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C Z  14220 Praha 4, Czech Republic; zuzana.meszaros@biomed.cas.cz (Z.M.); kren@biomed.cas.cz (V.K.)

5 Department of Biochemistry, University of Chemistry and Technology Prague, Technická 6,
C Z  16628 Praha 6, Czech Republic

*  Correspondence: Lucie.Bacakova@fgu.cas.cz (L.B.); slamova@biomed.cas.cz (K.S.);
Tel.: +420-296443743 (L.B.); +420-296442766 (K.S.)

•€••‚ƒ„…†
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Abstract: Vascular endothelial growth factor-A165 (VEGF-A165) and fibroblast growth factor-2 (FGF-2)
are currently used for the functionalization of biomaterials designed for tissue engineering. We
have developed a new simple method for heterologous expression and purification of VEGF-A165

and FGF-2 in the yeast expression system of Pichia pastoris. The biological activity of the growth
factors was assessed in cultures of human and porcine adipose tissue-derived stem cells (ADSCs) and
human umbilical vein endothelial cells (HUVECs). When added into the culture medium, VEGF-A165

stimulated proliferation only in HUVECs, while FGF-2 stimulated the proliferation of both cell types. A
similar effect was achieved when the growth factors were pre-adsorbed to polystyrene wells. The
effect of our recombinant growth factors was slightly lower than that of commercially available
factors, which was attributed to the presence of some impurities. The stimulatory effect of the
VEGF-A165 on cell adhesion was rather weak, especially in ADSCs. FGF-2 was a potent stimulator of
the adhesion of ADSCs  but had no to negative effect on the adhesion of H U V E C s .  In sum, FGF-2
and VEGF-A165 have diverse effects on the behavior of different cell types, which maybe utilized in
tissue engineering.

Keywords: heterologous expression; recombinant vascular endothelial growth factor (VEGF); basic
fibroblast growth factor (bFGF); adult stem cells; endothelial cells; cell adhesion; cell proliferation;
tissue engineering; regenerative medicine; vascular replacements

1. Introduction

Vascular endothelial growth factor A  (VEGF-A) is a heparin-binding dimeric protein
belonging to the V E G F  gene family together with VEGF-B, VEGF-C,  VEGF-D,  and the
placental growth factor. Al l  these factors differ in their affinity for three VEGF receptors, i.e.,
VEGFR-1, VEGFR-2, and VEGFR-3. VEGF-A  binds to VEGFR-1 and VEGFR-2. Among all
members of the V E G F  family, V E G F -A  is most strongly associated with angiogenesis and
acts as a signaling protein and as a growth factor promoting specific functions in vascular
endothelial cells. It occurs in nine isoforms, namely VEGF121, VEGF145, VEGF148, VEGF162,
VEGF165 , VEGF165b , VEGF183 , VEGF189 , and VEGF206 , which are generated by alternative
exon splicing of the human V E G F - A  gene and differ in the number of amino acids in
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their chains. The VEGF-A1 6 5  isoform is most abundantly expressed and since it plays a
key role in enhancing cell proliferation and angiogenesis [1], it is used in commercially
available growth media for endothelial cells, or in experimentally-designed media inducing
vasculogenesis and differentiation of stem cells towards endothelial cells [2]. VEGF-A165

has been used in clinical trials for therapy of refractory coronary artery disease, where it
was applied in the form of a gene construct [3], in the form of m R N A  [4], or in the form of
the protein [5]. Other clinical applications of VEGF-A1 6 5  (and V E G F  in general) include
treatment of periodontitis and reparation of jaw bone defects, where this factor has been
applied as a component of a concentrated growth factor (CGF) fibrin, i.e., a new generation of
platelet concentrate biomaterial, based on autologous fibrin with multiple concentrated
growth factors [6]. Recent preclinical applications of VEGF-A165 include therapy of spinal
cord injury in a rat model [7], regeneration of sciatic nerve in rats, where VEGF-A1 6 5

was combined with FGF-2 [8], functionalization of artificial blood vessel replacements for
promoting spontaneous endothelialization of these grafts in an ovine model [9], treatment
of placental insufficiency [10], and healing of cutaneous wounds in mice [11]. VEGF-A165

has also been widely used for experimental work in vitro, e.g., creation of vascularized
tissue-engineered constructs, intended for bone regeneration [12] or functionalization of a
decellularized pericardial matrix, intended for cardiovascular tissue engineering, in order
to promote its recellularization with endothelial and stem cells [13]. In this context, it is
worth mentioning that VEGF-A165 immobilized on cell cultivation substrates can also act as
an extracellular adhesion molecule, binding to integrin adhesion receptors on cells [14,15].

Fibroblast growth factor-2 (FGF-2); also known as a basic fibroblast growth factor
(bFGF), is a signaling molecule of the family of fibroblast growth factors. It regulates a
wide range of biological processes, e.g., cell proliferation, migration, or differentiation [16].
Similar to VEGF-A165 , it is commonly used as a supplement in commercially available me-
dia for endothelial cell growth and expansion. FGF-2 is also a common additive to growth
media for adipose tissue-derived stem cells (ADSCs). It maintains the stem cell phenotype
of ADSCs,  enhances their proliferation, and thus it is suitable for A D S C  expansion and
maintenance of their therapeutic potential [17]. In addition, it is a component of media for
the expansion of various cell types, e.g., chondrocytes [18] or induced pluripotent stem
cells [19]. FGF-2 has been widely applied in clinical practice, particularly in cutaneous
wound healing, such as second-degree burns and chronic ulcers [20,21], and in bone re-
generative therapies, such as treatment of bone fractures, osteotomies, and osteonecrosis
(for a review, see [22]), or treatment of periodontitis with intrabony defects ([23]; for a
review, see [24]). FGF-2 also proved its efficacy in the treatment of oral lichen planus [25]
or vitiligo [26]. Animal studies also proved that FGF-2 is promising for regenerative
therapy of spinal cord injury [27], of liver injury and liver diseases [28], or for treatment
of alopecia [29]. It also enhanced the tendon-to-bone healing in a rabbit model [30]. In
studies in vitro, FGF-2 has also been shown to promote the adhesion of various cell types,
including endothelial cells and ADSCs [31,32]. Immobilization of VEGF-A165 and FGF-2 to
the surface of various synthetic and nature-derived biomaterials enhanced adhesion and
proliferation of various cell types, mainly of endothelial cells, and improved the biocompat-
ibility of these materials [33–36]. Together with VEGF-A165 , FGF-2 has been recently used
for functionalization of a fibrin/heparin coating on the inner surface of an ePTFE vascular
prosthesis to promote its endothelialization [37].

VEGF-A165 and FGF-2 are challenging proteins to be expressed in microbial expression
systems. Although they are commercially available, their prices are rather inhibitory,
namely for larger experiments. When these proteins are produced in Escherichia coli, the
formation of inclusion bodies and the necessary protein refolding are inconvenient and
result in low yields of the active growth factors [38–40]. In addition, purification of the
growth factors from an E. coli lysate requires total removal of bacterial endotoxins [41],
which is extremely important for any in cellulo or ex vivo experiments. Therefore, we
aimed to develop a simple and generally accessible method for heterologous expression
and purification of native VEGF-A1 6 5  and FGF-2 in a eukaryotic expression system in
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methylotrophic yeast Pichia pastoris, which is generally more suitable for the expression of
eukaryotic proteins [42,43]. VEGF-A1 6 5  has been produced in P. pastoris previously,
however, the produced protein was fused with hydrophobin, and the biological activity of
this chimeric protein was not verified [44].

Here, we describe a facile and high-yielding method for the extracellular expression of
VEGF-A165 and FGF-2 in P. pastoris KM71H, followed by a single purification step to obtain
proteins of sufficient quantity and quality even for large-scale experiments. Moreover,
the respective proteins were also expressed with the N-terminal 8 amino acid substrate
sequence for Factor XII Ia (NQEQVSPL), which is useful for covalent attachment of the
growth factors into a fibrin network used for coating of cardiovascular prostheses [45].
The functionality of recombinant growth factors was verified and quantified in vitro by
evaluating the metabolic activity and the cell number of human and porcine ADSCs  and
human umbilical vein endothelial cells (HUVECs) cultivated in media containing the newly
produced growth factors. The effect of substrate-bound growth factors on cell adhesion and
proliferation was evaluated as well because these factors are often used for immobilization
on various biomaterials intended for tissue engineering.

2. Results and Discussion
2.1. Expression and Purification of Vascular Endothelial Growth Factor (VEGF)-A and
Fibroblast Growth Factor (FGF)-2M Growth Factors

Due to the increasing number of biological research studies employing human cells
that require supplementation by human growth factors, such as VEGF-A1 6 5  and FGF-2,
efficient production of these factors has become a challenge to reduce the costs of the
experiments. The major advantage of the yeast expression system (Pichia pastoris) is a high-
yielding production of the target protein, which is secreted into the culture media, thus
facilitating a simple one-step purification by, e.g., ion-exchange chromatography [42,43].

For the efficient expression of human FGF-2, its sequence was slightly genetically
modified as it naturally comprises two LysArg dibasic cleavage sites recognized by the
Kex2 protease important for the processing of extracellularly targeted proteins [46]. These
sites had to be removed by mutagenesis (R31K/R129K), where two arginine residues were
replaced by lysines to maintain the basic character. The resulting protein has been desig-
nated FGF-2M (for respective sequences see the Supplementary Materials). Moreover, both
VEGF-A1 6 5  and FGF-2M were also designed and expressed with the N-terminal 8 amino
acid substrate sequence for Factor XII Ia (NQEQVSPL), which can be used for covalent
attachment of the growth factors into a fibrin network used for coating cardiovascular
prostheses or implants [45].

The genes of the respective growth factors were obtained by commercial synthesis and
cloned into the yeast expression vector pPICZA via the 50-EcoRI and 30-KpnI restriction
sites. The plasmids were electroporated into the methylotrophic expression host Pichia
pastoris KM71H, and the transformants were selected based on zeocin resistance. The
extracellular expression of the individual growth factors was screened in nutrient-rich
media and the best producing clones were cryopreserved. Subsequently, the conditions for
the large-scale production were explored to reach good yields of the target proteins.

VEGF-A165 and its variant comprising the substrate sequence for Factor XIIIa (VEGF-
A165 -FXIIIa) were expressed in the minimal media upon induction by methanol for three
days. After that, the culture media were collected and the amounts of proteins in the crude
media were determined (35 mg/L for VEGF-A165; 37 mg/L for VEGF-A165-FXIIIa). VEGF-
A165 was purified from the culture media using cation exchange chromatography at pH 6.0;
the final yield of the purified VEGF-A165 was 15 mg per 1 L  of the original culture medium
(43%). The multiple bands of VEGF-A165 probably represent different O-glycosylation vari-
ants of the protein (Supplementary Materials Figure S1). For the production of FGF-2M and
FGF-2M-FXIIIa, the initial cultivation of P. pastoris cells in the nutrient-rich medium was re-
quired; then the cells were transferred into the minimal medium to facilitate the subsequent
purification, and the expression of the desired proteins was induced by methanol for three
days. Even under these conditions, the production was generally lower than in the case of
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VEGF-A165 , e.g., 18 mg/L of FGF-2M and 15 mg/L of FGF-2M-FXIIIa were obtained from
the crude media. FGF-2M was purified employing the cation exchange chromatography
at pH  4.0, and the final yield of the purified protein reached 7 mg per 1 L  of the original
culture medium (39%; for sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) of the purified growth factors see Supplementary Materials Figure S1). To
make the production process biotechnologically straightforward, VEGF-A165 -FXIIIa and
FGF-2M-FXIIIa were not further purified; the crude media were concentrated and used
for the assay of biological activity as such. After sterilization by syringe filters, the protein
solutions were supplemented with 20% (v/v) of sterile glycerol, were shock-frozen in liquid
nitrogen, and stored at  80 C  without loss of biological activity.

2.2. Mitogenic Activity of Soluble VEGF-A165 and FGF-2M
2.2.1. Number of Cells in Media with Growth Factors

First, we verified the mitogenic activity of our recombinant VEGF-A165 and FGF-2M
by using these factors as supplements of the growth media for ADSCs and HUVECs. In the
case of ADSCs,  the mitogenic response to the two investigated growth factors markedly
differed. The addition of VEGF-A1 6 5  in concentrations from 10 to 1000 ng/mL into the
Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS) did not
have any significant impact on the number of A DSCs  (Figure 1A). This result correlates
well with a study by Khan et al. [47] where the addition of VEGF-A1 6 5  (50 ng/mL)
into the cultivation medium did not enhance the number of ADSCs. A  possible
explanation is that VEGFs,  in general, are endothelial-cell specific mitogens, and in
different cell types, they may have different functions. Khan et al. [47] showed that
VEGF-A1 6 5  stimulated differentiation of A DSCs  towards endothelial cell phenotype,
and it is known that cell differentiation is often accompanied by a decrease in cell
proliferation activity. Similarly, the differentiation towards endothelial cells was observed
in dental pulp stem cells exposed to a medium containing VEGF-A1 6 5  [2], and also in
circulating monocytes adhered to tissue-engineered vascular grafts, immobilized with
VEGF-A1 6 5  and implanted into the carotid arteries of sheep [9]. Another explanation for
the insufficiency of VEGF-A1 6 5  to stimulate the A D S C  proliferation is a lack of the
V E G F R 2  receptor on human ADSCs,  resulting in a decreased sensitivity of these cells
to VEGF,  as suggested in a study by Bassaneze et al. (2010) [48]. Nevertheless, in our
recent study, VEGF-A1 6 5  attached to a decellularized pericardium through a fibrin
mesh increased its recellularization with ADSCs  and subsequent endothelialization in
comparison with a pericardium modified only with fibrin [13].

When ADSCs  were exposed to FGF-2M in concentrations from 5 to 250 ng/mL in
the same medium, they showed significantly higher cell numbers at all tested FGF-2M
concentrations after 3 and 7 days of cultivation compared with the cells in the control
medium without FGF-2M (Figure 1B). Moreover, on day 7, a clear positive correlation of
the cell number with the FGF-2 concentration was apparent. These results are in accordance
with the study by Khan et al. [47], where a simultaneous increase in both
proliferation and differentiation of ADSCs were obtained when VEGF-A165 was
combined with FGF-2. In general, our results are in line with all studies, in which FGF-2
is used for expansion of various cell types, such as mesenchymal stem cells including
ADSCs  [17], induced pluripotent stem cells [19] or chondrocytes [18], or for various
regenerative therapies, in which the cell proliferation is needed, such as healing of
cutaneous wounds [20,21], regeneration of damaged or diseased bone tissue [22,24], or
treatment of vitiligo, requiring proliferation of melanocytes [26].
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Figure 1. The mitogenic activity of vascular endothelial growth factor VEGF-A1 6 5  and fibroblast
growth factor FGF-2M diluted in the culture medium. The adipose tissue-derived stem cells (ADSCs)
(A,B) or human umbilical vein endothelial cells (HUVECs)  (C ,D) were grown in media enriched
with commercial VEGF-A165 (VEGF com.) or our recombinant VEGF-A165 in concentrations from
10 to 1000 ng/mL (A,C); in media enriched with commercial FGF-2 (FGF-2 com.) or our
recombinant FGF-2M in concentrations from 5 to 250 ng/mL (B,D). The growth factors were added
into Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS) for ADSCs
(A,B), and into EGM2-weak for H U V E C s  (C,D). Control cells were grown in media without
growth factors (Ctrl). The cell number was determined on days 1, 3, and 7 after seeding. Mean
standard deviation (SD) from 3 wells. Holm–Sidak method, p  0.05. The samples were
statistically compared on the indicated day after seeding. Statistically significant differences are
depicted above the columns. * statistically significant difference versus control sample (Ctrl). #
statistically significant difference versus sample containing a corresponding concentration of
commercial growth factor.
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In the case of HUVECs, the mitogenic response to the two investigated growth factors
was basically similar. On days 3 and 7 of cultivation, these cells showed increased numbers
both in the medium containing VEGF-A1 6 5  and in the medium containing FGF-2M in
comparison with the control medium without the growth factors. On day 7, this increase
was more pronounced in the medium with FGF-2. In addition, similar to ADSCs,  the
number of H U V E C s  also increased proportionally to the FGF-2 concentration, especially
in the medium with our recombinant FGF-2M factor. In contrast, all concentrations of the
commercial and our recombinant VEGF-A165 increased the number of H U V E C s  to similar
values (Figure 1C,D). Also, H U V E C s  treated with all the concentrations of VEGF-A1 6 5

showed the highest cell number on day 3, and longer cultivation (7 days) led to a slight
decrease in the cell numbers. This suggests that VEGF cannot maintain a desired prolifera-
tion rate of cells for longer time periods. This confirms the hypothesis that VEGF should be
used in combination with other growth factors, as it is common in commercially available
media for the growth of endothelial cells, such as Endothelial Cell  Growth Medium 2
(EGM2) containing the recommended growth medium-2 supplement pack (EGM2-full; see
Section 3.4. in the Materials and Methods). Among other factors, this pack contains FGF-2,
which proved in our study to be capable, in both commercial and our recombinant form, to
boost the proliferation of both ADSCs and HUVECs in a concentration-dependent manner.
This result is in line with the fact that FGF-2 is an important component of various growth
media for ADSCs and endothelial cells [17,49]. Thus, our recombinant protein behaves in
full accordance with its commercial counterpart.

2.2.2. Comparison of Our Recombinant and Commercial Growth Factors

In cell proliferation studies, we also compared our recombinant VEGF-A165 and FGF-
2M prepared in P. pastoris with commercially available VEGF-A1 6 5  produced in human
embryonic kidney 293 ( H E K  293) cells (GenScript, Cat. No. Z03073-1) and with FGF-2
produced in E. coli (GenScript, Cat. No. Z03116-1). From the obtained cell numbers it is
clear that both commercial growth factors generally show increased mitogenic activity
at lower concentrations than our recombinant VEGF-A1 6 5  and FGF-2M (Figure 1). As
already mentioned above, our recombinant FGF-2M contained two anti-protease amino
acid mutations (R31K/R129K). FGF-2 contains two heparin-binding sites, mainly formed
by clusters of basic amino acids in the positions of 102–129 and 128–144 [50]. In the litera-
ture, FGF-2 containing a single mutation in the first heparin-binding site (lysine changed
for neutral amino acid alanine—K129A) showed a slightly lower capacity to bind low
molecular weight heparin [51]. Quadruple mutation of residues in heparin-binding sites
(R118Q/K119Q/K128Q/K129Q) caused almost no change in the mitogenic activity of
FGF-2 but decreased the ability to induce chemotaxis and production of urokinase-type
plasminogen activator (uPA) [52]. FGF-2 deletion mutant lacking residues 27–32 remained
highly mitogenic and chemotactic but failed to induce the activity of uPA [53]. From the
studies published so far, it is apparent that minor changes in the amino acid sequence
of the heparin-binding site or the N-terminal part of FGF-2 do not alter its mitogenic
activity [52,53]. Therefore, we presume that lower mitogenic activity of our recombinant
FGF-2M per mg is caused by a non-negligible amount of impurities present in the protein
solution even after purification by cation exchange chromatography (see Supplementary
Materials Figure S1); thus, the actual amount, especially of FGF-2M molecules, is lower
in the protein solution. A  similar explanation can apply for a lower mitogenic activity of
our recombinant VEGF-A1 6 5  per mg in comparison with the activity of the commercial
VEGF-A165 produced in H E K  293 cells. Thus, we estimated the real amount of our
recom-binant growth factors by densitometric measurement of the bands with the use of
ImageJ software (Figure S1). According to the densitometric analysis of lines containing
samples of our recombinant growth factors, the content of VEGF-A1 6 5  and FGF-2M
corresponds approximately to 85% and 56% of the total proteins in solution, respectively.

Despite the impurities found, our recombinant growth factors were still able to sig-
nificantly increase the cell number in comparison with control cells grown without these
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factors, as was apparent mainly in ADSCs  in the medium with FGF-2M (Figure 1B) and in
H U V E C s  in the medium with VEGF-A1 6 5  or FGF-2M (Figure 1C,D). Moreover, our
recombinant growth factors were able to reach comparable mitogenic activity as their
commercial counterparts when used in higher concentrations, i.e., 250 ng/mL of FGF-2M in
the medium for ADSCs, and 50–1000 ng/mL of VEGF-A165 or 20–250 ng/mL of FGF-2M in
the medium for HUVECs. When the densitometric measurements are taken into account, the
real concentration of our recombinant growth factors in these solutions is lower by 15%
in VEGF, i.e., approx. 42–850 ng/mL instead of 50–1000 ng/mL, and by 44% lower in FGF-
2M, i.e., approx. 11–140 ng/mL instead of 20–250 ng/mL.

2.2.3. Morphology of Cells in Media with Soluble Growth Factors

Our results on cell numbers were further reflected in the morphology of ADSCs and
H U V E C s  grown in the media with VEGF-A1 6 5  or FGF-2M for 7 days. The A DSCs  in
all tested media, i.e., in the media without VEGF-A165 , or with VEGF-A1 6 5  of commer-
cial or lab-made origin, were almost confluent with similar spindle-shaped morphology,
random orientation, and distribution on the cultivation substrate (Figure 2A). Similar
morphology and distribution of A DSCs  were also found in the medium without FGF-2,
with commercially-available FGF-2 or with our recombinant FGF-2M. However, in the
media with both types of FGF-2, the number of cell nuclei was apparently higher than in
the control non-supplemented medium, particularly in cultures with commercial FGF-2,
where the cells seemed to form multilayered clusters with cells often oriented in
parallel. Interestingly, the multilayered clusters were less pronounced in higher
concentrations (from 100 ng/mL) of both types of FGF-2, particularly in commercial
FGF-2 (Figure 2A).

Figure 2. Microphotographs of ADSCs (A) and HUVECs (B) on day 7 after seeding in media enriched
with commercial VEGF-A165 (VEGF  com.) or our recombinant VEGF-A165 , and in media enriched
with commercial FGF-2 (FGF-2 com.) or our recombinant FGF-2M. The growth factors were added
into DMEM with 10% FBS for ADSCs  and into EGM2-weak for H U V E C s .  Representative low and
high concentrations (i.e., 10 ng/mL and 100 ng/mL, respectively) of the tested growth factors were
selected. Control cells were grown in media without growth factors (Ctrl). The filamentous actin in
cells was stained with phalloidin-tetramethylrhodamine (TRITC) to visualize the cell morphology.
The nuclei were counterstained with Hoechst 33258. Olympus I X  71 microscope, DP 70 digital
camera, obj. 10, scale bar 100 m.
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In HUVECs cultivated in the medium without growth factors, the cells were only sparsely
distributed even on day 7 after seeding, although they were well-spread and polygonal. In
contrast, in the medium with commercially available or our recombinant VEGF-A165 , the
cell population density markedly increased (Figure 2B). Admittedly, the cells were not able
to reach confluence at any concentration of both commercial and lab-made VEGF-A165 . On
the contrary, in the medium with commercial FGF-2, the cells reached confluence even at
low FGF-2 concentrations (up to 10 ng/mL). In the medium with our recombinant FGF-2M
in low concentrations, the cell population density markedly increased in comparison with
the control medium, and in high concentrations (from 100 ng/mL), the cells were able to
reach full confluence (Figure 2B). Taken together, the commercial FGF-2 was more efficient
for obtaining the confluence of endothelial cells than our recombinant FGF-2M, which can be
attributed to the fact that the real concentration of our FGF-2M in the medium is lower due to
the presence of impurities in its stock solution (see above the Section 2.2.2).

Since the HUVECs did not reach confluence after 7 days of cultivation with both types
of VEGF-A1 6 5  (i.e., commercial and our recombinant), and their number even decreased
when compared with day 3 of cultivation (Figure 1C), we decided to perform an
additional experiment. In a set of samples, we exchanged the medium on day 3 for a
fresh medium with corresponding concentrations of the commercial or our
recombinant growth factor (Figure 3). The results showed that the replacement of the
medium with a medium with fresh growth factor maintained or even slightly improved
the proliferation of H U V E C s  but the cell number values still did not surpass the values
on day 3. This suggests that VEGF-A165 becomes depleted from the medium in a
relatively short time period and cannot stimulate proliferation for longer incubation times,
which is in contrast with FGF-2 where the cell number values were the highest on day 7
of cultivation (Figure 1D). Taken all together, it is apparent that V E G F  is only a weak
mitogen for endothelial cells. When expanding endothelial cells in vitro, it is
important to exchange the growth medium at least twice a week and to enrich the
medium also with other growth factors (e. g., FGF-2, EGF, or IGF-1) to induce rapid and
continuous cell growth.

Figure 3. The effect of medium exchange on the mitogenic activity of VEGF-A1 6 5  diluted in the culture medium. The
H U V E C s  were grown in media enriched with commercial VEGF-A165 (VEGF com.) or our recombinant VEGF-A165 in the
concentration range from 10 to 1000 ng/mL. VEGF-A165 was added into EGM2-weak. Control cells were grown in media
without growth factors (Ctrl). The cell number was determined on days 1, 3, and 7 after seeding. In some of the samples,
the medium containing the corresponding concentration of growth factor was exchanged for a fresh one on day 3 after cell
seeding. Mean  SD from 3 wells. Holm–Sidak method, p  0.05. The samples were statistically compared on the indicated day
after seeding. Statistically significant differences are depicted above the columns. * statistically significant difference versus
control sample (Ctrl). # statistically significant difference versus sample containing the corresponding concentration of
commercial growth factor.  statistically significant difference versus sample containing the corresponding concentration of
growth factor without medium exchange.
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2.2.4. Metabolic Activity of Cells in Media with Soluble VEGF-A165 and FGF-2M
The results on the cell numbers were further verified by evaluating the metabolic

activity of cells, measured by the resazurin assay (Supplementary Materials Figure S2).
Cell  metabolic activity is generally accepted as an indirect marker of cell proliferation
activity and number. We found out that in HUVECs ,  the cell metabolic activity correlated
well with the cell numbers, corresponding also with significant differences in the cell
numbers observed between the samples with our recombinant growth factors and with the
commercial ones in lower concentrations. Also after the medium exchange, the numbers of
HUVECs in media with VEGF-A165 generally corresponded to the values of cell metabolic
activity (Supplementary Materials Figure S3).

However, in ADSCs,  the direct cell counting and the assay of cell metabolic activity
gave some different results. Interestingly, the metabolic activity of ADSCs was significantly
increased by V E G F  (both commercial and our recombinant) even on day 1 after seeding,
while the direct cell counting did not show any differences (Figure 1A and Figure
S2A). This indicates that ADSCs  are responsive to this factor, although not by
activating their proliferation. As mentioned above, Khan et al. [47] described the
differentiation of ADSCs towards endothelial cell phenotype in a medium with VEGF-
A165 . Cell differentiation, in general, is manifested by the synthesis of phenotype-specific
protein markers, which can be associated with the increased enzymatic activity of cells.
Second, the metabolic activity of A DSCs  in the medium with FGF-2 was almost similar
to the medium with V E G F - A  (Supplementary Materials Figure S2A,B), while the cell
number was markedly higher in the medium with FGF-2 than in the medium with
V E G F-A  (Figure 1A,B). In addition, the metabolic activity of A DSCs  in the FGF-2-
supplemented medium was generally lower than in H U V E C s  (Supplementary
Materials Figure S2B,D), while direct cell counting gave opposite results (Figure 1B,D).
These disproportions could be explained by the fact that the resazurin assay and related
assays (such as MTT, MTS, XTT,  or WST—see List of Abbreviations) measure the
activity of dehydrogenases in cells, which is not always linearly correlated with the cell
number. The cell metabolic activity can be influenced by a wide range of factors, such
as the size of cells, their nuclei and their mitochondrial area, the specific phase of the
cell cycle, cell–cell contacts, 2D or 3D cultivation systems, cell population density,
working volume of resazurin or incubation time. For example, in bigger cells, the activity
of dehydrogenases can be relatively high at lower cell densities, while in the S-phase of
the cell cycle, this activity can be relatively low [54]. The cells with relatively tight cell–
cell contacts, such as cells at higher population densities or cells in 3D systems
including organoids, can also show a relatively low metabolic activity, which is due to
lower penetration of resazurin into the cells [55]. Besides, high cell population densities,
low resazurin working volumes, or long incubation times contribute to a quick depletion
of resazurin from the culture media before all cells are sufficiently stained with resorufin,
a conversion product of resazurin [56].

Due to the disproportionate results on the cell number and cell metabolic activity,
we decided to perform another independent and more detailed analysis of the growth
of A DSCs  in FGF-2-supplemented media. This analysis was also based on counting
the fluorescently-stained cell nuclei, but the growth factors were added in three different
concentrations, and the cells were counted in five intervals from days 1 to 7. Moreover, FGF-
2M was compared not only with the commercially available FGF-2 (Genscript, Piscataway,
NJ, USA, Cat. No. Z03116-1) but also with FGF-2M-FXIIIa. Moreover, the analysis was
performed not only in human A DSCs  but also in porcine ADSCs,  i.e., in stem cells from
another source widely used in experimental biomedical research.

We found that (1) all three tested forms of FGF-2 increased the number of human and
porcine ADSCs in comparison with the control non-supplemented medium; (2) this increase
was less apparent in both types of our recombinant FGF-2M than in the commercially-
available FGF-2, except for day 7 in human ADSCs, where the effect of the highest concen-
tration (20 ng/mL) was similar in all three forms of FGF-2; and (3) the effect of FGF-2M was
usually slightly lower than in FGF-2M-FXIIIa, which was more pronounced in human than
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in porcine ADSCs (Supplementary Materials Figure S4). Three global trends were apparent
in this data set, although some results are non-significant. First, the FGF-2 promoted cell
growth in contrast to media containing only FBS. Second, there is an increased cell count
with a higher concentration of all forms of FGF-2. Third, lower cell count in FGF-2M
and FGF-2M-FXIIIa than in commercial FGF-2 was possibly caused by lower factor
concentra-tion due to the presence of impurities. Therefore, it can be summarized that
this analysis confirmed our results on the mitogenic activity of the investigated growth
factors based on the direct counting of cells on microphotographs.

2.3. Mitogenic Activity of Adsorbed VEGF-A165 and FGF-2M
2.3.1. Number and Metabolic Activity of Cells on Cultivation Substrates Pre-Adsorbed
with Growth Factors

In biomaterial science and tissue engineering, growth factors are often immobilized
on various biomaterials to increase their bioactivity and to mimic the extracellular matrix-
bound growth factors. Therefore, we evaluated whether the mitogenic activity of the
studied growth factors remains preserved after adsorption on an experimental plastic
surface. We measured the proliferation of ADSCs  and H U V E C s  in wells of 96-well plates
pre-adsorbed with our recombinant VEGF-A165 or FGF-2M in concentrations from 0.01 M
to 10 M, which corresponded to approximately 0.192–192 g/mL of VEGF-A1 6 5  and to
approx. 0.172–172 g/mL of FGF-2.

We found that the proliferation response of both cell types to the adsorbed growth
factors was similar as if the growth factors were diluted in the culture media. ADSCs  in
wells pre-adsorbed with VEGF-A165 did not show almost any increase in their number
and metabolic activity in comparison with control cells in the medium without the growth
factor (Figure 4A and Supplementary Materials Figure S5A). Only the highest
concentrations of VEGF-A165 (1 to 10 M) caused a slightly elevated metabolic activity of
ADSCs (Figure S5A). In contrast, the number and metabolic activity of ADSCs  on
immobilized FGF-2M were significantly elevated, as apparent already on day 1 after cell
seeding, at least in wells with the highest FGF-2M concentrations. On day 7 after seeding,
the cell numbers and metabolic activity reached the highest values at the concentrations
from 1 to 10 M (Figure 4B and Figure S5B).

In contrast to ADSCs,  H U V E C s  displayed an increase in cell number and metabolic
activity in wells pre-adsorbed with both types of growth factor, more apparently on wells
pre-adsorbed with FGF-2M, especially considering the cell number. This result is rather
surprising because the immobilization of V E G F  to biomaterial surfaces is widely used in
cardiovascular tissue engineering to enhance the growth of endothelial cells [33,34,57,58]. In
these studies, the immobilized VEGF accelerated endothelialization of polymeric substrates
promising for fabrication of blood vessel prostheses [33] or promoted penetration and
proliferation of endothelial cells inside porous 3D collagen scaffolds in vitro [34]. Collagen
scaffolds with immobilized VEGF-A165 were also used for the repair and vascularization of
myocardial defects in rats in vivo [58]. VEGF-A1 6 5  in the form of a gene construct,
mRNA,  or protein was also clinically used for vascularization of ischemic myocardial
tissue in human patients [3–5]. Nevertheless, in some of these cases, the effect of V E G F
was further enhanced by an additional factor promoting the growth of endothelial cells,
such as angiopoietin-1 [57], and particularly FGF-2 [3,5]. In a recent study, a combination of
VEGF-A165 and FGF-2, immobilized on a fibrin mesh, was used for endothelialization of an
ePTFE vascular prosthesis in vitro and is also promising for self-endothelialization of an
implanted ePTFE vascular graft in vivo [37].

On FGF-2M-modified wells in our experiments, the number and metabolic activity of
HUVECs clearly increased with increasing concentration of the growth factor (Figure 4C,D
and Supplementary Materials Figure S5C,D). Moreover, as mentioned above, FGF-2M
stimulates not only the growth of endothelial cells but also of stem cells. These cells can be
used for differentiation towards various cell types used in cardiovascular tissue engineer-
ing, e.g., towards endothelial cells or vascular smooth muscle cells (for a review, see [59]).
Other studies also confirmed that adsorption of FGF-2 to tissue culture polystyrene greatly
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enhanced the proliferation of human vascular endothelial cells [59] or human mesenchy-
mal stem cells [60]. Similar results were also observed in studies performed on FGF-2
immobilized on non-tissue culture polystyrene, where the fetal bovine endothelial cells
showed an increased proliferation rate [31,61]. In these studies, the mitogenic activity
of adsorbed FGF-2 was mediated by v 3 integrin and F G F  receptor 1, and FGF-2 was
expressed in E. coli without any mutations in its structure [31,61]. Immobilization of FGF-2
to biomaterial surfaces, such as various synthetic and nature-derived polymers, has re-
peatedly been proven beneficial for adhesion and proliferation of various cell types
(e.g., fibroblasts, endothelial cells) [35,36,62].

It is also noteworthy that, similar to the growth factors diluted in the culture medium,
the metabolic activity of H U V E C s  in wells with pre-adsorbed growth factors is markedly
higher than in ADSCs,  albeit direct cell counting gave the opposite results (Figure 4
and Figure S5). The explanation is that the cell metabolic activity is not always linearly
correlated with the cell number, although it is generally used as a marker of the cell
proliferation activity (see Section 2.2.4).

Figure 4. The mitogenic activity of VEGF-A165 or FGF-2M adsorbed on the cultivation substrate. The
ADSCs  (A,B) or H U V E C s  (C ,D) were seeded in wells of 96-well polystyrene tissue culture plates
pre-adsorbed with VEGF-A165 (A,C) or FGF-2M (B,D) in concentrations from 0.01 to 10 M. Pristine
wells without growth factors served as control substrates (Ctrl). ADSCs were grown in DMEM with
10% FBS. HUVECs were grown in EGM2-weak. The cell number was determined on days 1, 3, and 7
after seeding. Mean  SD from 3 wells. Holm–Sidak method, p  0.05. The samples were statistically
compared on the indicated day after seeding. * statistically significant difference in comparison with the
control sample (Ctrl).

2.3.2. Morphology of Cells on Cultivation Substrates Pre-Adsorbed with Growth Factors

The morphology of cells on the substrate-bound growth factors was also generally
similar to the morphology of cells grown in the media with diluted growth factors. The
ADSCs  cultivated on surfaces pre-adsorbed with VEGF-A1 6 5  or FGF-2M were mostly
elongated, spindle-shaped, and randomly oriented. There was an apparent increase in the
number of cell nuclei with the increasing concentration of both growth factors, especially
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of FGF-2M. At  the highest concentrations of the adsorbed growth factors (1 to 10 M), the
cells on FGF-2M reached full confluence, while the cells on VEGF-A1 6 5  were rather
subconfluent (Figure 5A,B).

Figure 5. Microphotographs of ADSCs  (A,B) and H U V E C s  (C ,D) on day 7 after seeding into wells
pre-adsorbed with VEGF-A165 (A,C) or FGF-2M (B,D) in concentrations from 0.01 to 10 M. The
filamentous actin in cells was stained with phalloidin-TRITC to visualize the cell morphology. The
nuclei were counterstained with Hoechst 33258. Olympus I X  71 microscope, DP 70 digital camera,
obj. 10, scale bar 100 m.
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In H U V E C s ,  the microphotographs confirmed a generally lower cell population
density than in ADSCs,  especially on the surfaces pre-adsorbed with VEGF-A165 . Even
on the highest concentrations (1 to 10 M) of VEGF-A165 , the cells were not able to reach
confluence, while on the corresponding surfaces with FGF-2M, they were fully confluent
on day 7 after seeding. H U V E C s  on the pre-adsorbed surfaces were mostly polygonal
but a considerable number of them were elongated, i.e., of a migratory and proliferative
phenotype (Figure 5C,D).

2.4. VEGF-A165 and FGF-2M as Adhesion Ligands for Cells
It is known that VEGF-A165 and FGF-2, important growth factors, can also influence

the cell adhesion when immobilized on cultivation substrates [14,32]. To investigate and
compare the role of our recombinant VEGF-A165 and FGF-2M in the adhesion of ADSCs
and H U V E C s ,  we allowed these factors to adsorb on the bottoms of wells in 96-well E-
plates, and the initial adhesion of ADSCs  and H U V E C s  during the first 4 h after
seeding was monitored in real-time using an xCELLigence sensory system.

2.4.1. Adhesion of ADSCs on Cultivation Substrates Pre-Adsorbed with Growth Factors

(1) Adhesion to VEGF-A165

As revealed by xCELLigence studies, the adhesion response of ADSCs  to VEGF-A165
was similar to the growth response of ADSCs to VEGF-A165 in free or substrate-immobilized
forms. In wells non-blocked with BSA, VEGF-A165 had no significant effect on the adhesion
of ADSCs  in comparison with control wells without the growth factor. In wells where
non-specific binding sites for cells were blocked with BSA, VEGF-A165 slightly improved
the initial adhesion of A DSCs  with the optimal value at the concentration of 0.1 M; it
was significant only in comparison with wells coated with BSA alone, but not with control
unmodified wells (Figure 6A). The morphology of cells was similar in all tested samples,
the cells being well-spread and polygonal (Supplementary Materials Figure S6A).

The relatively low effect of VEGF-A165 on the adhesion of ADSCs is in accordance with
previous studies by Kang et al. [32,60] who observed poor adhesion of ADSCs or other types
of mesenchymal stem cell to adsorbed VEGF-A165 . The poor adhesion-mediating ability of
VEGF-A165 might be explained by the lack of any canonical adhesion motif, recognizable
by integrin and non-integrin cell adhesion receptors in its amino acid sequence (e.g., RGD,
D G E A ,  KQA G D V,  VAPG, REDV,  YIGSR, I K VAV,  or KRSR; see the amino acid sequence of
VEGF-A1 6 5  in Supplementary Materials). However, the adsorbed VEGF-A1 6 5  enhanced
the adhesion of lymphocytic leukemia cells and B lymphocytes, mediated with the direct
association of 41 integrin with vascular endothelial growth factor receptor-2 (VEGFR-2). The
adhesion of B lymphocytes to adsorbed VEGF-A165 was optimal at a concentration of 8
g/mL (0.4 M) [15].

(2) Adhesion to FGF-2M

When the wells were pre-adsorbed with FGF-2M, the initial adhesion of ADSCs was
significantly elevated at the highest concentrations of FGF-2M, i.e., from 1 to 10 M, and
increased in a concentration-dependent manner (Figure 6B). This cell response became
more apparent in wells where non-specific cell adhesion sites were blocked with bovine
serum albumin (BSA). In these wells, the cell adhesion to wells pre-adsorbed with 10 M
FGF-2M exceeded the value obtained in control unmodified wells, which suggested a
strong affinity of ADSCs to the substrate-bound FGF-2M. These xCELLigence results were
reflected by the cell morphology, especially in samples blocked with BSA. In these samples,
the cells were relatively sparse and rounded in wells without FGF-2M, and their number
and spreading increased with increasing FGF-2M concentration (Figure S6B). Similar results
were obtained in a study by Kang et al. (2012) [32], where the adhesion of human
ADSCs increased in a concentration-dependent manner up to the concentration of 10
g/mL (ca. 0.6 M), and then reached a plateau [32]. There, FGF-2 was co-expressed with
maltose-binding protein to enhance its adsorption to a polystyrene surface. The
substrate-bound
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FGF-2 also stimulated the adipogenic differentiation of A DSCs  but not the osteogenic
differentiation of these cells [32].

The positive effect of FGF-2 on the adhesion of A DSCs  could be explained by the
presence of two DGR sequences (positions 46–48 and 88–90), which are reverse to RGD (Arg-
Gly-Asp), i.e., a well-known adhesion motif recognized by integrin adhesion receptors
(see the amino acid sequence of FGF-2M in Supplementary Materials). Similarly, the
D G R  sequence is also recognized by integrin adhesion receptors (e.g., including v3),
especially in its isoDGR form, which is formed by deamidation of asparagine in the N G R
sequence [63,64].

Figure 6. Initial adhesion of ADSCs  (A,B) and H U V E C s  (C ,D) 4 h after seeding into wells of E-
plates in the xCELLIgence system pre-adsorbed with VEGF-A1 6 5  (A,C) or with FGF-2M (B,D) in
concentrations from 0.01 to 10 M. The wells were either left unblocked, i.e. without bovine serum
albumin (BSA) or were blocked with 0.5% BSA (with BSA). Cell  index values were normalized to the
control sample without adsorbed growth factors and BSA (Ctrl without BSA). Mean  SD from 3 wells.
Holm-Sidak method, p  0.05. The statistical comparison was made amongst the samples with or
without BSA. * statistically significant difference in comparison with the control sample (Ctrl).

2.4.2. Adhesion of Human Umbilical Vein Endothelial Cells (HUVECs)  on Cultivation
Substrates Pre-Adsorbed with Growth Factors

(1) Adhesion to VEGF-A165

The adhesion response of H U V E C s  to VEGF-A165 was similar to ADSCs  (Figure 6C).
In wells non-blocked with BSA, the cell adhesion was improved only slightly at the inter-
mediate VEGF-A165 concentration of 0.1 M, and then it decreased again. Moreover, this
improvement was statistically significant only in comparison with the highest concentration
of VEGF-A165 , but not in comparison with control wells without VEGF-A1 6 5  (Figure 6C).
The difference between the wells without VEGF-A1 6 5  and those with 0.1 M VEGF-A165
became significant when the non-specific cell-binding sites in wells were blocked with
BSA. However, the cell adhesion in wells with VEGF-A1 6 5  did not surpass the control
value in wells without any modification. The cells were well-spread and polygonal, but
this morphology was similar in all tested samples irrespective of the presence and con-
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centration of VEGF-A1 6 5  (Figure S6C). These results were rather unexpected because it is
known that V E G F - A  stimulates the adhesion of endothelial cells by interacting with
integrin adhesion receptors on these cells [14]. However, not all isoforms of V E G F - A
can bind the cells through these receptors. As  mentioned above, V E G F - A  is expressed in
nine splice variants encoded by a single gene. These V E G F - A  isoforms differ in the
length of their amino acid chains, i.e., in the number of amino acids in their chains [1]. The
shorter isoforms, i.e., variants with 121, 145, and 165 amino acids, are mainly diffusible,
whereas the longer ones, i.e., with 189 and 206 amino acids, are sequestered in the cell
membranes after secretion [14]. In the mentioned study, H U V E C s  seeded in plastic wells
pre-coated with VEGF-A121, VEGF-A165, or the full-length or cleaved forms of VEGF-A189,
adhered well to the VEGF-A189 isoforms (cleaved or full-length), moderately to VEGF-A165,
but not at all to VEGF-A121 . Experiments with blocking antibodies and tumstatin, an
antiangiogenic peptide, revealed that in VEGF-A165 , the cell adhesion was mediated by 31
and v 3 integrins, and in VEGF-A189 also by other v  integrins [14]. However, this adhesion
was not fully complete, which was manifested by a lack of actin stress fibers in adhering
cells [14]. The binding of VEGF-A1 6 5  to v 3 integrin receptors of cells can be markedly
improved by fusion of this growth factor with the 10 type I I I  domain of
fibronectin (FNIII10). This construct was able to activate strongly and simultaneously both
VEGFR-2 and the v 3 integrin, and thus it was more efficient in mediating cell adhesion than
VEGF-A165 or FNIII10 alone [65].

(2) Adhesion to FGF-2M

Surprisingly, the adsorbed FGF-2M suppressed in a concentration-dependent manner
the adhesion of HUVECs on wells non-blocked with BSA and showed almost no interaction
with these cells in wells blocked with BSA (Figure 6D). These results were reflected in
the cell morphology (Figure S6). In samples non-blocked with BSA, the cells were well-
spread and polygonal, but apparently, the cell population density decreased with
increasing FGF-2M concentration. In samples blocked with BSA, the cells with all
tested FGF-2M concentrations were less spread and mostly rounded.

The negative effect of FGF-2M on the adhesion of H U V E C s  is in contrast with its
strong mitogenic effect on these cells. An explanation could be the presence of an RSRK se-
quence in the position 116–119 in the FGF-2M molecule (see the Supplementary
Materials). RS R K  is the reverse sequence of KRSR.  K RS R  is known to bind non-integrin
adhesion receptors on the cell surface, namely heparan sulfate proteoglycans, and to
promote the adhesion of osteoblasts but not the adhesion of other cell types, including
endothelial cells [66]. However, some studies reported a positive influence of FGF-2 on the
adhesion of endothelial cells [31,61], and this adhesion was mediated by the FGF-2
fragments 24–68 and 93–120 [67], which, according to our study, contains the D G R  and
RS R K  sequences, respectively. To the best of our knowledge, the role of RSRK in the
adhesion of various cell types, stimulatory or inhibitory, has not yet been described and
needs to be investigated.

2.5. Limitation of an In Vitro Study

Translation of recombinant growth factors into clinical applications is associated with
several limitations, which arise from the growth factor preparation as well as from the
system, where the potency of these factors is tested. Recombinant synthesis of growth
factors can suffer from insufficient yields of recombinant expression, presence of impurities,
short-term stability, and low efficiency of the final product or high production costs (for a
review, see [68]). The first system of choice, in which the newly prepared growth
factors are tested, is usually cell culture in vitro, which precedes the tests on animal
models in vivo. This approach is in accordance with the 3R principle of the ethical use of
animals in a testing (i.e., replacement, reduction, refinement). The cell cultures are
believed to enable the screening of a wide range of protein variants and concentrations
and to save the laboratory animals, on which only the most promising results obtained in
vitro can be verified. However, it is often difficult to translate the results obtained in vitro to
the conditions in vivo. It is generally known that cultured cells, especially those in a
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conventional static culture system in serum-supplemented media, undergo phenotypic
changes (e.g., changes in the spectrum, amount, and distribution of the surface receptors),
which can alter their responsiveness to various stimuli, including growth factors. After
establishing the method of cell cultivation in vitro, the main advantage of this system was
seen in the possibility to evaluate the biological activity of various factors on a specific
single cell type without the influence of the complex and less-defined environment of the
whole organism. However, this endeavor could be counterproductive, because in vivo the
observed reactivity to a given factor can be modulated by the presence of other adjacent or
remote cell types. For example, under in vivo conditions, the growth factors in the blood
are exposed to various cell types, which could modulate their effect on endothelial cells.
Conversely, one cell type can be influenced simultaneously with several growth factors.
Therefore, it is difficult to extrapolate a proper growth factor concentration from studies
in vitro to the conditions in vivo.

Our study aimed, at least partly, to mitigate some of these limitations. Specifically,
we focused on the cost-effective recombinant expression followed by a single-step pu-
rification method resulting in high yields of the obtained growth factors. In addition,
modern engineering of growth factors in vitro, in general, enables improvement of several
important properties of growth factors, such as their stability, half-life, binding affinity
to receptors, internalization into cells, biodistribution, and tissue penetration, and it can
also modulate the binding of growth factors to the extracellular matrix (ECM) [68]. The
production of human recombinant factors also paves the way to the development of novel
xeno-free media for the cultivation of various cell types, particularly stem cells, needed for
applications in cell therapies and tissue engineering.

In our study, we used a conventional static cells culture system with serum-supplemented
media and with monocultured cells. However, the effect of our recombinant growth factors
was tested on two cell types (with different results obtained for each cell type) and in a wide
range of concentrations. These concentrations were inspired by the literature, where lower
concentrations (5–100 ng/mL) have been usually used for studies with soluble growth
factors (e.g., [2,12,15,17–19,47,49]), while higher concentrations (0.5 –10 g/mL) have been
used for functionalization of various biomaterials (e.g., [12,14,15,33,34,36,37]) to simulate a
local concentration of growth factors bound to the natural ECM in vivo, which can act as
reservoirs of these factors, enabling their continuous release and delivery to cells [68].

The translatability of in vitro studies to the real situation in the organism in vivo can
be further improved by co-cultivation of two or more cell types, by the use of chemically
defined serum-free media, including media supplemented by recombinant growth factors
and other recombinant proteins, and particularly by the use of dynamic cell culture systems.
These systems provide the cells with adequate mechanical stimulation similar to that to
which the cells are exposed in vivo. This stimulation can also be substituted by
electrical, magnetic, gravity, or ultrasound stimulation, and is important for proper cell
differentiation and phenotypic maturation. In addition, the media flow in dynamic cell
culture systems enables a better supply of cells with oxygen and nutrients and quick
waste removal, which further improves the physiological functions of cells [69,70].
Dynamic cultivation is, therefore, indispensable in advanced tissue engineering, which
aims to create replacements of damaged tissues, closely mimicking the well-functioning
tissues in a healthy organism.

3. Materials and Methods
3.1. Expression and Purification of VEGF-A165

The gene of the 165-amino acid splice variant of human vascular endothelial growth
factor (VEGF-A165 ) was prepared synthetically (Generay, Shanghai, China); both the nu-
cleotide and amino acid sequences are given in the Supplementary Materials. The gene
was cloned into the yeast expression vector pPI C Z A  comprising zeocin resistance gene
downstream of the -factor-encoding D N A  segment for extracellular protein targeting
using 50-KpnI and 30- EcoRI restriction sites. Fifteen g of plasmid D N A  were linearized
employing SacI (New England Biolabs, Ipswich, US) and electroporated into the competent
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P. pastoris KM71H cells prepared according to the manufacturer’s instruction manual (Easy-
Select Pichia Expression Kit, Invitrogen, Waltham, MA, US). The resulting transformants
were grown on yeast extract peptone dextrose (YPD) plates under the pressure of zeocin
for three days at 28 C. For a screening of the production of VEGF-A165 in P. pastoris KM71H
at a small-scale, a combination of BMGY (buffered glycerol complex medium) and
BMMY (buffered methanol complex medium) was used. Selected colonies were
inoculated into 100 mL of BMGY and incubated at 28 C  and 220 rpm overnight.
Then the cultures were centrifuged (5000 rpm, 10 min, 4 C) and the pellets were
resuspended in 30 mL of BMMY. The extracellular expression of the target protein was
induced by methanol (0.5% v/v); methanol was supplemented every 24 h. The cultures
were shaken at 28 C  and 220 rpm for three days. On day 5 after inoculation, the cultures
were tested for the presence of VEGF-A165 by 15% SDS-PAGE. Clones providing the
highest protein production were cryopreserved at  80 C  and employed in the large-
scale production of VEGF-A165 .

For the preparative production of VEGF-A165 , BMGH (buffered minimal glycerol
medium) and BMMH (buffered minimal methanol medium) were used starting with
a preculture. The cryopreserved cultures obtained from the screening (100 L)  were
inoculated into 15 mL of YPD  medium and incubated at 28 C  and 220 rpm for 5 h.
This preculture was inoculated into 1 L  of BMGH medium in 3 L  Erlenmeyer flasks
and cultivated overnight at 28 C  on a rotary shaker. Then the cells were collected by
centrifugation (5000 rpm, 10 min, 4 C) and resuspended in 200 mL of BMMH medium in 1
L  Erlenmeyer flasks. The culture was shaken at 28 C  and 220 rpm, the expression of VEGF-
A165 was induced by methanol (0.5% v/v) every 24 h.

On day 5 after the first inoculation, the target protein was purified using a cation
exchange chromatography column (Fractogel EMD-SO3- , Merck, Darmstadt, Germany)
connected to the Äkta Purifier chromatography system (GE Healthcare, Chicago, IL,  USA).
The column was equilibrated with 10 mM sodium citrate-phosphate buffer pH 6.0. The
proteins were eluted with a linear gradient of 0–2 M NaCl  (60 mL, 2 mL/min). The protein
concentration was assayed according to Bradford [71] using Protein Assay Dye Reagent
Concentrate (Bio-Rad, Watford, U K )  calibrated for -globulin from bovine plasma (IgG,
BioRad, Watford, UK).  The purity of protein fractions was determined by SDS-PAGE
using 15% polyacrylamide gel. The real content of our recombinant V E G F  in protein
fractions after purification was determined by densitometric analysis of the gels using
ImageJ software. The content was determined according to the following calculation: area
under the peak corresponding to V E G F  in lane histogram/sum of areas under all peaks
in the lane. Fractions containing VEGF-A1 6 5  were collected; the buffer was changed for
100 mM Tr is/HCl  pH  7.4 and sterilized using 0.22 m sterile syringe filters (Carl Roth,
Karlsruhe, Germany). The protein solution was aliquoted into 1.5 mL tubes, 20% (v/v) of
sterile glycerol was added and aliquoted VEGF-A165 was shock-frozen in liquid nitrogen
and stored at  80 C.

3.2. Expression and Purification of FGF-2M

The expression of human fibroblast growth factor-2 (FGF-2) was performed analo-
gously to VEGF-A165 , in the yeast expression system of P. pastoris KM71H. Two potential
LysArg dibasic cleavage sites for the yeast protease Kex2 were removed by replacing Arg
for Lys, and the gene of R31K/R129K FGF-2, further designated FGF-2M, was optimized
and synthesized commercially (Generay, Shanghai, China; for respective sequences see
the Supplementary Materials). The gene was cloned into the pPICZA expression vector
(KpnI/ EcoRI), the plasmid pPICZA-FGF-2M was electroporated into P. pastoris and
individual colonies were screened for FGF-2M extracellular production as described for
VEGF-A165 . The most producing clones were cryopreserved at  80 C  and used for large
scale production of FGF-2M.

For the large-scale production of FGF-2M, a combination of BMGY and BMMH in
smaller flasks was used. Cryopreserved cells (100 L)  were inoculated into 10 mL of YPD
medium and precultures were incubated for 5 h at 28 C  with vigorous shaking. After
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that, 2.5 mL of precultures were inoculated into 100 mL of BMGY medium in 1 L  flasks
and cultivated at 28 C  and 220 rpm overnight. After centrifugation (5000 rpm, 10 min, 4 C),
the pellets were resuspended in 30 mL of BMMH medium in 300 mL baffled flasks to ensure
high oxygen supply. The extracellular expression of the target protein was induced by
methanol (0.5% v/v) every 24 h. The cultures were shaken at 28 C  and 220 rpm for three
days.

On day 5 after the first inoculation, the FGF-2M produced was purified using a
cation exchange chromatography column (Fractogel EMD-SO3- , Merck, Darmstadt, DE)
connected to the Äkta Purifier chromatography system (GE Healthcare, Chicago, IL,  USA).
The column was equilibrated with 10 mM sodium citrate-phosphate buffer pH 4.0. The
proteins were eluted with a linear gradient of 0–2 M NaCl  (60 mL, 2 mL/min). The protein
concentration was assayed according to Bradford and its purity was analyzed as described
for VEGF-A165 . Fractions comprising FGF-2M were collected, re-buffered, aliquoted, and
stored as described for VEGF-A165 .

3.3. Expression of VEGF-A165 -FXIIIa and FGF-2M-FXIIIa
The constructs for the expression of VEGF-A165-FXIIIa and FGF-2M-FXIIIa containing

an additional N-terminal 8 amino acid substrate sequence for Factor XII Ia (NQEQVSPL)
were prepared commercially (Generay, Shanghai, China) and cloned into the pP I C Z A
vector. The expression of these prolonged forms of the growth factors was performed in
the same way as described for the native factors. The VEGF-A1 6 5 -FXII Ia and FGF-2M-
FXIIIa obtained were concentrated from the culture media without purification in 100 mM
Tris/HCl  pH 7.4 buffer, sterilized, aliquoted, and stored as described above.

3.4. Cell Models

Human adipose tissue-derived stem cells (ADSCs) were isolated from a lipoaspirate
obtained by liposuction from the thigh region of a patient (woman, aged 46 years) at a neg-
ative pressure ( 200 mmHg). The isolation was conducted in compliance with the tenets
of the Declaration of Helsinki for experiments involving human tissues and under ethical
approval issued by the Ethics Committee in “Na Bulovce” Hospital in Prague (11 June 2019).
Written informed consent was obtained from the patient before the liposuction
procedure. The ADSCs were isolated by a procedure described by Estes et al. [49] with
minor modifi-cations described in our previous studies [69,72,73]. The cells were expanded
in Dulbecco’s modified Eagle’s Medium (DMEM, Thermo Fisher Scientific, Waltham, MA,
USA) supple-mented with 10% of fetal bovine serum (FBS, Thermo Fisher Scientific,
Waltham, MA, USA), 40 g/mL of gentamicin and 10 ng/mL of FGF-2 (GenScript,
Piscataway, NJ, USA, Cat. No. Z03116-1). In passage 2, the cells were characterized by
flow cytometry (Accuri C6 Flow Cytometer, BD Biosciences, San José, CA,  USA), using
antibodies against the specific cluster of differentiation (CD) markers of mesenchymal
stem cells. This method revealed the presence of standard surface markers of ADSCs,
namely CD105 (endoglin, 99.9%), CD90 (immunoglobulin Thy-1, 99.5%), CD73 (ecto-50-
nucleotidase, 100%) and CD29 (fibronectin receptor, 100%). At  the same time, the ADSCs
were negative or almost negative for CD31, also referred to as platelet-endothelial cell
adhesion molecule-1, PECAM-1 (0.5%), CD34 (antigen of hematopoietic progenitor cells,
0.2%) and CD45 (protein tyrosine phosphatase receptor type C,  3.8%), which are markers
of hematopoietic or endothelial cells, and also for CD146 (4.7%), referred to as melanoma
cell adhesion molecule or receptor for laminin; also considered to be a marker of pericytes
[69].

Porcine adipose tissue-derived stem cells (PrADSCs) were isolated from fat surgically
extracted from the neck area of experimental pigs (breed Prestice black pied pigs with a
weight of approximately 35–40 kg; Institute of Animal Science, Přeštice, Czech Republic)
during the surgery under general anesthesia. The protocol for cell isolation was also set
according to Estes et al. [49] with some modifications developed in studies focused on
adipose-derived stem or stromal cells [74,75] and is described in our previous study by
Matejka et al., 2020 [70]. The cells were expanded in a standard way until the 2nd passage in
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DMEM-F12K (Sigma-Aldrich, St. Louis, MO, USA) medium (ratio 1:1) supplemented with
10% of FBS (Sigma-Aldrich, St. Louis, MO, USA), 1% of ABAM (Antibiotic Antimycotic
Solution, contains 100 units penicillin, 0.1 mg streptomycin, and 0.25 g amphotericin B per
mL of culture media, Sigma-Aldrich, St. Louis, MO, USA) and 10 ng/mL of FGF-2
(GenScript, Piscataway, NJ, USA, Cat. No. Z03116-1). Similarly, as human ADSCs,  they
were characterized by flow cytometry for the presence or absence of specific C D  markers,
namely CD105 (96–99%), CD90 (99%), and CD29 (99%). CD73 was present only in 0.3–2.6% of
the cells but is known from the literature that this marker is very low or absent in porcine
ADSCs, and instead of it, CD44, i.e., hyaluronan receptor, has been usually evaluated. The
prADSCs were almost negative for CD34 (0.5–1%) and CD45 (1–3%) but they showed a
relatively high positivity for CD31 (29–35%) [70].

For studies on the effect of our recombinant FGF-2M, the commercial FGF-2 was
removed from the medium. The cells were grown until 80% confluence and then used for
testing. This was done to minimize the pooling effect of FGF-2 used in cell expansion. The
fat isolation from experimental pigs was approved by the Ministry of Health of the Czech
Republic, reference No. M Z D Z  23132/2018-4/OVZ, approval No. 37/2018 in the Institute
of Clinical and Experimental Medicine. A  minimal number of animals were used. A l l
procedures described were undertaken under general anesthesia and according to ethical
guidelines to minimize the pain and discomfort of the animals. The Institute of Clinical
and Experimental Medicine has authorized facilities and fully equipped operating theatres
for performing these animal experiments.

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza (Basel,
Switzerland, Cat. No. C2517A). The cells were grown in the endothelial cell growth
medium 2 (EGM2), which was prepared from the endothelial cell basal medium 2 (EBM2,
PromoCell, Heidelberg, Germany, Cat. No. C-22111) supplemented with 1% of antibiotic-
antimycotic solution (v/v, Sigma-Aldrich, St. Louis, MO, USA,  A5955) and the growth
medium-2 supplement pack (PromoCell, Heidelberg, Germany, Cat. No. C-39211) contain-
ing hydrocortisone, heparin, ascorbic acid, EGF,  VEGF,  IGF-1, FGF-2 and 2% of FBS. For
the purpose of this study, we decided to term this medium “EGM2-full”.

3.5. Cell Cultivation with Recombinant Growth Factors Diluted in Culture Medium

To confirm the mitogenic activity of the newly prepared recombinant growth factors,
the cells were seeded in 96-well tissue culture plates (TPP, Trasadingen, Switzerland, Cat.
No. 92096) at a density of 3  103 cells/well. ADSCs  were grown in DMEM with 10% of
FBS and HUVECs in EGM2 medium containing hydrocortisone, heparin, ascorbic acid, and
2% of FBS from the growth medium-2 supplement pack (PromoCell, Heidelberg, Germany,
Cat. No. C-39211). However, EGF,  VEGF,  IGF-1, and FGF-2 that are also components of
the supplement pack were not added to the medium to prevent their interference with the
tested recombinant growth factors. This medium was further termed “EGM2-weak”. This
cultivation medium was further enriched with our recombinant VEGF-A165 or FGF-2M in
the range of concentrations from 10 to 1000 ng/mL or 5 to 250 ng/mL respectively, and
the cells were cultivated for 1, 3, or 7 days. In selected wells, the medium was exchanged
for a fresh one with a corresponding concentration of the growth factor on day 3 after
cell seeding.

An additional experiment focused on the mitogenic activity of the tested growth
factors was performed on human and porcine ADSCs.  The cells were seeded in 24-well
tissue culture plates (Jet Bio-Filtration Co., Guangzhou, China) with an initial density of
5  103 cells per cm2. As  a basic culture medium, the DMEM-F12K (1:1 ratio) with 10%
FBS and 1% ABAM was used. This mixture was also set as a control. Then, three
different types of FGF-2 (commercial FGF-2, our recombinant FGF-2M, and FGF-2M-FXIIIa)
at concentrations 5, 10, and 20 ng/mL were added. The cultivation ran for 1, 2, 3, 5, and 7
days.
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3.6. Cell Cultivation with Recombinant Growth Factors Adsorbed on Culture Wells

The mitogenic effect of the substrate-bound growth factors was determined in the
96-well polystyrene tissue culture plates pre-adsorbed overnight at 4 C  with recombinant
growth factors diluted in a phosphate-buffered saline (PBS) at concentrations ranging from
0.01 to 10 M. The wells were then washed twice in PBS. The cells were seeded at a density
of 3  103 cells/well in 200 L  of the medium designated for each cell type. ADSCs were
grown in DMEM containing 10% of FBS and H U V E C s  in EGM2-weak for 1, 3, or 7 days.

3.7. Monitoring the Initial Cell Adhesion to Adsorbed VEGF-A and FGF-2M Using
xCELLigence System

The cell-adhesive properties of the tested growth factors were monitored with the
use of xCELLigence Real-Time Cell  Analysis - Single Plate ( RT C A  SP) sensing device
(Agilent Technologies, Waltham, MA, USA). Wells in an E-plate (E-plate view 96 PET,
A C E A  Biosciences, San Diego, C A ,  USA, Cat. No. 300600910) were adsorbed with VEGF-
A165 or FGF-2M (0.01 to 10 M) overnight at 4 C  in PBS. Then, the wells were incubated
with 0.5% bovine serum albumin (BSA) in PBS at 37 C  for 1 h to block the non-
specific binding on the well bottoms. Some of the wells were left unblocked to observe
the effect of the respective growth factor on the non-specific cell adhesion to the plastic
surface (i.e., mediated by other factors, such as electrostatic interactions or adsorption of cell
membrane-bound adhesion-mediating proteins, e.g., fibronectin and vitronectin, to the
well bottom). The cells were seeded at the density of 104 cells/well in 200 L  of pure
medium without any supplements (DMEM for ADSCs;  EBM2 for HUVECs) .  The cell
adhesion was monitored every 3 min for 4 h in a cell incubator at 37 C  in a humidified
atmosphere containing air with 5% CO2.

3.8. Fluorescence Staining and Counting of Cells

After the cultivation of cells with free and substrate-bound growth factors, and also
after monitoring the initial cell adhesion in the xCELLigence system, the cells were pro-
cessed for the evaluation of their number and morphology. The cells were fixed in 4%
paraformaldehyde (10 min). The cells were blocked and permeabilized in PBS containing
1% BSA and 0.1% Triton X-100 (20 min), and then in PBS with 1% Tween-20 (20 min).
The cells were stained with phalloidin-TRITC (100 ng/mL in PBS; 1 h; 25 C)  to visualize
the filamentous actin (F-actin), which is a component of the cell cytoskeleton. The nuclei
were counterstained with Hoechst 33258 (10 g/mL in PBS; 1 h; 25 C). The cells were
observed in the Olympus IX71 epifluorescence microscope (DP71 digital camera, objective
magnifi-cation 10). The number of cells grown with free or substrate-bound growth
factors was evaluated on days 1, 3, and 7 after cell seeding by counting the cell nuclei on
four randomly selected microphotographs for every well. The cell number was then
presented as a mean from 3 wells for each experimental group and time interval. The
morphology of initially adhering cells monitored in xCELLigence system was evaluated
at the end of monitoring, i.e., 4 h after seeding.

In the additional experiment with human and porcine ADSCs,  the fixed cells were
counterstained with DAPI  (Sigma-Aldrich, St. Louis, MO, USA). Then 10 randomly selected
fields of view were taken of each sample using a Leica DMi8 epifluorescence microscope
with a 5 objective and digital camera. Custom MATLAB (MathWorks, Natick, MA, USA)
script was used to batch count cell nuclei at each image.

3.9. Metabolic Activity Assay

The metabolic activity of A DSCs  and H U V E C s  cultured in 96-well plates was mea-
sured with a resazurin assay. Resazurin (Sigma-Aldrich, St. Louis, MO, USA,  Cat. No.
R7017) is a non-toxic redox indicator. In metabolically active cells, intracellular reductases
reduce resazurin to fluorescent resorufin, and this fluorescence is then detected spectropho-
tometrically. The cell metabolic activity was determined on days 1, 3, and 7 after seeding.
The stock solution of resazurin in PBS (4 mM) was diluted to the final concentration of
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40 M in the fresh cultivation medium (DMEM without phenol red containing 10% FBS
for ADSCs  and EGM2-weak for HUVECs) .  The cells were incubated for 4 h at 37 C  in a
medium containing resazurin (0.1 mL/well). Fluorescence (Ex/Em =  530/590 nm) was
measured on Synergy™ H T  Multi-Mode Microplate reader (BioTek, Winooski, VT,  USA).
Every sample was measured in triplicate. Resazurin solution in a medium without cells
was used as a background control. The cell metabolic activity was regarded as an indirect
marker of the cell proliferation and the cell number.

3.10. Statistical Analysis

In experiments determining the cell number (Figures 1, 3 and 4), the cell index
(Figure 6) and the cell metabolic activity (Figures S2, S3 and S5), the data are presented in
bar graphs as mean  standard deviation (SD) from 3 wells. The samples were statistically
compared using one-way analysis of variance (A N O VA) ,  Holm-Sidak method. The sta-
tistical comparison was carried out using SigmaPlot 14.0 software (Systat Software Inc.,
San Jose, C A ,  USA). In Figure S4, showing the influence of FGF-2 on the growth of human
and porcine ADSCs, the data are presented as mean  SD from 10 randomly selected fields of
view, and the statistical significance was evaluated using non-parametric Kruskal–Wallis one-
way A N O VA  on ranks, Dunn’s method, in MATLAB.  In all used methods of statistics, the
value of p  0.05 was considered significant.

4. Conclusions

Our study presents a new and cost-effective method for extracellular expression of
VEGF-A165 and FGF-2 in a eukaryotic system of P. pastoris. FGF-2 was produced as a double
mutant termed FGF-2M (R31K/R129K) to avoid degradation by Kex2 proteases. When
added to the culture media (VEGF-A165 : 10–1000 ng/mL, FGF-2: 5–250 ng/mL), both
recombinant growth factors showed mitogenic activity, which was stronger in FGF-2; this
factor supported the growth of both ADSCs  and H U V E C s ,  while VEGF-A1 6 5  supported
the growth of H U V E C s  only. When the factors were adsorbed to a plastic surface in con-
centrations from 0.01 M to 10 M (corresponding to approximately 0.192–192 g/mL for
VEGF-A165 and 0.172–172 g/mL for FGF-2), their mitogenic activity remained unaltered.
The mitogenic activity of our recombinant growth factors was slightly lower than that of
their commercially available counterparts, which can be explained by the presence of some
impurities, and thus by a lower actual concentration of the growth factors in the solution.
Furthermore, the effect of the adsorbed growth factors on the initial adhesion of ADSCs
and HUVECs was determined. Both cell types, especially ADSCs, showed a relatively low
affinity to adsorbed VEGF-A165 . Interestingly, recombinant FGF-2 enhanced the adhesion
of ADSCs  but not the adhesion of H U V E Cs ,  which even tended to decrease with increas-
ing FGF-2 concentration. Our results suggest that the coating of the biomaterial surface
with VEGF-A1 6 5  and FGF-2 can direct the adhesion and growth of different cell types in
different ways. This knowledge can be utilized in regenerative medicine, particularly in
tissue engineering, where the cell adhesion, growth and further differentiation should be
modulated by a controllable manner.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/4/1843/s1, Figure S1: Amino acid and nucleotide sequences of growth factors expressed in P.
pastoris KM71H. Figure S2: Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of
purified VEGF-A165 and FGF-2M. Figure S3: Metabolic activity of ADSCs  and H U V E C s  in media
containing VEGF-A165 or FGF-2M. Figure S4: Influence of FGF-2 on the growth of human and porcine
adipose tissue-derived stem cells. Figure S5: Metabolic activity of ADSCs and HUVECs cultivated in
wells coated with FGF-2M or VEGF-A165 . Figure S6: The initial adhesion of ADSCs and HUVECs to
wells coated with FGF-2M or VEGF-A165 .
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Buffered glycerol complex medium
Buffered methanol complex medium
Bovine serum albumin
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Endothelial cell basal medium 2
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Endothelial cell growth medium 2
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Fibroblast growth factor 2
Fibroblast growth factor 2 double mutant
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Phosphate-buffered saline
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Vascular endothelial growth factor A
Vascular endothelial growth factor receptor 2
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Yeast extract peptone dextrose
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Abstract: Galectin-3 (Gal-3) is a -galactoside-binding protein that influences various cell functions,
including cell adhesion. We focused on the role of Gal-3 as an extracellular ligand mediating
cell-matrix adhesion. We used human adipose tissue-derived stem cells and human umbilical
vein endothelial cells that are promising for vascular tissue engineering. We found that these
cells naturally contained Gal-3 on their surface and inside the cells. Moreover, they were able to
associate with exogenous Gal-3 added to the culture medium. This association was reduced with
a -galactoside LacdiNAc (GalNAc1,4GlcNAc), a selective ligand of Gal-3, which binds to the
carbohydrate recognition domain (CRD) in the Gal-3 molecule. This ligand was also able to detach
Gal-3 newly associated with cells but not Gal-3 naturally present on cells. In addition, Gal-3
preadsorbed on plastic surfaces acted as an adhesion ligand for both cell types, and the cell adhesion
was resistant to blocking with LacdiNAc. This result suggests that the adhesion was mediated by a
binding site different from the CRD.  The blocking of integrin adhesion receptors on cells with specific
antibodies revealed that the cell adhesion to the preadsorbed Gal-3 was mediated, at least partially,
by 1 and V  integrins—namely 51, V3, and V1 integrins.

Keywords: galectin; H U V E C ;  ADSC;  integrin; carbohydrate

1. Introduction

Galectins are -galactosyl-binding proteins, which belong to lectins, i.e., carbohydrate-
binding (glyco)proteins, interacting specifically with carbohydrate groups on other molecules,
including those on the cell surface. Galectins were discovered in mammals, birds, amphibians,
fish, nematodes, sponges, and also, in fungi. In mammals, sixteen types of galectins were
found. Galectin-1, -2, -3, -4, -7, -8, -9, -10, -12, -13, -14, and -16 were identified in humans;
galectin-5 and -6 were found in rats and mice; and galectin-11, -14, and -15 were found in
ruminants [1–5].

Galectins are multifunctional pleiotropic molecules with a wide range of physiological
and pathophysiological effects on cells, tissues, and organs. For example, galectins are in-
volved in cell apoptosis, e.g., apoptosis of T  cells (galectin-1 and -2); in cell–cell and cell–matrix
adhesion (galectin-3 and -8); in cell proliferation (galectin-3); in inflammatory diseases, e.g.,
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Crohn’s disease and ulcerative colitis (galectin-4); in cell differentiation, e.g., the differentiation
of keratinocytes, and in the regeneration of epidermis and cornea (galectin-7) or the differentia-
tion of adipocytes (galectin-12). Galectin-9 is involved in the defense against tuberculosis, and
also in rheumatoid arthritis and metabolic disorders like diabetes. Galectin-10 is expressed in
eosinophils and basophils and is involved in asthma. Galectins 13, -14, and -16 are expressed
in the placenta and are supposed to be important for pregnancy tolerance development [1–8].

This study is focused on the role of galectin-3 (Gal-3) in cell–matrix adhesion. Gal-3 is
present in many cell types, such as vascular, bone, adipose, fibroblast, and tumor cells, and it
is involved in cell–cell and cell–matrix adhesion, cell proliferation, differentiation, phenotypic
modulation, and also in cardiovascular diseases, tumor metastasis, and tumor vascularization.
Although Gal-3 is involved in inflammation [9], venous thromboembolism [10], or cancer
progression [3,7,11–13], it has also been reported to have many positive effects. These effects
include, e.g., re-epithelialization of corneal, intestinal, and skin wounds (for review, see [14]),
or a protective role in the uptake and removal of modified lipoproteins, accompanied with
the downregulation of the proinflammatory pathways responsible for the initiation and
progression of atherosclerosis [15]. Besides, the binding of Gal-3 to galactoside-capped ligands
on endothelial progenitor cells (EPCs) promotes differentiation of these cells into mature
endothelial cells and endothelial tube formation [16].

Gal-3 binds not only -galactoside-capped glycans displayed on the surface of gly-
coproteins, but it can also bind synthetic carbohydrates and glycomimetics, which can be
produced in relatively large quantities. The simplest ligands are represented by disaccha-
rides LacNAc (Gal1,4GlcNAc), LacdiNAc (GalNAc1,4GlcNAc), or thiodigalactoside
(Gal1,1-S-Gal), which can be attached to various biocompatible carriers [17,18] or deriva-
tized [19,20]. In earlier studies, poly-LacNAc-based oligosaccharide ligands were bound,
e.g., to a scaffold of bovine serum albumin [21], or LacdiNAc was attached to hydrophilic
N-(2-hydroxypropyl) methacrylamide (HPMA) copolymers and used in the form of a
glyconanomaterial [11]. These ligand–biomaterial complexes are promising for diagnostic
and therapeutic purposes, e.g., for the selective recognition of Gal-3 both on the cell surface
and in blood serum, and for the treatment of various disorders, particularly cancer [13].

In addition to cellular localization, Gal-3 is also secreted from cells to the extracellular
environment, e.g., into the extracellular matrix (ECM), interstitial fluid, or circulation [13].
In the extracellular space, Gal-3 can act as an adhesion ligand for cells. It has been reported
that the cells can bind Gal-3 with their integrin adhesion receptors, e.g., with some integrins
with the 1 chain; with other transmembrane molecules, such as CD7, CD43, and CD45;
and with glycoproteins associated with the cell membrane, such as fibronectin, vitronectin,
and laminin [1–3]. From this point of view, Gal-3 ligands, such as LacNAc and LacdiNAc,
as well as Gal-3 molecules themselves, could be attached to various biomaterials to colonize
them with cells, e.g., for the purpose of tissue engineering.

However, in the context of possible biomaterial functionalization, it should be considered
that Gal-3 can play a dual role in cell–matrix adhesion. Gal-3, and also other galectins, such
as galectin-1 and galectin-8, can act as either positive or negative modulators of cell–matrix
adhesion [1,3,6]. On the one hand, Gal-3 can enhance the cell–matrix adhesion by direct
binding to integrin–adhesion receptors on the cells and by promoting the clustering of these
receptors into focal adhesion plaques, which is a prerequisite of functional cell adhesion.
On the other hand, Gal-3 can mediate the endocytosis of integrins, and thus their lower
availability for cell adhesion. In addition, Gal-3 can weaken the cell–matrix adhesion by steric
hindrance, when it is bound either to integrins or their ECM ligands [1,3]. The dual role of
Gal-3 (and also other galectins) in cell adhesion has not yet been fully elucidated. It may
depend on the cell type, type of integrin receptor, and, particularly, on the Gal-3 concentration.
Moderate sub-micromolar concentrations of Gal-3 inhibited the adhesion of fibroblasts and
tumor cells, while higher concentrations stimulated it [1]. Moreover, the form of galectin
either as a soluble ligand or immobilized on the cell adhesion substrate also matters [6].

This study aims to systematically investigate the behavior of Gal-3 in cell–matrix adhe-
sion as an extracellular adhesion ligand for cells, adsorbed on a cultivation substrate in a wide
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concentration range from 0.1 to 33 M. We used human adipose tissue-derived stem cells
(ADSCs) and human umbilical vascular endothelial cells (HUVECs) as the cell models. These
two cell types were selected due to their importance in the tissue engineering of blood vessels.
It is known that Gal-3 is expressed in immature cell types, such as endothelial progenitor
cells [22] and mesenchymal stem cells [23], including ADSCs, from which it can be secreted
into the extracellular space and can influence the adhesion and growth of other cell types [24].
In H U V E C  cells in vitro, Gal-3 induced the formation of tubular capillary-like structures,
which was associated with an increased expression of V3 integrins on these cells [16].

First, we verified the natural presence of Gal-3 in the used cell types, and then, we
investigated (i) the ability of exogenous Gal-3 added to the culture medium to associate
with cells and (ii) the ability of Gal-3 immobilized on the cultivation substrate to
mediate cell adhesion. We found that exogenous free Gal-3 was able to associate with
cells, and this association was reduced with Gal-3 ligand LacdiNAc in a concentration-
dependent manner, while, importantly, cell adhesion to the substrate-immobilized Gal-3
was insensi-tive to LacdiNAc. These results indicate that while the free Gal-3 binds cells
through its carbohydrate-binding site on the C R D  domain, the Gal-3 immobilized on the
cultivation substrate binds cells by another yet not fully explored site on its molecule;
apparently, this binding site interacts with 1 and V  integrins on the surface of the cells,
such as 51, V3, and V1 integrins. A  comprehensive summary of our experimental work
with its main findings is shown in Scheme 1.

Scheme 1. Summary of the experimental workflow with its main findings.
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2. Results
2.1. Gal-3 Is Naturally Present in ADSCs  and H U V E C s

As a starting point in this study, it was vital to check whether Gal-3 is present in our
ADSCs and HUVECs.  In order to distinguish the distribution of Gal-3 in the cell membrane
and in the cytoplasm, the cells were first fixed, and without permeabilization, they were
stained with an anti-Gal-3 antibody. Thus, this antibody bound only the Gal-3 present in
the cell membrane (Figure 1A, green fluorescence). Then, the cells were permeabilized and
incubated with an anti-Gal-3 antibody to visualize the intracellular Gal-3 (red fluorescence).
The microphotographs show that Gal-3 is localized homogeneously in the cell membrane but
to a lesser extent than in the cytoplasm. In the cytoplasm, Gal-3 is homogeneously distributed
throughout the cells, with clear accumulation in the region of the cell nuclei. The cytosolic
fraction of Gal-3 was further quantified by the Western blot method. The cytosolic Gal-3
expression detected by Western blotting is lower in HU V E Cs  than in ADSCs (Figure 1B).

Figure 1. Localization of endogenous Gal-3 in ADSCs  and H U V E C s .  (A) Immunofluorescence of Gal-3 in ADSCs  and
H U V E C s  in 1-day-old cultures. Cells were stained for Gal-3 present in the cell plasma membrane (green fluorescence) and for
intracellular Gal-3 (red fluorescence). For Gal-3 staining, an anti-Gal-3 antibody produced in rabbits (Sigma-Aldrich, Cat.
No. SAB4501746) was used. Orthogonal projections depict the localization of Gal-3 in the cell plasma membrane or the
intracellular space. Andor Dragonfly 503 scanning disc confocal microscope; Zyla 4.2 PLUS sCMOS camera; objective H C
PL APO  40/1.10 W C O R R  CS2; scale bar 50 m. (B) Western blot of Gal-3 expression in the cytosol of ADSCs  and HUVECs .
In both tested cell types, a Gal-3 band was detected at a size of 28 kDa.

2.2. Exogenous Gal-3 Associates with ADSCs  and H U V E C s

Furthermore, we tested whether A DSCs  and H U V E C s  can associate with Gal-3
molecules in the extracellular environment when it was present in the cell culture media.
For this purpose, confluent cells in 96-well tissue culture plates were incubated for 1 h with
various concentrations (0.03 to 30 M) of Gal-3 diluted in the cell culture medium, and
the membrane-bound Gal-3 was stained by immunofluorescence (after fixation with PFA
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and without the use of detergents, i.e., without permeabilization of the cell membrane).
After staining, it was apparent that, in the galectin-free medium, ADSCs  were more in-
tensively stained than H U V E C s ,  which suggests a higher basal content of Gal-3 in the
cell membrane of A DSCs  (Figure 2). A  similar pattern was observed in permeabilized
cells (Figure 1A,B), which implies that the basal content of Gal-3 was also higher inside
the ADSCs.  When exposed to Gal-3 in the culture medium, the intensity of fluorescence
of Gal-3 in cells gradually increased with the increasing Gal-3 concentration, and this
increase became statistically significant (in comparison with untreated cell samples) at
0.3 M and 3 M Gal-3 concentrations in ADSCs and HUVECs, respectively (Figure 2). At  the 3
M concentration, the intensity of the fluorescence of Gal-3 in ADSCs was still higher than in
H U V E Cs .  However, at the 10 M concentration, the intensity of the fluorescence of Gal-3
was similar in ADSCs  and H U V E C s ,  and at 30 M of Gal-3 in the cell culture medium,
H U V E C s  showed a stronger ability to bind Gal-3, reaching a higher intensity of the
fluorescence signal than ADSCs (Figure 2A).

Figure 2. Association of exogenous Gal-3 with cells. For Gal-3 staining, the anti-Gal-3 antibody
[EP2775Y] produced in rabbits (Abcam, Cambridge, UK; Cat. No. ab76245) was used. (A) The intensity of
the fluorescence signal in wells with ADSCs  and H U V E C s  after 1 h of incubation in a cultivation
medium containing Gal-3 in a concentration range from 0 to 30 M. The data are presented as the mean  SD
from 3 wells. Holm-Sidak test, p  0.05. The samples were statistically compared within the group of the
indicated cell type. * Statistically significant difference in comparison with the control sample without
the added Gal-3 (0 M). (B) Representative images of immunofluorescence of Gal-3 in ADSCs and
H U V E C s  after 1 h of incubation in a pure cultivation medium without Gal-3 (0 M) and in the medium
with 1 M or 30 M Gal-3. The cell nuclei were counterstained with Hoechst 33258. Olympus IX  71
microscope, DP 70 digital camera, obj. 20, scale bar 50 m.
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2.3. The Association of Gal-3 with Cells Is Reduced by LacdiNAc

We aimed to reveal the mechanism of association of exogenous recombinant Gal-3
with the cell surface. We supposed that this association can be mediated by -galactoside
ligands on the cell surface, including the disaccharide LacdiNAc. This disaccharide is
naturally present in a variety of glycoproteins in cells and acts as a specific ligand for the
carbohydrate-binding site at the C R D  domain of Gal-3 [25]. H U V E C s  were grown to
confluence and incubated with a cultivation medium containing Gal-3 (30 M) and
various concentrations of LacdiNAc (0 to 100 mM), which were added to the medium 1 h
before its exposure to the cells. The presence of LacdiNAc in the cultivation medium
strongly decreased the ability of Gal-3 to bind to H U V E C s  in a concentration-dependent
manner. Despite this, LacdiNAc was not capable of inhibiting the association of Gal-3
with the cells completely. Even at the highest (100 mM) concentration of LacdiNAc, the
immunofluorescence of Gal-3 was still significantly higher than in control cells without
exposure to Gal-3 (Figure 3A,B). Nevertheless, this result suggests that recombinant Gal-3
binds to -galactoside ligands present on the cells by its C R D  domain.

Figure 3. H U V E C s  after 1 h of incubation in a cultivation medium containing Gal-3 (30 M) and
various concentrations of LacdiNAc (0–100 mM). Control cells were incubated with a pure cultivation
medium without Gal-3 and LacdiNAc. (A) Intensity of the fluorescence signal in HU V EC s  stained for
Gal-3 (ex./em. =  485/528 nm). The data are shown as the mean  SD from 3 wells. Holm-Sidak test, p
0.05. * Statistically significant difference in comparison with the control cells in the pure cultivation
medium (ctrl). # Statistically significant difference in comparison with cells without LacdiNAc (0). (B)
Immunofluorescence of Gal-3 in the cells compared in graph A.  Anti-Gal-3 antibody (EP2775Y) produced in
rabbits (Abcam, Cambridge, UK;  Cat. No. ab76245) was used. The cell nuclei were counterstained with
Hoechst 33258. Olympus IX  71 microscope, DP 70 digital camera, obj. 20, scale bar 50 m.
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2.4. LacdiNAc Is Capable to Detach Gal-3 Newly Associated with the Cell Membrane

To further elucidate the exact mechanism of the inhibitory effect of LacdiNAc on the
association of Gal-3 with the cells, we incubated confluent H U V E C s  with a cultivation
medium containing either Gal-3 (30 M) alone or LacdiNAc (1 mM) alone or both agents
added either together or in a different order.

After the addition of Gal-3 into the cultivation medium for 1 h, Gal-3 was massively
associated with the cells, as indicated by a markedly increased intensity of their immunoflu-
orescence (Figure 4). When incubated for 1 h with LacdiNAc, the cells showed a similar
presence of Gal-3 as in the control cells cultivated in the pure medium, which suggests that
LacdiNAc was not capable of detaching Gal-3 naturally present on the plasma membrane.
However, when the cells were incubated with a mixture of Gal-3 and LacdiNAc, the associ-
ation of Gal-3 with the cells was markedly reduced, similar to the experiments described in
Section 2.3. Moreover, when the cells were first incubated with Gal-3 for 1 h and then
exposed to LacdiNAc for an additional 1 h, it was apparent that LacdiNAc was capable of
detaching the newly associated recombinant Gal-3 from the cells. In contrast, when the
cells were first treated for 1 h with LacdiNAc, then washed with PBS and incubated with
Gal-3 for another 1 h, the fluorescence intensity remained comparable to the cells treated
only with Gal-3 (Figure 4).

2.5. Gal-3 Mediates Cell Adhesion to the Cultivation Substrate

We decided to adsorb Gal-3 on cultivation surfaces free of other adhesion ligands to
test its ability to act as a mediator of adhesion of ADCSs or HUVECs to these surfaces. These
surfaces were represented by plastic culture plates used, e.g., for EL ISA.  The evaluation
of the cell-adhesive properties of Gal-3 was performed using an xCELLigence R T C A  SP
sensing device. The initial adhesion and spreading of ADSCs  were measured in wells of
E-plates adsorbed with various concentrations of Gal-3, ranging from 0.1 to 33 M. The cells
were incubated in DMEM without any additives to avoid the adsorption of cell
adhesion-mediating molecules from the serum supplement, such as vitronectin and
fibronectin or growth factors, which can also influence the cell adhesion [26]. The cell
adhesion and spreading were monitored for four hours. One hour after cell seeding, i.e.,
after the time interval necessary for the initial adhesion of the cells, mediated by the
interactions of the cell surface adhesion receptors (e.g., integrins) with ligands on the
cultivation surface, Gal-3 significantly enhanced cell adhesion to the well bottoms in
concentrations of 3.3 to 33 M, as indicated by the increasing cell index (Figure 5A).
However, in the negative control assay in the absence of Gal-3, the control wells allowed
the initial adhesion to a similar extent as in lower concentrations of Gal-3, i.e., from 0.1 to 1
M. Similar results were also obtained four hours after cell seeding, which is the time
interval when the spreading of the adhered cells typically happens (Figure S1A,
Supplementary Materials). This suggests nonspecific cell adhesion mediated by weak
chemical bonds, e.g., electrostatic interactions, polar interactions, hydrogen bonding,
van der Waals forces, etc., between the cell membrane and the well material [27]. In
addition, some cell adhesion-mediating molecules, such as fibronectin, vitronectin,
collagen, and laminin, can be retained on the cell surface even after trypsinization, which
preceded cell seeding, and these molecules can also contribute to nonspecific cell
adhesion. Therefore, the wells adsorbed with Gal-3 were blocked with 0.5% w/v BSA, a
protein nonadhesive for cells, to prevent nonspecific interactions of cells with the well
bottom surface (Figure 5A and Figure S1A). After blocking the nonspecific binding sites in
the wells by BSA, the highest cell adhesion and spreading were observed at the 1 M
concentration of Gal-3, and the lower or higher concentrations were not optimal for cell
adhesion mediated by Gal-3 (Figure 5A and Figure S1A). At  the same time, the well
bottoms without Gal-3 or with its lowest concentration (0.1 M) did not promote almost
any cell adhesion or any cell spreading.

The same set of experiments was then performed with H U V E C s  (Figure 5B and
Figure S1B), and the adhesion behavior of these cells was compared with that of ADSCs.
Interestingly, ADSCs  and H U V E C s  showed a comparable affinity to Gal-3, which is in
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contrast to our previous results (Figure 2), where the binding of Gal-3 from the culture
medium to the cell surface appeared to be higher in HUVECs.  On the other hand, a higher
association of Gal-3 with HUVECs occurred only at the 30 M concentration of Gal-3, while at
lower concentrations, this association was similar (10 M) or even lower (0.03–3 M) in
comparison with ADSCs (Figure 2). Nonetheless, all these results are promising, because
they suggest that Gal-3 acts as an adhesive molecule, and it could be further used for
coating biomaterials, e.g., the inner surface of artificial vascular grafts, to enhance the
adhesion of endothelial cells or their potential precursors in the form of stem cells, and
thus to promote the formation of a confluent endothelial cell layer.

Figure 4. H U V E C s  after incubation in a cultivation medium containing Gal-3 (30 M) or LacdiNAc (1
mM) or both molecules added together or in a different order. Control cells were incubated for 1 h
in a pure cultivation medium. (A) Intensity of the fluorescence signal in H U V E C s  stained for
Gal-3 (ex./em. =  485/528 nm). The data are shown as the mean  SD from 3 wells. Holm-Sidak
test, p  0.05. * Statistically significant difference in comparison with cells in the pure medium
(ctrl), # Statistically significant difference in comparison with cells incubated with Gal-3 (Gal-3).
(B) Immunofluorescence of Gal-3 in the cells compared in graph A.  Anti-Gal-3 antibody (EP2775Y)
produced in rabbits (Abcam, Cambridge, U K ;  Cat. No. ab76245) was used. The cell nuclei were
counterstained with Hoechst 33258. Olympus IX  71 microscope, DP 70 digital camera, obj. 20, scale bar
50 m. Ctrl: cells in the pure medium; Gal3: cells incubated for 1 h in the medium with Gal-3;
LacdiNAc: cells incubated for 1 h in the medium with 1-mM LacdiNAc; Gal3 +  LacdiNAc: cells
incubated for 1 h in the mixture of Gal-3 and LacdiNAc; LacdiNAc, Gal3: cells incubated for 1 h in
the medium with LacdiNAc, then for 1 h in the medium with Gal-3; Gal3, LacdiNAc: cells incubated
for 1 h in the medium with Gal-3, then for 1 h in the medium with LacdiNAc.
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Figure 5. Initial adhesion of ADSCs  (A) and H U V E C s  (B) to the wells of the E-plates in the xCELLi-
gence system 1 h after seeding. The wells were adsorbed with various concentrations of Gal-3 (0.1–33
M) either without blocking or with blocking using 0.5% w/v BSA. Cell index values were normalized to
the control cell sample without adsorbed Gal-3 and BSA (ctrl without BSA). Mean  SD (n =  3). Holm-
Sidak test, p  0.05. The cell samples were statistically compared either within the group without
BSA or within the group with BSA. * Statistically significant difference in comparison with the
control samples without adsorbed Gal-3 (ctrl). # Statistically significant difference in comparison with
the sample exhibiting the highest average value of the cell index.

2.6. Gal-3-Mediated Cell Adhesion to the Surface Does Not Involve the CRD-Domain

Our experiments then continued with testing the potential inhibitory activity of
LacdiNAc, a -galactoside ligand for Gal-3, on Gal-3-mediated cell adhesion. Wells in the
xCELLigence E-plates were adsorbed with 1 M Gal-3, blocked with 0.5% v/w BSA, and
preincubated with various concentrations of LacdiNAc (1 to 40 mM) before cell seeding.
The results showed that LacdiNAc did not inhibit the initial adhesion of ADSCs to the
Gal-3-adsorbed well bottoms one hour after seeding (Figure 6) or the cell spreading after
four hours of incubation (Figure S2), except for the highest concentration of LacdiNAc,
which slightly but significantly decreased the cell adhesion to the wells preadsorbed with
Gal-3.

The effect of LacdiNAc on nonspecific adhesion (i.e., adhesion not mediated by Gal-
3) was also evaluated with A DSCs  cells. The results showed that, similarly, LacdiNAc
did not considerably affect the initial cell adhesion and spreading on the well bottoms
non-adsorbed with Gal-3 (Figure 6 and Figure S2).
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Figure 6. The effect of LacdiNAc on the initial adhesion of ADSCs  one hour after seeding into
untreated wells or wells preadsorbed with 1 M Gal-3 and blocked with BSA. Before cell seeding,
both groups of wells were preincubated with LacdiNAc in concentrations from 1 to 40 mM. Wells
without LacdiNAc served as control samples (ctrl). Cell index values were normalized to the sample
without Gal-3 adsorption and without LacdiNAc in the medium (ctrl - untreated wells). Mean  SD
from 3 wells. Holm-Sidak test, p  0.05. The cell samples were statistically compared either within the
group of untreated wells or within the group of Gal-3-adsorbed wells. * Statistically significant
difference in comparison with the control cells (ctrl).

2.7. Integrins Are Cell Receptors for the Substrate-Bound Galectin

Our experiments continued with searching for receptors on the cell surface that are
responsible for binding to Gal-3 preadsorbed on the cell surface. It is generally known
that cell adhesion is mainly mediated by integrin receptors, which are heterodimeric
transmembrane proteins formed by  and  subunits, and that these receptors are also
involved in the galectin-mediated cell-matrix adhesion [1–3]. Here, we show that the
highest concentrations of E D TA  (10 mM), a potent calcium chelator and a well-known
inhibitor of integrin receptors, inhibited the initial cell adhesion and spreading on Gal-
3-coated surfaces (Figure 7A and Figure S3A). These results indicate the involvement of
integrins in Gal-3-mediated adhesion of both studied cell types because calcium is essential
for the adhesion function of integrins.

To further specify the involvement of particular integrin types in Gal-3-mediated cell
adhesion, we preincubated the cells with various blocking antibodies against the integrin
subunits, and then we seeded the cells on Gal-3-coated surfaces. We used antibodies
against the integrin subunits most commonly involved in the cell–matrix interaction and
expressed by a wide range of cell types—namely, the 1, 3, and V  subunits—and also an
antibody against the 3 integrin subunit. The latter is a component of the 31 integrin, a
promiscuous receptor expressed mainly by endothelial cells, mediating the adhesion to
laminin, fibronectin, or collagen [28]. As  indicated by flow cytometry, these integrin
subunits were also present in the ADSCs and H U V E C s  used in our study (Figures S4 and
S5 in the Supplementary Materials). Our results showed that the adhesion of ADSCs was
strongly blocked both with the V  and 1 integrin antibodies but only slightly with the 3
integrin antibody whereas the adhesion of H U V E C s  was significantly inhibited by all
three antibodies (Figure 7B). The inhibition of the cell spreading four hours after seeding of
both cell types was more pronounced with the V  and 1 integrin antibodies (Figure S3B). In
contrast, the adhesion of A DSCs  was not blocked with the 3 integrin antibody. This is in
line with the results from the flow cytometry analysis, which showed only a weak
expression of the 3 integrin subunit in ADSCs.  In contrast, the adhesion of H U V E C s
was partially but significantly blocked with the 3 integrin antibody, mainly 4 h after cell
seeding (Figure S3B).
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Figure 7. Role of integrins in the initial adhesion of ADSCs and HUVECs to substrate-immobilized Gal-3 (1 h after seeding).
(A) The cells were seeded in a medium containing E D TA  in concentrations ranging from 0.1 to 10 mM. (B) The cells were
seeded in the medium containing antibodies against the 1, 3, 3, and V  integrin subunits. The antibody against V  integrin
subunit was used in a 1:25 dilution, and the other antibodies were used in a concentration of 20 g/mL. Nonspecific mouse
IgG1 was used as an isotype control. (C) The cells were seeded in the medium containing antibodies against 21, 51, or V3
integrin receptors. Nonspecific mouse IgG1 was used as an isotype control. Antibodies were used in a concentration of
20 g/mL. (D) The cells were seeded in a medium containing the V1 inhibitor in concentrations ranging from 0.01 to 10 M. (E)
The cells were seeded in a medium containing the GRGDSP peptide. The GRADSP peptide was used as a negative control.
Both peptides were used in a concentration of 200 M. Before cell seeding, the wells were coated with 1 M Gal-3 and blocked
with 0.5% w/v BSA. The cell index values were normalized to the untreated sample in a pure medium without any
additive (ctrl). Mean  SD from 3 wells. Holm-Sidak test, p  0.05. The samples were statistically compared within the group
of the indicated cell type. * Statistically significant difference in comparison with the control cells (ctrl). # Statistically
significant difference in comparison with the cells incubated with the isotype control (IgG1).
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Integrin receptors can be divided into specific groups according to their affinity to
various ECM proteins or various amino acid sequences within these proteins. There are
RGD-binding integrins recognizing fibronectin (e.g., 51) or vitronectin (e.g., V3),
collagen-binding receptors (e.g., 11 or 21), or laminin-binding receptors (e.g., 61 or 71
[29]). Since the laminin-binding receptors 61 or 71 are weakly expressed in ADSCs [30], we
decided to test the most widespread receptors from the remaining groups. For this aim, we
used antibodies against the 21 integrin (collagen I  receptor), and also against the 51 and
V3 integrins, which are receptors for fibronectin and vitronectin. These two blood serum-
derived proteins are the main proteins mediating cell–substrate adhesion in vitro. Thus,
it may be supposed that integrin receptors for fibronectin and vitronectin would be
highly expressed in cultured cells. As  proven by flow cytometry, the 21, 51, and V3
integrins were highly expressed in A DSCs  and H U V E C s  in our study (Figures S4 and S5
in the Supplementary Materials). Apparently, the 21, 51, and V3 integrin antibodies had
only a slightly negative influence on the adhesion of ADSCs.  On the other hand, the
inhibitory effect of these antibodies on the adhesion of H U V E C s  was more pronounced.
Four hours after seeding, both cell types showed the lowest cell index values after
blocking with the 51 and V3 integrin antibodies (Figure S3C). However, the reduction of the
cell index values was relatively small, especially in the V3 antibody. This suggests that 51
and V3 were not the only receptors responsible for recognizing the substrate-bound Gal-3.
From the previous results (Figure 7B), it is obvious that the adhesion to Gal-3 is inhibited
mainly by the V  and 1 integrin subunits. This led us to the hypothesis that the V1 integrin
could be another receptor with affinity to Gal-3. Since there is no commercially available
antibody specific to the V1 integrin, we tested a novel peptide inhibitor of the V1
integrin, which was shown to suppress the V1 integrin-mediated adhesion of
fibroblasts in nanomolar concentrations, and also to attenuate the experimentally
induced lung and liver fibrosis in mice [31]. When applied in concentrations of 0.01, 0.1,
and 10 M, the inhibitor significantly decreased the Gal-3-mediated adhesion and spreading
in HUVECs in a concentration-dependent manner (Figure 7D and Figure S3D). It is
tempting to say that the cell adhesion to Gal-3 is mediated mainly by the V1 integrin;
however, the adhesion of ADSCs was significantly blocked only by the 10 M
concentration of the inhibitor. Moreover, at the 10 M concentration, the adhesion of
A DSCs  was also blocked at comparable levels in collagen I, vitronectin, or fibronectin-
coated wells (Figure S6 in the Supplementary Materials). In addition, this integrin
inhibitor has also been shown to interact with other RGD-binding integrins (e.g., V3, 51,
or 81) when applied at micromolar concentrations [32]. The possible role of RGD-
binding integrins in Gal-3-mediated cell adhesion was further confirmed by incubating
the cells with the RGD-containing peptide. It was found that the cell adhesion and
spreading were decreased by the RGD peptide in both ADSCs and HUVECs (Figure 7E and
Figure S3E). Interestingly, the cell adhesion to substrate-bound Gal-3 was also partially
inhibited with a peptide-containing R A D  sequence, which was supposed to serve as a
negative control.

2.8. Cell Morphology on the Surface Preadsorbed with Gal-3

To visualize the morphology of the cells adhered to the Gal-3-coated surface, we
adsorbed Gal-3 on the 96-well glass plate and blocked the nonspecific binding sites with
BSA. The reference wells were either left uncoated or coated with fibronectin or collagen I
and blocked with BSA or only blocked with BSA. The cells were fixed four hours after
seeding into the pure medium. Changes in the cell morphology on various adhesion
substrates were also quantified by evaluation of the cell morphology characteristics (i.e.,
cell area, perimeter, circularity, and solidity; Figure S9 in the Supplementary Materials).

ADSCs on Gal-3 showed similar morphology characteristics to the cells on pristine, un-
coated glass with a slightly better-developed actin cytoskeleton (Figures S7A, S8A, and S9 in
the Supplementary Materials). ADSCs on fibronectin were more spread out (Figure S9A,B),
with visible vinculin-containing focal adhesions located at the cell periphery. The cells
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on collagen I  showed a lower amount of focal adhesions than on fibronectin. Blocking
the pristine glass surface with BSA prevented the ADSCs from spreading adequately and
forming a well-developed actin cytoskeleton.

H U V E C s  on the control pristine glass displayed more rounded morphology than
ADSCs  (Figure S9C, a relatively high circularity parameter), but they were still relatively
well-spread with the actin cytoskeleton and focal adhesions at the cell periphery (Figures
S7B and S8B in the Supplementary Materials). H U V E C s  seeded on Gal-3 formed clusters of
cells. In contrast to the relatively well-spread A DSCs  on the Gal-3-coated surface,
HUVECs displayed a stellate-like morphology with a poorly developed actin cytoskeleton,
located mainly in the cell protrusions, which was also manifested in a smaller average cell
spreading area, a shorter cell perimeter, and also in a relatively low solidity, i.e., a high
occurrence of cell protrusions (Figure S9). H U V E C s  on fibronectin-coated glass showed
well-formed vinculin-containing focal adhesions homogeneously distributed throughout
the entire substrate-contacting cell membrane and a strong actin cytoskeleton. H U V E C s  on
collagen I  displayed a well-developed cytoskeleton, but the cytoskeletal structure was
slightly worse than the one on fibronectin. The cells on pristine glass blocked with BSA
were poorly spread out and were not able to form almost any cytoskeletal structures
(Figures S7B, S8B and S9 in the Supplementary Materials).

3. Discussion

The aim of this work was to investigate Gal-3 as an adhesion receptor on the cell
surface and as an extracellular ligand binding to the cell surface receptors. Our results
show that ADSCs  express higher amounts of Gal-3 than H U V E C s .  It is in accordance
with earlier findings that stem cells and other immature cell types often contain a
higher amount of Gal-3 than more mature cells [22,33]. However, when exposed to Gal-3
in the cell culture medium, H U V E C s  reached a considerably higher intensity of
fluorescence signal than A DSCs  (Figure 2). It could therefore be concluded that
H U V E C s  showed a stronger ability to bind Gal-3 than ADSCs,  at least at higher Gal-3
concentrations in the extracellular environment. Gal-3 interacts with the cell surface
receptors mainly by binding to glycans on proteins [34], and its binding activity depends
on the glycosylation pattern on the cell surface [35,36]. The binding of Gal-3 to the cell
surface glycoproteins is mediated by terminal -galactoside groups of N-glycans [35], and it
is negatively regulated by sialylation [35,37]. Supposedly, ADSCs contain lower amounts
of -galactoside groups available for Gal-3 binding compared to H U V E C s .  Thus, the
difference between Gal-3 binding to A DSCs  and H U V E C s  can be explained by
different glycosylation patterns in their cell surface glycoproteins. Our preliminary
experiment with tunicamycin (an inhibitor of N-glycosylation) showed that the
association of Gal-3 with the cell surface of ADSCs  is independent of the tunicamycin
treatment (up to 10 g/mL, which was already detrimental to the cells; data not shown).
In future experiments, it would be interesting to treat the cells with other glycosylation
inhibitors (e.g., swainsonine or benzyl N-acetyl--D-galactosaminide) to obtain a deeper
insight into the influence of glycosylation on the association of Gal-3 with the cell plasma
membrane.

In addition, ADSCs  and H U V E C s  may differ in the further processing of Gal-3 after
its binding to the cell surface. After binding to cells, Gal-3 is rapidly internalized by endo-
cytosis, which is either carbohydrate-dependent (as in nonphagocytic cells) or independent
(as in cells capable of phagocytosis; [38]). After endocytosis, some Gal-3 molecules are
traf-ficked into various intracellular compartments, including lysosomes, while some of
them are recycled on the cell membrane [39]. Galectins can also counteract the endocytic
uptake by forming lattices on the plasma membrane, which depends also on the
concentration and structure of the glycoprotein and glycolipid Gal-3 ligands [40].

Gal-3 (28 kDa) consists of an N-terminal collagen-like domain that enables protein
oligomerization and a C-terminal domain (carbohydrate recognition domain; CRD)  binding -
galactosides [41]. We found that Gal-3 binds to the surface of H U V E C s  in a manner
inhibitable by carbohydrates, such as LacdiNAc. LacdiNAc is a -galactoside naturally
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present in a variety of glycoproteins that acts as a specific ligand for Gal-3 [17,21,25].
Naturally occurring -galactosides (e.g., lactose) have also been shown to inhibit the
binding of Gal-3 to the cell surface [34], as well as inhibit the subsequent biological effects
triggered by Gal-3 [4,34]. Besides, there is a broad variety of other carbohydrate-based
Gal-3 inhibitors [4,13,20,42,43].

The -galactoside LacdiNAc, chosen for this study, can bind not only to Gal-3 but,
to some extent, also to other proteins from the galectin family (e.g., Gal-2 or -7; [44]).
On the other hand, LacdiNAc has a low binding affinity to Gal-1 or Gal-4 [25,44]. Of
the twelve types of human galectins identified so far [5], only four types of galectin are
expressed abundantly (e.g., Gal-1, -3, -8, and -9) in H U V E C s ,  while the expression of the
other galectins is only faint or undetectable [45]. A  similar expression pattern was also
observed in mesenchymal stem cells [46]. Therefore, in our experimental setup where
excess amounts of exogenous Gal-3 were applied, we can consider any possible interaction
of LacdiNAc with other proteins from the galectin family insignificant.

Our study also revealed that even the highest concentration of LacdiNAc (100 mM)
did not stop the association of recombinant Gal-3 with the plasma membrane of H U V E C s
completely. This finding correlates with a study where the treatment of the plasma mem-
brane with lactose led to the detachment only of a small part of membrane-associated
Gal-3 [47]. This phenomenon was also observed in other studies [16,34,40,44], and it should
be taken into account when LacdiNAc is used therapeutically in Gal-3-overexpressing
tissues [11]. We hypothesized that the inability to detach all membrane-associated Gal-3
with the LacdiNAc ligand is caused either by the presence of high-affinity binding
sites for Gal-3 on the cell surface by the involvement of a noncanonical binding site on
Gal-3 C R D  [48–50] or, possibly, by the presence of another binding site on the Gal-3
molecule. The two binding sites on Gal-3 C R D  (canonical and noncanonical) can be
occupied by the ligands at the same time.

Our results showed that Gal-3 optimally enhanced the cell adhesion when adsorbed to
the plastic surface in the concentration of 1 M. Previous research showed both inhibitory
and enhancing effects of Gal-3 in the culture medium on the cell adhesion to a cultivation
substrate [1,51]. These contradictory results could be explained by the ability of Gal-3 to
form oligomeric structures. When present in a solution at lower concentrations, Gal-3
stays in its monomeric form and binds in a monovalent manner to the cell surface or
extracellular matrix proteins, creating steric hindrance and lowering the strength of the
cell adhesion. In higher concentrations, Gal-3 can form oligomeric complexes and binds
to the cell surface and extracellular matrix glycoproteins simultaneously, functioning as
an “adhesion glue” (or a crosslinking agent) and enhancing the cell adhesion mediated
by specific adhesion sequences on extracellular glycoproteins. When present in amounts
exceeding the concentrations of the carbohydrate ligands on the extracellular matrix or
cell surface, Gal-3 tends to bind the ligands in a monovalent manner, which leads to the
inhibition of cell adhesion [1]. The concentration at which Gal-3 switches from its inhibitory
to adhesion-enhancing activity and vice versa is micromolar [51]. Interestingly, our results
showed that relatively high concentrations of adsorbed Gal-3 (i.e., 3–33 M) were not
optimal for cell adhesion. When adsorbed at high concentrations (tens of micromoles per
liter) to the surface, Gal-3 was supposed to form multivalent oligomeric complexes [52].
However, we suggest that a high concentration of Gal-3 in the solution led to the formation
of clustered Gal-3 molecules bound in a high density on the substrate, which caused
steric inhibition of the correct interaction of Gal-3 with the adhesion receptors on the
cell surface, thus decreasing the cell adhesion intensity. The negative effect of the excess
of the adhesion ligands was observed before [53] with the R G D  ligands. Our results
showed that the adsorbed Gal-3 mediated the cell adhesion of both H U V E C s  and ADSCs.
The adhesion could not be inhibited by LacdiNAc, which suggests the involvement of
another cell adhesion-mediating mechanism than the interaction of the Gal-3 C R D  canonical
binding site with carbohydrates. It has been reported that the cells can bind Gal-3 in other
alternative ways, such as by integrin adhesion receptors 11, 31, and 71. Other cell
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membrane-associated molecules binding galectin include CD7 (an immunoglobulin found
on thymocytes and mature T  cells), CD43 (sialophorin), and CD45 (tyrosine phosphatase
on hematopoietic cells), fibronectin, vitronectin, laminin, and also lysosome-associated
membrane proteins LAMP-1 and LAMP-2 [1–3]. In the cited studies, Gal-3 was believed to
interact with the carbohydrate components of all the mentioned molecules, but it is
questionable whether this interaction is always mediated by the C R D  canonical binding
site in the Gal-3 molecule. Alternative binding molecules for Gal-3 on cell surfaces could
also include proteins.

In the search for alternative binding sites for Gal-3 on the cell surface, we concentrated
on the integrin adhesion receptors on cells, which have been shown to be involved in Gal-
3-mediated cell–matrix adhesion [1–3]. Integrin adhesion receptors comprise at least 18 -
and 8 -subunits, which can assemble into at least 24 unique integrin receptors [29]. Thus,
we used antibodies against the mentioned subunits, and also against the 3 subunit, which
is a component of the so-called “vitronectin receptor”- the V3 integrin, widely expressed in
immature and proliferating cells, including the cells grown in conventional serum-
supplemented cell culture systems. The mentioned integrin subunits are expressed in
many cell types, including ADSCs and HUVECs,  as shown by the flow cytometry analysis
(Figures S4 and S5 in the Supplementary Materials) in our study, and also elsewhere [54–
56]. Our results showed that cell adhesion was blocked by antibodies against the V  and 1
integrin subunits but not substantially by the anti-3 subunit antibody.

Our observations that the cell adhesion to Gal-3 is mediated mainly by the integrin
subunits V  and 1 are also in good correlation with the study by Zhuo et al. (2008) [37].
They observed a significant decrease in the adhesion of colonocytes to Gal-3 when incubated
with an integrin 1 functional blocking antibody. Moreover, they found that the adhesion
is negatively regulated by the sialylation of the 1 integrin subunit. The role of 1 integrin as a
surface receptor for Gal-3 was also proven in a study by Fukumori et al., performed on T
cells [34].

Our results further showed that the adhesion to substrate-bound Gal-3 is mediated, at
least partially, by integrins 51 and V3. These integrins are present on both ADSCs  and
H U V E C s  (Figures S4 and S5 in the Supplementary Materials). They are receptors for
fibronectin and vitronectin, playing an important role in angiogenesis [57]. Another
integrin involved in cell adhesion to substrate-bound Gal-3 was the V1 integrin, but its
involvement was more pronounced in H U V E C s  than in ADSCs,  as indicated by the
blocking experiments (Figure 7D). Interestingly, the involvement of the 51 and V3
integrins and their subunits, such as 1, 3, and V, was also more pronounced in HUVECs
(Figure 7B,C), although the flow cytometry showed comparable amounts of this molecule in
the HUVECs and ADSCs (Figures S4 and S5 in the Supplementary Materials). On the other
hand, the 3 integrin subunit (representing the 31 integrin receptor), which is expressed
mainly in H U V E C s  (Figures S4 and S5 in the Supplementary Materials), appeared to be
involved in Gal-3-mediated adhesion to a lesser extent. These results suggest that the cell
type is an important factor affecting the role of integrins in Gal-3-mediated cell adhesion.
This phenomenon may deserve further investigation in the future.

The 51, V3, and also V1 integrins typically recognize the R G D  motif within the ECM
molecules. Therefore, it can be hypothesized that the adhesion of A DSCs  and H U V E C s
to Gal-3 is mediated by a specific amino acid adhesion sequence in the Gal-3 structure,
which binds to integrin receptors. This is in accordance with our results where the
adhesion of the cells to Gal-3 was significantly blocked by the 10 M V1 inhibitor, which is
of an oligopeptidic RGD-like nature. In micromolar concentrations, this inhibitor can
block a wide range of RGD-binding integrins [32]. The R G D  sequence itself can also
block cell adhesion to Gal-3 [58]. Surprisingly, the adhesion of ADSCs  and H U V E C s  was
partially inhibited by the RGD-containing peptide (Figure 7E), albeit there was no R G D
motif in Gal-3 primary structure. However, it is not uncommon in the integrin superfamily
that a specific type of integrin can bind to different ECM ligands in a “promiscuous”
manner and different types of integrins can bind to the same ligand [59]. Therefore, it
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cannot be excluded that some other amino acid sequence(s) in the Gal-3 molecule may take
part in the integrin–Gal-3 interactions. Another possibility would be the involvement of a
noncanonical binding site on Gal-3 C R D ,  which was shown to be independent of the
blocking of the canonical binding site with -galactosides [49].

When adhered to glass coated with Gal-3, A DSCs  showed a similar morphology to
the untreated glass. In contrast, H U V E C s  on the Gal-3-coated surface exhibited a distinct
morphology when compared with the cells on fibronectin coating or with untreated glass.
H U V E C s  formed clusters of cells with the poorly developed cytoskeleton and “stellate-
like” morphology. Similarly, the formation of “stellate-like” morphology with numerous
lamellipodia and filopodia was observed in epithelial cells after incubation with Gal-3 [60].
There, the Gal-3-induced changes in the cell morphology were mediated by the 31
integrin. In our study, the strong expression of the 31 integrin was observed in HUVECs; in
contrast, only a mild expression of this integrin was detected in ADSCs.  This would
explain the differences in the cell morphology of these two cell types on the Gal-3-coated
surface. A l l  these results suggest that, although Gal-3 interacts with the integrin receptors
and enhances cell adhesion, it is not able to trigger specific integrin-mediated cytoskeletal
formation. It can be explained by the fact that Gal-3 is not a “classical” ligand for integrin
receptors, such as specific oligopeptide sequences within ECM molecules (e.g., RGD) that
bind both  and  chains within the integrin receptor [59]. As  shown in our experiments,
Gal-3 can bind only a single subunit of the integrin receptor, e.g., the V  subunit within the
V3 integrin, as documented in a relatively high inhibitory activity of the V  blockers and
no activity of the 3 blockers. Such a partial binding cannot ensure a fully functional cell
adhesion to Gal-3, at least in some cell types.

Our findings on cell–material adhesion mediated by the optimal concentration of
Gal-3 adsorbed on the material surface may be applied in vascular tissue engineering.
Gal-3 biofunctionalization of relatively bioinert materials used for vascular prostheses
could lead to a better cell adhesion, as observed in the case of A DSCs  and H U V E C s  in
our in vitro experiments. The biofunctionalization of biomaterials with Gal-3 could be
used as a novel alternative approach to the functionalization with short ECM-derived
oligopeptides, which serve as ligands for integrin adhesion receptors and which have
been widely investigated for the improved endothelialization of vascular replacements
based on synthetic polymers [61,62] or decellularized matrices [63]. Furthermore, due to its
positive role in angiogenesis [16], Gal-3 could also be utilized in broader tissue engineering
applications. The Gal-3 biofunctionalization of 3D scaffolds (e.g., for bone or skin tissue
engineering) could attract endothelial cells, facilitate their adhesion, potentiate capillary
formation, and thus support the vascularization process of a scaffold that is very important
for the long-term survival and proper functioning of the newly engineered tissues.

4. Materials and Methods
4.1. Preparation of Human Recombinant Gal-3

A  recombinant His-tagged construct of Gal-3 was produced and purified as described
previously [21]. Gal-3 was recombinantly expressed in the cells of E. coli Rosetta 2 (DE3)
pLysS. The cultivation of precultures (60 mL in 0.5 L  baffled flasks) was done overnight
in Lysogeny broth (LB) medium (0.5% w/v yeast extract, 1.0% w/v tryptone, and 0.5% w/v
NaCl;  pH  7.4) at 220 rpm and 37 C.  The medium contained ampicillin (100 mg/L)  and
chloramphenicol (34 mg/L). After 17 h, the main cultures (600 mL in 3 L  baffled flasks) in
Terrific broth (TB) medium (2.4% w/v yeast extract, 1.2% w/v tryptone, 0.4% v/v glycerin,
17 mM KH2PO4 , and 72 mM K2 HPO4 ; pH 7.0) containing antibiotics were inoculated with
precultures and incubated at 37 C  and 150 rpm until they reached an optical density
(OD600) of 0.6–0.8. Then, the expression of Gal-3 was induced by isopropyl 1-thio--D-
galactopyranoside (0.5 mM). After 24 h, the cells were centrifuged (5000 rpm, 20 min, 4 C)
and frozen at  20 C.  For the purification of Gal-3, E. coli cells were suspended in an
ice-cold equilibration buffer (20 mM Na2 HPO4, 500 mM NaCl, and 20-mM imidazole; pH
7.4) and sonicated on ice (six 30 s cycles, 52% amplitude). After removing the cell debris
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(centrifugation at 13,400 rpm, 15 min, 10 C), the supernatant was filtered through a 0.8 m
syringe filter and loaded on a HisTrap™  HP 5-mL column (GE Healthcare, Chicago, IL ,
USA), according to the manufacturer’s instructions, in an equilibration buffer. Gal-3 was
eluted with elution buffer (20 mM Na2 HPO4, 500 mM NaCl,  and 500 mM imidazole; pH
7.4). The combined fractions containing galectin were dialyzed in SnakeSkin™ Dialysis
Tubing (10 kDa MWCO, Thermo Fisher Scientific, Waltham, MA, USA) overnight against
EPBS buffer (50 mM NaH2PO4, 150 mM NaCl, and 2 mM ethylenediaminetetraacetic acid;
pH 7.5) and for an additional 4 h against PBS buffer (50 mM NaH2PO4 and 150 mM NaCl;
pH 7.5). The usual yield was ca 7-10 g of cells per 1 L  of medium and 5 mg of pure Gal-3
per 1 g  of cells. After sterile filtration, Gal-3 (100–200 M solutions) was stable for 1 to 2
months at 4 C.

4.2. Preparation and Characterization of LacdiNAc Ligand for Gal-3

The disaccharide epitope LacdiNAc, which acts as a selective ligand for Gal-3, was
prepared and structurally characterized as described in our recent work [25].

4.3. Cell Models

Human adipose tissue-derived stem cells (ADSCs) were isolated from a lipoaspirate
obtained by liposuction from the thigh region of a patient (woman, aged 46 years) at a
negative pressure of  200 mmHg. The isolation was conducted in compliance with the
tenets of the Declaration of Helsinki for experiments involving human tissues and under
the ethical approval issued by the Ethics Committee in Na Bulovce Hospital (Budínova
2, C Z  180 00 Prague 8). Written informed consent was obtained from the patient before
the liposuction procedure. The ADSCs were isolated by a method described by Estes et al.
(2010) [64] with the slight modifications reported in our earlier studies [65,66]. Briefly, the
lipoaspirate was rinsed several times in phosphate-buffered saline (PBS) to remove the
blood cells, digested by 0.1% type I  collagenase in PBS for 1 h at 37 C,  and centrifuged.
The obtained vascular–stromal fraction was washed two times, and it was filtered using a
filter with 100-m pores (Cell Strainer; BD Falcon, Franklin Lakes, NJ, USA). After the final
washing and centrifugation, the cells were seeded into tissue culture polystyrene flasks
(75 cm2; TPP, Trasadingen, Switzerland) at a density of 0.16 mL of the original lipoaspirate
per cm2. The cells were expanded in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 40 g/mL of gentamicin, and
10 ng/mL of FGF-2 (GenScript Biotech Co., Piscataway, NJ, USA, Cat. No. Z03116-1).
In passage 2, the cells were characterized by flow cytometry (Accuri C6 Flow Cytometer,
BD Biosciences, San Jose, C A ,  USA), which revealed the presence of standard surface
markers of ASCs, namely CD105 (99.9%), CD90 (99.5%), CD73 (100%), and also, CD29
(100%). However, the ASCs were negative or almost negative for CD31 (0.5%), for CD34
(0.2%), CD45 (3.8%), and for CD146 (4.7%).

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza, Basel,
Switzerland (Cat. No. C2517A, passage 3). The cells were expanded in endothelial cell
growth medium 2 (EGM-2), which was prepared from endothelial cell basal medium 2
(EBM-2, PromoCell, Heidelberg, Germany, Cat. No. C-22111), supplemented with 1%
antibiotic antimycotic solution (v/v, A5955, Sigma-Aldrich, St. Louis, MO, USA) and the
growth medium 2 supplement pack (PromoCell, Heidelberg, Germany, Cat. No. C-39211)
containing hydrocortisone, heparin, ascorbic acid, EGF, VEGF,  IGF-1, FGF-2, and 2% FBS.

4.4. Natural Presence of Gal-3 in ADSCs  and H U V E C s

The natural presence of Gal-3 in the cell types used in this study was determined
by immunofluorescence staining. The cells were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 20 min at room temperature (RT). For staining
of Gal-3 on the cell plasma membrane, the cells were incubated with PBS containing 1%
w/v BSA for 20 min at RT.  BSA was used for blocking the nonspecific-binding sites for
the
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antibodies. After rinsing with PBS, the cells were incubated with a primary anti-Gal-3
antibody, produced in rabbit (Sigma-Aldrich, St. Louis, MO, USA; Cat. No. SAB4501746).
The antibody was diluted in PBS at a ratio of 1:400, and the cells were incubated overnight
at 4 C.  After washing with PBS, the cells were incubated for 1 h at RT  in the dark with
the secondary antibody Alexa Fluor® 488 F(ab’)2 fragment of goat anti-rabbit IgG (H+L),
Invitrogen, Carlsbad, CA ,  USA, Cat. No. A11070; diluted in PBS at a ratio of 1:400. To stain
the intracellular Gal-3, the cells were permeabilized by incubation with PBS containing
1% w/v BSA and 0.1% Triton X-100 for 20 min at RT,  followed by incubation with
PBS containing 1% Tween for another 20 min at RT.  Then, the cells were incubated with
an anti-Gal-3 primary antibody (Sigma-Aldrich, St. Louis, MO, USA; Cat. No.
SAB4501746) and Alexa Fluor® 546 goat anti-rabbit IgG (H  +  L), Invitrogen, Carlsbad,
C A ,  USA, Cat. No. A11010, to visualize the intracellular Gal-3. The presence and
distribution of Gal-3 in the cells were then evaluated using the Andor Dragonfly 503
scanning disc confocal microscope equipped with a Zyla  4.2 PLUS sCMOS camera and
objective H C  PL APO  40/1.10 W CORR CS2 (Andor Technology Ltd., Belfast, UK).

The cytosolic fraction of the ADSCs and H U V E C s  was isolated using the Qproteome
cell compartment kit (Qiagen, Germantown, MD, USA) according to the manufacturer’s
instructions. Briefly, after harvesting, approximately 4  106 cells were washed twice
with PBS, resuspended in 1 mL of ice-cold Lysis buffer, and swayed for 10 min at 4 C.
After centrifugation at 1000 g for 10 min at 4 C, the supernatant (cytosolic proteins) was
transferred into a fresh tube. The proteins were precipitated in acetone for 30 min on ice and
dissolved in 200 L  of SDS-PAGE loading buffer. An equal amount of dissolved cytosolic
proteins (18 L  of ADSCs and 20 L  of HUVECs) was loaded on 12% SDS-polyacrylamide
gel and separated by electrophoresis (15 mA for a gel). Next, the proteins were transferred
onto a 0.45-m nitrocellulose membrane (100 V, 2 h, 4 C). After washing with Tris-buffered
saline with Tween 20 (TBS-T; 20 mM Tris, 14-mM NaCl,  and 0.1% Tween 20; pH 8.0), the
membrane was blocked with 10% milk in TBS-T for 2 h at room temperature. Subsequently,
the membrane was incubated with a primary antibody against human Gal-3 (D4I2R, 1:1000,
Cell  Signaling Technology, Danvers, MA, USA) at 4 C  overnight in 5% milk in TBS-T
and, then, with the HRP-conjugated anti-rabbit secondary antibody (1:5000, Abcam,
Cambridge, UK).  The signal was developed in the SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Fisher Scientific, Waltham, MA, USA) and documented
using the G:BOX Chemi XRQ gel doc system with GeneTools software (Syngene, Synoptics
Group, Cambridge, UK).

4.5. Association of Free Gal-3 with the Cell Surface

H U V E C s  or ADSCs  were grown to confluence in 96-well tissue culture polystyrene
plates (TPP; Trasadingen, Switzerland, Cat. No. 92096). Then, the medium was removed,
and the cells were incubated in 50 L  of fresh EGM-2 containing Gal-3 in concentrations of 0,
0.03, 0.1, 0.3, 1, 3, 10, or 30 M for 1 h at 37 C. The cells were then fixed with paraformalde-
hyde without permeabilization and were stained by immunofluorescence for Gal-3 bound
on the cell cytoplasmic membrane, as described in Section 4.4, using the anti-Gal-3 antibody
(EP2775Y) produced in rabbits (Abcam, Cambridge, U K ;  Cat. No. ab76245). The amount
of Gal-3 on the cell surface was then estimated spectrophotometrically using a Synergy™
H T  Multi-Mode Microplate reader (BioTek, Winooski, VT, USA) by measuring the fluores-
cence intensity of the stained Gal-3 bound to the cell membrane (Ex./Em. =  485/528 nm).
The microphotographs were taken using an Olympus I X  71 epifluorescence microscope
equipped with a DP 70 digital camera (Olympus, Tokyo, Japan).

Potential blocking of the association of Gal-3 with the cell membrane with LacdiNAc
was then investigated. First, Gal-3 was diluted in the EGM-2 medium to the concentration
of 30 M (which proved to be the optimum concentration for the association of Gal-3 with the
cell surface, as indicated by Figures 2 and 3). Gal-3 was then incubated with LacdiNAc
added to the same medium in 0, 0.01, 0.1, 1, 10, 50, or 100 mM concentrations for 1 h at
37 C. After that, 50 L  of the media, with a combination of Gal-3 and each concentration
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of LacdiNAc, were added to the confluent layers of H U V E C s  in 96-well plates and were
incubated with the cells for another 1 h at 37 C.

The optimum concentration of LacdiNAc for blocking the association of Gal-3 with
cells was then selected (1 mM; Figure 4) and used for further blocking experiments, in which
Gal-3 and LacdiNAc were added to the cells in a different order. In these experiments, the
cells were first incubated with 30 M Gal-3 for 1 h, then were rinsed with PBS and incubated
for an additional 1 h with 1 mM LacdiNAc or contrariwise. A  group of cell samples
was also incubated with a mixture of 30 M Gal-3 and 1 mM LacdiNAc. Reference cell
samples were incubated for 1 h either with Gal-3 (30 M) alone or with LacdiNAc (1 mM)
alone. The cells were then fixed with paraformaldehyde and stained for the cytoplasmic
membrane-bound Gal-3. The amount of Gal-3 was then estimated spectrophotometrically,
as mentioned above.

4.6. Cell Adhesion to Gal-3 Immobilized on Cultivation Substrate

For studies on the effect of Gal-3 as a cell adhesion ligand, this protein was adsorbed
from a PBS solution overnight at 4 C  on the bottom of the wells in xCELLigence 96-well E-
plates (E-plate view 96 PET, Cat. No. 300600910, A C E A  Biosciences, San Diego, C A ,
USA). The PBS solutions contained 0, 0.1, 0.33, 1, 3.3, 10, or 33 M Gal-3. For each
concentration, six wells were used. One-half of these wells were blocked with 0.5% w/v
bovine serum albumin (BSA) in PBS for 1 h at 37 C, and the other half was left unblocked.
The wells were then rinsed twice with PBS to remove unbound Gal-3 and BSA molecules
and seeded with ADSCs or HUVECs at a density of 104 cells/well in 200 L  of the cell
culture medium. Pure DMEM and pure EBM-2 without any additives were used for the
A DSCs  and H U V E C s ,  respectively. The cells in the plates were then incubated for 4 h at
37 C  in a humidified atmosphere containing 5% CO2 in the air, and the cell adhesion was
monitored every 3 min for 4 h with a sensory xCELLigence system (Agilent Technologies,
Waltham, MA, USA). This system enables the label-free, real-time monitoring of cell
adhesion and growth based on electrical impedance, which is generated by the cells
adhering to the bottoms of the sensory E-plates with interdigitated gold electrodes.
During the first day after cell seeding, this impedance is generated mainly by cells
initially attached to the well bottom and by the subsequent cell spreading, whereas, in
the following days, the impedance is mainly attributed to the increase in the cell
number, i.e., to the cell proliferation. The relative changes of the impedance in time are
calculated by RT C A  software ( A C E A  Biosciences, San Diego, CA,  USA) as the cell index (CI).
The cell index is defined as follows: C I  = (impedance at time point n)—(impedance in the
absence of cells)/(nominal impedance value). The normalized cell index value
represents the cell index value of a sample normalized to the control sample (ctrl); thus,
the cell index values of the samples are calculated proportionally to the cell index value of
the control, which is set to 1.

The potential blocking of cell adhesion on substrate-immobilized Gal-3 with LacdiNAc
was also investigated. The wells in an xCELLigence E-plate were preadsorbed with Gal-3 at
a 1 M concentration, which proved as the optimum concentration for the adhesion of both
ADSCs and HUVECs (see below in Figure 5 and Table S1 in the Supplementary Materials).
The wells were then blocked with 0.5% w/v BSA in PBS and were preincubated with 100 L  of
pure DMEM containing LacdiNAc in concentrations of 0, 1, 2, 4, 10, 20, and 40 mM at 37
C.  After 1 h, the wells were seeded with A DSCs  at a density of 104

 cells/well in 100 L  of
pure DMEM containing the respective concentration of LacdiNAc. The cells were incubated
at 37 C  in a humidified air atmosphere containing 5% CO2 in the xCELLigence system,
where the cell adhesion was monitored every 15 min for 4 h.

4.7. The Role of Integrin Adhesion Receptors in Gal-3-Mediated Cell Adhesion

To study the role of integrin receptors in Gal-3-mediated cell adhesion, the wells in
an xCELLigence E-plate were coated with 1 M Gal-3 and blocked with 0.5% w/v BSA as
described above. The A DSCs  or H U V E C s  were trypsinized and resuspended in a pure
medium to a final concentration of 105 cells/mL. The cell suspension was then incubated
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in wells of non-tissue culture-treated 24-well polystyrene plates (Corning Inc., Corning,
NY,  USA, Cat. No. 351147) at 37 C  for 30 min in a rotary shaker (300 rpm) with ethylenedi-
aminetetraacetic acid (EDTA), a potent chelator of calcium, which is indispensable for the
adhesion function of integrin receptors. The cells were incubated with E D TA  in 0.1, 1, and 10
mM concentrations. To observe the role of the RGD-binding integrins in Gal-3-mediated cell
adhesion, the cells were incubated with the GRGDSP peptide (SCP0157, Sigma-Aldrich, St.
Louis, MO, USA) at the concentration of 200 M. The GRADSP peptide (SCP0156, Sigma-
Aldrich, St. Louis, MO, USA) was used as a negative control. To specify the type of
integrin receptor that was involved in Gal-3-mediated cell adhesion, the cells were
incubated with antibodies against the integrin subunit V  (Millipore, Burlington, MA,
USA, MAB2021Z, clone AV1,  which binds to the V  integrin subunit [67] and blocked the
adhesion to various substrates [68]); subunit 3 (Millipore, Burlington, MA, USA,
MAB1952Z, clone P1B5, which specifically binds to the 3 subunit and inhibits the ad-
hesion to collagen, fibronectin, or laminin [69]); subunit 1 (Millipore, Burlington, MA,
USA, MAB2253, clone 6S6, which binds specifically to the 1 integrin subunit [70] and
blocks the adhesion to collagen or fibronectin [71]); subunit 3 (Millipore, Burlington,
MA, USA, MAB2023Z, clone B3A, which is specific to the 3 subunit and inhibits cell
adhesion [72,73]); against integrin V3 (Millipore, Burlington, MA, USA, MAB1976, clone
LM609, which specifically recognizes an epitope on the V3 heterodimer and prevents the
adhesion to vitronectin, fibrinogen, or the von Wilebrand factor [74]); integrin 51
(Millipore, Burlington, MA, USA, MAB1969, clone JBS5, which recognizes an epitope on
the 51 integrin heterodimer [75] and inhibits the adhesion to fibronectin [76]); or inte-grin
21 (Millipore, Burlington, MA, USA, MAB1998, clone BHA2.1, which specifically
recognizes the 21 heterodimer, is unable to bind the integrin receptor-lacking I-domain, and
blocks the adhesion to collagen or laminin [77]); or with an V1 integrin inhibitor
(MedChemExpress, Monmouth Junction, NJ, USA, HY-100445A). Mouse monoclonal IgG1
(Millipore, Burlington, MA, USA, MABC002) was used as the isotype control. The antibody
against the V  integrin subunit was used in the 1:25 dilution, and the other antibodies
were used in a concentration of 20 g/mL.  The V1 integrin inhibitor was used in the
concentrations of 0.01, 0.1, and 10 g/mL. The cells were then seeded in wells of xCELLi-
gence E-plates into 100 L  of medium (104 cells/well), and the initial cell adhesion was
measured for 4 h.

To analyze the expression of integrin adhesion receptors on the cell surface, the
antibodies against integrin subunits V  (MAB2021Z), 3 (MAB1952Z), 1 (MAB2253), 3
(MAB2023Z), and against integrins V3 (MAB1976), 51 (MAB1969), and 21 (MAB1998),
were used. A l l  these antibodies were purchased from Millipore, Burlington, MA, USA.
The ADSCs and HUVECs were trypsinized and resuspended in PBS containing 0.5% w/v
BSA. The cells were incubated with primary antibodies on ice for 20 min. The antibody
against the V  integrin subunit was used in the dilution 1:50, and the other primary
antibodies were used in a concentration of 10 g/mL.  Then, the cells were cen-trifuged
and washed in 0.5% w/v BSA and incubated with anti-mouse IgG conjugated with
Alexa Fluor 488 (10 g/mL,  Cat. No. A11017, Thermo Fisher Scientific, Waltham, MA,
USA) for another 15 min on ice. The cells were centrifuged and washed in 0.5% w/v BSA.
The presence of integrins on the cell surface was analyzed using a NovoCyte® Flow
Cytometer ( A C E A  Biosciences, Agilent, Santa Clara, C A ,  USA). At  least 30,000 ADSCs and
15,000 H U V E C s  were analyzed per sample. To determine the background fluorescence
signal, the cells were left unstained or incubated with nonspecific mouse monoclonal IgG1
(Millipore, Burlington, MA, USA, MABC002) and, then, with the secondary antibody.

4.8. Comparison of Gal-3 with Other Adhesion Ligands and Cell Morphology

To compare the cell adhesion-promoting ability of Gal-3 with the other extracellular
proteins commonly used for material surface coatings, 96-well glass plates (Cellvis, Moun-
tain View, C A ,  USA, P96-1.5H-N) were preadsorbed with Gal-3 (1 M in PBS), fibronectin (20
g / m L  in PBS), or collagen I  (50 g / m L  in 0.02 M acetic acid) overnight at 4 C  and
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then blocked with 0.5% w/v BSA for 1 h at 37 C. The ADSCs or HUVECs were seeded at a
density of 7.5  103

 cells/well in 200 L  of the pure medium (DMEM or EBM-2, respec-
tively). After 4 h of incubation at 37 C, the cells were fixed, permeabilized, and stained to
visualize vinculin-containing focal adhesions in the cell membrane and filamentous actin
(F-actin) cytoskeleton.

For visualizing the vinculin-containing focal adhesions, the cells were fixed and
permeabilized as described in Section 2.4. The cells were then stained with an antibody
against vinculin, an integrin-associated focal adhesion protein (mouse monoclonal antibody,
Cat. No. V9131, Sigma-Aldrich; dilution 1:400) overnight at 4 C.  The cells were washed
with PBS and were incubated with anti-mouse IgG conjugated with Alexa Fluor 488 (Cat.
No. A11017, Thermo Fisher Scientific, Burlington, MA, USA; dilution 1:400) for 1 h at
RT  in the dark. At  the same time, the F-actin cytoskeleton was stained with phalloidin-
TRITC (0.1 g/mL in PBS, Sigma-Aldrich, St. Louis, MO, USA), and the cell nuclei were
counterstained with Hoechst 33,258 (10 g/mL in PBS) for 1 h at RT  (both dyes were added
into the secondary antibody solution).

The stained cells were observed through the Olympus epifluorescence microscope
IX71 (DP71 digital camera, objective magnification 20, 40, or 100). The morphology
characteristics, such as cell area, perimeter, circularity, and solidity (i.e., a parameter
inversely correlated with the presence of protrusions on the cell surface), were evaluated
from microphotographs using ImageJ software (National Institutes of Health, Bethesda,
MD, USA; version FIJI 2.0.0-rc-68/1.52 h).

4.9. Statistics

The data in the graphs are shown as the mean  SD from three wells. The data
depicted in Figure S9 in the Supplementary Materials (comparisons of the morphology
characteristics of the cells) were statistically analyzed using A N O VA  on Ranks, Dunn0s
method, p  0.05. The data in the remaining figures were analyzed with the use of one-way
ANOVA ,  Holm-Sidak test, p  0.05. The data were analyzed with SigmaPlot 14.0 software
(Systat Software Inc., San José, C A ,  USA).

5. Conclusions

We found that Gal-3 is naturally present on the surface of human adipose tissue-
derived stem cells (ADSCs) and human umbilical vein endothelial cells (HUVECs).  Gal-3
from extracellular environments, e.g., from the culture medium, can associate with these
cells in a concentration-dependent manner, and this association can be significantly reduced
by LacdiNAc, a selective ligand for Gal-3, bound to the canonical binding site on the
carbohydrate recognition domain (CRD) of the Gal-3 molecule. Moreover, LacdiNAc can
detach the newly associated Gal-3 from the cells in a concentration-dependent manner.
These results indicate that free extracellular Gal-3 can associate with cells through its
C R D  domain.

Another important finding of this study is that Gal-3 acts as an extracellular ligand
mediating cell adhesion. After the adsorption on tissue culture well plates and blocking the
nonspecific binding sites with BSA (which is a nonadhesive for cells), Gal-3 promoted the
initial adhesion of ADSCs and HUVECs, and LacdiNAc was not able to block this adhesion
when incubated with the adsorbed Gal-3 before cell seeding or when added into the cell
culture medium. Therefore, cell adhesion to extracellular Gal-3 seems to be mediated by a
binding site different from the carbohydrate-binding site on the C R D ,  which has not
been observed so far and should be further investigated. On the cell membrane, the cell
adhesion to the substrate-bound Gal-3 is mediated, at least partially, by integrins with
the V  and 1 chains—namely, with the 51, V3, and V1 integrins, as revealed by integrin-
blocking experiments with specific anti-integrin antibodies.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22105144/s1: Figure S1: Spreading of ADSCs  and H U V E C s  on wells of E-plates in the
xCELLigence system four hours after seeding. Figure S2: The effect of LacdiNAc on the spreading
of ADSCs  four hours after seeding into untreated wells or wells preadsorbed with 1 M Gal-3 and
blocked with BSA. Figure S3: Role of integrins in the spreading of ADSCs  and H U V E C s  on
substrate-immobilized Gal-3 (four hours after seeding). Figure S4: Cell surface expression of integrins
on ADSCs.  Figure S5: Cell  surface expression of integrins on H U V E C s .  Figure S6: Adhesion of
ADSCs  on wells one hour after seeding in a medium containing various concentrations of the V1
inhibitor. Figure S7: Fluorescence staining of ADSCs and HUVECs adhered to various protein-coated
glass surfaces 4 h after cell seeding (objective magnification 40). Figure S8: Fluorescence staining of
ADSCs and H U V E C s  adhered to various protein-coated glass surfaces four hours after cell seeding
(objective magnification 100). Figure S9: The morphology characteristics of ADSCs  and H U V E C s
adhered to various protein-coated glass surfaces four hours after seeding.
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Abbreviations

A D S C Adipose tissue-derived stem cells
BSA Bovine serum albumin
C I Cell index
C R D Carbohydrate recognition domain
EBM-2 Endothelial cell basal medium-2
ECM Extracellular matrix
EGF Epidermal growth factor
EGM-2 Endothelial cell growth medium-2
EPC Endothelial progenitor cell
FBS Fetal bovine serum
FGF-2 Fibroblast growth factor-2
Gal-3 Galectin-3
GRGDSP Gly-Arg-Gly-Asp-Ser-Pro integrin-blocking RGD-based peptide
H I V Human immunodeficiency virus
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HPMA N-(2-Hydroxypropyl) methacrylamide
H U V E C Human umbilical vein endothelial cell
IGF-1 Insulin-like growth factor-1

2-Acetamido-2-deoxy--D-galactopyranosyl-(1!4)-2-acetamido-2-deoxy-D-
glucopyranose

LacNAc -D-Galactopyranosyl-(1!4)-2-acetamido-2-deoxy-D-glucopyranose
PBS Phosphate-buffered saline
R G D Arg-Gly-Asp binding motif
RT Room temperature
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12. Laaf, D.; Bojarová, P.; Pelantová, H.; Křen, V.; Elling, L .  Tailored multivalent neo-glycoproteins: Synthesis, evaluation, and
application of a library of galectin-3-binding glycan ligands. Bioconjug. Chem. 2017, 28, 2832–2840. [CrossRef] [PubMed]
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Abstract
The aim of our research was to study the behaviour of adipose tissue-derived stem cells (ADSCs)
and vascular smooth muscle cells (VSMCs) on variously modified poly(L-lactide) (PLLA) foils,
namely on pristine PLLA, plasma-treated PLLA, PLLA grafted with polyethylene glycol (PEG),
PLLA grafted with dextran (Dex), and the tissue culture polystyrene (PS) control. On these
materials, the ADSCs were biochemically differentiated towards VSMCs by a medium

supplemented with TGFβ1, BMP4 and ascorbic acid (i.e. differentiation medium). ADSCs
cultured in a non-differentiation medium were used as a negative control. Mature VSMCs cultured
in both types of medium were used as a positive control. The impact of the variously modified
PLLA foils and/or differences in the composition of the medium were studied with reference to cell
adhesion, growth and differentiation. We observed similar adhesion and growth of ADSCs on all
PLLA samples when they were cultured in the non-differentiation medium. The differentiation
medium supported the expression of specific early, mid-term and/or late markers of differentiation

(i.e. type I collagen, αSMA, calponin, smoothelin, and smooth muscle myosin heavy chain) in
ADSCs on all tested samples. Moreover, ADSCs cultured in the differentiation medium revealed
significant differences in cell growth among the samples that were similar to the differences
observed in the cultures of VSMCs. The round morphology of the VSMCs indicated worse
adhesion to pristine PLLA, and this sample was also characterized by the lowest cell proliferation.
Culturing VSMCs in the differentiation medium inhibited their metabolic activity and reduced the
cell numbers. Both cell types formed the most stable monolayer on plasma-treated PLLA and on
the PS control. The behaviour of ADSCs and VSMCs on the tested PLLA foils differed according to
the specific cell type and culture conditions. The suitable biocompatibility of both cell types on the
tested PLLA foils seems to be favourable for vascular tissue engineering purposes.

1. Introduction

Cardiovascular diseases have a high incidence in
many countries, and are responsible for almost
one third of all deaths worldwide. Atheroscler-
osis is a very frequent degenerative disorder of
the blood vessels, characterized by the impaired

function of endothelial cells (ECs) leading to abund-
ant storage of low-density lipoprotein particles.
Non-invasive treatment of atherosclerosis usually
involves adjusting nutrition habits and medication.
However, when there is excessive vessel degenera-
tion, surgical vascular replacement often becomes
necessary.

© 2021 IOP Publishing Ltd
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Current vascular replacement options include
biological and synthetic vascular grafts. Biological
grafts are mainly represented by autologous grafts.
Allografts and xenografts are less routinely used.
Autologous grafts can be harvested from arteries
(e.g. from arteria thoracica interna or arteria radialis)
or from superficial veins (e.g. vena saphena). These
grafts are widely used. They are the ideal choice for
small-diameter vascular replacements (i.e. <5 mm),
which are associated with a high risk of thrombosis
(for a review, see Carrabba et al 2018). Although
autologous grafts provide ideal properties, the oppor-
tunities for harvesting a vessel graft in good con-
dition and of sufficient size are very limited, and
the required surgery can increase patient morbid-
ity. Unmodified allografts or xenografts can evoke
an immunogenic response in the host organism.
However, procedures for decellularizing these grafts
seem to be an interesting approach to the use of a
low-immunogenicity scaffold composed of natural
extracellular matrix (ECM), which can be seeded
with the patient’s autologous cells. Nevertheless, the
unavailability of suitable biological grafts continues
to intensify the demand for novel synthetic vascular
grafts.

For decades, synthetic scaffolds for clinically-used
vascular grafts have been made of non-degradable
polyethylene terephthalate or polytetrafluorethylene
(for a review, see Chlupac et al 2009). These materi-
als are non-toxic per se, but they are hydrophobic and
bio-inert, with a limited bioactive capacity to some-
how remodel or support the cell–material interaction.
New biodegradable natural or synthetic compounds
have therefore been studied with a view to improv-
ing the properties of the graft (i.e. by improving the
mechanical properties of the graft, by supporting cell
attachment and growth, by finding ways to avoid
activating the blood coagulation cascade and throm-
bosis formation, or by improving the gradual con-
trolled bio-degradation of the biomaterial) (Chlupac
et al 2009). The list of promising compounds includes
various forms of polyurethanes, polycaprolactone,
poly(L-lactide) (PLLA), poly(glycolic acid), polyvinyl
alcohol, alginate, chitosan, and some copolymers of
these compounds, such as poly(DL-lactic acid-co-
glycolic acid) (PLGA) (for a review, see Pashneh-
Tala et al 2016, Hielscher et al 2018). These poly-
mers can be used in various ways to create mono-,
bi- or tri-layer scaffolds (for a review, see Goins
et al 2019). In addition, the biomaterial itself can be
improved with the use of various natural compon-
ents and coatings (e.g. collagen, fibrin, fibronectin,
laminin or dextran (Dex) coating), which can mimic
the naturally present ECM and other molecules, and
can support the adhesion, growth and differentiation
of vascular cells (Goins et al 2019, Pashneh-Tala et al
2016, Filova et al 2014). Moreover, various growth
factors (e.g. VEGF, FGF2, PDGF), biologically active
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molecules (e.g. heparin, Dex, sirolimus, simvastatin),
and various amino acid sequences, which serve as lig-
ands for cell adhesion receptors, e.g. RGD, can be
incorporated into the coatings in order to amelior-
ate the bioactivity of the grafts (for a review, see
Strobel et al 2018). Last but not least, scaffold-free
approaches suggest the use of cell-sheets only (i.e.
confluent layers of cells to create appropriate tissue-
engineered vascular grafts (TEVGs) (Carrabba and
Madeddu 2018).

PLLA is a semi-crystalline polyester with a
wide range of biomedical applications thanks to its
biocompatibility, its relatively slow biodegradabil-
ity and high mechanical strength (for a review, see
Gritsch et al 2019). PLLA can be fabricated into
scaffolds of various shapes and with various prop-
erties (e.g. fibres, membranes, films, foils). However,
the material is relatively highly hydrophobic. This
property can restrict the biomedical applications of
PLLA, due to the impaired cell–material interactions
(Gritsch et al 2019).

Plasma treatment is generally used to modify the
chemical and physical properties of polymers. Vari-
ous gases, e.g. air, oxygen (O2), argon (Ar), nitrogen
(N2), NH3, C3F8, can be applied as plasma sources
to create reactive functional groups on an origin-
ally inert biomaterial. These functional groups can
enhance the attachment of other biomolecules, such
as peptide molecules or natural polymers. In addi-
tion, these changes reduce the water contact angle
(CA), i.e. they increase the wettability of the material,
which is known to affect the subsequent cell adhesion,
morphology, viability or growth (Wan et al 2003,
Nakagawa et al 2006).

Polyethylene glycol (PEG) is a hydrophilic poly-
mer without or with low levels of toxicity and
immunogenicity, which is advantageous for biomed-
ical applications. Depending on its molecular weight,
it can be used for surfacemodifications, as a compon-
ent of particles for transporting various molecules, or
as a hydrogel compound that can be further modi-
fied to achieve better bioactive properties (Zhu 2010).
PEG can serve as an inhibitor of protein adsorp-
tion (Alcantar et al 2000) and cell attachment, which
gives anti-adhesive and anti-bacterial characteristics
to this material (Mas-Moruno et al 2019). PEG is
also suitable for vascular engineering, due to its non-
thrombogenic and highly elastic properties (Hahn
et al 2007).

Dex is a hydrophilic polysaccharide that can be
present in a wide range of molecular weights. It
provides suitable biodegradable and biocompatible
properties in biomedical applications, with multiple
positive effects specifically in vascular applications,
similarly to PEG. It has been reported that Dex
provides an anti-thrombogenic effect by inhibiting
the activation of blood coagulation (Alexandre et al
2015) and, similarly to PEG, it has also been used as a
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plasma expander that lowers the viscosity of the blood
(Chatpun and Cabrales 2011).

Current vascular tissue engineering aims to
create cellular TEVGs characterized by zero or at
least low immunogenicity, by non-thrombogenicity
or anti-thrombogenicity, and also by appropri-
ate     biodegradable     and     mechanical     properties.
Patient autologous cells are believed to poten-
tially ameliorate the acceptance of vascular grafts.
However, autologous mature cells, i.e. ECs and
vascular smooth muscle cells (VSMCs), can be
used for graft seeding only in limited quantit-ies.
New sources of immature pluripotent or mul-
tipotent stem cells have therefore been investig-
ated.

VSMCs are the main component of tunica media
(i.e. the middle layer of arteries), and they are
responsible for the contractile function of blood
vessels. The ability to contract is very important
for maintaining appropriate blood pressure levels
(Chang et al 2014).

Adipose tissue-derived stem cells (ADSCs) are
adult multipotent stem cells of mesenchymal ori-
gin. Currently, adult mesenchymal stem cells seem
to be one of the most promising sources of stem
cells for vascular tissue engineering (Zhang et al 2017,
Hielscher et al 2018). The main advantages of ADSCs
are their relatively easy accessibility, the availability
of sufficient quantities in almost all patients, a high
proliferation rate, a low tendency to senescence and,
last but not least, the potential to differentiate towards
various cell types (for a review, see Travníckova and
Bacakova 2018, Bacakova et al 2018a). ADSCs have
also been reported to differentiate towards VSMCs,
depending on the composition of the medium, the
properties of the biomaterial, and the dynamic cul-
ture conditions (Zhang et al 2017, Bacakova et al
2018b).

The influence of individual polymers and ECM
components has been widely studied. However,
our work presented here deals with more complex
studies of combinations of modified polymers and
composite media. Little is known about the inter-
action of ADSCs and VSMCs with PLLA mod-
ified by plasma treatment and subsequent graft-
ing with PEG or Dex, i.e. molecules with posit-ive
effects in vascular applications. In particular,
the influence of modifications to PLLA on the dif-
ferentiation of ADSCs towards VSMCs, and the
influence of modifications to PLLA together with a
differentiation medium on its potential use in
TEVG fabrication seems to be an uninvestigated
topic.

Our previous study suggested favourable biocom-
patibility of plasma-treated PLLA foils in short-
term interaction with ADSCs (Bacakova et al 2018a).
The first aim of our present study was therefore
to observe the interaction, biocompatibility, longer-
term growth, and potential differentiation of ADSCs
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towards VSMCs, on the one hand, and the pheno-
typic maturation of VSMCs on pristine and variably
modified PLLA foils, on the other. The second aim
of our study was to investigate the cell behaviour on
these same materials while culturing them in a differ-
entiation medium.

2. Materials andmethods

2.1. Biomaterial preparation
2.1.1. Material
Biopolymer poly(L-lactic acid) (PLLA), crystallin-
ity (60%–70%), density 1.25 g · cm−3, thickness 50
µm (±20%) (purchased from Goodfellow, UK)
was used for this experiment. Circular samples with
a final diameter of 2 cm were cut from polymer
sheets.

2.1.2. Modifications
2.1.2.1. Plasma treatment
The PLLA foils were treated by Ar+ plasma in Balzers
SCD 050 under the following conditions: gas purity
99.997%, pressure 10 Pa, electrode distance 50 mm,
power 3 W, treatment time 240 s, room temperature
(RT), area of 48 cm2, chamber volume of ca 1 000 cm3

and plasma volume of 240 cm3.

2.1.2.2. Chemical grafting
Some of the plasma-treated polymer samples were
chemically grafted by immersing them into a 2%
aqueous solution of PEG (Mr = 20 000, Sigma Ald-
rich, USA) or into a 2% aqueous solution of Dex
(Mr = 9 000–11 000, Sigma Aldrich, USA) for 20 h
at RT. The non-bonded PEG or Dex was removed by
immersing the samples into distilled water for 24 h.
Subsequently the samples were dried for 12 h at RT.

2.1.2.3. Etching
Some of the plasma-treated polymers samples were
immersed into deionized water for 20 h immediately
after plasma treatment. These samples were used as a
control to samples grafted with PEG or Dex.

In this work, we studied several types of polymeric
substrates (samples): (i) pristine PLLA, (ii) PLLA
plasma-treated for 240 s (PLLA240), (iii) plasma-
treated PLLA etched in water, (iv) plasma-treated
PLLA grafted with PEG and (v) plasma-treated PLLA
grafted with Dex.

2.2. Biomaterial characterization
2.2.1. Surface characterization
Physico-chemical and morphological analyses of the
pristine and modified PLLA samples were performed
by a variety of measurement techniques. It is known
that the water CA of plasma-modified PLLA depends
on the period of time after modification. The ageing
time was determined by goniometry. The other ana-
lyses were performed only on the aged samples (more
than 30 d after plasma treatment).
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2.2.2. Contact angle
The surface CA was measured using the static water
drop CA method. The measurements and the eval-
uation were performed using the See System (Advex
Instruments, CZ). The water drops for the CA meas-
urements were created using drops of distilled water
on three samples, at ten different positions on the sur-
face of the material of each sample at RT. The CAs of
all modified samples were measured over a period of
50 d after their final modification.

2.2.3. Surface morphology and roughness
The surface morphology and the roughness of the
pristine andmodified samples were determined using
a Dimension ICON (Bruker Corp.), QNM mode in
Air, silicon Tip on Nitride Lever SCANASYST-AIR,
spring constant 0.4 N m−1 and a frequency of 70 kHz
was used. NanoScope Analysis software was applied
for scan evaluation. The mean roughness value (Ra)
represents the arithmetic average of the deviation
from the centre plane of the sample. Each sample was

measured three times (regions of 10× 10µm2), inde-
pendently.

2.2.4. Chemical composition
The concentrations of the C(1s), N(1s) and O(1s)
atoms in the treated surface layer were measured by
X-ray Photoelectron Spectroscopy (XPS). An Omic-
ron Nanotechnology ESCAProbeP spectrometer was
used to measure the spectra of the modified polymer

surfaces. An area of 2 × 3 mm2 was analysed. The
x-ray source provided monochromatic radiation of
1486.7 eV. The spectra were measured with a step size
of 0.05 eV. The spectra were evaluated with the use of
CasaXPS software. The concentration of the elements
is given as the atomic percentage.

2.3. Cell isolation
2.3.1. ADSCs
The isolation of the cells was performed in com-
pliance with the Declaration of Helsinki and under
ethical approval from the Ethics Committee at Na
Bulovce Hospital in Prague. Written informed con-
sent approving experimental use of extracted adipose
tissue was obtained from the healthy donor before
the liposuction procedure was applied. The ADSCs
were isolated using collagenase digestion of adipose
tissue; for a detailed description of the isolation pro-
cedure, see our previous research (Przekora et al 2017,
Travnickova et al 2020). In brief, the lipoaspirate was
washed several times with phosphate buffer saline
(PBS; Sigma Aldrich) and was digested using a solu-
tion of collagenase type I (Worthington Biochem-
ical Corp.). After digesting and subsequent centrifu-
ging, the mature adipocytes and the digested tissue
were aspirated, and the remaining stromal vascular
fraction containing the ADSCs was seeded into cul-
ture flasks. The ADSCs (passage 2) were characterized
by flow cytometry (Accuri C6 Flow Cytometer) to
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confirm the presence of mesenchymal stem cells and
the absence of other cell types. Phycoerythrin, FITC,
Alexa488- or Alexa647-conjugated monoclonar anti-
bodies against CD105, CD90, CD73, CD29, CD146,
CD45, CD34 and CD31 were used. The percentage
of positive cells for specific CD markers was as fol-
lows: CD105 (98.3%), CD90 (99.2%), CD73 (100%),
CD29 (99.9%), CD146 (81.7%), CD45 (6.9%), CD34
(1.7%), CD31 (1.8%).

2.3.2. VSMCs
The cells were isolated from porcine aorta by the
explantation method, according to a protocol pre-
viously described in Liskova et al (2017). In brief,
the porcine aorta was washed with PBS and the
outer tunica adventitia was gently removed. The aor-
tic wall was longitudinally cut and the tunica intima,
together with 2/3 of the tunica media, was gently
separated and cut into small pieces. The cut pieces
were digested using collagenase type III (Worthington
Biochemical Corp.) and were subsequently seeded
into culture flasks. The cells were cultured and were
characterized by positive immunofluorescence stain-

ing for α-smooth muscle actin (αSMA), calponin, h-
caldesmon, desmin and smoothmusclemyosin heavy
chain (SM-MHC), andwere used as a positive control
for ADSCs differentiating towards VSMC phenotype.
Porcine VSMCswere chosen due to the relatively high
similarity of the porcine and human cardiovascular
systems, and due to the relatively high stability of
the differentiated contractile phenotype in these cells
(Christen et al 1999). The similarities in morphology
and in physiology can be exploited for further preclin-
ical in vivo studies of material biocompatibility.

2.4. Cell culturing
For the cell seeding experiments, pristine PLLA, PLLA
plasma-treated for 240 s, plasma-treated PLLA graf-
ted with PEG, and plasma-treated PLLA grafted with
Dex samples were used. Prior to cell seeding, the
samples (PLLA, PLLA240, PEG, and Dex) were ster-
ilized in 70% ethanol for 1 h and were then rinsed
with PBS. Subsequently, the samples were inserted
in a 12-multiwell plate and were fixed by inert glass
circles. Tissue culture polystyrene (PS), represented
by the bottoms of the wells in a 12-multiwell plate,
was used as the control.

The ADSCs (passage 2) were seeded at a density of
8000 cells per cm2 in 2ml per well of Dulbecco’sMod-
ified Eagle Medium (DMEM; Gibco, Thermo Fisher
Scientific) supplemented with 10% (vol vol−1) foetal
bovine serum (FBS; Gibco, Thermo Fisher Scientific),
gentamicin (40 µg ml−1; Sandoz, Novartis) and
basic fibroblast growth factor (10 ng mL−1, FGF2;
GenScript). After 4 d of cultivation, the medium
was changed to trigger differentiation of ADSCs
towards VSMCs. The medium referred to as the
‘differentiation medium’ contained DMEM supple-
mented with 2% (vol vol−1) FBS, transforming
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Figure 1. A detailed scheme of the cell culture in the experiment. ADSCs and VSMCs were used for seeding on modified PLLA
foils. The studied samples were as follows; pristine PLLA, plasma-treated PLLA for 240 s (PLLA240), plasma-treated PLLA grafted
with PEG, plasma-treated PLLA grafted with Dex, and control tissue culture PS. After the initial growth of the cells in the
non-differentiation medium, the differentiation medium was added on day 4 (in ADSCs) or on day 7 (in VSMCs). The adhesion,
proliferation, and differentiation of the cells during the experiment was studied.

growth factor beta 1 (2.5 ng mL−1, TGFβ1; Abcam),
bone morphogenetic protein 4 (2.5 ng mL−1, BMP4;
SigmaAldrich) and ascorbic acid (150µM,AA; Sigma
Aldrich). The controlmedium referred to as the ‘non-
differentiation medium’ contained DMEM supple-
mented with 10% (vol vol−1) FBS only. The ADSCs
were cultured for 21 d in total; i.e. for 17 d with a dif-
ferentiation medium. For the detailed design of the
experiment, see figure 1. The ADSCs cultured in the
non-differentiation medium were used as a negat-
ive control to ADSCs that were differentiated towards
VSMCs.

The VSMCs (passage 4) were seeded at a dens-
ity of 14 000 cells per cm2     in DMEM supple-
mented with 10% (vol vol−1) FBS. From day 7
of the culture, the medium was changed similarly
to ADSCs. The ‘differentiation medium’ contained
DMEM supplemented with 2% (vol vol−1) FBS,
TGFβ1 (2.5 ng mL−1), BMP4 (2.5 ng mL−1), and
AA (150 µM). The control medium, referred to as
‘non-differentiation’, contained DMEM supplemen-
ted with 10% (vol vol−1) FBS only. Due to the
slower initial adhesion and growth of the cells at
the beginning of the experiment, the VSMCs were
cultured for 24 d in total; however the time period
with the differentiation medium was the same as for
the ADSCs (i.e. 17 d). For the detailed design of
the experiment, see figure 1. The VSMCs cultured
in both types of media were used as a positive con-
trol for ADSCs differentiating towards the VSMC
phenotype.

During cell culturing, the medium was changed
twice a week, and both cell types were maintained
in an incubator with a humidified atmosphere of 5%
CO2 at a temperature of 37 ◦C.

2.5. Metabolic activity of the cells
Conversion of resazurin (Cat. No. R7017, Sigma-
Aldrich) was used to measure the metabolic activity
of the cells, which is considered as an indirect indic-
ator of cell proliferation. The principle of this redox
indicator assay is based on the colorimetric conver-
sion of blue resazurin to pink resorufin, which can
be quantified by fluorescence or absorbancemeasure-
ments. This reduction is induced by the activity of the
mitochondrial enzymes of the viable cells. In order
to estimate the proliferation activity of the cells, the
metabolic activity was measured on days 1, 3, 7, 14,
and 21 (for ADSCs) and on days 1, 3, 7, 10, 17, and
24 (for VSMCs). In brief, the stock resazurin solu-
tion (4mM)was added toDMEMwithout phenol red
with 10% (vol vol−1) FBS to a final concentration of
40 µM. The samples with the cells were transferred to
fresh 12-multiwell plates, were pre-washed with PBS,
and 1.5 ml of the resazurin solution was added to the
cells in each well. The time of incubation at 37 ◦Cwas
the same on all days; i.e. 3 h and 15 min (for ADSCs)
and 3 h and 45 min (for VSMCs). Subsequently, the

fluorescence was measured (Ex/Em = 530/590 nm)
on a Synergy™ HT Multi-Mode Microplate reader
(BioTek, U.S.A.). The background control (resazurin
solution without cells) was subtracted.
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2.6. Immunofluorescence staining andmicroscopy
techniques
Immunofluorescence staining was used to visualize
the cells during the process of adhesion, growth and
differentiation. Prior to all types of immunofluor-
escence staining, the cells were fixed with 4% para-
formaldehyde (for 10 min), were pre-treated in PBS
with 1% (vol vol−1) bovine serum albumin (BSA,
Sigma-Aldrich) and 0.1% (vol vol−1) TritonX-100
(for 20 min), and were then incubated in PBS with
1% (vol vol−1) Tween 20 (for 20 min). Washing in a
pure PBS solution was applied after each step.

On day 1, the cells were stained with Texas Red
C2-maleimide (1.7 µg mL−1 in PBS; Invitrogen)
and the cell nuclei were counterstained with Hoechst
33258 (10 µg mL−1 in PBS; B1155, Sigma-Aldrich)
for 30min in order to visualise themorphology of the
cells.

Ondays 1 and 3, the cells were stainedwithmono-
clonal anti-vinculin primary antibody (clone hVIN-
1, dilution of 1:200 in PBS; V 9131, Sigma-Aldrich)
overnight at 4 ◦C, and then with phalloidin-TRITC
(100 ng mL−1 in PBS; Sigma-Aldrich) for 1 h at RT
in order to visualize the filamentous actin. The sec-
ondary antibody, i.e. anti-mouse IgG conjugatedwith
Alexa Fluor 488 (dilution 1:400; A11017, Thermo
Fisher Scientific), and Hoechst 33258 for staining the
cell nuclei (10 µg mL−1 in PBS) were applied for 1 h
at RT.

On days 7, 14, and 21 (for ADSCs) and on days 10,
17, and 24 (for VSMCs), the cells were stained with
primary antibodies against α-smooth muscle actin
(αSMA, clone 1A4, dilution 1:200 in PBS; A2547,
Sigma Aldrich) or against myosin heavy chain 11
(SM-MHC, MYH11 (G-4), dilution of 1:200; sc-
6956, Santa Cruz Biotechnology) overnight at 4 ◦C.
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between days 1 and 3 (i.e. 48 h of cell culture) accord-

ing to the following equation: DT = t× ln(2)/(ln(N)–
ln(N0)), where t represents the duration of the
culture, N represents the number of cells on day 3,
and N0 represents the number of cells on day 1.

The spreading area, the circularity, the aspect
ratio, and the solidity of the cells were measured in
order to analyze the morphology of the ADSCs and
VSMCs on day 1. The analyses of these para-meters
were performed in ImageJ software accord-

ing to the following calculations; i.e. circularity: 4π x
area/perimeter2, aspect ratio: major axis/minor axis,
solidity: area/convex area. From 86 to 248 cells were
analysed for each sample.

2.8. RNA isolation and RT-qPCR
Total RNA isolationwas performed using a Total RNA
Purification Plus Micro Kit (Norgen Biotek) accord-
ing to the manufacturer’s protocol. The RNA concen-
tration and purity was evaluated frommeasurements
of absorbance at 260 nm and 280 nm using a Nano-
Drop One Spectrophotometer (Thermo Fischer Sci-
entific, USA). Reverse transcription was carried out
using an Omniscript Reverse Transcription Kit (Qia-
gen, Germany) according to the attached instructions
with the use of random hexamers (New England Bio-
labs, USA). The reaction mixture containing aliquots

of 1 µg of isolated RNA in a final reaction volume of
20 µl was incubated at 37 ◦C for 60 min. The synthes-
ized cDNAwas then stored at−20 ◦C for further use.

In human ADSCs, the mRNA levels were
measured with 5xHOT FIREPol Probe qPCR Mix
Plus (ROX) (Solis BioDyne, Estonia) and TaqMan
Gene Expression Assays (Life Technologies) contain-
ing hydrolysis probes labelled with FAM reporter
dye specific to COL1A1 (Hs00164004_m1), CNN1

Then anti-calponin (EP798Y, dilution 1:200 in PBS;      (Hs00154543_m1),       SMTN       (Hs01022259_m1),
ab46794, Abcam) or anti-type I collagen (dilution of
1:400 in PBS; LSL-LB-1197, CosmoBio) were applied
for 3 h at room temperature. Subsequently, the sec-
ondary antibodies were applied; i.e. anti-mouse IgG

ACTA2 (Hs00909449_m1), MYH11 (Hs00975796_
m1), and B2M (Hs00187842_m1) as a reference
gene. In porcine VSMCs, the mRNA levels were
quantified with hydrolysis probes specific to ACTA2

conjugated with Alexa Fluor 546 (dilution 1:400;      (Ss04245588_m1), CNN1 (Ss03392449_g1) and
A11003, Thermo Fisher Scientific) and anti-rabbit
IgG conjugated with Alexa Fluor 488 (dilution 1:400;
A11070, Thermo Fisher Scientific) for 1 h at RT.
The cell nuclei were counterstained with Hoechst
33258 (10µgmL−1 in PBS). TheOlympus epifluores-
cence microscope IX71 (DP71 digital camera, object-
ive magnification of 10x, 20x or 40x) was used to take
the images.

2.7. Image analysis
Hoechst counterstaining of the nuclei was used to
count the cells on days 1, 3, 7, 14 and 21 (for ADSCs)
and on days 1, 3, 10, 17 and 24 (for VSMCs). Micro-
photographs of 6–7 randomly selected microscopic
fields were analysed for each sample type. The ini-
tial doubling time of ADSCs and VSMCs on the
PLLA samples was calculated from the cell numbers

SMTN (Ss03373737_m1). B2M (Ss03391154_m1)
was used as a reference gene. qPCR was performed
in a 96-well optical reaction plate in a final reac-
tion volume of 20 µl per well using the Viia 7 Real-
time PCR System (Thermo Fischer Scientific, USA).
The thermal profile consisted of pre-incubation
for 2 min at 50 ◦C, enzyme activation for 10 min at
95 ◦C  and 40 cycles of denaturation (15 s, 95
◦C) and annealing/elongation (1 min, 60 ◦C).
The relative gene expression levels were calculated
as –∆∆Ct .

2.9. Statistical analysis
The parametric data are expressed asmean + SD,One
way ANOVA, Student-Newman-Keuls test, p ≤ 0.05.
The non-parametric data are expressed in box plots
as median values, ANOVA on ranks, Dunn’s Method,
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p ≤  0.05. Three parallels from each sample type were
used. The statistical comparison among the samples
was made on cells cultured in the same medium type
and on the same day of the culture. Statistical analyses
were performed using SigmaStat 3.5 software and
SigmaPlot 10.0 software (Systat Software Inc. USA).

3. Results

3.1. Material wettability
It is known that plasma treatment of polymer mac-
romolecules results in their cleavage, ablation, and
alterations to their chemical structure. Plasma treat-
ment thus affects the physicochemical surface prop-
erties, e.g. the water CA and the surface wettabil-
ity. Subsequent grafting with various substances (e.g.
biomolecules, nanoparticles, etc) on these plasma-
treated surfaces leads to further changes in CA. The
change in the surface within the specific time inter-
val from plasma modification is known as ageing
(Slepicka et al 2013, Slepickova Kasalkova et al 2013).
The dependence of CA on ageing time for modi-
fied PLLA is shown in figure 2. All modified sub-
strates exhibit a similar trend. The lowest value of CA
was detected immediately after modification. During
ageing, the CA of all tested samples increased. The
increment in the CA values is caused by a rearrange-
ment of the oxygen-containing groups that emerged
after exposing the plasma-treated polymer to the
ambient atmosphere into a polymer volume or by a
rearrangement of grafted substances (Slepicka et al
2013, Slepickova Kasalkova et al 2013). In the case
of plasma-treated PLLA, 10 d after modification the
value of CA is higher than the value of pristine PLLA.
The CA values of the grafted substrates are lower than

Figure 2. Dependence of the CA on the ageing time for
pristine PLLA and PLLA modified in plasma discharge for
240 s (plasma), PLLA modified in plasma discharge and
subsequently grafted with PEG or with Dex. The value of
the pristine PLLA is represented by a dotted line.

Table 1. Elemental composition of the surface layers of pristine
PLLA and PLLA modified by plasma discharge, PLLA modified by
plasma discharge and subsequently etched in water or grafted
with PEG or Dex.

Atomic concentration [at.%]

O(1s) N(1s)

the pristine PLLA values. This may be caused by the
fact that there are oxygen-containing substances graf-
ted on to the plasma-activated surface. This usually
causes an increase in wettability, because these sub-
stances are of hydrophilic character. The ageing time
necessary for surface stabilization is 10 d for PLLA

PLLA 63.6 36.4 0
Plasma 65.8 33.4 0.8
Etching 66.5 32.9 0.6
PEG 60.3 38.9 0.5
Dex 62.3 37.2 0.4

modified in plasma discharge, and 15 d for PLLA graf-
ted with PEG or Dex.

3.2. Surface morphology and roughness
Atomic force microscopy (AFM) was used to qual-
ify and quantify the changes in surface morpho-
logy and in the roughness of the PLLA samples.
The roughness of all tested samples, estimated by
the Ra parameter, was in the nanoscale. AFM scans
showed slightly higher roughness of the plasma-
treated PLLA and Dex-modified PLLA samples than
of the pristine PLLA (figure 3). The surface mor-
phology of the pristine PLLA was almost flat, in
contrast with the differentiated surface of the plasma-
treated PLLA and the single-pillar surface of the Dex-
modified PLLA. PEG-modified PLLA showed 5–6
times greater roughness, but the irregularities had a
bulging appearance, i.e. they were more rounded and

less sharp than in the other samples, particularly in
the Dex-grafted samples.

3.3. Surface chemistry
The results obtained by goniometry determination
of CA are in good agreement with the results of the
chemical analysis of the surfaces performed by the
XPS method. The atomic concentration of selected
elements is shown in table 1.

As has been mentioned above, plasma treat-
ment causes the formation of radicals and double
bonds. New functional groups (i.e. carbonyl, carboxyl
and ester groups) therefore form after an ‘activated’
surface has been exposed to the ambient oxygen-
containing atmosphere. At the same time, plasma
modification leads to cleavage of the polymer chains
and subsequent surface ablation of PLLA (Slepicka

7



ˇ ´ ´ ´

Biomed. Mater. 16 (2021) 025016 M Travnickova et al

Figure 3. AFM scans of pristine PLLA and PLLA modified in plasma discharge for 240 s (plasma), PLLA modified in plasma
discharge and subsequently grafted with PEG or with Dex. The mean roughness value (Ra) represents the arithmetic average of
the deviation from the center plane of the sample.

et al 2013, Slepickova Kasalkova et al 2013). As a
result, the oxygen concentration in the surface layer
of plasma-modified PLLA decreases. Etching plasma-
activated samples removes a part of the newly-formed
oxygen-containing groups, and also removes the

Table 2. Initial doubling time of ADSCs and VSMCs on pristine
PLLA, on PLLA plasma-treated for 240 s (PLLA240), on
plasma-treated PLLA grafted with PEG, on plasma-treated PLLA
grafted with Dex, and on the control PS counted between days 1
and 3 after seeding.

Doubling time (hours)
attached atmospheric nitrogen. Grafting PEG or Dex
onto the plasma-modified PLLA surface increases the
oxygen concentration, since both compounds contain
a large amount of oxygen in their molecules. These
results therefore also confirm successful grafting of
PEG and Dex on to the surface of PLLA.

ADSCs VSMCs

PLLA 16.74 39.67
PLLA240 15.00 19.92
PEG 16.86 18.82
Dex 15.12 13.33
PS 14.94 13.42

3.4. Cell number and doubling time
The initial doubling time was counted from the cell
numbers between days 1 and 3 after seeding. The
cell numbers were counted from the Hoechst-stained
cell nuclei on days 7, 14 and 21 for ADSCs, and on
days 10, 17 and 24 for VSMCs, i.e. in time inter-
vals when the cells were being cultured either in a
non-differentiation medium or in a differentiation
medium.

3.4.1. ADSCs
The initial doubling time of ADSCs on all PLLA
samples was similar to the value obtained for the
control PS (table 2). Except on day 7, the ADSCs
cultured in the non-differentiation medium reached
similar cell numbers on all tested samples on the

corresponding day of the culture (figure 4). How-
ever, when cultured in the differentiation medium,
theADSCs reached higher values on the PLLA240 and
PS samples than on the pristine PLLA, PEG and Dex
samples (figure 4). On day 21, the cells were strongly
attached and were well-spread on all tested samples
when cultured in the non-differentiation medium;
however, they started to detach on pristine PLLA,
PEG, and Dex when cultured in the differentiation
medium. The detachment of ADSCs had a negative
influence on the results of nuclei counting.

3.4.2. VSMCs
The initial doubling time of VSMCs on pristine PLLA
was almost twice as long as on the other PLLA
modifications or on the control PS (table 2). The cell
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Figure 4. The cell numbers counted from microscopic fields on days 7, 14, and 21 (for ADSCs) and on days 10, 17, and 24 (for
VSMCs). The studied samples were as follows; pristine PLLA, plasma-treated PLLA (240), plasma-treated PLLA grafted with
PEG, plasma-treated PLLA grafted with Dex, and control tissue culture PS. From day 4 (in ADSCs culture) or from day 7 (in
VSMCs culture), the cells were cultivated either in the non-differentiation medium (nd) or in the differentiation medium (d).
Mean + SD, one way ANOVA, Student-Newman-Keuls test. The statistical comparison among the samples was made on cells
cultured in the same medium type and on the same day of the culture. Statistically significant differences (p ≤ 0.05) are marked
above the columns by the numbers of tested groups of samples. All: statistically significant differences in comparison with all
other groups of samples.

number on pristine PLLAwas lower than all the other
tested samples on all days of the culture, either in
the non-differentiation medium or in the differen-
tiation medium (figure 4). The VSMCs cultured in
the non-differentiation medium reached almost two
times higher cell numbers than the VSMCs cultured
in the differentiation medium.

Because the cells had already reached confluence
by day 7, the cell numbers further increased only
slowly or remained stable, in the case of ADSCs. In
the case of VSMCs, the numbers decreased slowly.

3.5. Metabolic activity of cells
The metabolic activity of the ADSCs and VSMCs
was estimated by the resazurin conversion assay. The
ADSCs showed a similar metabolic activity on all

samples on days 1 and 3 (i.e. before the differentiation
medium was added) (figure 5). This trend continued
on days 7, 14 and 21, when the ADSCs treated with
the non-differentiation medium still showed similar
activity on all samples. By contrast, the differences
in the metabolic activity of ADSCs on the samples
became significant after the differentiation medium
had been added, when the PLLA240 and PS samples
supported the highest metabolic activity of the cells
(figure 5).

Concerning the metabolic activity of VSMCs,
all the samples performed better than the pristine
PLLA in the initial intervals, i.e. on days 1, 3 and 7
(figure 5). On days 10, 17 and 24, the VSMCs showed a
similar trend in metabolic activity to that of the
ADSCs grown in the differentiation medium. The
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Figure 5. The metabolic activity of the ADSCs and VSMCs estimated by the resazurin conversion assay on days 1, 3, 7, 14 and 21
(for ADSCs) and on days 1, 3, 7, 10, 17 and 24 (for VSMCs). The studied samples were as follows; pristine PLLA, plasma-treated
PLLA (240), plasma-treated PLLA grafted with PEG, plasma-treated PLLA grafted with Dex, and the control tissue culture PS.
Initially, the cells were cultured only in the non-differentiation medium. From day 4 (in ADSCs culture) or from day 7 (in VSMCs
culture), the cells were cultivated either in the non-differentiation medium (nd) or in the differentiation medium (d).
Mean + SD, one way ANOVA, Student-Newman-Keuls test. The statistical comparison among the samples was made on cells
cultured in the same medium type and on the same day of the culture. Statistically significant differences (p ≤ 0.05) are marked
above the columns by the numbers of tested groups of samples. All: statistically significant differences in comparison with all
other groups of samples.

highest cell metabolic activity among the samples was
revealed on PLLA240 and on PS, both in the non-
differentiation medium and in the differentiation
medium (figure 5). However, the VSMCs cultured in
the non-differentiation medium reached higher pro-
liferation activity in each interval than the VSMCs
cultured in the differentiation medium.

3.6. Initial adhesion, spreading andmorphology of
the cells
Immunofluorescence staining followed by Image
Software analyses was used to characterize the mor-
phology of the cells on the PLLA foils on day 1 after
cell seeding. In ADSCs, the smallest cell spreading
area was on pristine PLLA (figure 6). In VSMCs, the
spreading areawas almost the same on all tested PLLA
samples; however, the spreading area was signific-
antly lower than on the PS control sample (figure 6).
The circularity, the aspect ratio, and the solidity of
the ADSCs were similar on all modified PLLA and
control PS samples (figure 6). These findings were
also in accordance with visual observations, where
the cells showed a similar morphology for all samples
(figure 7). In contrast to the similar cell spreading
area, the VSMCs showed significantly greater cir-
cularity and a lower aspect ratio on pristine PLLA
and on Dex than on PLLA240, on PEG, and on the
control PS sample (figure 6). On days 1 and 3, we

also visually observed more rounded and less-spread
cells on pristine PLLA than on the modified PLLA
samples, where the cells were better spread and were
more elongated (figure 7 and supplementary figure S1
(stacks.iop.org/BMM/16/025016/mmedia)).

3.7. Immunofluorescence staining
Immunofluorescence staining was performed to
reveal the presence and the arrangement of various

proteins in ADSCs and VSMCs; namely αSMA, cal-
ponin, SM-MHC and type I collagen.

3.7.1. ADSCs
Initially, anti-αSMA staining revealed a diffuse sig-
nal in ADSCs; however, treatment with the differen-
tiation medium supported the fibrillar structure of

αSMA,mainly on days 14 (figure 8) and 21 (figure 9).
Anti-calponin staining revealed only sporadic posit-
ive cells in ADSCs cultured in the non-differentiation
medium, whereas the differentiation medium sup-
ported the early formation of variably developed
calponin fibres in almost all cells on all tested mater-
ials (figure 8). The presence of contractile calponin
protein was also stable in later intervals of differen-
tiation (i.e. on days 14 (figure 8) and 21 (figure 9)).

The αSMA and calponin fibres were co-localized in
some cells, though some of the cells were positive
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Figure 6. The morphological characteristics (i.e. cell area, circularity, aspect ratio and solidity) of ADSCs and VSMCs on pristine
PLLA, plasma-treated PLLA (240), plasma-treated PLLA grafted with PEG, plasma-treated PLLA grafted with Dex, and the
control tissue culture PS on day 1 after seeding. Data are presented as box plots with a median line, the outer edges representing
the 1st and 3rd quartile, the whiskers depicting the 10th and the 90th percentile, the dots representing the 5th and the 95th
percentile. ANOVA on ranks, Dunn’s method, p ≤ 0.05. All: statistically significant differences in comparison with all other
groups of samples.

only for one of these proteins (figure 9). The dif-
ferentiation medium also supported the formation
of type I collagen fibres (figures 9 and S2). Anti-
SM-MHC staining revealed sporadically positive cells
mainly on day 14 (figures 9 and S2). These SM-MHC-
positive cells were observed in cultures treated with
the differentiation medium, and were found on all
tested samples. Within the ADSCs culture in the non-
differentiation medium, the cells only sporadically
produced extracellular type I collagen, and no SM-
MHC positive cells were observed (supplementary

figure S2). The quantity of cells positive for αSMA,
calponin and SM-MHC did not visibly differ among

the tested materials, and the main observed influ-
ence was dependent on the type of culture medium
(i.e. non-differentiation medium vs. differentiation
medium). On day 21, the ADSCs cultured in the dif-
ferentiationmedium started to detach from the tested
materials.

3.7.2. VSMCs
The cells were positively stained for αSMA and cal-
ponin in all observed time intervals on all tested
samples, either in the non-differentiation medium
or in the differentiation medium. The αSMA and
calponin fibres were mostly oriented in the same
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Figure 7. The morphology of ADSCs and VSMCs on day 1 after seeding on pristine PLLA, on plasma-treated PLLA (PLLA240),
on plasma-treated PLLA grafted with PEG, on plasma-treated PLLA grafted with Dex, and on the control tissue culture PS. The
cells were visualized by Texas Red C2-maleimide. The cell nuclei were counterstained with Hoechst 33258. IX71 Olympus
microscope, DP71 digital camera. Objective magnification x10, scale bar 200 µm.

Figure 8. Immunofluorescence staining of αSMA (red) and calponin (green) in ADSCs on day 7 of the culture (i.e. 3 d of
differentiation) and on day 14 (i.e. 10 d of differentiation) on pristine PLLA, plasma-treated PLLA (PLLA240), plasma-treated
PLLA grafted with PEG, plasma-treated PLLA grafted with Dex, and the control tissue culture PS. ADSCs_nd were cultured in the
non-differentiation medium. ADSCs_d were cultured in the differentiation medium. The cell nuclei were counterstained with
Hoechst 33258. IX71 Olympus microscope, DP71 digital camera. Objective magnification x10, scale bar 200 µm (day 7) and
magnification x20, scale bar 100 µm (day 14). For each sample, a microphotograph under detailed objective magnification x40,
scale bar 50 µm is included (day 7).

direction (supplementary figure S3). On days 17 and
24, the VSMCs treated with the non-differentiation
medium started to detach from thematerials (supple-
mentary figure S3). By contrast, the VSCMs treated in
the differentiation medium maintained their elong-
ated morphology until day 24 (with the excep-
tion of the pristine PLLA sample, where the cells
did not reach the confluence state) (supplementary
figure S3).

3.8. PCR analysis
Real time qPCRwas used to quantify and compare the
gene expression of COL1A1, CNN1, SMTN, ACTA2,
and MYH11 in cells on the tested samples in the

non-differentiation and differentiation media. The
measured values were normalized to the control val-
ues obtained in cells on PS treated with the non-
differentiation medium for 7 d.

3.8.1. ADSCs
The gene expression of type I collagen (COL1A1)
was supported by the presence of the differentiation
medium (figure 10(a)). This increased expression of
COL1A1 above the control values was almost stable in
all time intervals and on all materials. Treatment with
the non-differentiation medium led to a decreasing
tendency toward COL1A1 expression in cells on all
materials in comparison with the control values.
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Figure 9. Immunofluorescence staining of SM-MHC or αSMA (red) and of type I collagen or calponin (green) in ADSCs
cultured with the differentiation medium. Day 14 of the culture (i.e. 10 d of differentiation) on plasma-treated PLLA grafted with
Dex and on day 21 (i.e. 17 d of differentiation) on pristine PLLA. The cell nuclei were counterstained with Hoechst 33258.
Representative images were chosen to show the detailed protein morphology. IX71 Olympus microscope, DP71 digital camera.
Objective magnification x40, scale bar 50 µm.

Similarly to type I collagen, the gene expres-
sion of calponin (CNN1) was strongly supported
by the differentiation medium in cells on all tested
samples in all time intervals (figure 10(b)). Moreover,
this increased expression caused by the differen-
tiation medium was almost stable throughout the
cell culture period. No differences were observed

plasma-treated PLLA grafted with PEG or Dex on day
7, and also on plasma-treated and PEG-grafted PLLA
on day 21, where the average expression of MYH11
became similar to or slightly higher than in the con-
trol cells (figure 11(b)).

3.8.2. VSMCs
among the tested materials. Treatment with the non-      Throughout the cell culture period, the gene
differentiation medium led to decreasing expression
of CNN1 in comparison with the control values.

A similar trend was observed in the gene expres-
sion of smoothelin (SMTN). The expression of
SMTN in ADSCs treated with the differentiation
medium was increased throughout the cell culture
period. By contrast, there was a decreasing tendency
whenADSCswere cultured in the non-differentiation
medium (figure 10(c).

The gene expression of αSMA (ACTA2) was sim-
ilar in the non-differentiation media and in the dif-
ferentiation media on all materials on day 7 of cul-
tivation (figure 11(a)). Nevertheless, on days 14 and
21, the difference between the two types of culture
media became apparent, when the gene expression
increased in ADSCs treated with the differentiation
medium (figure 11(a)).

The gene expression of myosin heavy chain 11
(MYH11) in cells grown in the non-differentiation
medium was lower in cells cultured on all tested
PLLA samples in all time intervals than in the control
cells (grown on PS for 7 d in the non-differentiation
medium). In ADSCs treated with the differentiation
medium, the expression of MYH11 increased, par-
ticularly in the cells on plasma-treated PLLA and on

expression of CNN1 and ACTA2 remained almost
unchanged in the VSMCs that were treated with the
non-differentiation medium (supplementary figures
S4a and S4b). By contrast, treatment with the dif-
ferentiation medium caused decreasing expression of
these genes in cells on all testedmaterials. The expres-
sion of SMTN varied and did not show a specific
trend during cell culture. However, the expression
was generally lower on days 17 and 21 in cells grown
in the differentiation medium than in cells grown in
the non-differentiation medium (supplementary
figure S4c).

4. Discussion

The set of experiments was performed to study the
behaviour of ADSCs and VSMCs (a) on modified
PLLA foils and (b) on the modified PLLA foils in
combination with the differentiation medium. Our
study provides evidence that PLLA foils supported
the proliferation and differentiation of ADSCs and
VSMCs, both in the non-differentiation culture con-
ditions and in the differentiation culture conditions.
These could be promising findings for vascular tissue
engineering purposes.
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Figure 10. Gene expression of type I collagen (COL1) (a), calponin (CNN1) (b) and smoothelin (SMTN) (c) in ADSCs on days 7,
14, and 21. The studied samples were as follows; pristine PLLA, plasma-treated PLLA (240), plasma-treated PLLA grafted with
PEG, plasma-treated PLLA grafted with Dex, and the control tissue culture PS. Initially, the cells were cultured only in the
non-differentiation medium. From day 4, the cells were cultured either in the non-differentiation medium (nd) or in the
differentiation medium (d). The values are normalized to PS_nd on day 7. Mean ± SD, ANOVA on ranks. The statistical
comparison among the samples was made on cells cultured in the same medium type and on the same day of the culture. No
significant difference was observed.
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Figure 11. The gene expression of αSMA (ACTA2) (a), and SM-MHC (MYH11) (b) in ADSCs on days 7, 14, and 21. The studied
samples were as follows; pristine PLLA, plasma-treated PLLA (240), plasma-treated PLLA grafted with PEG, plasma-treated PLLA
grafted with Dex, and control tissue culture PS. Initially, the cells were cultured only in the non-differentiation medium. From day
4, the cells were cultured either in the non-differentiation medium (nd) or in the differentiation medium (d). The values are
normalized to PS_nd on day 7. Mean ± SD, ANOVA on ranks. The statistical comparison among the samples was made on cells
cultured in the same medium type and on the same day of the culture. No significant difference was observed.

According to many studies, PLLA in the form
of nanofibres, microfibres or films is biocompatible
with various cell types, includingHSVECs,myoblasts,
fibroblasts, keratinocytes and ADSCs (Sarasua et al
2011, Ballester-Beltran et al 2014, Sabbatier et al 2015,
Xavier et al 2016).

Our study showed similar adhesion, and also sub-
sequent growth and metabolic activity of ADSCs
on all tested materials when cultured in the non-

of differentiated ADSCs was observed for VSMCs.
The VSMCs showed worse adhesion, lower growth
and lower metabolic activity, especially on pristine
PLLA. When VSMCs were cultured in the non-
differentiation medium, lower metabolic activity and
slightly later detachment of the cells was also observed
on the PEG and Dex samples than on PLLA240 and
on PS.

Pristine PLLA and its modification by plasma
differentiation medium. However, ADSCs cul-      treatment. Pristine PLLA can be burdened with a rel-
tured in the differentiation medium displayed      atively high level of hydrophobicity, which can impair
higher cell numbers and higher metabolic activity
on PLLA240 and on PS than on the other tested
samples. Moreover, on pristine PLLA, PEG and
Dex, the ADSCs cultured in the differentiation
medium started to partially detach on days 14 and
21. Interestingly, similar cell behaviour as in the case

cell adhesion. It is generally known that, on hydro-
phobic surfaces, cell adhesion-mediating proteins,
e.g. vitronectin and fibronectin, which are present
in the serum supplement of cell culture media, are
adsorbed in a rigid and denatured conformation,
which hampers the accessibility of specific amino
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acid sequences in these proteins to cell adhesion
receptors (for a review, see Bacakova et al 2011).
The surface irregularities of PLLA can also influ-
ence protein adsorption from FBS, which is import-
ant for subsequent cell adhesion. Foldberg et al
observed higher protein adsorption on PLLA films
patterned with circular indentations than on flat
pristine PLLA films (Foldberg et al 2012). In their
study, they observed reduced cell adhesion on both
PLLA films than on the control PS; however, the
cells subsequently displayed the same growth rate
on PLLA films and on the control PS materials.
Moreover, cells cultured on PLLA substrates, espe-
cially on the patterned substrates, expressed higher
mRNA levels of lineage-specific genes than the cells
cultured on the control PS material (Foldberg et al
2012). The PLLA surfaces could therefore serve as
a suitable microenvironment for ADSC growth and
differentiation.

Protein adsorption can be further improved by
plasma treatment, which is generally known to
improve cell adhesion and proliferation (Yamaguchi
et al 2004). The change in material surface char-
acteristics induced by plasma treatment can better
mimic the properties of ECM on the micro- or nan-
olevel scale (Bacakova et al 2011). Ar or O2 plasma
treatment of PLLA membranes can increase the sur-
face roughness and can tailor the hydrophobicity

M Travnickova et al

of non-differentiated ADSCs but, at the same time,
unfavourable for the initial adhesion of VSMCs.
These differences in adhesion could also be influ-
enced by the presence of variably expressed surface
adhesionmolecules and cytoskeletonproteins in non-
differentiated ADSCs (for a review, see Argentati et al
2019), in differentiated ADSCs, or in mature VSMCs
(for a review, see Moiseeva 2001). The quiescent
non-proliferative phenotype of VSMCs is charac-
terized by high RNA expression and well-developed
protein structures interacting in the cell contraction

(i.e. αSMA, calponin, caldesmon and SM-MHC)
(Bacakova et al 2018c). Logically, our study suggests
that, on some PLLA samples, VSMCs could manifest
worse adhesion and subsequent higher detachment
because of their contractile properties and because
of poorly-developed cell-material interactions. These
findings are also in accordance with those observed
in differentiated ADSCs in our experiment, where
the rapid development of contractile proteins was
accompanied by a later slight tendency to detach
from the same samples, as in case of VSMCs. Stem
cells in general are also susceptible to mechano-
sensing and mechanotransduction signalling, which
is usually caused by ECM and/or biomaterial prop-
erties. These specific properties (e.g. stiffness, elasti-
city, tension, etc) can influence the expression of
variable adhesion and cytoskeleton proteins, and

of pristine PLLA. This decrease in the CA can be      can drive the stem cell differentiation towards
controlled by the power or the length of time of
plasma treatment (Correia et al 2016, Bacakova et al
2018a, Slepicka et al 2018). According to a study by
Argentati et al, it seems that O2 plasma treat-
ment of PLLA films supported higher protein absorp-
tion mainly from 10% FBS and blood plasma rather
than in the case of pristine PLLA films (Argentati
et al 2018). Moreover, Argentati et al compared the
morphology of various stem cell types, i.e. ADSCs,
bone marrow stem cells (BM-MSCs) and Whar-
ton’s jelly stem cells (WJSCs), and they observed
that the cell adhesion to the same PLLA sample
seemed to be stem cell type-specific. Specifically,
ADSCs cultured on pristine PLLA formed spheroid
structures, while ADSCs cultured on plasma-treated
PLLA had a fibroblast-like morphology. BM-MSCs
maintained their typical fibroblast-like morphology
both on pristine PLLA and on plasma-treated PLLA.
WJSCs formed spheroid structures both on pristine
PLLA and on plasma-treated PLLA (Argentati et al
2018).

Similarly, in our previous study, we observed dif-
ferent sizes of the cell spreading area and cell growth
on pristine PLLA, on heat-treated carbon coated
PLLA, and on the control PS samples, depending on
the specific cell type (namely: MG-63, Saos-2, fibro-
blasts, CPAE, and VSMCs) (Liškova et al 2019). The
cell type-specific interactions with pristine PLLA are
in accordance with our current study, in which our
pristine PLLA foils were favourable for the adhesion

specific cell lineages (Vining and Mooney 2017,
Argentati et al 2019).

The differences in adhesion and growth of ADSCs
and VSMCs on the studied materials could be poten-
tially influenced by the different origin of the cells,
i.e. human ADSCs and porcine VSMCs. The por-
cine cardiovascular system has been reported to have
a relatively high similarity to the human cardiovas-
cular system. Moreover, the porcine VSMCs showed
a relatively high stability of the differentiated con-
tractile phenotype which makes them suitable for in
vitro experiments (Christen et al 1999). Nev-
ertheless, some differences between porcine and
human cells of various types have been reported. For
example, porcine mesenchymal stem cells can differ
fromhumanmesenchymal stem cells in the cell size or
in the presence of some specific CD surface markers
such as CD73 or CD105 (Schweizer et al 2020). Inter-
estingly, mature human chondrocytes were repor-
ted to have a lower proliferation rate and to show a

lower expression of β1-integrins and of vinculin than
animal-derived chondrocytes (Schulze-Tanzil et al
2009). Beta1-integrins and vinculin are, among oth-
ers, involved in cell–material interactions, and the
specific expression rate could therefore influence the
process of cell adhesion in cells from different spe-
cies. The same authors also reported visual differ-
ences in the F-actin cytoskeleton between human
and animal-derived chondrocytes (Schulze-Tanzil
et al 2009).
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Interestingly, even the same cell type can dis-
play different behaviour on the same sample type,
depending on the culture conditions. Wan et al
(2003) studied the behaviour of mouse fibroblasts
on pristine PLLA and on NH3 plasma-treated PLLA,
in static culture conditions and also in dynamic cul-
ture conditions. The fibroblasts showed similar initial
adhesion to each of the two compared PLLAmaterials
under static conditions. However, the cells cultured
on plasma-treated PLLA better withstood the shear
stress conditions, while the cells on pristine PLLA
detached immediately (Wan et al 2003). It seems that
plasma treatment provides tighter adhesion cues for
cells. This could be advantageous for the production
of vascular grafts, because the cells, mainly the ECs,
are continually exposed to dynamic shear stress con-
ditions. Stronger adhesion of the cells (both ADSCs
and VSMCs) to the plasma-treated samples than to
the pristine PLLA samples was also observed in our
study, mainly in later time intervals under static cul-
ture conditions.

PLLA grafting with PEG and Dex. PEG (also
referred to as polyethylene oxide, PEO) is a hydro-
philic and biocompatible polymer that is generally
referred to as an ‘antifouling’ molecule, because of
its negative impact on protein absorption and con-
sequent cell adhesion (Bacakova et al 2011). How-
ever, it seems that the length of the PEG chain has
an important influence on potential cell adhesion
and growth. Thus, PEG can act as an anti-adhesive
biomaterial coating or as a pro-adhesive biomater-
ial coating. Grafting the materials with PEG of high

molecular weight (i.e. MPEG =  20 000) induced a
lower CA, a more differentiated surface and better
growth of VSMCs than grafting the materials with
PEG with lower molecular weight (i.e. MPEG =  300
and MPEG =  6000) (Svorcík et al 2012). Thus, based
on our previous results, MPEG =  20 000 was our
choice for the current study to support suitable cell
adhesion and growth.

Similarly, Dex grafting of PLLA foils was used in
our study to ameliorate the cell adhesion and growth.
Dex is a polysaccharide compound with favourable
biocompatible and anti-thrombogenic properties (for
a review, see Bacakova et al 2014). However, the influ-
ence of Dex on the growth of a specific cell type
can be ambiguous. Dex derivatives can mimic some
heparin effects in blood vessels. Specifically bound
Dex copolymers can act as a pro-adhesive surface
for ECs, and simultaneously as a low-adhesive sur-
face for VSMCs (Derkaoui et al 2010). Nanofibres
composed of Dex and pullulan can promote vascular
phenotype and can provide a suitable environment
for the growth of VSMCs and ECs (Shi et al 2012).
In addition to the most widely studied polysacchar-
ides in vascular tissue engineering (i.e. Dex and pullu-
lan), cellulose as a similar polysaccharide compound
seems to have favourable properties for the growth of
VSMCs and/or ECs (Bacakova et al 2014).

M Travnickova et al

Composition of culture media. The composi-
tion of the media used in our study (i.e. the
non-differentiation medium and the differentiation
medium) had a non-negligible influence on the
behaviour of the ADSCs and VSMCs when cul-
tured on PLLA foils. In general, the differenti-
ation medium (containing BMP4, TGFβ1 and ascor-
bic acid) induced higher initial metabolic activity of
ADSCs than the non-differentiation medium. It
also triggered the differentiation of ADSCs towards
VSMCs. This was successfully proved by RT-PCR
and by immunofluorescence staining of specific early,
mid-term and also some late markers of VSMC dif-
ferentiation on all variably-modified PLLA samples.
We also studied the influence of the same com-
position of the medium on mature VSMCs that
were cultured on modified PLLA foils. The differ-
entiation medium (containing BMP4, TGFβ1 and
ascorbic acid) caused lower metabolic activity and
lower cell numbers of VSMCs on the PLLA foils
than the non-differentiationmedium. Immunofluor-
escence staining revealed that all VSMCs were posit-
ive for their specific markers when cultured either in
the non-differentiation medium or in the differenti-
ationmedium.However, we revealed a decrease in the
mRNA expression of specific markers in time. Sur-
prisingly, this decrease was greater when the VSMCs
were cultured in the differentiation medium. The
decrease in the mRNA levels of specific markers
and/or the subsequent loss of contractile proteins
could be caused by the static in vitro culture condi-
tions, which are known to support a synthetic phen-
otype of VSMCs rather than a contractile phenotype
of VSMCs (Chang et al 2014). These two phenotypes
may have the ability to switch according to the culture
conditions (Rensen et al 2007).

In addition, it is known that BMP4, TGFβ1
and ascorbic acid in various concentrations can act
variably in cell proliferation and differentiation. A
strongly positive effect of TGFβ1 and/or BMP4 on
stem cell differentiation towards VSMCs has been
proved in many studies (for a review, see Zhang et al
2017). However, in the case of mature VSMCs, it
has been reported that TGFβ1 and BMP4 enhanced
the proliferation of pulmonary artery smooth muscle
cells (PASMCs) from donors suffering from primary
pulmonary hypertension (Morrel et al 2001). At the

same time, TGFβ1 and BMP4 inhibited the pro-
liferation of PASMCs isolated from healthy control
donors and from patients suffering from second-
ary pulmonary hypertension (Morrell et al 2001).
Interestingly, the response of VSMCs to BMP4 can
be site-specific. BMP4 inhibited the proliferation of
PASMCs from proximal segments of the pulmon-
ary artery, but increased the proliferation of PAS-
MCs from peripheral segments of this artery (Yang
et al 2005). In the same study, BMP4 also promoted
the survival of peripheral PASMCs, but not of prox-
imal PASMCs, when exposed to apoptosis-inducing
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agents (Yang et al 2005). The presence of ascorbic      ORCID iD
acid in the culture medium is important for the
synthesis of collagen fibres, which are one of the
basic components of vascular ECM. In our study,
the differentiation medium supported the produc-
tion of extracellular type I collagen, the main com-
ponent of ECM in tunica media, which together
with type III collagen is very important for impart-
ing strength to the vascular wall (Wagenseil and
Mecham 2009). However, it should be pointed out
that overexpression of RNA and abundant formation
of ECM proteins can be a sign of vascular fibrosis
(Ponticos and Smith 2014).

5. Conclusion

ADSCs and VSMCs confirmed that variously mod-
ified PLLA foils in a three-week culture have high
biocompatibility, comparable to the level of biocom-
patibility of the control PS. The most stable mono-
layer of cells was observed on plasma-treated PLLA
and on the PS control, whereas pristine PLLA and
PLLAmodified with PEG andDexwere characterized
by slightly later cell detachment. From this point of
view, plasma-treated PLLA seem to be most suitable
for obtaining a sufficient amount of cells for vascular
wall reconstruction. However, all the PLLA materials
supported the growth of ADSCs and their differen-
tiation towards VSMCs. Although the cell behaviour
on modified PLLA foils can be influenced by the spe-
cific cell type and by the composition of the medium,
it seems that PLLA with all the modifications tested
here is favourable for the purposes of vascular tissue
engineering.

Acknowledgments

Dr Elena Filova (Institute of Physiology) is grate-
fully acknowledged for helping with isolating
VSMCs. The authors would like to acknow-
ledge Mr Robin Healey (Czech Technical Univer-
sity in Prague) for his language revision of the
manuscript.

Conflict of interest

The authors declare no conflict of interest.

Funding

This work was supported by the Grant Agency of
Charles University (GAUK, Project No. 642217), by
the Ministry of Education, Youth and Sports of the
Czech Republic within LQ1604 National Sustainabil-
ity Program II (BIOCEV-FARProject) and by the pro-
ject ‘BIOCEV’ (CZ.1.05/1.1.00/02.0109), and by the
Grant Agency of the Czech Republic, Grant No. 17-
00885S.

Martina Travnickova https://orcid.org/0000-0002-
6348-3607

References

Alcantar N A, Aydil E S and Israelachvili J N 2000 Polyethylene
glycol-coated biocompatible surfaces J. Biomed. Mater. Res.
51 343–51

Alexandre N, Costa E, Coimbra S, Silva A, Lopes A, Rodrigues M,
Santos M, Maurício A C, Santos J D and Luís A L 2015 In
vitro and in vivo evaluation of blood coagulation activation
of polyvinyl alcohol hydrogel plus dextran-based vascular
grafts J. Biomed. Mater. Res. A 103 1366–79

Argentati C et al 2018 Surface hydrophilicity of poly(l-Lactide)
acid polymer film changes the human adult adipose stem
cell architecture Polymers 10 E140

Argentati C, Morena F, Tortorella I, Bazzucchi M, Porcellati S,
Emiliani C and Martino S 2019 Insight into
mechanobiology: how stem cells feel mechanical forces and
orchestrate biological functions Int. J. Mol. Sci. 20 5337

Bacakova L et al 2018a Stem cells: their source, potency and use in
regenerative therapies with focus on adipose-derived stem
cells - a review Biotechnol. Adv. 36 1111–26

Bacakova L, Filova E, Parizek M, Ruml T and Svorcik V 2011
Modulation of cell adhesion, proliferation and
differentiation on materials designed for body implants
Biotechnol. Adv. 29 739–67

Bacakova L, Novotna K and Parízek M 2014 Polysaccharides as
cell carriers for tissue engineering: the use of cellulose in
vascular wall reconstruction Physiol. Res. 63 S29–47

Bacakova L, Travnickova M, Filova E, Matejka R, Stepanovska J,
Musilkova J, Zarubova J and Molitor M 2018b Vascular
smooth muscle cells (VSMCs) in blood vessel tissue
engineering: the use of differentiated cells or stem cells as
VSMC precursorsMuscle Cell and Tissue - Current Status of
Research Field (Rijeka: IntechOpen) 289–308

Bacakova L, Travnickova M, Filova E, Matejka R, Stepanovska J,
Musilkova J, Zarubova J and Molitor M 2018c The role of
vascular smooth muscle cells in the physiology and
pathophysiology of blood vessels inMuscle Cell and Tissue -
Current Status of Research Field (Rijeka: IntechOpen) 229–57

Ballester-Beltran J, Lebourg M, Capella H, Diaz Lantada A and
Salmeron-Sanchez M 2014 Robust fabrication of
electrospun-like polymer mats to direct cell behaviour
Biofabrication 6 035009

Carrabba M and Madeddu P 2018 Current strategies for the
manufacture of small size tissue engineering vascular grafts
Front. Bioeng. Biotechnol. 6 41

Chang S, Song S, Lee J, Yoon J, Park J, Choi S, Park J K, Choi K
and Choi C 2014 Phenotypic modulation of primary
vascular smooth muscle cells by short-term culture on
micropatterned substrate PLoS One 9 e88089

Chatpun S and Cabrales P 2011 Effects on cardiac function of a
novel low viscosity plasma expander based on polyethylene
glycol conjugated albuminMinerva Anestesiol. 77 704–14

Chlupac J, Filova E and Bacakova L 2009 Blood vessel
replacement: 50 years of development and tissue engineering
paradigms in vascular surgery Physiol. Res. 58 S119-39

Christen T, Bochaton-Piallat M L, Neuville P, Rensen S, Redard M,
van Eys G and Gabbiani G 1999 Cultured porcine coronary
artery smooth muscle cells. A new model with advanced
differentiation Circ. Res. 85 99–107

Correia D M, Ribeiro C, Botelho G, Borges J, Lopes C, Vaz F,
Carabineiro S A C, Machado A V and Lanceros-Mendez S
2016 Superhydrophilic poly(L-lactic acid) electrospun
membranes for biomedical applications obtained by argon
and oxygen plasma treatment Appl. Surf. Sci. 371 74–82

Derkaoui S M, Labbe A, Purnama A, Gueguen V, Barbaud C,
Avramoglou T and Letourneur D 2010 Films of

18

https://orcid.org/0000-0002-6348-3607
https://orcid.org/0000-0002-6348-3607
https://orcid.org/0000-0002-6348-3607
https://doi.org/10.1002/1097-4636(20000905)51:3<343::AID-JBM7>3.0.CO;2-D
https://doi.org/10.1002/1097-4636(20000905)51:3<343::AID-JBM7>3.0.CO;2-D
https://doi.org/10.1002/jbm.a.35275
https://doi.org/10.1002/jbm.a.35275
https://doi.org/10.3390/polym10020140
https://doi.org/10.3390/polym10020140
https://doi.org/10.3390/ijms20215337
https://doi.org/10.3390/ijms20215337
https://doi.org/10.1016/j.biotechadv.2018.03.011
https://doi.org/10.1016/j.biotechadv.2018.03.011
https://doi.org/10.1016/j.biotechadv.2011.06.004
https://doi.org/10.1016/j.biotechadv.2011.06.004
https://doi.org/10.33549/physiolres.932644
https://doi.org/10.33549/physiolres.932644
https://doi.org/10.5772/intechopen.77108
https://doi.org/10.5772/intechopen.77115
https://doi.org/10.1088/1758-5082/6/3/035009
https://doi.org/10.1088/1758-5082/6/3/035009
https://doi.org/10.3389/fbioe.2018.00041
https://doi.org/10.3389/fbioe.2018.00041
https://doi.org/10.1371/journal.pone.0088089
https://doi.org/10.1371/journal.pone.0088089
https://doi.org/10.1161/01.res.85.1.99
https://doi.org/10.1161/01.res.85.1.99
https://doi.org/10.1016/j.apsusc.2016.02.121
https://doi.org/10.1016/j.apsusc.2016.02.121


´ ´ˇ ´
´ ˇ´ ´

´ ˇ ´ ´ ´ ˇ ˇ
ˇ´ ´

´ ´

´

ˇ ˇ ´ ´ ´ ´
ˇ´ ´ ˇ

ˇ ˇ ´ ´ ´ ´ ´ ˇ´ ´
ˇ

ˇ ´ ´ ´ ˇ ˇ´ ´
ˇ

´ ´ ´ ´ ´
´ ´

´      ̌ ´ ˇ´ ´

Biomed. Mater. 16 (2021) 025016

dextran-graft-polybutylmethacrylate to enhance
endothelialization of materials Acta Biomater. 6 3506–13

Filova E, Brynda E, Riedel T, Chlupac J, Vandrovcova M,
Svindrych Z, Lisa V, Houska M, Pirk J and Bacakova L 2014
Improved adhesion and differentiation of endothelial cells
on surface-attached fibrin structures containing
extracellular matrix proteins J. Biomed. Mater. Res. A
102 698–712

Foldberg S, Petersen M, Fojan P, Gurevich L, Fink T, Pennisi C P
and Zachar V 2012 Patterned poly(lactic acid) films support
growth and spontaneous multilineage gene expression of
adipose-derived stem cells Colloids Surf. B 93 92–99

Goins A, Webb A R and Allen J B 2019 Multi-layer approaches to
scaffold-based small diameter vessel engineering: A review
Mater. Sci. Eng. C 97 896–912

Gritsch L, Conoscenti G, La Carrubba V, Nooeaid P and
Boccaccini A R 2019 Polylactide-based materials science
strategies to improve tissue-material interface without the
use of growth factors or other biological moleculesMater.
Sci. Eng. C 94 1083–101

Hahn M S, Mchale M K, Wang E, Schmedlen R H and West J L
2007 Physiologic pulsatile flow bioreactor conditioning of
poly(ethylene glycol)-based tissue engineered vascular grafts
Ann. Biomed. Eng. 35 190–200

Hielscher D, Kaebisch C, Braun B J V, Gray K and Tobiasch E 2018
Stem cell sources and graft material for vascular tissue
engineering Stem Cell Rev. Rep. 14 642–67

Liskova J, Hadraba D, Filova E, Konarik M, Pirk J, Jelen K and
Bacakova L 2017 Valve interstitial cell culture: production of
mature type I collagen and precise detectionMicrosc. Res.
Tech. 80 936–42

Liškova J, Slepickova Kasalkova N, Slepicka P, Švorcík V and
Bacakova L 2019 Heat-treated carbon coatings on poly
(l-lactide) foils for tissue engineeringMater. Sci. Eng. C
100 117–28

Mas-Moruno C, Su B and Dalby M J 2019 Multifunctional
coatings and nanotopographies: toward cell instructive and
antibacterial implants Adv. Healthcare Mater. 8 e1801103

Moiseeva E P 2001 Adhesion receptors of vascular smooth muscle
cells and their functions Cardiovasc. Res. 52 372–86

Morrell N W, Yang X, Upton P D, Jourdan K B, Morgan N,
Sheares K K and Trembath R C 2001 Altered growth
responses of pulmonary artery smooth muscle cells from
patients with primary pulmonary hypertension to

transforming growth factor-β1 and bone morphogenetic
proteins Circulation 104 790–5

Nakagawa M, Teraoka F, Fujimoto S, Hamada Y, Kibayashi H and
Takahashi J 2006 Improvement of cell adhesion on
poly(L-lactide) by atmospheric plasma treatment J. Biomed.
Mater. Res. A 77A 112–8

Pashneh-Tala S, Macneil S and Claeyssens F 2016 The
tissue-engineered vascular graft-past, present, and future
Tissue Eng. B 22 68–100

Ponticos M and Smith B D 2014 Extracellular matrix synthesis in
vascular disease: hypertension, and atherosclerosis J.
Biomed. Res. 28 25–39

Przekora A, Vandrovcova M, Travnickova M, Pajorova J,
Molitor M, Ginalska G and Bacakova L 2017 Evaluation of

the potential of chitosan/β-1,3-glucan/hydroxyapatite
material as a scaffold for living bone graft production in
vitro by comparison of ADSC and BMDSC behaviour on its
surface Biomed. Mater. 12 015030

Rensen S S, Doevendans P A and van Eys G J 2007 Regulation and
characteristics of vascular smooth muscle cell phenotypic
diversity Neth. Heart J. 15 100–8

Sabbatier G, Larrañaga A, Guay-Begin A A, Fernandez J, Dieval F,
Durand B, Sarasua J R and Laroche G 2015 Design,
degradation mechanism and long-term cytotoxicity of

poly(L-lactide) and poly(Lactide-co-ϵ-caprolactone)
terpolymer film and air-spun nanofiber scaffoldMacromol.
Biosci. 15 1392–410

Sarasua J R, Lopez-Rodríguez N, Zuza E, Petisco S, Castro B, Del
Olmo M, Palomares T and Alonso-Varona A 2011

M Travnickova et al

Crystallinity assessment and in vitro cytotoxicity of
polylactide scaffolds for biomedical applications J. Mater.
Sci., Mater. Med. 22 2513–23

Schulze-Tanzil G et al 2009 Differing in vitro biology of equine,
ovine, porcine and human articular chondrocytes derived
from the knee joint: an immunomorphological study
Histochem. Cell Biol. 131 219–29

Schweizer R et al 2020 Evaluation of porcine versus human
mesenchymal stromal cells from three distinct donor
locations for cytotherapy Front. Immunol. 11 826

Shi L, Aid R, Le Visage C and Chew S Y 2012 Biomimicking
polysaccharide nanofibers promote vascular phenotypes: a
potential application for vascular tissue engineering
Macromol. Biosci. 12 395–401

Slepicka P, Siegel J, Lyutakov O, Slepickova Kasalkova N, Kolska Z,
Bacakova L and Švorcík V 2018 Polymer nanostructures for
bioapplications induced by laser treatment Biotechnol. Adv.
36 839–55

Slepicka P, Slepickova Kasalkova N, Stranska E, Bacakova L and
Švorcík V 2013 Surface characterization of plasma treated
polymers for applications as biocompatible carriers
eXPRESS Polym. Lett. 7 535–45

Slepickova Kasalkova N, Slepicka P, Bacakova L, Sajdl P and
Švorcík V 2013 Biocompatibility of plasma nanostructured
biopolymers Nucl. Instrum. Methods Phys. Res. B
307 642–6

Strobel H A, Qendro E I, Alsberg E and Rolle MW 2018 Targeted
delivery of bioactive molecules for vascular intervention and
tissue engineering Front. Pharmacol. 9 1329

Svorcík V, Makajova Z, Kasalkova-Slepickova N, Kolska Z and
Bacakova L 2012 Plasma-modified and polyethylene
glycol-grafted polymers for potential tissue engineering
applications J. Nanosci. Nanotechnol. 12 6665–71

Travníckova M and Bacakova L 2018 Application of adult
mesenchymal stem cells in bone and vascular tissue
engineering Physiol. Res. 67 831–50

Travnickova M, Pajorova J, Zarubova J, Krocilova N, Molitor M
and Bacakova L 2020 The influence of negative pressure and
of the harvesting site on the characteristics of human
adipose tissue-derived stromal cells from lipoaspirates Stem
Cells Int. 2020 1016231

Vining K H and Mooney D J 2017 Mechanical forces direct stem
cell behaviour in development and regeneration Nat. Rev.
Mol. Cell Biol. 18 728–42

Wagenseil J E and Mecham R P 2009 Vascular extracellular matrix
and arterial mechanics Physiol. Rev. 89 957–89

Wan Y, Yang J, Yang J, Bei J and Wang S 2003 Cell adhesion on
gaseous plasma modified poly-(L-lactide) surface under
shear stress field Biomaterials 24 3757–64

Xavier M V, Macedo M F, Benatti A C B, Jardini A L,
Rodrigues A A, Lopes M S, Lambert C S, Filho R M and
Kharmandayan P 2016 PLLA synthesis and nanofibers
production: viability by human mesenchymal stem cell from
adipose tissue Proc. CIRP 49 213–21

Yamaguchi M, Shinbo T, Kanamori T, Wang P C, Niwa M,
Kawakami H, Nagaoka S, Hirakawa K and Kamiya M 2004
Surface modification of poly(L-lactic acid) affects initial cell
attachment, cell morphology, and cell growth J. Artif.
Organs 7 187–93

Yang X, Long L, Southwood M, Rudarakanchana N, Upton P D,
Jeffery T K, Atkinson C, Chen H, Trembath R C and
Morrell N W 2005 Dysfunctional Smad signaling
contributes to abnormal smooth muscle cell proliferation in
familial pulmonary arterial hypertension Circ. Res.
96 1053–63

Zhang X, Bendeck M P, Simmons C A and Santerre J P 2017
Deriving vascular smooth muscle cells from mesenchymal
stromal cells: evolving differentiation strategies and
current understanding of their mechanisms Biomaterials
145 9–22

Zhu J 2010 Bioactive modification of poly(ethylene glycol)
hydrogels for tissue engineering Biomaterials
31 4639–56

19

https://doi.org/10.1016/j.actbio.2010.03.043
https://doi.org/10.1016/j.actbio.2010.03.043
https://doi.org/10.1002/jbm.a.34733
https://doi.org/10.1002/jbm.a.34733
https://doi.org/10.1016/j.colsurfb.2011.12.018
https://doi.org/10.1016/j.colsurfb.2011.12.018
https://doi.org/10.1016/j.msec.2018.12.067
https://doi.org/10.1016/j.msec.2018.12.067
https://doi.org/10.1016/j.msec.2018.09.038
https://doi.org/10.1016/j.msec.2018.09.038
https://doi.org/10.1007/s10439-006-9099-3
https://doi.org/10.1007/s10439-006-9099-3
https://doi.org/10.1007/s12015-018-9825-x
https://doi.org/10.1007/s12015-018-9825-x
https://doi.org/10.1002/jemt.22886
https://doi.org/10.1002/jemt.22886
https://doi.org/10.1016/j.msec.2019.02.105
https://doi.org/10.1016/j.msec.2019.02.105
https://doi.org/10.1002/adhm.201801103
https://doi.org/10.1002/adhm.201801103
https://doi.org/10.1016/S0008-6363(01)00399-6
https://doi.org/10.1016/S0008-6363(01)00399-6
https://doi.org/10.1161/hc3201.094152
https://doi.org/10.1161/hc3201.094152
https://doi.org/10.1002/jbm.a.30521
https://doi.org/10.1002/jbm.a.30521
https://doi.org/10.1089/ten.teb.2015.0100
https://doi.org/10.1089/ten.teb.2015.0100
https://doi.org/10.7555/JBR.27.20130064
https://doi.org/10.7555/JBR.27.20130064
https://doi.org/10.1088/1748-605X/aa56f9
https://doi.org/10.1088/1748-605X/aa56f9
https://doi.org/10.1007/BF03085963
https://doi.org/10.1007/BF03085963
https://doi.org/10.1002/mabi.201500130
https://doi.org/10.1002/mabi.201500130
https://doi.org/10.1007/s10856-011-4425-1
https://doi.org/10.1007/s10856-011-4425-1
https://doi.org/10.1007/s00418-008-0516-6
https://doi.org/10.1007/s00418-008-0516-6
https://doi.org/10.3389/fimmu.2020.00826
https://doi.org/10.3389/fimmu.2020.00826
https://doi.org/10.1002/mabi.201100336
https://doi.org/10.1002/mabi.201100336
https://doi.org/10.1016/j.biotechadv.2017.12.011
https://doi.org/10.1016/j.biotechadv.2017.12.011
https://doi.org/10.3144/expresspolymlett.2013.50
https://doi.org/10.3144/expresspolymlett.2013.50
https://doi.org/10.1016/j.nimb.2012.10.035
https://doi.org/10.1016/j.nimb.2012.10.035
https://doi.org/10.3389/fphar.2018.01329
https://doi.org/10.3389/fphar.2018.01329
https://doi.org/10.1166/jnn.2012.4545
https://doi.org/10.1166/jnn.2012.4545
https://doi.org/10.33549/physiolres.933820
https://doi.org/10.33549/physiolres.933820
https://doi.org/10.1155/2020/1016231
https://doi.org/10.1155/2020/1016231
https://doi.org/10.1038/nrm.2017.108
https://doi.org/10.1038/nrm.2017.108
https://doi.org/10.1152/physrev.00041.2008
https://doi.org/10.1152/physrev.00041.2008
https://doi.org/10.1016/S0142-9612(03)00251-5
https://doi.org/10.1016/S0142-9612(03)00251-5
https://doi.org/10.1016/j.procir.2015.11.019
https://doi.org/10.1016/j.procir.2015.11.019
https://doi.org/10.1007/s10047-004-0267-7
https://doi.org/10.1007/s10047-004-0267-7
https://doi.org/10.1161/01.RES.0000166926.54293.68
https://doi.org/10.1161/01.RES.0000166926.54293.68
https://doi.org/10.1016/j.biomaterials.2017.08.028
https://doi.org/10.1016/j.biomaterials.2017.08.028
https://doi.org/10.1016/j.biomaterials.2010.02.044
https://doi.org/10.1016/j.biomaterials.2010.02.044

