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ABSTRACT: This paper describes the implementation of a sensitive, on-chip immunoassay for the
analysis of intracellular proteins, developed using microdroplet technology. The system offers a number
of analytical functionalities, enabling the lysis of low cell numbers, as well as protein detection and

quantification, integrated within a single process flow. Cells were introduced into the device in
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suspension and were irreversibly electroporated in situ. The cell lysate was subsequently encapsulated
together with antibody-functionalised beads into stable, water-in-oil droplets, which were stored on-
chip. The binding of intracellular proteins to the beads was monitored fluorescently. By analysing many
individual droplets and quantifying the data obtained against standard additions, we measured the level
of two intracellular proteins, namely HRas-mClitrine, expressed within HEK-293 cells, and actin-EGFP,
expressed within MCF-7 cells. We determined the concentrations of these proteins over five orders of
magnitude, from ~50 pM to 1 uM. The results from this semi-automated method were compared to
those for determinations made using Western blots, and were found not only to be faster, but required a

smaller number of cells.

KEYWORDS: microdroplets, electroporation, lab-on-a-chip, immunoassay.

Introduction

Although conventional laboratory procedures for protein analysis, including Western blot methods!
and enzyme-linked immunosorbent assays (ELISA)?, enable sensitive detection and quantification of
proteins, they are often labour-intensive, time-consuming and can require large sample volumes (i.e.
mL), especially when multiplexed. Microarray technologies and bead-based techniques can also be used
to perform sensitive, multiplexed immunoassays®”’, and these technologies have already resulted in the
development of methods for enriching and quantifying cellular proteins, with applications in diagnostics
and proteomics, such as the elucidation of intracellular signalling pathways and cell to cell
communication®19,

In the last two decades, considerable effort has been invested in the development of lab-on-a-chip
(LOC) technologies!!"14, using greatly reduced sample volumes and enabling faster and more sensitive,
multiplexed analysis to address a wide variety of biological problems. A number of LOC systems using
antibody-conjugated, bead-based methods have previously been described, including those using

19-21

microfluidic trapping!>-!® and micro-flow cytometry!®-2!. Epifluorescence microscopy has also been



combined with multi-step, on-chip processing to create methods for multiplexed analysis using
populations of encoded beads??.

Of the microfluidic techniques available for manipulating low volumes, as required for single cell
analysis, emulsion-based microfluidics perhaps holds the greatest potential. This technology, also known
as droplet microfluidics, has been successfully used to produce assays with volumes as low as several
10s of fL for a variety of chemical and biological applications®* 24, Droplet microfluidic systems form
highly monodisperse emulsions? (e.g. water droplets in oil, W/O) at up to kHz frequencies, with droplet
diameters in the micrometre range, offering the potential for multiplexed, high-throughput analysis.
Each W/O droplet can constitute an isolated and biocompatible microcompartment, suitable for carrying
out quantitative cell-based studies, or low volume DNA and protein assays.

Droplet microfluidic systems for protein analysis have been reported in the literature, including a
system for performing immunoassays using encapsulated single cells in W/O droplets, where the cells
were lysed by laser photolysis?®. Although suitable for performing enzymatic activity assays at the
single-cell level, this approach is not suitable for higher-throughput applications. Cells have also been
trapped within droplets for the detection of surface protein biomarkers using enzymatic amplification?’
and a segmented gas-liquid flow microsystem has been reported for performing stimulation of
mammalian cells followed by chemical cell lysis?®. However, fully integrated analysis has not been
demonstrated in either case, with the antibody staining and flow cytometry measurement steps being
performed down stream and off-chip.

In seeking to validate new LOC methodologies for protein determination, we present here a droplet
microfluidic architecture that enables rapid intracellular protein quantification from cell suspensions,
using low cell numbers, reduced sample volumes, developed within the framework of a fully integrated,
on-chip procedure. By combining compartmentalisation with high-flow rates and on-chip electrical lysis,
epifluorescence protein detection was performed on numerous microdroplets, inside which cell lysate

and antibody-conjugated beads had been encapsulated.



On-chip electrical lysis is an attractive technique for chip based technologies, due to the simplicity of
integration, the lack of interference arising from the addition of detergents (as is the case with chemical
lysis of cells), and its high efficiency. Thus, a suspension containing less than a thousand cells can be
injected into the device and cell lysis can be performed using integrated microelectrodes, prior to droplet
formation, without any need for further sample preparation.

Results showed that the system has a detection range spanning from tens of pM to uM, with total
analysis times typically within the order of two hours. Results obtained from the on-chip immunoassay
were at least comparable to those acquired using conventional procedures, with the microfluidic droplet-
based system enriching and quantifying intracellular proteins in a fully integrated manner using reduced
cell numbers. In combination with existing bead coding technologies??, where a library of identifiable
beads each functionalised with a different capture antibody can be created, this droplet-based approach

could lead to a system for rapid, multiplexed detection.

Materials and Methods

Materials

Polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer, Dow Corning) and glass microscope
slides were used for device fabrication. Fluorocarbon oil (Fluorinert FC40, 3M) containing 2% wt PEG-
PFPE blockcopolymer (Raindance Technologies, Inc) was used as the continuous phase. The dispersed
aqueous phase was either phosphate buffer saline (PBS) containing an appropriate antibody
concentration and 1% v/v bovine serum albumin (BSA), a cell lysate solution or a suspension of cells in
0.6M D-Sorbitol. G-actin buffer contained 5 mM Tris pH 8.0, 0.2 mM calcium chloride, 0.2 mM ATP
and 0.5 mM DL-Dithiothreitol. Further details of the materials used are provided in Supporting
Information.

Device fabrication
Microelectrodes were fabricated on a glass substrate, using standard photolithography, metal

evaporation and lift-off techniques, and were passivated with a 60nm layer of hydrogen silsesquioxane.
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Microchannels were fabricated in PDMS using standard soft lithography techniques. The PDMS channel
and electrode-patterned substrate were irreversibly bonded together by oxygen plasma bonding and the
resulting microchannel was coated with Aquapel (PPG Industries, PA, USA). Details of the device
fabrication protocols are provided in Supporting Information.
Antibody conjugation to microbeads and calibration procedures

Antibodies were biotinylated using Vector Laboratories Biotin (long arm) NHS reagent and were
conjugated to superavidin beads (details in Supporting Information). Six dilutions of a fluorescent
secondary antibody (FSA) solution containing FITC-conjugated anti-mouse IgG were prepared to
produce an immunoassay calibration curve. The highest FSA concentration was chosen to correspond
approximately to that required for full surface coverage of one functionalised bead per droplet. For off-
chip experiments (see Supporting Information), functionalised beads were incubated with each dilution,
before washing the beads and imaging them between a coverslip and a microscope slide (10 beads
imaged per dilution). For on-chip experiments, FSA solutions and functionalised beads were
encapsulated in droplets, using a new device for each different concentration (thereby negating any
carry-over effects, or indeed non-specific binding on the channels). Fluorescence images were acquired
every 30 minutes and the intensity measured for 10 beads at each time point (an unmeasured droplet was
used for each acquisition).
Cell culture and cell lysis protocols

Human embryonic kidney (HEK-293) cells were transfected with a mammalian expression vector for
HRas-mCitrine (plasmids were a kind gift from Philippe Bastiaens) and a human breast cancer (MCF-7)
cell line expressing the fusion protein EGFP-actin and neomycin resistance was created. For on-chip
lysis, cells were re-suspended in an appropriate volume of 0.6 M D-sorbitol, to give at a final
concentration of 4x10° cells/ml. Clarified lysate solutions prepared off-chip were used at three different
PBS dilutions with 1% v/v BSA: 1/10, 1/50 and 1/100. Details of all the transfection, harvesting and off-

chip cell lysis protocols are provided in Supporting Information.



Protein quantification by Western Blot

Western blot analysis was employed to measure the HRas-mCitrine concentration in the HEK-293
lysate. Details of the Western Blot protocol are provided in Supporting Information. For quantification,
the raw light intensity captured for a 5 min accumulation time using a G:Box imaging system (Syngene)
was measured for each band using GeneTools software. To calculate the HRas-mCitrine concentration,
the mean intensity of the bands resulting from the known quantity of GST (6.15 pMoles) was used to
normalise the mean intensity obtained from the HRas-mCitrine bands.
Fluorophore intensity normalisation

To compare the acquired intensity obtained from different fluorophores, filter sets and acquisition
times, an intensity normalisation algorithm was written in Matlab. In this, one dye (fluorescein
isothiocyanate) was assigned as a reference and the fluorescence intensity acquired from all other dyes
was normalised to it. Details of the calculations and fluorophore parameters employed are provided in
Supporting Information. Effects of solution pH on the measured intensity were not taken into account, as

emission intensity changes due to pH are minimal over the pH range used (7.4-8.0) °.

Device Operation & Immunoassay Protocol

A schematic of the device structure and images showing the operation of the microfluidic system are
shown in Fig. 1. The device comprised three inlets, one for the injection of the continuous phase (A in
Fig. 1a) and two for the dispersed phase (B and C). An aqueous solution containing either a cell
suspension, cell lysate or a fluorescent antibody solution was injected from inlet C. Functionalised beads
in either PBS or G-actin buffer were injected from inlet B, whilst the oil-surfactant solution was injected
from inlet A. The aqueous fluid streams met at a Y junction (D) and flowed parallel within the emerging
channel until they met a T-junction (E), where water droplets in oil (W/O) were generated (Fig. 1b).
Syringe pumps (New Era Pump System Inc.) were used to control the flow rates of the continuous (1
puL/min) and dispersed phases (0.5 pL./min for each inlet), resulting in stored droplets approximately 100

um in diameter and constricted by the depth of the channel (50 pum).



The low Reynolds number (Re ~ 4*107) of the system suggests that flow is laminar and that the
transport of substances from one aqueous stream to another was negligible, as shown in Fig. 1c-d. Only
following droplet formation were the two aqueous solutions mixed, due to well-known convective
phenomena that originate at the interface of a W/O drop moving inside a channel 3°. As previously

reported, bead encapsulation followed Poisson statistics 3!

, which depends solely upon the initial
concentration of suspended particles and, for the concentration used, resulted in approximately 11% of
droplets formed containing one bead, with the presence of empty droplets (85%) not limiting the
analytical throughput.

When cells were injected from inlet C, an electric field was applied to the interdigitated

microelectrodes (position marked in Fig. 1a) in order to trap and permanently electroporate the cells that

flowed over the electrode array. Cell trapping due to positive dielectrophoresis occurred when the
—12
dielectrophoretic force (Fpgp = 27&,1r° Re[CMF ]V‘E‘ ) experienced by the cells was able to overcome

the Stokes’ drag force ( Fg, = 677rv) on the cells (where ¢, is the dielectric permittivity of the medium,

r is the cell radius, CMF is the Clausius-Mossotti factor’?, E is the electric field, # is the dynamic
viscosity of the medium and v is the difference between the fluid dynamic velocity of the particle and
that of the medium). This was achieved by applying a 20 V square wave with a frequency of 1 MHz,

typically resulting in cell trapping efficiencies > 95%.
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Figure 1. The device architecture: (a) Geometry of the microfluidic device. Inlet A was used to inject
oil-surfactant solution (FC40 with 2% surfactants), inlet B to inject a suspension of functionalised beads
and inlet C to inject either a calibration solution, a lysate or a cell suspension. The two aqueous phases
merged at a Y junction (D) and further downstream W/O droplets were generated at a T-junction (E).
Droplets were stored after the junction in a microfluidic chamber (F). Interdigitated square-shaped
microelectrodes were aligned to the channel between inlet C and the Y junction to electrically lyse
flowing cells; (b) Image showing droplet formation at the T-junction; (c-d) Fluorescence and bright field
images showing laminar flow at the Y-junction. The fluorescent phase flowing from inlet C was a FSA

solution. White arrows indicate functionalised beads within the aqueous stream. Scale bars are in um.

For the conditions used (1 MHz, 20 V, 0.6M D-sorbitol), the electric field strength was sufficient to
lyse all cells captured at the electrodes (see Fig. S2 and Moviel in Supporting Information), resulting in

the release of their intracellular contents into the surrounding medium, which was subsequently



encapsulated within droplets. Cell lysis results from the permanent electroporation of the plasma
membrane!” and is caused by electrically-induced mechanical stresses. Lysis occurred over time scales
in the order of hundreds of milliseconds. On average, 80 cells/min were lysed using this protocol.

Whilst cell lysate and antibody dilutions prepared off-chip were homogenous, leading to the formation
of droplets containing the same number of fluorescent molecules, during on-chip cell lysis a non-
uniform stream of fluorescent molecules was released into the flow, leading to a higher variability in the
fluorescent contents of droplets. This was due to two factors, namely that the level of fluorescent fusion
protein expression varied from cell to cell, and that the number of cells being lysed at the one time was
variable - typically 1-3 cells were trapped by the electrodes at the same time (Fig. S2). For the cell
suspension concentration used, we rarely observed periods in which no cells were trapped at the
electrodes. Variability in the amount of cellular lysate between droplets was compensated for by
averaging the signal from at least ten drops for each sample and time point.

After electro-lysis, cell fluorescence decreased to 30-50% of its original value for both cell lines used.
An example of the lysis of a HEK-293 cell expressing HRas-mCitrine is shown in Fig. 2a. It would not
be expected that all the intracellular molecules of interest would be released into the surrounding media,
with a significant number of proteins being, for instance, membrane-associated (it is known that
modification of Ras can produce a membrane-anchored form) or attached to cytoskeletal components
(actin being a key component of the cytoskeleton). For the flow rates and electric fields used, cells
detached from the electrodes 0.3-1 s after trapping and lysis. However, the decrease in cell fluorescence
typically occurred in the first 500 ms. When detached from the electrodes, cell debris was either
absorbed onto the channel walls prior to the Y-junction or occasionally encapsulated in droplets. Cell
debris did not hinder the device functionality, nor cause channel clogging, and droplets encapsulating
visible cell debris were not selected for analysis.

A chamber (F in Fig.1a) was used to store droplets after formation. The rate of formation was 20
droplets per second and the chamber filled in approximately 2 minutes (although droplets were allowed

to flow for 5 minutes to achieve a steady condition for cell injection). After this period, the flow was
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stopped. Typically, droplet volumes decreased by 25% with respect to the initial volume after 5 hours,
due to water absorption into the PDMS 3-35 The storage area allowed for the collection of
approximately 2000 droplets, with around 220 of these containing a single bead.

Immediately after droplet storage, bead fluorescence measurements were acquired for 10 different
beads at intervals of 30 minutes. Once a bead and lysate were encapsulated in a droplet, fluorescent
fusion proteins specifically bound to the antibody-conjugated bead, increasing the bead fluorescence
signal with time. Transport of antigens to the bead surface was due both to convective motions that
caused fluid mixing inside the droplet during droplet transport (which lasted 2-3 minutes) and to
diffusion, which occurred over longer time scales when the droplets were stored inside the chamber.
Convection inside travelling droplets constitutes one of the advantages offered by droplet microfluidics
for obtaining rapid results.

An example of a fluorescence image from beads encapsulated in droplets stored in the microfluidic
chamber is given in Fig. 2b. As described in Fig. 2c-d, the fluorescence signal (Al in Fig. 2d) was
calculated as the difference between the mean value of the fluorescence intensity from the bead and the
mean value of that obtained from the background (from an intensity line plot passing across the centre of

each bead). Antigen concentrations significantly above saturation levels were avoided.
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Figure 2. Fluorescence measurements of protein capture: (a) Sequence of fluorescence images of a
HEK-293 cell expressing HRas-mCitrine being electrically lysed at a microelectrode. It can be seen that
the cell diameter increased with time due to the effect of rupturing the plasma membrane; (b)
Fluorescence image of microdroplets stored inside the chamber after a 1 hr incubation; (c-d) The method
used to measure fluorescence intensity for immunoassay analysis. The white line, which runs through
both the centre of the bead and the surrounding background (c), shows the position of the line plots
acquired. The fluorescence intensity, Al, was calculated (d) as the mean bead intensity (green dashed

line) minus the mean background intensity (red dashed line). Scale bars are in um.

Results & Discussion

The capture and detection of antigens by antibody functionalised beads was carried out both on- and
off-chip, using known concentrations of fluorescent secondary antibody calibrants, in order to determine
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the sensitivity of both droplet and conventional bead-based immunoassays. The calibration curve
obtained from the on-chip experiments was later used to estimate the concentration of fluorescent fusion
proteins from fluorescence measurements obtained during experiments using cells and cell lysates. The
time dependence of the fluorescent measurements and the level of non-specific adsorption were also
characterised.

Experiments using a cell lysate prepared off-chip were also performed, to compare the on-chip results
with those obtained by Western blot analysis and to assess the performance of the immunoassay when
using complex, biologically relevant samples. Finally, both HEK-293 (expressing HRas-mCitrine) and
MCF-7 (expressing Actin-EGFP) cells were electrically lysed on-chip and the concentration of
fluorescent fusion proteins measured and compared to previous results.

Calibration protocol and non specific absorption assays

The calibration curves in Fig. 3a show the mean values of the normalised fluorescence intensity
acquired after 2 hours of incubation, as a function of FSA concentration, for both on- and off-chip
experiments. As expected, the fluorescence intensity acquired from beads (coated with mouse anti-
HRas) encapsulated in droplets was lower than that detected from the off-chip experiments, presumably
due to light scattering resulting from the multilayer emulsion system (glass-HSQ-oil-water). However,
both curves have a sigmoidal shape, with the top right plateau of the sigmoid corresponding to the
fluorescence from a saturated bead and the bottom left plateau stemming from the combined intrinsic
fluorescence of the bead and the droplet system. From these experiments, a detection limit of ~50 pM
was obtained for the immunoassay (and the Kq4 of the antibody binding was estimated to be 50 nM from
a semilog plot of the experimental data).

The primary difference between the off- and on-chip experiments is that no washing steps could be
carried out within the droplets. Thus, all proteins that were encapsulated within a droplet, but not bound
to a bead, remained within the aqueous phase and the level of bead fluorescence acquired depended on

the rates of mass transport and the binding kinetics of the antibody-antigen used. In all cases, it was
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therefore important to ensure that the fluorophore concentration was within the linear binding range and

that sufficient time was allowed for mass transport to reach equilibrium.
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Figure 3. Calibration curves and immunoassay time response: (a) off-chip (blue) and on-chip (red)
calibration curves obtained by incubating beads with several known FSA concentrations. The values
correspond to the mean intensity levels acquired after 2 hours of incubation. The dashed line (green)
represents a data interpolation for on-chip experiments, obtained by applying a Piecewise cubic Hermite
algorithm in Matlab; (b) Time courses of the mean, normalised, fluorescence intensity levels, obtained

from on-chip experiments, compared to the intrinsic fluorescence of a bead encapsulated in a droplet
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(IBF) for different FSA concentrations. Molar concentrations of FSA below approximately 50 pM could
not be resolved; (c¢) Time dependent specific (S) vs. non-specific (NS) absorption of FSA, for 1 uM
solutions. The graph shows mean intensity levels obtained from droplet encapsulation of a solution
containing only non-specific (anti-rabbit) antigens (right), only specific (anti-mouse) antigens (centre)

and a 1:1 mixture of both specific and non-specific antigens (left).

Fig. 3b shows the normalised fluorescence intensities obtained from the on-chip calibration
experiments as a function of time, compared to the intrinsic bead fluorescence (IBF). For each
experiment, the variation in fluorescence intensity showed a trend that increased with time until an
equilibrium condition dependent upon the antibody-antigen binding kinetics was reached. It should be
noted that time /=0 corresponds to the point that, following filling of the storage chamber, the flow was
stopped. Therefore, at this stage the beads had already been incubated with the FSA solution for 2-3
min. For concentrations >50 pM, the initial measurements showed fluorescence intensities that were
significantly greater than the IBF level and increased with FSA concentration. This rapid response was
largely due to convective movements within the droplets, which occurred during the transport of a
droplet from the T-junction to its resting position in the chamber. Such convective motion enhanced the
mixing between the two aqueous phases (the bead suspension and the FSA solution). Due to the
emulsion stability, time course measurements could be taken over many hours.

To assess the level of non-specific adsorption by the functionalised beads, on-chip experiments were
carried out using solutions containing positive (TRITC-conjugated or FITC-conjugated anti-mouse) and
negative (FITC-conjugated anti-rabbit) secondary antibody controls. Experiments were carried out using
single and mixed solutions of antibodies. The antibody concentrations were 1 uM in all cases, which is
approximately the concentration required for saturation of the available binding sites on the
functionalised beads (determined from Fig. 3a). Time lapsed fluorescence intensity images were again

acquired every 30 minutes for 2 hours.
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As shown in Fig. 3c, whether the antigens were encapsulated in droplets separately or mixed, the level
of non-specific adsorption was substantially lower than specific antigen binding. Fluorescence intensity
due to non-specific adsorption was estimated to be <12% of the specific binding level obtained. Whilst
the latter followed the same time-course as seen in previous experiments, the level of fluorescence
intensity obtained from non-specific antigen binding remained approximately constant throughout the 2
h incubation period.

Cell lysate and on-chip cell electro-lysis assays

To validate our droplet-based protein assay, cellular lysates containing fluorescent fusion proteins
were used. Whilst this approach was used for proof-of-concept demonstration, alternative strategies
using a second labeled antibody (e.g. a sandwich assay) could be used within the system to quantify
levels of endogenous proteins. Clarified cell-lysate from HEK-293 cells expressing HRas-mCitrine was
prepared off-chip as described in Supporting Information. As their high concentration of detergent (1%
Triton X-100) was sufficient to cause emulsion instability, undiluted lysate solutions could not be used.
Therefore, three cell lysate dilutions - 1:10, 1:50 and 1:100 lysate:PBS - were prepared and injected into
the device from inlet C. These results obtained are reported in Fig. 4.

The intensity levels acquired from single anti-HRas functionalised beads encapsulated in droplets
were much greater than the detection limit of the assay and showed a time dependence similar to that
obtained in the calibration experiments (Fig. 4a). HRas-mCitrine concentrations were estimated by
comparing the intensity levels from the cell lysate experiments with the normalised, interpolated
calibration curve (Fig. 4b). This resulted in concentrations of 2.1 nM HRas-mCitrine for the 1:100
dilution, 2.7 nM for the 1:50 and 11 nM for the 1:10, suggesting that the concentrations of HRas were at
the low end of the linear binding range. Using an average of the 1:50 and 1:10 measurements gives an

approximate concentration of 120 nM for the undiluted lysate.
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Figure 4. On-chip HEK-293 lysate experiments: (a) Time-dependent, mean, normalised fluorescence
intensity obtained from 1:10, 1:50 and 1:100 lysate:PBS solutions; (b) Mean, normalised fluorescence
intensity acquired after 2 h incubation, comparing the cell lysate dilutions to calibration experiments and

to the intrinsic bead fluorescence (IBF) level. Data are representative of at least 5 experiments.

As the Ky of the anti-HRas antibody was unknown, in order to validate the results obtained from the
on-chip procedure, a series of Western Blots were performed using the same clarified cell lysate along
with a protein standard (examples of the resulting blots are shown in Supporting Information).
Quantification was performed by comparing the mean, background-corrected intensity of the
HRas-mCitrine bands with the mean obtained from a known concentration of the protein standard (6.2
pMoles of purified glutathione S-transferase). The results gave a HRas-mCitrine concentration of
approximately 390 nM, which corresponds well with the data obtained on-chip (differences may arise
from losses due to non-specific adsorption within the device and tubing). As cell lysate solutions contain
a multitude of proteins in addition to the one being detected, these results demonstrate the robustness

and reliability of the on-chip immunoassay. It is also worth noting that many biological applications
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require only relative quantification, measuring either the up- or down-regulation of protein expression
levels. In these cases, only relative intensity changes are required, measurement of which is

straightforward using this system.
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Figure 5. Detection of HRas-mCitrine in on-chip cell lysis experiments: (a) Time dependent, mean,
normalised fluorescence intensity obtained for both lysed and unlysed HEK-293 cells; (b) Normalised
fluorescence intensity acquired after 2 hours of incubation, comparing the on-chip cell lysis
experimental data to calibration experiments and to the intrinsic bead fluorescence. Data are

representative of at least 5 experiments.

HEK-293 cells expressing HRas-mCitrine were used to validate the on-chip cell lysis procedure in
combination with the immunoassay for the detection of cytoplasmic proteins. Ras proteins belong the
family of small GTPases and are involved in intracellular signalling pathways that regulate numerous
cellular processes, including proliferation, differentiation, adhesion, migration and apoptosis>®.

Typically, less than 1000 cells were injected into the chip. Cells were electrically lysed using the on-

chip microelectrodes (with the parameters used leading to a lysate concentration equivalent to
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approximately 0.07 cells per droplet) and the immunoassay results obtained are shown in Fig. 5.
Although expression levels varied widely from cell to cell (as is normal for a population of transiently
transfected cells), the majority of the HEK-293 cells expressed high levels of the HRas fusion protein.
These high levels are known to be rather cytotoxic and a number of dead cells were observed in the
initial cell suspension, leading to a high background fluorescence level. The cells were also susceptible
to lysis under mechanical stress, preventing extensive washing. Experiments were therefore carried out
with lysis electrodes both active and inactive, to enable a comparative measurement.

Fig. 5a shows the immunoassay time courses obtained. By measuring the difference in intensity
obtained with the microelectrodes inactive (the non-lysed case) and with the electrodes active (and
lysing the flowing cells) and comparing to the calibration curve, protein quantification was possible.
Intensity values for the non-lysed case corresponded to a HRas-mCitrine concentration of 3.5 nM, whilst
the value obtained when lysing the cells was 13 nM, giving a value of approximately 10 nM for the
contribution due to the cells lysed on-chip. This is in close agreement with the value from the Western
Blot data: approximately 80 cells per min were lysed and 20 droplets (approximately 260 pL) per second
produced within the device, giving on average the content of 0.066 cells per droplet. This is equivalent
to approximately 2.6x10° cells per mL, which is approximately 0.026 that of the lysate (1x107 cells per
ml) that was measured by Western Blot to contain approximately 390nm HRas-mCitrine. A 0.026
dilution of this would therefore be in the order of 10nM.

Finally, MCF-7 cells expressing actin-EGFP were used to further validate the combined on-chip lysis
and immunoassay system for the detection of cellular proteins. Actin is a globular, cytoskeletal protein
found in high concentration in eukaryotic cells (can be >100 uM) and is involved in key cellular
processes, including muscle contraction, cell motility, cell division and the establishment and
maintenance of cell junctions’’. Actin monomers polymerise to form microfilaments within the cell,

which constitute one of the three major components of the cell cytoskeleton.
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Figure 6. On-chip MCF-7 cell lysis experiments: a) Time dependent, mean normalised fluorescence
intensity levels obtained from on-chip electrically lysed cells expressing actin-EGFP. Two
immunoassays were performed, both using antiGFP-conjugated beads but each using a different buffer
solution, either G-buffer (left) or PBS (right); (b) Mean, normalised fluorescence intensity levels
acquired after 2 h incubation, comparing experimental data from the on-chip cell lysis experiments to

calibration experiments. Data are representative of at least 5 experiments.

Actin is present both in monomeric and polymeric forms inside a cell, each form of which will clearly
result in different levels of fluorescence when captured by a functionalised bead. Therefore, beads
conjugated to anti-EGFP antibodies were suspended in one of two different buffer solutions prior to
injection into the chip, either PBS or G-actin buffer. Whilst the former does not affect levels of
polymerised actin, the latter promotes its depolymerisation. The results obtained when using these two
buffer solutions, which exhibited different trends, are shown in Fig. 6. When G-actin buffer was
employed, the intensity levels were significantly lower than when using PBS, confirming filament
disassociation. Instead, when no action was taken to disrupt actin polymerisation, the intensity levels

increased over time, reaching equilibrium after approximately 2 h. When the electrodes were inactive
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(and therefore no cells were lysed), the level of bead fluorescence remained at the same level as the
intrinisic bead fluorescence.

By comparing the results from the on-chip MCF-7 cell lysis experiments with the calibration curve,
actin-EGFP concentrations could be estimated (Fig. 6b). The intensity values obtained when using G-
actin buffer corresponded to the saturation of the bead, whilst the values obtained when using PBS
corresponded to intensity level well above the bead saturation. In the first case, the results suggest that
monomeric and small filaments of actin-EGFP were captured by the beads; whilst in the second case,
longer filaments of actin-EGFP were instead bound, enabling the captured protein level to be well above

that of monolayer coverage for an individual protein.

Conclusions & Perspectives

In this work, we have presented a novel droplet microfluidic system for performing quantitative on-
chip immunoassays with integrated cell lysis. By taking full advantage of the efficiency and
functionality of LOC devices, similar results to those obtained by Western blot were achieved in shorter
times, using a reduced number of cells. Whilst lysate solutions are typically produced from several
million cells, less than a thousand cells were required to obtain reliable results using the on-chip
immunoassay. This is clearly valuable for the analysis of rare cell populations.

On-chip purification or washing stages were not required, greatly simplifying the device geometry and
the complexity of operations. Nevertheless, droplet microfluidics can provide a library of operations that
can be implemented for such purposes or for incorporating additional functionalities. For example,
electrocoalescence of different droplet populations®® and subsequential splitting®® can be readily
implemented within the channel network. Such operations, combined with two connected storage arrays,
would enable a two-stage immunoassay that could be used for the detection of endogenous proteins.
Furthermore, by exploiting both the compartmentalisation properties offered by microdroplet technology

and available methods for creating a library of encoded beads, each functionalised with a different
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antibody, we envisage the development of rapid, low-volume, multiplexed immunoassays based upon

this droplet microfluidic system.
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