mixed suspension to produce singlet 
oxygen. Two milligrams of the above-mixed ORMOSIL PEBBLE was 
suspended in 10 mL of distilled water. Then, 0.5 mL of the suspension was 
mixed with 2 mL of 10 p,44 MB in distilled water inside a quartz cell. Three 
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Figure 1. SEM images of ORMOSIL PEBBLE (a) DMA-loaded particles; 
(b) OEP-loadedparticles. The average diameter ofthe particles is about 160 nm. 

emission spectra of this mixed sample were taken on the fluorometer 
immediately following the mixing. The sample was then illuminated at 
650 nm (with five 5-nm excitation/emission slit widths) for 1 min, 2 min, 
3 min, 10 min, 20 min and 40 min respectively; three emission spectra were 
taken right after each irradiation. The average of the three emission spectra 
represents each irradiation. 

To check the photobleaching of MB in distilled water under the same 
experimental condition, 2.5 mL of 10 pM MB in distilled water was 
continually irradiated at 650 nm for up to 40 rnin and emission spectra were 
taken to monitor the emission intensity changes. 

Auto-oxidation and control test.7. The above ORMOSIL PEBBLE 
suspension was measured into 0.5-mL samples and mixed with 2 mL of 
distilled water. The samples were irradiated for 0 min, 1 min, 3 rnin, 5 min, 
10 min, 20 min, and 40 min respectively and three emission spectra were 
taken after each irradiation. 

Another 0.5 mL of the above PEBBLE suspension was mixed with 2 mL 
of 10 pM of MB in distilled water inside the quartz cell. The sample was 
then put in the darkness and three emission spectra were taken after 0 min, 
1 min, 3 rnin, 5 min, 10 min, 20 min and 40 min, respectively. 

Detection of singlet oxygen produced by pee MB or MB incorporated inside 
PAA nanoparticles. To compare the performance between these ORMOSIL 
nanoproks and fke dye probes ADPA, samples A and B were prepared. 

MB was incorporated inside PAA nanoparticles and the concentration of 
MB inside was measured by absorption calibration to be 1 X lo4 mg/mg 
(30). Ten milligrams of this sample was suspended in 10 mL of distilled 
water. Two milliliters of this suspension was mixed with 0.5 mL of the 
above-described ORMOSIL nanoprobes suspension to form sample A. 

mg MB was dissolved in 10 mL of distilled 
water and mixed with 10 mg of blank PAA particles, thus making a final 
concentration of MB of 1 X lo4 mg/mg. This mixture was sonicated for 
about 15 min. Two milliliters of this suspension was then mixed with 
0.5 mL of above ORMOSIL singlet oxygen nanoprobes, forming sample B. 

For both samples A and B, three emission spectra were taken after 0 min, 
1 min, 2 min, 5 rnin and 20 min of irradiation at 650 nm respectively. The 
same experiment was done using 10 p.M ADPA in distilled water as the 
singlet oxygen detector, instead of the ratiometric ORMOSIL nanoprobes. 

Detection of singlet oxygen produced by photofrin-incorporated PAA 
nanoparticles. In this experiment, the above-synthesized amine-function- 
alized photofrin-incorporated modified PAA particles were used as singlet 
oxygen source. Because the emission of photofrin overlaps with OEP, only 
DMA-loaded ORMOSIL nanoparticles were used as the singlet oxygen 
probes. Two milligrams of DMA ORMOSIL particles were suspended in 
10 mL of distilled water. A 0.5-mL portion of this suspension was mixed 
with 2 mL of 0.1 mg/mL photofrin-incorporated PAA in distilled water. 
The mixed suspension was irradiated at 630 nm for 0 min, 1 min, 3 min, 
5 min, 10 min, 15 min and 30 rnin, respectively. After each irradiation, three 
emission spectra were taken, with excitation and irradiation slit widths set 
as 5 nm and emission slit width set as 2 nm. 

Exactly the same experiments were done using 10 ph4 ADPA in distilled 
water as the singlet oxygen probe. 

To correlate the relationship between the amount of singlet oxygen 
produced and the concentration of the photosensitizer, the following ex- 
periments were designed. 

The above amine-functionalized photofrin-incorporated PAA nanopar- 
ticks were suspended in distilled water with two different concentrations: one 
at 1 mg/mL, the other at 0.25 mg/mL. A 2-mL portion of each of these two 
suspensions was mixed individually with 0.5 mL of the above singlet oxygen 
nanoprobes. Eachmixed suspension was irradiatedat 630 nm for up to 30 min. 
The emission spectra of the samples were monitored at different time intervals. 

Leaching and photobleaching. The leaching test was performed by 
preparing a 0.2 mg/mL PEBBLE solution in distilled water and monitoring 
the fluorescence of the filtrate (filtered with a 20 nm Whatman cellulose 
membrane), every 2 h over a period of 3 days. 

A photobleaching test of these PEBBLE samples was also performed to 
evaluate the accuracy and lifetime of the singlet oxygen nanoprobes. The 
same 0.2 mg/mL PEBBLE suspension in water was prepared and 3 mL of 
this suspension was placed in a quartz optical cell. The sample was 
continuously irradiated at 380 nm (excitation for DMA) and 630/650 nm 
(excitation for PhotofrinhIB), with the excitation slit width set at 10 nm. 
The peak intensities at 424 nm (from DMA) and 621 nm (from OEP) were 
monitored over a period of 30 min. 

Interference of oxygen and nitric oxide (NO). Two milligrams of the 
mixed ORMOSIL powder was suspended in 10 mL of distilled water and 
sonicated for about 30 rnin. A 3-mL portion of the suspension was then 
transferred into an adjustable airtight quartz cell capped with Teflon. A 4- 
inch hypodermic needle was inserted to transfer gas into the solution inside 
the quartz cell, and another 1.5-inch needle was used for ventilation. For the 
oxygen interference test, a combination of cylinders of pure nitrogen and 
oxygen and gas blender (Cole Parmer Instrument Co., Vernon Hills, IL) 
was used to achieve precise gas mixtures that were passed at selected flow 
rates. The interference from NO was tested by repeatedly purging the 
PEBBLE suspension first with nitrogen, second with NO and then with 
nitrogen again, and so on. The type of NO used was 99.9% NO. The time to 
bubble the mixed gas through the solution for each measurement was about 
10 min, enough time to reach the distribution equilibrium. Emission spectra 
were taken immediately after each purging with air, oxygen, nitrogen and 
NO respectively. 

To make sample B, 1 X 

RESULTS AND DISCUSSION 
ORMOSIL particles 

The morphology of the dye-incorporated MTMS/PTMS nano- 
particles was determined by SEM. Figure 1 shows typical 



Photochemistry and Photobiology, 2005, 81 1493 

monodispersed spherical ORMOSIL PEBBLE. They have an av- 
erage diameter of about 160 nm. 

Mixing DMA and OEP ORMOSIL PEBBLE 
for ratiometric analysis 

Many chemical probes do not have reference signals. However, for 
previous PEBBLE nanosensors in this lab there was an attempt to 
introduce the reference dye into the PEBBLE so as to make it 
ratiometric, i.e. to minimize such effects as excitation light-intensity 
fluctuation or sample-size fluctuation, thus making the detection 
more reproducible and reliable. Therefore, historically each 
PEBBLE nanosensor/nanoprobe contained both sensing and 
reference dye molecules (24-26). However, attempts to load both 
dyes simultaneously resulted in loading inconsistency, presumably 
because of solubility and/or energy transfer. After many frustrating 
trials of mixing different molar ratios of OEP and DMA to get 
reasonably similar intensities of emission out of both DMA and OEP, 
a different approach was taken to overcome this problem. A batch of 
DMA-incorporated ORMOSIL PEBBLE was prepared, then a 
batch of OEP-incorporated ORMOSIL PEBBLE was prepared, 
then two different batches of PEBBLE were mixed at various ratios 
to reach the goal. The advantages of this approach are as follows: 

1. It still fits the ratiometric scheme. 
2. Instead of incorporating both sensing and reference dyes at 

the same time, which usually causes added complications 
for the synthesis of the nanoparticles, doping one at a time 
makes the synthesis easier. 

3. It makes it easier to adjust the ratios between sensing 
and reference dyes. Instead of preparing new batches of 
PEBBLE for each ratio of sensing and reference dyes and 
repeatedly adjusting the ratios, which is usually very time- 
consuming (especially true for PEBBLE preparation, where 
the average time of preparing a batch of PEBBLE is 24 h) 
and expensive (especially if the dyes involved are expen- 
sive) one can just mix different amounts of two different 
batches of PEBBLE at one’s will. 

4. It minimizes energy transfer between indicator and refer- 
ence dyes, which is usually a major concern in terms of 
choosing sensing and reference dyes that are shared by the 
same PEBBLE. 

What should be noted here is that this approach is based on 
the assumption that two different batches of PEBBLE are mono- 
dispersed and homogeneous (when mixed and suspended in the 
solvent). This assumption is usually true if the two batches of 
PEBBLE have the same matrix, but it could also work with different 
matrixes. As stated, this new approach also provides more flexibility 
in terms of choosing sensing and reference dyes. However, one 
potential problem with this approach is that, for cell measurements, 
and whenever the local area of interest is small, it is still necessary 
for the mixed particles to be monodispersed and homogenously 
distributed. 

Based on the emission spectra of two different batches of DMA- 
(emission peaks: 408 nm, 430 nm and 456 nm) or OEP- (621 nm) 
loaded ORMOSIL particles,’every one part of DMA ORMOSIL 
nanoparticles was mixed with two parts of OEP ORMOSIL nano- 
particles so that the emission peak intensity of DMA would be 
about the same as that of OEP after the singlet oxygen measure- 
ment (a 40-50% signal decrease of DMA during the measurement 
was taken into account). Without any other specification, these 
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Figure 2. Detection of singlet oxygen produced by 10 pA4 MB in distilled 
water with DMA-loaded ORMOSIL singlet oxygen nanoprobes. Accumu- 

same mixed DMNOEP ORMOSIL nanoparticles were used for all 
of the singlet oxygen measurements. 

Detection of singlet oxygen released by free MB 
in distilled water 

One of the traditional photosensitizers that have been used for 
a variety of applications, including PDT, is MB; its high quantum 
yield for ‘ 0 2  generation (@A - 0.5) in the therapeutic window 
(600-900 nm), coupled with its low toxicity, has led to the testing 
of MB as a promising candidate for PDT of cancer (34-35). It is 
also inexpensive and it is FDA-approved for ethemoglobinemia. 
Therefore MB has been chosen in this paper as one of the primary 
photosensitizers, i.e. as singlet oxygen source. 

Regarding Fig. 2, it should be noted that the emission of DMA 
decreases more dramatically at the beginning of the irradiation. 
After 40 min irradiation, about 73% DMA emission signal reduc- 
tion was observed, which means that about 73% of the DMA 
molecules had reacted with singlet oxygen to form DMA endo- 
peroxides. On the other hand, the emission of OEP stays almost 
constant during the entire irradiation process, up to 40 min. Based 
on Fig. 2, one can figure out that kDMA/kom, the singlet oxygen 
quenching rate constant ratio between DMA and OEP, which is at 
least 100 (a lower order of magnitude limit). This confirms OEP’s 
role as a very good reference dye for these nanoprobes. 

To make sure that the emission signal decrease of DMA is 
indeed induced by singlet oxygen, control autooxidation and other 
blank tests were done and the results are shown in Figs. 3 and 4. 
Compared with Fig. 2’s setup, Fig. 3’s setup is the same, except 
that there is no MB inside the mixture. Fig. 3 shows that irradiation 
with 650-nm light causes very little signal change where there are 
no MB molecules in the mixture. In Fig. 4’s setup, everything stays 
the same as in Fig. 2, (including MB), except that there is no 650- 
nm light irradiation. 

A photobleaching test of MB under exactly the same experi- 
mental conditions reveals less than 1% signal loss over 40 min 
irradiation. Combining the messages of Figs. 2, 3 and 4, 
a reasonable conclusion is that the observed DMA signal decrease 
could only be caused by the simultaneous presence of both the 650- 
nm irradiation and the presence of MB. Neither irradiation nor MB 
by itself could be responsible for this behavior. Furthermore, the 
aromatic hydrocarbons have been known to have a specific 
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Figure 3. Control 1: Emission spectra (excited at 380 nm) of 0.5 mL of 
the above DMA ORMOSIL PEBBLE suspension, mixed with 2 mL of dis- 
tilled water. No MB was added. The irradiation is at 650 nm for specified 
time. Accumulated irradiation time (from top to bottom): 0 min, 1 min, 
3 min, 5 min, 10 min, 20 min and 40 min, respectively. 

reactivity toward singlet oxygen because of the electrophilic nature 
of singlet oxygen and such selectivity over other chemical entities 
has been reported (36). In the case of some of the very reactive 
singlet oxygen acceptors such as DPIBF, however, auto-oxidation 
by ground state oxygen was observed. We did oxygen and nitrogen 
flow-through tests to check the contribution of 0 2 N 2  on the 
emission signal decrease of DMA and it turns out to be negative. 
Additionally, our preliminary results (Y. Koo and R. Kopelman, in 
preparation) show that other ROS, such as hydroxyl radical or 
superoxide, barely diffuse into the ORMOSIL nanoparticles. The 
combination of the above points indicates that the DMA signal 
decrease is indeed caused by the production of singlet oxygen. This 
tends to confirm that the singlet oxygen produced by photo- 
irradiation is mainly responsible for the fluorescence emission 
decrease of DMA. 

If one could figure out the concentrations of DMA inside the 
ORMOSIL matrix before and after the exposure to the singlet 
oxygen, the absolute amount/concentration of singlet oxygen could 
be determined, based on the molar ratio of 1:l between endo- 
peroxide and singlet oxygen and the assumption that the emission 
intensity of DMA is proportional to the concentration of DMA. 
This approach tums out to be ideal for the detection of intracellular 
singlet oxygen production (3,4). 

Another analytical approach for singlet oxygen detection by 
chemical probe is to use the kinetics model proposed by Moreno 
et al. (30). Based on the model, one gets 

[DMA] = [DMA],,o. exp(-k* t) 

And k = @Io2 k2 Iabs/kl, with the assumption of kl,>k2*[DMA], 
where kl  is the singlet oxygen solvent quenching rate constant and 
k2 is the reaction rate constant of DMA with singlet oxygen in 
ORMOSIL. Both kl and k2 may be affected by the ORMOSIL 
matrices. Because of the fact that the bulk of the suspension is 
water, with only a relatively small portion of the volume taken up 
by ORMOSIL nanoparticles, and the singlet oxygen molecules are 
mostly produced in water and have to diffuse through the water to 
get into the ORMOSIL matrices to be detected, we use the k l  value 
for water, which is 3 X lo5 s-'(37). The k2 value will be slightly 
different from that in water because the ORMOSIL matrices affect 
the lifetime and the solubility of '02 as described in the 
comparison with free ADPA part below. The matrix effects are 
under further study and preliminary results showed that the high k2 
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Figure 4. Control 2: Emission spectra (excited at 380 nm) of 0.5 mL of 
the ORMOSJL PEBBLE suspension mixed with 10 pA4 MB in distilled 
water, without 650 nm irradiation. Accumulated irradiation time (from 
top to bottom): 0 min, 1 min, 3 min, 5 min, 10 min, 20 min and 40 min, 
respectively. 

value of DMA in water was maintained in ORMOSIL matrices (K. 
Gwangseong, Y. Cao, Y. E. Koo. W. Tang and R. Kopelman, in 
preparation). If we approximate the k2 value as 9.1 X 10' K' s-', 
the value for DMA reacting with singlet oxygen in water (27) and 
the DMA concentration in the tested solution is estimated to be 
around lo-' M ,  based on the number of dye molecules added 
during the synthesis, the experimental condition for this work 
meets the assumption made above. 

With the caveat that the fluorescence intensity of DMA is 
proportional to the concentration of DMA, one can plot the semilog 
of the peak ratios of DMA/OEP against time and thus obtain the 
k value for each irradiation case. We note that indeed the fluo- 
rescence of the DMA free-dye was found to vary linearly with 
that of the concentration below lop6 M (data not shown). These k 
values can be used for quality control of singlet oxygen production 
by the same PDT agents when tested with the same amount of 
PS. Still, it cannot be applied for comparing different PS values. 
However, one needs to note here that the k value by itself cannot be 
directly used to determine the absolute amount of singlet oxygen 
detected or produced. Therefore our approach in this work is to 
compare the relative k values for different experimental situations, 
where only one parameter is varied. This approach has been used 
to compare the singlet oxygen production efficiency by MB when 
the same amount of MB is either dissolved in distilled water or 
incorporated in PAA nanoparticles. 

Comparisons between ratiometric ORMOSIL nanoprobes 
and free dye probe ADPA 

As described in the experimental sections, two sets of independent 
experiments have been done to compare the performances of these 
ORMOSIL nanoprobes and free-dye ADPA probes. ADPA and 
DMA are quite similar to each other in terms of chromophore 
structures, fluorescence quantum yield, excitation/absorption/ 
emission spectra and the reaction rate constant (k is 1 X 10' M-' 
s-l for ADPA in water) (30), which makes the comparison easier 
and more straightforward. 

In the experimental setups of Figs. 5 and 6, all conditions are the 
same except that in Fig. 5 ,  1 X 104mg/mL free MB molecules in 
distilled water are irradiated at 650 nm to release singlet oxygen 
whereas in Fig. 6, the same number of MB molecules are 
incorporated inside PAA particles. When Figs. 5 and 6 are 
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Figure 5. Emission spectra (excited at 380 nm) of 1 X lo4 mg/mL of free 
MB in distilled water and DMA ORMOSIL nanoprobes upon light 
illumination at 650 nm. The same quantity of blank PAA nanoparticles (as 
in Fig. 6 )  was added to the free-dye mixture to minimize the light scattering 
interference caused by the PAA nanoparticles. Accumulated irradiation time 
(from top to bottom): 0 min, 1 min, 2 min, 5 min and 20 min, respectively. 

I 

compared, as shown in Fig. 7, the k value for the free-MB dye case 
is 0.0005 (8) whereas it is 0.0002 (s-’) for the same amount of 
MB dyes incorporated inside PAA particles. This tells us that about 
150% more singlet oxygen is detected by the DMA ORMOSIL 
nanoprobes in the first 5 rnin for the sample of free MB molecules 
than when the same number of dye molecules are incorporated 
inside PAA particles (both samples are irradiated at 650 nm). 

Similar experiments were done by Tang et al. using free ADPA 
singlet oxygen probes (34). However, they reported quite different 
results: 20% more singlet oxygen was detected for a free-MB 
sample than for the MB-loaded PAA sample, compared to 150% in 
this paper. We believe that this large difference (20% vs 150%) is 
caused by the diffusion of ADPA into and through the PAA 
nanoparticles. ADPA is very soluble in water and PAA is very 
hydrophilic. Thus we believe that ADPA can readily diffuse 
through the PAA matrix and therefore can have direct contacts with 
the MB molecules trapped inside, which means that ADPA can 
detect most of the singlet oxygen released by the MB molecules 
entrapped inside PAA. Therefore one only observes a minor 
change when the same amount of MB is incorporated inside PAA. 
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Figure 6. Emission spectra (excited at 380 nm) of 1 mg/mL MB- 
incorporated PAA in distilled water upon light irradiation at 650 nm. The 
overall concentration of MB is 1 X lo4 mg/mL in distilled water. Accu- 
mulated irradiation time (from top to bottom): 0 min, 1 min, 2 min, 5 min 
and 20 min, respectively. 

However, the above described fabricated ratiometric ORMOSIL 
nanoprobes can only detect the singlet oxygen coming out of the 
PAA matrix, which is only a small portion of the singlet oxygen 
produced by MB incorporated inside PAA, upon light illumination. 
The above comparison provides some evidence that these new 
ratiometric nanoprobes can differentiate between the singlet 
oxygen coming out of the nanoparticles and the overall singlet 
oxygen production. This is extremely important, because in PDT 
what really matters is the amount of singlet oxygen coming out of 
the matrix, not the overall production of singlet oxygen. Our lab 
has been actively developing photosensitizer-loaded nanoplatforms 
for PDT (31-33,38) and the singlet oxygen nanoprobes described 
here could become a very useful tool for determining the singlet 
oxygen production efficiency of the above PDT nanoplatforms. 

The conditions of the experimental setups depicted in Figs. 8 and 
9 are identical except that, in Fig. 8’s setup, the ORMOSIL DMA 
nanoparticles are used as singlet oxygen probes, whereas in Fig. 
9’s setup, free ADPA dye probes are used to detect the singlet 
oxygen. Again, one assumption here is that the concentration of 
DMA inside ORMOSIL, is very close to that of the free ADPA 
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Figure 9. Detection of singlet oxygen produced by mine-functionalized 
photofrin-incorporated PAA particles via 10 pkl ADPA in water. 
Accumulated irradiation time (from top to bottom): 0 min, 1 min, 3 min, 
5 min, 10 min, 20 rnin and 30 min, respectively. 

probes. This assumption can be roughly justified by the emission 
intensity comparison of both DMA and ADPA in Figs. 8 and 9. 

What is striking, after comparing Figs. 8 and 9, is that the DMA 
signal decreases about 50% after 20 rnin of irradiation at 630 nm, 
whereas the ADPA’s emission stays almost constant during the 
whole process, which means that almost no singlet oxygen is 
detected by the ADPA probes in this case. 

It should be noted here that the amine-functionalized photofrin- 
loaded PAA particles are more hydrophobic than are ordinary 
PAA nanoparticles, which is necessary to retain the photofrin 
molecules; thus it will be very difficult for ADPA molecules to get 
into the PAA matrix in this scenario. We believe that the much 
longer lifetime of singlet oxygen inside ORMOSIL, compared with 
distilled water, singlet oxygen’s higher solubility in ORMOSIL 
than in water and ORMOSIL’s high permeability to singlet 
oxygen, and the higher reaction rate constant (about eight times 
higher) for DMA, compared to ADPA, play significant roles in 
explaining this result. The lifetime of singlet oxygen varies 
significantly from one solvent to another (39). It has also been 
demonstrated that the lifetime of singlet oxygen in a homogeneous 
polymer is practically the same as in a liquid solution consisting 
of analogous molecular structures (1). The lifetime of singlet oxy- 
gen in silicone rubber is estimated to be about 51 1s (1). As 
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Figure 10. The semilog plot of DMA peak at 432 nm against time and the 
linear fit (R2 value is 0.987) used to figure out the k value for 0.25 mg/rnL 
amine-functionalized photofrin-PAA particles in water. 
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Figure 11. The semilog plot of DMA peak at 432 nm against time and the 
linear fit (R2 value is 0.996) used to figure out the k value for 1.0 mg/mL 
amine-functionalized photofrin-PAA particles in water. 

demonstrated in Scheme 1, the chemical structures of ORMOSIL 
and silicone rubber are quite similar to each other. Therefore we 
believe that it is quite reasonable to estimate the lifetime of singlet 
oxygen in ORMOSIL to be about 50 IS, which is about 25 times 
longer than in water. Furthermore, as demonstrated in our previous 
work (26), ORMOSIL is a very efficient oxygen-permeable 
polymer with a low diffusion barrier for oxygen, and we believe 
that the use of ORMOSIL as a matrix favors a scenario in which 
singlet oxygen molecules will partition in ORMOSIL more than in 
water and thus will move preferentially into this hydrophobic 
matrix, out from the aqueous solution and the hydrophilic PAA 
nanoparticles. Therefore both the relatively longer lifetime of 
lo2 in ORMOSL than in water and the higher solubility of ‘02 
in ORMOSIL than in water significantly enhance these singlet 
oxygen nanoprobes’ sensitivity. 

The more photosensitizers, the more singlet oxygen? 

The amount of singlet oxygen produced is dependent upon the type 
of photosensitizers, the concentration of the photosensitizers, the 
irradiation light intensity and the nature of the solvents. Also, in 
many cases it is true that the amount of singlet oxygen produced is 
proportional to the concentration of the photosensitizers. However 
in some rare situations, this may not be true, as demonstrated below. 

When 100 p V l  MB in water is used as the singlet oxygen source, 
almost no signal decrease (K is almost 0) is observed for both 
ratiometric ORMOSIL nanoprobes and ADPA free-dye probes, 
even after about 60 rnin of irradiation at 650 nm. However, as 
presented above, the DMA’s signal decreases about 73% after 
40 min of irradiation when 104mg/mL (0.34 pA4) MB in water is 
used to produce singlet oxygen. 

For amine-functionalized photofrin-incorporated PAA particles, 
as shown in Figs. 10 and 11, the K value is 0.0004 (S- ’ )  for the 
0.25 mg/mL. photofrin PAA sample; however it is 0.0002 (S- ’ )  for 
a 1.0 mg/mL sample, which means more singlet oxygen produc- 
tion for a 0.25 mg/mL sample than for a 1.0 mg/mL sample after 
30 rnin of irradiation. Again this appears to be counterintuitive. 

Therefore, we have observed for both the MB and photofrin 
samples that higher concentrations of photosensitizers do not nec- 
essarily produce more singlet oxygen, but rather the opposite. We 
believe that this is caused by the fact that the higher concentrations 
of MB and photofrin favor the formation of aggregates, e.g. dimers 
or higher order aggregates, which do not produce singlet oxygen 
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upon illumination (40, K. Gwangseong, Y .  Cao, Y. E. Koo. 
W. Tang and R. Kopelman, in preparation). 

Interference by oxygen and NO 

Experiments have been done to check the interference of oxygen 
molecules and NO on these ORMOSIL nanoprobes. Our data show 
that the peak ratios between DMA and OEP are little affected by 
a continuous flow of oxygen, nitrogen or NO through the aqueous 
ORMOSIL suspensions. 

Leaching 

Leaching is a major concern for PEBBLE nanosensors. The 
performance, accuracy and lifetime of our nanosensors are directly 
related to the degree of leaching. Factors such as the molecular size 
of the dye (smaller molecules more readily leach out through the 
pores) and the pore size of the matrix (bigger pores favor leaching), 
and especially the relative solubility of the dyes in the matrix and in 
water, play very important roles in defining the degree of leaching. 
In terms of solubility, the solubility of DMA and OEP is much 
larger in ORMOSIL than in water, as they are hydrophobic and are 
almost insoluble in water, and this should minimize the leaching. 
These factors have of course been taken into consideration during 
the design of these nanosensors. In the tests for leached-out dyes, 
no leaching could be detected, as none of the spectra taken on these 
samples show any fluorescence signal being three times higher than 
the background noise at the emission wavelengths of both dyes 
entrapped inside the ORMOSIL matrix. This result shows the 
excellent stability of these ORMOSIL singlet oxygen nanoprobes, 
in terms of dye leaching, over a period of 3 days. 

Photostability 

Our results show that there is almost no emission intensity change 
for DMA after continuous illumination for 30 min. Thus photo- 
bleaching should not be a problem for DMA. The same experiment 
was carried out for monitoring the emission of OEP, and there is 
about a 10% signal decrease after continuous illumination at 
380 nm for 30 min, but only about a 2% signal decrease after 
continuous illumination at 650 nm for 30 min. It should be noted 
that, during a typical run, using pulsed illumination, the total light 
exposure time is less than 30 s. Thus, in summary, these 
ORMOSIL singlet oxygen nanoprobes are sufficiently photostable 
over their operational time scale. 

CONCLUSIONS 
Because most singlet oxygen molecular probes with high reaction 
rate constants are hydrophobic, they have been conventionally 
modified through synthesis to be hydrophilic (such as ADPA) so 
that they could be used for singlet oxygen detection in aqueous 
solutions or biological environments. However, the performance of 
these modified naked molecular probes is often limited by the 
relatively short lifetime and poor solubility of ' 0 2  in aqueous 
solutions, in addition to the possible dye toxicity problem. In this 
paper, the highly sensitive singlet oxygen molecular DMA probes 
are encapsulated inside ORMOSIL polymer matrix, thus making 
the detection of lo2 take place inside ORMOSIL. This approach 
has demonstrated significant advantages over the naked dye probes 
such as ADPA, and we believe that this is because of the following 
conditions: (1) the much longer lifetime of singlet oxygen inside 
the ORMOSIL matrix than in water; (2) singlet oxygen's higher 

solubility in ORMOSIL than in water and ORMOSIL's high 
permeability to singlet oxygen; and (3) the protection of the dyes 
by the matrix. Therefore, the introduction of ORMOSIL as the 
matrix not only protects the dye molecules from direct contact with 
the outside environment but also significantly enhances its 
sensitivity to singlet oxygen. These nano-PEBBLE probes appear 
to be the first ratiometric singlet oxygen nanoprobes ever 
developed. These nanoprobes have been used to monitor the 
singlet oxygen production by photosensitizer-loaded PDT nano- 
platforms, with significant success, and they have revealed the 
dimmer- or higher-order aggregation effects of the PDT platforms. 
Another unique feature about these nanoprobes is that they only 
detect the singlet oxygen coming out of the photodynamic 
nanoplatforms, which is critical in determining the singlet oxygen 
production efficiency of the nanoplatforms. Thus these new 
nanoprobes could become ideal tools for quality control in PDT, 
for both qualitative and quantitative analysis and monitoring. 
Because of their high sensitivity (resulting from a combination of 
the highly sensitive DMA dye molecules with the more favorable 
singlet oxygen detection environment inside the ORMOSIL 
matrix) as well as their good biocompatibility, these nanoprobes 
are quite promising for intracellular singlet oxygen detection. 
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