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Abstract

We present cell gels, a platform for high-throughput multiplexed measurements of
transcriptome and proteome in single cells. This method takes advantage of droplet
barcoding and hydrogel chemistry to capture mRNAs and proteins in thousands of
cells. We report the challenges of acquiring sequencing data from cell gels due to
complex mechanisms underlying bead based library prep in polyacrylamide gels. We
show the applications of this method in detecting intracellular proteins, sorting based
on intracellular markers after cell lysis, and expanding thousands of cells in single
droplets.
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Chapter 1

Introduction

The unbiased and high-throughput nature of modern single-cell RNA-seq (scRNA-

seq) methods [8, 11, 21] have revolutionized our definition of heterogeneity in diverse

cell populations. Prior to the evolution of these methods, probing cellular hetero-

geneity mainly relied on staining for specific known proteins via multi-colour flow

cytometry and fluorescent conjugated monoclonal antibodies. scRNA-seq methods

enabled us to use genetic information to cluster thousands of cells based on their ge-

netic expression patterns without a priori knowledge about expression levels. These

methods have resulted in the discovery of new or rare cell types [19], enabled a deeper

understanding of mechanisms underlying cell proliferation and development [14], and

enhanced our ability to probe the cellular ecosystem of diseases [18].

However, scRNA-seq methods produce one-dimensional genetic information on

cellular diversity: the ability to capture the transcriptome of thousands of cells is

only the first step towards a comprehensive understanding of cellular heterogeneity

and phenotypic variations. mRNA expression levels are not sufficient to predict pro-

tein abundance due to temporal and spatial variations of mRNA transcription, local

availability of resources for protein translation [10], and post-transnational protein

modifications [3]. Additionally, proteins are the ultimate target of therapeutics and

can more accurately predict response to treatments [6]. Thus, genetic information

alone is not enough to completely understand and predict biological processes.

Recent methods have attempted to leverage high-throughput single cell technolo-
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gies to capture proteins in addition to the transcriptome [16, 13, 7][4, 5, 6]. These

methods are able to target cell surface markers but they lack accessibility to intracel-

lular proteins. Here, we present a droplet-based method that enables high-throughput

multiplexed mRNA and protein measurements in single cells. Our approach, which we

call “cell gels”, takes advantage of hydrogel chemistry to capture proteins in droplets

and DNA barcoded beads to capture the transcriptome of single cells with unique

barcodes that can be mapped back to the cell of origin.
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Chapter 2

Cell Gels Overview

The novelty of cell gels is in combining hydrogel chemistry with droplet-based single

cell methods to capture multiplexed molecular information. In cell gels, we encap-

sulate live cells with lysis buffer, monomer, crosslinker, polymerization initiator, and

DNA barcoded beads in droplets, picoliter aqueous compartments suspended in oil

(see Figure 2-1). Cells are lysed seconds after droplet formation with their mRNA

hybridized to the bead in each droplet. After all droplets are collected, a catalyst

(TEMED) is added to the suspension to initiate polymerization. Within minutes,

aqueous droplets turn into hydrogels that contain mRNAs hybridized to the beads

and proteins crosslinked to the hydrogel matrix.

The transcriptome is captured via DNA barcoded beads, consisting of thousands

of oligonucleotides attached to polystyrene based microparticles, synthesized via split-

and-pool to create millions of distinct cell barcodes. The oligonucleotides include 1) a

PCR handle constant on all beads 2) a cell barcode unique to each bead 3) a Unique

Molecular Identifier (UMI) different on each oligonucleotide on the bead, used to

identify PCR duplicates and 4) oligo-dT sequence (T30) on the 3’end to capture

polyadenylated mRNAs.

Meanwhile, proteins of lysed cells are crosslinked to the matrix of the acry-

lamide hydrogel using acryloyl-X (AcX). The succinimidyl ester of acryloyl-X, SE

(6-((acryloyl)amino) hexanoic acid) reacts with amines of proteins to yield acry-

lamides that can be copolymerized into the polyacrylamide matrix of an acrylamide
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Figure 2-1: General workflow of cell gels. Cells are encapsulated with DNA barcoded
beads, monomer, and crosslinker, and lysed in aqueous droplets. After droplet col-
lection, TEMED is added to the suspension to begin polymerization, where proteins
are also crosslinked to the hyrdrogel matrix. Emulsions are then broken and mR-
NAs are reverse transcribed. Cell gels can be stained with antibodies, sorted based
on intracellular markers, and further processed to create STAMPs for transcriptomic
analysis.

gel. Therefore, AcX functions as a crosslinker between the polyacrylamide matrix and

amines of proteins. We assume that by saturating with AcX, we are able to capture

the proteome, including intracellular proteins and cell surface markers, in cell gels.

In our experiments, live cells were washed once in 1x PBS and resuspended to 6-8

million cells per mL in a total volume of 500 µL 1X PBS and 4% ficoll. Cells were

then encapsulated with lysis buffer, 10% acrylamide monomer and crosslinker, 0.6%

ammonium persulfate (APS), 0.2 mg/mL Acrylol-X (AcX) and beads in aqueous

droplets in oil (QX200 droplet generation oil for EvaGreen, BioRad Inc.). Immedi-

ately after droplet formation, mRNAs are hybridized to the beads. Droplets were

collected for about 30 min and incubated with 1% TEMED in vacuum for 15 min for

polymerization to terminate. Emulsions were broken in 300 uL of perfluorooctanol in

a 15 mL tube filled with 3x SSC, 0.1 mM EDTA, 0.01% Triton X-100, and washed

once with the same buffer.

Immediately after droplet breakage, the mRNAs were reverse transcribed in bulk,

forming STAMPs (single-cell transcriptomes attached to microparticles. Template

switching was used to introduce a PCR handle downstream of the the synthesized

cDNA [22] which is amplified with SMART PCR primers. As described in Chapter
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4, we conducted different experiments to compare PCR amplification done in cell

gels versus dissolving gels first before amplifying. The amplified DNA was purified

and pooled with AMPure XP beads. The amplified product was quantified on a

high-sensitivity DNA chip on Agilent 2100 bioAnalyzer. The amplified cDNA was

fragmented and amplified for sequencing on an Illumina platform with the Nextera

XT DNA sample prep kit (Illumina) and indexed primers. The sequencing results

were analyzed on the Zamboni platform.
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Chapter 3

Microfluidic Device Design,

Fabrication, and Operation

3.1 Design

The design of the microfluidic device used to generate cell gels is indicated in Figure

3-1. The device contains three inlets for i) cell suspension ii) barcoded beads, lysis

buffer, monomer, crosslinker, and initiator iii) carrier oil, and one outlet for droplet

collection. To reduce flow fluctuations due to the mechanics of the syringe pumps,

the device has fluid resistors with a serpentine shape. The cell suspension inlet and

the oil inlet contain passive filters that prevent PDMS collapse [9] and also prevent

channels from clogging. The device consists of two junctions, one for bringing the two

aqueous inputs together, and one where aqueous and oil phases meet and form water-

in-oil (w/o) emulsions. The aqueous-aqueous junction is in shape of a Y-junction that

allows aqueous inputs to form two laminar flows in one channel. Due to a difference

in fluid viscosity, the aqueous streams do not combine until they form w/o emulsions.

The aqueous-oil junction consists of a 26 µm flow focusing channel than opens into

a 35 µm channel. The flow-focusing geometry enables making monodisperse droplets

whose size is determined by the diameter of the focused stream and are typically

much smaller than the orifice [2]. We successfully made monodisperse cell gels as

small as 35 µm after 1.4x expansion post gelation.
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(a) Initial design (b) Final design

Figure 3-1: Cell gels microfluidic devices designed in AutoCAD a) The initial de-
vice adapted from Dropbase (OpenWetWare) has a 50 µm junction, which makes
monodisperse cell gels in the range 50-70 µm diameter. b) The final version generates
smaller monodisperse cell gels, 35-45 µm in diameter. Addition of passive filters and
fluid resistors improves robustness.

3.2 Fabrication

Microfluidic devices were designed in AutoCAD 2015 and printed on high precision

photomasks (CAD/Art Services, Inc.). The device in Figure 3-1b with rectangular

channels 30 µm deep was manufactured based on protocols reported previously [12, 1].

Briefly, a 3-inch silicon wafer was spin coated with SU-8 2025 photoresist (MicroChem,

MA) with settings indicated in Table 3.1. RPM2 can be decreased for a shallower

channel depth and increased for more depth.

RPM1 Time1 [sec] Accel1 RPM2 Time2 [sec] Accel2

500 20 1000 1250 60 3000

Table 3.1: Spin coat settings to make 30 µm deep microfluidic channels with SU-8
2025 photoresist.

A spin coated silicon wafer was baked at 65 C for 1 min, 95 C for 4 min, 65 C for 1

min, exposed to UV light for 7 sec and 3 sec consecutively through the mask having a
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design indicated in Figure 3-1b, and baked at 65 C for 1 min, 95 C for 5 min, and 65

C for 1 min. Silicon wafer was rinsed with SU-8 developer, acetone, and isopropanol

and dried on a 150 C for 5 min. The wafer was exposed to a few drops of evaporating

silane (TriMethylChloroSilane) for 15 min to make the surface hydrophobic.

Polydimethylsiloxane (PDMS) base and cross-linker were mixed at 10:1 ratio and

about 30 mL poured into a Petri dish containing a developed silicon wafer. The PDMS

was degassed for at least 30 min, and incubated overnight at 80 C. The PDMS layer

was then peeled-off and inlet-outlet ports were punched with a 1 mm biopsy punch

(Harris Uni Core). The patterned side of PDMS and a glass slide were treated with

oxygen plasma for 50 sec and attached together. The device was baked for 20 min at

80 C to enhance bonding. To render the channels hydrophobic, the device was treated

with Aquapel (Pittsburgh Glass Works Inc., Pittsburgh, PA) following a previously

developed protocol [11].

3.3 Operation

Cell suspension and bead/lysis/monomer solution were placed in 1 mL glass syringes

(BD). Carrier oil (QX200 Droplet Generation Oil for EvaGreen, BioRad) was filtered

with a 0.2 µm filter and placed in a 3 mL plastic syringe (BD). Each phase was

injected into the microfluidic device via polyethylene tubing (0.015” I.D. x 0.043”

O.D.) and needle (a 26G x 1/2). We used 100 µL/hr flow rate for the aqueous inputs

and 500 µL/hr for oil to generate 8 pL droplets at a frequency of approximately 5000

droplets per second based on Equation 3.1:

f =
Qd

Vd
(3.1)

Where Qd is flow rate of the dispersed phase, Vd is droplet volume and f is fre-

quency of droplet generation [4]. Based on our experiments, 100:500 (aqueous:oil)

flow rates minimized droplet size while maintaining monodispersity. A higher Qc/Qd

ratio (where Qc is flow rate of the carrier oil) resulted in polydisperse droplets. A
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very large Qc would result in a jetting stream, while smaller flow rates could be used

to generate larger droplets. Overall, droplet size and dispersity depend on flow rates

and viscosities of the streams and should be optimized for every experiment.

Droplets were collected in a 1.5 mL tube for about 30 min on ice. After collection,

1% TEMED was added to the suspension, pipetted 10-15 times and incubated in

vacuum for 15 min to allow for gelation. Carrier oil (bottom layer) was removed from

the tube. Emulsions were then resuspended in 3x SSC, 0.1 mM EDTA, 0.01% Triton

X-100 (wash buffer) and moved to a 15 mL tube. The tube was filled with the wash

buffer and 300 µL of 1H,1H,2H,2H-Perfluoro-1-octanol (PFO) to break emulsions.

The large buffer volume is required to stop hybridization and prevent secondary

and tertiary structures from forming on the beads. Suspension was vortexed and

centrifuged at 5000 RCF for 2 min. Supernatant (top layer) and PFO (bottom layer)

were taken out. 10 mL of the wash buffer was added, vortexed, and centrifuged at

3000 RCF for 5 min. At this point, cell gels are ready for downstream processing of

DNA, RNA, and protein.

3.4 Encapsulation efficiency

The number of cells or beads inside each droplet can be estimated with the Poisson

distribution [15], in which probability of finding x cells or beads per droplet is given

by Equation 3.2:

P (X = x) =
λxe−λ

x!
(3.2)

Where λ represents mean number of cells (or beads) in the volume of each droplet.

Assuming that encapsulating a cell and a bead are independent events, probability

of co-encapsulating x1 cells and x2 beads in a single droplet is given by Equation 3.3:

P (X1 = x1, X2 = x2) =
λx11 e

−λ1

x1!

λx22 e
−λ2

x2!
(3.3)
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The co-encapsulation efficiency of cells and beads is then,

P (X1 ≥ 1, X2 ≥ 1) = (1 − e−λ1)(1 − e−λ2). (3.4)

With 8 pL droplets and 6x106 cells (or beads) per mL, lambda is approximately 0.048.

The encapsulation efficiency of a cell (or a bead) per droplet is therefore 4.6% and

the co-encapsulation efficiency is 0.22%. Although the efficiency of our experiments

was low, we found that increasing the concentration of cells or beads could clog

microfluidic channels and result in inconsistency among experiments. The current

concentrations are chosen to avoid such errors.
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Chapter 4

Transcriptome Profiling in Cell

Gels

The general approach to capture and sequence mRNAs in cell gels is described in

Chapter 2. Overall, our experiments showed low PCR yields and short sequenc-

ing reads, making it challenging to acquire reliable transcriptome information. This

chapter describes experiments conducted to understand mechanisms that interfered

with library preps and attempts to resolve the problems. Experiments are briefly

summarized in Table 4.1.

4.1 DTT inhibits gelation

Initially, the lysis buffer used in making cell gels contained 300 mM NaCl, 20 mM

DTT, 2 mM EDTA, and 40 mM Tris-HCl pH 7.5, 2% Sarkosyl, 10% monomer-

crosslinker, 1.2% APS. After multiple experiments with and without DTT, we found

that the addition of DTT prevents polymerization. DTT is used to reduce RNase

activity by preventing formation of disulfide bonds in RNAse [5]. However, it can

also reduce the disulfide bridge of a polymer and break apart the matrix of a poly-

acrylamide gel.

Without replacing DTT, we attempted generating cell gels from a K562 cell line

and sequencing them. Although the post-PCR product was promising (Figure 4-1),
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sequencing reads were too short, suggesting that the sequencing primer fell during

ligation. Additionally, repeat experiments to reproduce the same results failed at the

cDNA amplification step.

(a) 13 cycle PCR (b) 16 cycle PCR

Figure 4-1: Post-RT PCR bioAnalyzer analysis of cell gels made without DTT. (a)
13 cycle PCR, average size 1,811 bps. (b) 16 cycle PCR, average size 1,613 bps.

As DTT is essential for inhibiting RNAses, we focused on compensating for its

elimination by using HEPES and guanidinium hydrochloride (GuHCl), as described

below.

4.2 DTT alternative: HEPES

HEPES is commonly used in the storage buffer of RNAse inhibitors. HEPES also

easily forms free radicals and therefore catalyzes the rate of polymerization. Although

HEPES improved PCR yield after RT of beads without gelation (see Figure 4-2, we

found that replacing DTT by HEPES made the lysis buffer gel before we started the

droplet generation process. Therefore, HEPES is not suitable for use in cell gels.

4.3 DTT alternative: GuHCl

We replaced DTT with GuHCl which reduces enzymatic activity of RNAse. To

increase molarity of GuHCl, we replaced the regular lysis/hybridization buffer by 20

mM EDTA, 2% Sarkosyl, 2x SSC, 10% acrylamide monomer and crosslinker, 0.6%

APS, and 1.84 M GuHCl. Adding GuHCl improved amplification yields, as shown in

Figure 4-3.
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(a) (b)

Figure 4-2: Comparison of a Drop-seq experiment with AM Biotechnologies (AM-
Biotech) beads vs. replacing DTT with HEPES (a) Regular Drop-seq, 3000 AM-
Biotech beads, 16 cycle PCR (b) same experiment with HEPES.

(a) (b)

Figure 4-3: Comparison of a regular Drop-seq experiment and lysis buffer replaced
with GuHCl and SSC (a) Regular Drop-seq, 2000 beads, 13 cycle PCR (b) 1.84 M
GuHCl, 2x SSC, 3000 Drop-seq beads, 16 cycle PCR.

4.4 Dissolving gels before amplification

Next, we wanted to investigate whether dissolving the polyacrylamide gel before PCR

would enhance amplification. For these experiments, we used DHEBA as a crosslinker

and found that a 45 min incubation at 42 C in 1x Exo I buffer, 8.3 mM EDTA, and

0.1% Triton X-100 dissolves gels completely. Exo I buffer contains 2-mercaptoeth

which is a strong reducing agent that cleaves disulfide bonds and can dissolve poly-

acrylamide gels. As shown in Figure 4-4, dissolving gels significantly reduces the

amount of amplified DNA. Additionally, in the control condition (undissolved gels),

the average DNA size is shifted left to 742 bps, while in a high-quality library the

average size should be 1,300 - 2,000 bps. These results suggest that we may be

non-specifically amplifying DNA trapped in the gel instead of amplifying cDNAs hy-

bridized to the beads. It is worth noting that in these experiments, we increased
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the molarity of GuHCl to 2.64 M by replacing SSC with GuHCl. These experiments

were performed with custom oligo-conjugated MyOne Carboxylic Acid Dynabeads,

consisting of a truncated TruSeq Universal Adapter, UMI, and oligo(dT) (see Table

4.2 for the sequence). However, these cell gels were reverse transcribed only with a

SMART PCR primer, suggesting that we did not amplify both ends of the cDNAs

and mainly captured genomic DNA.

(a) (b)

Figure 4-4: Effect of dissolving cell gels before amplification on PCR yield: (a) 2.64M
GuHCl, 8000 MyOne beads, not dissolved (b) 2.64M GuHCl, 8000 MyOne beads, cell
gels dissolved in Exo I buffer before PCR.

4.5 Bead variability

In our experiments, we used the regular Drop-seq beads (ChemGenes, MA), smaller

beads with a similar oligo structure (ChemGenes, MA and AM Biotechnologies) as

specified in Table 4.2. The original Drop-seq beads were used as control with the

Drop-seq device, but they were too large in size to be suitable for our 30 µm device.

Instead, we used 15 µm polystyrene beads with the same oligo (AM Biotechnologies).

As shown in Figure 4-5, we found that regular Drop-seq beads have better yields than

AMBiotech beads.

We also experimented with 10 µm beads from ChemGenes which formed large

clumps as they flowed through the microfluidic device and clogged the channels

quickly.
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(a) (b)

Figure 4-5: Comparison of 15 µm AMBiotech beads to regular Drop-seq beads (a)
Regular Drop-seq experiment, 2000 Drop-seq beads, 13 cycle PCR. (b) Regular Drop-
seq experiment, 3000 AMBiotech beads, 16 cycle PCR.

4.6 Effect of acrylamide and APS on RNA degra-

dation and reverse transcription

We performed the following experiments with soluble RNA to understand the effect

of acrylamide and APS on RNA degradation and RT. In one set of experiments, we

incubated RNA with acrylamide and/or APS for 15 min on ice, conducted RT in

bulk, and amplified with qPCR. In a second set of experiments, we combined soluble

RNA with acrylamide and/or APS and the RT mix all at once, reverse transcribed,

and then amplified with qPCR. The concentrations of reagents other than APS were

equal to the final concentrations in cell gels. APS concentration was varied from 0 to

0.6%. As shown in Figure 4-6, acrylamide and APS did not affect RNA degradation.

Acrylamide also did not affect RT significantly. However, qPCR yields were correlated

negatively with APS concentrations, when APS was added to the RT mix.
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Figure 4-6: Analysis of qPCR experiments performed to understand the effect of
acrylamide and APS on RNA degradation and RT. Acrylamide and RT did not affect
qPCR yields when they were incubated with RNA. Acrylamide also did not affect
the yield when it was added to the RT mix. However, RT performed with 0.3% APS
and 0.6% APS reduced yields about 103 and 106 folds respectively.

Section Condition Result

All Regular Drop-seq Control

4.1 20 mM DTT in
lysis/hyb/monomer buffer

DTT inhibits gelation.

4.2 Replacing DTT with HEPES HEPES causes premature
gelation.

4.3 Replacing DTT with 1.84 M
GuHCl

Improves RNA stability
compared to the negative
control, but cDNA amplification
yield is less than Drop-seq.

4.4 Dissolving gels before cDNA
amplification

Significantly reduces PCR yield,
suggesting non-specific
amplification of genomic DNA.

4.5 Capture efficiency of AMBiotech
beads vs. Drop-seq beads

AMBiotech beads have less
capture efficiency.

4.5 ChemGene beads vs. Drop-seq
beads

ChemGene beads are sticky and
clog channels.

Table 4.1: Summary of experiments to improve transcriptome library prep in cell
gels.
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Bead Oligo sequence

Drop-seq 5’-Bead-linker-TTTTTTTAAGCAGTGGTATCAACGCAGAG
TACJJJJJJJJJJJJNNNNNNNNTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTT-3’

AM 5’-Bead-linker-TTTT[dU][dU]AAGCAGTGGTATCAACGCAG
Biotechnologies AGTACJJJJJJTCTTCAGCGTTCCCGAGJJJJJJJNNNNNN

NNTTTTTTTTTTTTTTTTTTTTTTT-3’

ChemGenes 5’-Bead-linker-TTTT[dU][dU]AAGCAGTGGTATCAACGCAG
AGTACJJJJJJTCTTCAGCGTTCCCGAGJJJJJJJNNNNNN
NNTTTTTTTTTTTTTTTTTTTTTTT-3’

MyOne 5’-Bead-linker-TTTTTTTCTACACGACGCTCTTCCGATCN
Dynabeads NNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

-3’

Sera-Mag 5’-Bead-linker-TTTTTTTTTTTTTT-3’
Oligo(dT)-
coated magnetic

beads

Table 4.2: List of beads and their oligo sequences.
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Chapter 5

Protein measurements in cell gels

Polymerization of droplets allows us to capture both intracellular proteins and cell

surface markers by crosslinking them to the polymer matrix of a cell gel via amine-

reactive probes, such as acryloyl-X SE. We found that proteins are stably crosslinked,

can be detected with antibodies, and used for cell sorting.

5.1 Antibody staining procedure

We incubated cell gels in primary antibodies diluted to 1:100 in 1x PBS and 0.1%

Triton X-100 (PBST). Cell gels were washed 3x in PBST and incubated for 1 hr in

a secondary fluorophore conjugated antibody diluted 1:100 in PBST. Cell gels were

washed 3 times in PBST and imaged with a standard epi-fluorescence microscope or

a confocal microscope, depending on the resolution required.

We stained cell gels with Cox IV (mitochondrial transmembrane protein), α-

Tubulin (microtubule protein), Histone H3, and Tom20 (mitochondrial outer mem-

brane protein) rabbit antibodies. Cell gels were also incubated in DAPI diluted 1:1000

in PBS for 5 min and washed 3 times in PBST. Figure 5-1 shows images from some of

these experiments, a proof of concept that cell gels successfully capture intracellular

proteins.

35



5.2 FACS sorting

On of the benefits of cell gels is that it allows sorting cells based on intracellular

markers with a fluorescence activated cell sorter (FACS) even after cell lysis. To

show this capability, we sorted cell gels on DAPI. Figure 5-2 shows a 4.59% population

enrichment, which is very close to the expected encapsulation efficiency of cell gels

(4.6%) based on a Poisson distribution. Additionally, the enriched cell gels, cell gels

that encapsulated a cell and were fluorescent in DAPI emission wavelength, were

collected after sorting as shown in Figure 5-3.

5.3 Expanded cell gels

Expandable cell gels can enable high resolution imaging and better enzymatic reac-

tions. By using poly-acrylate as the gel matrix, we were able to expand cell gels by

4x in volume.

K562 cells were resuspended in 1X PBS at 4C and fixed with cold 4% PFA for 10

min at room temperature. Cells were then washed with 1X PBS and 100 mM glycine

for 5 min to quench fixation and washed twice in 1X PBS, each time for 5 min. Cells

were then permeabalized in 1X PBS and 0.1% Triton X-100 at room temperature

for 15 min, washed with 1X PBS, and resuspended in 1.06X monomer solution, as

reported previously [17]). The lysis/bead solution was replaced with 0.6% APS and

0.2 mg/µL acrylol-X SE, brought up to 500 µL by 1.06X monomer solution. The

final monomer solution per droplet was 1.04X.

Droplets were generated, gelled, and broken as describe in Chapter 2. After

droplet breakage, cell gels were incubated in water 3 times, each time for 1 hour to

allow swelling. Expanded cell gels were then stained with DAPI, Histone H3 and

Histone H4 monoclonal antibodies, and Alexa Flour 647 nm conjugated secondary

antibody. Stained cell gels were imaged with 10X and 40X magnification as shown in

Figure 5-4. Cell gels expanded 4X in volume.
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Figure 5-1: Staining cell gels with antibodies. Images taken on an epi-fluorescence
microscope with 10x magnification, showing the same region of interest in three differ-
ent wavelengths. Cells gels were stained with DAPI, monoclonal anti-α-Tubulin-Cy3,
and monoclonal anti-Tom20-Cy5 conjugated antibodies. (Top) Image taken in 405
nm to detect cell nuclei based on DAPI. (Center) Image taken in 561 nm to detect
α-Tubulin. (Bottom) Image taken in 640 nm to detect Tom20.
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Figure 5-2: Cell gels stained with DAPI and sorted on FACS. The green area consists
of cell gels that encapsulated a cell, showing a population enrichment of 4.59%.

Figure 5-3: Image of a cell gel encapsulating a cell in 405 nm. Cell gels were collected
after sorting on FACS. The population was successfully sorted to cell gels containing
cells and empty cell gels.
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Figure 5-4: Cell gels expanded 4x and stained with intracellular markers. (Top) DAPI
in blue and Histone H3 in magenta (Bottom) DAPI in blue and Histone H4 in red.
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Chapter 6

Discussion

Recent advancements in scRNA-seq methods have enabled the discovery of new or

rare cell types, revealed the mechanisms underlying cell development, and enabled

us to probe the cellular ecosystem of diseases. However, to draw a complete picture

of cellular heterogeneity, single cell protein information is necessary. Multiplexed

transcriptomic and proteomic information will enable us to better understand corre-

lations between mRNA and protein abundance, more precisely predict the target of

therapeutics and analyze the effect of treatments. We present cell gels, a method to

collect multiplexed mRNA and protein information in single cells. This method takes

advantage of droplet barcoding and hydrogel chemistry to capture and barcode both

mRNAs and proteins in thousands of cells.

Cell gels encapsulate live cells with barcoded beads, lysis buffer, monomer, and

crosslinker in aqueous droplets. Polymerization is initiated after droplet collection by

adding TEMED to droplets in bulk. While mRNAs are hybridized to DNA barcoded

beads, proteins are crosslinked to the hydrogel matrix of cell gels. This arrangement

allows us to make RNA libraries, measure proteins with antibodies, sort based on

intracellular markers, expand cell gels, and other potential application.

Our experiments showed that acquisition of transcriptomic information from cell

gels is challenging in several aspects. First, DTT, a common RNAse inhibitor, pre-

vents polymerization by acting as a reducing agent. We tried inhibiting RNAse

activity with HEPES and found that HEPES catalyzes polymerization significantly,
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making it unsuitable for our experiments. We settled on using GuHCl to inhibit

RNAse activity.

Additionally, some of the differences in experimental results come from variability

in different batches of beads. Differences in bead size also affect RNA-seq data, as

smaller beads have a smaller oligo concentration per droplet. Lastly, in an attempt

to understand the mechanisms affecting RNA-seq data quality, we conducted exper-

iments to show that acrylamide and/or APS do not degrade RNA, but APS may

interfere with reverse transcription.

In some of our experiments, we found that dissolving gels before cDNA amplifica-

tion results in a complete loss of material. The average size of amplified cDNA of these

samples without gel dissolution was shorter than expected. These evidences suggest

that we may be capturing DNA in cell gels and amplifying it through nonspecific

binding of SMART primers, rather than amplifying cDNA.

On the proteomic side, we have shown the possibility of capturing intracellular

proteins in cell gels, staining with fluorophore conjugated antibodies, and sorting

based on intracellular markers. We have also successfully expanded cell gels, with an

expansion factor of 4x, and imaged the expanded samples with fluorescent intracel-

lular markers.

To make cell gels a robust method for multiplexed measurements, the yield of

RNA-seq data quality must first be improved. There are several experiments that can

help in doing so. First, we hypothesize that polyacrylamide gels may interfere with

hybridization to DNA barcoded beads or chemically modify the beads. Although the

exact mechanisms of this interference is unknown to us, we suggest generating cell gels

with alternative gels, such as poly(ethylene glycol) acrylate and poly(ethylene glycol)

diacrylate (PEGDA), which gels rapidly in the presence of a photo-initiator and UV

light. PEG gels have previously been used for nucleic acid studies [20] and could

potentially resolve issues we have observed with bead based RNA-seq in acrylamide

gels. Additionally, they eliminate the use of APS.

By hybridizing purified soluble RNA to beads prior to droplet generation and

staining with SYTO RNAselect, a green fluorescent marker that selectively stains
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RNA, we can more simply investigate whether RNA is degraded before reverse tran-

scription. We could also use a strong RNAse inhibitor, such as SuperRase-In, in the

lysis/bead solution to inhibit RNA degradation prior to reverse transcription.

Our current experiments prove the possibility of using cell gels as a method to

detect the intracellular proteins in cells. However, there is more work to be done to

quantify our measurements and enable barcoding proteins to map the barcodes to

their cell of origin, which may be done with cleavable oligo conjugated antibodies.

Although our method requires improvements to enable obtaining transcriptome

information, we have shown the use of cell gels as a platform for obtaining high-

throughput proteomic information in single cells. Cell gels creates an environment

that stably maintains intracellular molecules for months and eliminates the need

for cell fixation. We hope that with further improvements, cell gels develops into

a promising method for capturing multiplexed measurements of transcriptome and

proteome in single cells.
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