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Abstract

Integrating 2D culture of adherent mammalian cells with single-cell western blotting (in situ 
scWB) uses microfluidic design to eliminate trypsin release of cells to suspension, prior to single-

cell isolation and protein analysis. To assay HeLa cells from an attached starting state, we culture 

adherent cells in fibronectin-functionalized microwells formed in a thin layer of polyacrylamide 

gel. To integrate the culture, lysis, and assay workflow, we introduce a one-step copolymerization 

process that creates protein-decorated microwells. After single-cell culture, we lyse each cell in 

the microwell and perform western blot on each resultant lysate. We observe cell spreading after 

overnight microwell-based culture. scWB reports increased phosphorylation of MAP kinases 

(ERK1/2, p38) under hypertonic conditions. We validate the in situ scWB with slab-gel western 

blot, while revealing cell-to-cell heterogeneity in stress responses.

Graphical Abstract

Immunoblotting single, adherent mammalian cells in 2D culture: To eliminate perturbation of 

cells during detachment from culture, we integrate microwell-based cell culture with single-cell 

immunoblotting. In a one-step process, microwells are decorated with fibronectin. After osmotic 

stress of HeLa cells during microwell culture, we measure phosphorylation of MAP kinases, and 

observe significant cell-to-cell heterogeneity in stress responses.
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Introduction

Quantitative measurement of proteins with single-cell resolution on attached, adherent cells 

in culture eliminates biological perturbation that occurs during cell detachment from 2D 

culture. Cell detachment for analysis of a cell suspension can perturb membrane proteins, 

cytoskeletal proteins, and signaling proteins (e.g., phosphorylation state).[1] Assays 

performed on attached, adherent cells reduce the risk of sample-transfer loss for improved 

accuracy.[2] Moreover, assaying cells in culture preserves the extracellular matrix context for 

assessing the relationships between molecular signature, phenotype (e.g., morphology), and 

substrate properties (e.g., geometry or mechanical properties). These relationships are 

increasingly appreciated in understanding the sources of cell-to-cell heterogeneity.[3]

Immunoassays are the de facto standard for analyses of endogenous, unmodified proteins in 

adherent cells in culture, largely based on immunocytochemistry (ICC).[4] Nevertheless, as 

with any assay, ICC presents limitations. With reduced cell-suspension density, ICC profiles 

target proteins with single-cell resolution.[5] Target selectivity in ICC depends on the 

availability and specificity of immunoreagents; for detection of proteoforms (e.g., isoforms), 

ICC can be restricted by the availability of an isoform-specific antibody.[6] ICC offers 

limited throughput, with microscopy based analysis of ~100’s of cells per assay.[5b] In 

addition, cell aggregation and varied cell morphologies can confound cell identification.[7] 

As such, analytical tools that could provide selectivity for proteoform targets, increase 

throughput, and control cell localization for adherent cells in 2D culture would fill a gap 

relevant to biological inquiry.

Here we report a single-cell western blot for protein analyses of adherent cells in culture (in 
situ scWB). In situ scWB combines single-cell culture and western blot on one 

polyacrylamide (PA) gel. First, single adherent cells are seeded and cultured in individual 

microwells of a functionalized PA gel (in situ scWB device), thus eliminating semi-

subjective cell identification in ICC.[5b, 7] Next, the cell-laden microwells are dosed with 

stimulants (e.g., drug, stress) by incubating the device in the stimulant solution. After 

dosing, each attached cell is chemically lysed in its microwell. Immediately after lysis, an 

electric field is applied across the device, initiating electrophoresis during which the 

solubilized lysate from each cell electromigrates through the PA gel and resolves based on 

molecular mass differences. Upon completion of electrophoresis, proteins are photo-blotted 

(immobilized) via UV light activation of a benzophenone methacrylamide (BPMA) 

incorporated into the PA gel during device fabrication.[8] Immunoprobing using 

fluorescently labeled immunoreagents yields high selectivity protein target detection along 

the electrophoresis separation lane (Figure 1a).
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Results and Discussion

To support single-cell culture in each microwell, we sought to functionalize the substrate PA 

gel with adhesive ligands, such as fibronectin (FN) or collagen.[9] Despite extensive use of 

adhesive ligand-patterned hydrogels in in vitro cell studies,[10] the geometry of the 

microwell (unsuitable for contact printing) and anti-fouling properties of PA gel make 

coating a challenge. Activating PA gel to enhance protein adhesion through chemical 

treatment such as sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino)hexanoate (sulfo-

SANPAH) activation can be inefficient, non-uniform, and unstable.[10a, 11] To introduce a 

new approach compatible with these constraints, we sought to generate FN-functionalized 

PA gel through FN-embedded polymerization (Figure 1b). We mixed FN in PA gel 

precursor, and polymerized the hydrogel using free-radical polymerization at room 

temperature for ~1 h. Because of the amphipathic property of FN,[12] we hypothesize that 

FN accumulates at the hydrophobic surface of the SU8 mold and forms an FN layer at the 

surface of the PA gel; a hypothesis that we investigated further.

To examine the FN distribution in the PA gel comprising the in situ scWB device, we 

included rhodamine-labeled FN (FN*) in the PA gel precursor and used confocal 

fluorescence microscopy to inspect the FN* distribution after device fabrication. Confocal 

microscopy reports a surface-confined layer of FN* across the device in the z-stack scan. To 

validate that the fluorescent layer is FN* and not simply unconjugated fluorophore, we 

immunoprobed the device with an AlexaFluor 647-labeled antibody against FN (anti-FN; 

Figure 2a). Coincident fluorescence signal from FN* and anti-FN confirms that FN* is 

located on the surface of the PA gel. During polymerization, hydrogen bonds are thought to 

form between the PA gel and FN accumulated at the gel surface,[13] thus immobilizing FN to 

the gel surface without covalent bonds. To form stronger covalent attachment to a PA gel, 

FN can be crosslinked with benzophenone of a BPMA-incorporated PA gel using UV 

irradiation (Supporting Information, Figure S1). The interactions between FN and the 

contact surfaces are hypothesized to contribute collectively to the surface accumulation of 

FN on the PA gel.

To evaluate the tunability of the one-step fabrication approach for diverse cell culture needs, 

we fabricated in situ scWB devices using a range of applied FN* concentrations (1–100 μg 

ml−1, determined based on previous work[14]) and microwell diameters (50–100 μm). Using 

confocal imaging, we observe FN* localized to the surface of all devices (n = 4). Moreover, 

the average FN* layer thickness (h) is in the same range (~20 μm) between devices 

fabricated with a variety of applied FN* concentrations (Figure 2b, Table S1) and microwell 

diameters (Figure 2c, Table S1). The microwell-to-microwell variation (CV) of the FN* 

layer thickness on a device is <10% for all of the applied FN* concentrations and microwell 

diameters (Figure 2d, top; Table S1; n = 3 representative locations across each device).

To assess the FN layer uniformity within the microwells of an in situ scWB device, we used 

a fluorescence scanner to image each microwell (n = ~2,000 microwells). As the applied 

FN* concentration increases from 1 to 100 μg ml−1, the average fluorescence intensity from 

a microwell (Imicrowell) increases accordingly by 2 orders of magnitude (Figure 2e, Table 

S2). The relationship between applied and incorporated FN* suggests a degree of 
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controllability in the incorporated FN concentration of the FN layer (Figure 2f), and further 

allows calibration for design of substrates with tunable ligand densities. For each applied 

FN* concentration (10 μg ml−1), Imicrowell remains comparable (~1.5 fold) for devices with 

different microwell diameters (Figure 2g, Table S2). Finally, the CV (n = ~2,000) of the 

microwell fluorescence across an entire device is ≦20% for all the examined devices (Figure 

2d, bottom; Table S2), which is within the acceptable CV range for this assay.[15] Compared 

to the observed variation in the thickness of the FN* layer (CV <10%), the larger variance of 

the microwell FN* fluorescence across each device likely stems from a nonideal, partial 

transfer of the pattern during the peel-off process. The partial pattern transfer arises from: 1) 

the compliance mismatch between the PA gel and the SU8 pillar that causes a partial 

detachment of FN* from the SU8 surface and 2) the peel-off direction that largely 

determines the resultant pattern of debonding defects.[16] While acceptable with the current 

process, process enhancements are under study, including: i) applying a uniform 

hydrophobic treatment to the SU8 substrate to reduce adhesion to generate interfacial crack 

growth and ii) developing a controlled peel-off strategy to mitigate inadvertent creation of 

nonuniform defect patterns across the device.

After establishing the capability to present FN on the surface of microwells cast in PA gel, 

we next sought to evaluate the short-term cell-culture capability of the in situ scWB device. 

The short-term on-chip culture should be longer than the adhesion recovery time between 

the dissociated cell and the microwell to allow for relevant protein measurement, and be 

shorter than the doubling time to maintain the singe-cell occupancy in each microwell. To 

accomplish this, we cultured HeLa cells overnight in each microwell (50 μm in diameter) 

and examined, first, cell viability and, next, cell spreading. We scrutinized viability using a 

calcein AM / ethidium homodimer-1 staining kit. We quantified cell spreading by measuring 

projected area and circularity of the calcein AM-stained cells.

The viability assay reports no significant difference in cell viability before and after on-chip 

culture (Welch’s t-test: p = 0.86, n = 3 replicates, ~1000 cells per assay), which indicates no 

detectable cytotoxicity for the short-term culture (Supporting Information, Figure S2). The 

viability results also agree with other PA gel-based in vitro studies.[9a, 17] Further, the cells 

cultured on unmodified devices also exhibit sustained viability after on-chip culture 

(Welch’s t-test: p = 0.65, n = 3 replicates, ~1000 cells per assay; Supporting Information, 

Figure S2). Hence, we sought more precise metrics to assess the cell status in short-term 

culture. Cell spreading is considered a strong indicator of robust adhesion between an 

adherent cell and its substrate, and robust adhesion is crucial for cell growth and 

proliferation.[18] In the presence of adhesive ligands, healthy cells with intact ligand 

receptors can effectively adhere to the substrate, and the spreading level is correlated with 

the ligand density.[19]

We scrutinized cell spreading after overnight culture, across a range of applied FN 

concentrations (0–100 μg ml−1). We observe that HeLa cells exhibit an increased polarity as 

applied FN concentration increases (Figure 3a), as corroborated by the changes in projected 

area and circularity. The average projected area increases (Spearman’s ρ = 0.8, p = 0.33) 

with the increase of applied FN concentration (Figure 3b). The average circularity decreases 

monotonically (Spearman’s ρ = −1, p = 0.08) with the increase of applied FN concentration 
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(Figure 3c). Compared to the cells cultured on unmodified devices, those cultured on FN-

modified devices start to exhibit a significant difference (p <0.001, n >100 cells) in 

circularity when applied FN concentrations are equal or greater than 1 μg ml−1 (Mann-

Whitney test, Table S3). A similar trend is observed with projected area, but the onset FN 

concentration for cells to exhibit significant difference (p <0.001, n >100 cells) is 10 μg ml−1 

(Mann-Whitney test, Table S3). The smaller onset value of the applied FN concentration in 

circularity (1 μg ml−1) than in projected area (10 μg ml−1) suggests the sensitivity of the 

metric ‘circularity’ in assessing cells’ morphology changes. We also observe a larger mean 

projected area (495 μm2) and a smaller mean circularity (~0.52) on FN-coated glass (n = 75) 

than on in situ scWB devices (282 μm2, ~0.72). We attribute the observation to microwell 

confinement (~50 μm in diameter) on cell spreading.[20] Cells spread on the in situ scWB 

device, and the spreading level is related to the applied FN concentration, indicating 

suitability of the in situ scWB device for adherent cell culture. For considerations of the 

device throughput and the reagent cost, we chose to fabricate microwells of 50 μm in 

diameter, with the applied FN concentration of 10 μg ml−1 for downstream analytical 

experiments.

Having established the upstream cell preparation capabilities of the in situ scWB, we next 

sought to assess the downstream analytical capability by applying the western blotting 

function to measure osmotic stress-induced MAP kinase phosphorylation in single cells. 

Phosphorylation is dynamic.[21] Moreover, the kinases (e.g., ERK1/2 (ERK), p38) 

responsive to osmotic stress can be triggered by a multitude of stimuli (i.e., temperature, 

chemical, and mechanical perturbations).[22] Sample preparation such as trypsinization and 

centrifugation is thought to introduce artefacts. Consequently, we sought to design an 

integrated microfluidic device to circumvent such sample processing prior to protein 

analysis via in situ scWB.

Using the in situ scWB, we performed on-chip overnight cell culture, stimulation, and 

western blot analysis of single adherent HeLa cells. We investigated hyper-osmotic stress-

induced phosphorylation with single-cell resolution, as our slab gel western blot analysis of 

pooled cells reports negligible phosphorylation of both ERK and p38 under hypo-osmotic 

versus hyper-osmotic stress (Figure S3). The conditions of isotonic (60 min, 300 mOsm) and 

hypertonic (60 min, 500 mOsm) stimulation were determined from conventional western 

blot analysis (Supporting Information, Figure S3). For phosphorylated-ERK (p-ERK), we 

observe 21.8% of the hypertonic cells having an abundance larger than 3x the standard 

deviation of the average isotonic abundance (nhyper = 229, niso = 181) (Figure 4a). In 

phosphorylated-p38 (p-p38), nearly 24.5% of the hypertonic cells have an abundance larger 

than 3x the standard deviation of the average isotonic abundance (nhyper = 155, niso = 157) 

(Figure 4a). The overall increased abundance level for both p-ERK and p-p38 under the 

hypertonic condition indicates apparent hyper-osmotic responses in cell populations.

By contrast, using a version of the scWB with ex situ 2D culture, stimulation, and trypsin 

release to cell suspension, we observe 2.7% of the hypertonic cells having an abundance 

larger than 3x the standard deviation of the average isotonic abundance in p-ERK (nhyper = 

187, niso = 148), and 1.5% of the hypertonic cells having an abundance larger than 3x the 

standard deviation of the average isotonic abundance in p-p38 (nhyper = 269, niso = 226) 
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(Figure 4b, Figure S4). The negligible changes in p-ERK and p-p38 abundance observed in a 

version of the scWB with ex situ 2D culture, stimulation, and trypsin release to cell 

suspension are attributed to the unintended phosphorylation from trypsinization and time-in-

suspension during sample preparation processes (Supporting Information, Figure S5).

Next, across a population of HeLa cells, we sought to assess any shift in mean expression 

level of p-ERK or p-p38 owing to osmotic stress. To correct for biological heterogeneity 

unrelated to the stress conditions (e.g., cell cycle, cell size), we normalized p-ERK and p-

p38 expression by β-tubulin expression from the same cell and for each cell. Expression of 

β-tubulin by in situ scWB remains nearly constant across osmotic conditions, with 1.7% of 

the hypertonic cells seeing β-tubulin expression in 3x excess of the average isotonic 

abundance (nhyper = 229, niso = 181; Figure 4a, 4c, Figure S6). By in situ scWB, ERK and 

p38 show significant increases in phosphorylation under hypertonic stress (Mann-Whitney 

test, pp-ERK = 1.5 × 10−47, pp-p38 = 1.8 × 10−47, n >150 cells). The median phosphorylation 

level before versus after stress shows increases of ~5.6x (ERK) and ~5.8x (p38) (Figure 4d). 

The in situ scWB observations are consistent with reported population-averaged hyper-

osmotic responses.[23]

Not detectable with population-averaged slab-gel western blot analysis, the in situ scWB 

reports larger cell-to-cell variation in phosphorylation level under hypertonic conditions for 

both ERK and p38. Single-cell resolution expression of ERK shows a ~6x increase (0.104 vs 

0.590) in interquartile range (IQR), while p38 shows a ~3x increase (0.073 vs 0.213) in IQR 

(Figure 4d). The increases suggest co-existence of hyper-responders and non-responders 

within each cell population, thus indicating the differential cellular responses under the same 

osmotic stress. Such heterogeneity in kinase phosphorylation was also reported for cells 

stimulated with growth factors.[5]

The differential cellular response in kinase phosphorylation may be at least partially 

attributable to cell-cycle stage. Hyper-osmotic stress induces DNA damage to which cellular 

response is known to vary with stage of the cell cycle.[24] Consequently, similar 

dependencies in MAPK activity are anticipated. In one possible implication, the efficacy of 

some anti-cancer drugs depends on cell-cycle stage.[25] Thus, knowledge of osmotic stress-

induced heterogeneous phosphorylation could inform cancer subclassification and bolster 

therapeutic efficacy.

Hyper-osmotic stress-induced protein expression, including secretion of cytokines, is 

reported across cell lines as well as in primary immune cells.[26] Known to play critical roles 

in physiology, hyper-osmotic stress-induced protein expression is involved in achieving 

homeostasis under stress and in immune response. Scrutinizing population-level findings 

with single-cell resolution aims to inform understanding of mechanistic differences in stress 

responses. This understanding would underpin efforts to identify, sort, and study presently 

unknown sub-populations of clinically relevant cells as a component of precision medicine.
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Conclusion

In summary, we introduce, validate, and apply a single-cell western blot assay to analyze 

hundreds of individual adherent cells in culture (in situ scWB). The integration of 2D cell 

culture and protein analysis minimizes the perturbations from sample preparation, and hence 

allows measurement of challenging protein targets, including membrane receptors, 

cytoskeletal proteins, focal adhesion complex, and signaling proteins as demonstrated here. 

The high-throughput microwell array of the in situ scWB device can interrogate hundreds of 

individual cells per assay, which is critical for statistical analysis of single-cell results. More 

importantly, the cell-culture substrate (PA gel) of the in situ scWB device can be 

independently tuned in geometry, ligand density, and stiffness across the physiological 

range, hence allowing multidimensional measurements to map the proteomic signature of 

each cell to culture context. As such, we envision that in situ scWB will open up new 

possibilities for single-cell studies.

Experimental Section

Experimental Details, including the reagents, device fabrication, cell culture, cell viability 

and spreading assessment, osmotic stress protocols, in situ scWB procedures, imaging and 

data analysis are provided in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
In situ single-cell western blot (in situ scWB) measures protein expression in single, 

adherent cells in culture by integrating on-chip 2D cell culture and single-cell western 

blotting. a) Schematic of the in situ scWB assay for measuring osmotic stress-induced 

protein phosphorylation. Left: Photographs of an in situ scWB device fabricated on a 

standard glass microscope slide. The bottom photograph is the zoom-in of the yellow box in 

the top photograph. The gel on the device was stained blue for visualization. Middle: 

Workflow of the in situ scWB assay illustrated with one microwell from among an array of 

~2000 microwells on the device. Right: A representative false-colored fluorescence 

micrograph from in situ scWB of stress-induced phosphorylation, and the fluorescence 

profile along the electrophoretic separation. β-tubulin: 50 kDa. p38: 41 kDa. b) One-step 

fabrication of the in situ scWB device, composed of arrays of fibronectin-functionalized 

microwells stippled in a thin layer of polyacrylamide (PA) gel.
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Figure 2. 
Characterization of the fibronectin (FN) layer in microwells on the in situ scWB device. a) 
Representative false-color confocal fluorescence micrographs (cross section along y-z plane) 

indicating a thin layer of rhodamine-labeled FN (FN*) at the surface of the in situ scWB 

device. Microwell: diameter, 50 μm; height, 40 μm. Red: FN*. Blue: FN* probed with 

AlexaFluor 647-labeled antibody (anti-FN). Scale bar: 20 μm. b) Quantitated thickness of 

the FN* layer on in situ scWB devices of varied applied FN* concentrations (FN* conc.). c) 
Quantitated thickness of the FN* layer on in situ scWB devices of varied microwell 

diameters. n = 3. Error bar: standard deviation. d) Coefficient of variation (CV) of FN* 

thickness (top) and average microwell fluorescence (bottom). Straight lines are drawn to 

indicate the values of 0.1 (top) and 0.2 (bottom). e) Average microwell fluorescence from in 
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situ scWB devices spanning various applied FN* concentrations. f) Linear fit to the average 

fluorescence intensities at each FN* concentration in e). g) Average microwell fluorescence 

from in situ scWB devices of various microwell diameters. Black lines in e) and g): mean 

value, n >1900 for each group. Error bars: standard deviation. Unless otherwise specified, 

the microwell diameter is 50 μm and the applied FN or FN* concentration is 10 μg ml−1.
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Figure 3. 
HeLa cells are viable and spread in FN-coated microwells (50 μm in diameter) on the in situ 
scWB device. a) Representative micrographs of the overnight cultured HeLa cells in FN-

coated microwells molded in PA gel. Top: phase contrast micrographs. Bottom: false-color 

fluorescence micrographs. Cells were stained with calcein AM for morphology 

characterization. Scale bar: 10 μm. b) Comparison of the cell projected area on varied 

applied FN concentrations. c) Comparison of the cell circularity on varied applied FN 

concentrations. Boxes represent the first and third quartiles of analyte distributions. Black 

lines indicate the median values. Asterisks mark the mean values. Whiskers are 1.5 fold of 

interquartile range. Circles are outliers. Mann–Whitney significance levels: n.s., p >0.05; 

***, p <0.001. n >75 for each group.

Zhang et al. Page 13

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2020 September 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Phosphorylation of ERK1/2 (ERK) and p38 induced by osmotic stress in single HeLa cells 

is measured using in situ scWB, but not detected in scWB with ex situ 2D culture, 

stimulation, and trypsin release to cell suspension. Microwell: 50 μm in diameter. FN 

concentration: 10 μg ml−1. a) Scatter plots of the protein abundance of single cells from in 
situ scWB. Insets: zoom-in on y axis. b) Scatter plots of the protein abundance of single 

cells from scWB of trypsinized cells from conventional 2D cell culture with stimulation 

(normal scWB). c) Representative false-color fluorescence micrographs of immunoprobed 

targets in a single cell under iso- and hyper-osmotic conditions. ERK: 42, 44 kDa. Scale bar: 

100 μm. d) Box plots that indicate the distribution of the normalized abundance of 

phosphorylated targets (p-ERK, p-p38) under different osmotic conditions. Boxes represent 
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the first and third quartiles of analyte distributions. Black lines indicate the median values. 

Whiskers are 1.5 fold of interquartile range. Mann–Whitney significance levels: ***, p 
<0.001. n >150 for each group.
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