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a b s t r a c t

As human stem cells with the special pluripotency play important roles in the innovative drug discovery

and regenerative medicine, development of extracellular matrix (ECM) mimetics or functional materi-

als that can support stem cell growth and propagation is of high significance. Despite numerous efforts

spent, one major limitation restricting the wide applications of stem cells to the clinical translation is the

lack of efficient strategies for low cost and large-scale stem cell production under xeno-free culture con-

ditions. Herein, we reported a new strategy with peptides-modified polystyrene-based polymers coated

onto the surface of coverslips for the growth and reproduction of human embryonic stem cells (hESCs).

The modified peptides are the active parts of proteins which has been shown to contribute to the pluripo-

tent stem cell attachment or proliferation. The peptides were linked to the glass coverslips coated by the

polymer materials via chemical crosslinking, and the composite substrates successfully maintain the long-

term growth of HUES-7, H7 and DF699. Our study shows that the coating of polystyrene-derived polymer

modified by our developed peptides is a good matrix for long-term growth and reproduction of stem

cells. This polystyrene-derived polymer substrate can be produced in large scale and stored for a long

time. The most important thing is that it can support the growth of undifferentiated human pluripotent

stem cells (hPSCs) for more than ten passages, which could provide a new and relatively easy way to

amplify hESCs in vitro.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

It is strongly believed that maintaing the pluripotency in hu-

man stem cells and directing their controlled differentiation is

quite important [1,2]. In particular, the human embryonic stem

cells (hESCs) and human induced pluripotent stem cells (hiPSCs),

which are believed to have the potential to indefinitely grow in

the culture medium and selectively differentiate into any type of

cells in the adult human body represent important resources in

regenerative medicine and disease modeling, aiming to reproduce

the disease pathogenesis of patients in the laboratory [3–5]. There-

fore, growing stem cells in an undifferentiated state is important

for large-scale applications [6,7]. Traditional methods for culturing

hiPSCs normally include growing the cells on a feeder cell layer

of mitotically inactivated mouse embryonic fibroblast, or in the
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medium containing fetal bovine serum (FBS) or serum replacement

to provide an extracellular matrix (ECM)-rich environment for cell

adhesion [8–14]. Feeder cells can be avoided by culturing hESCs

on Matrigel, a basement membrane material prepared from mouse

sarcoma, human serum or purified ECM proteins [10,15]. However,

most of these biological materials are expensive to manufacture,

which may also have high batch-to-batch variability, thus likely to

restricting them from broad applications [16–18]. Besides, animal-

derived materials must be subject to expensive tests to ensure

that they are pathogens-free and non-immunogenic [16,17]. Con-

sequently, great efforts have been spent in developing newly syn-

thetic materials as good substrates for long-term growth and pro-

liferation of pluripotent stem cells. Polymer-based materials have

been recently paid more and more attention because they are

widely applied as carriers for the delivery of targeted drugs [19–

21]. Besides, peptides-based biological materials have also played

important roles in lots of biomedical applications [22–27]. The

growth of H1, H7 and H9 hESCs can be passed for 10-25 gener-
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Scheme 1. (a) Chemical structures of the copolymers; (b) Representative scheme of the polymers coated onto the coverslips [PC-COOH: P(VBA-co-St) or P(VBA-co-mTEGSt),

EDC: 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, NHS: N-hydroxysuccinimide].

ations when the polymer materials were coated on cell culture

dishes [17,28]. Modification of cell culture matrix, such as treat-

ment of substrates under ultraviolet (UV) light or conjugation with

template peptides, can also promote the growth and differentiation

of stem cells [29–31].

In addition, the active peptides of self-assembling proteins are

not only used as high-performance substrates for embryonic stem

cell self-renewal [32], but also widely used in many other biomed-

ical fields [33–39]. Up to now, hundreds of polymers have been

synthesized to support the cell growth [29,40–45]; however, most

of these materials are only applicable on the cell culture plates or

dishes, which can not meet the requirements for the large-scale

in vitro culture of human pluripotent stem cells (hPSCs). In this

study, we modified the cell culture plate by initializing polymer-

ization on the surface of the plate. Polystyrene (PS) derived poly-

mers, including poly(vinyl benzoic acid-co-styrene) (P(VBA-co-St))

and poly(vinyl benzoic acid-co-vinyl benzyl methoxy triethylene

glycol ether) (P(VBA-co-mTEGSt)), were synthesized via nitroxide-

mediated polymerization (NMP). The polymeric substrates for cell

culture were sieved from P(VBA-co-St) and P(VBA-co-mTEGSt) with

different monomer ratios. NMP plays an important role in synthe-

sizing polymers with three characteristics, including narrow poly-

mer dispersity index (PDI), well-controlled molecular weight and

exact monomer ratio [46–49]. Of note, the copolymer, P(VBA-co-

St), coated on a glass coverslip substrate, can be used for stem cell

growth. The short peptides representing different protein active

fragments were linked to the polymer-coated coverslips by chem-

ical crosslinking, and subsequently followed by functionalization

on the polymer-coated coverslip. By screening twenty active pep-

tides, three suitable peptides for hESCs growth were obtained and

characterized, and the peptides were successfully incorporated to

the polymers. Biological characteristics such as high-level expres-

sion of stem cell (H7, HUES-7 and DF699) marker proteins, Nanog,

Oct3/4, Sox2 and Tra160, gene expression and karyotype analysis

after more than 10 passages indicate that this material is suitable

the growth and proliferation of hESCs. Importantly, this PS-derived

polymer substrate can be produced in large scale, and it can sup-

port the growth of undifferentiated hPSCs for a long time, which

could provide a new and relatively easy way to amplify hESCs in

vitro for PSC-based therapies.

As shown in Scheme 1a, the chemical structures of the two

polymers were synthesized for coverslip coating. Among the chem-

ical structures, vinyl benzoic acids with carboxylic acid groups

were used for peptide conjugation and glasses surface coat-

ing. Styrene and 4-vinyl benzyl methoxy triethylene glycol ether

(mTEGSt) could be used to adjust the hydrophilicity of coated

coverslips because hydrophilicity is one of the important factors

to affect the stem cell attachment [28]. As shown in Tables S1

and S2 (Supporting information), various types of polymers includ-

ing P(VBA-co-St) and P(VBA-co-mTEGSt) with different monomer

ratios were synthesized for tests. For P(VBA-co-St), the ratios of

VBA units in the polymers were obtained via 1H-NMR ranging

from 100% to 35.3% while the ratios of the styrene units changed

from 0% to 64.7% accordingly (Table S1). To investigate the hy-

drophilicity of coated coverslips in a broader range, styrene was

replaced by mTEGSt monomer to further improve the hydrophilic-

ity. During the process of synthesizing polymers, the ratios of

the mTEGSt units could range from 20.7% to 73.1% while VBA

changed from 79.3% to 26.9% (Table S2). These polymers were ap-

plied to be coated onto the coverslips for screening in stem cell

culture.

The whole process of the coverslip coating involved three steps:

the first step was to activate the coverslip by (3-aminopropyl) tri-

ethoxysilane (APTES); the second step was to coat the coverslip

with a polymer; in the third step, peptides were used to mod-

ify the surface of the polymer-coated coverslip (Scheme 1b). Con-

tact angle measurements, Fourier transform infrared (FTIR) spec-

troscopy, X-ray photoelectron spectroscopy (XPS), atomic force mi-

croscope (AFM) and toluidine blue O (TBO) staining experiments

were performed to characterize each step to ensure the successful

coating. The contact angle measurement of the water can straightly

illustrate the change of hydrophilic ability before and after coating.

The contact angles of coverslip after coating with P(VBA-co-St) and

P(VBA-co-mTEGSt) were shown in Fig. 1. The results showed that

the hydrophobicity of the surface coated by the polymers increased

compared to the control coverslips, of which the water contact an-

gle is around 50o. For P(VBA-co-St) coating coverslips, the contact

angle changed in a broad range from 60o to 80o. In addition, the

contact angle increased with the ratios of the styrene in the poly-

mers increasing (Fig. 1a). However, for P(VBA-co-mTEGSt), the con-

tact angle changed in a relatively narrow range from around 55o to

60o, which may be due to the similar polarity of mTEGSt and VBA

(Fig. 1b). According to the study previously reported, the optimal

contact angle for stem cell attachment is around 70o [50]. There-

fore, it can be suggested that the most optimal materials were

P(VBA-co-St) together with ratio of the VBA:St either 50%:50% or

30%:70%.

To investigate whether polymers have been successfully coated

onto the coverslips, FTIR experiment was adopted here. As shown

in Fig. 1c, the results showed that, for the coverslips coated by

two series of polymers synthesized, the peaks for carbonyl stretch-

ing vibration clearly appeared, while no peaks in the control cov-

erslips. These results unambiguously confirmed that the polymers

have been successfully coated onto the coverslips. To detect the el-

ement changes during the coating process, XPS experiments were

carried out. As shown in Fig. 1d and Table S3 (Supporting infor-

mation), our results showed that control coverslips did not con-

tain any nitrogen elements. However, after coating by APTES, there
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Fig. 1. Contact angles of the coverslips after coating by the copolymers. (a) VBA:St (wt%): 1© = 100%:0, 2© = 70%:30%, 3© = 50%:50%, 4© = 30%:70%. Data are presented as

mean ± standard deviation (SD), n = 3; (b) VBA:mTEGSt (mol%): 1© = 66.7%:33.3%; 2© = 50%:50%; 3© = 33.3%:66.7%. Data are presented as mean ± SD, n = 3; (c) FTIR

spectra of the coverslips coated by the copolymers of P(VBA-co-St) and P(VBA-co-mTEGSt); (d) XPS spectra of the coverslips at different steps of coating.

Fig. 2. (a) AFM images of coverslip coated with APTES, Scale bar = 10 μm; (b) AFM images of coverslip coated with P(VBA-co-St) further, Scale bar = 10 μm; (c) P(VBA-St)

coated coverslip stained by Toluidine Blue O (TBO) dye; (d) Fluorescence of BG0V1 cells on peptide-conjugated polymer P(VBA-co-St) (VBA:St (wt%) = 50%:50%) at day 6 for

peptides 1–20 and control P(VBA-co-St). Scale bar = 200 μm.

were around 7.56% nitrogen atoms. In addition, when coated by

polymers and peptides, the nitrogen elements slightly decreased

because parts of nitrogen atoms from APTES were probably cov-

ered by polymers and peptides.

To further confirm whether the polymers have been coated

onto coverslips, AFM experiments were performed to directly char-

acterize the topographic changes before and after coatings by the

polymers. It was found that, after coating by APTES, there was no

obvious difference compared to control coverslips (Fig. 2a). How-

ever, after coating by the polymers, a coating layer with thickness

around 5 nm was clearly observed (Fig. 2b), thus clearly indicat-

ing that the transparent coverslips have been coated by a thin

layer of polymers, which can not be observed by naked eyes. To

quantitatively detect the amounts of carboxylic acids, TBO stain-

ing, as one of the suitable detection methods, can be adopted be-

cause TBO can be equivalent moles to the carboxylic groups and

gave blue color staining on the surface containing carboxylic acids.

As shown in Fig. 2c, the stained coverslips coated by P(VBA-co-St)

showed blue color, unambiguously indicating that there were nu-

merous carboxylic acid groups on the coverslips. The amounts of

carboxylic acid groups quantitatively measured on coverslips were

(1.2 ± 0.1) × 10−3 μmol per coverslip.

To screen and identify the optimal polymers and peptides for

stem cell culture, BG0V1, one of hESC lines containing green fluo-

rescence protein (GFP) expressing gene and driven by the Oct3/4

promoter, was used to evaluate the studied materials. As shown

in Tables S1, S2 and S4 (Supporting information), the polymers

screening data and the peptides used for polymer conjugation and

screening were summarized. By virtue of the expertise in high-

throughput screening [51,52], we constructed a combinatorial pep-

tide library resulting from the active part of proteins, which have

been shown to contribute to the attachment or proliferation for

pluripotent stem cells. After the peptides were conjugated to the

copolymers at N-terminus, screened The BG0V1 cells were used

for the screening to test these conjugates via the green fluores-

cence of the GFP, which could indicate that the hESCs were main-

tained in their pluripotency state. Due to its suitable contact an-

gle, the polymer of the P(VBA-co-St) with the ratio of 50%:50%
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Fig. 3. (a) Fluorescence and attachment of BG0V1 cells on P(VBA-co-St) coated coverslip conjugated with P1, P4 and P16 respectively on Day 6. (b) Fluorescent intensity

of BG0V1 cells on P(VBA-co-mTEGSt) coated coverslip conjugated with combined P1, P4 and P16 of different ratio on Day 6. Data are presented as mean ± SD, n = 3. (c)

Pluripotent gene expression analysis of HUES-7 cells grown for 10 passages on peptide coated polymer surface. The fold difference was calculated with the expression value

in Matrigel as one fold. The expression values were normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Data are presented as mean ± SD, n = 3. (d)

Stained Nanog, Oct3/4, Sox2, Tra160 of DF699 cells, H7 cell and HUES-7 cells after 10 passages. Scale bar = 200 μm.

(VBA:St, wt%) was chosen tentatively as the polymer substrate

to modify with twenty peptides listed in Table S4, respectively.

The qualitative analysis of cell growth and GFP expression for

twenty peptides were shown in Table S4. Basically, after 24 h

of seeding, hESCs could be adhered to the surface of the cover-

slips coated by P(VBA-co-St) (VBA:St (wt%), 50%:50%) conjugated

with different peptides (Table S4 and Fig. S4 in Supporting in-

formation). It was also observed that the control of P(VBA-co-

St) itself was a very good substrate for hESCs adherence. How-

ever, the hESCs began to differentiate or differentiated severely,

which was supported by the very weak expression of GFP fluores-

cence after continuous culture of cells onto the surfaces of cov-

erslips coated by some peptides for up to 6 days, which were

shown in Fig. 2d. Specifically, for the control P(VBA-co-St) sub-

strate without any peptides, the hESCs almost completely differen-

tiated after 5 days. This indicated that these 20 peptides helped

at a different extent to maintain the pluripotency of the stem

cells.

To identify which peptide/peptides could greatly maintain the

pluripotency of the stem cells, the image results of the stem cells

grown on the coverslips with different substrates from Day 1 to

Day 6 were shown in Fig. 2d and Fig. S4 as the fate of the stem

cells cultured on different substrates began to differentiate on Day

6. Based on the image results, it clearly showed that our stem cells

could be efficiently attached to the surface of coverslips except

peptides 8 and 13, which did not significantly promote the attach-

ment of stem cells. More interestingly, peptides 2, 12, 14, 17 and 19

not only showed a very good ability for stem cell attachment and

proliferation, but also showed a compromised ability of maintain-

ing the pluripotency of the stem cells. Besides, peptides 6, 8 and

10 were quite powerful to maintain the pluripotency of the stem

cells, but weak in promoting cell growth. To our surprise, pep-

tide 1 (GRGDSP{propargyl-Gly}), peptide 4 (YAVTGRGDSPASSKPIA)

and peptide 16 (GRGESPK) showed the best ability for both cell

attachment and pluripotency maintenance among these peptides.

Therefore, peptides 1, 4 and 16 were chosen for the further stud-

ies together with the copolymers of P(VBA-co-St) and P(VBA-co-

mTEGSt).

To further optimize the polymers to maintain the pluripotency

and proliferation of the stem cells, the polymers entitled P(VBA-

co-St) and P(VBA-co-mTEGSt) with different monomer ratios were

conjugated with peptides 1, 4 and 16, respectively. As the conjuga-

tion, BG0V1 stem cells were grown on different monomer ratios of

P(VBA-co-St) and P(VBA-co-mTEGSt). As shown in Fig. 3a and Fig.

S5 (Supporting information), the results showed that P(VBA-co-St)

promoted stem cell proliferation better than P(VBA-co-mTEGSt) al-

though cell attachment was effective for all of them. After carefully

comparing the growth and GFP expression of BG0V1 on P(VBA-co-

St) with four of different monomer ratios on Day 6, P(VBA-co-St) of

VBA:St (wt%, 50%:50%) was chosen for further studies, because it

proved to be the best substrate for cell growth and GFP expression

in all ratios. Based on the aforementioned studies, P(VBA-co-St) of

VBA:St (wt%, 50%:50%) was modified by the combined peptides 1,

4 and 16 to obtain the optimal results. The P(VBA-St) was conju-

gated by different ratios of peptides 1, 4 and 16. To optimize the

ratio of the polymers modified by the peptides, the quantitative

analysis of the GFP intensity was carried out for hESCs cultured on

substrates modified by combined peptides. As shown in Fig. 3b, the

results indicated that the mass ratio of P1:P4:P16 = 1:2:2 exhibited

the highest GFP intensity. Therefore, P(VBA-co-St) materials with

VBA:St (wt%, 50%:50%) and peptides 1, 4 and 16 with mass conju-

gation ratio of 1:2:2 were chosen for extensive studies with vari-
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ous stem cell lines and long-term propagation. Two human embry-

onic stem cell lines (HUES-7 and H7) and one hiPSC line (DF699)

were used for long-term propagation studies. Typically, ten pas-

sages were considered to be long-term culture. After 10 passages,

the typical pluripotency markers such as Nanog, Oct3/4, Sox2 and

Tra160 were analyzed either by immunostaining or FACS (antibody

information shown in Table S5 in Supporting information).

As shown in Fig. 3d, the immunostaining results showed that,

after 10 passages, hESCs lines (HUES-7 and H7) and the hiPSC line

(DF699) were non-ignorable positive for the pluripotency marker

proteins, indicating that the stemness of the stem cells was well

maintained. Quantitatively, the percentage of pluripotency mainte-

nance was studied by flow cytometry with Nanog and Oct3/4 an-

tibodies. As shown in Fig. S6 (Supporting information), the results

showed that more than 90% of the cells (HUES-7, H7 and DF699)

were noted to be positive for these marker proteins. To further

confirm and evaluate the ability of the pluripotency maintenance

by our developed materials, the gene expression analysis exper-

iments were adopted. As shown in Fig. 3c, it suggested that the

expression of pluripotent markers including Lin28, Nanog, Oct3/4,

Sox2, KLF4, Rex1 and GDF3 were higher than the expression level

in Matrigel, while some other genes such as E-Cad, NR5A2, Nr6a1,

h-Tert and c-MYC were comparatively lower than Matrigel. Our re-

sults unambiguously indicated that we have successfully optimized

the ratios of polymers and peptides coated onto the surfaces of the

coverslips for long-term stem cell growth and propagation.

In this study, we have successfully constructed peptides-

conjugated-polymers for coating the surface of the coverslips for

long-term stem cell growth and propagation. To optimize the

peptide sequences for the conjugation with the polymers to be

coated onto the surface of the coverslips, we constructed a com-

binatorial peptide library for the stem cell screening, which re-

sulted from the active parts of proteins beneficial to the attach-

ment and proliferation for pluripotent stem cells. Based on the

screening, three peptides were successfully identified including

peptides 1 (with sequence GRGDSP{propargyl-Gly}), 4 (with se-

quence YAVTGRGDSPASSKPIA) and 16 (with sequence GRGESPK).

To optimize the polymers for the stem cell growth and prolifera-

tion, various types of polymers including P(VBA-co-St) and P(VBA-

co-mTEGSt) with different monomer ratios were synthesized for

screening tests, and the results showed that P(VBA-co-St) with the

ratio of VBA:St (wt%, 50%:50%), conjugated by selected peptides

(P1:P4:P16 = 1:2:2, mass ratio), can be suitable substrates for stem

cell growth and propagation to coat the surface of coverslips for

stem cell culture. More interestingly, peptides-conjugated polymers

coating coverslips could sustain the growth of both hESCs (such

as HUES-7 and H7) and hiPSC (such as DF699) for more than 10

passages without differentiation. This polystyrene-derived polymer

substrate can be produced in large scale and stored for a long time.

The most important thing is that it can support the growth of un-

differentiated hPSCs for a long time, which could provide a new

and relatively easy way to amplify hESCs in vitro in the future.
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