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! Abstract
Detection of levels of intracellular phospho-proteins is key to analyzing the dynamics of
signal transduction in cellular systems. Cell-to-cell variability in the form of differences
in protein level in each cell affects signaling and is implicated in prognosis of many dis-
eases. Quantitative analysis of such variability necessitate measuring the protein levels at
single-cell resolution. Single-cell intracellular protein abundance detection in statistically
significant number of adherent cells for short time sampling points post stimulation
using classical flow cytometry (FCM) technique has thus far been a challenge due to the
detrimental effects of cell detachment methods on the cellular machinery. We systemati-
cally show that cell suspension obtained by noninvasive temperature-sensitive detach-
ment of adherent cells is amenable to high-throughput phospho-ERK1/2 protein
detection at single-cell level using FCM in these short time sampling points. We demon-
strate this on three adherent cell lines, viz., HeLa, A549, and MCF7, from distinct line-
ages having characteristically different elasticity at 37 "C. In particular, we use a right
combination of multiplexing via fluorescent cell barcoding (FCB) and intracellular anti-
body staining for simultaneous detection of phospho-ERK1/2 (pERK) stimulated by epi-
dermal growth factor (EGF) in multiple samples. Based on systematic characterization
using Alexa 350 dye, we arrive at two conditions that must be satisfied for correct imple-
mentation of FCB. Our study reveals that the temperature-sensitive detachment of HeLa
cells correctly captures the expected pronounced bimodal pERK distribution as an early
response to EGF, which the enzymatic treatment methods fail to detect. © 2018 Interna-
tional Society for Advancement of Cytometry
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POPULATION average measurements, popularly used in laboratory and clinical
settings, reflect only representative behavior of an ensemble of heterogeneous cells
and, therefore, fail to distinguish variable signaling dynamics within single cells
(1). However, existence of cell-to-cell variability has been demonstrated in an
ensemble of primary (normal (1) and diseased (2)) and immortalized cells (3–5).
Use of variability in protein levels that quantitatively reflect the inherently present
cellular heterogeneity for various analysis and detection purposes can offer signifi-
cant insights into the underlying principles (6–10). Capturing this variability in
protein levels requires detection at single-cell level in statistically significant num-
ber of cells, which is currently a routine practice in case of those cells cultured in a
suspension. However, most tissues being adherent in nature, these approaches are
not directly applicable to such type of cells. Clearly, there is a need for a reliable
method for capturing the protein levels at single-cell level in an ensemble of adher-
ent cells.
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Single-cell analysis of adherent cells is historically carried
out by methods based on immunofluorescence microscopy,
which is unsuitable for detection in statistically significant
number of cells. Moreover, multiplexing of microscopy-based
assays demands extensive manipulation steps making it low-
throughput (11). While flow cytometry (FCM)-based methods
offer detection in statistically large numbers (millions of cells)
(12), permit multiparameter detection (6) and relatively easy
multiplexing (13), and are amenable to studying phenotypic
variability (14), it requires cells to be in a suspension.

Release of individual adherent cells from the substrate
while preserving the surface receptor activity and intracellular
signaling machinery is a challenge. Currently available isola-
tion methods such as mechanical scraping (15) and enzymatic
treatment using trypsin/chelators (16–18) hamper the cell
health and the signal flow to key proteins (markers) such as
those in MAPK cascades possibly due to damage of
cell-surface receptors. Moreover, these methods, if signal pre-
serving for certain cell types, are well-suited only for long
time-scale measurements, wherein the sampling time is much
larger than that for the detachment process itself. Recently, a
fitting combination of mechanical forces and biochemical
treatment method for the detachment of adherent cells led to
preservation of the gene expression at single-cell level (15,19).
These combination methods are promising. However, due to
the use of enzyme treatment, the extent of preservation of the
receptor expression and therefore downstream signal is likely
to be context—cell line and stimulus—specific.

FCM-based detection of levels of activated ERK (pERK),
an important marker for cancer (5), and other phospho-
proteins in various suspension cells is routinely carried out
(8,20–23). Recently, FCM-based detection of intracellular
phospho-protein levels such as that of pERK and pAkt in pri-
mary/immortalized adherent cells was attempted after detach-
ment, post-stimulation, using trypsinization in ice-cold
conditions (16,24) or at room temperature (RT) with (24)/
without (25,26) sample multiplexing. While simultaneous cell
detachment and brief arresting of signaling via ice-cold trypsi-
nization are viable options for cells used in these studies, its
applicability is cell-type specific and it often may need placing
cells overnight under cold conditions, which may be undesir-
able (18). Therefore, for stimulated cells detached using
ice-cold trypsinization, time-lag between stimulation and cell
fixation, which guarantees arresting the signaling process, is
imminent making cells unsuitable for short-time scale sam-
pling of activated proteins.

Given the potential limitations of the existing approaches
for high-throughput, flow cytometric protein level detection in
adherent cells at short-time scales, in this study, we propose an
alternative approach for this purpose. Specifically, we demon-
strate the possibility of reliable phospho-ERK1/2 response pre-
serving cell detachment using thermally induced noninvasive
method (27–29) and stimulation post detachment, which
enables instantaneous fixation of the cells at the desired short-
time scale sampling points. We systematically show that such
isolated cells are amenable to both stimulation post detach-
ment and FCM-based multiplexing assays such as fluorescent

cell barcoding (FCB). We assess the suitability of the proposed
approach for simultaneous multiplexing of samples and its
reliability for short timescale measurement of pERK levels in
the ensemble of adherent cells by systematic experimentation
on three adherent cell lines from distinct lineages possessing
characteristically different adhesion properties.

MATERIALS AND METHODS

Cell Culture, Reagents, and Detachment
HeLa, A549, and MCF7 cells were procured from Cell

Repository at National Centre for Cell Science (NCCS, Pune,
India). HeLa and MCF7 were cultured in DMEM and A549 in
RPMI-1640, both the media containing 10% fetal bovine
serum (FBS), 2 mmol/l L-glutamine, 1% antibiotic–antimycotic
solution, all procured from HiMedia (Mumbai, India). Cells
were maintained at 37"C in a humidified 5% CO2 incubator.
While epidermal growth factor (EGF) (Sigma, St. Louis, MO,
USA) was reconstituted in double-distilled water, Phorbol
12-myristate 13-acetate (PMA) (Sigma) was dissolved in
DMSO. In both cases, following reconstitution to a concentra-
tion of 1 mg/ml, the stock was stored at −20"C until use and
diluted in PBS before treatment. Cell detachment using trypsin
and accutase was achieved using standard methods (30,31). In
contrast, cells cultured in temperature-sensitive Nunc™ mul-
tidishes with UpCell™ surface (UpCell plates) (Thermo Fisher
Scientific, Waltham, MA, US) were detached by placing the
plates at 20"C for 15 min followed by rigorous mixing (32).
Cells were then collected, pelleted by centrifugation at
1,000 rpm for 5 min at RT, equilibrated in complete media at
37"C for 30 min and washed once with PBS before further use.

Annexin V/PI Staining
Harvested cells were washed once with PBS, resuspended

in 1X Annexin binding buffer and stained with FITC-labeled
Annexin V and PI (BD Pharmingen, San Diego, CA, US).
Cells were analyzed on BD FACS Aria™ within 30 min
(BD Biosciences, San Jose, CA, US).

Western Blotting
For direct lysis, cells in the monolayer in regular six-well

plates (not exposed to detaching agents) were stimulated,
washed, and prepared for lysis. In contrast, accutase/UpCell-
detached cells, after stimulation, were washed twice with PBS
and pelleted. Cells were lysed by resuspending pellets of
detached cells or gently mechanically scraped cell monolayer
into CelLytic™ M buffer (Sigma) containing protease inhibi-
tor cocktail (Sigma) and Halt™ phosphatase inhibitor cock-
tail (Thermo Fisher Scientific) and incubated for 1 h at 4"C
with intermittent vortexing. Cell lysates were then centrifuged
at 13,000 rpm for 20 min at 4"C. Bradford reagent and bovine
serum albumin (BSA) (HiMedia, Mumbai, India), as a stan-
dard, were used for the estimation of protein content in
supernatant on SpectraMax® M5 plate reader (Molecular
Devices, San Jose, CA, US). A total of 30–40 μg total protein
from each sample was subjected to immunoblotting. Blot was
probed with specific antibody to phospho-ERK1/2 (T202/
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Y204) (clone 20A) or anti-ERK clone 16 (pan ERK)
(BD Biosciences) and then with HRP-conjugated anti-mouse
IgG (Santa Cruz Biotechnology, Dallas, TX). Specific proteins
were detected using Clarity ECL western blotting substrate
(Bio-Rad, Hercules, CA), and blots were imaged on Geliance
2000 system (Perkin Elmer, Waltham, MA, US). Densitomet-
ric analysis of the blot images was done using ImageJ (33).

Intracellular Staining of pERK
Cells (unstimulated or stimulated with EGF/PMA post

detachment) were fixed with 2% (HeLa) or 4% (A549 and
MCF7) PFA for 10 min at RT, washed once with PBS, per-
meabilized with 500 μl of 90% chilled methanol on ice, and
washed with 0.5% BSA in PBS to remove leftover methanol.
Cells resuspended in staining medium (0.02% saponin + 0.5%
BSA in PBS) were stained with phospho-ERK1/2 (T202/
Y204) (clone 20A)-Alexa 488-tagged antibody (BD Biosci-
ences) or p44/42 MAPK (ERK1/2)-(clone 137F5)-Alexa
488-tagged antibody (Cell Signaling Technology, Danvers,
MA). After removing unbound antibody, cells resuspended in
300 μl of 0.5% BSA containing 1% PFA (for crosslinking
antigen–antibody) were analyzed on flow cytometer. Post
acquisition, after automated gating using FlowPeaks (34) clus-
tering technique implemented in R-Studio (version 3.4.0),
raw fluorescence was rescaled into molecules of equivalent
fluorescence (MEF) using FlowCal (35) and the data were
analyzed using FlowJo® (version 10). For calculating MEF,
rainbow calibration particles (8 peaks, 3.0–3.4 μm)
(Sphero™; BD Biosciences) were used for calibration of the
FITC channel, in which Alexa 488 fluorescence is detected.

Fluorescent Cell Barcoding
Detached cells were suspended in PBS and divided into

four tubes. Cells were fixed and permeabilized using the pro-
cedure specified in the method for “Intracellular staining of
pERK.” Samples in four different tubes were barcoded with
those many different concentrations of Alexa fluor® 350 (exci-
tation: 346 nm, emission: 442 nm) or Alexa fluor® 647 (excita-
tion: 650 nm, emission: 665 nm) NHS ester dye (Thermo
Fisher Scientific) and incubated for 40 min on ice. After
washing first with PBS, followed by three washes with 0.5%
BSA, and then by PBS, cells in individual tubes were centri-
fuged. Two-thirds (by volume) of the resuspended barcoded
sample from each tube were combined into a single combo-
tube, and the remaining in each of them was retained as a
single-tube control. After washing the pelleted cells in combo-
tube with 0.5% BSA, cells resuspended in 500 μl of 0.5% BSA
were analyzed on BD FACS Aria™. Post acquisition, data
were analyzed on FlowJo® (version 10) after automated gating
and deconvolution using FlowPeaks clustering in R-Studio
(34).

Intracellular Staining of EGF/PMA-Induced pERK in
Barcoded Samples

Cells, stimulated as above or unstimulated, were first
barcoded, as detailed in method for “FCB,” to obtain a
combo-tube. Barcoded sample in the combo-tube was stained

with phospho-ERK1/2-Alexa 488-tagged antibody, washed as
mentioned earlier, and analyzed on BD FACS Aria™. (Total
ERK staining was done for unstimulated or EGF stimulated
cells as mentioned above.) Post acquisition, after automated
gating and cluster deconvolution as specified in method for
“FCB” and rescaling raw fluorescence to MEF, the data were
subsequently analyzed on FlowJo® (version 10).

Statistical Analysis of pERK Activation
Student’s paired t-test was performed on autofluores-

cence (double negative) corrected median fluorescence inten-
sity (MFI) of pERK normalized with corresponding average
(autofluorescence corrected) MFI for total ERK for stimulated
and unstimulated cells (negative control) (Microsoft Office
2007). Differences between the groups with P < 0.05 were
considered statistically significant. Note that the averaging for
corrected MFI of total ERK levels is across technical replicates
and the resulting average is different for each of the stimula-
tion conditions.

RESULTS

Temperature-Sensitive Physical Detachment of Cells
In this study, in order to preserve the health and the sig-

naling properties, we consider the use of UpCell culture plates
that offers temperature-sensitive cell detachment. As model
cell lines, we use cells from different cancer lineages, viz.
HeLa (cervical adenocarcinoma), A549 (lung epithelial carci-
noma), and MCF7 (breast adenocarcinoma). Mean Young’s
modulus reflecting elasticity or stiffness, which impacts the
detachment process at culture conditions, that is, 37"C, for
these three cell lines estimated from the cell stiffness distribu-
tion reported in Li et al. (36) is 4.18, 2.03, and 2.55 kPa.
While HeLa and MCF7 display variation in elasticity as a
response to decrease in temperature (mean Young’s modulus
of 2.49 and 2.67 kPa, respectively, at 25 "C (36)), Young’s
modulus of A549 cells is relatively insensitive to temperature
changes (2.12 kPa at 25"C). While MCF7 cells at RT (25"C)
are marginally softer than that at 37"C, stiffness of HeLa cells
increases with a decrease in temperature from 37"C to
RT. Note that at both temperatures, MCF7 cells display a
bimodal stiffness distribution with the two modes, respec-
tively, having Young’s modulus in the range (~1.29, ~2.55)
and (~2.55, ~4.42) in kPa (36).

We first assess the effect of temperature-sensitive detach-
ment of the three cell lines on the overall cell health by
comparing the cell viability with that achieved using the stan-
dard trypsinization and accutase treatment. (For the sake of
brevity, Temperature-sensitive, Accutase treatment, and
Trypisinization-based Cell Detachment methods will hence-
forth be referred to as TeCD, AcCD, and TrCD methods,
respectively.) Figure 1 shows the fraction of viable HeLa cells
and those in different phases of cell death (detected using
Annexin-PI staining [“Materials and methods” section]) for
the three detachment methods. (Such a comparison for A549
and MCF7 cells is in Supporting Information Figure S1.) The
fraction of population distributed in necrotic/apoptotic stages
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(quadrants 1–3) is <~10% in all the cases. Thus, viability of
all three adherent cell lines released from substrate using
TeCD, when compared with those with other two treatments
is reasonable.

Intracellular Staining of Adherent Cells Stimulated
with EGF: Single-Cell pERK Levels

We next ask a question if these detachment methods
preserve the pERK response in the released cells and are ame-
nable for phospho-ERK1/2 estimation using FCM. Detection
of key signaling marker pERK in cells stimulated using EGF
is widely used as a model for single-cell level studies (5,26).
In this study, we primarily consider pERK response to EGF
stimulation. Since pERK response is known to be stimulus-
specific (37), we also present pERK response to synthetic acti-
vator Phorbol-12-myristate 13-acetate (PMA), which is also
used as a model stimulant in various laboratory studies (16).

pERK activation and the underlying signaling dynamics
being cell-line specific (38), before FCM-based detection is
considered, we assess if the chosen cell lines indeed exhibit
pERK activation as a response to EGF stimulation. For this,
we detect, using western blotting (“Materials and methods”
section), average pERK and total ERK (tERK) in (1) stimu-
lated cells followed by direct lysing and (2) cells detached
using the TeCD and AcCD methods followed by stimulation.
In each of these cases, cells were stimulated with 100 ng/ml
EGF for 5 min. In Figure 2A-i, we present the pERK and total
ERK blots for the case of cells stimulated and then directly
lysed. Blot images for pERK levels in all three cell lines
detached using TeCD and AcCD and stimulated with EGF
are in Figure 2A-ii, with the fold change (normalized with the
corresponding tERK levels) estimated using densitometry
(“Materials and methods” section) in Supporting Information
Figure S2A. pERK levels estimated at 5 min post stimulation
for the case of HeLa and A549 detached using TeCD or
AcCD qualitatively match well with that for the case of direct
lysis. However, for the case of MCF7, darker bands indicating
higher pERK levels were found for the case of direct lysis.

AFM studies on MCF7 cells display bimodal Young’s modu-
lus distribution, that is, fraction of cells in a population pos-
sesses higher Young’s modulus than the rest (36). Since shear
stress due to even gentle mechanical scraping can cause rapid
activation of pERK in certain cells (39), a fraction of the lysed
MCF7 cells could be expressing higher pERK resulting in an
overall darker band in the immunoblots. Distinct pERK bands
at the chosen time points for direct lysis and the bands and
the fold change for TeCD and AcCD suggest that clearly all
three cell lines display pERK response to the chosen stimula-
tion. Since the pERK response is stimulus specific (37), we
show the same when cells were stimulated using 1 μg/ml
PMA for 15 min and contrast these with the corresponding
western blots (Supporting Information Fig. S3A).

We next show that FCM-based detection of pERK levels
in the chosen adherent cell lines is possible. We stimulate the
isolated cells in suspension with 100 ng/ml EGF for 5 min. In
Figure 2B, we show the normalized histograms (or probability
distribution) of the pERK levels for negative control and
EGF-treated samples for HeLa, A549, and MCF7 for TeCD,
AcCD, and TrCD methods. (Replicates are in Supporting
Information Fig. S2B.) Shift in the histograms of pERK for
the stimulated conditions suggests that activation is indeed
detected in an ensemble of cells for all the three model cell
lines for all three detachment methods. Supporting Informa-
tion Figure S3B shows pERK level detection using FCM for
the case of PMA stimulation (1 μg/ml for 15 min) as well.
While the activation indicated by the shift, trend of which is
similar to that detected using immunoblotting, that is,
population-averaged measurements, for the case of TeCD and
AcCD, is comparable across all three detachment methods for
the three cell lines used, a small variation in the spread of the
distribution is observed in the case of the TeCD. Moreover,
pronounced bimodal distribution was achieved in the case of
HeLa and MCF7 cells only while using TeCD. Recent time-
lapse microscopy study showed that such pronounced pERK
bimodal distribution is expected at short time scales for HeLa
cells stimulated with EGF (5).

Adherent Cells Detached Using TeCD Suitable for
Multiplexing Using FCB

Multiplexing of FCM assays using FCB offers a unique
advantage of simultaneous circumvention of the flow cyt-
ometer machine introduced noise and possible reduction in
the quantity of (often expensive) reporter (antibody) required
(13). FCB involves embedding unique signatures in the form
of distinct dye concentrations in different samples before
combining them for high-throughput experimentation. Such
a multiplexing strongly hinges on the ability to deconvolute
the individual sample clusters post acquisition based on the
separation witnessed in the corresponding fluorescence emit-
ted by them. This could be cell-type and barcoding dye spe-
cific and influenced by the detachment technique. Moreover,
the multiplexing assays require multiple washing steps, that
is, centrifugation, which may cause additional stress over and
above that by the detachment process itself. In order to assess
the suitability of the chosen adherent cell lines for such a

Figure 1. Cell viability using temperature-sensitive detachment
and enzyme-based detachment was obtained using flow
cytometry. Assessment of cell viability was done using Annexin
V–PI assay after using temperature sensitive (TeCD) or enzymatic
(accutase: AcCD or trypsin: TrCD) detachment methods on HeLa
cells (n = 3). Fraction of live and dead cells gated in different
quadrants: Q1—necrotic, Q2—late apoptotic, Q3—early apoptotic,
and Q4—live cells. [Color figure can be viewed at
wileyonlinelibrary.com]
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high-throughput FCM experimentation, we next considered
FCB on these cells using Alexa Fluor® 350 dye (“Materials
and methods” section).

A comparison of the barcoded clusters obtained using
TeCD (Fig. 3A-i) with those obtained using AcCD or TrCD
(Fig. 3A-ii,A-iii, respectively) for Alexa 350 dye staining on
the three cell lines suggests that, overall, TeCD offers tight
and well-separated clusters, which are necessary for use of the
FCB technique. Cell detachment (invasive or noninvasive)
could hamper the health of specific dye-binding residues in
the cells. Alexa and Pacific dyes, typically used for FCB, have
succinimidyl ester (NHS ester), and these have specific affinity
to amine groups on proteins (22). Preservation of at least
those dye binding residues is essential for effective barcoding.
Should these residues be damaged/sacrificed during cell
detachment, cells in those barcoded samples are expected to
exhibit differential uptake of the dye leading to either a
bimodal or relatively broader (and therefore overlapping) dis-
tribution. This raises a question as to whether significant frac-
tion of all cells treated with a particular dye concentration
appear together in a certain distinct, nominal fluorescence
range, which, besides suggesting residue preservation is cru-
cial for sample identification post acquisition. In order to
address this question, while performing the FCB, for all the
cases reported, we used only two-thirds of the single-tube
barcoded samples in preparing the combo-tube. The remain-
ing one-third was analyzed to test if a particular dye

concentration barcoded sample emitted fluorescence in a
detectably different, nominal range not overlapping with those
for other dye concentrations for the same cell line.

In Figure 3B-i, ii, and iii, the single-tube sample Alexa
350 fluorescence histograms overlaid for the four barcoding
dye concentrations (as in Fig. 3A-i, ii, and iii, respectively) for
the cell lines detached using the TeCD are contrasted against
those obtained in cells detached using AcCD and TrCD. Tight
histograms at all dye concentrations considered in the case of
cells detached using TeCD suggest that the residues to which
Alexa 350 would bind are preserved in all three cell lines hav-
ing widely different stiffness (Fig. 3B-i). On the contrary, irre-
spective of the cell stiffness, all three cell lines exposed to
accutase resulted in either (A) a bimodal distribution with
fluorescence range of one of the modes overlapping with that
from samples treated with a different concentration of dye
(Fig. 3B-ii: AcCD MCF7) or (B) a broad/left trailing histo-
gram with fluorescence range overlapping, partially or
completely, with that for a different dye concentration
(Fig. 3B-ii: Hela, A549). This suggests that even if the bar-
coded clusters appear well separated, which is the case for
accutase-treated HeLa and MCF7 cells barcoded with Alexa
350 (Fig. 3A-ii), the corresponding single-tube histograms
clearly show that the FCB thus obtained is unreliable. This is
due to the fact that the cells present in these clusters are not
directly from the corresponding sample barcoded with the
correct signature, that is, dye concentration. While AcCD is

Figure 2. (A) Levels of phospho ERK (pERK) and total ERK (tERK) in unstimulated and stimulated cells for the three adherent cell lines
obtained using western blotting (n = 2). (i) Cells stimulated with EGF (100 ng/ml) for 5 min followed by direct lysis. (ii) Cells were detached
by TeCD or AcCD followed by EGF stimulation (100 ng/ml for 5 or 15 min). (B) Comparison of pERK distribution (obtained by flow
cytometry) in cells detached using temperature-sensitive method (TeCD) and accutase treatment (AcCD) and trypsinization (TrCD) (n = 3,
replicates are shown in Supporting Information Fig. S2B). Unfilled histograms: unstimulated and stained (negative control) and gray
histograms: EGF (100 ng/ml, 5 min). [Color figure can be viewed at wileyonlinelibrary.com]
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clearly unsuitable for all three cell lines for FCB, TrCD fails
to offer tight clusters only for HeLa (Fig. 3A-iii), which dur-
ing detachment (at 37 "C) is relatively softer compared to the

other two cell lines as reflected by the mean Young’s modu-
lus. Moreover, HeLa cells isolated using TrCD when multi-
plexed lead to relatively higher cell loss. Thus, TrCD may
work for relatively stiffer cells having lower Young’s modulus.

Since FCB could be barcoding dye specific, we show in
Supporting Information Figure S4 that all three adherent cells
isolated using TeCD and barcoded with Alexa 647, whose
spectral properties are completely different than that of Alexa
350, can also reliably show well-separated, tight barcoding
clusters after multiplexing with each of them aligned with
corresponding population from single tubes. Thus, adherent
cells detached using temperature-sensitive method can be bar-
coded using both Alexa 350 and Alexa 647 dyes, which have
no spectral overlap, for further increasing the throughput.

Adherent Cells Detached Using TeCD Amenable for
High-Throughput Phospho-ERK1/2 Estimation
Using FCM

Reliable detection of protein levels in the barcoded sam-
ples is the hallmark of utilization of FCB. In this section, we
consider the suitability of adherent cells detached using
temperature-sensitive method for simultaneous multiplexing
of samples and detection of intracellular pERK levels using
FCM. For each cell line, we considered three conditions, viz.
unstimulated (negative control) and EGF stimulated for 5 and
15 min. These three samples were barcoded with Alexa
350 (Dye1) or Alexa 647 (Dye2) and stained with Alexa
488-tagged pERK antibody (“Materials and methods” sec-
tion). In particular, based on the barcoding dye concentra-
tions reported in the previous section, we barcoded
unstimulated, 5 and 15 min samples, respectively, with low
(Dye1L = 0.1 μg/ml or Dye2L = 0.02 μg/ml), medium
(Dye1M = 1 μg/ml or Dye2M = 0.2 μg/ml), and high
(Dye1H = 10 μg/ml or Dye2H = 2 μg/ml) concentrations of
the chosen dye. Post acquisition, the Alexa 350/Alexa
647 channel fluorescence data were first subjected to auto-
mated clustering (“Materials and methods” section) to extract
individual sample clusters. In addition, simultaneously, intra-
cellular staining of total ERK was carried out for each of these
three conditions.

The scatter plot in the planes of Alexa 350 or Alexa
647 fluorescence and side scatter showing the clear separation
of the barcoded samples for HeLa and MCF7 cell lines,
respectively, is in Figure 4A,B. Histograms corresponding to
the three barcoded samples, that is, unstimulated and EGF
for 5 and 15 min, comparing the pERK activation levels for
these two cell lines are in Figure 4C,D. pERK level in a cell
depends on the total ERK in it. In Figure 4E,F, we present the
effect of stimulation on the total ERK level distribution for
HeLa and MCF7 cells. The total ERK distribution shape and
location variation due to stimulation are not significant when
compared with the pronounced effect observed on the pERK
distribution. (Corresponding barcoding clusters and histo-
grams for A549 are in Supporting Information Figure S5. All
observations for HeLa and MCF7 hold for A549 as well
except that the pERK activation post stimulation is not as
pronounced.)

Figure 3. (A) Multiplexing of the three adherent cells by flow
cytometry. FCB using Alexa 350 on cells detached by
(i) temperature-sensitive method, (ii) accutase treatment, and
(iii) standard trypsinization. Different concentrations of Alexa
350 dye (indicated next to each cluster) were used to barcode
individual samples. (B) Histograms of the fluorescence from
individual samples (single tube) barcoded with different
concentrations of Alexa 350 for adherent cells detached using
(i) temperature-sensitive method, (ii) accutase treatment, and
(iii) tryspinization (n = 2). [Color figure can be viewed at
wileyonlinelibrary.com]
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In order to compare the pERK levels, as a metric, we
define fold change, FCt = ([MFIpERK,t − MFIpERK,DN]/
[MFItERK,t − MFItERK,DN])/([MFIpERK,t = 0 − MFIpERK,DN]/
[MFItERK,t = 0 − MFItERK,DN]), where MFIpERK,t and
MFItERK,t, respectively, are the MFI of the pERK distribution
and of the total ERK distribution for cells stimulated up to
time t with MFIpERK,DN and MFItERK,DN being corresponding

MFI for double negative cells (unstimulated and unstained).
Note that t = 0 corresponds unstimulated (negative control)
case. For the two barcoding dyes considered, FCt = 50 and
FCt = 150 are in Figure 4G,H and Supporting Information
Figure S5D, respectively, for HeLa, MCF7, and A549 and that
estimated from the histograms (Fig. 2B and Supporting Infor-
mation Fig. S2B) for the case without barcoding is presented

Figure 4. Flow cytometry-based detection of time-dependent pERK levels in EGF stimulated multiplexed (using Alexa 350 or Alexa 647)
HeLa (left panel) and MCF7 (right panel) cells detached using temperature-sensitive method. (A and B) Clusters showing three samples
barcoded with Alexa 350 or 647. (C and D) pERK histograms for the three conditions viz. negative control (neg—dotted line), 50 stimulation
(EGF 50—dashed line), and 150 stimulation (EGF 150—solid line) (Neg, EGF 50, and EGF 150, respectively, were barcoded with low [L],
medium [M], and high [H] concentrations of the dye) (n = 3). Post acquisition, data were subjected to automated gating, deconvolution,
and further processing (“Materials and methods” section). (E and F) Total ERK (tERK) histograms for each treatment condition (neg—
dotted line, EGF 50—dashed line, and EGF 150—solid line) (n = 2). (G and H) Fold change, FCt in pERK levels following EGF 50 or 150

stimulation (Student’s paired t-test was performed, *P < 0.05, **P < 0.01, ***P < 0.001). FCt = 50 without FCB is shown below the bar
graphs. Fold change, FCt = ([MFIpERK,t − MFIpERK,DN]/[MFItERK,t − MFItERK,DN])/([MFIpERK,t = 0 − MFIpERK,DN]/[MFItERK,t = 0 − MFItERK,DN]), where
MFIpERK,t and MFItERK,t, respectively, are the median fluorescence intensity (MFI) of the pERK distribution and of the tERK distribution for
cells stimulated up to time t with MFIpERK,DN and MFItERK,DN being corresponding MFI for double negative cells (unstimulated, unstained).
Note that t = 0 refers to negative control, that is, unstimulated and stained. [Color figure can be viewed at wileyonlinelibrary.com]
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below corresponding bar charts. (Note that for estimating FCt

without barcoding, the total ERK histograms in Figure 4E,F
and Supporting Information Figure S5C were used for scal-
ing.) FCt = 50 with and without barcoding match well for both
HeLa (Fig. 4G) and A549 (Supporting Information Fig. S5D).
However, for the case of MCF7, FCt = 50 with barcoding
matches that without barcoding only when the standard devi-
ation across replicates is discounted (Fig. 4H). While HeLa
cells displayed a decrease in the FCt with an increase in stim-
ulation time, A549 cells exposed to EGF for different times
had only marginal effect on the FCt. Moreover, this is similar
to that observed for the case of immunoblotting. (Note that
FCt trends obtained by FCM and by western blot are only
comparable as the immunoblotting quantitation is protein
input loading sensitive (40).) In contrast, for the case of
MCF7, pERK FCt time course obtained when multiplexed
with Alexa 350 was marginally different than that achieved
when barcoded with Alexa 647.

During barcoding, cells exposed to different concentra-
tions of dye are mixed together in a combo-tube before stain-
ing. It is thus necessary to exclude the possibility of a certain
dye concentration (barcodes) affecting the pERK levels in
cells. In order to assess this, we repeated the complete panel
of stimulation, barcoding, intracellular staining, acquisition,
clustering, and analysis by flipping the barcodes. Specifically,
we barcoded unstimulated, 5 and 15 min samples, respectively
with high (Dye1H = 10 μg/ml or Dye2H = 2 μg/ml), medium
(Dye1M = 1 μg/ml or Dye2M = 0.2 μg/ml), and low
(Dye1L = 0.1 μg/ml or Dye2L = 0.02 μg/ml) concentrations of
the chosen dye. The barcoding clusters and histograms along
with corresponding FCt comparing the pERK levels for all
three conditions are presented in Supporting Information
Figure S6 for all three cell lines. The histograms and the FCt

obtained for the three conditions while using flipped barcodes
are similar as that for regular barcoding (Fig.4G,H) for HeLa
and MCF7 cell lines. In contrast, for the case of A549, flipped
barcoded samples show only marginal activation post stimu-
lation similar to that observed when multiplexed using regular
barcodes. This suggests that the barcoding intensity itself will
not interfere with the pERK response to EGF stimulation in
the three cell lines considered.

While barcoding and intracellular staining was presented
for assessing the time course of pERK levels post stimulation,
multiplexing of samples is possible for detecting dose-
dependent pERK response in short time scales. In Supporting
Information Figure S7, we show that pERK levels can be reli-
ably estimated even by multiplexing of samples exposed to
different PMA concentrations.

DISCUSSION

Single-cell level detection of intracellular protein markers
at short time scales is needed for tracking early signal trans-
duction response. In this study, as a first, we systematically
show that adherent cells detached via noninvasive
temperature-sensitive detachment method are amenable for
reliably combining FCB and intracellular phospho-ERK1/2

level measurement using FCM. Such detached cells can be
stimulated post detachment, possibility of which makes the
proposed approach directly amenable for short time scale
sampling. In particular, we demonstrate effective FCB using
two commonly used dyes Alexa 350 and 647 (having no spec-
tral overlap) and FCM-based detection of EGF induced pERK
in three adherent cell lines having characteristically different
cell stiffness. Demonstration of multiplexing using two spec-
trally nonoverlapping dyes opens the possibility of increasing
the throughput by barcoding the adherent cells with two
dyes (22).

Trypsinization and accutase treatment are typical
methods for cell detachment. We show that pERK distribu-
tion in HeLa, MCF7, or A549 cells detached using any of the
three detachment methods, viz., temperature-sensitive
(TeCD), accutase treatment (AcCD), and standard trypsiniza-
tion (TrCD) and then stimulated with EGF is qualitatively
similar. TeCD isolated HeLa or MCF7 cells stimulated for
5 min show a pronounced bimodal distribution. For HeLa
cells, this is in agreement with that reported by Shindo
et al. (5). Our FCM-based measurement of pERK levels thus
indicates that temperature-sensitive detachment method may
be well-suited for capturing such clear bimodal distributions.

Multiplexing of samples via FCB has several advantages
(13). Traditionally, presence of tight clusters corresponding to
barcoded cells post acquisition is considered sufficient for the
successful implementation of multiplexing via FCB (24).
While the presence of well-separated tight clusters is neces-
sary, sufficiency is when all cells exposed to particular barcod-
ing dye concentration appear together in the same tight
cluster. For all three cells lines detached using the three
methods, we make a systematic, comprehensive comparison
of the tight barcoded clusters multiplexed using Alexa
350 (in a combo-tube) with the clusters corresponding to
individual samples (as many as the number of barcodes) in
single tubes. Adherent cells, whether stiffer or softer under
normal culture conditions, when isolated using TeCD and
barcoded satisfy both the necessary and sufficient conditions
(Fig. 3). This could be due to the fact that the cells considered
have comparable stiffness at RT, the temperature at which
cells are isolated using TeCD. While cells detached via AcCD
upon multiplexing do not satisfy both these conditions simul-
taneously, TrCD (at 37"C) offering single-cell suspension is
suitable for multiplexing only when the cells (MCF7 and
A549, Fig. 3A-iii,B-iii) are relatively stiffer in nature.

Detachment of softer cells having higher mean Young’s
modulus requires relatively harsher enzymatic treatment,
which could damage the protein residues (15). This may
explain why AcCD or TrCD isolated HeLa cells, in which
amine group on protein residues (to which Alexa dyes bind)
may have been compromised, do not satisfy the sufficiency
condition, thereby making them unsuitable for FCB. How-
ever, A549 cells being stiffer with lower Young’s modulus
require milder trypsin treatment leading to potential preserva-
tion of those protein residues to which Alexa dyes bind. Since
the detachment via temperature-sensitive method is noninva-
sive, those Alexa-binding protein residues are likely to be
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intact, thereby making the cells isolated by this method suit-
able for multiplexing via FCB.

Simultaneous FCB and intracellular pERK level detection
in all three cell lines detached using TeCD showed conclu-
sively that barcoding does not interfere with pERK response
and vice versa. Thus, cells detached using TeCD can be reli-
ably used for high-throughput intracellular phospho-protein
measurements using FCM. The approach demonstrated on a
few immortalized epithelial cell lines in this study can be
extended to other adherent immortalized cells and primary
normal and cancerous cells whose elasticity (Young’s modu-
lus) at RT (25"C) is in the same range as that of the cells con-
sidered. Temperature-sensitive detachment for primary cells
has been considered in the recent past (27). Suitability of such
cells for multiplexing of samples needs to be investigated
further.
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