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Droplet Microarray Based Screening Identifies Proteins for
Maintaining Pluripotency of hiPSCs

Yanxi Liu, Sarah Bertels, Markus Reischl, Ravindra Peravali, Martin Bastmeyer,
Anna A. Popova, and Pavel A. Levkin*

Human induced pluripotent stem cells (hiPSCs) are crucial for disease
modeling, drug discovery, and personalized medicine. Animal-derived
materials hinderapplications of hiPSCs in medical fields. Thus, novel and
well-defined substrate coatings capable of maintaining hiPSC pluripotency are
important for advancing biomedical applications of hiPSCs. Here a
miniaturized droplet microarray (DMA) platform to investigate 11 well-defined
proteins, their 55 binary and 165 ternary combinations for their ability to
maintainpluripotency of hiPSCs when applied as a surface coating, is used.
Using this screening approach, ten protein group coatings are identified,
which promote significantly higher NANOG expression of hiPSCs in
comparison with Matrigel coating. With two of the identified coatings,
long-term pluripotency maintenance of hiPSCs and subsequent differentiation
into three germ layers are achieved. Compared with conventional
high-throughput screening (HTS) in 96-well plates, the DMA platform uses
only 83 μL of protein solution (0.83 μg total protein) and only ≈2.8 × 105 cells,
decreasing the amount of proteins and cells ≈860 and 25-fold, respectively.
The identified proteins will be essential for research and applications using
hiPSCs, while the DMA platform demonstrates great potential for miniaturized
HTS of scarce cells or expensive materials such as recombinant proteins.
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1. Introduction

Human induced pluripotent stem cells
(hiPSCs), reprogrammed from adult so-
matic cells, e.g., by using Yamanaka factors
OCT4, SOX2, KLF4, and C-MYC (OSKM),
have the unique ability to self-renew and dif-
ferentiate into specialized cells in the hu-
man body.[1] These merits make hiPSCs
important for applications such as regen-
erative and transplant medicine,[2] disease
modeling,[3] drug discovery, toxicological
screenings,[4] personalized medicine, and
human developmental biology.[5] To sup-
port self-renewal and growth of hiPSCs in
vitro, hiPSCs were usually cultured on a
feeder cell layer of mitotically inactivated
mouse embryonic fibroblasts or immor-
talized embryonic fibroblast lines in cul-
ture medium with fetal calf serumor serum
replacement.[6] Currently, hiPSCs are cul-
tured on a feeder-free but animal-derived
basement membrane extract such as Ma-
trigel™ (Corning Life Sciences, Corning,
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NY, USA),[7] Geltrex™ (ThermoFisher Scientific, Waltham, MA,
USA),[8] or Cultrex® (Trevigen, Gaithersburg, MD, USA).[9]

However, the applicability of these coatings for in vitro culture
of hiPSCs is challenging because of their inherent mechanical
and biochemical properties. For example, Matrigel gelates at 22–
37 °C, making it impossible to dispense or pipette at room tem-
perature (RT). More importantly, it varies in its biochemical and
mechanical properties within and between batches.[10] Moreover,
it contains animal-derived materials,which impedes the clinical
application of hiPSCs in regenerative and transplant medicine.
The utilization of functional stem cells or their targeted differen-
tiation products in human body requires a clinically-grade pro-
duction process to ensure the purity, reproducibility, and tissue
specific differentiation of patient-specific hiPSCs to avoid im-
mune rejection, as well as microbial and viral transfer.

Proteins of human origin used either as a coating or as an ad-
ditive to the culture medium are more suited for hiPSC culture
because of their chemically defined nature and human origin,
which is essential for any clinical applications of hiPSCs. For the
purpose of maintaining hiPSCs pluripotency, a stem cell niche
requires not only growth factors, but also cell adhesion, where
extracellular matrix (ECM) proteins and surface proteins play
extremely important roles. ECM proteins and surface proteins
could mediate cell-ECM interaction and cell–cell interaction, re-
spectively, which are of importance for hiPSCs self-renewal and
proliferation. Literature reports a few well-defined ECM proteins
that provide artificial ECM-like microenvironments for feeder
cell-free hiPSC culture by enhancing cell-matrix interactions.
These proteins include laminin 511 and vitronectin.[11] Cell–Cell
interactions are also important in the process of self-renewal
and proliferation of hiPSCs. For example, the surface protein E-
cadherin facilitates expansion of human pluripotent stem cells
(hPSCs) in the form of colonies,[12] and epithelial cell adhesion
molecule (EpCAM) is involved in maintaining the undifferenti-
ated status of human embryonic stem cells (ESCs).[13] These pro-
teins are chemically defined, of human origin, biocompatible,
biodegradable and commercially available, which makes them
good candidates for studying their effect on hiPSCs. Further-
more, cells in any tissue of the human body are simultaneously
exposed to multiple proteins – the combinations and concen-
trations of which are important for the cell homeostasis, via-
bility, and differentiation. Thus, it is crucial to study the influ-
ence of both single human-derived proteins and their combina-
tions on hiPSCs. The proteins that might play a role in the self-
renewal and differentiation of human stem cells according to the
literatures were picked to conduct the protein screening. Based
on the price and commercial availability, 11 human originated
proteins that could be potentially used by others were selected.
However, since the production of human recombinant proteins
is extremely costly,[14] conventional high-throughput screenings
(HTS) using non-miniaturized platforms become immensely ex-
pensive and unaffordable to regular biology labs. Thus, to enable
a systematic study of human-derived protein coatings capable of
controlling hiPSC pluripotency, we drew attention to the droplet
microarray (DMA) platform – a new miniaturized HTS approach.

Several high-throughput array-based approaches have
emerged as screening tools for the in vitro culture of
hiPSCs.[14b,15] Mei et al. reported an array of polymer blends
to investigate how the wettability, surface topography, surface

chemistry, and indentation elastic modulus influence self-
renewal of hPSCs.[16] Celiz et al. utilized a high-throughput
microarray screening platform to search for substrates suitable
for expansion and multilineage differentiation of hPSCs,[17]

and identified poly(HPhMA-co-HEMA) as an ideal substrate
for that purpose. In a different study using high-throughput
protein microarrays, Ireland et al. identified three novel coatings
leading to two fold higher proliferation rates and expression of
OCT4, NANOG, and SOX2 in hPSCs compared to Geltrex™

and vitronectin coatings.[18] Nevertheless, there is usually no
physical separation between experimental spots, requiring full
immersion of the array into the medium, which poses a risk of
cross talk between individual experiments.[16–18] Despite obvious
progress in adopting miniaturized array-based approaches in
studies of hiPSCs, most screenings are performed in the 96- or
384-well plates, which is associated with high and sometimes
unbearable consumption of proteins and hiPSCs.

The DMA platform relies on the ability of hydrophilic spots
surrounded by a superhydrophobic background to precisely po-
sition and confine sub-microliter droplets inside the hydrophilic
regions. The advantage of the DMA over microtiter plates is that
it does not rely on gravity or plastic walls to position and con-
fine droplets and, thus, can operate with much smaller fluid
volumes, typically 100 to 300 nL for 500 to 1000 μm diameter
hydrophilic spots. The deposition of liquids is performed us-
ing conventional noncontact liquid dispensers. This approach
has been used for diverse biological and chemical applications,
including transfection enhancer screening,[19] formation and
screening of mouse embryoid bodies,[20] screening of zebrafish
embryo,[21] controllable assembly of tumor spheroids,[22] high-
throughput synthesis of lipidoids and screening for their trans-
fection efficiency,[23] and miniaturized combinatorial synthesis
followed by cell screening.[24] The DMA platform is compatible
with noncontact methods of dispensing cell suspension to form
high-density nanoliter cell arrays. It has multiple advantages over
other techniques. First, there is no cross-contamination between
spots because liquids are confined within hydrophilic spots, and
a noncontact dispensing method can be used. Second, the use
of nanoliter volumes significantly reduces the overall costs of
expensive reagents and cells. DMA slides with 672 individual
spots (Figure 1) require ≈8.3 μg of protein, ≈2.8 × 105 cells and
≈0.28 mL of cell culture media to screen 231 protein combina-
tions (single, binary, and ternary combinations). ≈866-fold and
25- fold less protein and cells than that is needed to perform the
same screen in the 96-well plate format. In addition, miniaturiza-
tion and high throughput allows for multiple experiment repli-
cates to be introduced, thereby reducing variability.

In the current study, we employed a DMA-based HTS ap-
proach to investigate the influence of 231 protein combina-
tions (11 proteins, 55 binary, and 165 ternary combinations)
on the maintenance of pluripotency of hiPSCs. For this study
we selected 11 proteins (Table 1) including Thy-1, ephrin type-
B receptor 4 (EphB4), ephrin type-A receptor 1 (EphA1), E-
cadherin, coxsackie and adenovirus receptor (CAR), junctional
adhesion molecule A (JAM1), EpCAM, basigin (BSG), dystrogly-
can (DAG1), hyaluronic acid (HA), and laminin 521 (LN521).
EphB4 belongs to Eph receptor tyrosine kinase, which promis-
cuously binds transmembrane ephrin-B family ligands residing
on adjacent cells and mediates cell–cell interactions.[25] EphB4
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Figure 1. Schematic representation of the screening workflow. Printing: 60 nL of protein solution (final concentration of each protein of 10 μg mL−1) was
printed onto each pre-determined spot and incubated at RT for 2 h, followed by adding cell suspension. Cultivation: hiPSCs were dispensed in a volume of
200 nL per spot and the array was cultured for 24 h before IF staining for measuring the NANOG expression. Image analysis: mean fluorescence intensity
of IF staining was quantified. The size and color of the circles correspond to the relative expression of NANOG as measured by immunofluorescence:
the lower left corner corresponds to the expression of Matrigel control, red and small size indicate lower expression than that of Matrigel control,
while green color and large circles indicate expression of NANOG higher than that of Matrigel. The primary HTS was done with 11 single proteins,
55 binary combinations, and 165 ternary combinations; a total of 231 screening groups. Validation: hits were selected and further validated in hiPSCs
by immunofluorescence staining of a larger set of pluripotency markers (Transcription factors: NANOG, SOX2, OCT-4A, cell surface markers: SSEA4,
TRA-1-81, and TRA-1-60) and during a five weeks long culture period. Scale bar: 50 μm.

contributes to tumor malignancy and regulates the development
of various tumors. EphB4 can also promote the self-renewal
and proliferation of human neural stem cells. However, little is
known about the role of EphB4 in the maintenance of pluripo-
tency in hiPSCs. As for EphB2, a literature search could not
find any direct evidence that EphB2 is expressed by undiffer-
entiated hiPSCs.[26] Miura et al. reported that EphB2 is a target
protein of Wnt enriched in Lgr5+ intestinal stem cells. Leung
et al. showed that the high expression of EphB2 enhanced can-
cer stem cell properties in hepatocellular carcinoma.[27] Thus,
we would speculate that EphB2 might play a role in hiPSCs via
Wnt signaling pathway. However, further investigation and vali-

dation are needed. DAG1 is a heavily glycosylated protein that is
strongly expressed on/by hiPSCs.[28] It can interact not only with
laminin to mediate cell–ECM interactions, but also participates
in direct signaling events, together with integrins. EpCAM is a
transmembrane glycoprotein, which mediates cell–cell interac-
tions via cadherins linking the cytoskeleton. It is a pluripotency-
related gene in induced pluripotent stem cells.[29] BSG is a mem-
ber of theimmunoglobulin superfamily, which is involved in re-
production, neural function, inflammation, and tumor invasion.
It is a cell surface marker that is consistently upregulated in early
and late passages of hiPSCs.[30] Laminins (LNs) are well-known
ECM proteins, which contribute to ECM structure and have ef-
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Table 1. Proteins used in this study with their corresponding structures and Protein Data Bank (PDB) codes.

Protein Description Structure PDB code

Thy-1 (CD90) Glycophosphatidylinositol (GPI) anchored conserved cell
surface protein, combinatorial surface marker for stem
cells

Modeling by
SWISS-MODEL with
ProMod3 3.0.0

Ephrin type-B receptor 4
(EphB4)

Membrane-bound protein, binding and activation of
Eph/ephrin intracellular signaling pathways, involved in
the regulation of cell adhesion and migration

6fnm[43]

Ephrin type-A receptor 1
(EphA1)

Membrane-bound protein, binding and activation of
Eph/ephrin intracellular signaling pathways, regulates
cell proliferation

3kka

E-cadherin Calcium-dependent cell–cell adhesion glycoprotein
comprising five extracellular cadherin repeats, a
transmembrane region, and a highly conserved
cytoplasmic tail

2O72[34]

Coxsackie and adenovirus
receptor (CAR)

Transmembrane bound protein with two immunoglobulin
(Ig)-like extracellular domains, a transmembrane
domain, a cytoplasmic domain, and two N-linked
glycosylation sites, may function as a cell adhesion
molecule

1f5w[35]

Junctional adhesion molecule A
(JAM-A, JAM-1 or f11r)

Junctional adhesion molecule transmembrane protein
family member, receptor of chimeric antigen receptor
(CAR)

1nbq[36]

Epithelial cell adhesion
molecule (EpCAM)

Transmembrane glycoprotein involved in cell signaling,
migration, proliferation and differentiation, involved in
embryonic stem cell proliferation and differentiation

4mzv[37]

Basigin (BSG or CD147) Member of the immunoglobulin superfamily,
fundamental in intercellular recognition, involved in
various immunologic phenomena, differentiation, and
development

3b5h[38]

Dystroglycan (DAG1) Transmembrane linkage between the extracellular matrix
and the cytoskeleton, involved in several processes,
including laminin and basement membrane assembly

5llk[39]

Hyaluronic acid (HA) Chief component of the extracellular matrix, contributes
to cell proliferation and migration

1poz[40]

(Continued)
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Table 1. Continued.

Protein Description Structure PDB code

Laminin 521 A component of the extracellular matrix, used to enhance
pluripotent stem cell culture

5xau[41]

Helix Sheet Loop

fects on cell adhesion, differentiation, migration, and other cell
behaviors.[31] 𝛼-5 LN promotes the self-renewal of hiPSCs.[32]

However, to the best of our knowledge, the roles of these proteins
in the undifferentiated culture of hiPSCs and their impact on
maintaining pluripotency of hiPSCs have not been investigated
yet. Other important reasons for the selection of the 11 proteins
were their commercial availability and reasonable price, which is
important to make sure that the identified protein coatings could
find broad application in the scientific community.

The printing parameters were investigated and optimized to
achieve a high cell survival rate in nanoliter droplets on DMA.
The pluripotency of hiPSCs on DMA was monitored by im-
munofluorescence (IF) staining of NANOG. Ten protein com-
binations were found to maintain the pluripotency of hiPSCs.
Of these, two most effective protein combinations BIK (EphB4
+ DAG1 + LN 521) and GHK (EpCAM + BSG +LN 521) were
further validated by long-term culture of hiPSCs, and by investi-
gating their ability to differentiate into the three germ layers. The
proteins and protein combinations identified in this study can be
used as chemically defined and xeno-free substrates for hiPSC
culture, which holds great potential for clinical and biomedical
applications.

2. Results and Discussion

2.1. Cost-Effective DMA-Screening to Identify Xeno-Free hiPSC
Culture Conditions

The layout of a DMA slide and the workflow for screening pro-
teins are described in Figure 1. The DMA is a 2.5 × 7.5 cm glass
slide with a 14 × 48 array of hydrophilic spots with superhy-
drophobic (SH) borders, resulting in 672 independent 1 × 1 mm
square spots separated by 500 μm SH borders. For this study we
selected eleven single proteins (Table 1) as well as their binary
and ternary combinations – in total 231 experimental groups. In
order to study their synergistic effects, additional 55 binary and
165 ternary combinations were tested (Table S1, Supporting In-
formation). To create protein arrays, the individual protein so-
lutions (60 nL with 10 μg mL−1 in protein dilution buffer) were
dispensed onto individual 1 mm × 1 mm spots of the DMA us-
ing a noncontact liquid dispenser (Figure S1A, Supporting Infor-
mation). To reduce experimental error, each protein or combina-
tion was printed in six replicates, demonstrating the advantage
of miniaturization that enables the fabrication of a high-density
array. Then, 200 nL of suspension of hiPSCs were printed per
spot, followed by culturing on DMA slides for 24 h (Figure S1B,
Supporting Information). Cells were then stained for NANOG

(an indicator of pluripotency) by IF staining, followed by auto-
mated imaging.[42] The primary screen was used to identify hits
on the basis of their ability to maintain pluripotency compared
to Matrigel, which was used as a positive control. Selected hits
were then validated for their ability to maintain the expression
of several pluripotency markers, including NANOG, TRA-1-81,
OCT-4A, SSEA4, SOX2, and TRA-1-60 in a 5 weeks long culture.
Finally, the ability of cultured cells to differentiate into three germ
layers (ectoderm, mesoderm, and endoderm) was tested.

HiPSCs are very sensitive to environmental stimuli, such
as compression and shearing forces. They are also prone to
cell death after dissociation during regular expansion,[43] which
makes HTS of hiPSCs especially challenging since manual re-
moval of differentiated cells as well as dead cells from undiffer-
entiated live cells is not possible in screening experiments. There-
fore, we first compared the viability of hiPSCs cultured on DMA
in 200 nL using either manual seeding (58.28 ± 1.90%) or af-
ter noncontact cell printing (69.43 ± 5.90%) after 24 h culture
(Figure S2, Supporting Information). The viability was measured
by a live–dead staining as described previously.[44] The viability
of cells after noncontact printing was higher than that of man-
ual seeding. This might be due to the higher volume of each
spot after printing (200 nL) than the volume of manual seed-
ing (≈80 nL) could provide more nutrient for cell growing and
survival. Thus, we selected noncontact printing for the further
experiments.

Using IF staining for the pluripotency markers SOX2, OCT-
4A, NANOG, TRA-1-60, SSEA4, and TRA-1-81, we next assessed
whether the Matrigel-coated DMA could maintain the pluripo-
tency of hiPSCs. Typical IF staining procedures involve washing
steps, which often result in cell loss. Thus, we assessed the
changes in cell numbers before and after IF staining. As shown in
Figure S3 (Supporting Information), 50% of hiPSCs were left in
DMA spots after IF staining. Average numbers of hiPSC colonies
after IF staining were also investigated; there were approximately
seven colonies in one DMA spot, with no significant difference
between colony numbers remaining among three biological
repeats (Figure S4, Supporting Information). These results indi-
cated the feasibility and reproducibility of the established proto-
col for IF staining on DMA. IF staining results (Figure 2A) indi-
cated that expression of pluripotency markers in hiPSCs grown
on DMAs was similar to that in cells cultured in multi-well plates
(Figure S5, Supporting Information), demonstrating that hiPSCs
cultured on DMAs retained their pluripotency and ability to self-
renew. Next, we used phalloidin staining to visualize the typical
cytoskeletal arrangement of hiPSCs colonies; for hiPSCs cultured
on DMAs, well assembled and organized F-actin cytoskeletal
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Figure 2. Validation of the screening protocol. A) Representative confocal laser scanning microscope (CLSM) images of hiPSCs cultivated in 200 nL
droplets on DMA slides coated with Matrigel and stained for six pluripotency markers: SOX2, OCT-4A, NANOG, TRA-1-60, SSEA4, and TRA-1-81. Three
independent experiments (n = 3) obtained comparable results. DAPI was used to counterstain nuclei. Scale bars: 50 μm. B) Bright-field images of hiPSCs
cultivated on positive (Matrigel, MG+) and negative (no Matrigel, MG−) controls. Scale bar: 100 μm. C) NANOG expression level was used as a read
out for the primary screening. IF staining was carried out on DMA followed by automated microscopy. All colonies in one image were from the single
droplet. Scale bar: 50 μm. D) Quantification of mean brightness (mean fluorescence intensity) of hiPSCs cultured on positive and negative controls
and stained for the pluripotency marker NANOG. The mean fluorescence intensity was calculated as the total fluorescence intensity divided by the area
(in pixels). ***p < 0.001, significant differences positive control and negative controls. (Zʹ value is between 0.5 and 1, corresponding to a high-quality
screening assay). Data were presented as mean ± 3SD. (n = 3) E) Representative CLSM images of E-cadherin expression in hiPSCs cultured on positive
and negative control coatings. E-cadherin mediates cell–cell interactions and contributes to stem cell colony formation and pluripotency. Thus, on the
positive control coating, undifferentiated hiPSCs show high expression of E-cadherin, while differentiated hiPSCs on the negative control coating show
low-to-no E-cadherin expression. DAPI was used to counterstain nuclei. Scale bar: 25 μm.

organization was observed (Figure S6, Supporting Information),
indicating the feasibility of using DMA for hiPSCs cultivation.

Taken together, our results demonstrated that hiPSCs cultured
in 200 nL droplets on the DMAs show the same characteristics
(expression of pluripotency markers) as cells cultured in a mi-
crotiter plate. This opens the possibility to use the DMA platform
for culturing and screening undifferentiated hiPSCs.

As a next step, the robustness of utilizing the DMA platform
for HTS of hiPSCs was assessed. Matrigel coating (MG+) was
set as a positive control and no Matrigel coating (MG−) was set
as a negative control. The morphology of hiPSCs in positive and
negative controls are shown in Figure 2B. The positive control
group demonstrated typical hiPSC morphology, with compacted
cells and distinct edges. In the negative control group, hiPSCs
displayed poor aggregation with no distinct edges and compacted
cells.

NANOG, OCT4, and SOX2 are the core transcription factors
regulating pluripotency of stem cells. While the expression of

OCT4 and SOX2 is relatively uniform, stem cells fluctuate be-
tween high NANOG expression with high pluripotency and low
NANOG expression with low pluripotency.[45] Hence, NANOG
expression detected by IF staining was selected to be the read-
out for the primary screening, i.e., higher mean fluorescence in-
tensity of cells should indicate higher self-renewal (Figure 2C,D),
which was confirmed by a significant difference in mean fluores-
cence intensity for NANOG expression in positive and negative
controls (Figure 2D).

We then used the screening window coefficient, Z-factor (Zʹ),
to evaluate the quality of our primary HTS assay.[46] Zʹ was calcu-
lated from three biological replicates using the formula:

Z′ = 1 −
(
3𝜎c+ + 3𝜎c−

)

||𝜇c+ − 𝜇c−
||

(1)

in which 𝜎c+ is the standard deviation (SD) of the positive control,
𝜎c- represents the SD of the negative control, μc+ and μc- are the
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Figure 3. Results of the primary protein screening. A) List of proteins and their corresponding letter codes used in the screening. B) Heat map showing the
fold change of NANOG expression in hiPSCs cultured on coatings containing single proteins and protein combinations. Six replicates were used for each
independent array experiment. The mean fluorescence intensity of NANOG expression of each independent group was normalized against expression
level of NANOG in cells cultured on Matrigel (MG) coating (positive control). Green indicates high NANOG expression level (higher capacity for self-
renewal) and red indicates low NANOG expression (lower capacity for self-renewal) than marker expression levels in cells cultured on a positive control
(MG+) coating. C) Graph showing relative NANOG expression of all tested protein groups in the screening. The threshold for protein coating promoting
significant change in NANOG expression was set as mean + 3 SD. Red column indicates negative control (non-coated, MG−), green column indicates
positive control (MG-coated, MG+), and violet columns show positive hits. D) The list of top ten positive hits identified in the primary screening.

means of fluorescence intensity of positive and negative control,
respectively. The value of Zʹ was 0.64 (Figure 2D), confirming the
high quality of the assay.[46]

Along with various transcription factors, E-cadherin is impor-
tant for establishing and maintaining stem cell pluripotency and
their ability to self-renew via cell–cell adhesions.[47] Therefore, we
investigated E-cadherin expression in hiPSCs in both the positive
and negative controls (Figure 2E). High E-cadherin expression
was observed in positive controls, while low-to-no E-cadherin ex-
pression was observed in negative controls. The mean E-cadherin
fluorescence intensity of negative controls was 17.01 ± 7.84%
of that of positive controls (Figure S7, Supporting Information).
The results demonstrated the significant difference of E-cadherin
expression between positive and negative control, indicating the
high quality of the HTS assay and the robustness of utilizing the
DMA platform for HTS of hiPSCs.

2.2. Specific Ternary Protein Combinations Promote Pluripotency
Marker Expression

For the primary screening, hiPSCs were cultured on coatings cre-
ated from 231 protein groups (11 single proteins (Figure 3A), 55
binary combinations of these proteins, and 165 ternary combina-
tions of these proteins). The proteins were stored as lyophilized
powder with determined weight at −80 °C before use. In order to
coat surfaces with different protein combinations, we deposited
60 nL of 10 μg mL−1 solution of each protein in a protein dilution
buffer into 1 mm square hydrophilic spots on DMA slide, fol-
lowed by incubation of the droplet array at 25 °C in a sealed petri
dish on the clean bench for 2 h. Cells were then seeded by print-
ing 200 nL of cell suspension into each spot. The DMA slide was
then placed in the cell incubator for 24 h, followed by IF staining
for NANOG and imaging.
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Table 2. Comparison of reagent use, cell consumption, and estimated cost
for the screening of 231 protein combinations performed on DMA with
hypothetical identical screenings utilizing 384- or 96-well plates. Six repli-
cates for each experimental group were calculated. The volumes of individ-
ual experiments in DMA, 384- and 96-well plates used for the calculation
are 200 nL, 10, and 50 μL, respectively.

Parameter DMA 384-well plates 96-well plates

Volume of protein solutions (mL) ≈0.08 ≈13.9 ≈69.3

Amounts of proteins (μg) ≈0.8 ≈139 ≈693

Number of cells ≈2.8 × 105 ≈3.1 × 106 ≈6.9 × 106

Volume of medium (mL) ≈0.28 ≈27.7 ≈231.6

Estimated costs of used proteins ($) ≈170 ≈4000 ≈14300

In total, only 83 μL of protein solution (0.83 μg protein),
≈2.8 × 105 cells, and ≈0.28 mL of cell culture medium was re-
quired for the whole primary screening using 4 DMA slides. This
decreased the consumption of proteins and cell suspension by
860- and 25-fold, respectively, if the HTS had to be conducted in
conventional 96-well plates, demonstrating the potential and im-
portance of miniaturization, especially, when working with such
expensive substances as proteins (Table 2). The mean fluores-
cence intensity representing NANOG expression level in hiPSCs
cultured on each protein coating was then analyzed and normal-
ized against the intensity of cells cultured on positive control
coatings (MG+ spots). Figure 3B presents a schematic of the pro-
tein combinations used in the experiment (A–K), and a heat map
representing the ratio of NANOG expression of hiPSCs grown
on different experimental protein groups versus cells grown on
a positive control coating. In the heat map, red indicates lower
NANOG expression (cell differentiation) and green represents
higher NANOG expression (cell self-renewal) compared with its
expression level in cells cultured on the positive control coat-
ing (MG+). The threshold of mean + 3 SD (1.00 + 0.57) com-
pared with positive control (MG+) was established to identify
positive hits showing significantly increased NANOG expression
in hiPSCs.[48] The ten top protein groups were identified (Fig-
ure 3C,D; a detailed description of these is presented in Figure
S8, Supporting Information). In Figure 3C, the green, red, and vi-
olet columns indicate relative NANOG expression level in hiPSCs
cultured on positive (MG+) and negative (MG−) control coatings,
and hits in the primary screening, respectively. The fold changes
of experimental groups versus MG ranged from 0.22 (red) to 2.18
(green). Two protein groups that promoted the strongest increase
in NANOG expression in hiPSCs were BIK (EphB4 + DAG1 +
LN 521) and GHK (EpCAM + BSG + LN 521), with 2.18 ± 0.32
and 2.00 ± 0.22-fold increase, respectively (Figure 3B,D).

The results of our primary screening showed that single pro-
teins did not promote NANOG expression in hiPSCs compared
to MG coating. However, protein combinations, particularly pro-
tein ternary groups, resulted in significantly higher expression
of pluripotency markers in hiPSCs compared to cells cultured on
the MG coating (Figure 3D). LN 511 coating has been reported
to support the long-term self-renewal of human pluripotent stem
cells.[49] Another study demonstrated that LN 521 in combination
with fibronectin could support the greatest cell attachment.[18]

Furthermore, LN 521/E-cadherin matrix could support the clonal
culture of human stem cells.[50] From our screening results, LN

521 alone showed the ability to maintain the pluripotency of hiP-
SCs (high NANOG expression when compared with Matrigel
group, Figure 3B; Figure S8, Supporting Information). However,
the normalized value of LN 521 was less than the threshold value.
Thus, LN 521 was not identified as “positive hit” in the screening.

2.3. Xeno-Free Substrates Maintain Differentiation Capacity
During Long-Term Culture

To check whether all three selected GHK proteins were present
on the surface after the coating procedure, we performed IF stain-
ing following the surface coating. GHK proteins were coated onto
96-well plates at RT for 2 h, then the solution was aspirated and
the plates were washed with PBS for three times. The IF staining
was conducted as follows, the coated plates were incubated with
1% BSA, primary antibodies (anti-BSG, anti-EpCAM and anti-
Laminin alpha 5), and secondary antibodies before imaging. As
can be seen in Figure S9 (Supporting Information), there was
no autofluorescence background from the IF staining procedure
and the plates (groups “no primary” and “no secondary”). The
fluorescence staining from images confirmed that the proteins
were successfully coated on the plate (Figure S9, Supporting In-
formation).

To identify the most effective proteins for the maintenance of
pluripotency of hiPSCs in long-term in vitro culture and also to
validate the discovered hits as a coating of regular polystyrene
plates, two most effective positive protein combinations (BIK
and GHK) and one negative protein combination (DIK: E-
Cadherin+DAG1+LN 521) were selected for further validation
in 12-well plates. DIK was selected because of its ability to in-
duce cell attachment, while at the same time leading to a reduced
NANOG expression compared to the positive control and because
it also contains LN 521 (K), which was present in both top hits.
Thus, inability of the DIK to maintain pluripotency would con-
firm that combination of the proteins and not LN 521 itself is re-
sponsible for the observed effect. DIK (E-Cadherin+DAG1+LN
521), BIK (EphB4 + DAG1 + LN 521), and GHK (EpCAM + BSG
+ LN 521) were coated onto 12-well plates at RT for 2 h, then the
solution was aspirated before adding hiPSCs. These two positive
protein combinations could facilitate attachment of hiPSCs in in
vitro culture for up to 4 days – similar to MG (Figure 4A). On day
1, compared with MG (set as 100%), the attachment efficiencies
of DIK (E-Cadherin, DAG1, LN 521), BIK (EphB4 + DAG1 + LN
521), and GHK (EpCAM + BSG + LN 521) were 91.86 ± 3.90%,
94.76 ± 3.44%, and 95.84 ± 9.78%, respectively. The attachment
efficiency of DIK was 88.00 ± 4.77% for day 2, 85.46 ± 10.02% for
day 3, and 74.38 ± 5.36% for day 4. Over the following three days,
BIK showed high attachment efficiency for day 2 (92.59± 6.00%),
day 3 (84.15 ± 9.16%), and day 4 (79.13 ± 12.57%). GHK showed
similar attachment efficiency for day 2 (91.14 ± 12.67%), day 3
(79.81 ± 6.84%), and day 4 (78.48 ± 1.91%). On the contrary, hiP-
SCs completely failed to attach on non-coated well plates. These
results demonstrate that DIK, BIK, and GHK can facilitate the
attachment of hiPSCs in culture to a similar extent as Matrigel.
These three protein groups all contain LN 521 (K), which implies
the cell attachment could be facilitated by LN 521 through inter-
action with 𝛼6𝛽1 integrin.[50] Over five passages, hiPSCs cultured
on BIK and GHK displayed both typical hiPSC colony morphol-
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Figure 4. Effect of protein coatings on hiPSC´s long-term culture: validation of the efficiency of two most effective ternary protein combinations (BIK
and GHK). A) Colony attachment efficiency of hiPSCs on non-coated 12-well plates, Matrigel (MG)-coated 12-well plates, and DIK, BIK, and GHK-coated
12-well plates for 4 days. BIK (EphB4 + DAG1 + LN 521), and GHK (EpCAM + BSG + LN 521) were identified from the primary screening as showing
stronger NANOG expression, while cells cultured on DIK (E-Cadherin + DAG1 + LN 521) protein group showed lower NANOG expression. Data were
presented as mean± 3SD. (n= 3) B) IF images of hiPSCs cultured on MG, DIK, BIK, and GHK coatings and stained for six pluripotency markers: NANOG,
OCT-4A, SOX2 (green fluorescence); TRA-1-81, SSEA4, TRA-1-60 (red fluorescence). Scale bar: 50 μm. C) qPCR profiling of pluripotency marker genes
(NANOG, OCT4, and SOX2) of hiPSCs grown on MG, DIK, BIK, and GHK-coated well plates for five passages (n = 3, biological replicates). Gene
expression data were normalized against a reference gene GAPDH. In hiPSCs cultured on DIK, BIK, and GHK coatings, the gene expression level was
normalized against that of cells grown on MG. Data are represented as mean ± SEM. **P < 0.01 and ***P < 0.001, significant differences between MG
and DIK groups.
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ogy (Figure S10, Supporting Information) and levels of pluripo-
tency marker (NANOG and TRA-1-81) expression comparable
to that of cells cultured on Matrigel coating (Figures S11–S13,
Supporting Information). However, cells cultured on DIK protein
group gradually lost the expression of the pluripotency markers
NANOG and TRA-1-81 (Figure S14, Supporting Information).
This confirms that laminin is not enough to maintain pluripo-
tency of hiPSCs despite efficient cell attachment.

To further validate the pluripotency of hiPSCs grown on DIK
(E-Cadherin + DAG1 + LN 521), BIK (EphB4 + DAG1 + LN 521),
and GHK (EpCAM + BSG + LN 521) coatings, the expression of
pluripotency markers was investigated by IF staining and quan-
titative PCR (qPCR) analysis over five passages. HiPSCs cultured
on BIK and GHK-coated surfaces stained positive for NANOG,
OCT-4A, SOX2, TRA-1-81, SSEA4, and TRA-1-60, similar to cells
cultured on Matrigel (Figure 4B; Figure S15, Supporting Infor-
mation). HiPSCs cultured on DIK-coated surface showed a sig-
nificantly lower expression for NANOG, OCT-4A, SOX2, TRA-1-
81, SSEA4, and TRA-1-60, when compared to cells cultured on
Matrigel. This demonstrates that, like Matrigel, BIK and GHK
coatings can also support the long-term expansion of hiPSCs and
inhibit differentiation of the hiPSCs. Even though DIK coating
could facilitate the attachment of hiPSCs in culture for a long-
term, it could not maintain the pluripotency of hiPSCs. These re-
sults confirm the relevance and robustness of the primary screen-
ing conducted using the DMA platform. The hiPSCs cultured on
DIK (E-Cadherin + DAG1 + LN 521), BIK (EphB4 + DAG1 +
LN 521), and GHK (EpCAM + BSG + LN 521) for 24 h showed
different expression of NANOG in the primary screening, while
the similar difference could also be observed in long-term and
large-scale culture. These results also demonstrate that the pres-
ence of LN 521 alone in the ternary combination of proteins is
not enough for maintaining the pluripotency of hiPSCs and only
ternary protein combinations could lead to the efficient support
of undifferentiated culture of hiPSCs.

To investigate the pluripotency marker expression at the
gene level, qPCR analysis for NANOG, OCT4, and SOX2 was
conducted. The gene expression of target pluripotency genes
(NANOG, OCT4, and SOX2) was normalized against the ex-
pression level of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and expression levels of pluripotency genes in hiP-
SCs cultured on DIK, BIK, and GHK coatings were further nor-
malized against expression levels of these genes in cells grown
on Matrigel (Figure 4C). In hiPSCs cultured on Matrigel, DIK,
BIK, and GHK coatings, gene expression levels of NANOG,
OCT4, and SOX2 were 1.00 ± 0.05, 1.00 ± 0.04, 1.00 ± 0.25;
0.65 ± 0.07, 0.48 ± 0.04, 0.92 ± 0.08; 1.04 ± 0.14, 0.99 ± 0.07,
1.01 ± 0.03; and 1.05 ± 0.14, 1.07 ± 0.22, and 1.05 ± 0.09, respec-
tively (Figure 4C). The qPCR results demonstrated that hiPSCs
cultured on BIK and GHK-coated surfaces expressed pluripo-
tency marker genes at similar levels to those in cells cultured on
Matrigel, while cells cultured on DIK-coated surface expressed
lower pluripotency marker gene than cells cultured on Matrigel.
Taken together, our results demonstrated that hiPSCs grown on
BIK and GHK coated surfaces sufficiently support self-renewal
and pluripotency of hiPSCs in feeder-free conditions, while DIK
coated surface is not sufficient to support the pluripotency of hiP-
SCs. Comparing the results of BIK and DIK, the EphB4 (B) pro-
tein showed effectiveness in maintaining pluripotency of hiPSCs

while E-cadherin (D) was not efficient in maintaining pluripo-
tency of hiPSCs when mixed with other proteins. This might be
due to the interactions among the three proteins and/or the need
for multiple protein-cell interactions combined with the required
cell-surface adhesion. The results further confirm that not all
ternary protein combinations work for maintaining the pluripo-
tency of hiPSCs even though the cells can attach on the surface.
Nevertheless, the results show that cell attachment is the essen-
tial step for maintaining pluripotency of hiPSCs. Different cells
have distinct intrinsic characteristics. Using good manufacturing
practice-compliant protocols to generate hiPSC lines plays an im-
portant role in the applied research of hiPSCs. Thus, the appli-
cability of the protein combinations on other cell lines should be
evaluated in the future.

A unique characteristic of hiPSCs is their ability to form an em-
bryoid body (EB) and differentiate into three germ layers (pluripo-
tency). Therefore, for cells cultured in vitro on BIK (EphB4 +
DAG1+ LN 521) and GHK (EpCAM+BSG+ LN 521)-coated sur-
faces, we investigated EB formation and the differentiation into
three germ layers, according to a previously described method
(Figure 5A).[51] Briefly, hiPSCs grown on BIK and GHK-coated
surfaces were dissociated after five passages and seeded in 25 μL
hanging droplets on the lid of a Petri dish. Two days later, EBs
were transferred onto gelatin-coated coverslips in 12-well plates,
followed by culturing for 14 days to induce spontaneous dif-
ferentiation into three germ layers (endoderm, mesoderm, and
ectoderm). Then, the samples were stained for specific germ
layer markers (endoderm, FOXA2; mesoderm, brachyury; and
ectoderm, 𝛽-Tubulin3). Cells originated from hiPSCs cultured
on BIK and GHK-coated surfaces showed similar expression of
three germ layer markers as cells obtained from Matrigel-coated
surfaces (Figure 5B Figure S16, Supporting Information). Cells
cultured on non-coated surface did not express markers of the
three germ layers. These results demonstrate that BIK and GHK
coatings are sufficient and effective in maintaining pluripotency
and the differentiation capacity of hiPSCs, as confirmed by es-
timating cell attachment, expression of pluripotency markers
(NANOG, OCT4, and SOX2) in long-term culture over five pas-
sages, formation of EBs, and differentiation into three germ lay-
ers.

3. Conclusion

In this work, we performed a high-throughput screening of 231
well-defined protein combinations, including 11 proteins, their
55 binary and 165 ternary combinations, using a miniaturized
DMA platform. In this screening, we studied the influence of
the protein combinations on the maintenance of pluripotency
of hiPSCs cultured in individual 200 nL droplets. The primary
screening revealed ten ternary protein combinations that could
maintain the pluripotency of hiPSCs and resulted in a signif-
icantly stronger NANOG expression as compared to Matrigel.
The long-term (5 weeks) maintenance of pluripotency of hiPSCs
and their subsequent differentiation into three germ layers was
also demonstrated, further proving the applicability of the identi-
fied novel protein combinations for xeno-free culture of hiPSCs.
However, we would like to emphasize that one needs to deter-
mine the effects of the identified protein mixtures on cell growth
and genomic stability prior to using them for hPSC expansion.
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Figure 5. Validation of two hits from the primary screening by differentiation into three germ layers. A) Schematic diagram of the differentiation of
hiPSCs into three germ layers. B) IF staining for markers of three germ layers FOXA2 (endoderm), brachyury (mesoderm), and 𝛽-Tubulin3 (ectoderm)
in hiPSCs cultured on non-differentiated colony (NC), and surfaces coated with MG, BIK (EphB4 + DAG1 + LN 521), and GHK (EpCAM + BSG + LN
521). Scale bar: 20 μm.

It is important to highlight that compared with HTS conducted
in conventional 96-well plates, the primary HTS using the DMA
platform required tremendously lower amounts of proteins and
cells – only 83 μL of protein solution (0.83 μg total protein) and
≈2.8 × 105 cells, resulting in 866- and 25-fold decrease of con-
sumption of proteins and cell suspension, respectively, and thus
reducing the overall experimental costs. The newly discovered
protein combinations are human originated and hold great po-
tential for both fundamental and applied research using hiPSCs
in various fields such as genetic disease models, drug discovery,
and other biomedical applications. Finally, the HTS using the
DMA platform demonstrates the great potential of this minia-
turized technology for high-throughput studies of expensive but
important small molecules, proteins or their combinations, and
their influence on scarce and precious cell types, such as hiPSCs
or human primary cells.

4. Experimental Section
Materials: Formaldehyde solution(16%), propidium iodide (PI,

1.0 mg mL−1 in water), Calcein AM (1 mg mL−1 in DMSO), 4’, 6-
diamidino-2-phenylindole (DAPI) were purchased from Thermo Fisher
Scientific Inc. (MA, USA). Phosphate-buffered saline (PBS) was pur-
chased from Gibco, Life Technologies GmbH (Darmstadt, Germany).
Serum-free hiPSCs culture medium mTeSR™ plus, hiPSCs detaching
reagent ReLeSR™, and Laminin 521 were purchased from STEM-
CELL technologies (Vancouver, Canada). Dulbecco’s Modified Eagle
Medium/F12 (DMEM/F12) was purchased from PAN Biotech (Aiden-
bach, Germany). Bovine serum albumin (BSA) was purchased from
VWR international (Radnor, USA). Rabbit anti-OCT-4A, rabbit anti-SOX2,
rabbit anti-NANOG, mouse anti-SSEA4, mouse anti-TRA-1-60(S), and
mouse anti-TRA-1-81 antibodies were purchased from Cell signaling
Technology (CST, Massachusetts, USA). Rabbit anti-E-cadherin, mouse
anti-laminin alpha 5, Alexa Fluor® 405 goat anti rabbit IgG H&L, Alexa
Fluor® 488 goat anti rabbit IgG H&L, Alexa Fluor® 488 rabbit anti
goat IgG H&L, Alexa Fluor® 594 goat anti mouse IgG H&L antibodies,

and Hyaluronic acid sodium salt were purchased from Abcam (San
Francisco, USA). LDEV-free Corning® Matrigel® hESC qualified Matrix
was purchased from Corning (Massachusetts, USA). Doxycycline hyclate,
Phalloidin–Atto 565, rabbit anti-𝛽-Tubulin3 antibody, and Triton™ X-100
were purchased from Sigma-Aldrich (Steinheim, Germany). Normocin
was purchased from InvivoGen (California, USA). Goat anti-brachyury,
goat anti-human EpCAM, and goat anti-FOXA2 antibodies were pur-
chased from R&D Systems (Minnesota, USA). Proteins (Thy-1, EphB4,
EphA1, E-cadherin, coxackie and adenovirus receptor (CAR), JAM1,
EpCAM, basigin (BSG), and dystroglycan (DAG1)) and rabbit anti-CD147
antibody were purchased from Sino Biological Europe GmbH (Eschborn,
Germany).

Hipscs Culture: All experiments using human induced pluripotent
stem cells were performed according to the ethical principles of Karl-
sruhe Institute of Technology. The hiPSCs (D1 line, kindly provided by
Prof. Dr. Martin Bastmeyer) were routinely cultured on LDEV-free Matrigel-
coated 6-well plates with serum-free, chemically well-defined mTeSR™

plus medium supplemented with 1 μg mL−1 doxycycline and 50 μg mL−1

normocin at 37 °C in a humidified 5% CO2 incubator. Before passaging,
cells were washed with fresh DMEM/F12 medium three times. Then 10–
20 cell clumps were mechanically dissociated from hiPSCs colonies us-
ing a sterilized Pasteur pipette and the clumps were transferred onto an-
other freshly Matrigel coated well plate surface. Thereafter, the cells were
mechanically cleaned and the medium was changed every day. Cells were
passaged every 5–7 days. For obtaining small cell clusters, hiPSCs colonies
were treated with a commercial cell detaching reagent ReLeSR™ accord-
ing to the manufacturer’s instructions. The hiPSCs cultured with mTeSR
medium with Matrigel and without Matrigel were set as positive and neg-
ative control, respectively.

Droplet Microarrays (DMA): DMA slides with 1 mm side length
square spots (catalogue number: G-np-102) were purchased from Aquar-
ray GmbH (Eggenstein-Leopoldshafen, Germany). Each DMA slide con-
tains 672 individual spots with side length of 1 mm and 500 μm distance
between the side of square spot. All the experiments were performed on
these DMAs. The DMAs were sterilized by immersing in absolute ethanol
for 60 min and ensured drying on the cell culture bench before using.

hiPSCs Culture on DMAs: First, the 1% Matrigel in mTeSR™ plus
medium was printed with a volume of 60 nL per spot by I-Dot One dis-
penser (Dispendix, Stuttgart, Germany). The printing started once the hu-
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midity reached 70%. The DMA slide was then placed in a Petri dish which
was sealed with parafilm at RT for 1 h to allow the Matrigel coating. For
automated printing, hiPSCs cells were detached and printed onto Matrigel
precoated DMA slides with a volume of 200 nL per spot. For manual seed-
ing, DMA slide was placed into a Petri dish and 1.5 mL cell suspension
was applied and incubated for 30 s. Afterwards, the Petri dish was slightly
tilted to let the big droplet of cell suspension roll off the slide, resulting
in spontaneous cellular droplet array formation. Then, the cell containing
slides (manual seeding and automated printing) were placed into Petri
dishes with wetted humidifying pads in the upper lid and 2 mL PBS below.
The cells were cultured on DMA for 24 h without medium change. For neg-
ative control, cells were directly printed onto each individual spot without
Matrigel coating.

Imaging: The DMA slides were placed into Petri dishes or 4-well rect-
angular dishes (Nunc, Thermo Fisher Scientific Inc, MA, USA) for imaging.
The images were taken by both fluorescence microscope Keyence BZ-9000
(KEYENCE, Osaka, Japan) and Olympus IX81 inverted motorized micro-
scope (Olympus, Tokyo, Japan) with 10× magnification for three channels
(bright field, red fluorescence channel for PI staining and green fluores-
cence channel for Calcein AM staining). The IF staining images were taken
by confocal laser scanning microscope Leica TCS SPE (Leica, Mannheim,
Germany) with 40×magnification and confocal laser scanning microscope
Zeiss LSM 800 with 10× and 25× magnification (Zeiss, Oberkochen, Ger-
many).

Cell Viability Assay: The viability of hiPSCs cultured on DMA was in-
vestigated by the live–dead staining. Calcein AM and PI were used to stain
live and dead cells, respectively. Calcein AM is a fluorogenic esterase sub-
strate that is hydrolyzed to a green-fluorescent product (Calcein), produc-
ing a fluorescent green in cytosol of living cells. While PI can pass through
damaged membranes of dead cells and binds with DNA, which indicates
dead cells in red fluorescence. Briefly, 200 nL of hiPSCs cell suspension
was added into each spot after 60 nL 1% Matrigel solution coating. At
24 h after incubation, 75 nL of Calcein AM/PI mixture was printed into
each spot to reach a final concentration of 0.5 μg mL−1 for both Calcein
AM and PI. Then the DMA slides were placed in 37 °C for 15 min before
imaging by fluorescence microscope Keyence BZ-9000 and Olympus IX81
inverted motorized microscope with 10× magnification. The area of Cal-
cein AM and PI positive were analyzed by ImageJ.[52] The cell viability was
calculated as Calcein AM positive area to the sum of Calcein AM and PI
positive area. The same live–dead staining procedure was applied to the
manual seeding method cell viability investigation.

Primary Screening: The proteins (Thy-1, EphB4, EphA1, E-cadherin,
CAR, JAM1, EpCAM, BSG, DAG1, HA, and Laminin 521 were individually
diluted to 10, 20, and 30 μg mL−1 in 1× PBS +/+ and combined to reach
the screening concentration of each protein to 10 μg mL−1. Then the pro-
tein solutions were printed onto DMA spots using I-Dot One dispenser
with 60 nL per spot. Then the DMA slides were placed in a 10 cm parafilm
sealed Petri dish and placed at RT for 2 h to allow proteins coating on the
droplet surface. The hiPSCs cell suspension was then printed onto coated
spots and grown on DMA for 24 h before fixation and staining for NANOG
expression. Images were acquired using an inverted fluorescence micro-
scope. The mean fluorescence intensity of images was then automatically
analyzed using MATLAB.

Immunofluorescence (IF) Staining: The cells were fixed with 4%
formaldehyde solution in PBS and permeabilized with 0.5% Triton X-100
at RT for 15 min. Afterwards, the cells were washed with fresh PBS and
incubated with 1% BSA buffer at 37 °C for 1 h to block nonspecific bind-
ing. The cells were incubated with following primary antibodies: rabbit
anti-OCT-4A, rabbit anti-SOX2, rabbit anti-NANOG, mouse anti-SSEA4,
mouse anti-TRA-1-60(S), mouse anti-TRA-A-81, and rabbit anti-E-cadherin
at 4 °C overnight. The second day, the cells were washed with fresh PBS
and then incubated with corresponding secondary antibodies: Alexa Flu-
or® 488 goat anti rabbit IgG H&L and Alexa Fluor® 594 goat anti mouse
IgG H&L in the dark for 1 h at RT. Nuclei were counterstained with DAPI
at 37 °C for 15 min. The same procedure was applied for E-Cadherin, phal-
loidin, FOXA2, brachyury, and 𝛽-Tubulin3 staining except the antibodies
were replaced by corresponding antibody solution and phalloidin staining
solution.

Colony Attachment Efficiency: The “hit” proteins were applied to coat
12-well plates at RT for 2 h with the concentration of 10 μg mL−1. The pro-
tein solution was aspirated and hiPSCs were then detached by ReLeSR™

and added into each well. Cell attachment were visually scored by counting
attached colony numbers in five random selected fields in each technically
repeated well on day 1, 2, 3, and 4. Experiments were repeated three times.
The average of the attached colony numbers of protein groups were com-
pared with that of Matrigel to assess the colony attachment ability of “hits”
from the screening.

Long-Term Culture Validation: HiPSCs were mechanically dissociated
and 10–20 colonies were transferred to the pre-coated plates. Then the
cells were manually cleaned together with daily medium change. The cells
were passaged every 3–5 days under the same conditions for five passages.
HiPSCs culture on MG-coated plates were used as a control. The morphol-
ogy of hiPSCs at each passage was acquired by an inverted microscope and
pluripotency at each passage was investigated by IF staining of NANOG
expression. After five passages, the hiPSCs were stained for six pluripo-
tency markers (SOX2, OCT-4A, NANOG, TRA-1-60, SSEA4, and TRA-1-81).

Real-Time PCR (qPCR): Pluripotency gene expression was quantified
using qPCR analysis. Total cellular RNA was isolated by RNeasy Mini kit,
according to manufacturer’s protocol. cDNA was synthesized according to
the usual protocol by Superscript IV kit for reverse transcription. Real-time
PCR was performed on a StepOne Real-time PCR system (Life Technolo-
gies GmbH, Germany), after processing the cDNA samples with Gotaq
qPCR master mix. Real-time data was analyzed as described.[53] Primer
sequences had been provided in Table S2 (Supporting Information). Data
was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
expression and statistical differences between groups were analyzed by
unpaired t-test.

Three Germ Layers Differentiation: To induce embryoid body (EB) for-
mation, hiPSCs colonies were dissociated and collected after five passages
on “hit” protein coatings. Then cells were seeded as 25 μL per drop on the
lid of a 10 cm Petri dish. The lid was then inverted to close the Petri dish
with 10 mL PBS below in the Petri dish. The hanging droplets contained
Petri dish was then placed for 48 h to allow the formation of EBs. The
formed EBs were then transferred onto gelatin coated well-plates and cul-
tured in DMEM medium supplemented with 15% FBS and 1% Pen/Strep
for additional 14 days to induce spontaneous differentiation into three-
germ layers (endoderm, mesoderm, and ectoderm). Then IF staining ex-
periments were conducted as described above with anti-FOXA2/HNF-3𝛽
(endoderm), anti-Brachyury (mesoderm), and anti-𝛽-Tubulin3 (ectoderm)
antibodies.

Statistical Analysis: The statistical analysis of the mean brightness was
performed using MATLAB R2018a (The MathWorks, USA). In the fluores-
cence images borders were cropped, and a segmentation using the 95th

percentile of pixel brightness values as threshold was done. Found struc-
tures were optimized using morphological operators (opening (r = 7),
hole-filling). All remaining objects were quantified by their area and their
brightness above background (set as minimum brightness in the image).

The robustness and feasibility of the screening was evaluated prior to
the screening by calculation of the Z-factor (Z’) between positive and neg-
ative controls according to the following equations:

z′ = 1 −
(
3𝜎c+ + 3𝜎c−

)

||𝜇c+ − 𝜇c−||
(2)

where 𝜎 = standard deviation (SD) of brightness, μ = mean of brightness,
c+ = positive control, and c- = negative control.

In the primary screening, the mean fluorescence intensity representing
NANOG expression level in hiPSCs cultured on each protein coating was
then analyzed and normalized against the intensity of cells cultured on
positive control coatings (MG+ spots). All the experiments were repeated
at least three times. Data were presented as mean ± SD or mean ± SEM.
The statistical significance of the experimental data was analyzed with a
two-tailed Student t-test using GraphPad Prism 9 software for windows.
The p-value threshold for statistical significance set at *p< 0.05, **p< 0.01
and ***p < 0.001.
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