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This protocol describes how to perform western blotting on individual cells to measure cell-to-cell variation in protein expression
levels and protein state. Like conventional western blotting, single-cell western blotting (scWB) is particularly useful for protein
targets that lack selective antibodies (e.g., isoforms) and in cases in which background signal from intact cells is confounding.
scWB is performed on a microdevice that comprises an array of microwells molded in a thin layer of a polyacrylamide gel (PAG).
The gel layer functions as both a molecular sieving matrix during PAGE and a blotting scaffold during immunoprobing. scWB
involves five main stages: (i) gravity settling of cells into microwells; (ii) chemical lysis of cells in each microwell; (iii) PAGE

of each single-cell lysate; (iv) exposure of the gel to UV light to blot (immobilize) proteins to the gel matrix; and (v) in-gel
immunoprobing of immobilized proteins. Multiplexing can be achieved by probing with antibody cocktails and using antibody
stripping/reprobing techniques, enabling detection of 10+ proteins in each cell. We also describe microdevice fabrication for
both uniform and pore-gradient microgels. To extend in-gel immunoprobing to gels of small pore size, we describe an optional
gel de-cross-linking protocol for more effective introduction of antibodies into the gel layer. Once the microdevice has been
fabricated, the assay can be completed in 4-6 h by microfluidic novices and it generates high-selectivity, multiplexed data

from single cells. The technique is relevant when direct measurement of proteins in single cells is needed, with applications

spanning the fundamental biosciences to applied biomedicine.

INTRODUCTION

No two cells are the same. Cell-to-cell variation affects biologi-
cal systems, from development! to stem cell biology? to cancer34.
Unfortunately, conventional bulk measurements mask the biol-
ogy occurring in each individual cell>. Single-cell measurement
techniques capture cell-to-cell variation, and microfluidic tools
have a central role in bringing biochemical assays to single-cell
resolution. The small device length scales and precision fluid
control can maintain high local concentrations of single-cell
lysates®. In particular, RNA sequencing and genotyping on ten to
thousands of single cells is possible, owing to microwell arrays and
pneumatic microfluidic valves that control RT-PCRL7-11. These
tools are making contributions such as elucidating genome diver-
sity and identifying mutations that occur during gametogenesis!.
The study of events that occur at low frequency has also benefited>.
Isolation of rare circulating tumor cells with micropillar arrays113
and RNA analysis in those cells offer the prospect of an enhanced
cancer taxonomy for clinical medicine. Nevertheless, even with
large strides in single-cell genomics and transcriptomics, nucleic
acid expression levels do not always correlate with protein expres-
sion levels!41>, which drive cell fate. Consequently, advances in
single-cell proteomic assays will complement advances in nucleic
acid and imaging assays. For a more in-depth treatment of micro-
fluidic single-cell analyses—including signaling dynamics!¢ and
lineage tracing using microscopy!’—we direct the reader to a
recent review of these topics®.

Here we describe a single-cell resolution western blot assay with
enhanced selectivity as compared with immunoassays!8:1%, which
rely on only antibody binding for detection20-23. Performing a
protein sizing (electrophoretic mobility) stage with a subsequent
immunoassay stage can identify protein isoforms and off-target
signals that are not discernible with immunoassays alone. scWB
performs thousands of concurrent single-cell western blots on
one microdevice within a 4-6 h workflow. scWB has been applied
to studies ranging from stem cell differentiation!8 to variations
in cancer cell responses!®.
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Development of the protocol

The scWB protocol presented here builds upon the efforts of our
group to miniaturize western blotting assays for rapid, sensitive and
selective quantitative analysis of protein expression?4. The scWB
assay leverages microfabrication techniques to pattern microwells
that accommodate single cells in a thin PAG18. A key innovation is
UV immobilization (blotting) of resolved proteins in the sieving
gel?>, thus maintaining high local protein concentrations for in-gel
immunoprobing. Furthermore, photopatterning of hundreds to
thousands of 1-mm-long pore-gradient microgels2¢ extends scWB
to analyses of wide molecular mass ranges2’. We have characterized
cell lysis, PAGE and immunoprobing performance of scWB19:28,
and critical insight from our findings is included throughout this
protocol. scWB is designed to be an economical assay compatible
with bench-top equipment commonly found in well-equipped life
science laboratories and is adaptable to the needs of users seeking
to directly assay proteins in single mammalian cells.

Overview of the procedure

The procedure begins with a step-by-step guide to scWB micro-
device fabrication, including surface silanization of standard glass
microscope slides and epoxy-based negative photoresist (SU-8)
mold casting of microwells in a thin PAG layered on the glass
microscope slide. Options are provided to create either a PAGE
gel of uniform pore size, using chemical polymerization with an
SU-8 silicon (Si) mold, or a PAGE gel of gradient pore size, using
a grayscale photopatterning technique with an SU-8 glass mold.
To facilitate in-gel immunoprobing of immobilized proteins with
large antibodies, we also describe an alternative gel formulation
that incorporates an acid-labile cross-linker chemistry?2”.

Once the microdevice has been fabricated, the scWB assay
workflow comprises five stages (Fig. 1): sedimentation of cells,
in-well chemical cell lysis and protein solubilization, PAGE of
each cell lysate, photoactivated protein immobilization and in-gel
immunoprobing.
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Figure 1 | Single-cell western blotting (scWB)

Five-stage scWB assay workflow
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retained at the edge of the PAG microwell. (Stage 3) Optimization of the PAGE performance depends on the molecular mass of targets, sample preparation,
PAGE duration (tseparation), PAG pore size and applied electric field strength. Unlike uniform-pore-size gels, the pore size of a pore-gradient microgel decreases
from large to small along the separation axis. As with all protein assays, exact conditions must be empirically determined for each application.

Sedimentation of cells. Cells are settled into an array of micro-

wells molded in a thin sheet of PAG layered on a microscope
slide. As passive, gravity-based settling seats cells in microwells,
the cell size distribution among a population can result in zero,
one or multiple cells in each microwell!8. Matching the dimen-
sions of the microwell to the suspended cells reduces the likeli-
hood of two cells occupying a single microwell after the wash
cycles (Experimental design section). Using neural stem cells, we
have achieved up to 46% single-cell occupancy!8. The cell occu-
pancy may not be a Poisson distribution because of size exclusion
from the microwells!8. Microwell occupancy can be correlated to
housekeeping protein expression level by scWB!8.

In-well chemical cell lysis and protein solubilization. Application
of the lysis/electrophoresis buffer to the cell-laden microwells
should be rapid to synchronize initiation of cell lysis across the
entire array and so as to minimize diffusive losses of solubilized
protein from the open microwells. Numerical modeling of the
buffer pouring process (convective buffer addition) for a 30-um-
deep microwell reveals a recirculating flow in the top 2/3 of the
microwell, which washes solubilized protein out of the microw-
ells!8. As demarcated by the dashed gray line in Figure 1, this top
region supports a Peclet number >1 (Pe = Lu/D, ratio of convec-
tive to diffusive transport), which suggests that convective flow
dominates diffusion in this region. Here u is the velocity of the
buffer over the microwell, D is the diffusivity of the protein and
L is the microwell diameter. As described in the Experimental
design section, optimization of this step yields sufficiently solubi-
lized proteins while minimizing diffusive losses that can bring the
final protein concentration below the limit of detection (LOD).

PAGE of each single-cell lysate into the gel surrounding each
microwell. By adding a protein separation (PAGE) step before an
immunoassay, the western blot reports distinct physicochemical
properties (i.e., molecular mass, charge-to-mass ratio), as well as
target recognition by antibody probe. Reporting two character-
istics gives the western blot higher selectivity than that afforded
by an immunoassay alone. At the most basic level, the PAGE
separation spatially separates the target from the confounding
background signal.

Photoactivated protein immobilization onto the PAG. Rapid
and efficient protein immobilization is required for suitable scWB
performance. Photoactivated protein immobilization preserves
the protein separation and reduces diffusional losses of protein
from the gel and into the bulk buffer solution after electrophore-
sis. Protein immobilization relies on a UV-initiated hydrogen
abstraction reaction to covalently bind proteins to a photoreactive
N-(3-((4-benzoylphenyl) formamido)propyl) methacrylamide2®
(BPMAC) molecule in the PAG layer. Optimization of benzophe-
none incorporation and photoactivation is necessary, as described
in the Experimental design section below.

In-gel immunoprobing. Immunoprobing of the PAG gel is per-
formed by incubating the gel with solutions of primary antibodies
and then with fluorescently labeled secondary antibodies. After
incubation, the gel is incubated in a wash solution for >30 min to
remove any antibody probes that are not bound to the covalently
immobilized protein peaks!8. At equilibrium, the concentration of
probes in the gel layer is lower than that of probes in the solution
phase, owing primarily to size-based exclusion of the probe from
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TABLE 1 | Benchmarking of single cell-resolution protein assays.

Multiplexing Throughput Integration with
Assay (targets per cell) (number of cells) Selectivity other assays
scWB ~11 targets (through chemical Thousands Immunoaffinity and FACS sorting!8 and
stripping and reprobing) protein sizing phenotypic imaging??
Immunofluorescence  Five (conventional filter sets38; 100 to thousands Immunoaffinity alone  Nucleic acid measurement4>

Mass cytometry

Barcode of immobi-
lized antibodies

Proximity ligation
assay

Flow cytometry

61 with quenching39)

~37 (protein targets, as well
as nucleic acid targetst7)

11 cytoplasmic or membrane
proteins36; 42 secreted proteins40

~22 protein targets4!

~17 targets3?

1,000 cells/s34

120 cells/device36

Approximately
hundreds#4?

10,000 minimum;
~20,000/s for FACS

Immunoaffinity alone

Immunoaffinity alone

Immunoaffinity alone

Immunoaffinity alone

Nucleic acid measurement6®

Nucleic acid48 and
metabolomics measurement49

Nucleic acid measurement#1.44,69
and flow cytometry?0

Cell sizing”? and nucleic
acid measurement’2

the gel. We have measured an in-gel probe concentration of <20%
of the solution concentration (i.e., [Abgj] = Kpariition[ADsolution]>
where [Aby] is the in-gel concentration of the antibody probe,
[Abgyjution] 18 the solution concentration of the antibody probe and
Kpartition 18 the partition coefficient). We have estimated K, ition
as 0.17 for antibody probing in an 8%T, 2.6%C PAG (where %T is
the total amount of acrylamide and %C is the ratio of cross-linker
mass to total monomer mass in the gel)18. As described in current
limitations of scWB, partitioning of antibodies can have an impact
on assay sensitivity, and this exclusion effect reduces the range of
gel densities/pore sizes suitable for PAGE?3.

Comparison with existing single-cell protein assays

Workhorse single-cell protein assays include immunocytochem-
istry (ICC), flow cytometry, mass cytometry, proximity ligation
assays and antibody barcode assays (Table 1)39-37. Such techniques
report protein expression in single cells with target multiplexing
(~10 protein targets) and high throughput (thousands of single
cells) to enhance understanding of key cancer signaling pathways
and other biological systems36:37. Selection of the optimal single-
cell proteomic tool is dependent on the question and sample type
of interest. Spectral constraints of first-generation immunofluo-
rescence (IF), flow cytometry and immobilized antibody barcode
assays limited multiplexing to ~4-5 distinct fluorescent labels38.
In subsequent generations, multiplexing has been expanded
by including chemical quenching in IF (61 targets3) and by
performing barcoding using spatially separated, immobilized
antibodies (11 cytoplasmic and membrane protein targets3® and
42 secretomic targets??). Furthermore, multiplexing has ben-
efited from optimized fluorescence detection in flow cytometry
(17 targets32) and microfluidic fluid handling in proximity liga-
tion assays (22 targets!). Although flow cytometry33 and mass
cytometry34 have throughputs of thousands of cells per second,
substantial cell losses make measuring small starting populations
(<1,000 cells) and rare cells difficult34.

Multiomics approaches for the study of interacting molecular
components also benefit from single cell-resolution protein assays
(Table 1)42:43. Both proximity ligation assays and ICC simultane-
ously detect protein and nucleic acid targets#1:44:4>. Mass cytometry
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simultaneously measures protein and cellular parameters such
as live/dead?® assays and cell cycle?’. Finally, antibody barcode
chips integrate genomics, metabolomics and targeted proteomic
measurements for single cells#8:49.

Although powerful, existing single-cell assays for endogenous,
unlabeled proteins rely solely on simple immunoassays (detection
based on recognition of a target protein by antibody probes, Table 1).
Immunoassays perform well only when a highly specific anti-
body probe for the protein target is available. When an antibody
probe recognizes off-target proteins (nonspecific background
binding), false signal and false localization can result?!. In fact,
recent studies suggest that nonspecific binding partially underpins
irreproducible results (e.g., in 47 of 53 seminal findings in cancer
biology?2?). Furthermore, up to 25% of epigenetic marker anti-
bodies bind nonspecifically?2, thus hindering accurate quantifica-
tion of target proteins. Consequently, advances in high-selectivity
protein assays are important either for targets that lack a specific
antibody (e.g., myriad protein isoforms?3) or when background
(or an unexpected signal) confounds interpretation.

Advantages and applications of scWB
Adaptability is a hallmark of scWB. By optimizing device and
assay parameters, scWB can accommodate a wide range of pro-
tein targets, as well as a range of cell lines and dissociated single
cells from primary cell samples (Experimental design section).
To adapt the target selectivity of scWB, PAGs of uniform pore
size are suitable for protein targets spanning 44 to 270 kDal8. In
a study of differentiation of neural stem cells, scWB performed
using a uniform PAG identified off-target antibody binding of a
phosphorylated ERK antibody (off-target: 100 kDa; ERK: 44 kDa)
and a putative isoform of nestin (nestinB: 270 kDa; nesting:
114 kDa). The two targets are indistinguishable using ICC'S.
PAGs of gradient pore size are more suitable for protein targets
that span a wide molecular mass range and include neighboring
targets of similar mass27-°0. To investigate HER2-related signal-
ing in breast cancer cells, we used a gradient PAG with scWB for
targets spanning more than an order of magnitude in molecular
mass (four targets from 25 to 289 kDa)27. To mitigate nonuniform
in-gel immunoprobing observed in gradient gels, we developed
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a gel de-cross-linking technique (Fig. 1)27. The de-cross-linked gel
improves in-gel immunoprobing of small-molecular-mass pro-
teins located in PAG regions with small pore sizes (ANTICIPATED
RESULTY).

The scWB assay can be adapted to measure multiple protein
targets as one assay or as a component of a larger analytical work-
flow (i.e., concatenated to whole-cell imaging or fluorescence-
activated cell sorting (FACS)). Nine reprobing rounds allow one
scWB assay to report tens of protein targets from each single cell!s.
After the PAGE separation stage, proteins are covalently bound
to the benzophenone-containing PAG via UV-activated protein
immobilization (Experimental design section). The robust cova-
lent linkage facilitates serial chemical stripping and reprobing
rounds for each gel, as well as long-term storage (~7 months)
of the gell®. Taken together, these two attributes make iterative
biological hypothesis testing on the same cell population possible,
unlike one-shot single-cell protein measurements such as flow
cytometry and mass cytometry.

The open design of the scWB device allows the assay to be
appended to FACS and phenotypic imaging (Table 1). In one
example, interfacing of scWB with a FACS nozzle allowed us to
assay a subpopulation of 200 FACS-sorted cells!8. In another
example, intact human glioblastoma cells (U373 MG) were dosed
with a chemotherapeutic (daunomycin) and monitored with
whole-cell phenotypic imaging before scWB analysis of signal-
ing proteins!®. Apoptotic cells were identified via measurements
of annexin V by fluorescence imaging and cleaved caspase-8 by
scWB19. The two data sets—representing a phenotypic intact cell
assay and an intracellular signaling assay—with P-glycoprotein
quantification stratified cells into normal and drug-resistant sub-
populations!®. Correlation of intact cell phenotype with targeted
proteomics signaling data could provide a more sophisticated
taxonomy for describing rare cell responses in inherently hetero-
geneous populations, such as those found in tumors.

Current limitations of scWB

As with any protein assay—including conventional slab-gel west-
ern blots—the suitability of scWB is dictated by characteristics
of the biological sample and protein targets. With that context in
mind, here we restrict our discussion to limitations in through-
put, analytical sensitivity and in-gel immunoprobing (the latter
being specific to gradient microgels).

Although it is capable of handling small starting cell populations,
the maximum throughput of scWB is ~103 cells per microdevice
(Table 1). The throughput maximum is set by a trade-off between
the total surface area of a standard microscope slide (75 X 25 mm)
and the surface area needed for each single-cell assay (0.4 x 1 mm).
Standard microscope slides are compatible with commercial
microarray scanners. Although separation distances can be reduced
below 1 mm, the peak capacity will concomitantly reduce.

Given a lower LOD of ~27,000 protein copies per cell!8, scWB
detects the top 50% of proteins (most abundant) in the mamma-
lian proteome!851. The LOD of scWB is on par with that of con-
ventional flow cytometry (Table 1). The estimated LOD is set by the
detection modality (fluorescence microarray scanner, fluorophore-
labeled secondary antibodies); nonspecific background signal;
and diffusive protein loss during lysis and PAGE. To detect low-
abundance proteins, inclusion of detection chemistries with high-
performance sensitivity, reduction of nonspecific background
signal and minimization of diffusive losses are a good starting point.

PROTOCOL |

The use of in-gel immunoprobing presents unique constraints
on the scWB assay. Analytical sensitivity and quantification are
both affected by the local, in-gel antibody probe concentration.
Of primary concern is size-exclusion-based thermodynamic par-
titioning>2>3, which lowers the local in-gel antibody concentra-
tion relative to the free solution concentration!8. The degree of
partitioning of macromolecules into porous hydrogels decreases
exponentially with the polymer volume fraction®2. Depending on
the pore size of the gel and antibody binding affinity, partitioning
can lower the immunoprobed protein signal below the LOD?27:28,
In scWB, the GFP immunoprobing signal decreased by >10x when
gel pore size was decreased from an 8%T PAG to a 12%T PAG?7.

Although the dependence of immunoprobing efficacy on
local gel properties is important when designing a uniform-
pore-size scWB assay, the in-gel immunoprobing limitation
becomes critical when using a gradient in PAG pore size along
the PAGE separation axis?’. To mitigate nonuniform in-gel
immunoprobing behavior in this latter case, we developed an
acid-labile ketal cross-linker to toggle the gel of nonuniform pore
size to a gel of more uniform pore size to reduce the spatial bias
of immunoprobing (Fig. 1)27 (see PROCEDURE, Steps 51-55).
As an important caveat, de-cross-linking is not recommended
for immunoprobing in gels of uniform pore size. As has been
reported by others®* and also observed by us, de-cross-linking
of surface-constrained hydrogels of uniform pore size leads to
swelling and PAG surface nonuniformities, which, in turn, lead
to a nonuniform antibody background that confounds scWB
signal interpretation. We have not observed gel deformation
after de-cross-linking when applied to gradient microgels.

Experimental design

Optimizing single-cell isolation and settling. Maximizing the
number of microwells with single-cell occupancies depends on
the physical characteristics of both the cells and the microwells.
We recommend that the diameter and depth of the microwells be
1.2-1.5 times larger than the approximate diameter of the cells in
suspension, giving an aspect ratio of ~4:3 (depth:diameter; Fig. 1).
Deeper microwells can hold more than one cell, and shallow
microwells result in cells being dislodged during the PBS
washing steps, a prime mechanism of cell loss (see PROCEDURE,
Step 37). The microwell diameter is controlled by the photomask
features, whereas the depth of the microwells is controlled by the
height of the SU-8 micropillar. We follow standard photolithog-
raphy methods for SU-8 mold fabrication!8. An example mask
design file is provided to assist users who do not have computer-
aided design experience (Supplementary Fig. 1; Supplementary
Data 1). Alternatively, the SU-8 mold can be purchased from
fabrication foundries. We have provided details for SU-8 mold
fabrication on a glass wafer in the PROCEDURE, Steps 1-15.

Optimization of in situ chemical lysis of cells seated in micro-
wells. To minimize fluid handling in the time-sensitive scWB
workflow, we use a dual-function buffer that is suitable for both
cell lysis and protein PAGE. The dual-function buffer satis-
fies the requirements for whole-cell lysis (i.e., ionic detergents,
high temperature) and electrophoresis (i.e., low conductivity,
alkaline pH). The lysis/electrophoresis buffer includes detergents
to disrupt the cell membrane (i.e., SDS, sodium deoxycholate and
Triton X-100 buffered with Tris-glycine at pH 8.3)!8. Reducing
agents are omitted, as most intracellular proteins do not contain
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disulfide bonds>>. For some protein targets (e.g., DNA-binding
proteins), increasing the SDS concentration to 1% or adding
urea can improve protein solubilization. A performance trade-
off exists: high SDS concentrations (>2%) may solubilize proteins
effectively, yet increase the buffer conductivity, which reduces
separation performance, owing to Joule heating of the fluid and
enhanced protein diffusivity.

We have experimentally measured diffusion of EGFP into the
convective region and out of the microwell and found a loss of
40.2 £ 3.6% protein during the lysis step (at 4 °C lysis)1819. To
synchronize cell lysis across the microwell array, the lysis buffer
should be poured rapidly (15-20 ml/s) over the array from a
height of ~10 cm. Although protein loss increases approximately
ninefold with higher temperature (50 °C lysis), separation per-
formance is improved. For example, B-Tubulin (BTub; 50 kDa)
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 35
kDa) are unresolvable in a 10%T gel with 4 °C lysis, but they
are nearly baseline-resolved with 50 °C lysis (ANTICIPATED
RESULTS) . Diffusion of solubilized protein from the microwell
during lysis is reduced by using a glass 1id!°. Real-time imaging
of membrane solubilization aids in the selection of lysis condi-
tions when using a new cell line or protein target!® (Fig. 2). Thus,
real-time imaging of cell lysis coupled with diffusion time-scale
estimates yields a starting point for optimization. The goal of
optimization is to time the lysis step to balance solubilizing and/or
denaturing proteins (as is needed for high-performance separa-
tions) while retaining protein within each microwell (as is needed
for high-performance detection sensitivity).

Optimization of protein separation by PAGE. To optimize PAGE
separation performance, we tune the pore size of the molecular
sieving PAG, the PAGE separation axis length and the applied
electric potential. A uniform-pore-size gel is suitable when a small
number of targets with sufficiently different molecular masses are
of interest. A large-pore-size gel effectively sieves large proteins,
whereas a small-pore-size gel separates smaller species (Fig. 3).
When adjusting parameters during single-cell PAGE development,

Bright field GFP

Time (s)
0 © .
5 ®
Cell membrane 10 e
lysis and
protein

solubilization 15 .
20 4

25

Figure 2 | Real-time imaging of in-well chemical lysis of GFP-expressing
U373 glioblastoma cells (U373-GFP). Bright-field and fluorescence imaging
of U373-GFP cells show that the GFP protein started to fill the microwell at
15 s, indicating the optimum lysis time (15-25 s) required to lyse the cell
membrane and solubilize proteins while reducing diffusive loss of proteins
from the protein-permeable microwell28. The [, represents separation axis.
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Figure 3 | Selection of suitable PAGE separation conditions. The large-
pore-size, uniform PAG can resolve protein pairs having a large molecular
mass difference (4%T for proteins >100 kDa; 8%T for proteins ranging

from 50 to 300 kDa) within a 1 mm separation lane ([,). The small-pore-size
uniform gel can resolve small-molecular-mass protein pairs (10%T for
proteins ranging from 50 to 100 kDa; 12%T for proteins ranging from 20 to
50 kDa). The separation resolution (R;) is determined by the distances
between protein peaks (Ax) and protein band width (40).

we quantify the degree to which two neighboring proteins are
separated by the nondimensional ‘separation resolution’ (R;):

Ry = Ax

S
—(407 +40;)
2

where Ax is the peak-to-peak displacement and the peak width is
40 (0, standard deviation of a Gaussian fit to a protein peak; Figs.
1and 3). When R, >1.5, two targets are baseline-resolved and thus
detectable. Increasing the separation axis length (I, in Fig. 3) for a
fixed gel and applied potential increases the peak-to-peak displace-
ment between two targets, Ax, by extending the PAGE duration. If
the separation axis length is increased, two corollary considera-
tions arise. First, increasing the length of the PAGE separation axis
decreases the pitch of the microwell array and, in turn, decreases
the number of microwells (and cells assayed) for a fixed device

a Grayscale mask

18 mm,
18 Periods

Slide length
Low UV transmission
I

High UV transmission
amsmmans

Kysuep |96
pouad wuw-|

>

Mask  Gel

Figure 4 | One-step grayscale photopatterning of a scWB device creates
1-mm-long pore-gradient microgels, with each large-to-small-pore-size
gel aligned to a microwell. (a) The pore-size gradient is modulated by
attenuating the UV dose for gel photopolymerization through a grayscale
chrome mask (shown left, in grayscale). Thousands of pore-gradient
microgel regions cover the microscope slide (shown right, in red).

(b) By aligning a micropillar array on a glass SU-8 mold to the grayscale
chrome mask, one can fabricate microwells in line with the periodic
pore-gradient microgel array. In scWB, the proteins separate along the
separation axis () with a large-to-small-pore-size gradient.
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TABLE 2 | Performance and fabrication limitations of various scWB gel formulations.

Separation performance

Probing Susceptibility
Proteins with Proteins with In-gel in dense Fabrication to gel damage
Sieving matrix small mass range large mass range immunoprobing  PAGs > 12%T difficulty with handling
Uniform Suited Less suited Uniform No Easier Low
Pore-gradient Less suited Suited Nonuniform No More difficult Medium
Pore-gradient with Less suited Suited Uniform Yes More difficult High

de-cross-linking

footprint (i.e., standard microscope slide). In a uniform-pore-
size gel having a 1-mm separation length, we have resolved molec-
ular mass differences of 33% (ref. 19). Second, long-duration
PAGE assays can lead to buffer temperature increases (via Joule
heating), and thus can exacerbate diffusive protein losses during
PAGE—protein losses adversely affect the LOD of scWB.

A pore-gradient microgel is suitable for a complex mixture
of targets, some of which differ only slightly in electrophoretic
mobility (because of similar molecular masses)?7. Importantly,
a pore-gradient microgel presents a spectrum of sieving condi-
tions and can locally increase Ax even for a heterogeneous sample
with a large molecular mass range (Fig. 3). Conventional slab-gel
pore-gradient gels are fabricated by spatially patterning different
polymer precursor solutions®6->7. In the scWB microdevice, we
fabricate pore-gradient gels by spatially varying the polymeriza-
tion kinetics of a single polymer precursor solution?’. Grayscale
photolithography is one approach to locally controlling polym-
erization kinetics, across a large area.

In a one-step process, we use an SU-8 glass mold and grayscale
photopolymerization technique to create thousands of ~1-mm-
long pore-gradient microgels on a microscope slide, with each sep-
aration lane precisely aligned with a microwell (Fig.4). Grayscale
photopatterning uses a component stack consisting of a UV light
source, a UV filter, a glass plate, a chrome mask with a pattern of
nonuniform opacity, an SU-8 glass mold for microwell casting, a
layer of gel precursor solution and a silanized glass microscope
slide (PROCEDURE). Fundamentally, the photopolymerization
kinetics and final gel pore size are sensitive to the UV dose at the
gel precursor solution; thus, to ensure device-to-device reproduc-
ibility, we recommend using a fixed-thickness component stack,
and carefully measuring and documenting the UV dose (through
the glass plate and SU-8 glass mold) for each fabrication condi-
tion. A wide range of pore-gradient microgel profiles are possible,
with the note that gels of exceptionally large pore size (<4%T) at
the head of the separation axis can compromise the structural
integrity of the microwell. Thus, the local PAG pore size can be
modulated through acrylamide monomer and cross-linker precur-
sor concentrations; grayscale chrome mask opacity and patterning;
and starting UV dose. Important fabrication considerations and
limitations of uniform, pore-gradient and pore-gradient de-cross-
linking gels are detailed in Table 2. The special cross-linker, N,N-
((1-methylethylidene)bis(oxy-2,1-ethanediyl))diacrylamide
(abbreviated as diacrylamide ketal, DK) used in the de-cross-linking
gel was synthesized in a one-step reaction, and the procedure is
described in the Supplementary Note (ref. 27).

An R value exceeding 1.0 makes objective identification of pro-
tein peaks feasible. One way to increase Ax between neighboring

peaks—and thus to increase R—is by increasing the strength of
the applied electric field, E. The electric field for a one-dimensional
conductor with homogeneous electrical conductivity and per-
mittivity is E = ¢ /L, where ¢ is the voltage applied across the
conductor and L is the length of the conductor. Thus, E can be
increased by either increasing the applied voltage ¢ or reducing
the distance L between the electrodes. The primary limitation in
increasing E is Joule heating, which is resistive heating generated
in the conductive buffer medium. Joule heating reduces separa-
tion performance through temperature-mediated increases in
analyte diffusivity>8-9. The heat flux (Q) generated during PAGE
for an electrophoresis chamber with a uniform cross section is
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Figure 5 | Optimization of PAGE separation performance depends on the
scWB device geometry and electrical interfacing. (a) Photograph and
schematic of the PAG slide. Increasing the length of the separation axis
(L) increases the PAGE separation resolution. The y-axis pitch (4,) should
be sufficient to minimize diffusive peak overlap from an adjacent lane.

We recommend [, = 400 um as a good starting value. Rendering of the
electrophoresis chamber with (b) isometric and (c) x-z plane section
views. Decreasing the height (H) of the buffer and the spacing (L) between
electrodes applies higher electric fields to the scWB.
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Box 1 | scWB training using a purified protein solution ® TIMING 40 min

Several key steps of the scWB assay (lysis, PAGE and UV immobilization) are completed in rapid succession (within 2 min). We suggest
that users familiarize themselves with handling the system using a solution of fluorophore-labeled purified proteins before using
a cell suspension. Using epifluorescence microscopy, the process of PAGE can be visualized in real time to improve implementation.
In addition, practicing with a solution of purified proteins with molecular masses corresponding to the final protein will allow the user
to rapidly optimize protein PAGE conditions (time, electric field and PAG pore size). We have used Alexa Fluor-488-labeled purified
trypsin inhibitor and Alexa Fluor-555-labeled purified BSA in 7-10%T PAGZ9.

To perform scWB PAGE with purified proteins, follow Step 27 of the PROCEDURE for PAG slide fabrication and then proceed to

Steps 34-50 with the following modifications:

e Disregard the cell settling (Steps 28-33) and directly incubate a solution of 1 uM purified protein (in PBS) on the PAG layer for
30 min, using the process described in Steps 56-61. The protein solution will preferentially partition into the microwells both

before and during the PAGE steps.

e Perform PAGE ~2-5 s immediately after introducing the cold lysis/electrophoresis buffer.
e After protein immobilization, wash the PAG slide in TBST for 30 min (Steps 47-50). The PAG slide should be dried and imaged using a
microarray scanner or other fluorescence imaging modality (see Step 70: scWB PAG slide imaging, for the selection of an imaging system).

where o is the conductivity of the buffer and H is the height of
the buffer in the electrophoresis chamber®0 (Fig. 5). To maximize
E while minimizing Joule heating, the conductivity 6. and height
H of the lysis/electrophoresis buffer should be minimized. Ideally,
use the minimum lysis/electrophoresis buffer volume required to
fully cover the PAG slide and complete the electrical circuit. We
typically use a buffer height of ~0.5 cm, an applied electric poten-
tial of 200V and an electrode spacing of 5 cm (see Supplementary
Fig. 2 and Supplementary Data 2 for the design of the electro-
phoresis chamber).

Optimization of photoactivated protein immobilization in
the PAG layer. We suggest adding the BPMAC at a 3-mM final
concentration to the PAG precursor solution and matching
the illumination source to the BPMAC absorbance peak at
350-360 nm. Equilibration of the photocapture reaction requires
~45 s in the scWB PAG matrix using UV exposures of ~40 mW
cm~2 (~1.8 ] cm~2)24. A lower UV dose may require longer pho-
tocapture equilibration times, thus increasing protein loss from
the gel. Notably, photocapture efficiency (fraction of analyte
covalently bound to the PAG matrix) is affected by pH, protein
state and molecular mass?42>. Higher photocapture is observed

for proteins at basic pH?23, for proteins treated with SDS and for
proteins of larger molecular mass (97.5 £ 0.7% for a 116-kDa
protein versus 75.2 £ 0.8% for a 21-kDa protein)24.

Recommended positive and negative controls for scWB. Before
embarking on a full-scale experiment, we recommend that users
familiarize themselves with the whole apparatus by performing
electrophoretic separations of purified proteins, as described in
Box 1. Furthermore, to validate cell lysis and protein PAGE (i.e.,
the power supply is functional, the electrophoresis buffer formula-
tion is correct and the gel fabrication is successful), we recommend
running a positive control using a GFP-expressing cell line that
is closely related to the cell type of interest and imaging the lysis
and PAGE process, as shown in Figure 2. When performing the
full scWB assay, probing for housekeeping proteins (e.g., 3Tub and
GAPDH) is a critical positive control that demonstrates cell lysis,
protein PAGE, protein immobilization and subsequent immu-
noprobing functioned properly. In addition, to confirm putative
protein peaks, ensure that R is > 0.7 for the Gaussian fit and signal-
to-noise ratio (SNR) is > 3, as described in the PROCEDURE. If
available, cell lines that do and do not express a target of interest
can be used as a positive and negative control, respectively.

MATERIALS

REAGENTS

+ Applicable cell line: the human U373 glioblastoma cell line (U373 MG)
and U373-GFP cell line are used in this protocol. The U373-GFP cell line
is comprised of U373 MG cells stably transduced with GFP by lentiviral
infection (multiplicity of infection = 10). Both U373 MG and U373-GFP
cell lines were kindly provided by S. Kumar’s laboratory!?. In this protocol,
we show both successful and failed scWB experiments performed using
U373 MG cells (ANTICIPATED RESULTS). We have also demonstrated
that scWB can be successfully applied in other mouse (i.e., mouse neural
stem cell!8) and human cell lines (i.e., breast cancer cell SKBR3 (ref. 27),
as well as clinical human breast cancer samples?? ¥ CAUTION The ‘U373’
human glioblastoma cell line used in this study is not the original U373 but
a misidentified U251 human glioblastoma cell line. The ‘U373’ is genetically
nondistinct from the U251 based on the criteria of the American Type
Culture Collection (ATCC), the International Cell Line Authentication
Committee and other references®-62. We used the GFP protein in
U373-GFP cells for system characterization only, without any biological
interpretation (i.e., real-time in-well lysis (Fig. 2) and comparison of
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uniform and pore-gradient scWB (ANTICIPATED RESULTS))
! CAUTION Cell lines should be regularly checked to ensure that the
cells are neither misidentified nor infected with mycoplasma.

+ 3-(Trimethoxysilyl) propyl methacrylate (98%, Sigma-Aldrich,
cat. no. 440159) ¥ CAUTION 3-(Trimethoxysilyl) propyl methacrylate is
combustible. Handle it with gloves in a chemical fume hood.

+ Acetic acid (ACS grade, 299.7%, Sigma-Aldrich, cat. no. 695092)
! CAUTION Acetic acid is highly flammable, and it may cause severe
skin burns and eye damage. Avoid contact with skin, eyes and clothing,
and handle it with gloves in a chemical fume hood.

* Methanol (ACS grade, 299.7%; Sigma-Aldrich, cat. no. 179337)
! CAUTION Methanol is highly flammable and is toxic on inhalation,
on contact with skin and if swallowed. Avoid contact with skin, eyes and
clothing, and handle it with gloves in a chemical fume hood.

« Tetramethylethylenediamine (TEMED; Sigma-Aldrich, cat. no. T9281)
! CAUTION TEMED is highly flammable, is corrosive and is toxic on
inhalation, on contact with skin and if swallowed. Avoid contact with skin,
eyes and clothing, and handle it with gloves in a chemical fume hood.
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+ Ammonium persulfate (APS; Sigma-Aldrich, cat. no. A3678)

* B-Mercaptoethanol (Sigma-Aldrich, cat. no. M3148)

! CAUTION B-Mercaptoethanol is toxic on inhalation, on contact with
skin and if swallowed, and it is hazardous to the aquatic environment.
Avoid contact with skin, eyes and clothing, and handle it with gloves in a
chemical fume hood.

* 2,2-Azobis(2-methyl-N-(2-hydroxyethyl) propionamide) (VA-086;

Wako Chemical)

+ N,N-((1-methylethylidene)bis(oxy-2,1-ethanediyl))diacrylamide (DK) was
synthesized in-house?’.

+ Acrylamide/bis-acrylamide, 30% (wt/wt) solution (BioReagent, suitable for
electrophoresis, 37.5:1; Sigma-Aldrich, cat. no. A3699) ! CAUTION This
material is highly toxic, carcinogenic and teratogenic. Avoid direct contact, and
review and understand all Material Safety Data Sheet (MSDS) information.

+ Acrylamide/bis-acrylamide, 40% (wt/wt) solution (BioReagent, suitable for
electrophoresis, 29:1; Sigma-Aldrich, cat. no. A7802) ! CAUTION This
material is highly toxic, carcinogenic and teratogenic. Avoid direct contact,
and review and understand all MSDS information.

+ Acrylamide, 40% (wt/wt) solution (for electrophoresis; Sigma-Aldrich,
cat. no. A4058) ¥ CAUTION This material is highly toxic, carcinogenic and
teratogenic. Avoid direct contact, and review and understand all MSDS
information.

* Triton X-100 (Fisher Scientific, cat. no. BP-151)

+ SDS (BioReagent, suitable for electrophoresis, for molecular biology,
298.5% (wt/vol); Sigma-Aldrich, cat. no. L3771) ¥ CAUTION SDS is a
flammable solid and is harmful if swallowed or inhaled. Avoid contact
with skin and eyes, and handle it with gloves.

+ Sodium deoxycholate (297% (wt/vol), Sigma-Aldrich, cat. no. D6750)

! CAUTION Sodium deoxycholate is harmful if swallowed or if inhaled.
Avoid contact with skin and eyes, and handle it with gloves.

+ 0.5 M Tris-HCI, pH 6.8 (Teknova, cat. no. T1568)

+ 1.5 M Tris-HCI, pH 8.8 (Teknova, cat. no. T1588)

+ Premixed 25x Tris-glycine transfer buffer (Novex, cat. no. LC3675)

* 10x Tris-CAPS Anode Buffer (Boston BioProducts, cat. no. BP-192)

* Premixed 10x Tris-glycine electrophoresis buffer (25 mM Tris,
pH 8.3, 192 mM glycine; Bio-Rad, cat. no. 161-0734)

* Deionized water (ddH,0, 18.2 MQ, obtained using an ultrapure water
system from, e.g., Millipore)

* BPMAC, N-(3-((3-benzoylphenyl)formamido)propyl) methacrylamide
can be custom-synthesized by PharmAgra Labs (cat. no. PAL0603)19:27:28 or a
positional isomer (para-form, N-(3-((4-benzoylphenyl)formamido)propyl)
methacrylamide) of the BPMAC was synthesized in-house!8:24,

« Tris-buffered saline with Tween 20 (20x TBST, Santa Cruz Biotechnology,
cat. no. sc-281695)

+ PBS, pH 7.4 (Gibco, cat. no. 10010-023)

+ BSA (heat-shock fraction, protease free, fatty acid free, essentially globulin
free, pH 7, 298% (wt/vol); Sigma-Aldrich, cat. no. A7030)

+ Petroleum jelly (Cumberland Swan Petroleum Jelly, cat. no. 18-999-1829)

* Gel Slick solution (Lonza, cat. no. 50640)

* Photoresist SU-8 2025 (MicroChem, cat. no. Y111069) ¥ CAUTION SU-8
2025 is flammable, and it may cause severe skin and eye irritation.

Avoid contact with skin, eyes and clothing, and handle it with gloves
in a chemical fume hood.

+ SU-8 developer (MicroChem, cat. no. Y020100) ! CAUTION SU-8 developer
is toxic, combustible and flammable, and it may cause severe skin and
eye irritation. Avoid contact with skin, eyes and clothing, and handle
it with gloves in a chemical fume hood.

* 75% (wt/vol) titanium diisopropoxide bis(acetylacetonate) in isopropanol
(Sigma-Aldrich, cat. no. 325252) ¥ CAUTION Titanium acetylacetonate is
flammable and has acute toxicity (oral, dermal, inhalation). Avoid contact with
skin, eyes and clothing, and handle it with gloves in a chemical fume hood.

« Isopropyl alcohol (Sigma-Aldrich, cat. no. W292907) ¥ CAUTION Isopropyl
alcohol is flammable, and it may cause skin and eye irritation. Avoid contact

with skin, eyes and clothing, and handle it with gloves in a chemical fume hood.

+ Acetone (Sigma-Aldrich, cat. no. 320110) ¥ CAUTION Acetone is flammable,
and it may cause skin and eye irritation. Avoid contact with skin, eyes and
clothing, and handle it with gloves in a chemical fume hood.

*36.5-38% (wt/wt%) Hydrochloric acid (HCl; Fisher Scientific,
cat. no. A144) T CAUTION Concentrated HCl is a strong acid, and it causes
burns by all exposure routes. Use it only under a chemical fume hood with
proper personal protective equipment.

« Appropriate antibodies.
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EQUIPMENT

« Standard cell culture equipment, including laminar flow hood (e.g.,
SterilGARD I1I; The Baker Company, cat. no. SG-603), humidified tissue
culture incubators at 37 °C and 5% CO, (e.g., Heracell 150i; Thermo Fisher
Scientific), water bath at 37 °C (e.g., Isotemp; Thermo Fisher Scientific),
refrigerator (e.g., Sanyo Labcool) and freezer (e.g., StableTemp;
Cole-Parmer) to grow cells

« Standard cell culture disposables, including sterile tissue culture
flasks (e.g., BioLite 75-cm? flask; Thermo Fisher Scientific) and sterile
serological pipettes (e.g., 5-ml serological pipettes; Falcon, cat. no. 356543)
to grow cells

* 10-cm or 15-cm Petri dishes (VWR, cat. no. 25384-342)

« Bath sonicator (Bransonic 220; Branson Ultrasonics)

+ Vacuum line and nitrogen gas line

+ Centrifuge (Thermo Scientific, Sorvall ST 8 Small Benchtop Centrifuge,
cat. no. 75007200)

+ Centrifuge tubes, 15 ml (Thermo Scientific Nunc, 15 ml conical sterile
polypropylene centrifuge tubes, cat. no. 339651)

+ SU-8 Si mold for uniform gel and glass mold for pore-gradient microgel
(see Supplementary Fig. 1 for 1:1 scaled mask design and Supplementary
Data 1 for original .dxf file). The SU-8 glass mold fabrication details have
been described previously?” and are detailed in the PROCEDURE. The
mold is precoated with GelSlick before use to increase the hydrophobicity.

+ Gel electrophoresis chamber (see Supplementary Fig. 2 for 1:1 scaled
electrophoresis chamber design and Supplementary Data 2 for original .stl
file). The scWB electrophoresis chamber can be fabricated out of acryloni-
trile butadiene styrene with a fused deposition molding three-dimensional
printer (e.g., MakerBot Replicator 2x).

* Rotator (Thermo Scientific, Compact Digital Waving Rotator,
cat. no. 88880021)

* Razor blades (VWR, cat. no. 55411-050) ¥ CAUTION Razor blades are sharp.
Handle them with care.

+ Plain glass slide (25 X 75 X 1 mm; VWR, cat. no. 16004-422)

+ Diamond scribing pen (Ted Pella, cat. no. 54468)

+ Slide breaker (e.g., Fletcher’s Running and Nipping Pliers for Glass &
Acrylic, Fletcher-Terry Company, cat. no. 06-111)

+ Cell strainer (Falcon tube with cell strainer cap, 35-pum polyester (PET)
filter, BD, cat. no. 352235)

+ Light microscope (MFL-06 Duo-scope Microscope)

+ UV illumination system (Hamamatsu Lightning Cure LC5)

! CAUTION UV light is hazardous. Appropriate personal protective
equipment should be worn while using a UV source.

+ Imaging software (Metamorph)

+ Power supply (Bio-Rad Powerpac Basic)

+ Four-well rectangular slide plate (Thermo Scientific NUNC, cat. no. 267061)

+ Five-place slide mailer (Heathrow Scientific, cat. no. HS159836)

* Fluorescence microarray scanner (i.e., Genepix 4300A)

+ Epi-fluorescence microscope system, including microscope (Olympus IX71
inverted fluorescence microscope), CCD camera (Andor, iXon+ EMCCD
camera) and mercury lamp light source (Lumen Dynamics, X-cite)

+ Image analysis software (NIH Image])

* Mini centrifuge (VWR, Galaxy mini centrifuge)

* Manual staining assembly—staining dish and rack handle (Thermo
Scientific, cat. no. 110) or 20 slide glass staining dish with removable slide
rack (Wheaton 900200)

* Microscope slide storage box (VWR, cat. no. 82003)

+ Chrome mask (aBeam Technologies). The design and purchase of the
chrome mask have been described for fabricating pore-gradient microgel?”.

* Near-UV light source (OAI). An upward-facing UV source is required to
follow the alignment protocol described here.

+ Long-pass filter plastic sheet (390 nm, no. 39-426, Edmund Optics)

+ Spin coater (Brewer Science)

* Mask aligner (OAI Series 200 aligner, San Jose, California)

+ 3-Inch-diameter silicon wafer (University Wafer, cat. no. 1196)

+ 3-Inch-diameter glass wafer (University Wafer, cat. no. 1610)

« Ultrapure water system, e.g., Millipore

* Nitrogen gun

+ Diamond-tipped pen

REAGENT SETUP

10% (wt/vol) APS Dissolve 10 mg of APS in 100 ul of ddH,O. Store the

solution at 4 °C for short-term (<7 d) storage. A CRITICAL Freshly prepare

the solution before use.
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10% (vol/vol) TEMED Dissolve 10 pl of TEMED in 90 pl of ddH,O.

Store it at 4 °C for short-term (<7 d) storage. A CRITICAL Freshly prepare
the solution before use.

5% (wt/vol) SDS Dissolve 0.5 g of SDS in 10 ml of ddH,O. Store it at

room temperature (20-25 °C). The maximum recommended storage time

is 6 months.

5% (vol/vol) Triton X-100 Dissolve 0.5 ml of Triton X-100 in 10 ml

of ddH,O. Store it at room temperature. The maximum recommended
storage time is 6 months.

100 mM BPMAC Dissolve 70.048 mg of BPMAC in 2 ml of DMSO.

Prepare one 100-pl aliquot per 0.65-ml Eppendorf tube. Store aliquots

at —20 °C. Shield the solution from light. Avoid freeze and thaw cycles.

The maximum recommended storage time is 3 months.

1x TBST 1x TBST is used as a washing buffer for in-gel immunoprobing
steps. Add 50 ml of 20x TBST to 950 ml of ddH,O to make a 1x TBST
solution. Store the buffer solution at 4 °C. The final concentration of Tween 20
in 1x TBST is 0.05%. The maximum recommended storage time is 3 months.
2% (wt/vol) BSA/TBST Antibody dilution buffer for in-gel immunoprobing
steps. Dissolve 2 g of BSA in 100 ml of 1x TBST. Store the solution at 4 °C.
The maximum recommended storage time is 3 months.

3% (wt/vol) VA-086 photo-initiator solution Dissolve 30 mg of VA-086

in 1 ml of ddH,O. A CRITICAL Freshly prepare the solution before use.

1x Tris-CAPS solution Add 50 ml of 10x Tris-CAPS to 450 ml of ddH,0O
to make a 1x Tris-CAPS solution. Store the buffer solution at room
temperature. The maximum recommended storage time is 3 months.

1% (vol/vol) HCl solution Add 5 ml of concentrated HCI (36.5-38%
(wt/wt%)) to 495 ml of ddH,O. Store the 1% (vol/vol) HCI solution

in a secondary container in the corrosive cabinet of the fume hood.

The maximum recommended storage time is 6 months.

400 mM DK solution Dissolve 108.1 mg of lyophilized DK (270.32 Da) in

1 ml of 1x Tris-CAPS solution. Shake the solution until the contents have
dissolved. Prepare aliquots of the solution in microcentrifuge tubes. Store the
tubes in a dark environment at —20 °C for long-term storage. The maximum
recommended storage time is 3 months.

Silane solution For a 400-ml silane solution, add 80 ml of 3-
(trimethoxysilyl)propyl methacrylate and 120 ml of acetic acid to 200 ml of
ddH,0 in a glass Erlenmeyer flask. Mix the solution well and degas it in the
sonicator. A CRITICAL Freshly prepare the solution before use.
Dual-function lysis/electrophoresis buffer For a 500-ml lysis/
electrophoresis buffer solution, add 25 ml of 10x Tris-glycine electrophoresis
buffer (final concentration, 0.5%), 2.5 g of SDS (final concentration,

0.5% (wt/vol)), 1.25 g of sodium deoxycholate (final concentration,

0.25% (wt/vol)) and 500 pl of Triton X-100 (final concentration, 0.1%
(vol/vol)) to 474.5 ml of ddH,O in a 500-ml glass container. Dissolve

the contents and mix the buffer well before use. Store it at 4 °C.

The maximum recommended storage time is 3 months.

Harsh stripping buffer For a 100-ml harsh stripping buffer solution, add
12.5 ml of 0.5 M Tris-HCI pH 6.8 buffer (final concentration, 62.5 mM

PROCEDURE

Tris-HCl), 2 g of SDS (final concentration, 2% (wt/vol)) and 800 pl of
B-mercaptoethanol (final concentration, 0.8% (vol/vol)) to 87 ml of ddH,O
in a 100-ml glass container. Dissolve the contents and mix the buffer well
before use. Store the buffer at room temperature in a chemical fume hood.
The maximum recommended storage time is 3 months.

Gel precursor solution For a 10%T, 2.7 %C gel precursor solution, add 25 ul
of 1.5M Tris-HCI pH 8.8 buffer (final concentration, 75 mM Tris-HCI),
166.7 pl of 30%T acrylamide/bis-acrylamide solution and 15 ul of 100

mM BPMAC (final concentration, 3 mM) to 265.3 ul of ddH,0O in a 1.5-ml
Eppendorf tube. Vortex to mix the solution. Spin down at 2,000g and room
temperature for 3 s to remove solution from the cap of the Eppendorf tube
by using a mini centrifuge, then carefully puncture the cap of the Eppendorf
tube with a syringe needle and attach a vacuum line to degas the solution in a
sonicator for 6 min. Add 10 pl of 5% (wt/vol) SDS (final concentration, 0.1%
(vol/vol)), 10 ul of 5% (vol/vol) Triton X-100 (final concentration, 0.1%
(vol/vol)), 4 ul of 10% (wt/vol) APS (final concentration, 0.08 % (vol/vol))
and 4 ul of 10% (vol/vol) TEMED (final concentration, 0.08% (vol/vol))

to the degassed gel precursor solution. Mix the solution well without
introducing bubbles and load it immediately in between the glass slide

and the wafer. A CRITICAL Freshly prepare the solution before use.
Pore-gradient microgel precursor solution For an 11%T, 3.3%C
pore-gradient precursor solution, add 183.3 pl of 30%T acrylamide/
bis-acrylamide solution, 166.7 pl of 3% (wt/vol) VA-086 (final concentration,
1% (wt/vol)) and 15 pul of 100 mM BPMAC (final concentration, 3 mM)

to 135 pl of ddH,O in a 1.5-ml Eppendorf tube. Vortex to mix the

solution. Spin down at 2,000g and room temperature for 3 s to remove
solution from the cap of the Eppendorf tube by using a mini centrifuge,

then carefully puncture the cap of the Eppendorf tube with a syringe needle
and attach a vacuum line to degas the solution in a sonicator for 6 min.

A CRITICAL Freshly prepare the solution before use.

99:1 De-cross-linking gel precursor solution For a 12%T pore-gradient
precursor solution with a molar cross-linker ratio of 99:1 DK to methylene
bisacrylamide, add 20 pl of 25x Tris-glycine transfer buffer (1x final
concentration), 138.4 ul of 40%T acrylamide solution, 2.7 ul of 40%T
acrylamide/bis-acrylamide solution (233 nmol of bisacrylamide), 166.7 ul of
3% (wt/vol) VA-086 (final concentration, 1% (wt/vol)), 57.6 ul of 400 mM
diacrylamide ketal (23.1 pmol DK) and 15 pul of 100 mM BPMAC (final
concentration, 3 mM) to 99.6 pl of ddH,O in a 1.5-ml Eppendorf tube.
Vortex to mix the solution. Spin down at 2,000¢ and room temperature for

3 s to remove the solution in the Eppendorf cap by using a mini centrifuge,
then carefully puncture the cap of the Eppendorf tube with a syringe needle
and attach a vacuum line to degas the solution in a sonicator for 6 min.

A CRITICAL A 99:1 de-cross-linking gel precursor solution is critical to

the success of the experiments. Freshly prepare the solution before use.
Adhesion primer The adhesion primer used here is 2% (wt/vol)

titanium acetylacetonate. Dilute the 75% (wt/vol) titanium diisopropoxide
bis(acetylacetonate) in anhydrous isopropanol. A CRITICAL Freshly prepare
the primer before use.

Glass—SU-8 fabrication (optional) ® TIMING ~1 h per wafer

! CAUTION The SU-8 photoresist, SU-8 developer, acetone and isopropyl alcohol are all toxic and flammable. Perform all

the steps inside a chemical fume hood with the sash lowered and wear the proper personal protection equipment, including
a fire-resistant lab coat and nitrile gloves. It is recommended that the fabrication be performed in a cleanroom to prevent
contamination by dust particles.

A CRITICAL Here we detail the steps for fabricating ~30-um-height SU-8 micropillars on top of a glass wafer using SU-8
2025, as used in previous publications27.63, We recommend using SU-8 2025 for fabricating a 30- to 60-um height. Additional
details about SU-8 are available from the MicroChem website (http://www.microchem.com/pdf/SU-2000DataSheet2025thru2
075Ver4.pdf), including a standard procedure for Si-SU-8 fabrication, which should be used instead of Steps 1-15 if scWB is
to be performed using uniform microgels.

1| Dehydrate a 3-inch glass wafer by placing it on a 110 °C hot plate for a minimum of 10 min. Once it is dehydrated, transfer the
3-inch glass wafer to the chuck center of the spin coater. Apply a vacuum and verify that the wafer is strongly adhered to the chuck.
A CRITICAL STEP A clean glass wafer is extremely important for subsequent uniform SU-8 coating. The wafer can be cleaned
by rinsing it with acetone, followed by isopropyl alcohol. The wafer should be fully dehydrated before coating.
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2| Use the dropper to uniformly distribute the adhesion primer on the wafer.

3| After 30 s in contact with the glass wafer, remove the adhesion primer by spinning, as shown in the table below:

Recommended coating condition Spinning speed (r.p.m.) Acceleration (r.p.m./s) Time (s)
Distribute adhesion primer on the 500 100 5
wafer

3,000 500 30

4| Immediately after the spin is complete, pour ~5 ml of SU-8 2025 onto the wafer and spin as shown in the table below
to create a uniform 30-um base SU-8 layer on the wafer:

Recommended coating condition Spinning speed (r.p.m.)  Acceleration (r.p.m./s) Time (s)
Distribute SU-8 evenly on the wafer 500 100 30
Achieve the desired SU-8 height 2,500 500 30

5| Soft-bake the wafer on a 110 °C hot plate for 3 min. Allow the wafer to cool to room temperature before proceeding
to Step 6.

6| Place the wafer on the mask aligner and expose it at 360 nm for 250 mJ cm~2. No photolithography mask is applied
in this step, as the purpose is to create a uniform SU-8 base layer.

A CRITICAL STEP The exact UV exposure power and time is instrument-dependent. The UV exposure dose recommended
here follows the MicroChem guidelines.

7| Bake the wafer on a 110 °C hot plate for 5 min. Allow the wafer to cool to room temperature before proceeding
to Step 8.

8| Place the wafer on the chuck center of the spin coater and make sure that the wafer adheres by applying a vacuum.

9| Pour~5 ml of SU-8 2025 onto the wafer and spin as shown in the table below to create a second uniform 30-um-height
SU-8 layer on the wafer:

Recommended coating condition Spinning speed (r.p.m.)  Acceleration (r.p.m./s) Time (s)

Distribute SU-8 evenly on the wafer 500 100 30

Achieve the desired SU-8 height 2,500 500 30

10| Soft-bake the wafer on a 65 °C hot plate for 6 min. Allow the wafer to cool to room temperature before proceeding to
Step 11.

11| Place the wafer on the mask aligner and expose it at 365 nm for 250 mJ cm~2 through the desired mask.

A CRITICAL STEP For the U373 glioblastoma cell line used to generate the data in the ANTICIPATED RESULTS, we designed
the photolithography mask to have microwells with a 30-um diameter. An example mask design file is provided to assist users
who do not have computer-aided design experience (Fig. 5a; Supplementary Fig. 1; Supplementary Data 1).

12| Place the wafer on a 65 °C hot plate for 3 min. Ramp the hot plate up to 90 °C and hold that temperature for 7 min.
Afterward, allow the wafer to cool to room temperature before proceeding to Step 13.

13| Prepare a SU-8 developer bath for development and place it on a rotator. Submerge the wafer with the SU-8 side facing
up. Gently swirl the SU-8 developer bath for 2-2.5 min.

A CRITICAL STEP Over- and underdeveloping the SU-8 will lead to deformed micropillars. To check whether the development
is complete, remove the wafer from the SU-8 developer bath and spray it with isopropyl alcohol. If a white film appears during
the isopropyl alcohol rinse, additional development time is required. Perform development in 20-s increments. For fine SU-8
features, we recommend using the spray bottle to spray the SU-8 developer on the wafer for an extra 30 s.
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14| After development, rinse the wafer with water and dry it with a nitrogen gun.

15| Place the wafer on a 110 °C hot plate to hard-bake for 10-15 min. Allow the wafer to slowly cool to room temperature.
A CRITICAL STEP Performing the hard-bake step will increase wafer durability. Ensure that the wafer is cooled down
slowly; otherwise, the wafer may crack due to the thermal stress.

Batch silanization of glass slides ® TIMING 40-50 min per batch

! CAUTION The 3-(trimethoxysilyl)propyl methacrylate, methanol and acetic acid are all flammable, and methanol is

toxic. Perform Steps 19-24 inside a chemical fume hood with a lowered sash and while wearing proper personal protection
equipment, including a fire-resistant lab coat and nitrile gloves.

16| Score the corner of the glass microscope slides (75 x 25 mm) with a diamond-tipped pen. The mark will reference

the methacrylate-functionalized glass side (silanized slide), which is facing down when the score is positioned in the
upper right corner of the slide.

17| Arrange the marked microscope slides in a removable slide rack (i.e., 30-slot rack) and place the slide rack in a glass
slide staining dish. Two glass slides can be placed back to back in a single slot. In this configuration, ensure that the
side to be silanized is in contact with the silane solution.

18| Prepare the silane solution and degas it for 30 min.
19| Pour the degassed silane solution into the glass slide staining dish. Ensure that the silane solution fully covers all the slides.

20| Tap the glass slide staining dish to remove all the bubbles trapped in between the slides. Let the silanization reaction
proceed for 30 min.

21| Remove the slide rack and place it in a glass slide staining dish containing methanol. Hold the handle of the slide rack
and gently shake it (with the glass slides submerged in methanol) to remove any residual silane solution.

22| Repeat the washing step in Step 21 with fresh methanol.

23| Remove the slide rack from the methanol solution and place it in a container containing fresh ddH,0. Hold the handle
of the slide rack and gently shake it (with the glass slides submerged in ddH,0) to remove methanol.

24| Repeat Steps 22 and 23 two more times in the same methanol and ddH,0 containers.

25| Place the slides in a container with fresh ddH,0. One at a time, remove the slides from the ddH,0 and quickly dry them
with a nitrogen gun.

26| Store the silanized slides in a standard slide storage box. The silane solution can be reused to coat a total of three
batches of glass slides.
B PAUSE POINT The silanized slides can be stored at room temperature for up to 2 months.

scWB PAG slide fabrication ® TIMING 20-30 min per slide

27| Based on the required PAGE separation conditions (Fig. 3), the user should prepare either uniform (option A) or

pore-gradient (option B) PAG slides.

(A) Uniform scWB PAG slide fabrication ® TIMING 20-30 min per slide

(i) Tape an SU-8 mold onto the lab bench to hold it in place during processing.
(i1) Make the gel precursor solution and degas it with a bath sonicator and vacuum line to eliminate bubbles (Fig. 6a).
(iii) Add detergents (SDS and Triton X-100) and initiators (APS and TEMED) to the gel precursor solution and mix it well
without forming bubbles. Pipette a 250-ul droplet near one of the short edges of the SU-8 mold (Fig. 6b).

(iv) Hold a silanized slide with the silanized side facing down. Lower one of the short edges until the silanized slide is
in contact with the SU-8 mold and the precursor droplet. The slide should be at an ~30° angle. Slowly lower the slide
until the silanized slide is flat against the SU-8 mold (Fig. 6c¢).

(v) After loading, press gently on the slide to squeeze excess precursor from the gap and to ensure that the micropillars
on the SU-8 mold are in contact with the slide (Fig. 6d). Depending on the amount of the initiator added,
the chemical polymerization process can be completed in ~15 min.

? TROUBLESHOOTING
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Figure 6 | scWB PAG slide fabrication. (a) Step
27A(ii): degas the gel precursor solution. (b) Step
27A(iii): pipette the gel precursor solution onto the
SU-8 mold. (c) Step 27A(iv): place a silanized slide
against the SU-8 mold. (d) Step 27A(v): gently press
the silanized slide to remove excess solution.

(e) Step 27A(vi): rehydrate the edge of the slide

with PBS. (f) Step 27A(vii): detach the PAG slide
from the SU-8 mold with a razor blade. Fabrication of
the PAG slide is complete. Bright-field micrographs
show a well-formed (g) and deformed (h) microwell.
Scale bars, 100 um. The PAG slide in the image is a
standard microscope slide (25 x 75 mm).

(vi) After chemical polymerization of the PAG, add 1-2 ml of PBS to rehydrate the edge of the slide and facilitate release
of the slide from the SU-8 mold (Fig. 6e).

(vii) Gently slide a razor blade underneath the slide, and lift the blade straight up to detach the PAG slide from the SU-8
mold (Fig. 6f).

! CAUTION The gel precursor solution, containing acrylamide, APS and TEMED, is acutely toxic following oral or
inhalation exposure, and is a skin irritant. The acrylamide is also neurotoxic. The SU-8 mold needs to be rinsed in
running ddH,0 after each use to remove any residual precursor solution.
? TROUBLESHOOTING

(viii) Check the PAG slide under a bright-field microscope to ensure the integrity of the microwells (Fig. 6g,h).
? TROUBLESHOOTING

(ix) Place the PAG slide in a rectangular four-well slide plate filled with PBS before use. The side of the slide with the

PAG layer should face up.
B PAUSE POINT The PAG slides can be stored in PBS at 4 °C for up to a week before use.
(B) Pore-gradient scWB PAG slide fabrication ® TIMING 15-20 min per slide
(i) Tape a chrome mask onto the borosilicate glass plate (chrome side facing up) to hold it in place during the alignment
and exposure steps (Fig. 7a).

(ii) Place the hydrophobic SU-8 glass mold on top of the gradient chrome mask with the SU-8 micropillars facing up.

(iii) Pipette a droplet of the pore-gradient gel precursor solution or 99:1 de-cross-linking gel precursor solution atop the
SU-8 glass mold near one of its short edges (similar placement to that depicted in Fig. 6b). The volume of the droplet
should be sufficient to fill the mold when the glass slide is added, with little to no excess. A 150-ul droplet volume is
typical, but it will vary with the height of the micropillars on the SU-8 mold and the size of the silanized slide used.

(iv) Hold a silanized slide with the silanized side facing down. Lower one of the short edges until the silanized slide is in
contact with the SU-8 mold and the precursor droplet. The slide should be at an ~30° angle. Slowly lower the slide
until the silanized slide is flat against the SU-8 glass mold.

(v) After placing the silanized slide atop the mold, press gently on the slide to squeeze excess precursor from the gap and
to ensure that the micropillars on the SU-8 mold are in contact with the slide. Remove excess precursor solution with
a task wipe.
A CRITICAL STEP Excess solution can lead to the silanized slide slipping on the mold when the setup is moved—
resulting in a misaligned array.

(vi) Holding the base borosilicate glass plate, slowly transfer the plate to a bright-field microscope stage.

(vii) First by eye, align the micropillars on the SU-8 glass mold with the grayscale gradient on the chrome mask (Fig. 7b).
After rough alignment, use the microscope to verify the alignment and adjust as necessary. Confirm on both the left and
right sides of the array that the micropillars are similarly aligned to the grayscale mask (as demonstrated in Fig. 7c).

A CRITICAL STEP Misalignment of the SU-8 micropillars and the grayscale mask opacity gradient will result in
fabrication of PAG separation lanes that each have a different pore-gradient microgel relative to each respective
microwell, thus resulting in unwanted protein mobility variation among the different PAGE separation lanes (Fig. 7d).

(viii) Carefully move the entire assembly onto the UV system. If the mold slips with respect to the mask, repeat the
previous alignment step (Step 27B(vii)).

(ix) Apply UV light to photopolymerize the pore-gradient microgel. From the UV light source, the component stack should be
arranged in the following order: UV filter, glass plate, chrome mask, SU-8 glass mold, gel precursor solution and silanized slide.
A CRITICAL STEP Optimization of the UV exposure conditions will be required for each new condition. UV exposures
that are of insufficient duration or intensity will result in under-photopolymerization of the pore-gradient microgel.
Underpolymerized gels will lead to deformation of the microwell and poor cell settling in the deformed microwells
(Fig. 7e). Over-photopolymerization of the pore-gradient microgel will create a small pore size at the head of the
microgel, thus resulting in incomplete electrophoretic injection of protein into the PAG.
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Figure 7 | Pore-gradient PAG slide fabrication. (a) Step 27B(i): tape the a
chrome mask in place. (b) Step 27B(vii): align the SU-8 glass mold to the

chrome mask. Determine whether the SU-8 micropillars are aligned (c) or Grayscale 70%I70=1%
misaligned (d) to the grayscale gradient; scale bars, 500 um. The arrows
point to SU-8 micropillars under the microscope. After photopolymerization,
a bright-field micrograph shows a shallow and deformed microwell (e) that
suggests under-photopolymerization of the PAG near the microwell; scale bar,
100 um. (f) Bright-field micrograph shows a circular, well-formed microwell,
indicating suitable photopolymerization conditions; scale bar, 100 um.

Grayscale chrome mask b

Grayscale period

(x) Carefully move the whole assembly to the benchtop. _ T —
(ix) Gently slide a razor blade underneath the slide _
and lift straight up to detach the PAG slide from
the SU-8 mold.
(xii) Check the pore-gradient PAG slide under a bright-field microscope to ensure the integrity of the microwells (Fig. 7e,f).
? TROUBLESHOOTING
(xiii) Place the pore-gradient PAG slide in a rectangular four-well slide plate with the gel side facing up. If the
pore-gradient microgel contains DK cross-linker (DK PAG slide), fill the plates with the 1x Tris-CAPS buffer solution.
Exchange the Tris-CAPS buffer with PBS before proceeding to cell settling (Steps 28-33).
B PAUSE POINT The gradient PAG slides can be stored in buffer at 4 °C for up to a week before use. scWB of
pore-gradient PAG slides is performed using the same procedures (Steps 28-50) as for uniform PAG slides.

Settling of cells into microwells ® TIMING 30-60 min

A CRITICAL When working with mammalian cells, Steps 28-33 should be performed in a biohazard cabinet in an enclosed
laboratory facility. All work with cell lines should comply with institutional and governmental biosafety regulations.

28] Use an ~80% confluent monolayer of cells in a T75 flask. With respect to U373 glioblastoma cells, an 80% confluent T75
flask corresponds to ~2 x 106 cells. As a total of 2 x 10> cells gives adequate settling per PAG slide, one T75 flask is
sufficient to perform ten different scWB experiments. A full microscope slide (75 mm x 25 mm) is used as a standard here;
however, a half slide (37.5 x 25 mm) can also be used for rapid prototyping. A half slide can be made by using a diamond
scribe to score a silanized slide and a slide breaker to break the slide in half either before or after PAG polymerization.

29| Harvest the cells from the flask using a general tissue culture procedure. Pellet the cells by centrifugation and
resuspend the cells in ice-cold PBS with a concentration of ~1 x 106 cells per ml.

30| If applicable, stain the cells for cell imaging using standard methods19—e.g., nucleus staining (Hoechst 33342)
or apoptotic cell staining (Alexa Fluor-647-conjugated annexin V).

31| Filter the cell suspension through a cell strainer with a 35-um PET filter cap to create a single-cell suspension.

A CRITICAL STEP Obtaining a single-cell suspension is important for settling cells at one cell per microwell occupancies,
as aggregated cells are excluded from the microwells during settling (Fig. 8a). If cell clumping or aggregation is observed,
filter the cell suspension through the cell strainer. The selection of the filter cap is cell-size dependent.

32| Remove the PAG slides (from Step 27A or B) from PBS. With a task wipe, dry the glass side of the PAG slide. Place the
slide in a Petri dish with the PAG side up.

33| Pipette 200 ul of filtered cell suspension (containing ~2 x 105 cells) and gently disperse the cell suspension on top of
a PAG slide. Periodically, check the cell settling efficiency using bright-field microscopy (Fig. 8b). The cell settling efficiency
(microwell occupancy) is defined in Box 2. Gently tap the Petri dish to agitate the cell suspension. The 10 min of settling is
sufficient for most cell lines tested. Place the Petri dish with cells on ice to maintain cell viability.

A CRITICAL STEP Continue directly to the ‘Single-cell PAGE and photoblotting’ procedure (Steps 34-50). Some protein
expression and/or post-translational modifications may be altered over time64.65,

? TROUBLESHOOTING

Single-cell PAGE and photoblotting ® TIMING 5-10 min per slide

! CAUTION Appropriate precautions should be taken to protect users from UV exposure.

34| Turn on the UV illumination system in advance to stabilize the UV light bulb. Set the power to a UV dose sufficient for
subsequent protein photocapture to the PAG (Experimental design section).

1520 | VOL.11 NO.8 | 2016 | NATURE PROTOCOLS



@4 © 2016 Nature America, Inc. All rights reserved.

PROTOCOL |

35| Transfer 10-15 ml of lysis/
electrophoresis buffer to a 15-ml
conical tube and preheat it in a
50-55 °C water bath.

36| After confirming sufficient cell
settling under a bright-field microscope

(Step 33), remove excess cell suspension

by tilting the PAG slide at a 45° angle. Figure 8 | Examples of poor and ideal single-cell settling into microwells. (a) Bright-field micrograph of
microwell array and cells shows that U373 cells may aggregate during settling and lead to unfavorable
cell settling into the microwells. (b) Bright-field micrograph of microwell array and cells shows good cell

37| Gently apply a ?teaqy stream settling into microwells with limited cell clumping. Scale bars, 100 um; blue circles indicate microwells,
of 1 ml of PBS by pipetting to the and arrows point to microwells with a single cell per microwell occupancy. (c) Step 37: PBS wash of
higher edge of the tilted PAG slide excess cells from the PAG slide.

to gently wash excess cells off the
surface of the PAG slide (Fig. 8c).

38| Verify by visual inspection with a light microscope that the majority of cells on the surface have been removed

(Fig. 8b). Repeat the rinsing process (Step 37) if excess cells are observed on the gel surface.

A CRITICAL STEP Do not tilt the scWB slide to more than 90°, flush the PBS solution rigorously or flush the PBS solution
down the middle of the PAG slide, as these handling processes may remove settled cells from the microwells.

? TROUBLESHOOTING

39| Apply a 1-cm-diameter spot of petroleum jelly to the bottom of the scWB electrophoresis chamber to temporarily adhere
the PAG slide to the chamber.

40| Place the PAG slide in the scWB electrophoresis chamber with the PAG layer facing up.

41| If applicable, perform whole-cell imaging (Box 2).

42| Connect the electrophoresis chamber to the high-voltage power supply.

43| Set up the electrophoresis power supply to provide a constant voltage. The suggested £ is 40 V cm-1.

44| Pour 50 °C preheated lysis/electrophoresis buffer rapidly over the PAG slide to fill the electrophoresis chamber.
Immediately upon pouring, start timing the lysis duration.

A CRITICAL STEP The lysis/electrophoresis buffer should be applied quickly so that cells lyse simultaneously. Abrupt pouring
of the lysis/electrophoresis buffer from >15 cm above the electrophoresis chamber in a fully vertical orientation may
dislodge cells and wash out the protein lysate. We suggest pouring the lysis/electrophoresis buffer from the short side of
the electrophoresis chamber at a ~30° tilt to minimize the number of dislodged cells?°.

45| At 25 s of lysis duration, apply the electric field to initiate PAGE. For separating GAPDH and BTub in a 10%T, 2.7%C PAG,
a 30-s electrophoresis duration is a good starting point.

! CAUTION The high-voltage power supply can be the source of a lethal electrical current. Please consult the instruction
manual before use and use proper safety precautions. Confirm that the power supply is properly and safely connected to the
electrophoresis chamber.

46| Immediately at PAGE completion, apply UV light (350-360 nm, ~1.8 J cm=2)18 to immobilize the separated proteins in the PAG.
! CAUTION Use proper UV protection, such as UV-blocking goggles and UV-blocking face shields to protect the user and
surrounding personnel from UV illumination.

! CAUTION Confirm that the electric field is turned off immediately after electrophoresis and before handling the
electrophoresis chamber.

A CRITICAL STEP Apply UV to immobilize the proteins immediately after PAGE; otherwise, the proteins will rapidly

diffuse out of the PAG and adversely affect LOD.

47| After protein immobilization, carefully remove the PAG slide from the electrophoresis chamber using tweezers.
48| Using a task wipe, wipe off the petroleum jelly from the glass side of the PAG slide.
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Box 2 | Whole-cell imaging in microwells ® TIMING variable

After cell settling, we recommend imaging the intact cells to count the number of cells in each microwell (occupancy). To perform
whole-cell imaging in the microwells, place the PAG slide onto a microscope stage adaptor with the gel layer facing up. Pipette ~1 ml
of PBS onto the PAG layer to keep the cells hydrated during the image acquisition. An automated, motorized stage with commercial
software to stitch individual images into a composite image of an entire microscope slide (e.g., MetaMorph SlideScan or Zeiss ZEN Tiles
features) should be used. A 4x objective is sufficient to determine cell microwell occupancy (i.e., one, two or more cells in a single
microwell). The total time required for imaging is dependent on the magnification, imaging area and speed of the motorized stage.
The cell settling efficiency (microwell occupancy) is defined as the number of cell-occupied microwells normalized to total microwells
in a scWB PAG slide. Besides cell counting, whole-cell imaging with a specific cell stain (i.e., live or apoptotic cell staining) can
provide the correlation of phenotypic traits with proteomic readouts from subsequent scWB of cell lysate!9. After imaging, remove
excess PBS by tilting the PAG slide, and then place the PAG slide into the electrophoretic chamber and continue to ‘Single-cell

PAGE and photoblotting” (Steps 41-50).

49| Place the PAG slide into a rectangular four-well slide plate filled with TBST buffer.

50| Place the plate on the rotator for at least 30 min to remove residual lysis/electrophoresis buffer, as residual SDS will
affect antibody and antigen binding during the subsequent in-gel immunoprobing process (Steps 56-69).

I PAUSE POINT The PAG slide can be stored in 1x TBST at 4 °C for short-term storage (~1 week). For long-term storage

(>1 week), rinse the PAG slide three times with ddH,0 to remove salts retained on the PAG slide, gently blow-dry by nitrogen
gun and store the slide in a slide mailer at room temperature protected from light.

De-cross-linking of DK PAG slides ® TIMING 30 min

! CAUTION A 1% (vol/vol) HCL, pH 1.1, solution is used here to de-cross-link the DK PAG slide. Always handle the solution
in a secondary container inside the fume hood while using personal protective equipment.

A CRITICAL Perform Steps 51-55 only if you are using DK PAG slides. For uniform or pore-gradient PAG slides fabricated
using methylene bisacrylamide and no DK, proceed directly to in-gel immunoprobing (Steps 56-69).

51| Place the DK PAG slides into a glass container with 1% (vol/vol) HCL.

52| Incubate the DK PAG slides for 30 min to complete the de-cross-linking reaction?’.
A CRITICAL STEP Performing the de-cross-linking reaction for <10 min may result in partially de-cross-linked DK gels,
resulting in spatially nonuniform immunoprobing.

53] Carefully remove and place the DK PAG slides into a Petri dish filled with ddH,0. Gently rinse three to four times.
54| Carefully remove and place the DK PAG slides into a rectangular four-well slide plate filled with TBST buffer.

55| Place the plate on the rotator for at least 30 min for buffer equilibration before performing in-gel immunoprobing
(Steps 56-69).

I PAUSE POINT The DK PAG slides can be stored in 1x TBST at 4 °C for short-term storage (~1 week). For long-term storage
(>1 week), rinse the DK PAG slides three times with ddH,0 to remove salts, gently blow-dry with a nitrogen gun and store
each DK PAG slide in a slide mailer at room temperature protected from light.

In-gel immunoprobing ® TIMING 4-6 h

56| Prepare 100 pl of primary antibody immunoprobing solution by diluting stock solution of primary antibodies in 2%
(wt/vol) BSA/TBST solution. 1-5 pg of primary antibody per slide is a recommended starting mass, although each assay
must be optimized. Place the prepared primary antibody solution on ice before use. The identity of primary and secondary
antibodies used in our reported scWB studies are listed in Supplementary Table 1.

57| To perform immunoprobing on a single PAG slide, place two pieces of tape slightly shorter than the width of the PAG
slide onto a clean surface, such as a plain 50 x 75 mm glass slide. The tape pieces will act as spacers to hold the scWB slide
slightly off the glass surface, creating a gap in which the Ab solution will wick in via capillary action. It is noted that two
PAG slides can be immunoprobed simultaneously with the gel sides facing each other.

58| Remove the PAG slide from the TBST and remove excess TBST by tilting the slide and wiping the glass side of the PAG
slide with a task wipe. Do not touch the gel side of the PAG slide, as damage to the PAG may result.

59| Place the PAG slide onto the tape with the gel side facing down (Fig. 9a).
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Figure 9 | Handling of the scWB device during
immunoprobing. Bright-field images of blue dye
visualize the scWB immunoprobing handling
procedure. (a) Step 59: place lab tape on a clean
glass surface and place the short sides of the
slide on the tape to lift the PAG slide up with the
gel side facing down. (b) Step 60: use capillary
action to load the antibody solution between
the two layers. (c-e) Step 61: remove tape strips
to release the scWB device for the next assay
steps. The PAG slide in the image is a standard
microscope slide (25 x 75 mm).

60| Inject prepared primary antibody
solution by pipetting into the air-filled
gap between the PAG slide and the glass (Fig. 9b).

61| Gently move both sides of the tape off the glass to deliver a uniform antibody solution (Fig. 9c-e).
A CRITICAL STEP Do not create bubbles in the gap, which will result in local antibody depletion and increased
immunoprobing variance.

62| Incubate the primary antibody at room temperature for 1-2 h. This time interval is a general recommendation,
with the exact duration determined by optimization.

63| Gently remove the PAG slides and place them in a rectangular four-well slide plate filled with TBST buffer.

64| Place the rectangular four-well slide plate on a rotator for a 10- to 30-min wash cycle. This time interval is a general
recommendation, with the exact duration determined by optimization.

65| Repeat the washing steps (Steps 63-64) twice more using fresh TBST.

66| Prepare 100 pl of secondary antibody immunoprobing solution per pair of slides by diluting the stock solution of the
secondary antibody in 2% (wt/vol) BSA/TBST solution. 1-5 g of secondary antibody is the recommended starting mass,
although each assay must be optimized. Place the prepared secondary antibody solution on ice before use.

67| Repeat Steps 57-62 to prepare the slides for secondary antibody probing. Incubate the slides at room temperature for 1 h.
A CRITICAL STEP Fluorophore-conjugated secondary antibodies are used, so cover the slides with aluminum foil to shield
them from light exposure.

68| Perform TBST washing, as described in Steps 63-65.

69| Remove TBST and rinse the PAG slides with ddH,0 three times to remove salts contained on the PAG slides. Gently
blow-dry the slides with a nitrogen gun. The PAG slides are ready for imaging.

? TROUBLESHOOTING

B PAUSE POINT The PAG slides can be stored dehydrated in a slide mailer at room temperature, protected from light, for more
than 4 months with negligible probing signal reduction?9.

scWB PAG slide imaging ® TIMING varies with imaging apparatus

70| After incubation of the scWB PAG slide with primary and fluorescently labeled secondary antibodies, quantify proteins
by fluorescence imaging. The scWB PAG slide can be imaged with a fluorescence imaging system such as a fluorescence
microarray scanner or inverted epifluorescence microscope. The imaging system should have an ~5 um/pixel spatial
resolution; compatibility with a standard microscope slide and an adjustable z axis (depth) focus; a robust image
stitching algorithm, as stitching artifacts will affect quantification; and a LOD down to ~0.5 nM for Alexa-Fluor-labeled
secondary antibodies (27,000 molecules in a 50-um-diameter spot in a 40-um-thick gel), thus suitable for detection

of ~50% of the mammalian proteomel8. Representative imaging data are shown in the ANTICIPATED RESULTS.

scWB PAG slide stripping ® TIMING 30 min
71| Place the PAG slide into the slide mailer.
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72| Fill the slide mailer with harsh stripping buffer. Tightly close the slide mailer cap.

! CAUTION B-Mercaptoethanol is acutely toxic following oral, inhalation or dermal exposure. Always handle the solution
in a fume hood while using personal protective equipment. Seal the slide mailer to prevent solution leakage during the
stripping process.

73| Place the slide mailer in a 55 °C water bath for at least 30 min. Ensure that the level of the water bath is higher
than that of the harsh stripping buffer inside the slide mailer in order to achieve uniform stripping.
? TROUBLESHOOTING

74| Remove the slide mailer from the water bath. Pour the harsh stripping buffer into a labeled waste container.
! CAUTION B-Mercaptoethanol is toxic with chronic exposure and is also acutely toxic to aquatic life. Please consult
your institutional safety guidelines for the appropriate disposal method.

75| Rinse the PAG slides at least three times with ddH,0.
A CRITICAL STEP Image the PAG slides after stripping to ensure thorough removal of the antibodies (i.e., undetectable
protein signal or SNR <3).

76| If intending to perform another round of immunoprobing, place the PAG slides in a rectangular four-well slide plate
with TBST on the shaker for at least 30 min to reconstitute the proteins before repeating Steps 56-69. Otherwise, gently
blow-dry the slides with a nitrogen gun and store them in a slide mailer at room temperature, shielded from light exposure.
Slides can be probed up to nine times?8.

Bl PAUSE POINT The PAG slides can be stored dehydrated for more than 7 months for future reprobing rounds19.
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Figure 10 | The scWB image analysis workflow. (a) Step 77: a raw image of the GAPDH scWB signal is acquired from a fluorescence microarray scanner.

(b) Steps 78-80: using in-house MATLAB code, the image is rotated and segmented into ROIs. (c,d) Steps 82 and 83: after manual selection of ROIs,
Gaussian curve fitting extracts assay parameters (including peak location, peak width and area under the curve from individual separations). (e) Step 84: ROI
images are selected based on acceptable curve fitting (R2 > 0.7 and SNR > 3). (f) Step 85: finally, the individual protein data collected from each single

cell is plotted for analysis. AFU: arbitrary fluorescence unit. In scWB, 1 pixel corresponds to 5 pum.
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scWB image analysis (optional) ® TIMING ~1 h per slide with multiple protein targets

A CRITICAL Here we describe an algorithm for analyzing the scWB data with an automated analysis script. The scWB data can
also be analyzed one separation at a time using ImageJ or custom code using MATLAB, R scripts or other analysis platforms.
77| Open raw scWB image files. Start with the raw images (Fig. 10a). Images should be full resolution and bit depth to
ensure accurate quantification. The image produced from the microarray scanner used in this protocol is an ~ 80 Mb TIFF file
with an ~25 x 75 mm image (5,000 x 15,000 pixels, with 5 um per pixel).

78| Align the image. Using the microwells as fiducial markers, align all images of a single slide (i.e., all slide scans). Use an
‘affine transform’ to map all images to a reference. Image alignment is commonly performed with MATLAB (Image Processing
Toolbox) or ImageJ (Landmark Correspondences).

79| Define array boundaries. scWB is an array format, so the boundaries are the topmost and bottommost, as well as the
furthest left and furthest right microwells (Fig. 10b).

80| Create regions of interest (ROIs). Inter-microwell spacing is uniform across the scWB array. Therefore, the array can be
segmented into ROIs of identical size, where each ROI corresponds to one single-cell protein separation.

81| Perform background subtraction. To quantify proteins in the scWB array, we recommend local background subtraction
based on the protein intensity profile within each ROI. The background subtraction can be performed by either subtracting
the average background intensity for the entire ROI (averaged subtraction) or by subtracting the intensity in the background
signal at each pixel along the separation axis (axial subtraction). For scWB separations with pore-gradient microgels,

we recommend axial background subtraction, owing to the different background signal along the separation axis?’.

82| Manually select ROIs with housekeeping proteins (optional) (Fig. 10c). While optional, we recommend creating an
ROI mask to identify microwells containing cells. Eliminating from further analysis all microwells that do not contain
cells saves subsequent analysis time and aids analysis of weak or absent protein target signals (e.g., positive GAPDH,
but negative HER2 signal in MCF-7 cells).

83| Perform Gaussian fitting (Fig. 10d). During protein PAGE, the protein diffuses as it migrates through the sieving matrix.

Protein peaks are typically Gaussian distributions along the separation axis®6. For each ROI, fit a Gaussian distribution to the
intensity profile along the separation axis. The protein peak center, peak height, peak width (40) and area under curve (AUC)
can now be extracted from the Gaussian fitting. The protein expression is measured from the AUC within 4o. The R, between

two target proteins is calculated as described earlier (Experimental design section).

84| Perform quality control (Fig. 10e). After fitting, verify the results by viewing images selected from the best fits (e.g., R2
>0.7, SNR > 3).

85| Plot data (Fig. 10f). Plot single-cell-level protein data in histograms to show protein distributions; in box plots to com-
pare the expression of two targets or different experimental conditions; and in scatter plots to view correlation between two
targets. Further statistical analyses can be used based on a user’s needs and specific questions.

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 3.

TABLE 3 | Troubleshooting table.

Step Problem Possible reason Solution
27A(v) There are bubbles trapped  The glass slide or the wafer is Confirm that both the glass slide and the wafer are free
in the PAG not clean of dust. The glass slide can be cleaned with methanol and

then rinsed with distilled water and blown dry

The gel precursor solution is Confirm that there are no bubbles in the gel precursor
not fully degassed solution before use
27A(vii)  The PAG peels off of the The glass slide is not fully Confirm that the glass slides are clean and
glass slide silanized methacrylate-functionalized before use

(continued)
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TABLE 3 | Troubleshooting table (continued).

Step Problem Possible reason Solution
The PAG adheres to the The SU-8 mold does not have Confirm that the SU-8 mold is silanized before use
SU-8 mold a complete layer of dichlorodime-
thyl silane
The PAG does not Wrong concentration or old Prepare fresh APS or TEMED
polymerize APS or TEMED is used for
polymerization
0, inhibits polymerization Confirm that the gel precursor solution is degassed or
perform polymerization under N, purge
27A(viii)  Microwells are deformed The glass slide moves during Ensure that no component moves during polymerization
(Fig. 6h) polymerization
The PAG slide moves during Hold the SU-8 mold in place while peeling up the gel
detachment from the SU-8 mold
27B(xii)  Shallow microwells Low UV dose Increase the UV exposure time, UV intensity or the

(Fig. 7e) concentration of the gel precursor solution

Deformed microwells The SU-8 micropillars are Confirm that the SU-8 micropillars are aligned to the

Poor cell settling

Poor cell settling

@4 © 2016 Nature America, Inc. All rights reserved.

No probing signal

misaligned to the grayscale
gradient period (Fig. 7d)

The SU-8 micropillars are aligned
to the edge of the grayscale
gradient

Not enough cells are used for
settling on the PAG slide

Cell clumping

The microwell size and depth
are not optimized

Too many cells are rinsed off
during washing

Poor cell settling

The lysis time is too long

No UV photo-immobilization

Primary antibodies are not
target-specific

Secondary antibodies do not
recognize primary antibodies

Low-affinity antibody

grayscale gradient using bright-field microscopy

Confirm that the SU-8 micropillars are aligned 20-50 um
from the edge of the grayscale gradient (Fig. 7c)

Prepare the cell suspension at a higher cell density

Filter the cells through a cell strainer multiple times and
settle the cells immediately after filtering

Fabricate a range of microwell diameters to select the
microwell size for the cell size under study

Gently rinse off excess cells during the washing step and
check frequently under the microscope

Optimize the cell density and microwell geometry

Increased lysis time will increase protein diffusional loss
during lysis; lysis time-dependent experiments may be
needed to optimize this parameter

Confirm that the BPMAC is fresh and added into the gel
precursor solution during polymerization

Confirm that the UV light is on and the UV dose for
protein immobilization is optimized. A housekeeping
protein with high abundance can be used as a positive
control

Verify the specificity and species reactivity of the primary
antibody

Confirm that species-specific secondary antibodies are
used

Increase the primary antibody concentration
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Step Problem Possible reason Solution
Low-abundance protein Identify cell lines with higher expression levels of the
target protein as positive controls
The PAG slides are overstripped Confirm the harsh stripping buffer composition and
temperature. Reduce the stripping time, if needed
The detection system does not Verify that the excitation wavelength and emission filter
match the fluorophore used cube are suitable for the secondary antibodies used;
also verify that the focal plane is correct
Unexpected punctate Aggregates from the secondary Spin down the secondary antibodies (e.g., 10,000g)
signal antibodies before use
Dust on the PAG slide Confirm that the PAG slides are probed and washed in a
clean environment
High background Primary or secondary antibody Use a lower concentration of the primary or secondary
'qo; concentration is too high antibodies
>
§ Insufficient washing Wash the PAG slides with fresh TBST 2-3 times after each
(] incubation step
7}
% Poor protein injection The PAG pore size is too small Reduce and optimize the PAG pore size
= for large proteins
<§ Dispersed protein signal Insufficient cell lysis or protein Slightly increase the cell lysis time or increase the
g solubilization SDS concentration
_S Protein electro-migrates Insufficient solubilization or Slightly increase the cell lysis time or increase the
P . . o g . .
GE) to an unexpected location  dissociation of protein complexes  SDS concentration
; Off-target probed signal The primary or secondary Verify the specificity and species reactivity of the
3 antibodies are not target-specific  antibodies
©
z Protein overrun to the The electrophoresis time is too Slightly reduce the electrophoresis time
S next row of microwells long
«
© Target protein bands are Insufficient cell lysis or protein Slightly increase the cell lysis time or increase the SDS
not resolved solubilization concentration
o0
@ The PAG pore size or electrophore- Optimize the PAG pore size and electrophoresis time
= sis time is not optimized to fit the target proteins
73 Detectable protein signal The antibodies are not fully Increase the stripping time
after stripping removed during the stripping
process
Prepare fresh harsh stripping buffer and reapply
Confirm that the water level of the water bath is
higher than the level of harsh stripping buffer solution
in the slide mailer
Confirm that the temperature is 55 °C
@ TIMING

Steps 1-15, glass-SU-8 fabrication (optional): ~1 h per wafer

Steps 16-26, batch silanization of glass slides: 40-50 min per batch
Step 27, scWB PAG slide fabrication: 20-30 min per slide

Steps 28-33, settling of cells into microwells: 30-60 min
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Steps 34-50, single-cell PAGE and photoblotting: 5-10 min per slide

Steps 51-55, de-cross-linking of DK PAG slides: 30 min

Steps 56-69, in-gel immunoprobing: 4-6 h

Step 70, scWB PAG slide imaging: time varies with imaging apparatus

Steps 71-76, scWB PAG slide stripping: 30 min

Steps 77-85, scWB image analysis (optional): ~1 h per slide with multiple protein targets
Box 1, scWB training using a purified protein solution: 40 min

Box 2, whole-cell imaging in microwells: variable

ANTICIPATED RESULTS

Single-cell western blotting

The overall utility of scWB derives from a capacity for direct protein measurement in single cells, with a selectivity that
exceeds that of immunoassays. As demonstrated here (Fig. 11), single-cell PAGE and UV-activated protein immobilization
are completed within 10 min and resolve two housekeeping proteins, GAPDH and BTub, from single U373 glioblastoma cells
in a 10%T PAG within a 1-mm separation distance. Two assay stages—cell lysis and protein PAGE—are critical to the success
of the scWB assay. First, optimized cell lysis conditions are essential for efficient protein solubilization and minimal protein
loss. Hot lysis buffer (50 °C) helps dissociate the native tetramer forms of GAPDH (mobility = 0.27 + 0.14 x 10-5 cm2 V-1 s-1)
into monomer GAPDH (mobility = 6.11 + 0.27 x 10-5 cm? V-1 s-1; Fig. 11a). Second, the PAGE condition must be optimized
for the protein targets of interest. Using GAPDH and BTub as a model system, we perform PAGE on a 10%T uniform PAG and
achieve an R, = 0.5 + 0.09 at 30-s electrophoresis time (£ = 40 V cm~1) or R, = 0.95 + 0.06 at 34-s electrophoresis time
(Fig. 11b). Each application may require different gel pore sizes, electrophoresis times and gel architecture to achieve
optimal separation performance. Selection of an appropriate starting point for the PAGE conditions and optimization

should follow instructions in the Experimental design and TROUBLESHOOTING sections of this protocol. By following the
recommended positive and negative controls for scWB and verifying proper microwell fabrication (Figs. 6 and 7) and
experimental conditions (Figs. 11 and 12), the user can optimize this protocol to the device and assay conditions that

are most suitable for their own experimental inquiry.

Pore-gradient microgel and immunoprobing

The scWB is especially useful in target multiplexing, as a pore-gradient microgel can simultaneously resolve protein pairs
with similar electrophoretic mobility even when protein targets span a wide molecular mass range. Figure 12 illustrates

a pore-gradient PAGE analysis of three targets (mTOR, GAPDH and GFP) that completes in a 1-mm separation length;
however, in the uniform gel, the GFP electro-migrates beyond the 1-mm separation lane and locates at the second microwell,
resulting in protein loss from diffusion out of the microwell and nonquantifiable data.

During immunoprobing of proteins photo-immobilized in the pore-gradient microgel, we observe low immunoprobing
efficiency at the small-pore-size region of the PAGE separation axis. Thus, only mTOR, which locates at the large-pore-size
region of the PAG, yields detectable immunoprobed signal, whereas GAPDH and GFP are undetectable. Spatially nonuniform
introduction of antibody probe into the pore-gradient microgel is mitigated by de-cross-linking of the pore-gradient
microgel before immunoprobing (Fig. 12, right panel; see PROCEDURE Steps 51-55).

On balance, scWB is an adaptable protein assay that is suitable for assessing cell-to-cell variation in protein-mediated
cell functions for a range of protein targets. Distinct from other single-cell protein assays, the single-cell protein PAGE step
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Figure 11 | scWB reports GAPDH and BTub expression in single U373 glioblastoma cells. (a) False-color fluorescence micrographs show that low-temperature
lysis conditions (4 °C) cannot fully dissociate GAPDH protein (red) to monomer, as suggested by the peak location compared to that of the 50 °C lysis
condition. (b) False-color fluorescence micrographs show that, with elevated temperature (50 °C), 25-s lysis duration and 30-s electrophoresis times,

the GAPDH and BTub (blue) are partially resolved in 10%T, 2.7%C molecular sieving gel (R, = 0.5 + 0.09). With longer electrophoresis times (34 s),

the GAPDH and BTub are nearly fully resolved (R = 0.95 + 0.06).
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Figure 12 | Comparison of uniform versus pore-gradient scWB readouts.

The uniform PAG resolves mTOR (red, 289 kDa), GAPDH (magenta, 37 kDa)
and GFP (blue, 27 kDa) (top). However, the GFP protein overruns the 1-mm
separation lane. A comparable pore-gradient microgel resolves all three
proteins in the 1-mm separation lane (bottom). The GAPDH and GFP proteins
are undetectabe by immunoprobing in the pore-gradient microgel without
prior gel de-cross-linking using an HCL solution. Lysis duration for U373-GFP
cells = 25 s; PAGE at £ =40 V cm-1is 15 s for both uniform PAG (7%T, 2.7%(C)
and pore-gradient PAG (12%T precursor with 99% DK cross-linker). The
grayscale chrome mask contained a 200-pm uniform 70% grayscale region
contiguous to an 800-pm region housing a 70-1% grayscale gradient. The
pore-gradient DK PAG slides are de-cross-linked with pH 1.1 HCl and rinsed
with 1x TBST before immunoprobing.

confers a selectivity that is enhanced over immunoassays
alone, thus opening new means to identify important
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proteins and protein isoforms. Importantly, our assay and device is designed for adoption and adaptation by a broad range
of users seeking new tools to address both fundamental and applied questions in protein signaling at the single-cell level.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.

ACKNOWLEDGMENTS Research reported in this publication was supported

in part by the National Cancer Institute of the National Institutes of Health
(R21CA183679 to A.E.H.), a New Innovator Award from the National Institutes
of Health (1DP20D007294 to A.E.H.), an NSF CAREER award from the National
Science Foundation (CBET-1056035 to A.E.H.), a Diversity Supplement from the
National Institutes of Health (to E.S.) and National Science Foundation Graduate
Research Fellowships (DGE 1106400 to K.A.Y., J.V. and T.A.D.). We are grateful
to S. Kumar's laboratory in the Department of Bioengineering, University of
California, Berkeley, for providing the U373 MG and U373-GFP cell lines.

We acknowledge the helpful feedback from students enrolled in the 2015
Single Cell Analysis course at Cold Spring Harbor Laboratory.

AUTHOR CONTRIBUTIONS All authors designed the experiments. C.-C.K.,
K.A.Y., J.V. and E.S. performed the experiments. C.-C.K. and T.A.D. performed the
data analysis. All authors wrote the manuscript.

COMPETING FINANCIAL INTERESTS The authors declare competing financial
interests: details are available in the online version of the paper.

Reprints and permissions information is available online at http://www.nature.

com/reprints/index.html.

1. Wang, J., Fan, H.C., Behr, B. & Quake, S.R. Genome-wide single-cell
analysis of recombination activity and de novo mutation rates in human
sperm. Cell 150, 402-412 (2012).

2. Chang, H.H., Hemberg, M., Barahona, M., Ingber, D.E. & Huang, S.
Transcriptome-wide noise controls lineage choice in mammalian progenitor
cells. Nature 453, 544-547 (2008).

3. Cohen, A.A. et al. Dynamic proteomics of individual cancer cells in
response to a drug. Science 322, 1511-1516 (2008).

4. Pushkarsky, I. et al. Automated single-cell motility analysis on a chip
using lensfree microscopy. Sci. Rep. 4, 4717 (2014).

5. Toriello, N.M. et al. Integrated microfluidic bioprocessor for
single-cell gene expression analysis. Proc. Natl. Acad. Sci. USA 105,
20173-20178 (2008).

6. Duncombe, T.A., Tentori, A.M. & Herr, A.E. Microfluidics: reframing
biological enquiry. Nat. Rev. Mol. Cell Biol. 16, 554-567 (2015).

7. Marcus, J.S., Anderson, W.F. & Quake, S.R. Microfluidic single-cell mRNA
isolation and analysis. Anal. Chem. 78, 3084-3089 (2006).

8. Bose, S. et al. Scalable microfluidics for single cell RNA printing and
sequencing. Genome Biol. 16, 120 (2015).

9. Fan, H.C., Fu, G.K. & Fodor, S.P.A. Combinatorial labeling of single cells
for gene expression cytometry. Science 347, 1258367 (2015).

10. White, A.K. et al. High-throughput microfluidic single-cell RT-gPCR.
Proc. Natl. Acad. Sci. USA 108, 13999-14004 (2011).

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25,

26.

27.

28.

30.

. Streets, A.M. et al. Microfluidic single-cell whole-transcriptome

sequencing. Proc. Natl. Acad. Sci. USA 111, 7048-7053 (2014).

Yu, M. et al. RNA sequencing of pancreatic circulating tumour cells
implicates WNT signalling in metastasis. Nature 487, 510-513 (2012).
Karabacak, N.M. et al. Microfluidic, marker-free isolation of circulating
tumor cells from blood samples. Nat. Protoc. 9, 694-710 (2014).

Vogel, C. et al. Sequence signatures and mRNA concentration can
explain two-thirds of protein abundance variation in a human cell line.
Mol. Syst. Biol. 6, 1-9 (2010).

Taniguchi, Y. et al. Quantifying E. coli proteome and transcriptome

with single-molecule sensitivity in single cells. Science 329,

533-538 (2010).

Sachs, K., Perez, 0., Pe’er, D., Lauffenburger, D.A. & Nolan, G.P. Causal
protein-signaling networks derived from multiparameter single-cell data.
Science 308, 523-529 (2005).

Rowat, A.C., Bird, J.C., Agresti, J.J., Rando, 0.J. & Weitz, D.A. Tracking
lineages of single cells in lines using a microfluidic device. Proc. Natl.
Acad. Sci. USA 106, 18149-18154 (2009).

Hughes, A.J. et al. Single-cell western blotting. Nat. Methods 11,
749-755 (2014).

Kang, C.-C., Lin, J.-M.G., Xu, Z., Kumar, S. & Herr, A.E. Single-cell western
blotting after whole-cell imaging to assess cancer chemotherapeutic
response. Anal. Chem. 86, 10429-10436 (2014).

Begley, C.G. & Ellis, L.M. Drug development: raise standards for preclinical
cancer research. Nature 483, 531-533 (2012).

Stadler, C. et al. Immunofluorescence and fluorescent-protein tagging
show high correlation for protein localization in mammalian cells.

Nat. Methods 10, 315-323 (2013).

Egelhofer, T.A. et al. An assessment of histone-modification antibody
quality. Nat. Struct. Mol. Biol. 18, 91-93 (2011).

Delom, F. & Chevet, E. Phosphoprotein analysis: from proteins to
proteomes. Proteome Sci. 4, 15 (2006).

Hughes, A.J. & Herr, A.E. Microfluidic western blotting. Proc. Natl.
Acad. Sci. USA 109, 21450-21455 (2012).

Hughes, A.J., Lin, R.K.C., Peehl, D.M. & Herr, A.E. Microfluidic integration
for automated targeted proteomic assays. Proc. Natl. Acad. Sci. USA 109,
5972-5977 (2012).

Duncombe, T.A. & Herr, A.E. Photopatterned free-standing
polyacrylamide gels for microfluidic protein electrophoresis. Lab Chip
13, 2115-2123 (2013).

Duncombe, T.A. et al. Hydrogel pore-size modulation for enhanced
single-cell western blotting. Adv. Mater. 28, 327-334 (2015).
Vlassakis, J. & Herr, A.E. Effect of polymer hydration state on in-gel
immunoassays. Anal. Chem. 87, 11030-11038 (2015).

. Dorman, G. & Prestwich, G.D. Benzophenone photophores in biochemistry.

Biochemistry 33, 5661-5673 (1994).
Burry, R.W. Controls for immunocytochemistry: an update. J. Histochem.
Cytochem. 59, 6-12 (2011).

NATURE PROTOCOLS | VOL.11 NO.8 | 2016 | 1529


http://dx.doi.org/10.1038/nprot.2016.089
http://dx.doi.org/10.1038/nprot.2016.089
http://www.nature.com/reprints/index.html
http://www.nature.com/reprints/index.html

@4 © 2016 Nature America, Inc. All rights reserved.

| PROTOCOL

31.

32.

33.
34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Ng, A.H.C., Chamberlain, M.D., Situ, H., Lee, V. & Wheeler, A.R. Digital
microfluidic immunocytochemistry in single cells. Nat. Commun. 6,

7513 (2015).

Perfetto, S.P., Chattopadhyay, P.K. & Roederer, M. Seventeen-colour

flow cytometry: unravelling the immune system. Nat. Rev. Immunol. 4,
648-655 (2004).

Shapiro, H.M. Practical Flow Cytometry (John Wiley & Sons, 2005).
Bandura, D.R. et al. Mass cytometry: technique for real time single cell
multitarget immunoassay based on inductively coupled plasma time-of-
flight mass spectrometry. Anal. Chem. 81, 6813-6822 (2009).
Fredriksson, S. et al. Protein detection using proximity-dependent

DNA ligation assays. Nat. Biotechnol. 20, 473-477 (2002).

Shi, Q. et al. Single-cell proteomic chip for profiling intracellular
signaling pathways in single tumor cells. Proc. Natl. Acad. Sci. USA 109,
419-424 (2012).

Lu, Y. et al. High-throughput secretomic analysis of single cells to assess
functional cellular heterogeneity. Anal. Chem. 85, 2548-2556 (2013).
Stack, E.C., Wang, C., Roman, K.A. & Hoyt, C.C. Multiplexed
immunohistochemistry, imaging, and quantitation: a review, with an
assessment of tyramide signal amplification, multispectral imaging and
multiplex analysis. Methods 70, 46-58 (2014).

Gerdes, M.J. et al. Highly multiplexed single-cell analysis of formalin-
fixed, paraffin-embedded cancer tissue. Proc. Natl. Acad. Sci. USA 110,
11982-11987 (2013).

Lu, Y. et al. Highly multiplexed profiling of single-cell effector functions
reveals deep functional heterogeneity in response to pathogenic ligands.
Proc. Natl. Acad. Sci. 112, E607-E615 (2015).

Darmanis, S. et al. Simultaneous multiplexed measurement of RNA and
proteins in single cells. Cell Rep. 14, 380-389 (2016).

Wang, D. & Bodovitz, S. Single cell analysis: the new frontier in ‘omics".
Trends Biotechnol. 28, 281-290 (2010).

Zhang, W., Li, F. & Nie, L. Integrating multiple ‘omics’ analysis for
microbial biology: application and methodologies. Microbiology 156,
287-301 (2010).

Weibrecht, 1. et al. In situ detection of individual mRNA molecules and
protein complexes or post-translational modifications using padlock
probes combined with the in situ proximity ligation assay. Nat. Protoc. 8,
355-372 (2013).

Brahic, M., Haase, A.T. & Cash, E. Simultaneous in situ detection of viral
RNA and antigens. Proc. Natl. Acad. Sci. USA 81, 5445-5448 (1984).
Fienberg, H.G., Simonds, E.F., Fantl, W.J., Nolan, G.P. & Bodenmiller, B.

A platinum-based covalent viability reagent for single-cell mass cytometry.

Cytometry 81A, 467-475 (2012).

Behbehani, G.K., Bendall, S.C., Clutter, M.R., Fantl, W.J. & Nolan, G.P.
Single-cell mass cytometry adapted to measurements of the cell cycle.
Cytometry 81A, 552-566 (2012).

Zhang, Y. et al. Single-cell codetection of metabolic activity, intracellular
functional proteins, and genetic mutations from rare circulating tumor
cells. Anal. Chem. 87, 9761-9768 (2015).

Xue, M. et al. Chemical methods for the simultaneous quantitation

of metabolites and proteins from single cells. J. Am. Chem. Soc. 137,
4066-4069 (2015).

Rodbard, D., Kapadiia, G. & Chrambach, A. Pore gradient electrophoresis.
Anal. Biochem. 157, 135-157 (1971).

Li, J.J., Bickel, P.J. & Biggin, M.D. System wide analyses have
underestimated protein abundances and the importance of transcription in
mammals. Peer] 2, e270 (2014).

1530 | VOL.11 NO.8 | 2016 | NATURE PROTOCOLS

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Tong, J. & Anderson, J.L. Partitioning and diffusion of proteins

and linear polymers in polyacrylamide gels. Biophys. J. 70, 1505-1513
(1996).

Morris, C.J. & Morris, P. Molecular-sieve chromatography and
electrophoresis in polyacrylamide gels. Biochem. J. 124, 517-528
(1971).

Tanaka, T. et al. Mechanical instability of gels at the phase transition.
Nature 325, 796-798 (1987).

Go, Y.M. & Jones, D.P. Redox compartmentalization in eukaryotic cells.
Biochim. Biophys. Acta 1780, 1273-1290 (2008).

Margolis, J. & Kenrick, K.G. Polyacrylamide gel-electrophoresis across a
molecular sieve gradient. Nature 214, 1334-1336 (1967).

Ebersole, R.C. & Foss, R.P., inventors. Porosity gradient electrophoresis
gel. U.S Pat. 4,704,198 (1987).

Swinney, K. & Bornhop, D.J. Quantification and evaluation of Joule
heating in on-chip capillary electrophoresis. Electrophoresis 23,
613-620 (2002).

Petersen, N.J., Nikolajsen, R.P.H., Mogensen, K.B. & Kutter, J.P. Effect
of Joule heating on efficiency and performance for microchip-based and
capillary-based electrophoretic separation systems: A closer look.
Electrophoresis 25, 253-269 (2004).

Pan, Y., Duncombe, T.A., Kellenberger, C.A., Hammond, M.C. & Herr, A.E.
High-throughput electrophoretic mobility shift assays for quantitative
analysis of molecular binding reactions. Anal. Chem. 86, 10357-10364
(2014).

Torsvik, A. et al. U-251 revisited: genetic drift and phenotypic
consequences of long-term cultures of glioblastoma cells. Cancer Med. 3,
812-824 (2014).

Timerman, D. & Yeung, C.M. Identity confusion of glioma cell lines.
Gene 536, 221-222 (2014).

Madren, S.M. et al. Microfluidic device for automated synchronization of
bacterial cells. Anal. Chem. 84, 8571-8578 (2012).

Na, S. et al. Rapid signal transduction in living cells is a unique feature
of mechanotransduction. Proc. Natl. Acad. Sci. USA 105, 6626-6631
(2008).

Henjes, F. et al. Strong EGFR signaling in cell line models of ERBB2-
amplified breast cancer attenuates response towards ERBB2-targeting
drugs. Oncogenesis 1, e16 (2012).

Giddings, J.C. Unified Separation Science 97-101 (John Wiley & Sons,
1991).

Bendall, S.C., Nolan, G.P., Roederer, M. & Chattopadhyay, P.K. A deep
profiler's guide to cytometry. Trends Immunol. 33, 323-332 (2012).
Ornatsky, 0.I. et al. Study of cell antigens and intracellular DNA by
identification of element-containing labels and metallointercalators
using inductively coupled plasma mass spectrometry. Anal. Chem. 80,
2539-2547 (2008).

Albayrak, C. et al. Digital quantification of proteins and mRNA in single
mammalian cells. Mol. Cell 61, 914-924 (2016).

Leuchowius, K.-J., Weibrecht, I. & Soderberg, 0. In situ proximity ligation
assay for microscopy and flow cytometry. Curr. Protoc. Cytom. Chapter 9
Unit 9.36 (2011).

Gawad, S., Schild, L. & Renaud, P.H. Micromachined impedance
spectroscopy flow cytometer for cell analysis and particle sizing.

Lab Chip 1, 76-82 (2001).

Porichis, F. et al. High-throughput detection of miRNAs and gene-specific
mRNA at the single-cell level by flow cytometry. Nat. Commun. 5,

5641 (2014).





