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Abstract

High throughput experimentation (HTE) is increasingly important in both academic and
industrial research environments. While the utility in screening large libraries for many
applications is promising, the analytical testing remains a major bottleneck to discovering desired
samples. New analytical tools are required that can process and screen large datasets with minimal
time and waste. This work focuses on the development and advancement of droplet microfluidics
to achieve HTE.

A limiting factor to droplet microfluidics as a screening technology is the transfer of small
molecules between droplet samples. This work first investigates droplet carryover or “crosstalk”
using electrospray ionization mass spectrometry (ESI-MS). Using this label-free analysis method,
36 small molecules are screened for extent of crosstalk, and the behavior is modelled using
physicochemical properties. Important drivers of crosstalk are elucidated, such as analyte
hydrophobicity, surfactant identity, oil composition, surfactant concentration, and flow duration.
A new surfactant is tested which is shown to selectively retain small molecules that resemble the
surfactant head chemical structure.

We next apply fundamental droplet investigations to the development of novel unit
operations for the processing of droplet samples. In one tool, dielectrophoresis (DEP) is used to
split and trap 400 — 1000 pL microfluidic droplets in flow at rates of 25 droplets/s. The splitting
effect is characterized to show the utility of the tool in microfluidic workflows with varying droplet
sizes and applications. A second tool, high-dilution reagent addition, is developed to enable

temporal control for synthetic and biological screening. Two microfluidic device designs are
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developed to dilute droplet samples from 2 — 150-fold with less than 1% carryover between droplet
samples. One device was shown to be compatible with droplets generated from a multiwell plate,
which was applied to testing a photocatalysis reaction with 1% reagent consumption compared to
pL-scale experiments. The second device is shown to provide 10-fold dilution at > 40 droplets/s
without carryover and a 97% success rate, which is a significant improvement on previous designs.

The development of a microfluidic liquid-liquid extraction is shown as an advanced tool
for sample processing. A microfluidic chip is designed to achieve slug flow nanoextraction
(SFNE). An automated system is built using the device, employing an autosampler to inject
samples into the chip, and an in-line UV detector to analyze small molecules partitioning between
aqueous and organic phases. Flow modulation and analytical performance is characterized using
the automated SFNE system. A mini-screen of octanol-water partition coefficients is performed
using the system, leading to a platform that meets industry standards with 10-fold less time and
40-fold less volume than a previous miniaturized method.

Lastly, the development a droplet-based analytical method to test and sort cell variants for
lysine production is presented. An ESI-MS method is shown to perform reliable detection of lysine
from 10-30 nL microfluidic droplets even with a complex cell media background. Individual E.
coli cells are encapsulated and grown in microfluidic droplets, and lysine production from a known
E. coli variant is measured. Using mass-activated droplet sorting, the above strategies were used
to analyze and sort cells with high lysine production, with 5.8-fold improvement of lysine
production from a mixed variant population after 2.5 h of sorting. The resulting pool is

immediately translatable to validation methods such as sequencing.
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Chapter 1 Introduction

Adapted in part from Payne, E.M. et al, Lab Chip 2020 20, 2247-2262
with permission from the Royal Society of Chemistry.

1.1 High Throughput Screening

High-throughput screening is a valuable technology in chemical and biochemical research
for the discovery of new reactions, catalysts, or pharmaceuticals. The ability to generate and test
large libraries of small molecules, enzymes, or cells variants for a chemical activity of interest
improves the likelihood of finding “hits” or samples with desired activity. In addition to screening
chemical activity (e.g. reaction yields), screening pharmacological properties (e.g. partitioning
coefficients/pKas,! or inhibition concentrations?) is a useful process for characterizing large
candidate libraries during drug development. As technology advances to process and screen large
sample libraries, many new chemical applications become feasible.

One application that has been enabled by screening technology development is protein or
metabolic engineering, which follows iterative rounds of design and testing of cell or enzyme
variants. This process relies on mutation to develop biocatalysts which have desired activity.
Examples of recent biocatalysis efforts include enzymes designed by Merck for the biosynthesis
of the diabetes medication sitagliptin® and the anti-HIV pharmaceutical islatravir* and by academic
groups to perform biaryl cross coupling’ and plastic biodegradation.® However, the discovery of
active enzymes requires the generation and screening of 103-10° variants.” While these
demonstrations are powerful, the method is limited by the ability to generate, prepare, and analyze

individual variants for the target activity. Directed evolution is just one example where large



library testing is useful, but it represents an application which has been enabled by the ability to
generate and test samples. Developing tools for high throughput experimentation (HTE) can enable
workflows such as directed evolution, expand efforts to discover novel reactions, and characterize
larger sample libraries.

Technology has advanced significantly for the generation, manipulation, and analysis of
samples for HTS. While HTS relied on 96-well plates in the early 1990s, screening technology
rapidly improved through higher sample density and handling potential of multi-well plates
(MWPs) into the 2000s.® In 1536-well arrays, the minimum volume is 3 puL, which is a reduction
from >100 pL required for 96-well plates. Additionally, robotic solid and liquid handlers can
perform thousands of assays per day in a MWP format which automates library generation and
processing.

However, as MWP formats have become more miniaturized, reliable sample handing,’
evaporation,'® and effective mixing!! have become challenging during HTE, leading to variability
and inaccuracy. Additionally, for sample libraries with >10” members, the material cost and waste
of thousands of MWPs, consumables, and reagents is significant. While robots can improve time
efficiency for processing these samples, high-end liquid handlers that allow for full automation
can cost > $250,000.°

Another hurdle in HTS technology is the development of analytical methods. HTS using
methods such as fluorescence activated cell sorting (FACS) or traditional optical plate-reader
assays are strong options if the chemical activity can be surface displayed on cells or produce
optical signal. However, as many relevant systems (reactions, biocatalysts) do not produce

fluorescent or colorimetric products, information rich techniques are needed for analysis.



High pressure liquid chromatography (HPLC) coupled to UV-visible, refractive index,
electrochemical, or mass spectrometry (MS) detection is a reliable analytical method for HTS.
HPLC provides chemical separation allowing for the analysis of target analytes from a reaction
mixture. Coupling HPLC with MS provides an additional dimension of selectivity, where ionizable
analytes can be structurally characterized or quantified. While HPLC-based screening is well-
established, typical quantification methods will expend > 5 min and > 2.5 mL of solvent per
sample. Many HPLC methods can be shortened, with robust techniques routinely achieving 1-3
minutes per sample. Even at this throughput, screening library sizes of 10* samples would require
~1 month of instrument run time. Higher throughput methods for HPLC have been developed such
as multiple injections in a single chromatographic run (MISER), which can improve throughput
almost 10-fold.'>!3 Others are developing ultrafast isocratic separations in microcolumns which
reduces any inter-run equilibration,'* but screening has not been achieved using this method yet.

Other analytical approaches have circumvented the need for chromatographic separation
techniques. As MS resolution and scanning speed has improved, some applications can perform
analysis with minimal sample preparation without a front-end separation technique. Recently,
high-throughput sample injection methods have been reviewed,'> which is summarized in Figure
1-1. While this figure is not comprehensive in evaluating each methods’ repeatability or sensitivity,

it provides a benchmark for the minimization and throughput of screening.
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Figure 1-1: High-throughput sample injection methods for mass spectrometry. Values retrieved from Kempa et. al,
2019.

NanoMate (TriVersa), RapidFire (Agilent Technologies), and EchoMS (SCIEX) are three
commercial front-end sampling methods for rapid introduction into mass spectrometers. The
NanoMate provides chip-based separation and electrospray into a mass spectrometer, but requires
high volume and throughput is relatively low.!® The RapidFire is a robotic sample handler which
can sip from MWPs, perform in-line solid-phase microextraction, then inject for direct MS. The
throughput of the RapidFire ranges from 5 — 60 seconds/sample, dependent on inclusion of an
extraction step or other sampling conditions.!”*” The EchoMS is a sample introduction method
which leverages acoustic ejection of samples from a MWP. By vibrating the bottom of custom
MWPs, small (~50 pL) sample droplets can be ejected into the mass spectrometer.?’ New sample
introduction methods are being developed, such as high-density sample spotting followed by
desorption electrospray ionization (DESI) MS.2!22 This approach is achieved by arraying samples
in a MWP, dipping pin arrays into the liquid samples, then depositing sample onto a substrate
which can be imaged using DESI-MS imaging. In principle, samples can be retrieved from the
MWPs after analysis in each of these formats, but the volume required for the analysis is limited

to the MWPs used. Therefore, volume required for analysis is unequal to volume consumed as in



Figure 1-1. These methods, in tandem with robotic liquid handlers to prepare samples, are
increasingly employed in research environments for HTE.

Each of the methods described above are only compatible with MWPs, which limits HTS
with respect to volume (< 3 pL), cost, reliability, and accessibility. Methods that can address the
flexibility, cost, and reagent consumption while providing a cohesive method for sample

preparation and analysis would fill a significant gap in the analytical technology for HTS.

1.2 Droplet Microfluidics

Droplet microfluidics enables the translation of chemical and biological assays to scales
and rates unachievable in conventional laboratory workflows. The term droplet microfluidics is
used to generalize microfluidic manipulation using immiscible phases by segmenting a sample
(“dispersed”) phase, typically water, with an immiscible solvent (“continuous phase”), typically a
hydrophobic (e.g. mineral oil) or fluorinated oil. Droplet sizes range from fL-uL volumes and can
be manipulated when confined to microfabricated devices or capillaries.

The impetus for using water-in-oil emulsions grew initially from a desire to develop low-
cost alternatives to robotic liquid handlers for HTE. Microfluidic segmentation presents 103 — 10°
fold volume reductions of bioassays compared to MWP-based methods.?* Compared with other
microfluidic methods, use of droplets provides solutions to some drawbacks of single liquid phase
systems such as ineffective sample diffusion, low analytical throughput, surface fouling, and
inefficient mixing.2*?°

Droplets are relatively simple to generate in a wide range of volumes, compositions, and
throughputs. They may be stored, transported, and analyzed, facilitating modular operations.?®
Droplet-based sample manipulations routinely exceed 1000 Hz, which is orders of magnitude

faster than robotic high-throughput liquid handling.?”-8



In the well plate-screening paradigm, samples are retained in wells on a 96, 384, or 1536-
well plate, allowing for reactions to be performed in volumes as low as 3 pL. The spatial separation
of samples in discrete wells provides the ability for thousands of parallel reactions to take place in
a compact, traceable, and addressable format. With chemistry and biology confined to wells,
researchers can culture and sequence cells, add reagents, aliquot sample, perform sample cleanup,
and analyze with a wide range of instrumentation. The ability to manipulate and analyze each
sample based on its position is critical to the utility of this format. For a novel screening platform
to compare, it is essential that it reliably perform all of these functions; however, to be widely

adopted, such a screening technology must also provide advantages over these existing workflows.
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Figure 1-2: Common droplet unit operations with flow proceeding left to right. A) Droplet generation by T-
Junction or flow focusing. B) Reagent addition by direct injection and pairwise merging. C) On-chip incubation
by oil drain and channel expansion. D) Splitting by channel bifurcation. E) Sample cleanup by continuous phase
partitioning or solid phase extraction. F) Sorting by dielectro- or magneto-phoresis.



Research in droplet microfluidics has largely addressed each of the core functionalities of
well plate screening.?® Spatial separation is achieved by breaking fluids into individual droplets
using either a T-junction or flow focusing geometry (Figure 1-2A). The resultant droplets range in
volume from single femtoliters to tens of nanoliters with extremely low variability (< 1% relative
standard deviation, RSD on droplet volume),?* a significant reduction from the microliters
needed in MWPs. A variety of microfluidic geometries allow multiple substances to be co-
encapsulated in these droplets as they are made, at controlled ratios and with minimal sample to
sample variation.**°> Droplet generation in the kilohertz range dwarf the fluid handling
capabilities of robotics and proposed methods for parallelization hold the potential to push these
speeds even higher.3¢

Once droplets have been formed, it is critical to maintain their spatial and chemical
separation in bulk format. Structure is maintained through the use of surfactants,?”-*® which mimic
the function of phospholipid membranes in biological systems, i.e. they limit droplet merging and
chemical transfer when in contact.’” Use of surfactants also allows for droplet stability at
temperatures up to 98°C,*”3? enabling complex reactions such as droplet-based polymerase chain
reaction (PCR),*° or elevated temperature incubations for extended periods.*!

In MWPs, the spatial separation of samples has facilitated the use of robotics for the
addition of reagent to individual reactions. The reproducibility and reliability of such systems is
critical to modern screening technologies. In droplet microfluidics, overcoming the challenge to
create a comparable form of reagent addition has been critical to the use of the technology for
complex chemical reactions. Reagent addition has been achieved by direct injection into droplets,

pairwise droplet merging, and double emulsion strategies.*? Direct injectors (e.g. Pico-injectors)

bring single-phase reagent into contact with a cross flow of droplets, allowing for brief merger



between the aqueous components, then re-segmentation after the addition of the reagent (Figure
1-2B).#% When surfactant stabilized, reagent addition by pico-injection may be actuated by use
of an external electric field.** Direct injection into droplets has been demonstrated with up to 2-
fold increase in droplet volume, at rates of 1000 droplets/s, which exceeds that of robotic handling
by several orders of magnitude.**” Aside from limited volume addition, direct injection designs
have been characterized by high (5-10%) droplet to droplet carryover, so methods such as wash
droplets,*® reagent flushing,*> and multiple small injectors* can reduce carryover to < 1%.

While direct injection has allowed complex reaction workflows to be performed in
droplets, it does not allow for combinatorial reaction screening to be performed in the same way
that it may be in MWPs. One method to address this is to combine two libraries of droplets to
produce a combinatorial set of samples. In continuous flow, two streams of droplets may be
combined in pairs and merged to produce an output stream of combined droplets (Figure 1B).424-
>1 This method has been shown with up to 25-fold addition,> and at 250 droplets/s.’! However,
achieving one-to-one merging of the two droplet streams is difficult, and instances of missed or
double droplet merger events have been characterized as up to 14% of all droplets processed in
this way.>* Due to this inconsistency, this droplet merger format has not been widely applied for
achieving reagent addition.

In any chemical reaction, sample incubation is critical to allow the desired reaction to occur
prior to screening. In the droplet format, this may be achieved by removing droplets from a device
and storing them in bulk. Incubation can also be achieved on-chip, which is commonly achieved
by reducing fluidic velocity on-chip by draining oil and allowing droplets to close-pack (Figure 1-
2C).>*3% Devices with integrated delay lines are useful for simplifying workflows to single devices

when incubation is necessary. On-chip incubation lines are often aided by channel expansion or



multi-layer fabrication, where an increase in channel volume contributes to both decreased fluidic
velocity and increased droplet containment.>3%-% This strategy can reduce the footprint of a
microfluidic device while increasing the incubation time.

Sampling from well plates in traditional screening workflows is common; small volumes
of sample may be pulled for analysis, further reactions, or long-term storage. In droplet format,
sampling can be performed by splitting droplets in flow using microchannel bifurcations (Figure
1-2D),%% electrostatic forces,>” or acoustics waves.*® Splitting has been achieved across a range
of droplet sizes ranging from 6.5 fL to > 1 uL,>® and the split ratios can be as asymmetric as
sampling 95 — 5% of total droplet volume.®°

Solid and liquid phase extractions are regularly performed in plate format to prepare
samples for analytical assessment, and similar sample cleanup has been demonstrated in droplets
(Figure 1-2E).41-65 Droplet splitting may be used to perform solid phase extractions (SPE),
allowing selective retention of targeted analytes in droplets via bead based capture and wash
workflows.®¢-6” The throughput of droplet SPE is modest compared to that of droplet generation or
splitting (regularly exceeding 1000 droplets/s),%® likely due to the mixing occurring in droplets
keeping SPE beads in suspension. However, SPE has been achieved in a droplet format at 5
droplets/s with < 60% enrichment of DNA.%

Once analysis is performed, it is often necessary to further manipulate the sample. On
MWPs, this function is trivial assuming that the analytical method does not consume all of the
sample. For flowing droplets, however, collecting desired samples for further use requires a
collection or sorting method. The most common strategy for doing so is dielectrophoresis (DEP)
where a droplet may be deflected by an electric field to exit a device via a selected channel (Figure

1-2F).7%"1 DEP of 65 pL droplets has been shown at 30 kHz, resulting in 10® droplets sorted per



73,74 acoustic

hour.” Other sorting strategies have been achieved using external magnetic fields,
waves, > or through other physical properties of droplets.’®’¢ Coupling these sorting techniques
with rapid analytical assessment can provide high throughput approaches to hit identification and
selection, and enables downstream discovery and analysis.””7

MWP screening methodologies are a well-established, robust approach to HTS but
microfluidic droplets are quickly becoming a viable alternative. A demonstration of directed

evolution using microfluidic droplets summarized the economy for their particular HTS, showing

drastic cost and time efficiency using droplets (Table 1-1).%¢

Table 1-1: Comparison of time and costs for complete screen using two methods®

Robot Microfluidic drops

Total reactions 5x 107 5x 107
Reaction volume 100 uL 6 pL
Total volume 5,000 L 150 uL
Reactions/day 73,000 1x108
Total time ~2 years ~Th
Number of plates/devices 260,000 2
Cost of plates/devices $520,000 $1.00
Cost of tips $10 million $0.30
Amortized cost of instruments $280,000 $1.70
Substrate $4.75 million $0.25
Total cost $15.81 million $2.50

Droplets represent an attractive opportunity to scale down expensive chemical use in HTS,

reduce unsustainable consumable use in the screening process, and rapidly analyze millions of
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samples, all while using automated workflows that run at rates that are orders of magnitude higher

than industry standard techniques.

1.3 Analysis of Droplet Samples

Rapid analysis is a critical bottleneck in HTS. The challenge for analysis in droplet
microfluidics in obtaining high information content in minimal reaction volumes at high rates. The
analysis of droplet content has relied heavily on a few techniques that have been applied widely.
Most notably, droplet HTS has been performed extensively using fluorescent detection. Laser
induced fluorescence (LIF) is a common technique for droplet analysis as it is easily applied to
droplet analysis; LIF approaches have rapid acquisition rates, which allow for multiple sample
points across a single droplet even at high throughputs with low limits of detection and high
sensitivity. When coupled to DEP sorting, LIF based droplet selection has been demonstrated as
fast as 30 kHz with > 99% accuracy,’? throughput similar to fluorescence activated cell sorting
>100 kHz.%!

However, LIF based workflows require fluorescent reporters, which are often challenging
to incorporate into chemical and biological assays. In many chemical or biochemical screens, the
native target is not fluorescently active and adding a fluorescent tag may change the activity of
interest. To address this limit, secondary reporters have been utilized to give a signal output from
non-fluorescently active assays.””#%83 Applications of these reporter systems are limited and must
be designed on an ad hoc basis. Therefore, while fluorescence activated droplet sorting (FADS) is
rapid and reliable, it is not generalizable enough to use in most screening applications, such as
reactions, evolution experiments, and small molecule characterization studies.

Many alternative approaches have been investigated for the analysis of droplet samples.

Absorbance based detection schemes have been explored as a complimentary strategy for droplet
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analysis.” However, the low specificity and high limits of detection limit this approach to reactions
that produce a change significant enough to be detected above the background reaction matrix.®*
Absorbance detection is more challenging in droplets due to the limited path length through which
to detect across a droplet. To counter this, more sensitive methods such as differential detection
photothermal interferometry have been reported for absorbance readouts from droplets.®> High-
speed charged coupled device (CCD) cameras have been employed for the screening of
colorimetric outputs in droplets.®?#¢ Though CCD cameras have been used primarily to interrogate
droplet size, a system in which droplets change turbidity or refractive index may be accessible for
this type of detection as well.*’

Spectroscopic techniques such as droplet Raman and infrared detection, as well as droplet
nuclear magnetic resonance (NMR) spectroscopy, have been developed but are under-utilized in
droplet HTS. Raman has been applied to single cell detection in droplets but has not been widely
employed for many HTS workflows due to high noise levels and low sensitivity.®® Strategies for
improvement of sensitivity and selectivity are a major topic of research,3**° which may lead to
improved detection methods for DEP triggering.®® Infrared detection has been applied to imaging
droplets in flow, but HTS has not been demonstrated, likely due to the high interference from the
aqueous background.”*> NMR analysis of microliter segmented plugs has been shown as a
multiplexed detection from LC effluent,”® but has similarly not been applied to HTS. Droplet NMR
spectroscopy may be an exciting future development with the improvement of miniaturized high-

field magnets.”*%>

1.4 Mass Spectrometry of Droplet Samples

Mass spectrometry (MS) analysis of droplets has been explored as an alternative approach,

expanding the tool set for droplet analysis through label free detection. Analytes must be ionized
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for mass spectrometry detection or analysis. Electrospray ionization (ESI) and matrix assisted laser
desorption ionization (MALDI) are two commonly used approaches for ionizing and generating
gas phase analytes for MS. ESI and MALDI are similar in that ionization occurs via proton transfer
or adduction and both are considered “soft” ionization techniques where the chemical structure is
primarily maintained throughout ionization.

MALDI is largely performed on a sample in solid form. Samples are mixed with a MALDI
matrix and placed onto a substrate and dried.”® The subsequent dried droplet is ablated using a
laser, which generates a plume perpendicular to the surface (Figure 1-3A). In the plume, the high
energy initiates cascades of proton transfer which ultimately produce some charged molecules that
are detectable by MS. The purpose of the matrix is to absorb energy from the laser, and to promote
proton transfer with the molecules in the sample.”” The effectiveness of MALDI as a charging
method lies in the ability to create imperfect matrix/analyte co-crystals for best ablation and proton
transfer. MALDI is affected by the choice of matrix, drying solvent/method, and laser power,
which can each be selected based on targeted analyte or application.

In ESI, liquid flow is pumped through a needle with a high voltage applied either to a
conductive needle or directly to the liquid stream, which promotes the aerosolization of the liquid
flow.”® Neutral analytes can be charged via proton transfer or though adduction of charged ions
such as Na",NH4", or CI among many types of adducts. In the aerosol droplets, charges accumulate
on the surface of microdroplets, including salts and analytes (Figure 1-3B). Microdroplets shrink
and split in the presence of high heat and vacuum, and charged species can be ejected from the
droplet due to the accumulation of surface charge.”® Charged molecules ejected from the droplet
result in gas phase ions that can be detected by MS.!% The process of ionizing an analyte of interest

is strongly dependent on the sample matrix, salt concentration, and surface activity of molecules.
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Figure 1-3: General mechanisms of standard soft-ionization sources. (4) Schematic of MALDI adapted from
Spectra Physics. (B) Schematic of ESI adapted from Konerman et al., 2013.

Both ESI and MALDI show significant promise for enabling label-free droplet analysis
using MS. The methods provide similar data, while providing advantages for given applications.
MALDI requires droplet deposition, matrix addition, and sample drying prior to analysis which
limits throughput, while ESI is fully destructive and flow rates must be compatible with the
scanning speed of the mass spectrometer. Significant effort has been dedicated to addressing these
limitations.

Several groups have achieved droplet deposition for MS-imaging analysis.®!?!-19 Droplet
MALDI has the advantage of flexibility in droplet size as the laser ablation area is often smaller
than droplet diameters commonly used. Similarly, MALDI is not fully destructive like ESI,
allowing researchers to return to samples of interest after analysis. Haidas and coworkers reported
the ability to spot and analyze up to 2400 droplets on a standard glass slide,'** and others have
fabricated microwell plates for droplet deposition at higher densities.!®® While droplet MALDI
cannot be performed as an online technique for analysis, which restricts throughput, spotting
droplets at densities of 100,000 samples/plate at 2,000 Hz makes the method feasible.!%

Additionally, droplet spotting can be performed using DEP, where only droplets that contain
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sample are spotted for analysis.!%19 This method ensures that the slow analysis time is maximized
on samples of interest, rather than samples which are empty. Others are developing droplet
MALDI with advanced sample tracking and ablation, which reduces the analysis time where no
sample has been deposited.'?

ESI of droplets is advantageous as it may be integrated into the outlet of a microfluidic
system. As mass spectrometers become faster and more sensitive, techniques such as tandem mass
spectrometry have enabled selective analysis of droplet samples. Droplet ESI-MS generates bursts
of analysis as aqueous droplets are sprayed, followed by non-conductive oil (Figure 1-4).'%7
Throughputs for droplet ESI are modest in comparison to optical detection; recently 300 pL droplet

samples have been analyzed at up to 10 Hz using nano-ESI'%

and 800 pL have been shown to be
detectable at up to 33 Hz with software modifications to commercially available mass
spectrometers.!?”” At these throughputs, droplet ESI provides an order of magnitude increase in
samples screened per day compared to ECHO-MS (Figure 1-1), while benefiting from upstream
processing such as reagent addition and clean up. Droplet ESI is also currently limited by droplet

S2,107.110-112 Hawever, recent

size; most studies have thus far operated with 10 — 50 nL droplets.
work using nano-ESI has shown droplet detection in volumes as small as 65 pL.!% A constraint in
coupling microfluidics with ESI is compatibility between scan speeds of mass spectrometers and
droplet size and flow rates; droplets are often too small to maintain sustained electrospray for
thorough droplet analysis. Additionally, as ESI is destructive, a method for preserving a duplicate
sample is necessary. Our group has recently developed mass activated droplet sorting to this end,

which splits a sample droplet where one is analyzed by ESI-MS, and the other is sorted based on

the intensity of target analytes.>?
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Figure 1-4: Example of droplet ESI-MS. When the aqueous droplet splays, signal intensity is observed, while when
the carrier phase is sprayed no signal is observed. Figure adapted from Pei et. al, 2009.

1.5 Challenges in Droplet Microfluidics

The advances in droplet manipulation over the past decade have positioned droplet
microfluidics to deeply alter the methods by which HTS is performed. Droplet microfluidics has
the ability to emulate many of the key unit operations in traditional well plate screens, with
advantages in sample size and throughput. Despite these advantages, droplets have not yet gained
traction as a common method for HTS. Efforts to commercialize these systems have been limited
to only a few niche applications.!!?

To effectively process and analyze samples discretely, it is critical that droplets reliably
maintain their contents through the course of any incubation or manipulation without analyte
partitioning. Early research with mineral oil as the continuous phase for droplet segmentation
revealed that some analytes, particularly small molecules, demonstrated partitioning into
hydrophobic oil.!'* Fluorinated oil and surfactants offered an alternative carrier phase to contain
analytes,!'!® but chemical leakage from droplet samples has also been observed in these systems.

Several groups have investigated molecular retention and leakage in droplet emulsions using
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fluorescent detection with fluorophores as model analytes.3%!16-118

Buffer pH, fluorophore
solubility and hydrophobicity, and micellar transport have all been proposed as contributors to
analyte loss both into the surrounding oil phase and into neighboring droplet samples. No definitive
mechanism of molecular transport has been agreed upon.'' Investigation into both the
fundamental mechanism and prevention of crosstalk may expand droplet functionality to
workflows inaccessible due to chemical leakage.''®

Additionally, available tools for droplet analysis is a limiting factor to adoption of the
technology. As has been previously discussed, droplets are by and large analyzed with fluorescent
measurement. However, most applications where HTS would be useful do not have fluorescent
products or reporters. Using information rich techniques such as MS will open the possibility for
screening a diverse range of analytes that have been previously unavailable. The development of
compatible tools for these analysis methods is also required to enable new screening methods. For
example, droplets used for ESI-MS are typically larger, so existing droplet methods (generation,

reagent addition, splitting, sorting) must be changed to fit the necessary droplet size. Using the

developed tools for droplet processing and analysis, new high-throughput screens can be achieved.

1.6 Dissertation Overview

This dissertation aims to advance the development of droplet microfluidic tools which are
useful in HTE. The scope of the work ranges from understanding fundamental droplet dynamics
to screening a variety of systems. Droplet microfluidics is demonstrated as a powerful technique
for testing small molecule physicochemical properties, reaction conditions in synthetic chemistry,
and biocatalysts for use in synthetic biology.

We first investigate undesirable transport between droplet samples. In Chapter 2, a method

was developed to quantify small molecule crosstalk in droplet microfluidic systems using MS. A
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variety of small molecules were tested for crosstalk and modelled using physicochemical
properties, which provided insight into the extent of transfer between droplets. A range of variables
were tested, including fluorinated oil, surfactant, and flow parameters, representing a significant
step towards understanding the effect.

In Chapter 3, droplet behavior in alternating electric fields investigated. With a
combination of electrophoretic and hydrodynamic design, droplets were discovered to split and
trap in high field regions. This novel behavior was used to develop microfluidic devices which can
controllably split droplets in flow without the need for complex microfabrication. By using an
electric field as the driving splitting force, on-demand droplet splitting is enabled. The effect is
characterized with droplets ranging from 400 — 1000 pL in volume, with < 6% variability on
droplet size.

Chapter 4 describes the development of high-volume addition for droplet microfluidics,
which is necessary for applications such as ESI-MS. The first device is capable of diluting droplets
2 — 150-fold with < 1% carryover using a step-injection geometry, building upon previous direct-
injection designs limited to 2-fold addition. An additional device, based on the droplet merger
design, demonstrates carryover-free droplet dilution with 97% success rate, outperforming
previously developed methods. The reagent addition tool is demonstrated in a proof of principle
high throughput screen of photocatalyst substrates in collaboration with the Stephenson Lab at the
University of Michigan.

The aim of Chapter 5 was to build on previous work for performing liquid-liquid
extractions in a droplet context. A microfluidic device was developed to generate 4 nL liquid-
liquid exactions leveraging slug-flow nanoextraction. Library introduction into the droplet format

was performed using an HPLC autosampler, which sampled from a MWP into the microfluidic
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device. Flow was modulated to generate two- and three-liquid phase pairs. The resulting droplets
flowed directly through a UV spectrophotometer. This fully automated system was applied to the
screening of octanol-water partitioning coefficients, and a mini-screen of seven active
pharmaceutical ingredients was achieved. The method agreed with established methods within
acceptable guidelines and represented 10- and 40-fold reductions in time and volume respectively.

In Chapter 6, a workflow is presented for the growth, analysis, and sorting of cell samples
using droplet ESI-MS for synthetic biology. A droplet MS method was developed to analyze
lysine, the target product from the cells, over cell media background. E. coli were shown to
effectively grow and produce lysine following single cell encapsulation in droplets. Finally, mass-
activated droplet sorting was performed on droplets containing cells, enabling the selection of a
cell variant with high lysine production. The droplet workflow was shown to be directly

compatible with cell growth in liquid cultures, enabling downstream verification methods.
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Chapter 2 Evaluation of Analyte Transfer Between Droplets by Mass Spectrometry

This was performed in collaboration with Maryam Taraji (MT) at the Australian Wine Research
Institute and Bridget E. Murray (BEM) at University of Michigan. MT performed physiochemical
calculations and principle component analysis resulting in Figure 2-2. BEM performed the

multi-well plate droplet generation and analysis resulting in Figure 2-8.

2.1 Introduction

Droplet microfluidics has emerged as a promising tool for high-throughput
experimentation (HTE) and screening. Droplets and segmented flow have been used successfully
for screening enzyme variants,! ™ rare genetic material,*¢ and reaction conditions’® with higher
reagent and time efficiency compared to traditional screening methods. Similarly, droplets have

%-12 3nd in vivo

been applied to achieve high temporal analysis, e.g. understanding reaction kinetics
sensing (e.g., neurotransmitters from microdialysis sampling).!3~1¢ Regardless of application, it is
critical that droplets remain chemically distinct to achieve reliable results; however, chemical
transport or crosstalk between droplets has been observed under some conditions.!”!® Small
molecule crosstalk has been identified as limiting the technology from broader use in HTE.! In
this report, we investigate crosstalk to better understand conditions that result in molecular
transport between droplets and identify variables that control the effect.

Microfluidic droplets are made by segmenting an aqueous flow with an immiscible carrier

phase to create individual sample chambers for processing and analysis.?®?! Often, a surfactant is

dissolved in the carrier phase to facilitate stabilization of droplets in flow.?? Many early reports of
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droplets for HTE used hydrocarbons as carrier fluid (e.g., mineral oil, silicone oil, decane);?!>3-2
however, chemical diffusion between droplets was observed.!”-?¢28 Analytes were observed to
partition directly through the oil due to moderate solubility!”?% as well as be transported by

2731.32 The addition of bovine serum albumin (BSA)?” and complex sugars (e.g.

reverse micelles.
dextran)?® successfully mitigated chemical transport of fluorophores in these water-in-
hydrocarbon emulsions.

Fluorocarbon oils have become preferred for segmentation due to both low solubility of
analytes in fluorous phases and superior stability of droplets.*3** Despite these advances, small
molecule transfer has still been observed between neighboring droplets. Direct partitioning has
been largely discounted as a mechanism due to the low solubility of small molecules in
fluorocarbons,®> but some have hypothesized a small amount of crosstalk can still occur through
semi-fluorinated o0ils.’® Recent investigations of fluorosurfactant stabilized systems have
supported the view that reverse micelles are a mechanism for droplet to droplet transport.'®37 These
findings have led to the development of new surfactants that are reported to reduce crosstalk.36-38-3?
Previous solutions to droplet crosstalk in mineral oil-based systems, such as BSA, have not been
successful in mitigating crosstalk with fluorocarbon carrier fluids. !

Investigations into droplet crosstalk have relied on spectroscopic analysis based on
fluorescent,!$26-28:3740 colorimetric,!  or secondary reporters’®#' to determine the extent of
transfer. Additionally, these reports focus on one analyte or compound class (e.g., substituted
Alexa Fluor or ATTO dyes)* which provides a narrow scope for understanding crosstalk.
Consequently, a general understanding of the extent and mechanism of fluorocarbon-based droplet

crosstalk remains lacking.*? An approach for measuring crosstalk for a broad range of conditions

30



and analytes is needed to expand the understanding of mechanisms and direct future development
of droplet microfluidics.

In this report, we investigate droplet crosstalk using electrospray mass spectrometry (ESI-
MS). ESI-MS is a flexible tool for label-free analysis, as many chemicals are ionizable. Droplet
microfluidics has been successfully coupled with ESI-MS previously.*** In this method, each
droplet flows through the ESI emitter allowing for discrete droplet analysis by MS.* For this study,
empty and analyte-containing droplets are alternately generated by a microfluidic device and
analyzed using ESI-MS. Crosstalk is measurable by the amount of analyte loss from the analyte
droplets and gain to the “blank™ or empty droplets. This approach allows for evaluation of the
effect of variables such as analyte structure, carrier phase, and surfactant. We quantify and model
the carryover for a variety of small molecules which span many compound classes that are relevant
for droplet microfluidics and HTE. We then investigate a number of parameters to study crosstalk
between droplets in flow, such as the type of fluorinated oil, surfactant structure, surfactant
concentration, and flow duration. Relevant results obtained from these online droplet generation
experiments are also tested for droplets generated and incubated for prolonged periods, which

mimics many screening workflows. !>

2.2 Materials and Methods

Reagents and Materials. All small molecule standards and fluorinated oils were
purchased from Sigma Aldrich (St. Louis, MO) unless otherwise stated. Hydrofluoroether 7500
(HFE 7500, Novec 7500) was purchased from Oakwood Chemicals (Estill, SC). The surfactants
used were commercially available as 2% w/v in HFE 7500: FluoSurf from Dolomite Microfluidics
(Norwell, MA), PicoSurf from Sphere Fluidics (Cambridge, UK), and dSurf from Fluigent

(Suffolk, MA). 008-Fluorosurfactant from RAN Biotechnologies (Beverly, MA) was purchased
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neat and dissolved in the respective oil. The carboxylate-Krytox surfactant was synthesized (See
SI). Polydimethylsiloxane (PDMS) was purchased from Curbell Plastics (Livonia, MI).

Device Design and Fabrication. Microfluidic geometry was designed using AutoCAD
from Autodesk Inc (San Rafael, CA). Corresponding transparencies were printed by Fineline
Imaging (Colorado Springs, CO). Master molds were generated with 200 um feature height using
standard photolithography procedures; SU8 2050 negative epoxy photoresist was spun onto silicon
wafers from University Wafer (South Boston, MA), patterned with ultraviolet irradiation through
the transparent mask, and developed to leave polymerized features. PDMS was prepared 1:10
activator to monomer ratio, degassed, and poured over the SU8 master. Fluidic ports were
produced in the PDMS stamps. PDMS stamps fabricated with fluidic channels were bound to
standard glass slides using oxygen plasma activation generated by a Harrick Plasma Inc. PDC-
32G (Ithaca, NY). Microfluidic devices were flushed with 2% tridecafluoro-1,1,2,2-
tetrahydrooctyl tricholorosilane in perfluorodecalin for surface treatment.

Device Operation. A microfluidic chip was used to generate droplets of alternating content
to study crosstalk between the adjacent droplets (Figure 2-1A). Liquid flow was generated using
Hamilton (Reno, NV) gastight syringes with Chemyx Inc. Fusion 400 syringe pumps. Syringes
were connected to microbore polytetrafluoroethylene (PTFE) tubing from Cole Parmer (Vernon
Hills, IL) which was inserted into the microfluidic device ports. The microfluidic device was
coupled to the electrospray ionization source with 150 pm x 300 pm perfluoroalkoxy alkane (PFA)
tubing from IDEX (Lake Forest, IL).

The microfluidic device generated alternating droplets with 0.3 uL/min on the aqueous
flows and 1 pL/min on the oil flow (Figure 2-1). For generating a stream of droplets from just one

source, one aqueous stream was pumped at 0.6 uL/min with the other stream stopped. Analyte-
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containing droplets contained 200 pM of the respective test analyte, and 20 uM choline in 10 mM
ammonium formate buffered at pH 8.5. Blank droplets contained 20 uM acetylcholine in 10 mM
ammonium formate. Unless otherwise stated, droplets flowed through 50.8 cm (20”) of PFA
capillary to the mass spectrometer, which corresponds to ~5.5 min of flow time. Device operation
was observed with a Nikon (Tokyo, Japan) TS2 inverted microscope equipped with a Cognex
(Natick, MA) In-Sight 7600 tracking camera.

Prolonged storage experiments. Droplet populations were generated using standard flow
focusing microfluidic devices and stored in glass vials. Droplets were mixed by adding oil above
the droplets while draining oil below to distribute droplet populations evenly. After incubation,
droplets were reinjected into an oil respacing microfluidic device and transferred to PFA tubing.
Flow rates were consistent as chopper experiments.

Multiwell Plate Droplet Generation. Oil-segmented droplets (15-20 nL) were created
from a 384-well plate (Corning, Kennebunk, ME). 25 pL of 10 mM pH 8.5 ammonium formate
buffer was pipetted into one well and 25 pL of either 200 uM caffeine or 200 uM acetylpyridine
in 10 mM pH 8.5 ammonium formate buffer was pipetted into a second well. The samples were
covered with 100 pL of perflourodecalin or HFE 7500. Epoxy was placed around the two wells to
hold the oil. A 25 pL gas tight Hamilton syringe (Reno, NV) was attached to 150 pm i.d. x 360
um o.d. perfluoroalkoxy alkane tubing from IDEX (Lake Forest, IL) with a low dead volume union
from Valco Instruments Co., Inc. (Houston, TX). The syringe and tubing were filled with oil prior
to droplet generation. The syringe was withdrawn at 1.2 pL/min using a Fusion 400 syringe pump
(Chemyx Inc., Stafford, TX). The tubing was moved within and between wells using a computer
numerical control machine (CNC, Cameron Micro Drill Press, Sonora, CA). G-code was used to

program the CNC machine so that the tubing was held in the aqueous layer for 1.5 s and the oil
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layer for 1 s while the syringe was withdrawing. Five replicate droplets were created from each
well, and a total of 300 droplets were made per generation cycle.

Carboxylate Surfactant Synthesis. To prepare the ionic Krytox surfactant, 157FS(H)
Krytox from DuPont (Wilmington, DE) was dissolved in methanol in a round bottom flask.
Sodium hydroxide was added dropwise to precipitate carboxylate salt. After overnight stirring,
precipitate was filtered, rinsed with methanol, and centrifuged to separate from methanol.
Surfactant was placed under vacuum overnight, then dissolved at 2 wt.% in HFE 7500.

Mass Spectrometry. The mass spectrometer was an Agilent 6135b single quadrupole
fitted with a capillary electrophoresis sheath flow electrospray source (G1607B). Electrospray was
achieved with 2.5 kV, with 350 °C drying gas set at 30 L/min, a source pressure of 10 PSI, and
135 eV of fragmentor energy. The sheath liquid was water pumped at 30 pL/min. The mass
spectrometer was operated in selected ion mode, monitoring for the nominal protonated mass for
each of the test analytes and the nominal molecular weight of the marker compounds which each
carry a permanent positive charge. Dwell time on the instrument was set at 1 ms per mass.

Computation and Principal Component Analysis. Physicochemical properties were
calculated based on analyte structures and aqueous pH (8.5) using MarvinSketch version 18.24
and JChem for Excel version 20.20.0.732 from ChemAxon (Budapest, Hungary). Tanimoto
similarity values were calculated using the same software. Multivariate principal component
analysis (PCA) was performed using normalized descriptor parameters based on variable loadings

using Unscrambler version 11.0.

2.3 Results and Discussion

Crosstalk Measurement and Repeatability. To study crosstalk, a train of 10 nL droplets

that alternated between containing analyte and just buffer (“blank”) was generated from a
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microfluidic “chopper” (Figure 2-1A).*® The droplet array was pumped into an ESI-MS source to
measure the analyte signal in the analyte containing and blank droplets. The ESI source generated
spray directly from the PFA tubing, so droplets did not interact with any stainless steel or fused-
silica surfaces which could contribute to carryover via adhesion or interaction during spray.*’
Therefore, analyte signal in the blanks is attributed to crosstalk during transport to the detector. By
doubling one aqueous flow rate and stopping the other within the chopper, a homogeneous train
of analyte or blank droplets could be generated. As such, populations of analyte and blank droplets
can be analyzed without interaction as controls. Analyte and blank droplet solutions were spiked
with choline and acetylcholine, respectively, which preliminary studies showed did not exhibit

crosstalk, to enable tracking of each droplet type.
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Figure 2-1: Overview of microfluidic mass spectrometry method for evaluating crosstalk. (A) Droplets are generated
using a microfluidic chopper, which alternately generates blank (red) and analyte containing (blue) droplets. The
droplets flow through an electrospray emitter and are individually ionized and analyzed. (B) Example droplet traces
from acetylpyridine crosstalk measurement. Droplets are alternated to evaluate the acetylpyridine signal intensity in
blank droplets, marked with acetylcholine. Unmixed droplet trains are analyzed to evaluate the minimum and
maximum signal without transfer. (C) Histogram of all droplets analyzed in the experiment. The pre-mixed samples
(solid bars) shift intensities during mixing (dashed bars) indicating signal loss from analyte containing droplets and
signal gain in blank droplets (demonstrated with blue and red arrows, respectively).
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To demonstrate the method for quantitative crosstalk determination, acetylpyridine was
used as a model test analyte. It was previously observed that acetylpyridine was transported
between droplets,** so it served as a good model compound with relatively high carryover. This
test used 2 wt.% 008-fluorosurfactant (008-FS) in HFE 7500, which is commonly used for droplets
for cell or small molecule screening.*’->%! Droplets (with and without alternation) were generated
to the MS as above (Figure 2-1B). Four populations of droplets were generated corresponding to
analyte-containing and blank droplets with and without interaction. A histogram acetylpyridine
signal for these droplets shows the signal increase in blanks which interacted with analyte droplets,
corresponding to crosstalk (Figure 2-1C). A dimensionless crosstalk coefficient can be calculated

from mean droplet ESI signals:

(alternating blank)—(true blank)

Equation 2-1 Crosstalk = trute analyte—containing

This crosstalk coefficient quantifies the increase in signal intensity from background noise
normalized to the average signal of true analyte-containing droplets. The crosstalk coefficient
controls for ionization efficiency and background observed during ESI-MS, allowing for
comparisons between analytes with varying ionization efficiencies and background intensities.
The maximum theoretical value for the crosstalk coefficient is 0.5, corresponding to equal average
signal intensity in blank and analyte-containing droplets post mixing. When doubled, the crosstalk
coefficient can be interpreted as a percent carryover.

The crosstalk coefficient for the acetylpyridine test was 0.364 + 0.009 (n = 369 total
droplets), or ~75% carryover. Notably, this crosstalk occurred with only 5.5 min of incubation

time which is substantially less than the hours or days of incubation time used in many high-

throughput screens.®*’
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Analysis of the acetylpyridine crosstalk measurement shows equal increase in signal for
average blank droplet as decrease in average analyte-containing droplet, demonstrating
conservation of analyte between the analyte and blank droplets. The repeatability of this
measurement was evaluated and is summarized in Table 2-1. Triplicate, intra-day technical
replicates (i.e. same sample, device, and tubing) result in a relative standard deviation (RSD) of
3% while inter-day, experimental replicates (i.e. separate solutions, microfluidic devices, and
tubing) show 8% RSD. These results suggest that this measurement is repeatable and can be used

to make comparisons after perturbing the system.

Table 2-1: Repeatability of acetylpyridine crosstalk measurements

Replicate Acetylpyridine Average
Trial n SEM % RSD
Type Crosstalk Value Crosstalk
Test 1 0.406
Intra-day Test 2 0.391 0.3985 3 0.01 3%
Test 3 0.430
Day 1 0.414
Day 2 0.348
Inter-day 0.3755 4 0.02 8%
Day 3 0.352
Day 4 0.388

Crosstalk Analysis of a Diverse Set of Small Molecules. We next sought to measure
crosstalk for a variety of compounds to better understand how molecular properties contribute to
the effect. Crosstalk values were determined for 36 analytes in 2 wt.% 008-FS in HFE 7500 and
are summarized in the Appendix. In the dataset, 20 of the 36 compounds exhibited crosstalk

between 0.005 — 0.5 crosstalk units (1 — 100% carryover) and 12 compounds had values < 0.005
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which is the lower limit measurable by ESI-MS. Four compounds exhibited significant carryover
into the oil which inhibited droplet analysis (e.g. equal analyte signal in aqueous and oil phases).

These compounds were classified together as >0.5 crosstalk (>100% carryover).
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Figure 2-2: Principal component analysis of test set. (A) Score and (B) loading plots of 36-compound crosstalk test
set generated using the physical descriptors. Points are labelled according to the entry in Table S2. Colors correspond
with extent of crosstalk determined with the chopper experiment,; low (<0.005 crosstalk) is red, moderate (0.005 —
0.5) is blue, and high (>0.5) is green.

Physiochemical descriptors were calculated for each of the analytes in the data set to
evaluate the properties contributing to crosstalk. Each physicochemical property calculable with
ChemAxon software was used (LogS, LogD, LogP, number of hydrogen bond acceptor and donor
groups, molecular polarizability, polar surface area, and hydrophobic-lipophilic balance). The
analytes studied represent high structural diversity as determined by a Tanimoto similarity matrix
(Appendix), which analyzes chemical similarity based on ChemAxon hashed fingerprint
descriptors. By studying dissimilar compounds according to this analysis, a large chemical space
is explored which can help identify chemical trends that are significant.>?->3

Principal component analysis was performed using the normalized chemical descriptors
resulting in score and loading plots shown in Figure 2-2. Each point in the loading plot in Figure

2-2A is labelled according to the entry in the Appendix. The LogS value for analytes with
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quaternary amines acetylcholine, choline, and neostigmine (29, 30, 32 respectively) cannot be
calculated with ChemAxon due to the permanent charge; however, due to the extremely low
crosstalk observed these analytes were included in the analysis. After PCA of the physical
descriptors, we color coded the datapoint for each analyte based on the extent of crosstalk (red is
low/undetectable crosstalk, blue is moderate crosstalk, and green is high crosstalk).

Three regions in Figure 2-2A emerge corresponding with high, moderate, and low crosstalk
indicated by the dashed ovals. Generally, compounds exhibiting high crosstalk are in the bottom
left of the plot, while compounds exhibiting low crosstalk are in the top right. According to the
loading plot (Figure 2-2B), high LogP and LogD character corresponds with high crosstalk values,
whereas high polarity (high LogS, more H-bond donor/acceptor groups, and high polar surface
area) corresponds with the low/undetectable crosstalk compounds. A homologous series of
substituted amines (triethyl- tripropyl, and tributyl-amine) is included as entries 1, 19, and 36
respectively, which shows a trend of general hydrophobicity (superimposed dashed line). These
results suggest that hydrophobic analytes have a greater tendency for crosstalk in this carrier fluid-
surfactant system.

Within these regions though, some analytes classified as low crosstalk by our experimental
measurement are positioned within the expected moderate crosstalk group. We predicted that these
analytes may transfer if given longer incubation time. To test this, we performed a 2 h incubation
(see methods) of these compounds as well as a random selection of four other compounds within
the low cluster to determine if incubation time affected their crosstalk. Analytes 21, 22, 23, and
24, which were in the moderate cluster showed moderate carryover at 2 h (Figure 2-3). Each of
the analytes tested within the low cluster (28, 29, 30, 31) remained low with less than 1% carryover

after 2 h incubation.
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Figure 2-3: Droplet traces from prolonged incubation of low-carryover analytes. Blue traces represent the test
compound, while red trace (choline) marks analyte droplets and green trace (acetylcholine) marks blank droplets.

Crosstalk values were calculated and are shown in the top left of the traces. Kynurenic acid, choline, and acetylcholine
had crosstalk values < 0.005.

Analytes 27 and 32 do not follow the expected behavior predicted by the descriptor
classification. The two analytes show less than 1% carryover with the 2 h incubation despite
clustering within the moderate group. Analyte 32, neostigmine, clusters with the moderate
crosstalk region due to the exclusion of a LogS value in the calculation. With the ability to calculate
LogS for permanently charged analytes, it is expected that compound 32 would cluster accurately.
Despite these two outliers, the model accurately reflects the transport for 34 of 36 analytes studied,
which is significant for the many droplet microfluidic platforms that require an extended
incubation period.

The amino acids tested showed long term containment to the original droplet, which is

encouraging for droplet microfluidic methods that require amino acids. Similarly, many of the

40



analytes that demonstrated crosstalk only after prolonged incubation were neurotransmitters.
Previous studies using droplets to analyze neurotransmitters have not required long term storage,
but rather test droplets quickly after generation, so the conditions under which these analytes
exhibit crosstalk may not be of concern.!*~1¢ These observations indicate how these results can be
interpreted depending on the application envisioned for droplet microfluidics.

Role of Surfactant and Qil Phase on Crosstalk. The PCA model predicts carryover based
on analyte chemical properties; however, it is based on results using the most common surfactant
and oil (008-FS in HFE 7500). Therefore, we also examined how changing the carrier fluid system
affected carryover. Figure 2-4A shows how crosstalk of two test analytes, acetylpyridine and
caffeine, varied with several commonly used surfactants.!*>*>> Fluoro-phase from Dolomite
Microfludics, a silica nanoparticle-based droplet stabilizer believed to inhibit micelle formation,

was also tested but was incompatible with ESI-MS analysis.
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Figure 2-4: Effect of surfactant structure on crosstalk. (4) Crosstalk values for acetylpyridine (black) and caffeine
(gray) in HFE 7500 with commercial surfactants dissolved at 2 wt.%. Acetylpyridine has higher crosstalk for each
surfactant compared to caffeine. 2 wt.% PicoSurf demonstrates higher crosstalk for both compounds compared with
2 wt.% FluoSurf. (B) Traces of four-hour droplet incubation with (i) 2 wt.% carboxylate surfactant in HFE 7500 and
(ii) 2 wt.% 008-FS in HFE 7500. Acetaminophen (blue trace, offset) marks each droplet. Salicylic acid (black) was

added to half of the droplets prior to mixing. Salicylic acid does not transfer with the carboxylate surfactant but
appears in every droplet with the 008-FS.
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Changing the surfactant affected the crosstalk measured for both analytes. Though the
commercial surfactants have proprietary structures, they likely all share similar polyethylene
glycol (PEG) or polypropylene glycol head groups and Krytox (poly(perfluoropropylene glycol)-
carboxylates) derivative tails as described previously.** Differences between surfactants appear to
have both general effects on small molecule transport, as suggested by relatively high carryover
by PicoSurf for both acetylpyridine and caffeine, and analyte-specific effects, demonstrated by the
degree of change between the two test analytes.

We hypothesize that a driving interaction is affinity between the small molecule and the
surfactant head group which saturates the droplet surface. To test this, we synthesized a surfactant
with a carboxylate head group and a Krytox tail group, similar to Krytox-PEG surfactants (e.g.,
008-FS).>* We tested acidic analytes which should have minimal interaction with the carboxylate
head group due to charge repulsion. None of the five acidic analytes demonstrated crosstalk in the
chopper experiment. To further test this surfactant, we incubated analyte-containing (salicylic
acid) and blank droplets for 4 h. Using the carboxylate surfactant, salicylic acid showed extremely
low crosstalk (crosstalk coefficient <0.05), while using 008-FS resulted in full crosstalk (crosstalk
coefficient of 0.5, Figure 2-4B). Full carryover was observed when the carboxylate surfactant was
tested with quaternary amine marker compounds such as choline and acetylcholine, likely due to
strong ionic attraction between headgroup and the analytes. These findings support our hypothesis
that small molecule affinity for the surfactant head group is an important driver for crosstalk. These

results suggest that tailoring surfactants for given analytes may be beneficial to reduce crosstalk.
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Figure 2-5: Effect of 008-FS and dSurf concentration on crosstalk in HFE 7500. Crosstalk is reduced as the surfactant
concentration approaches the CMC (0.05, notated with dashed vertical line).

We then tested the role of surfactant concentration on carryover. Acetylpyridine was tested
with several surfactant concentrations using two surfactants with available critical micelle
concentration (CMC) data from the manufacturers (Figure 2-5). In both cases, crosstalk decreased
at low concentrations, which agrees with a previous study using Jeffamine surfactants.'® Attempts
to test surfactant concentrations below the CMC (0.05 and 0.06 wt.% for dSurf and 008-FS,
respectively) resulted in failure to generate alternating droplets due to merging at the chopper
junction. In other surfactant systems, micelle concentration and size increase as surfactant
concentration increases above the CMC, while free surfactant concentration is consistent.’®>” A
possible explanation for the increase in crosstalk from 0.05 — 0.5% surfactant in Figure 2-5 is the
increasing possibility of micelle generation in the oil. With increasing surfactant concentration,
micelles are more readily generated containing analyte.

While both surfactants in Figure 2-5 demonstrate an increase in crosstalk with increasing
surfactant concentrations, crosstalk plateaus with surfactants above 0.5 wt.%. In this test, neither
surfactant resulted in full transfer of acetylpyridine (0.47 and 0.34 for dSurf and 008-FS
respectively). This suggests that the surfactant or micelle generation limits carryover at low

concentrations (0.05-0.5 wt.% in Figure 2-5), and other factors limit crosstalk at higher
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concentrations (>0.5 wt.%). While lower surfactant percentages appear to reduce crosstalk, droplet
stability is also reduced.

The carrier phase properties can also be affected by changing the fluorinated oil. Figure 2-
6 shows the carryover of acetylpyridine and caffeine for 2 wt.% 008-FS in HFE 7500, PFD, and
FC-40 which are common carrier oils for droplet screening.!34%-3% Substantial decreases were
observed by replacing HFE 7500 with the two perfluorinated oils. The low crosstalk observed in

the FC-40 oil agrees with the low carryover reported previously regarding fluorescent dye retention

in surfactant-doped FC-40.%°
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Figure 2-6: Effect of fluorinated oil on crosstalk. Crosstalk was measured with 2 wt.% 008-FS in HFE 7500,
perfluorodecalin (PFD), and FC-40. Crosstalk is reduced when switching from the HFE oil to perfluourinated oils.

We tested increasing the concentration of 008-FS to 5 wt.% in FC-40 oil as in Figure 2-5
with the HFE 7500 oil. Acetylpyridine carryover increased with increasing surfactant in FC-40
(Figure 2-7) then reached a plateau, consistent with the trend in Figure 2-5. Manufacturer data on
the solubility or CMC in alternative oils is not available, so it is difficult to explain the behavior
mechanistically. One possible explanation for this behavior is related to differences in surfactant

interaction with different oils.>® HFE 7500 contains a non-fluorinated ether group compared to
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PFD or FC-40 which could lead to higher density of 008-FS reverse micelles at lower

concentrations, higher solubility of free surfactant, or differences in the micelle structures.
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Figure 2-7: Effect of surfactant concentration on crosstalk in HFE 7500 and FC 40. Crosstalk decreases as surfactant
concentration decreases in both oils.

A second explanation for the difference in crosstalk with different oils is direct paritioning
(no surfactant mediation) through the oil. It is not possible to use the chopper device for this test
due to the coalescence of the two streams at the junction, so droplets were generated from a multi-
wellplate described previously.* Alternating arrays of five analyte-containing and five blank
droplets were generated using both HFE 7500 and PFD without surfactant and infused into the
mass spectrometer. This approach does not provide a quantitative comparison to on-chip
experiments, but it can be used to provide insight into surfactant-free systems. Carryover was still
observed (Figure 2-8); acetylpyridine had higher crosstalk than caffeine and HFE 7500 had higher
carryover than PFD. Though the carryover was less than with surfactant present, this test shows
that some degree of crosstalk is possible by direct partitioning through the fluorinated oils. The

possibility of mechanical carryover via PFA tubing adsorption was ruled out, as the signal increase
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in blank droplets was equal for blank droplets preceding and following generation of analyte
droplets. Similarly, droplets generated first (those that had longer total flow) had equal carryover

as droplets generated last (with less total flow), so adherence to tubing walls is unlikely.
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Figure 2-8: Crosstalk test without surfactant. Droplet traces without surfactant for acetylpyridine and caffeine in HFE
7500 and PFD. Droplets were generated in alternating pairs of five analyte droplets and five blank droplets. Each

trace shows 35 droplets, 15 analyte and 20 blanks. Carryover improves from acetylpyridine to caffeine, and from HFE
7500 to PFD.

Based on these results, we propose that crosstalk can occur both by surfactant-mediated
carryover and in the absense of surfactant, via direct partitioning through oil. While the partitioning
without surfactant appears to be lower than the surfactant systems, more investigation is required

to determine if a small percentage of surfactant (e.g. 0.01 wt.% 008-FS) can reduce direct
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partitioning through oil without leading to the micelle-mediated transport observed above the
CMC.

Role of Flow in Crosstalk. Some crosstalk studies have focused on droplets in flow,?”->
while most focus on droplets in storage.!®2"-283840 Flow is a requirement to all droplet
microfluidics, so an understanding of crosstalk in flow is central to all applications using droplet
microfluidics.

To test if the incubation time within the tubing has an effect, trains of droplets were
generated using the chopper device then flow was stopped. In two experiments (15 and 20 min of
static incubation) flow was resumed (total flow time was kept at 5.5 min). These timepoints are ~3
and 4-fold increases in incubation time compared to the total time flowing. There was no
significant change between signal intensities in blank droplets when parked for 15 or 20 min
(Figure 2-9). If direct partitioning through the oil were a major mechanism for crosstalk, it is
expected that this test would have yielded a significant change. This suggests that with a surfactant
present, carryover does not increase when droplets are static at the time scales used here. With this
experiment, droplets are not in contact with each other, so direct interaction between droplets is
not possible. We hypothesized that if the carryover is not occurring passively in this system, a

dynamic process such as flow may increase crosstalk.
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Figure 2-9: Blank droplet signal intensities after stopped flow incubation. Alternating droplets were generated then
flow was stopped for 15 or 20 minutes. Stopped blank droplet signal intensity was compared to freshly generated
blank droplets which were not stopped. Electrospray tip position was changed slightly between experiments due to
the flow stoppage, which accounts for changes in signal intensity between 15 and 20 minute stop experiments.

We tested this by varying the capillary length from the device to the mass spectrometer,
which increases the incubation time while maintaining flow. The length of capillary ranged from
16.8 — 152 cm corresponding to 1.8 to 17 min incubation time. An increase in acetylpyridine
crosstalk was observed with increasing capillary length (Figure 2-10A). Crosstalk increased
linearly until full carryover was measured above 75 cm. Caffeine crosstalk also increased linearly
with capillary length (Figure 2-10B). These observations suggest that the carryover in flow is

related to the amount of contact the droplet has with the tubing or device walls.
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Figure 2-10: Crosstalk as a function of length of capillary to the mass spectrometer. (4) Acetylpyridine crosstalk
increases until it reaches full carryover. (B) Caffeine crosstalk increases linearly with capillary length (R2 > 0.99).

A possible explanation is that friction or shear force between the droplet and the tubing
walls is the process that drives transfer of small molecules. Others have investigated shear force
in surfactant stabilized systems.’%! At Reynolds numbers comparable to our system, prediction
models have shown that shear stress causes droplet shedding in the form of “non-satellite droplets”
or micelles due to differences in interfacial tension on the tubing interface compared to the oil
interface.%! These models did not investigate the contents of the micelle structures generated by
shear, but it is reasonable that they contain small molecules from the initial droplet if the small
molecules have affinity for the surfactant or oil.

Shear-driven micelle generation fits with our earlier hypothesis that in flow, micelles are
loaded with analyte cargo based on affinity with the surfactant, leading to crosstalk. A potential
limiting factor of crosstalk in the presence of ample surfactant (Figure 2-5, >0.5%) is the ability to
shear micelles that contain analyte. With sufficient surfactant for micelle generation, analyte
affinity, and sufficient tubing for shear-based loading of micelles, significant carryover is
observed. More investigation must be done to compare these findings with the crosstalk behavior

for droplets stored with prolonged contact. For example, if the increased crosstalk observed after
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prolonged storage is due to micelles produced by flow during droplet generation, or if an additional

mechanism is acting in these formats.

2.4 Conclusions

Small molecule transport between droplet samples in flow was investigated using mass
spectrometry. A method was developed to quickly and reliably evaluate the carryover of small
molecules that are not fluorescent. A panel of compounds was tested for crosstalk with a range of
chemical properties, and PCA suggested a correlation between the severity of crosstalk and the
hydrophobic character of the small molecule. A variety of fluorinated surfactants and oils were
tested, which suggested that crosstalk occurs partially as a result of micelle-mediated transport. A
new surfactant head group was synthesized and tested based on these results which resulted in
decreased carryover compared to a commercially available surfactant. Observations of increasing
crosstalk with increasing flow path suggest a friction or shear force that may drive the generation
of analyte-containing micelles from droplets in flow.

We propose a mode of crosstalk where small molecules partition to the droplet surface
driven either by surfactant affinity or oil solubility. In the presence of surfactant, analyte-
containing reverse micelles can be sheared off during flow and transported to neighboring droplets.
Without surfactant, some analytes can diffuse through the perfluorinated oil. Analytes partition at

varying rates and conditions, which can be factored into the design of droplet-based experiments.
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Chapter 3 On-Demand Microfluidic Droplet Splitting Using an External Electric Field

3.1 Introduction.

Miniaturization of chemical and biochemical assays using microfluidics is contingent on
enabling sample and reagent manipulations inside microchannels. A variety of microfluidic droplet
processing tools have been developed that attain processing rates and volumes unachievable by
robotic liquid handling.! Previously developed droplet-based sample processing unit operations
include reagent addition,>® analyte extraction,*® dielectrophoretic sorting,”® and sample
aliquoting (splitting).”!! Combining these unit operations allows for automated workflows at the
microscale. Such workflows have proven useful for reducing reagent usage, increasing throughput,
and enabling testing of limited samples.

Many droplet manipulations rely strictly on pressure and flow control within geometric
structures. It can be advantageous, however, to incorporate external forces in tandem with fluidic
forces to enable either new functions or functions that do not require complex pressure control.
For example, electric fields may be used passively to reduce surface tension to facilitate reagent
addition to droplets,® and to induce dielectrophoretic force to steer aqueous droplets.” By adding a
uniform electric field to a bifurcated channel for splitting, droplet polarization occurs prior to
splitting, resulting in charged droplets.!? Continuous flow operations, such as droplet generation,
may be performed by using electrophoresis rather than pressure driven flow.!*!* Similarly,

15,16

magnetic forces have been used for droplet generation,'>!¢ sorting,!”-!® and coalescence!® with the

use of magnetic particles and ferrofluids. The use of lasers can enable sorting,?® coalescence,?! and
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splitting? through various modes such as laser induced heating. Integrating surface acoustic waves

2526 since it does not degrade

(SAWs) has been investigated for droplet generation?*?* and splitting
the droplet contents as lasers might.

Use of external forces also enable on-demand (i.e. activated) functions in microfluidic
systems, which is useful for selecting or changing a particular sample in high-throughput
screening. On-demand reagent addition has been achieved with electric fields to dose a
predetermined array of droplets with reagent.* Dielectrophoretic droplet sorting has been
demonstrated to enable collection of a droplet when it meets criteria based on fluorescence,®
absorbance,?’” Raman activity,”® or a mass signature.” SAWs have been used for on-demand
droplet splitting to enable parallel design experimentation (i.e. multiplexed droplet analysis).3%3!
It has been demonstrated that a magnetic force can be actuated with microfabricated valving to
perform on-demand sample extractions of magnetic beads.?

Although magnetic fields and SAWs have been implemented in on-demand techniques,
activating these forces require multicomponent fabrication, miniaturized transducers, or
electromagnets.?>263%33 Adding additional components can increase fabrication cost and time, and
represent an additional point of failure for device operation. However, electric fields are easy to
implement by designing liquid electrode channels into the microfluidic device.** With liquid
electrodes, no multicomponent fabrication is needed which improves fabrication fidelity and ease.

Droplet splitting is used in a variety of workflows to preserve a portion of sample for later

293536 or to control droplet contents (e.g. particle enrichment).’3° Splitting is typically

analysis
performed using fluidic methods by driving all droplets through a bifurcated channel.*° Performing

droplet splitting on-demand is useful for multiplexed droplet analysis, such as when one analysis

technique is destructive or will change the sample.?*° For example, when performing droplet mass

57



spectrometry or deposition techniques, aliquoting all droplets consumes analysis time or space
while having a duplicate sample is beneficial for downstream analysis or sequencing.?>*¢*! On-
demand droplet splitting has also been applied to generating combinatorial libraries of droplet
trains,*? which can increase library diversity while keeping initial sample libraries managable.*’
On-demand droplet splitting has been demonstrated through use of surface acoustic

waves,>031

which suffers from multicomponent fabrication described previously. Recently, on-
demand splitting has been achieved by pneumatic valves,*>** which requires multilayer
fabrication, extensive programming of pressure or vacuum sources, and a complex resistive
channel network. Using electric fields is appealing due to the lack of complex fabrication
techniques and microfabrication, but splitting has not been demonstrated thus far. Droplet
deformation in electric fields has been investigated and shown promise for potential electric field-
based splitting.*> Direct current (DC) fields have been shown to evoke cascading fission of droplets
into a large number of fragments,* but controlled splitting was not investigated.

Here, we explore a novel phenomenon in droplet microfluidics, and demonstrate the utility
for on-demand droplet splitting. Droplets are split by applying an electric field in conjunction with
a channel expansion (Figure 3-1). This technique serves as an alternative approach to droplet
splitting using standard geometrical splitters for high-throughput droplet workflows. Field-induced
droplet splitting is consistently achieved at pL — nL droplet sizes. This technique allows for

actionable droplet splitting due to the programmable nature of the electric field, as opposed to a

static geometric splitter.
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Figure 3-1: Schematic of field-induced droplet splitting. Red arrows demonstrate direction of flow, blue arrows
represent simplified forces acting on the droplet. Potentials are applied to independent electrode channels represented
by Vand V.

3.2 Materials and Methods

Reagents and materials. All chemicals were purchased from SigmaAldrich unless
otherwise specified. HFE-7500 (3M) was used as fluorinated carrier fluid with 2 wt. % 008-
fluorosurfactant (RAN Biotechnologies). To increase contrast for imaging purposes, green food
dye (McCormick) was added to droplets when collecting images and videos.

Device fabrication. Device design was performed using AutoCAD (Autodesk, Inc.) and a
corresponding transparent mask was produced (Fineline Imaging). Standard photolithography
procedures were followed.*” Briefly, SU8 2050 negative epoxy photoresist (MicroChem Corp.)
was spun to the desired thickness (100 um) on silicon wafers (University Wafer). Wafers were
patterned with the desired geometry with ultraviolet irradiation through the mask. Undeveloped
photoresist was removed to produce a negative mold of the device. Polydimethylsiloxane (PDMS,
Curbell Plastics) was mixed in a 1:10 activator to monomer ratio and poured over the patterned
wafer. Cured devices were punched with a 30-gauge needle to add flow ports then bonded to glass
slides with oxygen plasma activation (PDC-32G, Harrick Plasma, Inc.). Bound devices were
flushed with perfluorodecalin (Oakwood Products Inc.) with 2% tridecafluoro-1,1,2,2-

tetrahydrooctyl tricholorosilane for surface treatment.
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Device operation. Device flow control was performed using an Elveflow OB1 MK3+
pressure controller supplied with nitrogen gas. Pressure was applied to the headspace of reagent
vials with 30 ga PTFE tubing (Cole-Parmer) inserted into the device ports. Pressures were
modulated using Elveflow Smart Interface software.

Device operation was performed and monitored using two inverted microscope systems.
Primarily, a Nikon TS100 inverted microscope equipped with a Phantom Miro C110 high speed
camera was used for visualization and data collection. For fluorescent imaging, a DMi8 light
microscope (Leica Microsystems) with a VEO 640L high speed camera (Vision Research Inc.)
was used. Fluorescent excitation and emission was achieved using a FITC filter cube (Leica
Microsystems). Data analysis was performed using ImageJ (NIH). For all experimentation,
surfactant stabilized droplets were generated using flow focusing devices and stored in a modified
vial as reported elsewhere.?*48

Electric field generation. Electric fields were generated using a home built high voltage
system. A high voltage inverter (CXA-L0512-NJL; TDK-Lambda) was supplied with 12 V DC
and was adjusted using a variable resistor. The potentiometer modulated applied voltages between
0 — 1.5 kVpp. The AC field alternated at 45 Hz as dictated by the invertor used. Output 1 (denoted
V) is connected to the high voltage invertor through a potentiometer while the “ground” output
(denoted V’) is floated. Due to the floated ground, the alternating field necessary for the field-
based operations is produced Electrode channels were connected to syringes filled with 3 M NaCl.
The voltage generator was attached to these NaCl filled syringes with alligator clips.** A true
ground moat was generated by connecting a salt-water electrode with a wire connected to house

ground. Voltages were monitored with a Siglent SDS 1104X-E oscilloscope.
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3.3 Results and Discussion

Operating Principles. To perform droplet splitting with electric fields, devices were
designed as shown in Figure 3-2A. Immiscible carrier phase was flowed into inlet 1 and pre-formed
droplets were re-injected into inlet 2. Droplets were respaced by the carrier fluid in the re-injection
region, then traveled to the splitting region. In the splitting region, the droplet fluidic channel
expands. Voltages were applied to the electrodes at inlets 3 and 4 in Figure 3-2A to produce an
electric field across the splitting region. To prevent droplet coalescence in the re-injection region,
a grounded salt-water moat surrounds the droplet inlet (5 in Figure 3-2A). After the splitting
region, the main fluidic channel bifurcates to two outlets to collect split droplets (6 in Figure 3-
2A).

In traditional droplet sorting schemes, the electric field is applied on one side of the channel
and droplets experience dielectrophoretic force in the direction of the field.” To induce opposing
dielectrophoretic forces, two electrodes with AC potentials 180° out of phase were employed. A
recorded voltage trace of the two applied electrodes is shown in Figure 3-2B. Each electrode

alternated at 45 kHz.
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Figure 3-2 Field-induced droplet splitting operating principles. (A) Schematic of simple droplet splitting device.
Fluidic connections are labeled: 1-carrier fluid inlet, 2-droplet re-injection inlet, 3 electrode inlet V, 4-electrode inlet
V’, 5-shielding electrode inlet, 6-outlets. Insets show expanded views of the re-injection and splitting regions. (B)
Example waveform of electric potential applied to V and V'. Example trace shown is over 70 us. (C) Composite
micrograph of a single 850 pL droplet splitting over 30 ms. Dashed lines represent edge of stitched still-frames.

Figure 3-2C shows one droplet splitting within the splitting region shown in Figure 3-2A.
For this test, a population of 850 pL droplets containing 1% green food dye was pumped into the
device at 10 droplets/s. Micrographs were taken over 30 ms and stitched together (denoted with
dashed lines) to show a time course of the droplet splitting progression (Figure 3-2C). Droplets
expand within the incoming channel upon their introduction to the field due to the rapidly
alternating dielectrophoretic force perpendicular to the direction of droplet flow. The competing
dielectrophoretic forces act most strongly upon the droplet pole nearest the respective electrode,
causing stretching and ultimately splitting. After splitting, the droplets are held to the channel walls
due to the dielectrophoretic forces from the two opposing electrodes. In addition to bifurcated
channels (one channel split to two outlets as in Figure 3-2), field-induced droplet splitting also
occurs in simple channel expansions where the droplet may split in a local high field then flow to
a single outlet (Figure 3-3). On-demand droplet splitting to a single outlet has been shown using

SAWs for particle enrichment and increased droplet generation throughput.*°
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Figure 3-3: Device design for field assisted droplet splitting with a simple channel expansion. (A) Channel expands
then continues to a single outlet. Fluidic connections are labeled: 1-o0il inlet, 2-droplet re-injection inlet, 3-shielding
electrode inlet, 4- electrode inlet V, 5- electrode inlet V°, 6-outlet. (B) Time lapse micrograph of a single 600 pL
droplet splitting in the channel expansion. Dotted lines represent edges of the stitched frames.

Electric Field Requirements. Dielectrophoretic principles demonstrate that the force
upon the droplet is proportional to field strength.” Similarly, field-induced droplet splitting
depends on the strength of the field, i.e the competing dielectrophoretic forces must be strong
enough to overcome the surface tension of the droplets. To demonstrate this threshold, 850 pL
droplets were re-injected into a splitting device and the applied voltage was increased
incrementally while measuring the applied voltage. As shown in Figure 3-4, from 0 — 420 V,, no
effect was observed; the droplets collided with the bifurcating pillar and alternated flow to each of
the two outlets. Dielectrophoretic sorting was observed above 420 V,, likely due to slight
asymmetry of field intensity generated by our HV setup. At 813 Vp,, droplet splitting began. When
applying a sufficiently high voltage to electrode V but applying a true ground at electrode V’, no

splitting is observed. Additionally, applying AC potentials that are not 180° out of phase with each
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other to electrodes V and V’ did not result in droplet splitting. We conclude that two voltages must
be applied that are of the same frequency and magnitude, and that are strong enough to induce

significant DEP to overcome droplet surface tension.

No Effect Sorting Splitting

0 420 813 1500

Field Strength (V)

Figure 3-4: Effect of increasing field strength on droplet manipulation. Composite micrographs are shown for 850 pL
droplets entering the splitting region at low (black), moderate (blue), and high (red) fields. Dashed lines represent
edge of stitched still-frames. Effective DEP sorting was observed above 420 Vy, and field-assisted splitting was
observed above 813 Vyp

Device Design Requirements. Although droplet splitting is actuated using an electric
field, the channel geometry is a contributing factor to droplet splitting. It is necessary that the
electrodes be symmetrical about the splitting region to induce the equal dielectrophoretic forces.
Additionally, droplets must be able to expand significantly (>2x the droplet diameter) within the
splitting region, which allows the two droplet halves to separate enough to split (Figure 3-5).
Droplet splitting was observed for droplets both larger and smaller than channel height, which was
held at 100 um for all experiments. As such, splitting occurs in the plane of electric field, and

whether or not droplets contact the top or bottom of the channel does not appear to be significant.
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Figure 3-5: Detailed microfluidic geometry for performing droplet splitting. This design was tested for splitting of
400 — 1000 pL droplets. Devices were designed as shown and fabricated with 100 pm channel height. Lower electrode
is removed for labeling purposes but is symmetrical relative to the channel. Incoming droplet channel is 125 pm, then
expands at an 18 °over 700 um to achieve 600 um separation. The outlet channels are 125 um. The electrodes are
fabricated 100 pum from the channel, with slight overlap with the incoming channel to allow for deformation before
entering splitting region

It was discovered that splitting regions with a less drastic expansion resulted in
dielectrophoretic trapping (Figure 3-6A), indicating that the rate of channel expansion is also a
contributing factor. With a smaller channel expansion, the droplets are slowed and stopped due to
the competing dielectrophoretic forces without reaching the critical channel dimensions for
splitting (Figure 3-6B). For this demonstration, a population of 750 pL droplets with 1% green
food dye was generated, stored, and re-injected into trapping devices with the field held at 1.5 kV.
Droplets were trapped as a prolate within high field regions despite oil constantly flowing to the
outlet. The prolate shape is due to the competing dielectrophoretic forces distorting the droplets.
Upon entry of a second 750 pL droplet in this geometry, the droplet displaces the first with both
droplets flowing to the outlet, leaving the region available for a new droplet to be trapped. The
trapping effect can be used to merge sequential droplets with higher oil flow rates. Similar to on-
demand droplet splitting, on-demand trapping may be achieved by pulsing the electric field to
capture a droplet before releasing it after a predetermined time.

Droplet traps are useful for droplet analysis, where monitoring inter-droplet reactions by

UV, fluorescence, or Raman detection can be performed on a single droplet due to increased
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residence time within a detection point. Physical trapping mechanisms have been developed, but
may not be turned off and rely on complex valving and fabrication protocols.*->! Droplet and
particle trapping is commonly reported in digital microfluidics,’?, and dielectrophoretic

particle/droplet trapping,>*->* but has not been reported for continuous flow droplet microfluidics.

oms|| . 8oms|| . 100 ms
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1350 um

3 1
i

2050 ym

Figure 3-6: Droplet trapping using electric fields. (4). Micrographs of droplet trapping over 100 ms. With a 1 kVpp
field applied to the electrodes, a 750 pL droplet is confined within the field as a prolate. The droplet is parked within
a 75 um window as long as the field is sustained. A second droplet is shown to enter the high field region, which
displaces the first and both flow to the outlets. (B). Device design for trapping 750 pL droplets. Incoming channel is
100 pum then expands at 8 °over 2050 um to achieve 700 pm separation. The electrodes are fabricated 130 ym from
the channel with slight overlap to begin trapping before entering the trapping region. The electrodes are elongated
to span the entire region, allowing for effective droplet trapping.

Splitting Characterization. A drawback to many microfluidic operations is the inability
to process droplet populations with volume heterogeneity, which may arise from thermocycling or
shear stresses during reinjection.> Passive droplet size sorters have been integrated into larger
droplet workflows to address this concern, such that unit operations may continue as intended with
a monodisperse population.>® For droplet splitting with static geometric splitters, incoming droplet
size heterogeneity may lead to ineffective splitting due to the variable back pressures caused by
inconsistent split ratios or an inability to split sheared droplets altogether. To assess the flexibility
of field-induced droplet splitting by a single device design, populations of 420, 600 and 1000 pL

surfactant stabilized droplets were generated using standard flow focusing devices, mixed, and
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stored. The populations were re-injected into the splitting device geometry shown in Figure 3-2A.
All droplets from the three populations experienced field-induced droplet splitting. For each
population, the variability in the resulting split droplet volume was below 10% relative standard
deviation (Table 3-1), suggesting field-induced droplet splitting is consistent despite a range of
droplet sizes. The % RSD on 1000 pL droplet samples was undetermined as each split droplet
resulted in the same size according to image analysis. Higher resolution cameras may have
detected a difference, the variability is still very low. All splitting ratios (volume ratio of the
daughter droplets) were approximately equal indicating no relationship between droplet split ratio
was observed as a function of voltage. We observed no upper limit of throughputs achievable,
though we investigated up to 25 droplets/s. Similar splitting demonstrations have reported

throughputs between 2-13 droplets/s,30-31:44.57

Table 3-1: Splitting volumes and variability

Initial droplet % RSD on final droplet n (droplets)
volume (pL) volume
420 4.9 13
600 6.1 21
1000 n/a 17

For many splitting needs, such as multiplexed analysis of droplet samples, it is necessary
that the splitting event does not change the chemical composition. Previously, it has been shown

12,57 such as fluorescein

that embedded electrodes cause in-droplet separation of charged species,
(anionic at pH 7.4). To determine if chemical composition was altered by field-induced droplet
splitting, 1 nL droplets containing 1 uM fluorescein buffered to pH 7.4 (Tris) were split and
monitored through fluorescent imaging (Figure 3-7A). Equal fluorescent intensities were observed

in the split droplets, suggesting chemical composition is equivalent post-split (Figure 3-7B).

Separation does not occur in this system since no uniform electric field is used. This feature makes
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the electric field-induced splitting method useful for aliquoting purposes where changing the

sample is not desired.
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Figure 3-7: Test of chemical composition through splitting. (A) Fluorescent image of fluorescein-containing
droplets splitting in an electric field overlaid on a brightfield image of the same region. Dashed lines show the
channel boarders. The boxes denote locations of fluorescent measurements. (B) Fluorescent signal of post-split
droplets by monitoring along the top (box 1) and the bottom (box 2) channels over 150 frames (14 droplets).

A main advantage of electric field-induced splitting over geometric splitting is the potential
to select specific droplets for splitting. We tested the feasibility for on-demand splitting by
manually turning the electric field generation device on and off as 800 pL droplets flowed through
the device. While the electric field was off the droplet remains intact but when turned on the
droplets split. The effect is rapid, e.g. one droplet does not split while a second droplet 200 ms
later experiences field-induced droplet splitting. The limitations of droplet splitting throughput are
dictated by the electric field actuation, which has been shown to be possible at 30 kHz for FADS.®

On demand droplet splitting may be useful in a variety of workflows, for example after
detecting presence of a feature (e.g. by LIF) the droplet may be split for downstream functions or
storage. A merged droplet detected by LIF can be selectively split and reintegrated into the droplet
population as a way of filtering and correcting heterogeneous droplet populations. Additionally,
for destructive, lower throughput approaches such as electrospray mass spectrometry>® droplets
can be preliminarily screened using optical detection, and only droplets of interest are aliquoted

for MS. This technique would be useful for deconvolution of empty droplets during data analysis
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or live tracking during mass-activated droplet sorting.?® Similarly, on-demand droplet splitting
may be useful for droplet deposition techniques,*! where a pre-analyzed droplet may be split for
deposition for sequencing or complementary analytical techniques such as matrix assisted laser
desorption ionization (MALDI) mass spectrometry.®®$! This technique could be used to reduce
droplet deposition of empty droplets, while still maintaining a droplet duplicate for sequencing or

further analysis after MALDI.

3.4 Conclusions

A new technique for droplet splitting inside microfluidic devices is demonstrated over a
range of droplet sizes. By nature of the electric field as the mechanism for droplet fission, a
“splitting-on-demand” platform is possible, which may be useful in larger droplet microfluidic
workflows. Design (geometry and electric field) considerations are included for implementing
droplet splitting into existing workflows. The ability to perform droplet DEP in multiple directions
may allow for a broader range of droplet operations in addition to the splitting and trapping shown
here. Integrating multiple electric fields is an easy technique for droplet manipulation beyond the

scope of simple sorting strategies demonstrated until now.
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Chapter 4 Design of Strategies for High-Dilution Addition to Droplets

Figures 4-7 and 4-8 were reproduced from Sun, A. et al, Nat. Commun. 2020 11 (1), 1-6
with permission from Springer Nature

4.1 Introduction

In high-throughput experiment and screening, addition of liquids by pipetting into sample
vessels such as test tubes or microwell plates is a fundamental process that controls the chemistry
or biology within the vessel. The ability to change the composition of a reaction with temporal
control is extremely useful for performing a reaction. Adding material to a pre-existing sample can
be used for reagent addition (e.g. adding the substrate to a reaction), dilution, or for buffer
exchanges. Therefore, when translating MWP workflows into a miniaturized droplet process, the
need to automate and miniaturize sample addition is paramount. In the development of droplet
microfluidics, injector modules were developed early due to the necessity of these operations in
most HTS schemes. Successful addition devices have high consistency (e.g. each droplet is dosed
with reagent), low droplet-to-droplet carryover, and reliable volume addition. In addition to these
basic requirements, flexibility in addition ratios (typically presented as fold-increase in droplet
volume) and high throughput of addition are beneficial.

The first example of addition in the droplet format was achieved by directly injecting
reagent into pre-formed droplets using a T-channel.! In this design, aqueous plugs flow past a
perpendicular channel containing a second aqueous stream, which pushes reagent into the plug
(Figure 4-1A). This strategy is extremely reliable, with early examples reporting 100% success'
since plugs necessarily interact with the reagent stream due to a single flow path. This style of

direct injection was used for protein crystal formation,! organic reaction screening,’ and
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nanoparticle synthesis,® with maximum throughputs up to 600 droplets/s and injection ratios of
1.5-fold.>* However, authors reported high sample carryover, unquantified, between adjacent
droplets.!? Carryover occurred due to mixing between the plug and the reagent stream during
injection, contaminating the reagent stream for subsequent droplet additions. The carryover was
reduced to < 1% by integrating alternating blank plugs which effectively washed the reagent
stream at the expense of reagent and time economy.?

Multiple strategies have been presented to reduce carryover in a direct-injection format. A
multi-injector unit was developed to reduce carryover without wash plugs by fabricating small,
sequential hydrophilic channels, which reduce the convection occurring when the plug interacts
with the reagent stream.* This strategy quantified carryover between adjacent plugs as 0.1%, and
achieved a maximum injection ratio of 1.5-fold initial droplet volume with 3% RSD.* A
microfluidic “K-channel” was also developed to address carryover concerns.® After the droplet is
dosed with reagent in the K-channel, the stream is flushed to an outlet which eliminated carry-
over. Addition in this format was achieved at 300 droplets/s with injection ratios < 2-fold increase
in volume.

Despite the development of low-carryover injection systems, a “pico-injector” design has
been used most widely for droplet HTS. The pico-injector only slightly differs from a traditional
T-geometry by a decrease in the injection interface and the inclusion of an electric field which
facilitates addition to surfactant stabilized droplets.® The pico-injection strategy has been widely
applied to droplets over the last ten years for the droplet PCR,”® enzyme kinetics,’ particle
synthesis,!® among many other applications!! at rates exceeding 1000 droplets/s.® As the design

functions in the same way as T-injectors, 100% success rate for addition has been demonstrated,®
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but it resulted in the same cross-contamination as the T-geometry discussed previously. By using
multiple injectors the cross-contamination was reduced to 1%.%

While strategies have been discussed for reducing carryover in direct injection designs, a
major limitation remains the limited volume addition ratio. Pico-injectors consistently achieve 0.5-
fold increase in droplet volume,® but no increases of > 2-fold increases have been reported. Low
volume addition is acceptable for some applications, such as adding a reaction substrate or buffer,
but higher degrees of addition are sometimes needed. For example, significant volume addition is
needed to effectively dilute the sample matrix, quench a reaction, or increase droplet size. For ESI-

MS in particular, each of these factors affects analytical sensitivity significantly.!?

A

Direct Injection B Droplet Merger
Reagent Sample ¢O|I
Droplets ™

ample — :.5.:‘ oot —
Droplets Droplets
fOi|

Figure 4-1: Generalized designs for direct injection and droplet merger for droplet addition. (A) Direct injection is
achieved by flowing sample droplets by a continuous reagent stream, which doses each droplet. Shown here is the
injection design typically used with pico-injection. (B) Droplet merger is achieved by synchronizing the injection of
sample and reagent droplets, then merging them typically using an electric field.

mj

An alternative to the direct-injection strategies above is addition via droplet merger. In this
format, addition is achieved by merging two droplets. Two populations of droplets (“sample” and
“reagent” droplets) are generated and stored. The droplets are pumped into a merger device where
the droplets are “re-spaced” by oil, which introduces oil between droplets that have been close
packed in storage. The droplets are pumped together to pair them one-to-one then they are merged
(Figure 4-1B).!3!% This merger strategy addresses two concerns with the direct-injection model.

Primarily, by removing any interaction with a continuous reagent stream, sample carryover is
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eliminated. Additionally, higher degrees of dilution can be achieved, as the volume added is a
function of the size of reagent droplet rather than the volume injected into a sample droplet as in
direct injection. For example, DNA containing sample droplets have been paired and merged with
droplets containing in vitro transcription/translation (ivIT) reagents to express an enzyme at 250
droplets/s with a range of 4-10-fold increase in droplet volume.!> The same design was used to
perform 25-fold dilution for the same application of ivTT expression at 20 droplets/s.!¢

However, droplet merger strategies have not been widely used because the fluidics are
more complicated than direct-injection strategies. The primary challenge is the need to synchronize
the two streams of droplets. For this reason, the highest success rate reported was only 86%.'> The
merger design resulted in 5% of final droplets that received no sample droplet (e.g. a blank reagent
droplet was generated), 3% of droplets were made from two diluent droplet and one sample
droplet, 4% of droplets made from two sample droplets and one diluent droplet, and 2% of droplets
were unmerged sample droplets.!> This poor performance also resulted in high variation in final
droplet volume (droplet diameter ranging from 3 — 110 um).!* The difficulty in synchronizing the
droplets one-to-one was attributed to the difficulty to balance the four fluidic inlets corresponding
to sample droplet reinjection, diluent droplet reinjection, oil spacer for sample droplets, and oil
spacer for diluent droplets. While the merger strategy of addition allows for high dilution with no
carryover, the low success rate and high-volume variability has resulted in few uses of this design.

Large volume changes are necessary for workflows such as mass activated droplet sorting
(MADS), where small droplets (~1 nL in volume) are generated using a BioRad droplet generation
system, but the droplet size required for MADS is 25 — 45 nL for compatibility with ESI-MS after
splitting. Similarly, for droplet ESI-MS analysis of samples in complex matrices (e.g. high salt

reaction buffers,!” human samples'® or cell media!®), a dilution step via droplet addition can
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improve sensitivity. For these applications, neither the direct injection nor droplet merger designs
have achieved low carryover, high success rate, and large addition ratios. Therefore, development
of addition strategies is needed to improve the analytical performance of these screening
applications.

In this chapter, we describe two reagent addition modules that address the concerns and
challenges outlined above. The first module functions like direct injection models with a key
difference of a rapid channel expansion. The channel expansion is necessary to generate large,
diluent droplets, which are merged during generation with smaller sample droplets (Figure 4-2A).
The design has the benefits of direct injection designs, such as a high success rate, but also provides
large volume additions which has not been described before. The second device presented
improves upon existing droplet merger strategies by simplifying two key aspects. Reagent droplets
are generated on the device, and a single oil inlet is used for both sample droplet respacing and
diluent droplet generation (Figure 4-2B). By simplifying the flows into the device, a significant
improvement in success rate for merger devices is achieved.

Sample

A Reagent B l Droplets

Sample ;
> —»]i'.:- Oil =

Droplets

m

4

Figure 4-2: Generalized depictions of the two modules developed. (A) A step-injection design for high-dilution
addition. (B) An improved droplet merger design using on-chip reagent droplet generation and a single oil inlet.

Reagent

4.2 Materials and Methods

Reagents and materials. All chemicals were purchased from SigmaAldrich unless

otherwise specified. HFE-7500 (3M) was used as fluorinated carrier fluid with 2 wt. % 008-
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fluorosurfactant (RAN Biotechnologies). In vitro transcription/translation mix was purchased from
New England Biolabs. Plasmid encoding green fluorescent protein was provided by Merck & Co.
Reactants for Smiles-Truce rearrangement were provided by the Stephenson Lab at University of
Michigan.

Device fabrication. Device design was performed using AutoCAD (Autodesk, Inc.) and a
corresponding transparent mask was produced (Fineline Imaging). Standard photolithography
procedures were followed.?® Briefly, SU8 2075 negative epoxy photoresist (MicroChem Corp.)
was spun to the desired thickness (200 um) on silicon wafers (University Wafer). Wafers were
patterned with the desired geometry with ultraviolet irradiation through the mask. Undeveloped
photoresist was removed to produce a negative mold of the device. Polydimethylsiloxane (PDMS,
Curbell Plastics) was mixed in a 1:10 activator to monomer ratio and poured over the patterned
wafer. Cured devices were punched with a 30-gauge needle to add flow ports then bonded to glass
slides with oxygen plasma activation (PDC-32G, Harrick Plasma, Inc.). Bound devices were
flushed with perfluorodecalin (Oakwood Products Inc.) with 2% tridecafluoro-1,1,2,2-
tetrahydrooctyl tricholorosilane for surface treatment.

Device operation. Device flow control was performed using an Elveflow OB1 MK3+
pressure controller supplied with nitrogen gas. Pressure was applied to the headspace of reagent
vials with 30 ga PTFE tubing (Cole-Parmer) inserted into the device ports. Pressures were
modulated using Elveflow Smart Interface software. Electric fields were generated using a home
built high voltage system. Electrode channels were connected to syringes filled with 3 M NacCl.
The voltage generator was attached to these NaCl filled syringes with alligator clips. A true ground

moat was generated by connecting a salt-water electrode with a wire connected to house ground.
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Device operation was performed and monitored using a Nikon TS100 inverted microscope
equipped with a Phantom Miro C110 high speed camera used for visualization and data collection.
Data analysis was performed using Image] (NIH). For tests using droplets generated in bulk,
surfactant stabilized droplets were generated using flow focusing devices and stored in a modified
vial as reported elsewhere.!®?! For droplet generation from a multi well plate, samples were drawn
into 150 pm inner diameter x 360 um outer diameter PFA tubing from IDEX using a PHD 2000
Programmable syringe pump (Harvard Apparatus). 10 uL samples were deposited into 384 PCR
multi well plates (Corning) with perfluorodecalin placed on top. While solution was being
withdrawn through the tubing, an XYZ-position manipulator moved the tubing between sample
wells and fluorous phase to form alternating droplet/carrier phase trains.

ESI-MS experiments. Two mass spectrometers were used in this work: an Agilent 6135b
single quadrupole and an Agilent 6419 triple quadrupole fitted with a capillary electrophoresis
sheath flow electrospray source (G1607B). Electrospray was achieved with 2.5 kV, with 350 °C
drying gas set at 30 L/min, a source pressure of 10 psi, and 135 eV of fragmentor energy. The
sheath liquid was water pumped at 30 xL/min. The mass spectrometers were operated in selected
ion mode, monitoring for the nominal protonated mass for each of the test analytes and the nominal

molecular weight of the marker compounds which each carry a permanent positive charge.

4.3 Results and Discussion

Characterization of step-injection module. To perform high-dilution addition, a step-
injection device was designed as in Figure 4-3A. Droplets were first generated using standard flow
focusing devices and stored in a tube as described previously.!¢ As the droplets close pack during
storage, the first region of the addition device is for re-injecting the pre-formed droplets and

respacing them with fresh oil. The respacing oil (inlet 1 in Figure 4-3A) functions both to space
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close packed droplets (inlet 2), but also to segment an additional stream of aqueous reagent (inlet
3). As the droplets are surfactant stabilized in this format, the merger of the re-injected droplet and
the reagent diluent droplet is facilitated by an electric field generated via independent electrode
channels (inlets 5 and 6). To reduce undesirable droplet merger of re-injected droplets, a grounded
moat was designed to reduce the electric field (inlet 7), improving re-injected droplet stability.
Once droplets are merged, they are exported to a single outlet (inlet 4). In the merger region, the
channel is increased (“stepped’) to accommodate the formation of a large diluent droplet. The step
also serves to reduce flow velocity, which slows the initial sample droplet prior to merger. The
electrodes are positioned such that in addition to destabilizing the droplets for merger, a DEP force
is also applied to droplets in the channel. This design feature was included for extremely high
dilution applications, where small droplets are pulled into the diluent stream rather than following
the oil flow under the forming droplet (thereby missing reagent addition).

In an initial test of the device, a population of 800 pL droplets was produced with a droplet
generation device, and the resulting emulsion was pumped into the step-injection device (Figure
4-3B). The re-injection of 800 pL droplets was synced to the formation of the ~20 nL droplets after
establishing a reagent droplet generation rate. During operation, high-speed videos were acquired
to evaluate the system. Figure 4-3C shows an image of the merger region, with one 800 pL droplet
entering from left, and a 22 nL droplet (post-merger) flowing to the right, a 27-fold increase in
droplet volume. In a video collected over 30 s, 309 additions were performed, successfully
generating 22.3 nL droplets (3.8% RSD, 10 droplets/s, n = 309). No double or missed additions
were observed. The droplet sizes presented here are directly applicable for the MADS experiment,

where the BioRad droplet generator uses 0.8-1 nL droplets, and the MADS device requires 20-40

81



nL droplets.! This experiment demonstrates the largest fold-increase in droplet size using a direct

injection device design.
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Figure 4-3: Design and example of the step-injection device. (4) Fluidic inlets are labelled; 1 — fluorinated oil, 2 —
droplet re-injection, 3 — diluent stream, 4 — fluidic outlet, 5 — high-field electrode, 6 — grounding electrode, 7 —

grounded moat electrode. (B) Photomicrograph of 800 pL droplet reinjection into the device. (C) Photomicrograph
of the merger region, where a 28 nL droplet has been merged with an 800 pL droplet.

o>

Evaluation of dilution factor. A primary limitation of direct-injection designs (e.g. pico-
injectors) is the ability to significantly change the dilution factor. Using the step-injection device,
the pressure applied to the diluent stream can be altered to change the dilution factor. To test this,
800 pL droplets were pumped into the device as before, and the pressure applied to the diluent
stream was ranged from 0.6 PSI to 0.9 PSI. Droplet sizes (measured post-merger) were 14.8 nLL
(6.3 % RSD, n = 8 droplets), 24.1 nL (3.2% RSD, n = 13 droplets), and 29.3 nL (1.5% RSD, n =
9 droplets) when applying 0.6, 0.8, and 0.9 PSI, respectively (Figure 4-4), resulting in a 2-fold
range of final droplet volumes achieved, with dilution factors up to 36-fold. In this test, pressures
exceeding 0.9 PSI resulted in multiple merger events due to the forming diluent stream occupying
a high volume of the merger region, so an upper limit was observed. The pressures shown here are

relative to the applied pressures to the oil and reinjection inlets (0.6 PSI and 1 PSI respectively)
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and attempts to increase throughput of reagent addition will require higher pressures applied to

each of the ports.
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Figure 4-4: Dilution range using step-injector. Photomicrographs of diluted 800 pL droplets resulting in 14.2 nL (0.6
PSI applied, A), 23.9 nL (0.8 PSI, B), and 29.8 nL droplets (0.9 PSI, C).

While the above test showed the ability to change the final droplet volume after dilution
with a fixed initial droplet volume and one device, the design also allows for different initial
droplet sizes. Three droplet populations were generated (~200 — 3500 pL) and pumped into the
device in Figure 4-3A. While maintaining the reagent stream pressure, a range of 8.5-fold to 146.5-
fold addition was achieved with low variability on final droplet volume (Table 4-1). During these
tests, missed additions were observed particularly when infusing smaller droplets. This is the result
of variable re-injection frequency for smaller droplets. In the re-injection region (Figure 5-3B), the
re-injected droplets are focused into single-file as the channel reduces to 150 x 100 um cross-
section. However, when the diameter of re-injected droplets approaches 100 um (520 pL), they
begin to stack, causing less consistent re-injection and therefore addition. This effect can be
remediated by reducing the injection channel width or height such that the droplets do not stack.
In the case of reducing the height of the channel, a multi-layer fabrication protocol must be
followed to maintain the height of the channel in the merger region, which can complicate

fabrication by aligning exposure masks for the two channel heights.
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Table 4-1: Ranges of initial and final droplet volumes for effective dilution factor and rate of addition.

Initial Final Dilution % RSD on n Rate of 1:1
Volume Volume Factor Final Volume (droplets) addition
3.4nL 28.9nL 8.5 1.5 % 41 100%
705 pL 29.6 nL 42.0 2.0% 35 94.2%
200 pL 293 nL 146.5 0.9 % 44 93.2%

Evaluation of carryover. A primary concern with direct-injection modes for reagent
addition is carryover between droplets via the reagent stream.* Carryover has been quantified when
using wash droplets and multiple injectors as 0.1-1%.>® To visualize the interaction between the
initial droplet and the dilution stream in this format, 1.6 nL (0.5% RSD, n = 18) droplets containing
5% dye were injected into the step-injection device in Figure 4-3A. High-speed videos were
obtained, and time-course images are presented in Figure 4-5. Over 31 droplets imaged, there were
no instances of missed or double additions, and the final droplet volume was 16.3 nL (3.4% RSD,
n = 31) representing a 10-fold dilution. The initial orange droplet interacts with the stream as a
droplet is formed (Figure 4-5A) and is merged by the electric field (Figure 4-5B). The relatively
high flow rate of the dilution stream pushes the dye into the forming droplet, reducing the

interaction with the initial stream.
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Figure 4-5: Time-course photomicrographs of a droplet merging with the dilution stream. (A) Initial droplet
approaches the larger droplet forming from the reagent stream. (B) The droplets are merged due to the electric field
on chip. (C) The final droplet is formed, pushing the initial droplet contents into the front of the droplet. (D) The final
droplet is formed and separated from the reagent stream.

To quantify the carryover, Imagel was used to determine the color with maximum intensity
for the dye in the initial droplet, and images were processed in grayscale for the color intensity
(Figure 4-6A). The gray values of the incoming droplet channel (region 1 in 4-6A) and of the
reagent stream (region 2 in 4-6A) were normalized to background gray value intensity (region 3
in 4-6A) to account for differences in lighting throughout the video. The signals were then plotted
as a percentage of the darkest incoming droplet in Figure 4-6B, representing a percentage (e.g.
gray value of 100 represents 100% orange intensity). There are 14 initial droplets observed over
1.5 s monitored in region 1. While noise is detected monitoring the reagent stream, the signal never
exceeds a value of 1, which indicates the contamination of the reagent stream remains less than
1% throughout experimentation. This level of contamination of the reagent stream is equal to that

of the multiple pico-injectors used to reduce carryover in a single injector design.®
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Figure 4-6: Carryover analysis of the step-injection addition device. (A) Representative grayscale image of the
experiment, where darkness is a function of yellow intensity. Boxes are labelled where average grayscale values were
monitored.: 1 is the incoming droplet, 2 is the reagent stream, and 3 is the background signal. (B) trace of gray scale
values monitored over 1.5 seconds. The top trace shows the normalized gray values for the initial droplet and reagent
stream. The trace of the reagent stream is shown on a scaled axis below for interpretation.

Well-plate droplet compatibility. The presented devices have been shown for droplets
generated, stored in glass vials, then re-injected into the addition device; however, some droplet
based high-throughput screening is achieved by generating droplets from a modified multi-well
plate.?>?* These formats readily translate samples arrayed in wells into droplets, which can be
analyzed using the same methods such as ESI-MS. The droplet dilution device was augmented to
be compatible with droplets in this format by removing the droplet reinjection module and
replacing it with a single channel (Figure 4-7A). The core of the device geometry was kept
consistent as previously. As droplets generated from a wellplate are typically segmented with oil
without surfactant, the design was made to be compatible with in-plane droplet injection and

export. Additionally, droplets from a wellplate stay separated with the carrier oil during storage,
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so no additional oil is needed for segmenting. While this does slighly change the fluidic dynamics
within the merger region, the basic principles are the same.

The device was tested for use in a screen of organic reactions. To test the reagent addition
in this format, 4 nL acetonitrile droplets were generated from a multiwell plate. The droplets were
pumped into the device at 800 nL/min, and a trifluoromethylation reagent (yellow) was added to
the droplets (Figure 4-7B) at 200 nL/min. The droplets post addition were 7.98 nL (4% RSD, n =
20 droplets), representing a 2-fold increase in droplet volume. This test demonstrates the utility of
the device for droplets generated from a multi-well plate. To test carryover, droplets were
generated with a 10x10 alternating pattern of acetonitrile with and without the reagent. Addition
was performed with the same specifications as above, and acetonitrile droplets following droplets
with the reagent were observed not to contain observable yellow coloration (Figure 4-7C). Based
on color intensity analysis by ImageJ as in Figure 4-6, < 1% yellow signal was measured in the

droplets not containing the trifluoromethylation reagent.
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Figure 4-7: Droplet reagent addition using droplets generated from a well plate. (4) Design of the chip used for
compatibility of non-surfactant stabilized droplets. Inlets are labelled; 1 — droplet injection capillary, 2 — reagent
capillary, 3 — outlet capillary, 4 — high-voltage electrode and 5 — grounded electrode. (B) Image of droplet reagent
addition with acetonitrile and a trifluoromethylation reagent (vellow). (C) Droplets in export capillary testing for
carryover. Droplets in blue boxes do not show the yellow reagent, indicating low carryover.

The device was then applied to a proof of concept workflow for an in-flow screening

platform for photocatalysis reactions. 4 nL. Acetonitrile droplets containing the reaction substrate

87



(N-((4-cyanophenyl)sulfonyl)acetamide) were pumped into the device at 800 nL/min and dosed
with photocatalyst at 200 nL/min. The outlet tubing was irradiated in a custom photoreactor for 7
minutes, and the droplets were immediately analyzed with ESI-MS at 0.3 droplets/s. The Smiles-
Truce reaction product was monitored showing signal corresponding with the reaction product
(Figure 4-8A) for each of the 60 droplets analyzed, suggesting every droplet was successfully
dosed with photocatalyst. When the irradiation was not used, 20-fold lower MS signal was
observed (Figure 4-8B), suggesting the reaction product was not successfully formed. This test
demonstrates the applicability of the step-injection platform is a useful component to larger high-
throughput screening efforts. By dosing reactant droplets with photocatalyst rather than adding
photocatalyst to each reaction well in the MWP, this workflow consumes < 1% of the

photocatalyst, increasing reagent economy.
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Figure 4-8: ESI-MS traces following addition of photocatalyst. ESI-MS traces for a product (EIC 309 m/z) of a Smiles-
Truce rearrangement performed in-droplet. Substrate droplets were dosed with photocatalyst using reagent addition
design. (A) Trace when droplets are irradiated in flow and (B) trace without irradiation.

Split droplet merger module. While the results above suggest the step-injection design is
a versatile method for high-dilution droplet addition with low carryover, the design necessitates
an interaction between the initial droplet and the dilution stream. While the carryover was observed
to be < 1%, the possibility exists for contamination. To address this concern, we designed a
variation on the step-injection module that decouples the dilution droplet generation and the

merger of the initial sample droplet, which eliminates the possibility of carryover (Figure 4-9A).
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The design differs from traditional pairwise-merger strategies by using a single oil stream split for
both segmenting and re-spacing droplet samples. In existing pairwise merger devices (Figure 4-
9B), two oil streams are used and adjusted to synchronize the two droplet streams merging, which
complicates flow and set-up procedures, and has been reported as only 86% successful at achieving
one-to-one addition.!® Others have attempted to reinject droplets without oil spacing, but this
method is only < 92% successful.'® The approach presented in Figure 4-9A is a hybrid of both
approaches which is beneficial for the ease of use and reliability of merger. Once the droplets are
paired, they are merged by downstream electrodes which can be used in multiple orientations.
The droplet merger device operates differently from the step-injection model discussed
previously. Thee critical dimension in the device is the channel size during droplet pairing and
merging. The device operates on the principal that larger droplets make contact with the channel
walls, where small droplets can freely flow and merge with the larger droplet. Therefore, the limits
on final droplet volume are dictated by the channel dimensions, which are 450x150 pm (width x
height) as designed in Figure 4-9A. To maintain contact with the channel walls the minimum final
droplet size is 15.9 nL, and to maintain spatial separation between droplet pairs the maximum is
63.6 nL. Since the droplet re-injection geometry is the same as the step-injection device, the range

of dilutions achievable is 3.9 — 318-fold dilution.
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Figure 4-9: Design of the split droplet merger design for high-dilution reagent addition. (A) Fluidic inlets are labelled
1 —fluorinated oil, 2 — droplet re-injection, 3 — diluent stream, 4 — fluidic outlet, 5 — high-field electrode, 6 — grounding
electrode, 7 — grounded moat electrode. (B) Design and images of a pairwise reagent addition device used by Mazutis
et al. adapted with permission from the Royal Society of Chemistry (C) Image of device operation, showing the pairing
of 1 nL droplets with 25 nL diluent droplets. Droplets pair and merge in the presence of an electric field.

The device was tested by pumping a population of surfactant stabilized, 1 nL droplets into
the re-injection region at 25 droplets/s. Droplets from the reagent stream were generated to be 25
nL. The droplet streams were synchronized by first establishing droplet generation size and
frequency from the reagent stream, then increasing the 1 nL droplet re-injection pressure until the
rate of droplet generation matched the rate of reinjection (Figure 4-9C). Droplets were observed
to pair and merge observed in the rightmost two droplets in Figure 4-9, resulting in 26.3 nL droplets
(0.9% RSD, n = 29 droplets), which is a 27-fold addition. In this format, no contact between the
reagent stream and the initial sample droplets is made, so the potential of carryover is eliminated.

Since the droplet merger method shown in Figure 4-9A relies on the pairing of droplets for
effective dilution, the concern is the frequency of double or missed merging events, which has
been high using other droplet merger designs.!>?* To test this, 1 nL droplets were generated
containing 50 uM choline. The choline droplets were merged with 30.3 nL droplets (0.5 % RSD,
n = 13 droplets) containing 20 uM neostigmine using the droplet dilution device at 42 droplets/s.
The resulting droplets were collected in bulk, re-spaced using a microfluidic device, and analyzed

using ESI-MS monitoring for the two analytes (see methods). The unformatted droplet traces for
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neostigmine and choline are shown in Figure 4-10A and B respectively. A correlation plot between
the peak signal intensity for neostigmine and choline is shown in Figure 4-10C. Based on the
clustering observed, three general signal levels appear for choline. Assuming the signals are a
reflection of reagent addition instead of detector noise, of the 107 droplets analyzed, two are
characterized with double addition (based on signal intensity of a choline droplet), and one appears
to have been a missed addition. Using this population as representative of performance, the split
droplet merger device successfully pairs and merges droplets 97.2% of the time, with a 1.8%

double addition rate and a 0.9% missed addition rate. These rates surpass previously published

success rates (86 — 92% success).!>16:24
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Figure 4-10: Test for consistency of droplet pairing and merging. Large droplets were marked with neostigmine,
and small droplets were marked with choline. (A) ESI-MS trace of neostigmine and (B) choline. (C) Plot comparing
the droplet signal heights for the two analytes. Two droplets are observed with significantly high signal for choline,
indicating a double addition. One droplet is observed with low signal for choline, suggesting a missed addition.

The summarized results from the development presented are in Table 4-2. The table shows
the compiled data from published results, showing the best-reported systems as representative of
the design. Module 1 (step-injection model) and module 2 (split droplet merger) are presented with
the compiled results of the testing presented. By comparing each entry, improvements are observed
on the success rate and final RSD, as well as the fold-dilution achieved. The primarily limitation
of the work presented here is the improvement on throughput. The modest frequency of additions
presented in this work mat be attributed for the success of the devices, but even at the lower

throughputs 10° samples can be processes per hour.
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Table 4-2: Benchmarks for addition for established and developed device designs.

Design Success RSDon final  Frequency Carryover Dilution (fold-
rate (%)  volume (%) (droplets/s) increase)
Pico-injector 100 02-3 600 0.1 -1% 0.1-2
Module 1 93-100 09-4 25 <1% 2-150
Droplet Merger 86 22 250 n/a 4-10
Module 2 97 0.5-0.9 47 n/a 4-320

4.4 Conclusions

Two reagent addition strategies have been presented to accomplish high dilution of droplet
samples. The first uses a step-injection model, where small droplets are merged with a high-flow
stream of dilution solution. The device was characterized for flexibility in output droplet volume
as well as range of dilution factors. It was shown to be compatible with both droplets generated in
bulk, as well as from a multi-well plate for applications in reaction screening. The second device
shows the feasibility of decoupling droplet reinjection from merger for carryover-free addition
with ease of synchronization and use. The device was characterized with a high degree of
consistency, with a ~97% success rate.

The suite of devices presented are applicable to many applications and are envisioned to
be used where a large droplet is needed for analysis, or where matrix effects are significant. The
dilution range afforded by these devices can be used in a variety of contexts for high-throughput

screening.
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Chapter 5 Continuous and Automated Slug Flow Nanoextraction for Rapid Partition

Coefficient Measurements

Reproduced from Payne, E.M. et al, Analyst 2021 146, 5722-5731 with permission from the
Royal Society of Chemistry

5.1 Introduction

Liquid-liquid extractions (LLEs) are a fundamental tool useful for sample clean-up in
complex matrices, determination of partition coefficients, and isolation of target compounds. A
common use of LLE is for determining octanol-water partition coefficients (log Kow). Log Kow
(often given as Kow, log K, or log P) is routinely used in both drug development, to estimate

bioavailability of pharmaceuticals,'=

and environmental studies to better understand aqueous
remediation techniques.* The standard method for determination of log Kow is the shake-flask
method.’ In this method, the two phases are shook to form an emulsion which facilitates transfer
between phases. The phases are then re-separated for determination of the concentration of analyte
in each phase. Ultimately, the shake-flask method has large volume requirements (mL), long
procedures (hours), and remains difficult to automate.®’ A miniaturized, automated method for
rapid determination of log Kow values could be useful in a pharmaceutical environment when
determinations are needed on large compound libraries or at early stages of drug development
where material is limited. Chromatographic methods have been used to automate log Kow
screening; however, these methods approximate log Ko based on calibration curves using

compounds with known log Kow.>’ Additionally, chromatographic methods for log Kow

determination are limited to analytes that retain well on columns. In this work, we describe a
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microfluidic chip interfaced with an autosampler and UV-absorbance detector for rapid and
automated LLE and apply it to log Kow determinations using one microliter of sample.

Microfluidics has previously been applied to LLE. Parallel flow is a continuous
microfluidic LLE technique in which two immiscible streams are co-flowed forming an extraction
interface.!® Several variations have been reported, demonstrating extractions from biological,!!-!?
environmental,'? and other complex matrices.!*!> However, parallel flow and similar continuous
flow approaches generally require long equilibration times (minutes) and long co-flow distances,
which in turn limits parallel flow methods to low-throughput applications and extraction of
analytes with rapid partitioning dynamics.!"!® Additionally, longitudinal sample diffusion in these
methods limit sequential analysis of different samples, and must be accounted for when
determining extraction coefficients.!?

Droplet microfluidics, which uses encapsulation of individual femtoliter to nanoliter
droplets within an immiscible carrier fluid, has also been used for LLE.!” Segmented flow, in

which aqueous plugs are segmented by an extraction phase, has been shown for a variety of

18-20 22,23

applications including the study of mass transfer, preconcentration,?! sample preparation,
and continuous synthesis.?* One study reported using segmented flow of water and octanol to
measure partition coefficients of a fluorophore.? Although this approach to segmented flow LLE
has many applications, it is not applicable to high-throughput log Kow measurements because
analytes can transfer from plug-to-plug. This effect results from using the segmenting phase as the
extraction solvent and prevents discrete extractions within a train of plugs.?* Recently, a hybrid
liquid-liquid-liquid microfluidic system has been reported to minimize inter-sample interactions;®

but, as yet no three-liquid phase segmented flow has been described. Automation and rapid sample

introduction that would allow high-throughput log K,w have also not been developed.
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Recently, our group demonstrated slug flow nanoextraction (SFNE) in which 5 nL plugs
of extraction phase and aqueous sample are juxtaposed within a tube and separated from adjacent
pairs by a third, fluorous phase to form a linear array of discrete “phase pairs” for extraction.?’ The
extractions are rapid due to enhanced mass transfer by internal recirculation within each droplet as
the phase pairs flow towards a detector (e.g., UV, fluorescence, mass spectrometry). The use of a
fluorinated oil carrier phase allows for sample containment with minimal interaction between
phase pairs.?®?° Phase pairs were generated by “sipping” from 384-well plates with individual
wells containing aqueous sample, organic extraction phase, and fluorous carrier fluid. SFNE was
shown for in-line sample cleanup of biofluids for analysis by mass spectrometry (MS) and for log
Kow determination.?’

The SFNE method previously described achieved miniaturized log Kow determination with
good throughput; however, the approach has limitations that may prevent easy adoption.
A disadvantage is that the technique requires moving tubing containing an array of samples from
the sipper to a flow-through detector, a manual step requiring fluidic disconnection and
reconnection that is not easily automated.?” As a result, the system cannot be operated unattended.
Although advances in microfluidic sampling may ultimately enable such a system to be fully
automated, we sought to develop a log Kow measurement system that took advantage of the speed
of extraction in droplets but relied more on conventional and readily available automated fluid
handling, e.g. autosamplers, to create an easier to use system with mostly off-the-shelf
components.

We demonstrate a system that uses an autosampler to inject compounds for log Kow
measurement into a microfluidic device that segments the sample into droplets to form aqueous-

octanol phase pairs bound by an immiscible carrier phase. The resulting pairs flow through a UV

97



absorbance detector to measure concentration in the phases. The pairing of the autosampler with
microfluidic phase-pair generation allows the system to operate continuously without operator
intervention. Sample loading is comparable to HPLC and other systems and is easily achieved
without making new fluidic connections. As the system is fluidically closed, no air bubbles are
incorporated in the droplet train, unlike what we observed with the sipper method.?” The removal
of air has the advantage of preventing spikes in the detector output signal associated with the
bubbles. The only custom component is a microfluidic chip which is the first to allow generation
of three-liquid phase slug flow.?® The automated SFNE method reduces preparation and analysis
time by 10-fold and sample/extraction phase volume requirements by 40-fold compared to a

microshake-flask method.3°

5.2 Materials and Methods

Reagents and Materials. All chemicals and solvents were purchased from Sigma-Aldrich
(St. Louis, MO) unless stated otherwise. PFD was purchased from Oakwood Chemical (Colombia
Hwy, Estill, SC). Drug compounds were prepared in HPLC-grade water and 1-octanol at 1-10 mM
(for compounds requiring calibrations), aliquoted, and stored at -80 °C. Standards were thawed
daily for use and diluted to the desired concentration. For droplet visualization, dyes were diluted
to an arbitrary concentration with strong visibility and used for experimentation. The red dye
mixture used in some experiments consisted of equal parts rhodamine B, methyl orange,
erythrosine B, phenol red, and neutral red.

Device Design and Fabrication. Microfluidic devices were designed using Autodesk Inc.
AutoCAD software (San Rafael, CA) and printed onto a Fineline Imaging transparency (Colorado
Springs, CO). Microfluidic master molds were generated with 150 um feature height using

standard photolithography procedures; SU8 2075 negative epoxy photoresist was spun onto silicon
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wafers from University Wafer (South Boston, MA), patterned with ultraviolet irradiation through
the transparent mask, and developed to leave polymerized features. Curbell Plastics
Polydimethylsiloxane (PDMS) (Livonia, MI) was prepared 1:10 activator to monomer ratio,
degassed, and poured over the SU8 master. Fluidic ports were produced in the PDMS stamps.
PDMS stamps fabricated with fluidic channels were bound to either glass slides (PDMS/glass
devices) or to PDMS slabs (PDMS/PDMS devices) using oxygen plasma activation generated by
a Harrick Plasma Inc. PDC-32G (Ithaca, NY). Microfluidic devices were flushed with 2%
tridecafluoro-1,1,2,2-tetrahydrooctyl tricholorosilane in PFD for surface treatment.

Device Operation and Phase Pair Generation. All flow was applied using Hamilton
(Reno, NV) gastight syringes (250 pL, 500 pL, 1 mL) with Chemyx Inc. Fusion 400 syringe
pumps. Syringes filled with octanol, PFD, and water (or aqueous sample) were connected to their
respective fluidic ports of the phase pair generator via 150 inner diameter (i.d.) 360 outer diameter
(0.d.) fused silica capillary coated with polyimide from Polymicro Technologies (Phoenix, AZ).
Connections were made using low dead volume unions from Valco Instruments Co., Inc. (Houston,
TX). For two-phase slug generation, 2.0 and 1.5 pL/min flow rates were applied for aqueous and
PFD, respectively, unless stated otherwise. For three-phase slug generation (phase pairs), 2.0, 2.0,
and 1.5 pL/min flow rates were applied for aqueous, octanol, and PFD, respectively, unless stated
otherwise. Phase pairs (or droplets for two-phase) are segmented from one another as they reach
the continuous PFD flow in the device, discretizing individual samples or extractions. These are
exported from the device using 51 cm of 100 um i.d. 360 o.d. PFA tubing from IDEX (Lake Forest,
IL), which is also positioned within an online UV detector. UV detection used a Linear (Auburn,
CA) UVIS 200 variable wavelength absorbance detector or a Linear UVIS 205 variable

wavelength absorbance detector slotted for capillary flow cells. The wavelength was adjusted to
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the various analytes being screened or assessed. National Instruments (Austin, TX) LabView UV
data acquisition software was used for UV absorbance data acquisition and analysis.

For automation, the device is interfaced to a Thermo Fisher Scientific (Waltham, MA)
UltiMate 3000 Autosampler using a Thermo Fisher Scientific 1 pL nanoViper sample loop. A
syringe pump was interfaced to the six-port valve for aqueous flow. This flow acted as the
water/aqueous flow during device operation. The complete set up is shown in Figure S1. Injection
and wash parameters optimized to provide frequent injections for HTS. Briefly, wash speed and
waste dispense was maximized to 8.33 pL/s and no delay in syringe draw or dispense was
implemented. Full loop sample mode was found to be slightly faster than partial loop mode, and
the loop overfill factor was kept low (2) and a small flush volume was used (5 loop volumes) to
achieve 78 second injection rate. In initial experiments, standards were injected from 100 pL of
solution in polypropylene autosampler vials. For HTS, standards were injected from 100 pL of
solution in a 384-microwell plate. For the automated screen, the octanol syringe pump was
programmed to automatically switch between calibration and log Kow determination modes.

For validation of the HTS via microshake-flask method, offline extractions were
performed, and each phase was injected using the LC autosampler through the UV detector. The
microshake-flask method was performed by placing 500 pL of aqueous extraction standard and
500 pL of octanol in vial, shaking for 60 min, and centrifuging for 10 min.** Both phases were
pipetted into an autosampler vial and injected for UV analysis with calibration curves in the
aqueous phase.

A camera and microscope were often used to capture video of slug formation and export
during experiments. For this an AmScope (Irvine, CA) MUS500 camera was positioned onto an

AmScope microscope to capture video of slugs forming or being exported before going to the
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online UV detector. Video was captured using AmScope 3.7 digital camera software and edited
using NIH (Bethesda, MD) ImagelJ software. High resolution images and videos were taken using
a Phantom Miro C110 (Wayne, NJ) on a Nikon (Tokyo, Japan) TS100 inverted microscope and
Phantom Camera Control (PCC) software.

HPLC-MS of Eserine Samples. To determine if eserine was degrading due to ambient
conditions, HPLC-MS was performed to analyze changes in analyte and degradation product
signals. An eserine (Sigma Aldrich) stock was dissolved to 50 uM in 10 mM Tris buffer at pH 7.4.
Samples were analyzed before and after a two-hour shake time at 22 °C under ambient light
conditions. The samples were analyzed with an Agilent 1290 Infinity II outfitted with a
Phenomenex Kinetex C18 column (2.1 x 100 mm, 1.7 um) and an Agilent 6410 mass spectrometer.
The mobile phase was ramped from 5% to 50% acetonitrile in water with 0.1% formic acid over
7 minutes. The column was re-equilibrated at 5% acetonitrile for 1.5 minutes. Full mass spectra

were collected, and the extracted ion chromatograms were integrated.

5.3 Results and Discussion

Device Characteristic and Features. The design of the system used for rapid log Kow
measurement is shown in Figure 5-1. Analytes dissolved in water are aliquoted into a well-plate
that is placed into an autosampler. The autosampler injects samples into a continuous aqueous
stream connected to the PDMS microfluidic device for segmentation into phase-pairs. Multiple
microfluidic geometries were tested for three liquid phase plug generation. In-series T-junctions
and sample “choppers” have been shown to generate alternating aqueous droplet types.*! However,
these designs were unable to generate the three liquid phase plugs due to differences in surface
wettability, viscosity, and surface tension which caused inconsistent phase pair generation.?®

Additionally, devices in which both aqueous and octanol plugs were independently generated then
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paired were unsuccessful due to surface interactions between octanol and PDMS. It was discovered
that consistent three-phase slug generation was possible using a standard flow focusing device
with two aqueous inlets.*? Traditionally, the multiple input streams combine prior to segmentation
then form plugs with both reagents; however, consistent three-phase flow could be achieved here
due to immiscibility between water, octanol, and PFD. Evaluating extraction solvents such as ethyl
acetate also resulted in phase-pair generation, but with prolonged experimentation (>2 minutes)
PDMS swelling was observed, inhibiting further phase-pair generation. It is recommended that
microfluidic devices made from glass or other inert materials are used if applying this microfluidic

method for SENE generation with organic solvents that swell PDMS.3?

Autosampler Microfluidic Device UV Detection

S amp\e

Octanol

Flow Focusing Region

Sample PTD
WeII-pIate ; \’:11

Figure 5-1: Automated log Ko determination using slug flow nanoextraction. Compounds are aliquoted into a
well-plate and injected by an autosampler. A microfluidic device generates phase-pairs by segmenting sample
and octanol with PFD. Inset shows schematic of the flow focusing region where phase pairs are generated.
Aqueous and octanol phases are briefly co-flowed before segmentation by PFD. Phase pairs are exported
parallel with the channel into tubing or capillary. An in-line UV detector is used for the analysis of analytes in
both aqueous and octanol phases

After phase pair generation, extractions occur at the interface between the octanol and
aqueous phases as they flow through capillary to the online detector, where the signal in each phase
can be measured and processed for the log Kow of the injected analyte. As reported previously,
extractions using SFNE are extremely rapid due to constant recirculation of the extraction

interface.?” Studies investigating mass transfer in similar sized emulsions also find sub-second
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equilibration.’*3> Between generation and analysis, the phase-pairs are in contact for >40 s, which
is ample equilibration time for the extraction to occur.

The throughput is limited by injection frequency of the autosampler.’® To maximize
injection frequency, autosampler settings were adjusted for sample loading (draw speed, dispense
speed, inter-step delays, injection volume), wash (wash speed, wash volume, inter-step delays),
and injection loop control (overfill factor, flush volume, loop volume). By maximizing most draw
rates and dispense rates during sample loading and washing, an injection cycle of 78 s was
achieved. Some autosamplers have reported faster injections and may enable higher throughput
log Kow determination.’’* Flow rates were an important parameter for successful operation.
Injections began to overlap with an aqueous flow rate under 1 pL/min. Co-flowing of the phases
rather than segmentation (during phase pair generation) intermittently occurred with an aqueous
flow rate under 2 uL/min. High flow rates result in fewer data points collected by the detector per
slug phase-pair. To maximize data points per slug, while maintaining stability of generation, 2
pL/min was used.

Generalization of this technique for purposes beyond Kow determination should consider
the parameter selection process described. Phase pair generation is governed by the Capillary
number, a measure inversely proportional to the interfacial tension between phases.***! Octanol
has a high viscosity (7.66 cP) and low surface tension (27.3 mN/m) relative to water (1 cP and
72.8 mN/m, respectively),*>* which limited phase pair generation to higher flow rates at these
microchannel dimensions. Replacing octanol with other common extraction solvents such as ethyl
acetate, chloroform, and hexane may allow for a wider range of flow rates available at these

channel dimensions as the viscosities are more comparable to water (0.40, 0.52, and 0.31 cP
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respectively).** However, surface tensions of these solvents remain comparable to octanol, so
tuning of flow rates to achieve consistent phase-pair volume will be necessary.

Figure 5-2A illustrates online SFNE wherein a sample of red dye is injected and forms
phase pairs with octanol segmented by PFD that then flow to a UV detector. Figure 5-2B illustrates
that the UV detector trace from the droplets is a sequence of peaks for absorbance of each phase.
Distinct signals of each phase were observed corresponding to PFD (minima) and different
concentrations of dye in each phase at equilibrium. In a 6 min window of continuous phase pair
generation interfaced with online UV analysis, 194 replicate extractions were performed (0.5 phase
pairs/s) with relative standard deviation of signal intensity from the aqueous layer (RSDaq) of
6.8%. Equal volume ratio of aqueous and octanol was used for log Kow determination; however,
the relative ratios of water and organic phase can be regulated by the relative flow rates entering

the microfluidic system.
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Figure 5-2: Online SFNE generation and detection. (4) A mixture of red dyes (aqueous, 3) and extraction phase
(octanol, 2) are segmented into 8 nL phase pairs by PFD (fluourous, 1). (B) Continuous online UV Vis detection
of the phase pairs in Teflon tubing for an extended period. Expansion of the trace is shown of distinct signals
for each phase. Phase pairs are generated and analyzed at 0.5 phase pairs/s.

Phase pair generation is dependent on the flow of three different phases, where the relative
flow rates into the generation device control the aqueous to organic volume ratio in the device.
Manipulation of the volume ratio (Vr), expressed as,

Equation 5-1 Ve = Vore/Vag

which, in phase pairs or general LLE, allows for preconcentration or dilution during extraction.
Vr modulation was also demonstrated using the online generation device (Figure 5-3). For
example, when using flow rates of 1.5, 1.0, and 0.8 pL/min for PFD, octanol, and aqueous,
respectively, a Vr of ~0.75 was observed (Figure 5-3A). By adjusting the PFD, octanol, and

aqueous flow rates to 0.6, 0.5, and 1.0 pL/min, respectively, the Vr was reduced by a factor of 2.2
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to ~0.34 (Figure 5-3B); however, VR is not directly proportional to flow ratio (Floworg/Flowaq, Fr),
as demonstrated above (i.e. Vr = 0.75 when Fr = 1.25, Vr = 0.34 when Fr = 0.5).
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Figure 5-3: Volume manipulation via flow rate changes. (A) Images using flow rates of 1.5, 1.0, and 0.8
uL/min for PFD, octanol, and aqueous, respectively. A Vi of ~0.75 was observed. (B) By adjusting the PFD,
octanol, and aqueous flow rates to 0.6, 0.5, and 1.0 uL/min, respectively, the Vi was reduced by a factor of 2.2
to ~0.34 (C) Using 1 mM ACP in water, flow rate ratio was varied from 1.0 to 0.17 and signal intensity in
octanol are reported. Signal increases as the flow ratio decreases, showing the effective preconcentration. At
least 400 replicates (equilibrium octanol plugs) were measured for each flow ratio. (D) Theoretical
concentrations for acetaminophen (initial concentration in aqueous of 1 mM) as volume ratio is adjusted to
achieve preconcentration.

Preconcentration effects can be achieved through modulation of the Fr. As a
demonstration, the online SFNE device was used to perform an extraction of 1 mM ACP with
several different flow ratios (Figure 5-3C). Reduction of the Fr resulted in the increase of the final
signal intensity in octanol, showing a 2.6-fold increase in signal intensity when the ratio was
reduced from 1.0 to 0.17 (Figure 5-3C). Based on a theoretical concentration curve as volume ratio
is adjusted (Figure 5-3D), ACP equilibrium concentration in octanol should increase by 220% as

Vr is decreased from 1.0 to 0.17. Experimentally, the signal intensity increased by 260% = 20%
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as Fr was decreased from 1.0 to 0.17. Though the signal intensity change does not perfectly reflect
concentration change, this comparison demonstrates Fr modulation can achieve similar
preconcentration effects as expected by Vr modulation.

This demonstration of preconcentration may provide a valuable tool for droplet
microfluidics. Online LLE using SFNE with preconcentration could increase signal response when
screening systems beyond partition coefficients. For example, in many directed evolution methods
using droplet microfluidics, the ability to screen enzyme activity is limited by the detector. There
have been recent advances in the throughput of droplet analysis with UV and absorbance
detection,** but each demonstration has mentioned poor sensitivity at higher throughputs.
Preconcentration could circumvent this significantly. Similarly, for MS based approaches,*’*®
preconcentration and salt removal would be beneficial for electrospray-based approaches.

Phase Toggle and Calibration. Quantitative log Kow determination requires measuring
concentration in each phase. UV absorbance is a generalizable detector for measuring
concentrations, but calibration is required for quantitative results. To simplify calibration, the
phase pair generation device was designed to allow the organic flow to be toggled on and off.
When organic flow is off, a segmented flow of aqueous solution and PFD is formed so that the UV
absorbance of known injected concentrations in aqueous phase can be measured allowing
calibration. When organic flow is on, phase pair generation occurs where extractions can occur
during transit. This feature allows for single phase calibrations in water and multi-phase
extractions to occur, enabling quantitative determination of unknown equilibrium concentrations
without disassembly of the system components or an additional microfluidic device. The system
stabilizes from aqueous droplet generation to phase pair generation in under 5 s after toggling the

organic phase, providing rapid switching between calibration and unknown determination modes.
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Automated Log Kow Measurements. For K, measurement, aqueous calibrations were
performed by sequential injection of five to six concentrations of analyte while in two phase
(aqueous/fluorinated) generation mode. Analyte dissolved in water was then injected at a known
concentration (typically both 1 mM and 10 mM) while in three phase generation mode and
measuring the resulting equilibrium concentration in water on-line by UV absorbance. Figure 5-
4A illustrates a UV detector trace for Kow determination of acetaminophen (ACP). Six aqueous
calibration standards ranging from 0.1 — 1.0 mM in water as well as a blank were injected, followed
by triplicate injection of the extraction sample (1 mM ACP in water). At the beginning of every
screen, the absorbance value was set to zero for PFD for convenience. Differences in refractive
index between the three phases resulted in negative absorbance readings of ACP in water and
octanol at some concentrations. Quantification was based on measuring absorbance from the top
of each peak for the aqueous plugs (Figure 5-4B).

Log Kow was determined using:

Equation 5-2 log Kow = log (Coct.eq/Cag,eq)

Because the extraction uses equal volumes of octanol and aqueous sample for each phase pair,
Cocteq can be calculated once Cageq is known by:

Equation 5-3 Coct,eq = Cinital - Caq,eq
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Figure 5-4: Full LC-SFNE-UV workflow for acetaminophen. (4) In a single automated run, a calibration in
water was performed followed by triplicate injections with SFNE to determine log Ko, for acetaminophen. (B)
Expansion of a portion of the trace, showing examples of the phase pairs that were used to determine
equilibrium concentrations of acetaminophen in water post-extraction. (C) Value comparisons and validations
in this study for online SFNE by comparison to microshake-flask (aq,oct), and microshake-flask (aq only) log
Kow values for ACP. Microshake-flask is denoted as SF. Range of previously published ACP log Koy values are
denoted with dashed lines.

The log Kow determined by SFNE (0.28 £+ 0.01) is comparable to previously reported

values'#9-31

and values determined by the microshake-flask method (Figure 5-4C). To determine
the effect of only measuring concentration in aqueous phase, Log Kow was determined by the
microshake-flask method twice, once using calibrations in both octanol and water with direct
measurements of each extraction layer to determine Cocteq and Cageq (log Kow = 0.28 + 0.01), and
once using only an aqueous calibration and measurement of the aqueous extraction layer, using

Equation 5-3 to calculate Cocteq (log Kow 0.31 £ 0.005). The difference between these two modes

of determining log Kow using the microshake-flask method is low (6%), indicating that log Kow
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can be accurately measured using aqueous-only measurements. In principle, calibration in both
solvents is possible on the automated SFNE method but using just the aqueous phase allows better
throughput. The log Kow determined by online SFNE demonstrates suitable accuracy, as it fits
within the range of previously reported log Kow values for ACP and reasonably matches the
microshake-flask determined log Kow.

The good linearity of the calibration suggested that fewer points could be used to increase
throughput. Therefore, further log Kow determination applications of this method only use five
concentration levels (one of which is a blank) and single extraction standard injections, as each
extraction standard injection generates several quantifiable phase pairs since multiple phase pairs

are compartmentalized during injecting (Figure 5-4B).
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Figure 5-5: Log Ko determination of eserine. (A) Example trace of eserine from full log Ko, screen. A five-point
aqueous calibration curve in water was injected and generated into aq slugs. Organic (octanol) flow was started
at 57 minutes. Unknown determination traces of eserine at pHs 3, 7.4, and 10, at both 1 and 10 mM

concentrations. Organic flow was stopped at 65 min in preparation for the next compound screen. (B)
Calibration curve generated from the trace (R’ > 0.99).

The microshake-flask method used for validation required substantially higher volumes
(500 pL of sample and octanol per extraction) and much longer equilibration times (1 h of shaking,
10 min of centrifugation).> Additionally, triplicate analysis of each microshake-flask extraction

was required. In contrast, for SFNE the segmentation of each injection into compartmentalized
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phase-pairs allows for triplicate (or more) analysis per injection since each phase pair is a separate
extraction. When applying the microshake-flask method to large compound or condition panels, it
is possible to simultaneously shake and centrifuge samples to decrease total extraction time, but at
a theoretical maximum efficiency will still require an additional 1.2 h compared to the online SFNE
system.

Rapid Log K,w Determination. The system was applied to determining log Kow for an
array of compounds and conditions. Injections were performed from 20 pL of each sample in 384-
microwell plate that contained a total of seven pharmaceutical compounds at three different pHs
(pH 3, 7.4, and 10) and their corresponding five calibration standards. The compounds were
injected at both 1 mM and 10 mM for each pH condition to increase the range of measurable log
Kow, as I mM standards are more likely to be below the LOD at partition equilibrium if log Kow >
1.5. A trace for extraction of eserine, is shown in Figure 5-5. Octanol flow was automatically
turned on at approximately 57 min, following the final calibration standard. The standard curve
demonstrates linearity (Figure 5-5B) with R? > 0.99. After injection of the compounds at each of
the pH levels, octanol flow was stopped (approximately 65 min) to allow for the standards of the
next compound to be analyzed. Blank buffer injections were performed separately for baseline

subtractions.

Table 5-1: Log Kow values determined from screen and microshake-flask validation.

Compound pKa log Kow log Kow log Kow log Kow
Values (pH 3) (pH 7.4) (pH 10) (SF, pH 7.4)
Acetaminophen  -4.40,9.46  029+0.11 0.29+£0.07 028%+0.07 0.29+0.02
Fexofenadine 4.04,9.01 203£0.24 0.42+0.01 0.48£0.03  0.30+0.03
Caffeine -0.92 0.03£0.05 -0.02£0.08 0.05£0.06 -0.30+0.01
Nicotinamide 3.63 0.11£0.04 -0.58%£0.04 -031£0.08 -0.44+£0.02
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Eserine 6.59 0.07+0.08 -0.29+0.05 0.52+0.04 0.16 £ 0.02
Neostigmine n/a -0.59 + 0.04 <-1 <-1 <-1
Yohimbine 7.65, 14.68 <-1 0.16 £ 0.06 0.4 +£0.02 0.40 £0.02

Twenty-one log Kow measurements were attempted, with 5 calibration and 6 extraction
sample injections per compound (84 total injections), using the automated system. This screen was
performed in under 2 h, consuming 5 pL of extraction standard and 2.9 pL of octanol per
compound analyzed. From the seven compounds screened at the three pH conditions, 18 log Kow
values were successfully determined (Table 5-1). The three log Kow values that are unable to be
measured in the screen (yohimbine pH 3, neostigmine pH 7.4 and 10) were due to insufficient
sensitivity to measure the minimal amount of analyte that partitioned out of aqueous indicating

that the log Kow was less than -1.
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Figure 5-6: Bland-Altman plot comparing the log K, determined at pH 7.4 for each compound by SFNE and
microshake-flask extraction. Bias with standard error (0.06 #0.09) is shown. The limits of agreement (or 95%

confidence interval) is shown as calculated by bias + 1.96*standard deviation of the differences between the two
methods

To assess the accuracy of the measurements, each log Kow at pH 7.4 was determined using
the microshake-flask method (Table 5-1). Bland-Altman analysis was performed to quantitatively

compare the two methods (Figure 5-6).°%%3 The Bland-Altman graph plots the average of the log
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Kow determinations for each method versus the difference between the determinations for each
method. A 95% confidence interval is calculated to estimate the range of differences for the
methods.>* The average of the differences can indicate the presence of bias between the two
methods. The low bias (0.06 = 0.09) indicates no systematic error in the online SFNE method
compared to the microshake-flask method.

Whether or not the calculated confidence interval is sufficient depends on the goals of the
experiment. The mean absolute error of log Kow of our measurements (assuming that the shake-
flask method is the standard) was 0.17 log units. This error is comparable to mean absolute errors
reported for HPLC,** NMR,! micellar electrokinetic chromatography,®® and calculation
methods,>® which ranged from 0.11 to 0.50 (Table 5-2); however, such comparisons should be
viewed with caution since different sets of compounds were used in each study. Previous studies
have claimed that errors less than 0.30 are suitable for most applications.’®> Based on these
comparisons, it seems that this method, at least for this limited dataset, provides comparable

agreement to the shake flask method as other newer methods.

Table 5-2: Mean absolute errors and SD of errors _from other methods.

Reference Mean absolute error (log units) SD of error (log units)
This work 0.17 0.22
[55] 0.11 0.08
[59] 0.50 N/A
[56] 0.10 0.19
[58] 0.26 0.32
[51] 0.12 0.21
[57] 0.42 0.52
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0.34 0.23

Most alternatives to the shake-flask method require calibration of a method against
standards with known log Kow. Errors in those methods can be attributed in part to lack of perfect
correlation of the methods, e.g. of an HPLC column to the octanol/water system. In the droplet
method, since partitioning is nominally the same environment, errors are likely different. We
considered the possibility that analyte degradation during extraction, a potential problem with the
shake-flask method, was a source of error. The compound with the highest variability between the
two methods, eserine, was investigated for this possible source of error since it has been reported
to degrade.®® Electrospray MS was performed to identify parent masses for the common degradants
(rubeserine, eseroline), where each analyte was observed with the M+H ion in positive mode
(Figure 5-7A). Using LC-MS, an eserine solution was analyzed before and after 2 h shaking at
ambient conditions mimicking the shake-flask method. No significant differences in eserine
concentration or the common degradants were observed (Figure 5-7B), suggesting that degradation
is not contributing to method variability. This finding is encouraging as the methods are
comparable for labile compounds. However, when studying even more labile analytes, it is
expected that the SFNE method will outperform bulk measurement due to the lower exposure time.
Possible sources of error include impurity of compounds and analyte losses in the droplet system

(e.g., adsorption to walls or the interface of carrier fluid).
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Figure 5-7: Investigation into possible degradation of eserine. (A) Mass spectrum of a eserine, eseroline, and
rubeserine solution. Three peaks labelled correspond to a: eserine (M+H, 276 m/z), b: rubeserine (M+H, 233
m/z), and c: eseroline (M+H, 219 m/z). The signal of eseroline (c) may be artificially high due to an in-source
fragment of eserine (57 m/z corresponding to losses of both C:H3NO and C3H;N). (B) Signal integration values
from LC-MS of the selected ions in [A] before and after two-hours shaking at ambient conditions. Error bars
represent standard error with n = 3. No significant changes were measured, suggesting no substantial
degradation of eserine over the two-hour shake times.

One notable test compound was yohimbine, which demonstrates significantly different
partitioning across the pH ranges tested (Table 5-1). Yohimbine has multiple ionizable groups
including both basic and acidic moieties. The pKas are 7.6 and 14.7, indicating that at the lowest
pH the compound is cationic, limiting its extraction into octanol. Upon raising the pH, the
compound is neutral, allowing for octanol extraction. Additionally, fexofenadine appears to be
more lipophilic in acidic environments, possibly due to its cationic charge shielded by large steric
effects, but more hydrophilic when the surface acid group is charged (pH 7.4 and 10). These
variations in the log Kow (more properly, log D where D is distribution coefficient) are of interest
for understanding the bioavailability in both basic and acidic regions of the body such as absorption

through the acidic stomach versus the more alkaline colon or small intestine.®!-%2

5.4 Conclusions

A system has been developed for rapid determination of log Kow using an autosampler

coupled to a microfluidic chip and UV detector. The method provides convenient and automated
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operation without operator intervention once samples are mounted in the autosampler. A key
feature is rapid extraction. In a conventional shake-flask method, an emulsion is formed which
improves contact between phases to decrease partitioning time; however, the phases must be re-
segregated for analysis. The microfluidic chip used here essentially forms a controlled emulsion
as fixed volume phase pairs that allow fast partitioning and then direct analysis of the phases for
determination of log Kow. Unlike a previous segmented flow method that used a robot to “sip”
different phases into a tube that was then connected to a detector, the current system can operate
continuously without the need for fluidic disconnect and reconnect; however, this convenience
does require larger volumes of sample since the autosampler requires microliter volumes to inject.

This approach allowed for seven compounds to be screened for log Kow values in under
one hour including calibration curves for each compound, allowing for direct and accurate
measurement of partition coefficients. This system has several limitations, primarily associated
with the UV detection. Though suitable for in-line use and small volume analysis, capillary UV
detection has poor sensitivity, ultimately limiting the method to use with chromophores. Possible
solutions include use of larger droplets and thicker channels to enhance absorbance. Also,
alternative detectors such as mass spectrometry might prove useful for these measurements.
Throughput could be increased with newer/faster autosamplers, with injection cycles down to 22
s,7 and using fewer calibration points. This method is also potentially adaptable for other
extractions, such as sample clean-up of complex matrices. However, extraction solvent
compatibility must be considered since chloroform, ethyl acetate, and dichloromethane can swell
PDMS channels. Therefore, translation of the microfluidic geometry into glass-glass devices may

be necessary.
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Chapter 6 Mass-Activated Droplet Sorting for Selection of Lysine-Producing Escherichia

coli

This was performed in collaboration with Bridget E. Murray (BEM), Laura I. Penabad-Peiia
(LIP), and Dr. Eric Abbate (EA). BEM developed the methods for cell culture and LC-MS/MS
analysis of lysine and glutamine. LIP performed LC-MS/MS validation and data analysis
resulting in Figures 6-8D and 6-10C. EA performed the phenotyping analysis presented in
Figure 6-12.

6.1 Introduction

Directed evolution (DE) has been demonstrated as a powerful method for designing
biological means to chemical production. DE is achieved by iterative rounds of genetic mutation,
screening activity of interest, and selection of desired phenotypes.! This process is meant to mimic
natural evolution of cell or enzyme catalysts for the production of a valuable pharmaceutical or
agricultural chemical. Recent evolution experiments have uncovered enzyme variants with high
yields and enantiomeric selectivity for the anti-HIV drug islatravir,? the diabetes drug sitagliptin,
and a small cell lung cancer drug in clinical trials.* While extremely promising as a technique, DE
methods are limited by the ability to screen the increasing size of variant libraries to uncover rare
variants with high efficiency. Typically, samples are analyzed using liquid-chromatography, but
these methods are often hindered by long analysis times and significant waste generation. Higher
throughput analytical tools are needed to fully realize the power of DE. In this report, we describe
a method for high-throughput analysis using droplet microfluidics coupled to mass spectrometry

to reliably screen and sort cell mutants.
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Droplet microfluidics enables high-throughput screening with reduced waste.
Encapsulating chemical or biological material in water-in-oil droplets allows for discrete
processing and analysis, which has been applied to many applications including directed evolution.
Significant development in droplet microfluidics has translated many bulk processes into
automated and miniaturized devices, such as sample generation,>¢ dilution or reagent addition,”®
sampling or splitting,®8 and incubation.”!° Using these modules, droplet systems can be engineered
to mimic traditional bulk screening. Desirable droplets can be selected in flow using
dielectrophoresis (DEP),!! which can be activated using logic-driven analysis.

While droplet processing and sorting has advanced significantly, droplet analysis remains
a bottleneck to the field.'? The most common method for analyzing droplets and actuating DEP is
using fluorescence. Fluorescence activated droplet sorting (FADS) has been performed at rates up
to 30 kHz and has been applied to screening many enzyme systems.!*> FADS has been used to
screen E. coli variants for the synthesis of unnatural amino acids,'# yeast variants producing o-
amylase at high concentrations,'® and B-galactosidase variants expressed in vitro.' While these
applications have demonstrated impressive droplet manipulations at very high-throughputs, the
methods are limited to screening systems with fluorescent products, or the ability to use a
fluorescent reporter system. For most industrially relevant systems, evolution campaigns are not
compatible with fluorescent detection.

The development of label-free droplet analysis methods has been explored to address these
concerns. Alternatives to FADS have emerged such as absorbance activated droplet sorting,!” UV-
activated droplet sorting,'® and Raman activated droplet sorting.!” These strategies expand the
available analytes that can be screened in droplet but have drawbacks due to the high background

noise associated with the analytical methods. While optical approaches have rapid detection and
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processing, the aforementioned droplet techniques have lagged behind the success achieved using
FADS.

Direct mass spectrometry (MS) of droplets has become a reliable method for droplet
analysis. Droplet samples have been analyzed with matrix-assisted laser desorption ionization
(MALDI)-MS and electrospray ionization (ESI)-MS which provides label-free analysis of analytes
with ionizable groups. Droplet MALDI-MS was recently applied to the DE of type-3 polyketide
synthase.?’ While this method provides rich metabolite profiles for each variant, the analysis is
offline which reduces automation and throughput, and MALDI leads to high variability for
quantitative analysis.?!*?> In contrast, ESI can be integrated into the flow path of droplet
microfluidic systems and has higher reproducibility than MALDI. Droplet ESI-MS approaches
have been used to analyze biological catalysis for a variety of systems.?*26 However, ESI-MS is a
destructive technique, so performing droplet sorting with this method is challenging.

Our group recently described mass-activated droplet sorting (MADS) which is a strategy
for circumventing the destructive nature of ESI-MS.?” In brief, droplets are introduced to a
microfluidic device that splits the droplet; one of the subsequent droplets is analyzed by ESI-MS,
and the other is sorted based on the ion intensity of interest using DEP. The original demonstration
of MADS used ESI-MS to analyze the conversion of a non-native, non-fluorescent amine substrate
into a ketone product by a transaminase enzyme. While this report remains the only demonstration
of droplet sorting actuated by ESI-MS analysis, it used an in vitro transcription/translation (ivTT)
to express enzyme variants. This approach is limited because many enzymes are not easily in vitro
expressed, genetic material had to be amplified using PCR, and the downstream analysis of
selected variants requires amplification, transformation into cells, culture, and sequencing.?® Each

step of this process increases variability in the genetic material confined to the droplets, so
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screening and validation becomes more complicated. Additionally, the method was restricted to
enzyme evolution, where related applications in bioengineering such as synthetic biology and
metabolic engineering show promise for chemical production. Each of these concerns are readily
addressed by investigating the use of living cells for MADS.

Many DE workflows use microbes such as E. coli or S. cerevisiae for synthetic biology.?
These cells have the advantage of rapid growth under mild conditions and can be easily scaled up
for production. In addition to use for expression of an enzyme for enzyme engineering, entire
pathways can be optimized for chemical production.?® Validation of a screen using living cells
requires fewer steps; in principle, the selected cells could be viable for bulk verification though
culture and downstream analysis such as sequencing.

A small number of reports have used ESI-MS to analyze whole cells encapsulated in
droplets. Two examples have focused on the encapsulation, growth, and analysis of different
actinobacteria strains in the genus Streptomyces for the production of antibiotics.?** Recently, the
conversion rate of D-glucose to L-lysine by C. glutamicum was measured using droplet ESI-MS.?
Notably, these reports used MS only to analyze the droplet samples and no sorting was performed.
The glucose turnover report aimed to understand the catalysis of individual cells rather than for
developing production-ready biocatylsts;>* however, for the discovery of cell variants that can be
used in production, high biomass in the droplets is essential.

Here, we demonstrate MADS for the selection of whole-cell variants producing L-lysine
with high biomass. Lysine is a vital small molecule used in many industries such as agriculture,
pharmaceuticals, and cosmetics,*® but is not produced by humans or animals. Living foundries
such as microbes show promise to continuously generate lysine to match multibillion-dollar

demand.?' To this end, some studies have focused on understanding pathways to develop E. coli
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variants that overproduce lysine.’!*> We present a method for analyzing lysine directly from
droplet cell cultures using ESI-MS and discuss in-droplet growth conditions for biocatalyst
discovery. An integrated workflow for cell sorting using MADS is demonstrated (Figure 6-1). The
utility of the system is shown with the selection a known high-producer of lysine.3! In the final
workflow, cells are encapsulated in droplets, grown to form isogenic colonies, sorted using MADS,
then collected for validation. The selected cells are shown to be readily grown in liquid cultures,

enabling standard validation techniques.
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Figure 6-1: Workflow for E. coli cell sorting with MADS. Droplets are generated with single E. coli cells then cultured
to create isogenic colonies. Droplets are split where one is analyzed by ESI-MS, and the other is sorted using DEP
based on the MS signal intensity. Selected droplets are added to fresh cell media for bulk culture, enabling validation
by LC-MS/MS and sequencing.

6.2 Materials and Methods

Reagents and Materials. All chemicals and solvents were purchased from Sigma Aldrich
(St. Louis, MO) unless otherwise stated. Novec 7500 oil was purchased from Oakwood Chemical
(Colombia Hwy, Estill, SC), and was mixed with 008-Fluorosurfactant from RAN Biotechnologies
(Beverly, MA) to a concentration of 2 wt.%. Lysine deficient Neidhardt (“EZ Media - Lys”) was
purchased from Teknova (Hollister, CA) and was prepared according to manufacturer suggestions.
Carbenicillin (Teknova) and Chloramphenicol (Teknova) were added to the media at 100 pg/mL
and 25 pg/mL respectively as antibiotics. Blue dye was purchased from Kroma Kolors (Torrance,

CA).
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Device Design and Fabrication. All microfluidic devices were produced using standard
protocols. Devices were designed using AudoCAD from Autodesk Inc (San Rafael, CA). Exposure
masks were generated for photolithography. SU8 master molds were prepared at 150 pm feature
height by spin-coating and exposing SU8 2075 negative epoxy photoresist from Kayaku Advanced
Materials (Westborough, MA) onto silicon wafers from University Wafer (South Boston, MA)
through the photomasks. Device master molds were developed after UV irradiation, and degassed
polydimethylsiloxane (PDMS) was poured and cured. Fluidic ports were produced in the PDMS
stamps. PDMS stamps fabricated with fluidic channels were bound glass slides using oxygen
plasma activation generated by a Harrick Plasma Inc. PDC-32G (Ithaca, NY). Microfluidic devices
were flushed with 2% tridecafluoro-1,1,2,2-tetrahydrooctyl tricholorosilane in perfluorodecane for
surface treatment.

Cell Culture. Glycerol stocks of wild-type (WT) and DapA E84T E. coli were provided
by Inscripta, Inc. To initiate cell growth, 2 pL of the glycerol stock was added to 2 mL freshly
prepared cell media under flame. Cell density measurements at optical density 600 nm (ODsoo)
were taken using a WPA CO8000. For bulk experiments, tubes were incubated at 30 °C shaking
at 250 rpm using a Thermo MaxQ 4450 until absorbance readings were > 2, approximately 18 h.
For in-droplet cell culture experiments, the initial culture generated from the glycerol stock with
absorbance < 0.05 was used for droplet generation. Droplet cell culture was achieved at 30 °C with
periodic mixing of the droplets.

Device Operation and MADS. Flow was achieved through both pressure-driven and
syringe-driven flow. For pressure-driven flow, an Elveflow (Paris, France) OB1 MK4 was
supplied with dry nitrogen. Syringe-driven flow was achieved using Hamilton (Reno, NV) gastight

syringes with Chemyx Inc. Fusion 400 syringe pumps. Pressurized vials or syringes were
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connected to microbore polytetrafluoroethylene tubing from Cole Parmer (Vernon Hills, IL) which
was inserted into the microfluidic device ports. When applicable, devices were coupled to the
electrospray ionization source with 150 pm x 300 um perfluoroalkoxy alkane tubing from IDEX
(Lake Forest, IL).

To generate droplets, flow focusing devices were used to segment aqueous flow with
fluorinated oil. Droplets were stored in glass vials which were capped with stoppers as described
previously.?” After storage, droplets were pumped into subsequent devices by displacing droplets
in the sealed containers with fresh oil.

For MADS experiments, droplet and respacing oil was driven by syringes at 1.5 and 15
puL/min respectively. To maintain constant flow to the MS arm and the sorting arm, back pressure
was applied to the oil accelerator region and the outlet using the OB1 with a 0.1 PSI offset
respectively.

The mass spectrometer was an Agilent 6135b single quadrupole outfitted with a capillary
electrophoresis sheath flow electrospray source. Electrospray was achieved with 2.5 kV, with 350
°C drying gas set at 30 L/min, a source pressure of 10 psi, and 135 eV of fragmentor energy. The
sheath liquid was water pumped at 30 pL/min unless otherwise stated. The mass spectrometer was
operated in selected ion mode, monitoring for the nominal protonated mass for each of the test
analytes and the nominal molecular weight of the marker compounds which each carry a
permanent positive charge (lysine; 147 m/z, arginine 174 m/z, neostigmine 223 m/z). Dwell time
on the instrument was set at 2 ms per mass.

MADS was achieved by scanning and processing voltages for each selection ion as
described in depth previously.?” Briefly, a modified fraction collection board exported voltages

from the instrument to amplifiers which were read by a microcontroller. The microcontroller was
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also connected to a Cognex (Natick, MA) In-Sight 7600 tracking camera, which processed droplets
on chip discriminating between marker (containing 1% blue dye) and non-marker droplets.
Arginine present in the cell media was used for droplet detection, neostigmine (50 pM) was used
to track marker droplets, and lysine was monitored to determine hits. A custom LabView software
package was used to align the MS trace with the camera tracking, and to threshold for sorting the
droplets of interest. DEP was achieved by applying 1 kV to 3 M NaCl electrodes on chip. Droplets
were collected into a pressurized vial with glass inserts to contain the selected and waste droplets.

LC-MS/MS Validation. For the bulk-grown cell screen, droplets from the hit and pre-
sorted pool were collected. The droplet samples were merged with 0.5 pL of perfluorooctanol with
vortexing. 15 pL of the subsequent aqueous sample was quenched with three volume equivalents
of cold methanol. Prior to encapsulation for MADS, control samples of the WT and DapA variant
cultures were collected and quenched with three volume equivalents. For the droplet grown screen,
droplets were collected, merged, and 2 pL of the aqueous pool was immediately added to 2 mL of
fresh cell media, and 2 pL of the control WT and DapA cultures was added to 2 mL of fresh media.
Samples for LC-MS/MS were obtained after 24 h culture.

Samples for quantitation and validation were prepared using benzoyl chloride
derivatization described previously.* Calibration samples were prepared in fresh cell media then
were diluted three-fold in cold methanol. Sample and calibration samples were centrifuged for 15
min. Supernatant was mixed 2:1:1:1 with 100 mM sodium carbonate and 2% benzoyl chloride,
vortexed for 10s, then sulfuric acid in acetonitrile/water for quenching. Solutions were filtered,
diluted 1:1000 in HPLC-grade water and added to autosampler vials.

LC-MS/MS was performed using an Agilent 1290 Infinity II outfitted with a Phenomenex

Kinetex C18 column (2.1 mm x 100 mm, 1.7 um) interfaced to an Agilent 6410 triple quadrupole
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mass spectrometer. Mobile phase A (MPA) was 10 mM ammonium formate in HPLC-grade water
and MPB was HPLC-MS grade acetonitrile, held at a total flow rate of 0.5 mL/min. MPB was
initially held at 20% for 3.5 min then ramped to 70% over 1 min. Benzylated lysine and glutamine
were monitored with multiple reaction monitoring; the lysine mass transition was 355.2 to 188.1
m/z and the glutamine was 251.7 to 105.2 m/z. Peaks were integrated using the Agilent software.
Phenotyping analysis. Glycerol stocks generated from overnight cultures were diluted
and plated onto an LB agar plates (Teknova) containing 100 pg/mL carbenicillin and 25 pg/mL
chloramphenicol. The plate was incubated at 30 °C for 16 h, then an QPix 420 automated colony
picker (Molecular Devices) was used for depositing colonies into sterile 1.2 mL square 96-well
plates (Thomas Scientific). Colonies were grown in 300 pL of fresh cell media for 19 hin a
shaker incubator (Climo-Shaker ISF-X (Kuhner), 30°C, 85% humidity, 250 rpm). Cultures were
diluted 20-fold into new 96-well plates containing fresh media, followed by 24 h in the shaker

incubator.

Plates were centrifuged at 3,000 g for 10 min, and the supernatant was diluted 100-fold in
water, then 10-fold in 50:50 acetonitrile and water. Lysine concentration was measured using a
RapidFire high-throughput mass spectrometry system (Agilent) coupled to a 6460 triple
quadruple mass spectrometer (Agilent). The RapidFire conditions were as follows: Pump 1: 80%
acetonitrile (LC/MS grade, Fisher), 20% water (LC/MS grade, Fisher), 1.5 mL/min, Pump 2:
100% water, 1.25 mL/min, Pump 3: 5% acetonitrile, 95% water, 1.25 mL/min. RapidFire
method: Aspirate: 600 ms, Load/wash: 2000 ms, Extra wash: 0 ms, Elute: 3000 ms, Re-
equilibrate: 500 ms. 10 pL injection loop. Lysine quantification was achieved for ion abundance

of lysine (147.1 — 84 m/z).
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6.3 Results and Discussion

Direct MS detection of lysine. A challenge with direct MS without a separation method
is ionization suppression during ESI. In particular, the suppression is severe for complex matrices
such as cell media, which contains essential nutrients and salts.’* Previously, matrix effects for
detection of lysine were reduced by using alternatives to standard cell media.?* However, it is
preferable to use established growth media as to maintain consistency between screening and
validation conditions. Droplet ESI has been achieved previously using a coaxial sheath flow source
which facilitates the ionization without droplet transfer to stainless steel emitters.?%° In principle,
the use of a sheath flow can also reduce matrix effects by performing on-line dilution during ESI,
which has been studied in depth in application with capillary electrophoresis.*®

We investigated the ability to detect lysine from lysine-deficient growth media using a
sheath flow source by generating droplets using a microfluidic “chopper” described previously.?’
For a first test, droplets were generated from two streams; one comprised of lysine deficient
Neidhardt media and the other was Neidhardt media containing 250 pM lysine. The droplets were
analyzed using the sheath flow source with water as the sheath, and the flow rate was varied from
0 —50 pL/min. The 0 pL/min condition mimics standard electrospray without sheath flow, and the
50 puL/min is the upper range of acceptable flow rates using the sprayer. ~70 droplets were
analyzed for each flow rate, and all droplet signal intensities were retrieved using the maximum
signal height for each droplet. Histograms of all droplet signals are shown in Figure 6-2A. At low
sheath flow rates, no differentiation between the two populations was observed, owing to the lack
of dilution and make-up flow that facilitates ESI. Above 10 pL/min sheath flow, a bimodal
distribution is observed corresponding to droplets with and without 250 uM lysine added. The

conditions with two signal populations (10 — 50 pL/min sheath) were compared quantitatively by
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calculating Z-factors (Figure 6-2B). For the 10, 20, 40, and 50 pL/min conditions, the Z-factor was
calculated as negative, indicating the variation between the population signals overlaps and the
method is not suitable for screening.’® The 30 pL/min sheath flow rate performed the best for
differentiation of the two signal populations as it was the only condition to demonstrate a positive
Z-factor. However, as the Z-factor was calculated as 0.2, the method for screening these two
concentrations is marginal .38

The sheath flow both facilitates the spray of the droplets and provides dilution to the
droplets as they are ionized. The 30 uL/min performs best likely due to adequate dilution of the
salts in the cell media and facilitation of droplet electrospray without having detrimentally high
flow rates which contributes to signal variability during electrospray. The total flow rate from the

microfluidic device (oil and aqueous flow) in this experiment was 2.3 pL/min, so effective dilution

was 13-fold. For all future experiments, 30 pL/min of water was used for sheath flow.
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Figure 6-2: Testing droplet ESI-MS of lysine by varying sheath flow rate. (4) Histograms of 0 uM lysine and 250 uM
lysine signal intensities with various sheath flow rates. Low sheath flow rates do not produce bimodal distributions of
signals until 10 uL/min. Higher sheath-flow rates provide better separation between populations, but the highest flow
rates have higher variability. (B) Z-factors calculated from the different sheath flow rates. Z-factor peaks at 30 uL/min.
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A second challenge for screening using droplet microfluidics is the diffusion of target

analytes between droplets.!>

If the target analyte of the screen can transfer between droplets, the
reliability of sorting hits from the larger pool becomes challenging. We have previously
demonstrated a method for testing droplet crosstalk in surfactant stabilized systems using the
chopper device but did not investigate crosstalk in complex matrices such as cell media. We tested
the transfer using the chopper device by comparing droplets which do not have lysine with and
without exposure to droplets that do contain lysine (Figure 6-3). No statistically significant
increase in the signal intensity was observed when the empty droplets are exposed to lysine-

containing droplets, suggesting lysine is contained to the original droplet, and is a viable target for

screening using a droplet-based high-throughput screen.
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Figure 6-3: Crosstalk test of lysine in cell media. Results from chopper experiment comparing lysine-doped media to
blank media mixed and unmixed for testing crosstalk. A significant difference (P < 0.0001) difference is observed
between the lysine added and blank media populations. No significant difference is calculated between blank droplets
when mixed and unmixed with lysine-containing droplets.

We next tested various lysine concentrations in cell media to determine if variable lysine
production would be detectable from cells. Droplets were analyzed with ESI-MS with
concentrations up to 1 mM. The average signal increased with concentration (Figure 6-4A) which
suggests that cells producing variable amounts of lysine will be detectable using droplet ESI. From

this calibration curve, the LoD was calculated as 80 uM. The MS signal during oil introduction
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(e.g. background for the sheath flow) is shown with the dashed line. The variability in signals was
calculated for each of these populations and Z-factors were calculated between each of the
population combinations (Figure 6-4B). Z-factors between 0.5-1 are considered to provide
excellent separation of signal populations.*® These Z-factors show the differences that droplet ESI-
MS is able to screen in this format, roughly >2-fold increase in lysine concentration. Under ideal
conditions (e.g. maximum cell density at peak lysine production), WT E. coli produce 25 mg/L
lysine corresponding with 171 uM, and E. coli variants such as the DapA E84T variant can produce
almost 1000-fold more than the WT.3! In the context of these benchmarks, the droplet ESI method
is sensitive enough to detect the lysine produced by the E. coli strains of interest over the complex
media background, and reliable enough to screen populations of WT and DapA variant lysine

production, which is representative of an unknown variant in a potential screen.
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Figure 6-4: Lysine calibration curve and Z-factors from droplet ESI-MS. (A) Droplets were generated with
increasing lysine in cell media. Each point represents 30 droplets with SEM. A line of best fit (R? >0.99) is included.
The dashed line represents the background signal when no droplet is introduced. (B) Heatmap of the Z-factors
comparing each droplet population from the calibration curve. Values <0 represent differences that are not
adequate enough to screen, Z-factors 0 — 0.5 represent a marginal assay, and >0.5 represent an excellent assay.

It is notable that while the blank cell media does not contain lysine, it does contain
glutamine which has the same nominal mass. Therefore, this method measures a cumulative signal

intensity for both lysine and glutamine present in the media. The media contains 0.6 mM
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glutamine,** which will be consumed by the cell during cell growth. For the experiments presented
above, the background signal for glutamine was consistent; however, after cell growth the
background signal can be affected by the consumption of glutamine. This presents a small issue
since the signal intensity in the unspent cell media is very low compared to the background signal
(Figure 6-4, dashed line).

Cell growth and lysine production. While the previous results suggested droplet-ESI is
appropriate for detecting lysine from cell media, cell biology is another required step for droplet
screening. Our previous work with MADS required 20 — 40 nL droplets as input, so cells must be
cultured in this range of droplet sizes. There has been some work reported on E. coli culture in 8
— 500 nL droplets.*~* However, both cell culture and lysine production must be feasible. We
tested growth first by diluting cells to < 0.05 ODsoo in fresh Neidhardt media, which is the lower
limit of the OD meter. We then generated 20 nL droplets using the suspension. The droplets were
incubated with periodic mixing, then imaged. While cells were not observed at early time points
due to the small size of E. coli (Figure 6-5A), significant growth was observed after 48 h (Figure
6-5B), indicated by the turbidity best observed at 20x magnification. As expected by the low cell
density, 64% droplets remained empty because no cell was encapsulated by the droplet. By
calculating the Poisson distribution based on the degree of occupancy, ~29% of droplets contained

a signal cell while ~8% of droplets contained two or more cells initially.**
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Figure 6-5: Images of E. coli cell growth in droplets. (A) Initial and (B) 48-hour time point images. Panels show
images using a 4x, 10x, and 20x objective. Scale bars represent 500 um, 200 um, and 100 um for 4x, 10x and 20x
objectives, respectively.

We next attempted to detect lysine from the cells that were grown in droplets. For this test,
we encapsulated WT E. coli and the DapA variant E84T.3! A population of droplets was generated
intentionally empty, marked by 50 uM neostigmine which is a small molecule that is easily
detected by ESI-MS. The droplets were generated, incubated for 48 h, then infused through a
microfluidic device which re-spaces droplets with oil for analysis. An example of the droplet ESI-
MS trace is shown in Figure 6-6. The trace shows mixed droplets from the incubation, where the
order of droplet introduction is random. None of the droplets with high lysine correspond to
droplets containing neostigmine, which marks known empty droplets. This reduces the likelihood
that the high lysine signals observed are random detector noise. Only two levels of lysine signal
are observed, suggesting that droplets that contain WT cell cultures are not immediately

recognizable over the unspent cell media background (marked with neostigmine). We hypothesize
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that since the WT E. coli produces relatively low lysine, the degree of glutamine consumption
during growth offsets the lysine production in these droplets. A primary concern when designing
microfluidic systems using dense cell suspensions is the clogging of microfabricated channels and
emitters during ESI-MS. This test demonstrated the feasibility of using high-density cell
suspensions in this system, as no clogging or detrimental effects were observed throughout the
duration of this experiment (75 min, >2000 droplets).
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Figure 6-6: ESI-MS following E. coli growth in droplets. Lysine trace (black, 147 m/z) and neostigmine (blue, 223
m/z, offset) are shown. High lysine signal is observed in four of the droplets. Neostigmine marks droplets intentionally
left empty.

MADS of lysine. The previous results suggest that droplet microfluidics and ESI-MS are
suitable methods for growing and analyzing cell variants. However, MADS must be implemented
to preserve sample for sorting. MADS has been shown using in vitro transcription/translation
buffers,?” but thus far cells in droplets have not been investigated. Beyond this example, no other
report has achieved droplet sorting based on MS.

The success of MADS relies on the intermittent and random introduction of marker
droplets used for alignment between ESI-MS and sorting. Alignment is achieved by monitoring a
unique mass (223 m/z, neostigmine) by ESI-MS and correlating that signal with a blue dye in the
droplet that can be observed with camera tracking on chip. The initial demonstration of MADS

used differential flow rates and delay lines to offset the analysis by MS from the tracking camera,
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typically 50 — 70 droplets in “queue” for sorting. The alignment is performed by matching the
pattern of non-marker droplets to marker droplets, then initiates the sorting based on thresholds set
in the program. However, it was observed during testing that having a substantial delay between
the MS and the on-chip camera resulted in misalignment due to the many droplets in the queue.
Modifications were made to the MADS system for this demonstration by shortening the delay
between the MS and camera (Figure 6-7A). In the updated design, the delay between the MS
analysis and the replicate droplet arriving to the sorting region was designed to be 5 — 10 droplets,
which provides less opportunity for misalignment.

During preliminary testing it was also observed that E. coli growth in-droplet changes the
color of the droplet from colorless to gray/brown. As the camera uses the detection of a blue dye
to recognize marker droplets from non-marker droplets, we verified the ability for the camera to
distinguish between blue and cell containing droplets. After training the camera processing
program, droplet classification was achieved between the blue marker droplets and droplets
containing cells (Figure 6-7B). With the updated camera settings and device design, a test
experiment was performed to sort any cell containing, non-marker droplets from marker droplets
as determined by the MS; the MS settings were set to select any droplet not containing the marker
molecule, neostigmine, and to send marker droplets to waste. DEP sorting of non-marker droplets
was observed (Figure 6-7C) suggesting the updated system could be used in replacement of the

original MADS design.?’
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Figure 6-7: Design and example of MADS experiment. (4) Design of MADS device with labelled fluidic ports. The
delay channel to the sorting region was shortened to reduce delay between MS and sorting outlets. (B) Images from
camera tracking of a turbid cell sample versus a blue marker droplet. (C) Images of sorting non marker droplets from
marker droplets.

We applied MADS to the sorting of cell samples that were grown in bulk liquid cultures.
WT and DapA E84T variants (“DapA”) were grown in standard liquid cultures for 48 h. The cell
suspensions were infused through the chopper device to determine the signal differences between
the two cultures. Two distinct populations were observed, correlating with the WT and DapA
variant cultures. Using the droplet signals from this experiment, a Z-factor of 0.623 was calculated
(Figure 6-8A),* suggesting the populations means are significantly different from each other
accounting for signal variability. A lysine signal threshold for sorting was selected based on the
marker droplet mean signal plus three standard deviations of the population. This threshold
accounts for the variance in WT signal, providing a 99.7% confidence interval of not sorting from
the WT population.

Using the liquid culture cell outgrowth and a solution of cell media containing blue dye
and neostigmine (marker), droplet populations were generated with 60% WT, 20% DapA, 20%
marker. Droplets were infused into the MADS system and screened for ~3 h. Approximately 5000

droplets were analyzed, and the system remained in-sync for ~85% of the time, resulting in 4230
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droplets processed by the system. An example trace from this experiment is shown in Figure 6-
8B. The system was out of sync for ~750 droplets, so all droplets were sent to the waste collection
during these periods. The non-synced intervals are primarily due to the introduction of merged
droplets into the system. When merged droplets enter the MADS chip, the stream is segmented by
the re-spacing oil (Figure 6-7A); however, the merged droplets often contain neostigmine which
the MS recognizes as a marker droplet, but the blue dye is too dilute to be recognized by the
camera. In these instances of droplet merger, the MS classifies merged droplets as marker droplets,

and the camera classifies the identical droplets as non-markers, which causes the interval

alignment to fail.
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Figure 6-8: Results from MADS of droplets generated from E. coli liquid cultures. (A) Chopper experiment to compare
WT and DapA signals when grown in bulk cultures. The average signals are differentiable with a Z-factor of 0.623.
(B) Example trace from MADS experiment of bulk grown cells. Neostigmine trace (blue, offset) signifies marker
droplets. (C) Histogram from all droplets analyzed in the experiment. The black bars represent a library (WT or
DapA) droplet, whereas blue bars represent marker droplets. (D) Concentrations of lysine determined by LC-MS/MS.
DapA and WT control samples were obtained at the time of droplet generation for the MADS screen.
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A histogram of all droplets analyzed is shown in Figure 6-8C. Non-marker droplets are
labelled as “library” droplets, which represent droplets generated from either the WT or DapA
solutions. Two distributions of library signals are observed from the histogram, correlating with
high and low lysine signal. By applying a signal threshold to the library droplets, WT and DapA
classifications are assigned after data collection. Statistics from this experiment are shown in Table
6-1. The threshold resulted in droplet populations roughly equal to those generated and pumped
into the MADS device. The percentage of marker droplets is artificially high due to the previous

discussion of merged droplets.

Table 6-1: Results from MADS screen of cells grown in liquid cultures.

Number of Percentage of  Average Signal
Population Droplets Total = SD % RSD
WT 2827 57% 291 +41 14%
DapA 1001 20% 998 + 247 25%
Marker 1148 23% 373 £ 127 34%

The sorting experiment was validated using LC-MS/MS (see methods). The samples were
derivatized using benzoyl chloride described previously,** which enhances separation of glutamine
from lysine. Lysine concentrations from the initial cell cultures, pre-sorted droplets, and sorted
winners are shown in Figure 6-8D. The control DapA culture used to droplet generate hit droplets
for the experiment produced ~1 mM lysine and the WT culture had 10-fold lower lysine
production. The pre-sorted droplet population had higher lysine than the pure WT control owing
to the 20% of the population which was generated from the DapA culture suspension. The sorted
droplets had significant lysine, equal to the DapA initial culture within error. Based on these
concentrations, the sorted winners had 5.6-fold higher lysine than the pre-sorted pool, and 40.9-

fold higher lysine than the WT control culture, demonstrating enrichment of the desired droplets.
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The glutamine signal for all samples was less than half of that in the blank unspent cell media,
suggesting that the droplet sorting was unaffected by glutamine signal in the droplets, and that

glutamine was consumed during cell growth.

Pre-Sort

Bright Field

Dark Field

Figure 6-9: Fluorescent validation of MADS experiment. Representative images of droplet populations in bright and
dark field. Blue droplets represent marker droplets used for alignment, and fluorescent droplets were generated
from the desired DapA cell suspension. Scale bars are 500 um.

To further validate the false positive and false negative sorting rate, a similar sorting
experiment was undergone, but the DapA liquid culture was marked with 10 uM fluorescein prior
to droplet generation. The droplets were imaged pre- and post-MADS to quantify ratios of DapA
droplets. Representative bright and dark field images are presented in Figure 6-9. In bright field,
the abundance of markers can be determined by the presence of the blue dye. In dark field,
abundance of DapA droplets can be observed. The results from this sorting experiment are
summarized in Table 6-2. The pre-sorted pool was measured with 14.3% DapA, 68.4% WT, and
17.3% marker droplets. After sorting, 97.1% of droplets collected were from the DapA culture,
suggesting a 2.9% false positive rate (e.g. WT droplets in the sorted pool). No marker droplets
were observed in the winner pool. In the waste pool, 4.3% of the droplets were DapA, which is a

sufficiently low false negative rate. In comparison to our prior work with in vitro expression for
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MADS, this report has similarly high success rate (previously reported as 91.6 — 98.7%) with a

slightly higher false negative rate (previously reported as 1.5 —4.1%).?’

Table 6-2: Percentages of droplet populations pre- and post-MADS determined with bright and dark field imaging.

Droplet Pool DapA WT Marker
Pre-sort 14.3% 68.4% 17.3%
Waste 4.3% 73.7% 22.0%
Winner 97.1% 2.9% 0.0%

MADS of cell variants. The bulk screen demonstrated potential to select active from less
active variants; but it does not represent a workflow compatible for selecting active variants from
a population. Therefore, we sought to select cell samples grown in droplets. For this test, dilute
cell solutions of WT and DapA were prepared (ODsoo < 0.05), then droplets were generated.
Marker droplets were generated at a 20% ratio to the total amount of droplets generated. The
droplet storage vial was incubated as previously shown, then droplets were screened using MADS.

Droplets were infused for 160 min, and droplets with high lysine signal were sorted as
above. Figure 6-10A shows a trace where each point represents the height of a library or marker
droplet. A histogram showing the total droplets analyzed in this system is shown in Figure 6-10B.
As previously, a bimodal distribution of library droplets is observed; the lower signal population
are droplets that were generated with a single WT cell or were empty due to the low cell density.
The higher signal population which was sorted with MADS represents droplets that were generated
with a single DapA variant cell encapsulated. Isogenic cell colonies were grown in the droplets
from the initially encapsulated single cells, which then produced lysine contained to the droplet
analyzed and sorted with MADS. Interestingly, the lower signal population had lower lysine signal

than the marker droplets, which were made with fresh media without lysine. This signal shift
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indicates the consumption of the glutamine during growth by the WT cells, without sufficient

lysine production to offset the glutamine depletion.
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Figure 6-10: Results from MADS following in droplet E. coli growth. (4) Reformatted trace of droplet heights for 160
minutes of screening. (B) Histogram of all analyzed droplet heights. (C) LC-MS/MS quantitation results from cultures
generated from droplet seeded into media.

To validate the selected droplets, liquid cultures were generated by seeding sorted and pre-
sorted droplets into fresh media (see methods). Initially, the cell density for each culture was low
(ODsoo < 0.05) but after 24 h of growth each culture showed significant growth (ODsoo
measurements > 2, Figure 6-11). This finding demonstrates that cells that have been cultured in-
droplet and screened using MADS are viable and can be used for validation. Cell contamination
resulting in the growth observed in Figure 6-11 is unlikely as the cell media contained antibiotics
and the cells used for the experiment had antibiotic resistance. The ability to culture selected
droplets after sorting is a considerable benefit to using whole cells for DE, as no genetic recovery,

amplification, or transfection is required for validation.
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Figure 6-11: Image of bulk cultures generated after the in-droplet grown MADS experiment. From left to right,
cultures are blank media, positive control DapA, sorted droplets, and pre-sorted droplets.

The bulk cultures were each sampled for analysis by LC-MS/MS. The resulting
concentrations are shown in Figure 6-10C. The trends are similar to the previous screen: pre-sorted
droplets have higher lysine production than the pure WT culture, and the sorted winners have
higher lysine than the pre-sorted droplets. The sorted droplets resulted in a culture with 5.8-fold
higher lysine than the pre-sorted pool, showing enrichment of a mixed population of WT and
DapA. Similarly, the winner cultures had 13.1-fold higher lysine than the WT control cultures.
These results suggest that MADS was successful at selecting DapA droplets from WT grown in
droplets. The winner culture had less lysine compared to the DapA control, which could be a result
of unequal growth following droplet seeding compared to the control culture, or from WT droplets
sorted into the winner pool. Based on the enrichment from pre-sorted droplets to the winners, the
false positive rate appears low, but more advanced validation can be performed to quantify the
false positive rate. After the initial cultures were produced from the droplet and control groups,
glycerol stocks were prepared.

To measure the accuracy of the sorting, the liquid cultures were analyzed using
phenotyping of colonies generated from individual cells. Briefly, glycerol stocks were spread onto
an agar plate, resulting in colonies grown from single cells adhered to the agar. A subsection of 96

colonies per glycerol stock were sampled into a multiwell plate and the production of lysine was
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quantified compared to control DapA and WT samples. Based on the phenotype of individual
colonies (e.g. the lysine concentration compared to control samples), the frequency of WT and
DapA was determined. Glycerol stocks generated from the control WT and DapA cultures resulted
in 100% frequency of the respective target cell line (Figure 6-12). Samples from the pre-sort
droplet populations resulted in mixed populations of the two cell lines; on average, 78% of the
cells were WT, 20% were DapA and 2% were intermediate, meaning both WT and DapA cells
grew together in one agar colony sampled for analysis. Four sorted winner pools were collected
throughout the experiment with sample collection occurring every 40 minutes. The four pools are
shown in Figure 6-12, where “Win 1 represents the first 40 minutes, “Win 2” is the second 40-
minute interval, and so forth. The winning pools resulted in 68-100% DapA, demonstrating 3.3 —
4.9-fold enrichment of DapA from the pre-sorted droplets. Based on the increase from 68% DapA
to 100% DapA, the sorting success rate improved throughout the experiment. This is likely due to
misaligned sorting events early in the experiment, which is less frequent when the MADS system
has more time to properly align. Based on these results, MADS was effective at selecting for the

high producing cell variant for lysine.
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Figure 6-12: Phenotyping analysis of cultures generated from MADS experiment. Percentage of colonies formed from
liquid cultures. Positive and negative control cultures were pure WT and DapA cultures respectively. Pre-sort pools
represent liquid cultures generated by adding merged droplets to fresh media. Winner pools represent droplets
collected from sorting at four time points.

Variability with droplet ESI. The experiments above have showed the analysis of lysine
in droplets in a variety of formats. By compiling this data, it is possible to examine variability in
different formats to understand where sources of error will arise when applying this to an unknown
high-throughput screen. The results from LC-MS/MS validation in Figure 6-8D showed that the
DapA variant produced roughly 1 mM lysine, corresponding to ~1000 counts using droplet ESI-
MS. Using this concentration, MADS was tested using 1 mM lysine standard in cell media to
quantify the variability in droplet signal. Figure 6-13 shows compiled data for lysine analyzed by
droplet ESI. The %RSD is shown for five formats of lysine analysis. The chopper device with 1
mM standards resulted in the lowest variation with an RSD of 5%. When the experiment was
repeated with the bulk-cultures of DapA, the variation increased to 9% RSD. The variability
increased further when using the MADS device with 1 mM lysine standards to 18% RSD. When
performing MADS on the cell suspensions grown in bulk (data from experiment in Figure 6-8C),

the % RSD was 25%. Finally, the most complex workflow where cells were grown in droplets and
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the droplets were analyzed during MADS, the RSD increased once again to 31% (data from
experiment in Figure 6-10B).
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Figure 6-13: Variability of droplet-ESI MS experiments. Comparison of % relative standard deviation between
droplet-ESI MS experiments for 1 mM lysine. The condition lists first the microfluidic device used for droplet
introduction to MS then the method for lysine production. Standards signifies 1 mM lysine in unspent cell media, bulk
cell growth indicates cells grown before droplet generation, and droplet cell growth means single cells were
encapsulated then grown for lysine production.

These results indicate multiple sources of variability. The first source of variability is
droplet ESI during MADS, resulting in increases when using both standards and cell-produced
lysine. The complexity of the MADS device results in flow changes to the ESI source, which is
the most likely cause for increased variability. Another source of variability appears to result from
the inclusion of cells in the droplet, resulting in increases in the chopper and MADS experiment.
This may be due to lysine sequestration or variable electrospray when whole-cells are present. A
final source of variability is the biological variability occurring in the droplet. When cells were
grown in the droplet, variability was higher than when a cell suspension was encapsulated after
growth and lysine production. While this degree of variability is undesirable, the differential lysine

levels between the DapA variants and WT was sufficient to account for the increased variability.

148



6.4 Conclusions

A system has been developed for the high-throughput sorting of cell variants using droplet
microfluidics and ESI-MS. Lysine detection from an industry standard cell media is shown using
droplet ESI-MS, facilitated by the use of a sheath flow ESI source. E. coli growth and metabolism
is shown in large droplets, which is immediately usable for MADS. MADS was improved from a
previous report for ease of sorting alignment and to be applicable for cell samples. Droplets
generated using bulk grown cultures were screened, showing strong enrichment from the pre-
sorted pool. Finally, a full workflow was demonstrated for E. coli encapsulation, growth, and
screening, which yields viable cells for downstream analytical and biological validation with 68-
100% success.

The workflow presented here has potential to enable high-throughput screening for a
variety of evolution workflows. The system is generalizable for many synthetic biology
approaches where the development whole-cell catalysts is limited by the sample processing and

analytical screening.
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Chapter 7 Conclusions and Future Directions

7.1 Conclusions

This thesis describes investigation and development of droplet microfluidics for high-
throughput experimentation. The challenges facing droplet microfluidics detailed in Chapter 1,
including the understanding of molecular transport between droplets, development of flexible unit
operations, and the need for information-rich analysis have each been explored. Various
applications have been presented, such as screening enzyme variants, reaction conditions,
physiochemical properties, and cell variants. Progress towards advancing droplet microfluidics as
a screening technology will increase the reliability beyond what has been presented here. ESI-MS
has the potential to increase the application of droplets, including for the discovery of new
biocatalysts, development of synthetic catalysts, measurement of chemical descriptors, and
sampling for high temporal in vivo sensing. Taken holistically, this work serves to enable and
improve the ability to screen with low reagent consumption, high efficiency, and improved
automation.

In Chapter 2, the transfer of small molecules between droplets was investigated. This
challenge is a significant hurdle in the application of droplet microfluidics for screening, and a
limited body of work has investigated the phenomenon with non-fluorescent analytes. Using ESI-
MS, the transfer was investigated for a structurally diverse panel of analytes for the first time,
unraveling both the extent of the transfer and variables driving it. We uncovered new mechanisms
for small molecule transport, which is a launching point for the development of surfactants with

improved analyte retention. To this end, we demonstrated for the first time the selective retention
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of small molecules by using designed surfactants. The work was limited to studying rapid transfer
occurring during flow. While measuring crosstalk during flow uncovered important properties
(surfactant structure, oil composition, flow duration), it is not fully representative of all droplet-
based screening workflows. To build on this work, crosstalk in applied formats (e.g. droplets in
storage for prolonged time) must also be investigated. Additionally, while driving variables for
crosstalk were uncovered, no clear solution to droplet crosstalk was identified.

Chapters 3 and 4 detailed effort into developing fundamental droplet operations: splitting
and reagent addition. In the first chapter, splitting using an electric field was discovered.
Microfluidic droplets were split using an AC field employing a floated ground, which serves to
induce opposing DEP on droplets in flow. Based on the mechanism, droplets with a range of sizes
can be split which is an improvement upon existing splitting designs. An added feature is the ability
to easily actuate the split, which geometrical splitters are unable to achieve without valving which
requires complex fabrication and pressure control. While controlled splitting occurring due to the
electric field has not been described previously, no application of the operation was demonstrated
in Chapter 3. Other on-demand droplet splitters (e.g. using pressure driven valving or surface
acoustic waves) have been used for combinatorial droplet merging, where droplet arrays are
selectively split and combined with each other to form complex reaction vessels. Additionally,
application in selectively splitting merged droplets to regain size homogeneity may be of use but
was not demonstrated.

In the Chapter 4, two reagent addition tools were developed that are flexible for droplet
size (200 pL — 4 nL), generation format (droplets from microfluidic devices and with MWPs), and
dilution factor (2 — 150-fold dilution). The reagent addition geometry was used in a proof of

concept high-throughput experiment for discovery of photocatalysts, which consumed only 1% of
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the photocatalyst compared with MWP methods. A module was developed to decouple the
incoming droplet with the diluent droplet, which eliminates the possibility for carryover. The
devices achieved the highest dilution to date but did not significantly investigate the throughput
limits of the system. The devices were tested up to 50 additions/s, which is sufficient to process
1.8 x 10° samples per hour, but the throughputs of existing designs can be as high as 1000
additions/s. Further development using the reagent addition modules should focus on this
limitation.

In Chapter 5, the development of an automated workflow was designed for droplet based
LLE. This work built on previous development of SENE,! which has utility in droplet extraction
and partition coefficient measurement. A new microfluidic device was developed which showed
the ability for three-liquid phase droplet generation (aqueous, organic, and fluorinated) for the first
time. The device was coupled to an autosampler, which addresses the limitations of droplet
microfluidics as an expert-only method. Using the autosampler, sample formats that are used in
existing workflows can be processed using droplet operations. The system was used to screen
octanol-water partitioning coefficients, representing the highest-throughput approach for Kow
measurement developed at time of publication. Kow values were screened for an example small
molecule library, which showed value agreement suitable for industrial screening. The workflow
relied on an autosampler for sample introduction, which provided automation and ease of use, but
does not maximize the throughput available by droplet microfluidics. Investigation into integrating
LLE as a cleanup step in larger workflows (e.g. for the cell screening in Chapter 6) could prove
useful for HTS.

Finally, Chapter 6 demonstrated the first reported selection of cell variants in droplets using

ESI-MS. This work builds upon previous work developing MADS for in vitro expressed enzyme.?
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In the presented workflow, lysine production from E. coli in droplets is shown without additional
preparation of workup by ESI-MS. The screen shows the feasibility of using cells for droplet based
ESI-MS screening, even with high biomass in a commercial growth medium. The enrichment of a
known E. coli variant from a wild-type strain was shown by using industry standard validation
methods. The workflow is compatible with industrially available methods for cell variant
generation as input, and industry acceptable methods for downstream validation and sequencing.
The workflow is limited to screening applications such as synthetic biology, where a cell generates
the desired product through metabolic pathways. Additionally, the small molecule target, lysine,
is a favorable analyte due to the high ionization efficiency and the high production by the cell
variants. Efforts into expanding the workflow need to assess sensitivity for targets which are not
as favorable for ESI-MS or are not as highly expressed by the cell variant.

In addition to the limitations described above, development based on the progress presented
in this dissertation focuses on expanding the investigation of molecular transport in other formats,
applying the extraction method to activity assays, and further engineering of the MADS system.
For the carryover work, the principles developed in Chapter 2 can be applied to other workflows
where droplets are used, and the transfer is still relevant. For the extraction work in Chapter 5, the
developed protocol can be applied with minor modifications for the rapid clean-up and label-free
measurement of enzyme activities using ESI-MS. For MADS presented in Chapter 6, the platform
can be improved by increasing throughput, deceasing droplet consumption, improving reliability,

and engineering droplet collection for sequence-activity relationships.

7.2 Crosstalk in storage

Chapter 2 developed a method to understand small molecule carryover between droplets

segmented with a fluorinated oil. The method primarily relied on a chopper-based design,® where
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droplet generation is alternated between two aqueous streams containing an analyte and one kept
blank (Figure 7-1). The method was developed for easy comparisons, ensuring a controlled ratio
of analyte and blank droplets. Variables (e.g. analytes, oils, or other conditions) were tested in
under 15 minutes with a few exceptions. While the method showed good reproducibility and
uncovered many driving aspects for droplet crosstalk, it was primarily focused on droplets in flow,
where no direct contact was made between adjacent droplets. An important aspect that was not
investigated in depth is droplets in storage (i.e. stored in a vial with a close-packed structure). For
many of the significant effects uncovered in Chapter 2, the crosstalk in storage was examined, but

no thorough testing was performed to examine the dynamics occurring between droplets in storage.

Chopper Storage
Analyte

T L Generation
Buffer l—d_- device

Figure 7-1: Schematics of the main two methods for testing crosstalk presented in Chapter 2. The chopper design
alternates generation between analyte containing (green) and buffer (gray) droplets. The droplets remain separated
and are directly analyzed by the MS. In storage experiments, populations of analyte and buffer droplets were
generated and stored in glass vials, mixed (not shown), and infused through a respacing device which pushes droplets
to the MS.

Respacing device

To MS
To MS

For the storage experiments in Chapter 2, droplets were generated using a generation
device into glass storage vials, with an approximate ratio of 50% analyte containing droplets and
50% blank droplets (~30 min). The two layers of droplets were mixed (~10 min) then pumped to
a secondary microfluidic device, which re-spaces the tightly packed droplets (15 min). However,

this method (Figure 7-1) was too slow to observe the dynamics of the transfer, since most analytes
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examined demonstrated 100% carryover at the time of analysis. From a measurement approach,
this method also presented two variables which are difficult to control for, namely the ratio and
perfect mixing of the two populations, and the exposure time that the droplets had to each other.
Similarly, this workflow introduces variables such as the tubing that carries formed droplets into
the storage vial, the tubing that carries droplets to the re-spacing device, and the fresh oil which is
used to respace droplets. Lastly, the workflow does not lend itself to screening many variables
quickly (e.g. different analytes, oil compositions, or droplet sizes), as each experiment takes ~ 1
hr and two microfluidic set ups (one for droplet generation, one for re-spacing and analysis) per
condition.

To address these concerns, a hybrid device was developed. The device uses the principles
of the original chopper device but includes an incubation step to bridge the gap to the bulk storage
format (Figure 7-2A). The “incubated chopper” (abbreviated as InCh) device allows for the
controllable flow rates, analyte/blank droplet ratio, and flow duration, while also providing an
incubation channel for controlled exposure with droplet interaction. The latter feature is possible
by using an oil drain, which pulls oil from the main fluidic channel after droplet generation (Figure
7-2B). After the incubation chamber, tightly packed droplets are re-spaced with oil, and the

droplets are exported from the device for ESI-MS.

Re-spacer

Figure 7-2: Design and example of incubated chopper (InCh) device. (4) Fluidic inlets are labelled according to the
function. (B) Photomicrograh of the InCh device, focusing on the oil draining region. Droplet are generated from the
two aqueous flows, then oil is drained perpendicular to the main channel, facilitated by microfabricated posts. The
droplets are introduced into the incubation chamber with tight packing.
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The InCh device was first tested by generating 25 nL droplets using caffeine as a test
analyte. Caffeine had low crosstalk in the initial testing with the chopper device, but preliminary
storage tests showed full carryover. Using the same flow rates, tubing lengths, and surfactant
stabilized oil (variables known to affect crosstalk) as the chopper experiment, caffeine crosstalk
increased with inclusion of an incubation step (Figure 7-3). When the droplets were tightly packed
due to the oil drain (calculated as 37 droplets/mm?, or 92.5% occupancy of droplets per unit
volume), the crosstalk value increased from 0.05 to almost 0.5, representative of full carryover of
caffeine. The flow rates used (I pL/min oil, 0.6 pL/min combined aqueous) present a 37.5%
composition of aqueous flow. Therefore, the oil drain was effective at removing 88% of the oil.
When the oil drain was not used, droplet density was reduced to 15 droplets/mm? (consistent with
the oil/aqueous flow ratios, 37.5% density) and an intermediate crosstalk value was measured for
caffeine (Figure 7-3). These results taken together suggest another factor driving droplet crosstalk,
relating to the density of droplets together. In the InCh test, droplets were still exported from the
device and flowed through capillary to the MS, so the crosstalk resulting from the shear forces
between the droplet and the tubing wall was still present. By subtracting the crosstalk value based
on the chopper experiment (e.g. the crosstalk from shear stress during flow to the MS without
incubation) the incubation of the droplets represented 26% caffeine carryover at 37.5% droplet

density and 79% caffeine carryover at 92.5% droplet density.
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Figure 7-3: Comparison of crosstalk by different experiments. Crosstalk values for caffeine measured using the
original chopper design, the InCh device without close packing, and the InCh device with close packing by utilizing
an oil drain

The InCh device enables the crosstalk measurement with additional variables that can be
controlled. One such variable is the length of time the droplets remain in contact with each other,
easily designed with increasing incubation channel size. Three devices were designed to this end,
which were tested with three analytes, all with intermediate degrees of crosstalk. As the incubation
time increased, no significant effect on crosstalk was observed (Figure 7-4). This finding suggests
that the effect of crosstalk when droplets are in contact with each other is very rapid, consistent
with our early experiments using the traditional incubation experiment. Interestingly, the crosstalk
of tryptamine was measurable using the InCh device. This analyte was included in the original
library screen of crosstalk using the chopper device in Chapter 2 and included in the PCA model.
However, this analyte was one that had undetectable crosstalk with the chopper device, but the
PCA predicted the carryover was still possible. The two methods (InCh and storage experiments)
may not be directly equivalent as there are a number of variables that differ, but the InCh device
appears to uncover more dynamics than the chopper device (shown with the solid lines, color

coded to the analyte), which might provide insight into crosstalk in storage.
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Figure 7-4: Effect of incubation channel length on crosstalk. Incubation time was controlled using three devices,
and the incubation time was calculated by calculating volume of the incubation channel designed. The solid colored
lines represent the value calculated with the chopper device for caffeine, tryramine, and tryptamine

The previous finding of crosstalk reduction by decreasing the droplets density was further
investigated by increasing the flow rate of the segmenting oil without oil draining. The oil flow
rate was increased into the incubation chamber, decreasing droplet density from 37.5% at 1 uL/min
to 16.6% at 3 uL/min oil. Caffeine crosstalk was reduced with increasing oil but it leveled at ~0.1
(Figure 7-5A). As in previous experiments, the droplets were still flowed through capillary to the
MS, which results in ~0.06 crosstalk of caffeine. The difference of 0.04 caffeine crosstalk may be
due to experimental variability (8% difference could be due to error in measurement) or it could
be due to a physical effect such as shear between the droplets and the incubation channel walls.

We also tested the feasibility of performing an oil-replacement prior to transport by
generating droplets with 37.5% droplet density, followed by the addition of FC-40 oil containing
no surfactant. Results presented in Chapter 2 suggested that FC-40 with 2 wt.% 008-FS is a
favorable oil composition for small molecule retention, resulting in caffeine crosstalk of 0.01 in
the chopper experiment. In principle, adding FC-40 to the surfactant stabilized oil can reduce

surfactant micelle concentration, which can reduce the transport by shear-driven micelle
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formation. Compared to an identical experiment in which surfactant stabilized Novec oil was used,
caffeine crosstalk was reduced by almost half (Figure 7-5B). The reduction, 0.1, is the equivalent
value as the caffeine crosstalk from the chopper using 2 wt% 008-FS in Novec oil (Figure 7-3), so
this finding suggests it is possible to mitigate the flow-based effects by stripping surfactant.
However, the measured crosstalk value of 0.1 is still relatively high. This degree of crosstalk with
FC 40 may be due to interaction between droplets in the storage chamber (37.5% density) prior to
the oil dilution, or it may be a combination of flow-based factors and the interaction in the storage
chamber. This finding suggests there is feasibility for mixed oil replacements, which can mitigate

flow-driven crosstalk even after incubation experiments.
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Figure 7-5: Effect of droplet density on crosstalk. (4) Effect of oil flow rate into the incubation chamber. Oil
was increased without draining and the droplets were analyzed. Higher oil flow rates leads to lower droplet
density in the chamber. With lower droplet density, caffeine crosstalk is reduced. (B) Changing the
composition of the respacing oil after droplet incubation. When the respacing oil was changed to FC40
without surfactant, a reduction is observed.

7.3 SFNE for activity assays

Chapter 4 detailed the use of a microfluidic device for the generation of droplet phase-pairs
of octanol and water segmented by PFD. The full platform demonstrated a user-friendly interface
for analyzing samples in a multi-well plate. While it was applied to the study of octanol-water

partitioning coefficients, the demonstration can be applied for a more generalizable platform.
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Liquid-liquid extractions can be used for rapid analyte extraction relating to many
applications. For example, standard workflows for protein engineering experiments, e.g. those in
Chapter 6, typically rely on cells as biocatalytic hosts. For analysis of cell variants, a sample
cleanup is typically used to isolate the targets of the screen from the complex cell media and cell
debris background. Typically, this is done by quenching the reaction with an organic solution,
centrifuging the mixture, and performing dilution on the supernatant. However, using the online
SFNE method presented in Chapter 5, most of these steps could be replaced using droplet based
LLE.

A challenge associated with translating the presented online SFNE system to generalizable
biological workup is the compatibility of the system with organic solvents. A PDMS device was
used for phase-pair generation with octanol, however; PDMS is largely incompatible with organic
solvents.* Alternative materials have been used for microfabrication of microfluidic device, such
as glass, silicon, and a variety of thermostable plastics.> Glass has the benefits of transparency,
allowing for monitoring of on-chip operations, but suffers from lengthy fabrication protocols.
However, for proof of principle, the SFNE devices used in Chapter 5 were replicated using glass
fabrication by hydrofluoric acid etching. A representative image of the fabricated glass SFNE

device is shown in Figure 7-6.
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Figure 7-6: Image of glass SFNE generation device. The channels are labelled according to their function. The device
is positioned next to a dime for scale.

The primary difference between the glass device developed and the PDMS device used
previously is the challenges associated with using a rigid material compared to the elastomeric
PDMS. As the phase-pairs are not surfactant stabilized to facilitate the transfer of chemical
material between the aqueous phase and the organic phase, the resulting flow is not facilitated by
the stability provided by the surfactant. Therefore, the phase pairs must exit the device in the plane
of flow rather than perpendicularly through flow outlets. To accommodate this in the glass device,
both the top and the bottom of the device were etched to create an outlet in the plane of the fluidic
channels. A fused silica capillary was inserted into the outlet, and wax was used to seal the
capillary to the chip.

To demonstrate the utility of the new device material, the device was coupled with ESI-
MS. A solution of 1 uM fexofenadine in artificial cerebrospinal fluid (aCSF) was infused into the
device without organic flow but was segmented by PFD (Aqueous droplets). The outlet capillary
was inserted into a CE-ESI-MS source as in Chapters 2, 4 and 6. The signal was very low for
fexofenadine in aCSF due to the significant ionization suppression which has been discussed
previously.!® The flow of the organic (ethyl acetate) into the microfluidic device was started which

initiated SFNE phase pairs. Upon the introduction of an extraction phase for fexofenadine, the MS
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signal was increased 100-fold (Figure 7-7). This shows the improvements possible for using SFNE

using the microfluidic device for complex matrices.
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Figure 7-7: Example trace using SFNE with ESI-MS for complex matrices. For 7 minutes, 1 uM fexofenadine was
infused without extraction, then ethylacetate was infused to generate phase-pairs. Significant signal improvement was
observed with SFNE.

The glass device presented can be used in tandem with the existing system for online SFNE
as in Figure 7-8. The new material allows for extraction using a range of organic solvents. Samples
can be plated into a well-plate, such as for enzyme or cell variants, or plasma or urine samples.
The samples can be injected into the glass device, which will segment into SFNE phase-pairs. The
resulting pairs can be analyzed using ESI-MS, which can be used to scan for a range of small

molecules such as reaction products or biomarkers from human samples.
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Figure 7-8: Proposed schematic for using the online SFNE platform for activity or biomarker analysis. Samples in a
well plate are pumped into the microfluidic device for phase pair generation. Resulting phase pairs are analyzed with
ESI-MS

7.4 Advanced screening and collection for MADS

Chapter 6 outlined the application of MADS for the selection of cell samples. The
utilization of whole cells as biocatalysts simplified the workflow of the original MADS
demonstration. Cells are capable of growing without DNA amplification and expression needed
using in vitro expression, which eliminated the PCR steps originally required. Additionally, the
cells were engineered to synthetize lysine via glucose metabolism, so no substrate or induction
addition step was needed. The final workflow presented was aided by the necessary biology (cell
growth and metabolism) occurring in a single reaction vessel.

While the workflow presented is a significant step toward a generalizable method for cell
variant screening, it is currently applicable for cell systems that do not require induction or
substrate addition. While some reports have shown the utility of autoinduction media and adding
the substrate to the initial growth cultures,’ the added flexibility of reagent addition could provide
temporal control for quenching or cell lysis. In these cases, an additional reagent step is required.

In particular the high-dilution reagent addition presented in Chapter 4 are appropriate to achieve
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this goal. As standard reagent addition methods have been shown to result in chemical and
biological carryover, the touch-free, high-dilution reagent addition system is suggested.

While E. coil were shown to grow effectively in 30 nL droplets in Chapter 6, the droplet
size is associated with instability due to low surface tension. We hypothesize that adjusting to a
smaller droplet size is beneficial for the reliability of the screen, due to both improved droplet
stability and reduction in reaction chamber for the cells to grow. With smaller droplets, nutrients
and space deplete faster, which initiates the maximum lysine production available by the cells at
an earlier time point. To test the feasibility of using smaller droplets, DapA expressing E. coli were
grown from single cells in both 3 and 30 nL droplets for 24 h (cell stocks were diluted to < 0.05
ODeoo prior to droplet generation). Images taken of the droplets after 24 h showed the frequency
of cell growth was 8% for 3 nL droplets and 14% for 30 nL droplets, which is consistent with
Poisson loading of single cells in droplets. The droplets were analyzed by ESI-MS by respacing
the droplets after bulk growth (Figure 7-9). Droplets with high lysine signal were observed in both

droplet sizes. Therefore, the cells are capable of growing and producing lysine in both formats.
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Figure 7-9: Images of E. coli growth in different droplet sizes. (4) ESI-MS trace and photomicrograph of 3 nL droplets
that were used for E. coli cell culture. Maximum lysine signal was observed at 10000 counts. (B) Trace and
photomicrograph of 30 nL droplet cultures, where maximum signal is observed at 2500 counts.

The use of smaller droplets allows for manipulations such as dynamic droplet mixing. This
strategy is reported to increase the homogeneity of in-droplet cell growth by constantly refreshing
the oil in the droplet storage vial.® This serves to both circulate droplets, mimicking the shaking
that is commonly performed with bulk cell cultures, as well as provide oxygen which is dissolved
in the fresh oil. The re-circulator was built based on previous reports and tested, showing
significant droplet mixing over time (Figure 7-10). While the dynamic mixer can be used for a
variety of droplet sizes, the constant flow of oil can break or merge more unstable droplets. It is
proposed that the dynamic mixer be used for future in-droplet growth experiments to increase cell

growth homogeneity.
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Figure 7-10: Dynamic droplet mixer. Photos from a time-course experiment testing the dynamic droplet mixer with
3 nL droplets. Two populations of droplets were generated (maize and blue), and oil was recirculated passively
using a peristaltic pump. After 15 min, substantial mixing had occurred.

The use of small droplets also has disadvantages compared to 30 nL droplets, primarily the
incompatibility with the current MADS set-up. Therefore, two options exist to couple the two: use
of reagent addition as discussed above, or the re-design of MADS for smaller droplets. The use of
reagent addition is promising, as it enables more abilities for cell screening (i.e. lysis, reaction
quenching), but it requires the inclusion of another microfluidic operation which increases
potential droplet size variability and the complexity of the method. Based on the benchmarks
presented in Chapter 4, the touch-free addition module showed 97% success rate, so the variability
introduced to MADS is minimal.

If the need for reagent addition is not required and the increase in workflow difficulty (i.e.
another microfluidic operation) is undesirable, MADS channel dimensions can be scaled down
and smaller inner diameter capillary can be used to MS analysis. While droplets must make contact
with tubing/channel walls for consistency of flow in the current design, reduction from 150 pm to
50 um inner diameter capillary changes the minimum droplet size compatible with ESI from ~5

nL to ~200 pL (as determined by 3x the volume of a sphere in the capillary). Based on the splitting
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ratio occurring during MADS, the minimum input droplet size changes from ~15 nL to ~600 pL.
Achieving this goal enables MS based screening with significantly smaller droplets, which can
facilitate both upstream operations (cell growth, droplet stability) and downstream operations
(DEP sorting).

A final limitation of MADS is the inability to match MS signal with verified sequence
information. In the system presented in Chapter 6, all selected droplets are pooled and verified
together. In an unknown screen, a second-tier screen would be needed to identify the degree of
improvements made for individual variants captured. An efficient collection system will deposit
selected droplets into independent reservoirs, where the MS signal can be analyzed compared to a
verified sequence. Droplet deposition methods have been presented before using DEP trapping
electrodes.” While this strategy shows good spatial separation of droplets, the trapping is most
effective with picoliter size droplets, the fabrication of such trapping substrates is complicated,
and the success is contingent on sophisticated detection and actuation.

For cell-based screening such as Chapter 6, an ideal substrate for droplet deposition will
promote cell growth, such as agar or cell media. We tested the ability for droplet deposition of
cell-containing droplets in both formats. An agar substrate was first patterned using an SU8 stamp
to generate microwells in the surface, and cell containing droplets were manually deposited into
the wells. After 24 h, the cells adhered and grew significantly on the agar (Figure 7-11A). We also
tested the feasibility of cell growth in microwell plates seeded with cell media (Figure 7-11B). In
both formats, cell growth is feasible. In future work, deposition from the splitting device must be

engineered to actuate the movement of a depositing capillary.
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Figure 7-11: E. coli droplet deposition and growth. (4) Cell-containing droplets spotted onto a micropatterned agar
plate after 24 h of incubation. (B) Cells contained within microwells in a checkerboard pattern, where brown wells
contain cells and clear wells contain blank cell media.

This final demonstration of the feasibility of droplet deposition and subsequent cell growth
also shows the feasibility of a full structure-activity relationship study for DE. While the primary
goal of DE workflows is to identify variants with superior chemical production, computational
efforts can use analyze both beneficial and detrimental mutations with respect to activity to
generate enzyme or metabolic profiles that predict combinatorial variants.!° By screening and
sequencing all variants, rich databases of residue contributions can be generated. In this format,
no droplet sorting is needed, since each droplet can be split for ESI-MS and deposition. Without
the sorting needed with MADS, both droplet operations and MS operations are simplified; the
microfluidic device is a simple droplet splitter, and the MS can be a fast-scanning, high-resolution,

or more selective instrument such as a qTOF, orbitrap, or triple-quadrupole mass spectrometer.
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Appendix

Supporting information for Chapter 2

For crosstalk dataset analysis, 36 analytes were tested in triplicate for crosstalk using 2

wt.% 008 FS in HFE 7500. The values are presented in Table A-1, alongside the normalized

chemical descriptors as determined by ChemAxon.

The analytes were compared using a Tanimoto similarity matrix shown in Figure A-1.

Principle component analysis presented in Chapter 2 was generated using the variable

contributions outlined in Figure A-2, with the following principle components:

PC-1=0.27 LogS - 0.44 LogD -0.42 LogP + 0.31 HBA + 0.35 HBD - 0.19 MPb + 0.40 PSAc +

0.37 HLBd

PC-2=10.52 LogS - 0.24 LogD - 0.24 LogP - 0.46 HBA - 0.33 HBD - 0.42 MPb - 0.35 PSAc +

0.03 HLBd

Table A-1: Dataset of measured crosstalk values and normalized physicochemical descriptors

Crosstalk LogS LogD H-Bond H-Bond PSAc

Entry  Compound Value + SEM (pH8.46) (pH8.46) LogP  Acceptor Donor MPb (pH8.46) HLBd
1 Triethylamine 0.222+£0.013 1.62 -0.11 0.40 -0.87 -1.01 -0.60 -1.21 0.13
2 Acetylpyridine 0.376 £0.011 -0.41 0.50 0.14 -0.09 -1.01 -0.63 -0.37 -1.32
3 Caffeine 0.056 +0.002 -0.12 -0.14 -0.43 0.69 -1.01 0.03 0.56 0.14
4 Oxymetazoline 0.086 + 0.002 -0.87 1.05 1.21 0.69 0.72 1.77 0.16 -0.66
5 Aminoantipyrine 0.053 £ 0.003 -0.90 0.31 -0.02 0.69 -0.14 0.62 0.27 1.39
6 Imidazole 0.039 £+ 0.002 0.19 0.06 -0.24 -0.87 -0.14 -1.47 -0.41 -0.17
7 3,4-Diaminopyridine ~ 0.184 + 0.003 1.18 -0.64 -0.59 0.69 0.72 -0.83 0.82 -0.47
8 Nicotinamide 0.025 £ 0.001 -0.07 -0.06 -0.36 -0.09 -0.14 -0.75 0.48 -0.68
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Acetaminophen
Aniline

p-anisidine

N-Methylmorpholine

Eserine

Pyridine
N-Methylpiperidine
1-pyridin-3-yl-
ethylamine
2-methylimidazole
Benzylamine
Tripropylamine
Tryptamine
Diaminoheptane
Tyramine
Serotonin

Uracil
n-Acetylputrescine
Uridine

Kynurenic acid
Arginine
Acetylcholine
Choline

Lysine
Neostigmine
Dextromethorphan
Diphenhydramine
Imipramine

Tributylamine

0.016 +0.001

0.480+0.011

0.414+0.012

0.206 +0.011

0.220+0.012

0.442 +0.024

0.189 + 0.009

0.073 £ 0.001

0.086 + 0.002

0.492 + 0.009

0.473 £0.010

0.061 +0.003

<0.005

<0.005

<0.005

<0.005

<0.005

<0.005

<0.005

<0.005

<0.005

<0.005

<0.005

<0.005

>0.500

>0.500

>0.500

>0.500

-0.69

-0.72

-0.79

0.95

-1.01

0.18

1.67

0.82

0.53

0.21

0.74

-0.26

-1.11

0.78

-0.26

-0.36

-0.15

0.26

1.06

N/A

N/A

1.27

N/A

-1.07

-1.75

-2.40

-0.33

0.58

0.78

0.64

0.10

1.27

0.52

-0.02

-0.11

0.11

0.24

0.39

0.24

0.57

0.00

0.10

-0.37

-1.12

-1.10

-0.72

-1.86

-2.00

-2.23

-1.89

-1.00

1.20

1.71

1.90

1.07

0.24

0.40

0.27

-0.19

0.84

0.17

0.30

-0.04

-0.19

0.32

0.50

0.43

0.13

0.04

-0.57

-0.65

-1.28

0.54

-1.66

-2.10

-2.31

-1.64

-1.20

1.42

1.49

1.78

1.72

-0.09

-0.87

-0.09

-0.09

0.69

-0.87

-0.87

-0.09

-0.87

-0.87

-0.87

-0.87

-0.09

-0.09

-0.09

-0.09

-0.09

3.03

1.47

3.03

-0.87

-0.87

1.47

-0.87

-0.09

-0.09

-0.09

-0.87

0.72

-0.14

-0.14

-1.01

-0.14

-1.01

-1.01

-0.14

-0.14

-0.14

-1.01

0.72

0.72

0.72

0.72

0.72

2.45

0.72

2.45

-1.01

-0.14

-1.01

-1.01

-1.01

-1.01

-1.01

-0.26

-0.86

-0.51

-0.87

-1.15

-0.71

-0.42

-1.23

-0.55

0.18

0.44

-0.13

-0.22

0.52

-1.12

-0.44

0.46

0.12

-0.10

-0.25

-0.79

-0.32

0.99

2.06

2.40

0.96

0.26

-0.50

-0.20

-0.95

0.12

-0.93

-1.21

-0.03

-0.41

-0.45

-1.21

0.07

0.41

0.21

0.73

0.55

0.51

2.56

1.05

3.03

-0.49

-0.69

-0.39

-0.91

-0.91

-1.10

-1.21

-1.26

-1.88

-1.08

1.39

0.33

-1.34

0.17

0.08

-0.60

-0.62

-0.40

-0.38

0.89

-0.22

0.08

-0.16

0.66

0.67

0.30

243

1.32

1.32

2.12

0.90

-0.75

-0.62

-0.88

-0.78
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Figure A-1: Tanimoto similarity matrix for compounds in the database. Row and column numbers correspond with
the compound entry listed in Table S2. A similarity score of 1 represents identical chemical structures. Compounds
are largely dissimilar. Highest similarity score is 0.78 for compounds 22 and 30 (serotonin and tryptamine). The
average score is 0.15.
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Figure A-2: Variable contributions of physicochemical descriptors to PCA.

175



