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� Abstract
In the last decade, screening compound libraries on live cells has become an important
step in drug discovery. The abundance of compounds in these libraries requires effec-
tive high-throughput (HT) analyzing methods. Although current cell-based assay pro-
tocols are suitable for HT analyses, the analysis itself is often restrained to simple,
singular outcomes. Incorporation of HT samplers on flow cytometers has provided an
interesting approach to increase the number of measurable parameters and increase
the sensitivity and specificity of analyses. Nonetheless, to date, the labor intensive and
time-consuming strategies to detach and stain adherent cells before flow cytometric
analysis has restricted use of HT flow cytometry (HTFC) to suspension cells. We have
developed a universal “no-touch” HTFC antibody staining protocol in 384-well micro-
plates to bypass washing and centrifuging steps of conventional flow cytometry proto-
cols. Optimizing culture conditions, cell-detachment and staining strategies in 384-well
microplates resulted in an HTFC protocol with an optimal stain index with minimal
background staining. The method has been validated using six adherent cell lines and
simultaneous staining of four parameters. This HT screening protocol allows for effec-
tive monitoring of multiple cellular markers simultaneously, thereby increasing
informativity and cost-effectiveness of drug screening. © 2019 The Authors. Cytometry Part

A published by Wiley Periodicals LLC. on behalf of International Society for Advancement of Cytometry.

� Key terms
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THE new era of biologicals used in anticancer therapy shifts the focus of therapeutic
intervention from achieving cell death to (immune) cell modulation, thereby making
cells more susceptible to other compounds or immune clearance. Cell-based screen-
ing of drug libraries has become an important approach in discovering new drugs
against these targets of interest. Biochemical assays are more and more replaced by
cell-based assays, as they enable studying underlying cellular mechanisms (1). Many
cell-based assays have been developed in recent years, including functional, reporter,
and phenotypic assays. Nonetheless, high-throughput (HT) cell-based screening is
still limited by labor-intensive, expensive, and throughput limiting analyzing
methods.

Equipment of flow cytometers with HT samplers (both 96- and 384-well for-
mat) has made otherwise low-throughput flow cytometry more suitable as a HT ana-
lyzing strategy (2). In this way, whole 96-well microplates can be analyzed in as little
as 15 min. One of the most favorable aspects of flow cytometry is the opportunity to
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multiplex the measurement of protein expression on the sur-
face or in the cytosol of individual cells. In this way, multiple
effects or the underlying mechanisms of drugs can be studied
in more detail, contributing to the informativity of drug
screens.

The application of HT flow cytometry (HTFC) multi-
parameter analysis may, however, still be compromised due
to labor intensive and time-consuming staining protocols,
especially when analyzing adherent cell types. As a result, HT
microscopy (HTM) is currently recommended as the method
of choice when analyzing adherent cells (3). It is important to
note that different research questions can be answered with
HTM compared to HTFC. A major advantage of HTM analy-
sis is that cells can be analyzed in their natural shape and
effects of compounds on morphology can be assessed. Disad-
vantages of HTM are the requisite of multiple wash steps,
causing cell loss, the fact that HTM output files are typically
10–100 times bigger and less straightforward to analyze, as
well as the restricted potential to multiplex protein expression
measurements when compared to HTFC (3). This clearly
indicates the potential of a “no-touch” antibody staining pro-
tocol to efficiently use HTFC to analyze protein expression on
adherent cells.

A limited number of studies reports the preparation of
adherent cells for HTFC (4–10). The published protocols
either involve one or more washing steps or use trypsin/
EDTA to generate single-cell suspensions (4–7). Washing
steps may cause loss of cells, thereby hampering HT screening
protocols, whereas trypsin is reported to potentially cause loss
of surface antigen expression (8,9). A recent article by Kaur
and Esau (10) describes a two-step protocol to prepare adher-
ent cells for HTFC. They show that the use of EDTA as a cell
detachment reagent bypasses the need of washing, enzymatic
inactivation, centrifugation, and transfer between plates,
reducing cell loss and labor-intensity of the protocol (10).
Even though the report shows the 384-well protocol is com-
patible with several commercially available dyes to measure,
for instance, apoptosis and production of reactive oxygen spe-
cies, there is no data on the use of antibody staining to detect
the dynamics of protein expression within or on the surface
of the 384-well microplate seeded cells. The described univer-
sal protocol allows for antibody staining in 384-well format
and is validated with six adherent cell lines, including neuro-
blastoma, cervical, hepatocellular, and breast cancer lines. We
demonstrate that there is no difference in staining effective-
ness between single and multiple stained samples, showing
the potential of adherent-cell HTFC to increase the
informativity of HT screening protocols.

MATERIAL AND METHODS

Cell Lines and Reagents

MCF-7 (human breast adenocarcinoma; ATCC HTB-22),
SKBR3 (human breast adenocarcinoma; ATCC HTB30),
HepG2 (human hepatocellular carcinoma; ATCC HB-8065),
HeLa (human cervical adenocarcinoma; ATCC CCL-2), and
HEK-293 T (human embryonic kidney; ATCC CRL-3216)

cells were obtained from ATCC (Manassas, VA). The GIMEN
neuroblastoma cell line was obtained from the Academic
Medical Center of Amsterdam. GIMEN NFkB reporter cells
were generated as previously described (11). SKBR3 cells were
maintained in RPMI 1640 GlutaMAX supplement medium
(Life Technologies, Carlsbad, CA), supplemented with 10%
FCS (Sigma-Aldrich, Steinheim, Germany) and 1% penicillin/
streptomycin (50 U/ml, Life Technologies). GIMEN, HeLa,
and HEK-293 T were maintained in Dulbecco’s Modified
eagle medium (DMEM) GlutaMAX supplement medium
(Life Technologies), supplemented with 10% FCS (Sigma-
Aldrich) and 1% penicillin/streptomycin (50 U/ml, Life
Technologies).

Cell Plating and Compound Addition

Cells were cultured in T75 flasks until 80% confluency,
detached with 0.05% Trypsin/EDTA (Life Technologies), and
counted using the Countess automated cell counter (Life
Technologies). Optimal seeding density was determined. Cells
were plated in a culture volume of 15 μl in a low flange, poly-
styrene, tissue culture treated, flat bottom 384-well tissue-
culture treated microplate (stock number: 3764, lot:
22017037, Corning, NY) using a multidrop combi reagent
dispenser (Life Technologies). Cells were cultured for 16–24 h
under standard culturing conditions (5% CO2, 37�C), after
which 5 μl of compound library would normally have been
added to the cells using a liquid handling system, for example,
the Sciclone G3 liquid handling system (PerkinElmer, Wal-
tham, MA). As a proof of principle for this article, we added
TNF-α and IFN-γ as a positive control for upregulation of
the markers of interest (11). TNF-α was added at a final con-
centration of 50 ng/μL (Miltenyi Biotec, Bergisch Gladbach,
Germany), IFN-γ at a final concentration of 1,000 U/ml
(R&D, Abingdon, UK). Cells were incubated in the presence
of compounds for 16–24 h (5% CO2, 37�C) after which the
effect on the protein(s) of interest was measured with HTFC.

Sample Preparation for HTFC

EDTA (Life Technologies) was diluted with deionized H2O
(pH = 6.14), after which the optimal EDTA concentration
was determined. Addition of 5 μl 15 mM EDTA per well
resulted in an optimal EDTA concentration of 3 mM per well.
EDTA was added to the plate and after shaking at 1000 RPM
with an orbital shaker (Heidolph Titramax 1,000; Schabwach,
Germany) for 30 s, incubated at 37�C for 45 min to allow
detachment of the cells. Plates were shaken again at 1000
RPM for 30 s, after which 5 μl antibody, diluted in serum-free
medium, was added in the concentration established with
titration. The following monoclonal antibodies have been
used: AlexaFluor-647-labeled mouse-anti-human HLA-ABC
(W6/32; Biolegend, London, UK), FITC-labeled mouse-anti-
human HLA-ABC (W6/32, Sony Biotechnology, Weybridge,
UK), APC-labeled mouse-anti-human CD274 (PD-L1) (Clone
MIH1, Life Technologies), and PE-labeled mouse-anti-human
CD54 (ICAM-1) (MEM-111, Exbio, London, UK). The
nucleic acid dye 7-AAD (BD Biosciences, Eysins, Switzerland)
was used for exclusion of nonviable cells. Gating was based
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on unstained samples and verified using conventional flow
cytometry. Cell viability has been validated with the mito-
chondrial membrane potential dye tetramethylrhodamine
(TMRM) at a concentration of 50 nM (Sigma-Aldrich). Addi-
tion of 50 uM carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP), a mitochondrial oxidative phos-
phorylation uncoupler (Sigma-Aldrich), was used as a nega-
tive control for TMRM staining. Cells were incubated for
20 min on an orbital shaker at 4�C to allow for antibody
staining (300 RPM). Subsequently, 50 μl of PBS supplemented
with 2% FCS and 2 μM EDTA was added per well using the
multidrop combi reagent dispenser to dilute the samples.
Plates are kept on ice until analysis.

Flow Cytometry and Analysis

Cells were acquired on the FACSCanto II HT sampler
(BD Biosciences), by measuring a fixed volume of 50 μl sam-
ple per well at a flow rate of 3 μl/s. Analysis of a full 384-well
plate will take about 100 min. Fluorescent-labeled beads
(CS&T beads, Becton Dickinson) were used to check the

performance and verify the optical path and stream flow of
the flow cytometer. This procedure enables controlled stan-
dardized results and allows the determination of long-term
drifts and incidental changes within the flow cytometer. No
changes were observed which could affect the results. The
data shown is a representation of at least six independent
experiments. The Stain Index (SI) was used to reflect the ratio
of separation between the positive and the negative popula-
tion divided by two times the standard deviation (SD) of the
negative population (12). Data were analyzed using FACS
Diva Version 8.0.1 (BD Bioscience), FlowJo version 10.1, and
Graphpad Prism version 7.

Statistical Analysis

The nonparametric Mann–Whitney U-test was performed for
statistical testing between single-cell counts before and after
optimization. P-values <0.05 are considered significant. A
Z-score was calculated to define the difference in fluorescent
intensity between medium- and cytokine-treated samples
(n = 8 per group) using the following equation:

Figure 1. Optimization of flow cytometric cell retrieval using GIMEN cells. An over 12-fold increase in single-cell retrieval is observed

upon sample preparation optimization. (A) Bar graph representing average single-cell retrieval prior to and after optimization. Before

optimization: n = 60, after optimization: n = 7,153. (B) Graphical display of flow cytometric cell retrieval when increasing cell-seeding

density. (C) Graphical display of cell retrieval after incubation with increasing EDTA concentrations at a seeding density of 4,500 cells/well,

n = 2 per group. (D) Cell retrieval when well volume is 30 μL (low volume) or 80 μl (high volume). Graphs: Dots reflect mean, error bars

reflect SD between samples, n = 6 per group unless otherwise indicated. Mann–Whitney U-test was performed, p < 0.05 was considered

significant. SD = standard deviation.
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Z =
X−μ

σ

In which X is the mean fluorescent intensity (MFI) of
the cytokine treated group, μ is the mean MFI of the medium
control group, and σ is the standard deviation of the medium
control group. All data shown �SD.

RESULTS

Optimization of Cell Seeding Density, EDTA

Concentration, and Cell Density during Analysis

Results in a 12-Fold Increase in Single-Cell Retrieval

The first goal in the development of this HTFC protocol was
to find a strategy to optimize reproducible cell retrieval, using
the adherent GIMEN neuroblastoma cell line. Initially, we
adapted the cell detachment protocol of Kaur and Esau to a
384-well format (10) but were unable to achieve sufficient
and reproducible cell retrieval (Fig. 1A, before optimization).

First, cell seeding density was evaluated by seeding
increasing numbers of cells per well. As expected, cell retrieval

markedly improved when more cells were plated (Fig. 1B).
However, reproducibility of cell retrieval decreased when
seeding density exceeded 5,000 cells/well, as observed by an
increase in SD. Based on these data, it was concluded that a
cell seeding density of 4,500 cells/well was optimal. Second,
microscopic evaluation of the cell suspensions after different
lengths of incubation periods with increasing EDTA concen-
trations revealed a minimum incubation time of 45 min and
a minimum EDTA concentration of 3 mM (data not shown).
Further increase in the EDTA concentration to 3.2 and
3.4 mM did not result in further improvement of cell retrieval
(Fig. 1C). Finally, we assessed the effect of sample dilution
prior to flow cytometric analysis. Dilution of the samples with
50 μL PBS supplemented with 2% FCS + 2 μM EDTA
resulted in a 3.8-fold increase in cell retrieval (Fig. 1D). Opti-
mal cell seeding density, EDTA cell detachment concentration
and incubation times, and final cell suspension density of the
flow cytometry sample per well resulted in an over 12-fold
increase in single-cell retrieval (Fig. 1A). More than 90% of
the nondebris cell population were single cells and flow rate

Figure 2. Antibody staining optimization in GIMEN cells. (A) The optimized HTFC staining protocol (right) shows similar expression

patterns to a typical conventional staining protocol (left). Z-score of expression in untreated versus TNF-α-treated cells is 49 (X = 1911,

μ = 217, σ = 35), and 94 (X = 3,466, μ = 217, σ = 35) in TNF-α + IFN-γ treated cells (n = 8 per group). (B) HLA-ABC background staining

decreases when antibody concentration (ng/μL) decreases. The dashed line represents the unstained control. (C) Histograms depicting

HLA-ABC MFIs of untreated and TNF-α + IFN-γ-treated samples with diluting antibody concentrations. The stain index decreases when

antibody concentration is reduced. Data shown are from a representative experiment using the HTFC protocol on GIMEN neuroblastoma

cells. MFI = mean fluorescent intensity.
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was constant. 7-AAD and TMRM staining confirmed the cells
were alive (Supporting Information S1).

The reproducibility of the cell numbers retrieved with the
protocol can be concluded from a HTFC compound screen we
have performed utilizing this protocol, in which over 10,000
wells were analyzed with an average retrieval of 1,600 (�SD
294) alive single cells/well. This corresponds to 74% alive single
cell retrieval when corrected for sampled volume.

Optimized Antibody Staining Allows for (Multiplexed)

Staining with Minimal Nonspecific Background Signal

Elimination of all washing steps from the HTFC protocol
contributes to the HT nature of the protocol by decreasing
the labor intensity, while minimizing cell loss inherent to
washing. On the other hand, elimination of these steps also
clearly indicates the need for antibody concentration titration.
TNF-α and IFN-γ are involved in the upregulation of cell sur-
face protein expression of MHC-I (11), CD54 (ICAM-1)
((13,14)), and CD274 (PD-L1) (15) in several tumor cell
types. Effects of these cytokines on protein expression have

been validated for all utilized cell lines using conventional
flow cytometry (shown for GIMEN; Fig. 2A and Supporting
Information S2).

Decreasing the antibody concentration caused a clear
decrease in background staining in medium-treated HLA-
ABC stained MHC-I lacking GIMEN cells (Fig. 2B). However,
a marked decrease in the stain index between untreated and
TNF-α + IFN-γ treated samples was observed when decreas-
ing the antibody concentration (Fig. 2C). This indicated a del-
icate balance between nonspecific background staining and
discriminative ability of the antibody staining. Titration
showed that HLA-ABC antibody concentration was optimal
at a concentration of 8 ng/well (final concentration of
0.27 ng/μL). The HTFC staining protocol allows for distinct
discrimination between HLA-ABC expression in untreated
versus TNF-α-treated (Z = 49) and versus TNF-α + IFN-γ
treated cells (Z = 94) (n = 8 per group), comparable with
results from a typical conventional staining protocol
(Fig. 2A). The same effect is observed for the other utilized
antibodies (Supporting Information S2).

Figure 3. Multiplexed antibody staining in GIMEN cells. Multiplexing antibody staining using the HTFC protocol is technically feasible and

as effective as singular staining. (A) HLA-ABC MFI in untreated controls (left) and TNF-α + IFN-γ-treated cells (right). Top graphs show the

MFI in multiplexed stained samples, lower graphs show MFIs in single stained samples. (B) NFkB-GFP-reporter × HLA-ABC. Treatment of

GIMEN NFkB GFP reporter cells with TNF-α or IFN-γ shows dependence of TNF-α induced upregulation of MHC-I, and independence of

IFN-γ induced upregulation. Left graph: untreated control, middle graph: TNF-α-treated cells, right graph: IFN-γ-treated cells. Data shown

are from a representative experiment using the HTFC protocol on GIMEN neuroblastoma cells. MFI = mean fluorescent intensity.
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A unique aspect of flow cytometry is the opportunity to
multiplex expression analysis of proteins on/in the same cell.
Combining this aspect with HTS allows for an opportunity to
increase the possibilities and informativity of HTS analysis.
Combining antibody staining of HLA-ABC with the nucleic
acid dye 7-AAD and antibody staining against PD-L1 and
ICAM-1 revealed no noticeable differences in individual
staining efficacy of the HTFC protocol, as shown for HLA-
ABC antibody staining (Fig. 3A).

We previously generated a GIMEN NFkB reporter cell
line and found that TNF-α upregulates MHC-I expression in
an NFkB-dependent manner, whereas IFN-γ-induced MHC-I
upregulation is independent of NFkB (11). Utilizing our
HTFC protocol combining HLA-ABC antibody staining with
evaluation of the intrinsic NFkB reporter expression con-
firmed NFkB (in)dependency of the observed MHC-I
upregulations (Fig. 3B). This shows that the protocol is also
suitable to study the effects of compounds on intracellular
transcription factors using reporter cell lines.

The Staining Protocol is Translatable to Multiple Cell

Lines without any Modifications

The optimized HTFC protocol was subsequently performed
using five additional cell lines, including breast cancer, cervi-
cal cancer, hepatocellular cancer, and human embryonal kid-
ney cells. Retrieved single cell counts were lower (HepG2),
comparable (MCF-7, SKBR3), or superior (HeLa, HEK293T)
to the counts obtained in GIMEN neuroblastoma cells
(Supporting Information S3). Individual and multiplex HTFC
staining was performed and validated with conventional flow
cytometry staining (data not shown). The HepG2 and MCF-7
cell lines were selected based on their trypsinization resistant
nature. The MCF-7 line shows sufficiently high and reproduc-
ible cell retrieval, even though we do observe more doublets,
which were excluded from analysis (Supporting Informa-
tion S3A). In contrast, the slower growing, clumping HepG2
cells showed decreased cell counts, with an average single cell
retrieval of 814 (n = 44, two individual experiments), but the
counts were still sufficiently high and reproducible for reliable
results (Supporting Information S3E). This indicates the
potential to translate the HTFC protocol universally to other
adherent cell lines of interest, contributing to the versatility of
the protocol.

DISCUSSION AND CONCLUSION

HT cell-based screening of drug libraries is currently still lim-
ited by labor-intensive, time-consuming, expensive, and
throughput limiting analyzing methods. The new era of bio-
logicals used in anticancer therapy, including (immune) cell
modulating biologicals, asks for novel, more delicate HT ana-
lyzing protocols to screen for effects beyond cell death. Cell
surface expression of proteins is often key in treatment
response to (immuno)therapies in cancer ((11,16–21)).
Screening for compounds affecting expression of these pro-
teins may contribute to therapy efficacy in the future. For
example, neuroblastoma immunotherapy efficacy is hampered

by low MHC-I expression and requires upregulation (11), for
which potential compounds can be selected by a compound
screen. Similarly, novel compounds may affect immune
checkpoint regulator expression as expression is correlated
with poor survival in multiple cancers (16–21). Here, we
report the development of a universal “no-touch” HTFC anti-
body staining protocol in 384-well microplate format for
adherent cells in which we are able to bypass washing and
centrifuging steps of conventional flow cytometry protocols.

We have adapted a protocol from Kaur and Esau, in
which the potential of EDTA as a nonenzymatic cell detach-
ment agent in “no-touch” HTFC was demonstrated (10).
Using EDTA instead of enzymatic detachment agents
bypasses the need of indispensible wash steps to wash away
the fetal calf serum and to neutralize the enzymatic activity to
decrease cell toxicity and potential antigen loss (4–9).
Bypassing washing steps not only contributes to the HT for-
mat of the protocol, but it also contributes to the cell retrieval
by preventing cell loss, which is especially a problem when
working with small cell numbers. Even though Kaur and Esau
show their 384-well protocol is compatible with several com-
mercially available dyes, they have not optimized the 384-well
format protocol in combination with (multiplexed) antibody
staining (10). Furthermore, they show a clear need for cell
line specific optimization of their protocol, limiting the
throughput potential of the protocol.

Based on our data, decreasing the cell density prior to
flow cytometric analysis markedly increased cell retrieval
(3.8-fold). This indicates that cell density during analysis is a
crucial factor in this protocol: when cell density is too high,
the EDTA cannot avoid the tendency of cells to clump,
thereby affecting (reproducibility of) cell retrieval. This also
explains the reduction in reproducibility of the protocol when
exceeding a seeding density of 5,000 cells/well. The fact that
cell density rather than other cellular parameters is so critical
in this protocol also emphasizes the universal potential of this
protocol.

Analysis of the very slow growing and clumping HepG2
cell line with our protocol showed decreased cell retrieval
when compared to the other cell lines. We believe this can be
explained by the extreme adherent nature of the cells, as well
as by the slow growth rate. This was further confirmed by an
~1.5-fold increase in average cell retrieval (average single-cell
count = 1,115 [� SD = 236] [n = 9]), without a marked
increase in variability between wells when increasing the plat-
ing density to 5,000 cells/well. Even though the unmodified
protocol still gave sufficient cell retrieval, these results indicate
that the protocol might benefit from cell plating density titra-
tion when analyzing slow-growing cell lines. However, the
extreme clumping nature of the HepG2 line makes its suit-
ability questionable for flow cytometry analysis in general,
and alternative hepatocyte cell lines may be preferred.

It has been reported that EDTA could have a significant
impact on antibody binding capacity (22), especially when the
structure of the epitope depends on ions, such as calcium. It
is therefore of importance to compare conventional and high-
throughput protocol staining for every newly utilized
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antibody. Furthermore, more general, we recommend to
include appropriate controls for every utilized antibody on
every HTS plate to be able to monitor basal protein expres-
sion and antibody staining efficiency.

To the best of our knowledge, we are the first to report a
universal “no-touch” HTFC antibody staining protocol for
adherent cell lines in 384-well microplate format. We show
that our protocol allows for multiplexing antibody staining
and addition of reporter gene analysis, thereby improving the
output of cell-based screening of drug libraries in a cost-
efficient manner.
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