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Cross-linked poly(alkylene citates) (cPAC) based on 1,6-hexanediol (cPHC) and 1,8-octanediol (cPOC)
and modified with 0.4, 0.8 and 1.6% w/w L-glutathione (GSH) were synthesized as potential materials for
vascular tissue engineering. The materials prepared at a citric acid:diol molar ratio of 2:3 exhibited
superior mechanical strength and reduced acidity in comparison to the 1:1 materials. All materials
exhibited blue fluorescence, which intensity was enhanced with increasing GSH concentration.
Conversely, the latter demonstrated marginally enhanced antioxidant properties. The preliminary cell
culture tests of the 2:3 materials with human adipose tissue stem cells (ASCs) revealed that cPOC did
not provide an appropriate environment for cell colonization due to its higher acidity than cPHC.
In contrast, cPHC promoted the growth of ASCs and other cell types, including fibroblasts (NHDFs),
endothelial cells (HUVECs), and smooth muscle cells (SMCs), at all GSH concentrations, with minimal
negative effect on HUVEC and SMC proliferation. The induction of oxidative stress by menadione
demonstrated a notable decline in the metabolic activity of both ASCs and NHDFs on cPHCs across all
GSH concentrations. However, an incremental protective effect on the cells was observed with
increasing GSH concentrations. In contrast, HUVECs and SMCs demonstrated increased metabolic
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activity, without the protective effect of GSH being observed. Therefore, the findings demonstrate that
cell type-specific differences exist in cell response to oxidative stress. Consequently, the addition of
antioxidants to the polymer should be guided by the intended cell type for use in vascular
reconstruction. Our results also suggest an intrinsic antioxidant activity of cPHC materials and their good
hemocompatibility with human blood in vitro.
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1. Introduction

@ Cracow University of Technology, Faculty of Chemical Engineering and
Technology, Department of Biotechnology and Physical Chemistry, 24 Warszawska

Cardiovascular diseases continue to represent a significant
Str., 31-155 Krakow, Poland. E-mail: wiktor.kasprzyk@pk.edu.pl

b Czech Academy of Sciences, Institute of Physiology, Department of Biomaterials
and Tissue Engineering, 1083 Videriska Str., 142 20 Prague, Czech Republic.
E-mail: Lucie.Bacakova@fgu.cas.cz

¢ Czech Academy of Sciences, Institute of Macromolecular Chemistry, Department of
Structural Analysis, Heyrovského ndm. 1888/2, 162 00 Prague, Czech Republic

 Czech Academy of Sciences, Institute of Macromolecular Chemistry, Department of
Chemistry and Physics of Surfaces and Biointerfaces, Heyrovského nam. 1888/2,
162 00 Prague, Czech Republic

¢ AGH University of Krakow, Faculty of Materials Science and Ceramics, Department
of Biomaterials and Composites, 30 Adam Mickiewicza Ave., 30-059 Krakow,
Poland

S Czech Academy of Sciences, Institute of Macromolecular Chemistry, Department of
Polymer Processing, Heyrovského ndm. 1888/2, 162 00 Prague, Czech Republic

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4tb02563f

10552 | J Mater. Chem. B, 2025, 13, 10552-10575

global public health concern, particularly in light of their high
mortality rates and often delayed detection."™ A variety of
pharmacological and preventive measures are employed in
the medical treatment of cardiovascular conditions. However,
surgical intervention is frequently the sole recourse for salva-
ging the patient.**” In surgical treatment, autogenous grafts of
the patient’s healthy vessels are typically employed for the
replacement of diseased or damaged structures.® Nevertheless,
the condition of the vessels on occasion precludes their use,
thereby necessitating the utilization of synthetic equivalents.”
In vascular tissue engineering, a variety of materials are
employed, including purely synthetic materials, materials of
natural origin, and various composites combining synthetic

This journal is © The Royal Society of Chemistry 2025
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structures with those of biological origin.* It is imperative
that emerging materials meet a number of rigorous criteria in
order to be suitable for particular applications. These include
high biocompatibility, suitable mechanical and surface proper-
ties that can be modified, and, in the case of vascular scaffolds,
low thrombogenicity.®''** The fundamental challenge in tis-
sue engineering is to identify a material that meets the requisite
specifications for a given application while maintaining a cost-
effective manufacturing process and versatility in application.
The currently available materials, including ePTFE, PCL, PGA,
PET, PLLA, collagen, and elastin, have inherent limitations.
Synthetic materials frequently elicit an immune response,
thrombogenicity, and cellular oxidative stress, necessitating
the application of coating materials that enhance their biolo-
gical characteristics.">'® In contrast, natural materials retain
full biocompatibility; however, their mechanical properties and
strength severely limit their applicability."”~*® Furthermore, the
aforementioned synthetic materials are predominantly employed
for the replacement of large-diameter vessels, which are typically
acellular. In large-diameter vessels, relatively strong blood flow
prevents the adhesion of undesirable cell types, including platelets,
immune system cells, and smooth muscle cell precursors which
can lead to stenosis of the graft. Modern small-diameter vascular
grafts, however, necessitate the reconstruction of the physiological
layers of the vascular wall, at the very least the inner layer of the
endothelium, which is the most effective anti-thrombotic agent,
and ideally also the tunica media with smooth muscle cells that
provide contractile function. Therefore, the unfavorable biocom-
patibility and hemocompatibility characteristics of the currently
used materials play an even greater role in small-diameter vascular
tissue engineering, effectively hindering the application of these
materials.***!

Cross-linked poly(alkylene citrates) (cPACs) appear to be a
promising class of polymers with the attributes of a versatile
material for tissue engineering applications.?>”>* The biocom-
patible monomers utilized in their fabrication and the exten-
sive range of mechanical properties modifications allow for the
combination of the strength and durability of synthetic materi-
als with the biocompatibility of materials of natural origin.
Numerous in vitro studies have documented the biocompat-
ibility and hemocompatibility of cPACs. cPACs possess exten-
sive structural modification capabilities, allowing the
imparting of new functionalities> >’ and they are still under
development for further functionalization.”®>* However, apart
from our previous work,>"*® the extant literature discloses only
a limited number of studies on cPACs and analogous materials
for vascular tissue engineering. A PVA-citric acid polyester with
potential application as a scaffold for vascular tissue engineer-
ing was reported.** In recent years, citrate-based materials have
emerged as a viable option for the fabrication of 3D printable
vascular scaffolds. For instance, a 3D-printed radio-opaque
vascular scaffold has been developed based on methacrylated
poly(1,12-dodecamethylene citrate) and molybdenum disulfide
nanosheets,*® additionally, highly elastic, 3D printable, and bio-
degradable citrate rubber ie., poly(tetrahydrofuran-co-citrate-co-
hydroxytelechelic natural rubber) has demonstrated promise in its
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application as a vascular scaffold, as evidenced by its use in
research studies.*® Furthermore, an injectable citrate-containing
polyester hydrogel for cardiac repair following myocardial infarc-
tion has been demonstrated to significantly reduce infarct size
and scar formation while promoting neovascularization.?”

In our research to date, we have concentrated on a compre-
hensive revision of the synthesis protocol and a detailed
examination of the physicochemical and structural properties
of PAC-based materials.>* Nevertheless, a substantial quantity
of research is currently being conducted on cPACs with the
objective of introducing new functionalities into the structure of
the materials through the use of small molecule modifiers.>**'
Existing literature reports demonstrated a beneficial outcome
provided by the introduction of modifications to the materials,
among which fluorescence and antioxidant properties emerged as
the most promising. Biodegradable photoluminescent polymers
(BPLPs), based on the implementation of 1-cysteine to cPACs, have
been effectively applied to precise in vivo scaffold degradation
control by fluorescence imaging.**** Antioxidant cPACs produced
via incorporation of ascorbic acid showed the potential to reduce
inflammatory effects by quenching reactive oxygen species
(ROS).** However, existing work describes attempts to modify
cPAC materials with modifiers that are responsible for impart-
ing a single new functionality to the material during the
modification protocol.*®** It was therefore decided to carry
out the modifications in such a way as to introduce both new
properties into the final PAC materials using a single modifier.
The overall goal was to confirm the suitability of the resulting
materials for use in vascular tissue engineering through cyto-
compatibility studies and in vitro antioxidant properties.

2. Results and discussion

Cross-linked poly(alkylene citrate) (cPAC) control materials
were obtained via the polycondensation reaction described
in a previous study (Fig. 1).>* GSH-modified cPAC materials
(G_cPACs) were fabricated in an identical manner, except that a
modifier-doped prepolymer solution was used for the cross-
linking reaction.

The reaction of citric acid (CA) with 1,6-hexanediol or 1,8-
octanediol at two molar ratios—1:1 and 2:3 (CA: diol)—led to
the formulation of poly(hexamethylene citrate) (PHC_1:1 and
PHC_2:3) and poly(octamethylene citrate) (POC_1:1 and
POC_2:3) prepolymers, as well as the corresponding cross-
linked materials (cPHC_1:1, c¢PHC_2:3, cPOC_1:1, and
cPOC_2:3), obtained after 4 or 10 days of crosslinking
(indicated by the appropriate suffix throughout the paper,
i.e., 4d or 10d, respectively).

Modification was performed using r-glutathione (GSH) solu-
tions of varying concentrations, resulting in materials with final
GSH contents of 0.4%, 0.8%, and 1.6% v/v, denoted by the suffixes
G0.4, G0.8, and G1.6, respectively. The properties of the obtained
materials discussed herein are strictly dependent on both the
modification protocol and the synthesis-structure relationships
described in our previous study.>* Material characterization was
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Fig. 1 The overall route for cPAC materials fabrication: prepolymer synthesis via polycondensation of CA and selected diols leading to a predominantly
linear oligomer formation (A), multistep purification procedure (B), cross-linking reaction — bond formation mainly between o-carboxyl group from

citrate residues and hydroxyl groups from hexa — or octamethylene chains (C)

carried out using "*C MAS NMR spectroscopy, fluorescence
measurements, and antioxidant activity assays. The effects of
GSH modification were further evaluated through dynamic
mechanical analysis (DMA), thermal analysis (TGA/DSC), and
comprehensive biological studies, including assessment of
material biocompatibility with cells in vitro.

For biological experiments, materials modified with three
GSH concentrations (0.4%, 0.8%, and 1.6% v/v) and unmodi-
fied control samples were used. Therefore, the influence of GSH
incorporation on the properties of cPACs could be system-
atically elucidated.

2.1. Synthesis, modification and characterization of G_cPACs

2.1.1. Synthesis of G_cPAC materials. For the preparation
of GSH-modified polymers (G_cPACs), aqueous GSH solutions
prepared as described below were used. Appropriate amounts
of each GSH solution were added to pure ethanolic solutions of
prepolymers, which were then subjected to the crosslinking
process (Fig. 18 in the Experimental section). A series of
modified materials was thus obtained, as detailed in Table 3
(Experimental section). The resulting materials, similar to the
control PAC samples, were transparent elastomers with smooth
surfaces, distinguished only by an orange coloration that
intensified with increasing GSH content (Fig. 2B). This colora-
tion may result from low-molecular-weight substances formed
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via reactions between thermally induced GSH hydrolysis pro-
ducts, most notably r-cysteine (CYS). Under crosslinking condi-
tions, CYS is prone to react with residual CA groups, forming ring-
fused 2-pyridone analogs, which have been associated with strong
yellow-orange coloration.***® Moreover, as described below, the
GSH-derived fluorescent compound formed in situ during cross-
linking also exhibits a yellow hue in its pure form, potentially
contributing to the observed coloration of the materials.

As stated previously in the Introduction, the choice of
modifier was driven by the need to introduce both fluorescence
and antioxidant properties through a single operational step.
It was hypothesized that GSH would serve as an appropriate
modifying agent due to its structure and properties, enabling
bifunctional incorporation into the material network (Fig. 2A).
The cysteinyl residues in the GSH structure are capable of
reacting with CA following the thermally induced hydrolysis
of GSH into a dipeptide, leading to the formation of 2-pyridone
analogs.”” Thus, the addition of GSH to the prepolymer prior
to crosslinking was expected to result in the in situ formation
of fluorescent derivatives within the material network. The
potential antioxidant properties were attributed to both the
physical entrapment and covalent incorporation of GSH mole-
cules, as well as residual dipeptides and cysteine moieties formed
during thermal hydrolysis. Their presence was anticipated to
endow the materials with the ability to quench reactive oxygen

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The dual modification scheme of G_cPACs (A) and photograph of the obtained materials (B).

species (ROS) over an extended period through the gradual release
of GSH as scaffold degradation progresses.

To verify this hypothesis, comprehensive material character-
ization was performed, and the results are presented in the
subsequent sections.

2.1.2. Materials characterization

2.1.2.1. Structural characterization. The modified cPAC
materials exhibited properties comparable to those of their
control counterparts in numerous aspects. Consequently, the
characterization methods employed in the following sections
are, for the most part, identical to those used in our previous
studies.>**® However, due to the modifications aimed at

imparting fluorescent and antioxidant properties, additional
investigations were conducted to validate these functionalities.
The findings are presented in the subsequent sections.
Side-by-side analysis of the >*C MAS NMR spectra (Fig. 3)
revealed no discernible differences between the control and
modified samples. Signals with characteristic chemical shifts
5were identified: signals ¢ 26.08,  28.83, 6 29.38 and ¢ 32.69 ppm
from carbon atoms in the octamethylene chain, a é 60.94 ppm
signal from carbon atoms of the -CH, group attached to an
unsubstituted hydroxyl group, a broad ¢ 65.01-66.82 ppm signal
from the carbon atoms of the octamethylene -CH, alkyl groups
closest to the ester bond and ¢ 43.43 and ¢ 73.28 ppm signals
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Fig. 3 Fragment of POC prepolymer structure along with chemical shift assignments based on *C MAS NMR analysis (A),*3C MAS NMR spectra obtained
for the cPOC_2:3_4d_C with chemical shift assignments of the observed signals (B) and comparison of cPOC_2:3_4d_C and cPOC_2:3_4d_G0.8
spectra (C1) and (C2) and a close-up of the superimposed integrals of the carboxylic acid region of both spectra (C3).
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from the citrate carbon atoms (from the -CH, groups and the
central quaternary carbon, respectively) along with superimposed
signals from substituted and unsubstituted carbonyl carbons in
the range of 6 170.03-0 174.93 ppm (Fig. 3A and B). In addition, a
signal associated with triethyl citrate was identified (6 14.86 ppm).
Importantly, no new signals were detected for the cPAC_2:3_
4d_G0.8 modified material (Fig. 3C1-C3) beyond those observed
in the control samples, indicating that the incorporation of the
modifier did not alter the material’s overall chemical structure.
The concentrations of both intact GSH molecules and the in situ-
formed GSH-derived fluorescent compound were insufficient for
detection by solid-state NMR spectroscopy. This observation is
further supported by molar ratio and reactivity calculations
(Fig. S1-S3, EST%).

The close similarity between the spectra suggests that the
addition of GSH at the tested concentrations does not affect the
primary structure of the crosslinked cPAC materials. Despite
the formation of a fluorescent compound within the network,
the ratio of citrate to alkylene residues and the degree of
—-COOH group conversion remained unchanged (Fig. 3 and
Fig. S2, ESIt). It can therefore be concluded that the quantity
of unsubstituted carboxyl groups remained relatively constant
throughout the reaction.

2.1.2.2. Fluorescence and antioxidative properties of the
G_cPACs. The absence of significant alterations in the
degree of conversion may also be explained by the mech-
anism of fluorophore formation. The fluorescence of the mod-
ified cPAC materials arises from the in situ formation of a
fluorescent compound derived from GSH and CA, known
as CTPC—3-[(carboxymethyl)carbamoyl]-5-oxo-2,3-dihydro-5H-
[1,3]thiazolo[3,2-a]pyridine-7-carboxylic acid (Fig. 4A)—a non-
toxic, biocompatible fluorophore with a maximum emission
wavelength at 444 nm.*” As demonstrated in our previous
study,?” this reaction occurs between CA molecules and the
glycyl-cysteinyl dipeptide, which is formed via amide bond
cleavage of the GSH molecule, accompanied by the release of
the t-glutamic acid moiety (Fig. S4, ESI{). A similar reaction
takes place during the crosslinking of G_cPAC materials,
involving citrate groups and GSH hydrolysis products formed
under the reaction conditions.

View Article Online
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The formation of fluorophore molecules at the terminal
ends of polymer chains imparts fluorescent properties to the
materials while consuming a portion of free carboxyl groups.
However, since each fluorophore introduces an additional term-
inal carboxyl group, the overall degree of conversion remains
comparable between modified and unmodified samples.

UV-Vis and spectrofluorimetric analyses confirmed the
fluorescent properties of the materials. In general, the samples
exhibited blue fluorescence, with intensity increasing propor-
tionally to the GSH concentration (Fig. 3B and C).

Characteristic photoluminescence (PL) emission bands with
a pronounced maximum at 444 nm were observed, corres-
ponding well with the emission spectra of pure CTPC, thereby
supporting the in situ formation of this fluorophore under
crosslinking conditions. Although the fluorescence intensity
increased with higher GSH concentrations, the relationship was
not linear. This nonlinearity suggests an uneven conversion of
GSH to the fluorophore, potentially influenced by several factors.

First, the low dispersion of the modifier (less than 1% v/v in
the material) significantly reduces the likelihood of condensa-
tion reactions between cysteinyl residues and available citrate
groups. For the reaction to occur, a GSH molecule must
encounter a sterically favorable citrate moiety with only one
carboxyl group blocked. Additionally, the blocked group should
not be one of the terminal carboxyl groups of the citrate residue,
as closure of the six-membered anhydride ring—necessary for
CTPC formation—would otherwise be implausible.*” Further-
more, GSH must undergo thermally induced hydrolysis into
a glycyl-cysteinyl dipeptide, which can then react with the
citrate residue. The crosslinking temperature (80 °C) may only
induce hydrolysis and subsequent reaction in a fraction of GSH
molecules.

This interpretation is supported by the antioxidant proper-
ties observed for the tested materials, which result from the
presence of unreacted GSH and its hydrolysis products within
the polymer matrix. Additionally, fluorescence quenching
mechanisms and internal filter effects likely interfere with the
observed PL emission. A high polymer network thickness can
scatter the excitation beam, decreasing the probability of mole-
cular excitation and consequently lowering fluorescence intensity,
especially in polyesters with lower fluorophore concentrations.

B  cPHC_1:1 cPHC_2:3 §3-5 400 15000
Control ( 8 3.0 C
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Fig. 4 The structure of CTPC fluorophore (A),*” samples of control and modified cPAC materials under a UV lamp (B), photoluminescence (PL) emission
spectra for control and modified cPHC_1:1_10d materials (C), and 3D fluorescence map for cPHC_1:1_10d_G0.8 (D).
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Collectively, these factors contribute to the observed fluctuations
in fluorescence intensity.

Importantly, these fluctuations do not obscure the clear
influence of the diol type and reactant molar ratio on fluores-
cence intensity. The PL spectra show a distinct decrease in
emission for materials prepared at a 2:3 CA:diol ratio com-
pared to those at a 1:1 ratio. This decrease can be attributed to
a higher molar excess of citrate residues in the 1:1 ratio
materials, which enhances the probability of dipeptide—citrate
reactions. Moreover, materials prepared at a 1:1 molar ratio
were more acidic, which likely facilitated peptide bond cleavage
in the GSH molecule, promoting fluorophore formation.

The type of diol used also influenced PL emission: materials
synthesized with 1,6-hexanediol exhibited higher fluorescence
than those synthesized with 1,8-octanediol. This effect can be
explained by two factors: (1) the shorter alkylene chain in cPHC
materials results in a higher molar density of citrate residues,
and (2) the increased hydrophilicity of hexanediol-based mate-
rials compared to octamethylene-based ones, enhancing their
reactivity with the hydrophilic glycyl-cysteinyl dipeptide.

The effect of crosslinking time on PL intensity was also
investigated. Materials crosslinked for 10 days (10d) displayed
the same trends described above, but with more pronounced
differences. Prolonged crosslinking increased fluorescence
intensity in materials with a higher probability of reaction
occurrence (e.g., cPHC_1:1). However, in materials with lower
citrate content (2 : 3 molar ratio), prolonged crosslinking led to
increased crosslinking density, greater blocking of carboxyl
groups, and reduced hydrophilicity, ultimately resulting in
decreased PL intensity.

The most substantial decrease in emission was observed for
cPOC_2:3_10d, which, due to its longer octamethylene chain
and consequently the lowest molar proportion of citrate
groups, displayed the lowest hydrophilicity among all tested
samples.*®

As previously discussed, the introduction of the GSH tri-
peptide into the polyester structure occurs via two distinct
pathways. The first involves the formation of a fluorescent
derivative through the reaction of thermally hydrolyzed GSH
fragments with citrate residues, as described above. The second
pathway entails the incorporation of unreacted GSH into the
polymer network. In this latter case, GSH molecules can be

View Article Online
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immobilized within the polymer matrix through either non-
covalent interactions or covalent bonding (Fig. 5).

During the crosslinking process, GSH molecules can become
physically encapsulated between network junctions or, owing to
the presence of carboxyl and amino groups in the glycyl and
glutamyl moieties, can undergo esterification and amidation
reactions. As a result, GSH molecules can be covalently attached
to alkylene or citrate groups at the ends of polymer chains (Fig. 5).
In both cases, the antioxidant functionality of GSH is preserved, as
the thiol groups in the cysteinyl residues—critical for the scaven-
ging of reactive oxygen species (ROS)*>*'—remain unreacted.
Consequently, the material acquires new functionality, namely,
the ability to neutralize free radicals.

The incorporation of antioxidant molecules into the polymer
network can significantly mitigate oxidative stress, thereby
reducing the risk of scaffold rejection and inflammation.
To evaluate the antioxidant properties of G_cPAC materials,
their ability to scavenge radicals was assessed using the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) assay. The results clearly
demonstrated a decrease in absorbance values with increasing
GSH content, confirming the antioxidant potential of the
modified materials (Fig. 6).

The observed decrease in the absorbance of the tested
solutions was influenced by both the molar ratio of the reac-
tants and the curing time of the materials. Materials prepared
at a 1:1 (CA:diol) molar ratio exhibited superior antioxidant
properties compared to those obtained at a 2:3 ratio. This
effect can be attributed to the higher hydrophilicity of the 1:1
(CA:diol) materials, resulting from a greater proportion of
citrate residues relative to alkylene chains. Higher hydrophili-
city facilitates greater DPPH penetration into the polymer net-
work, thereby enhancing antioxidant activity.

Conversely, our previous research demonstrated that mate-
rials synthesized with a 2:3 (CA:diol) ratio provided a more
favorable environment for adipose-derived stem cells (ASCs)
and vascular smooth muscle cells (SMCs) growth, both in
material extracts and during direct contact cultivation.> This
was attributed to the lower acidity of 2:3 (CA:diol) materials
compared to those synthesized at a 1:1 ratio.”**®

Discrepancies were also observed between materials cross-
linked for 4 and 10 days. Longer crosslinking times led to higher
absorbance values, indicating diminished antioxidant properties.

Fig. 5 Graphical representation of two possible ways of embedding the GSH molecules into cPAC materials: (A) non-covalent imparting between
polymer chains, (B) covalent bonding to the available carboxyl and hydroxyl groups at the end of polymeric chains.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Comparison of the antioxidant properties of modified PAC materials depending on the length of crosslinking time. (A) cPHC_1:1, (B) cPHC_2:3,

(C) cPOC_1:1, (D) cPOC_2: 3. Absorbance was measured at 517 nm.

This phenomenon can be explained by the increased crosslinking
density, which hinders DPPH diffusion into the polymer network
and thus reduces its radical scavenging efficiency. Interestingly,
the type of diol used had no significant effect on absorbance,
suggesting that crosslinking density is the primary factor influen-
cing the antioxidant performance of the materials.

These findings confirm the successful introduction of two
new functionalities into PAC materials: fluorescence and anti-
oxidant properties. GSH incorporation into the polymer network
proceeds via two mechanisms: (1) reaction between citrate and
cysteinyl moieties, leading to the formation of a fluorescent
product (CTPC); and (2) physical encapsulation and covalent
attachment of intact GSH molecules, which are responsible for
ROS-scavenging activity.

Specifically, the antioxidant activity arises from the well-
known reaction of GSH with ROS, resulting in the formation of
glutathione disulfide (GSSG),>> a dimer linked by disulfide bonds
between cysteinyl thiol groups. In contrast, GSH residues that

10558 | J Mater. Chem. B, 2025, 13,10552-10575

participate in CTPC formation have their thiol groups blocked,
rendering the fluorophore incapable of antioxidant action.

These observations suggest that unreacted GSH and its
hydrolysis products capable of disulfide bond formation are
effectively retained within the G_cPAC network. As the scaffold
degrades over time in vivo, a gradual release of GSH is expected,
providing a sustained antioxidant effect beneficial for sur-
rounding cell proliferation—a highly promising feature for soft
tissue engineering applications.

Notably, the relatively low GSH content used in material
synthesis proved sufficient to significantly reduce DPPH radi-
cals, while having no substantial effect on the mechanical
properties of the materials, as confirmed by additional analyses
(Fig. S5-S7, ESIt).

2.1.2.3. Dynamic-mechanical and thermal analysis of the

G_cPACs. The influence of GSH addition on thermo-mechanical
behavior of the crosslinked samples was studied using dynamic-

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 DMTA results showing evolution of storage moduli (A), loss moduli (B), and loss factor (tand) (C).

mechanical and thermal analysis (DMTA). The DMTA curves
confirmed the formation of chemical networks in all samples,
which is evidenced by the appearance of a rubber plateau (above
T,) on the G’ curves (Fig. 7).

The PHC samples show both higher T, and the storage
modulus at rubber plateau (G values) than POC, which results
from their higher cross-link density (v, Table 1). In the case
of PHC series, shorter hexamethylene chains are built into
the network structure, therefore their calculated v, values are
higher than those of the POC series with longer octamethylene
chains. Surprisingly, the GSH addition had no significant effect

Table 1 DMTA results showing main transition temperature (T,), storage
modulus at rubber plateau (Gy) and calculated effective cross-link
density (ve)

3

Sample ID T,, °C Gr, MPa Ve, mmol cm ™
cPHC_2:3_C -5 5.4 2.04
cPHC_2:3_G1.6 -3 3.7 1.39
cPOC_2:3_C —23 2.1 0.84
cPHC_2:3_G0.4 —22 1.4 0.56
cPOC_2:3_G0.8 —21 1.3 0.52
cPOC_2:3_G1.6 —22 0.9 0.36

This journal is © The Royal Society of Chemistry 2025

on T, (Table 1) for both PHC and POC series. This suggests that
the GSH molecules interact strongly with the network chains
and do not plasticize the final material. As previously shown in
Fig. 5, these interactions can involve both non-covalent and
covalent bonding of GSH molecules with the polymer network.
The origin of these interactions was also partly revealed from
DMTA. It can be seen that the Gp values decrease with
increasing GSH concentration, i.e. the cross-link density (v.)
also decreases gradually, while T, remains constant. This
proves that when T > T, is reached, the non-covalent bonds
are disrupted, which is manifested by a decrease in the effective
cross-link density, i.e. a decrease in Gy, of the GSH-containing
networks.

2.1.2.4. Invitro tests of antioxidant activity of modified cPACs.
The first experiment (Fig. 8) was designed to compare the
proliferation and viability of human adipose tissue-derived
stem cells (ASCs) in culture on ¢cPOC_2:3_10d and cPHC_2:
3_10d materials modified with four different concentrations of
GSH, ie.: 0, 0.4, 0.8, and 1.6% v/v. The reason for selecting
ASCs was their relatively easy availability through liposuction of
the patient’s subcutaneous tissue and their suitability to

J. Mater. Chem. B, 2025, 13, 10552-10575 | 10559
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Fig. 8 Comparison of the survival and proliferation of human ASCs in 3-day-old cultures on cPOC_2:3_10d or cPHC_2: 3_10d endowed with GSH (G)
at concentrations of 0.0, 0.4, 0.8 and 1.6% w/w. Native cultures, Olympus IX71 microscope, obj. 10x, bright field, scale bar 200 pm.

reconstruct blood vessels, specifically by differentiating into
smooth muscle cells (SMCs).>* The selection of polymers with a
molar ratio CA:diol of 2:3 was made due to its lower acidity
than that of 1:1, as demonstrated in our prior research** and
confirmed in the present study.

The results showed that, in contrast to ¢cPHC_2:3_10d,
cPOC_2:3_10d materials showed poor performance in terms
of cell proliferation and biocompatibility. After 3 days of cell
cultivation, ¢cPOC_2:3-based substrates contained low num-
bers of sparse cells, while ASCs were subconfluent on cPHC_2:
3-based materials (Fig. 8). Even prolonged rinsing of the cPOC-
based materials with the culture medium prior to cell seeding
did not prevent the release of potentially cytotoxic substances
into the medium. High acidity was detected in this medium,
which contained phenol red as pH indicator, suggesting the
release of unreacted CA from cPOC. Similar cell behavior was
observed in the previous study®® with ASCs cultured in extracts
of cPOC_2:3_10d and cPHC_2:3_10d in the cell culture med-
ium. While undiluted extracts of cPHC_2:3_10d allowed ASCs
adhesion, spreading and subsequent growth (up to day 7 of
cultivation), the cells did not adhere and proliferate in undi-
luted extracts of cPOC_2:3_10d. Thus, for subsequent experi-
ments with different GSH concentrations, the cPHC_2:3_10d
was selected.

The biocompatibility of c¢PHC_2:3_10d materials with
increasing GSH concentration was tested on four cell types,
namely the aforementioned human ASCs, normal neonatal
human dermal fibroblasts (NHDFs), human umbilical vein
endothelial cells (HUVECs), and human umbilical artery
smooth muscle cells (SMCs). NHDFs, HUVECs and SMCs
represent the major cell types in the vascular wall, i.e. fibro-
blasts in the tunica adventitia, endothelial cells in the tunica
intima and smooth muscle cells in the tunica media, thus
making these cell types relevant for vascular tissue engineering.
Although all cell types monitored grew generally better on
tissue culture polystyrene (TCPS) than on cPHC_2:3_10d mate-
rials, i.e. were more homogeneously distributed with higher cell
population densities (Fig. 9), strong adhesion and subsequent

10560 | J. Mater. Chem. B, 2025, 13, 10552-10575

Fig. 9 Comparison of the cell population density and morphology of
human ASCs in 3-day-old cultures on cPHC_2: 3_10d modified with GSH
in concentrations of 0.0 (A), 0.4 (B), 0.8 (D), and 1.6 (E) % w/w, and on
control TCPS (C). Cells were fixed with 4% paraformaldehyde and stained
with hematoxylin and eosin. Olympus IX71 microscope, obj. 10x, bright
field, scale bar 200 um. (F) Distribution of GSH-modified cPHC_2:3_10d
in a 24-well tissue culture plate. The increasing concentration of GSH is
evident by the gradual color change of the material from colorless to
orange. The last column on the right in the plate represents the control
TCPS.

proliferation was also observed on cPHC_2:3_10d for each
monitored cell type and all GSH concentrations tested (Fig. 10).

As mentioned above, the idea of modifying cPHC with GSH
arose from the well-described negative effects of oxidative stress
on cell growth and viability. Therefore, menadione was chosen
as a substance that induces cell death through ROS-dependent
mechanisms.”* Initially, preliminary tests were performed with
menadione concentrations ranging from 50 pM to 500 mM on
ASCs seeded on control and GSH-modified cPHC materials.
Although not all data are presented in this paper, a representa-
tive example of the effect of menadione at the highest concen-
tration of 500 mM on cell viability and metabolic activity is
shown in Fig. 11.

As determined by the resazurin assay, cell metabolic activity
was higher on TCPS than on cPHC_2:3_10d samples without
and with GSH prior to menadione treatment. After 1 hour of
preincubation of the cell on the tested samples with 500 mM

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Comparison of the cell population density and morphology of four cell types, namely ASCs, NHDFs, SMCs and HUVECs on day 4 after seeding
on control cPHC_2:3_10d material without GSH (GO0), and on cPHC_2:3_10d with increasing GSH (G) concentration of 0.4, 0.8 and 1.6% w/w. Cells
were stained with hematoxylin and eosin. Olympus IX70 microscope, objective 10 x, bright field, scale bar 100 pm. It is evident that the tested materials
provided suitable substrates for the growth of ASCs and NHDFs in particular. In the case of HUVECs and SMCs, the increasing concentration of GSH is

rather limiting for cell growth.

menadione, the cell metabolic activity as measured by a resa-
zurin assay decreased in all samples. However, this decrease
was least evident in ¢cPHC_2:3_10d with the highest GSH
concentration, Ze. 1.6% v/v. At 2 h after preincubation with
menadione, cell metabolic activity continued to decrease in all
samples, reaching similarly low levels on TCPS and on cPHC_2:
3_10d with 0.0-0.8% GSH. The exception was sample cPHC_2:
3_10d with 1.6% GSH, where the cell metabolic activity was the
highest of all monitored samples. Thus, a certain protective
effect of GSH against oxidative stress became apparent only at
the highest GSH concentration tested (Fig. 11).

The decrease in metabolic activity of ASCs following the
addition of 500 mM menadione was accompanied by morpho-
logical changes in these cells. Fig. 12 shows the response of
ASCs grown on cPHC_2:3_10d without GSH and with increas-
ing concentrations of GSH (0.4%; 0.8%; 1.6% w/w) and control
TCPS to the addition of 500 mM menadione. Prior to the
addition of menadione (Fig. 12), cells were elongated and well
adherent to all substrates tested. After the addition of mena-
dione (Fig. 12), the cells began to round and detach from the
culture substrate, a sign of their reduced viability, which is
particularly evident on ¢cPHC_2:3_10d without GSH (Fig. 12).

This journal is © The Royal Society of Chemistry 2025

However, this cell behavior is less pronounced on cPHC_2:
3_10d with GSH, indicating a protective effect of GSH on the
cells (Fig. 12).

In the final step, a relatively low concentration of menadione
of 500 uM was selected for the following tests, since this
concentration has been shown to cause moderate oxidative
effects on cells, comparable to common physiological condi-
tions. Therefore, the viability of four cell types, ie. ASCs,
NHDFs, HUVECs and SMCs, cultured on cPHC_2:3_10d with
increasing concentrations of GSH and exposed to 500 pM
menadione was compared. Cell viability was measured using
the metabolic resazurin assay. A control measurement without
menadione was performed at the beginning of the experiment.
This was followed by the application of 500 uM menadione for
three hours, and after three hours, another resazurin assay was
performed in the presence of menadione. The principle of the
resazurin assay is based on the reduction of blue (oxidized)
resazurin to the pink (reduced) product resorufin by oxido-
reductase enzymes in the mitochondria and cytosol of meta-
bolically active cells. Therefore, the assay may interfere with the
antioxidant potential of the GSH present in the materials, and it
was necessary to provide a relatively complex set of control

J. Mater. Chem. B, 2025, 13, 10552-10575 | 10561


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02563f

Open Access Article. Published on 08 August 2025. Downloaded on 3/5/2026 10:35:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Journal of Materials Chemistry B

= 5000
25. 4500 I ok Kk
* ok ok ok
.‘3 4000 **::** *E KK
= * ok k
9] F KKK
}_.__. 3500 s R K
o 3000
e
§ 2500
o 2000
S
= 1500
[t
& 1000
2
9 500
]
= 0
Oh 1h 2h

OTCPS EGO O0G0.4 OGO0.8 WMG1.6

Fig. 11 Time-dependent effect of 500 mM menadione on cell survival
and metabolic activity assessed by a resazurin assay in ASCs cultured on
TCPS and cPHC_2:3_10d materials with increasing GSH (G) concen-
tration from 0 to 0.4, 0.8 and 1.6% w/w. The cells were pre-incubated in
menadione for 1 or 2 hours, and then they were incubated with a medium
with resazurin and menadione for another 3 hours, i.e., for 4 and 5 hours in
total. Metabolic activity decreased significantly with the time of incubation.
Only the cells on cPHC materials with the highest GSH concentration (1.6%
w/w64) showed a more pronounced metabolic activity after 2 hours (i.e.
5 hours) of menadione treatment, but the difference between the 1(4)-
hour- and 2(5)-hour responses to menadione is still significant. Data are
presented as mean + SD of 6 measurements, and two-way ANOVA
analysis was performed. The Shapiro-Wilk test was performed for each
data set. Values connected by lines differ significantly from each other
(****p < 0.0001).

samples (see Materials and methods section, Chapter 4.4.2).
The results of the resazurin assay are shown in Fig. 13.
Apparently, the metabolic activity of cells after menadione
application is strongly influenced by the composition of the
cultivation substrate and the cell type. The most pronounced
antioxidant effect of GSH, together with high cell sensitivity
to oxidative stress, was observed in ASCs (Fig. 13A). These cells

Men (0 mM)

Men (500 mM)

View Article Online

Paper

exhibited a significant decrease in metabolic activity on all
media tested after exposure to 500 pM menadione, although
this reduction was less pronounced on media with higher GSH
concentrations, indicating an antioxidative effect of GSH-
enriched samples. Similar results were also obtained when
the cell viability was assessed using the CellTiter-Glo® lumi-
nescent cell viability assay. This assay allows for the measure-
ment of the product of cellular metabolism not only in the
culture medium, as in the case of the resazurin assay, but also
in the lysates of cells previously grown on the tested materials.
We found that the viability of ASCs was significantly higher in
cells cultured on all samples tested without exposure to mena-
dione than in the presence of menadione (Fig. 14).

On the one hand, when cell viability was compared on cPHC
materials with different GSH concentrations, this value was
significantly higher on the material with 1.6% w/w GSH than
on the material with 0, 0.4 and 0.8% w/w GSH, indicating a
positive influence of the material functionalization with GSH
on cell viability. On the other hand, on all ¢cPHC_2:3_10d
materials, even those without GSH, the cell viability was signifi-
cantly higher than in control plastic wells, especially in cells
exposed to menadione. This result indicates a positive effect of
the cPHC-based material itself on cell viability, more or less
independent of the presence of GSH. One explanation is that
the cPHC-based material probably had an inherent antioxidant
effect, similar to that of the other related citric acid-based
materials. Examples of these materials are as poly(1,8-octa-
methylene citrate) (POC), which has been used to mitigate the
oxidative properties of superparamagnetic iron oxide nano-
particles (SPIONs) used for non-invasive visualization of engi-
neered endothelium in vascular grafts,> poly(octanediol-
citrate-polyglycol), which improved skin wound healing and
polarized macrophages to an anti-inflammatory M2-pheno-
type®® or a biodegradable thermoresponsive gel copolymer of
citric acid, poly(ethylene glycol) (PEG), and poly-N-isopropyl-
acrylamide (PNIPAAm).”’

In addition to ASCs, a relatively high sensitivity to oxidative
stress was also observed in NHDFs (Fig. 13B), but in this case,

Fig. 12 Comparison of the cell population density and morphology of ASCs seeded on cPHC_2 : 3_10d material with increasing GSH (G) concentrations
from 0 to 0.4, 0.8 and 1.6% w/w and control TCPS. Cells were either untreated or pre-treated with 500 mM menadione (Men) for 2 hours. Native cultures,
Olympus IX70 microscope, objective 10 x, bright field, scale bar 200 pm. Obviously, ASCs seeded on materials without GSH did not adhere well under the
oxidative stress. However, a positive influence of the antioxidant effect of GSH on cell morphology can be seen.

10562 | J. Mater. Chem. B, 2025, 13, 10552-10575
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Fig. 13 The influence of GSH content in the cPHC_2 : 3_10 material on cell survival and metabolic activity (resazurin assay) under the oxidative stress
(after 6 hours of menadione treatment). (A) ASCs, (B) NHDFs, (C) HUVECsS, (D) SMCs. Cells were cultured on TCPS, on the materials without GSH (GO) and
with GSH (G) content of 0.4, 0.8 and 1.6% w/w. Data are presented as the ratio of the fluorescence intensity of resorufin after incubation of cells with
menadione (/,) to the fluorescence intensity of resorufin before incubation of cells with menadione (/). The ratio (R) is expressed as the mean + SD of
3 and 6 measurements for samples without and with menadione, respectively. R = 1 indicates that the metabolic activity of the cells after incubation with
menadione is the same as before incubation; R > 1 indicates that this metabolic activity is higher, and R < 1 indicates a decrease in the cell metabolic
activity after incubation with menadione. Two-way ANOVA analysis with the Shapiro-Wilk test was performed for each data set. Values connected by

lines differ significantly from each other (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05).

the antioxidative effect of GSH-enriched samples was less
evident. Even in GSH-enriched samples, cell metabolic activity
after incubation with menadione was lower than before incu-
bation and lower than in menadione-free samples, which again
suggests the intrinsic antioxidative capacity of cPHC materials.
However, the response of HUVECs and SMCs (Fig. 13C and D)
to menadione application was opposite to that of ASCs and
NHDFs - the metabolic activity of these cells, especially
HUVECS, actually increased significantly after menadione
application. A potential explanation may be that cells of the
vessel wall, particularly endothelial cells that form the inner

This journal is © The Royal Society of Chemistry 2025

lining of the vessel, are in the first line to encounter oxygen
radicals from the blood (e.g., from activated immune cells).
Therefore, these cells may be more resistant to oxidative
damage than cells that are physiologically more distant from
the vessel lumen, such as fibroblasts or ASCs. Endothelial
cells and their progenitors show relatively high expression
and activity of antioxidant enzymes, such as nicotinamide N-
methyltransferase,®® AD(P)H dehydrogenase [quinone] 1,>° or
manganese superoxide dismutase.®® Under oxidative stress,
endothelial cells can also undergo endothelial-mesenchymal
transition, ie. they acquire an SMC-like phenotype, and

J. Mater. Chem. B, 2025, 13, 10552-10575 | 10563
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Fig. 14 The viability of ASCs, measured by the CellTiter-Glo® lumines-
cent cell viability assay, in Nunclon™ Delta surface polystyrene (PS) plates
and on cPHC_2:3_10d materials with GSH (G) content of 0, 0.4, 0.8, or
1.6% w/w, without menadione, or after 2 hours exposure to 100 uM
menadione added to the culture medium. Data are expressed as mean
+ SD (n = 4). Statistical significance: 0.001, 0.005: significantly lower (p <
0.001 or p < 0.005) compared to cells on the same material not exposed
to menadione (Student t-test). All: significantly lower (p < 0.001; ANOVA,
Student—Newman-Keuls method) compared to cells on all corresponding
materials (i.e., either non-exposed or exposed to menadione). ***: signifi-
cantly higher (p < 0.001; ANOVA, Student—-Newman-Keuls method)
compared to cPHC with 0, 0.4, and 0.8% w/w GSH.

proliferate.®' Oxygen radicals not only damage the cells and
cause cell senescence and death, but at moderate concentra-
tions, they can also directly stimulate the proliferation of
cells, including endothelial cells and SMCs, by a mechanism
similar to that of growth factors (for a review, see ref. 54 and
62). As early as 1996, Burdon hypothesized that normal
production of ROS is necessary for normal transduction of
signals that regulate cell growth.®?

Interestingly, in HUVECs, increasing GSH concentrations
even resulted in a slight reduction in the cell metabolic activity,
although this reduction was not significant (Fig. 13C). It is
known that the metabolic activity of cells is often directly
proportional to the number of cells, i.e. it is even considered
an indicator of cell proliferative activity.®* Thus, this result
could confirm our hypothesis that in the case of HUVECs,
oxygen radicals indeed stimulated the proliferation of these
cells. Another reason could be some adverse effect of high GSH
concentrations on the cells, especially in the presence of
oxidizing agents. It is known that ROS can oxidize cellular
GSH, which can lead to the loss of intracellular redox home-
ostasis and activation of the apoptotic signaling cascade.®®
Nevertheless, the cell-specific differences in the response to
GSH-loaded cPHCs and oxidative stress need to be further
investigated in more detail.

In the present study, the focus was maintained on ASCs,
which have been demonstrated to be the most sensitive to
oxidative stress induced by menadione and to GSH concentra-
tions in the cPHC material. Furthermore, ASCs are a promising
stem cell type for vascular tissue engineering. The generation of

10564 | J Mater. Chem. B, 2025, 13, 10552-10575
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ROS in ASCs using the ROS Detection Assay Kit (DFCDA/
H,DCFDA) was monitored. The principle of the test is that
after diffusion of H,DCFDA into the cells, the acetyl groups on
this compound are cleaved by intracellular esterase to yield a
non-fluorescent compound, which is oxidized by ROS to highly
fluorescent 2’,7’-dichlorodihydrofluorescein. Fluorescence is
then detected from the bottom of 96-well glass-bottom plates.
Therefore, this assay was performed in material extracts
because the cells must adhere directly to the glass bottom of
the wells and not to the material, whose fluorescence could
additionally interfere with that of 2’,7’-dichlorodihydro-
fluorescein.

It was determined that the production of ROS occurred not
only in cells that had been exposed to menadione, but also in
unexposed cells. This finding may be indicative of the physio-
logical ROS production necessary for signal transduction.>**?
However, the ROS production was significantly higher in
exposed than in unexposed cells (Fig. 15A). Although cells
cultured in extracts of cPHC with 0.4 and 1.6% w/w GSH tended
to produce less ROS than cells in control medium, these diff-
erences did not reach statistical significance. However, when
ROS production in cells exposed to menadione was normalized
to the ROS production of corresponding cells cultured without
menadione, the resulting values in cells cultured in all extracts
of cPHC material, including those without GSH, were signifi-
cantly lower than in cells cultured in control medium (Fig. 15B).
This again suggests an intrinsic antioxidant capacity of cPHC,
similar to that in other citric acid-containing materials. For
example, extracts of polyvinyl alcohol modified with citric acid
showed protective effects on bone marrow mesenchymal stem
cells under oxidative stress in vitro. These extracts enhanced the
antiapoptotic capacity of stem cells by upregulating the nuclear
receptor peroxisome proliferator-activated receptor y (PPARY)
and manganese superoxide dismutase 2 (Mn-SOD2), which
scavenges mitochondrial ROS.®® Citric acid, together with pro-
tocatechuic acid, has been used as a protective antioxidant
coating for magnetic nanoparticles incorporated into ASCs for
their maneuverability and traceability in cell therapies, e.g., for
the potential treatment of hearing disorders in regenerative
audiology.®”

A potential intrinsic antioxidant capacity of the cPHC mate-
rials was further confirmed by other experiments performed in
the material extracts, namely monitoring of the growth of ASCs
exposed to menadione using the xCELLigence real-time cell
analyzer. This system monitors cell growth by measuring the
electrical impedance generated by cells adhering to the bottom
of special culture plates with gold microelectrodes, which is
presented as the cell index. The method of studying cell growth
in extracts of the materials has already been used and proven
successful in our previous study of cPOC and cPHC.?>* When the
cells were exposed to menadione (15 puM), the cell index
increased to higher values in extracts of materials than in
control standard DMEM with supplements, and this increase
was similar in extracts of materials without and with GSH at all
concentrations tested (Fig. S8 in the ESI}), ie. it was GSH-
independent.

This journal is © The Royal Society of Chemistry 2025
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Fig. 15 Production of ROS in ASCs cultured in standard cell culture medium (DMEM) and in extracts (E) of cPHC_2:3_10d materials with GSH (G)
content of 0, 0.4, 0.8, or 1.6% w/w, measured with the ROS Detection Assay Kit (DFCDA/H,DCFDA). (A) Intensity of fluorescence of the cells with
menadione added to the culture medium and without menadione. (B) The ratio between the intensity of fluorescence of cells cultured with menadione
and the value in cells cultured without menadione. Mean + SD (n = 3). ANOVA, Student—Newman-Keuls Method. Statistical significance: ** p < 0.01,

*p < 0.005 compared to DMEM.

Moreover, cell indices in extracts with 15 pM menadione
eventually reached slightly higher values than those without
menadione. This is consistent with findings that oxidants at
low levels can act as redox-active messengers in signal transduc-
tion pathways involved in responses to growth stimuli.**
However, at higher levels, oxidants can cause damage to pro-
teins, lipids, and nucleic acids, which can lead to cell death by
apoptosis and/or necrosis.>*

Taken together, both the ROS detection assay and xCELLi-
gence growth monitoring demonstrated that the antioxidant
and pro-cell growth effects of cPHC-based materials are rather
independent of the presence and concentration of GSH in these
materials. Interestingly, these results were most evident when
cells were grown in extracts of the materials. When cells were
grown directly on the materials, as in the resazurin or CellTiter-
Glo® luminescent cell viability assay, some positive and
concentration-dependent effect of GSH was seen. This suggests
that when the materials were leached into the culture medium,
it was primarily the citric acid-based components of the mate-
rials that were extracted into the medium rather than the GSH
molecules. Another possibility is that GSH has lost its activity.
GSH mitigates the effects of oxidants quickly and directly by
oxidizing their sulfhydryl group, whereas citric acid may act
long-term and indirectly by stimulating the synthesis of anti-
oxidant enzymes and other molecules, including GSH.°® Never-
theless, this issue needs to be further clarified, along with the
positive influence of oxidative stress induced by a low concen-
tration of menadione on ASC growth in the xCELLigence
experiment (Fig. S8 in the ESIt) and on metabolic activity of
HUVECs and SMCs seen in the resazurin assay (Fig. 12C and D).

2.1.2.5. Invitro tests of hemocompatibility of modified cPACs.
The hemocompatibility of cPHC-based materials was evaluated

This journal is © The Royal Society of Chemistry 2025

by several methods, including direct contact with fresh human
blood, with isolated erythrocytes to evaluate hemolysis, and the
plasma recalcification test (PRT).

After direct contact with freshly collected heparinized
human blood, the samples were analyzed by scanning electron
microscopy (SEM) to study how blood cells adhere to the
surfaces and form clots. This method allows us to observe the
early thrombogenic processes that occur after biomaterial
implantation. Fig. 16 shows representative SEM images of glass
and tested materials after exposure to heparinized blood.
A blood clot composed of platelets, leukocytes and fibrin is
present on the glass surface. On the cPHC-based materials, only
a few sparsely distributed non-activated leukocytes were
detected. The images correlate with PRT data (see below) and
indicate low thrombogenicity of the material.

The freshly drawn heparinized whole blood assays also
included the assessment of markers of inflammation and comple-
ment activation by measuring polymorphonuclear (PMN)-elastase
and soluble complement 5b-9 (sC5b-9) levels, respectively.®® Ele-
vated PMN-elastase levels indicate neutrophil activation, while
elevated SC5b-9 levels serve as a sensitive marker of terminal
complement pathway activation. Together, these parameters pro-
vide essential insight into the immune response induced by the
biomaterial, ensuring its safety and suitability for clinical applica-
tions. Samples with 0.8 and 1.6% w/w GSH showed significantly
elevated PMN-elastase levels (up to approx. 80 ng mL~") compared
to the reference glass surface (approx. 40 ng mL™'; Fig. 17A).
However, this increase can still be considered low and rather
negligible. In a study focusing on male infertility, the concen-
tration of PMN-elastase in the serum of asymptomatic patients
(n = 221) reached a median value of 127.7 ng mL~".”° In addition,
SC5b-9 levels were comparable for all materials tested and did not
show significant complement activation (Fig. 17B).
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Fig. 16 Scanning electron microscopy (SEM) images of control microscopic glass coverslips (glass) and cPHC_2 : 3_10d materials with GSH (G) content
of 0, 0.4, 0.8, or 1.6% w/w after 1 h incubation with fresh heparinized human blood at 37 °C. The scale bar is 20 um.
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Fig. 17 Hemocompatibility of control microscopic glass coverslips (glass) and cPHC_2:3_10d materials with GSH (G) content of 0, 0.4, 0.8, or 1.6% w/w.
(A) and (B) The tested samples were incubated with fresh human blood for 60 minutes at 37 °C. The levels of PMN-elastase, a marker of leukocyte activation (A)
and SC5b-9, a marker of terminal complement complex formation (B), were then quantified by ELISA. (C) Hemolytic activity of the tested materials after contact
with a 2% erythrocyte solution for 4 hours. (D) Plasma recalcification time after contact of the tested materials with human blood plasma recalcified with CaCl,
(final concentration 0.02 M). Data are expressed as mean + SD (n = 3). Two-tailed unpaired t-test, statistical significance: *p < 0.05; **p < 0.01 vs. glass.

Hemolysis was analyzed to evaluate the potential of the hemocompatibility testing. Since significant hemolysis can
material to induce red blood cell lysis, a critical parameter in lead to the release of intracellular components and subsequent
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adverse systemic effects, it serves as an important indicator of
the safety of blood-material interactions. In our study, none of
the tested PHC-based materials exhibited hemolytic activity
(0.16-0.5% hemolysis), confirming their excellent compatibility
with blood, which showed a tendency to increase with increas-
ing GSH concentration (Fig. 17C).

The plasma recalcification test (PRT) measured the prolon-
gation of clotting time in recalcified plasma to assess the ability
of the material to resist activation of the coagulation cascade
that occurs when a biomaterial comes into contact with circu-
lating blood.”* Coagulation activation was inferred from an
increase in plasma turbidity on the material surfaces, using a
glass surface as a positive reference. The PRT for the glass
surface was 11.42 £ 0.59 minutes, while the clotting time on
the tested PHC-based materials was significantly prolonged up
to 24.7 £+ 3.6 minutes (Fig. 17D). These results correlate well
with SEM images (Fig. 16) and indicate that all materials effec-
tively suppressed plasma activation, regardless of the concen-
tration of incorporated GSH.

Therefore, it can be concluded that all tested cPHC_2:3_10d
materials showed good hemocompatibility, being non-thrombo-
genic, non-activating blood coagulation, non-hemolytic and non-
inflammatory, although there was a slight upward trend in leuko-
cyte activation with increasing GSH concentration in the sample.
This is consistent with findings that GSH is not only an important
antioxidant, but also an immunomodulatory agent necessary for
the normal transduction of the activation signal from the outside
to the inside of PMN leukocytes,” as well as for the physiological
activation of lymphocytes and macrophages after contact with a
pathogen, e.g. Mycobacterium tuberculosis.”

3. Conclusions and further
perspectives

In this study, we present a previously unreported bifunctional
modification of cross-linked poly(alkylene citrates) (cPACs) that
highlights their potential applications in vascular tissue engi-
neering. The introduction of the -glutathione (GSH) molecules
into the cross-linked polymer network resulted in two addi-
tional functionalities of cPACs: photoluminescence via the
reaction of citric acid moieties with thermally hydrolyzed
GSH residues and antioxidant properties due to the covalent
and non-covalent bonding of remaining GSH molecules. The
simultaneous modifications were confirmed via PL emission
analyses and antioxidant activity measurements, which were
further supported by dynamic mechanical and thermal char-
acterization results. Conducted structural and physicochemical
analyses revealed that the duration of cross-linking and the
molar ratio of reactants significantly influence the fluorescent
response and ROS-eliminating activity of cPACs. While materi-
als obtained at a molar ratio of 1:1 (CA:diol) demonstrated
marginally enhanced antioxidant properties compared to
those obtained at a molar ratio of 2:3, they were deemed
inadequate for cell viability studies due to the aforementioned
higher acidity, which can impede their colonization with cells.

This journal is © The Royal Society of Chemistry 2025
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Nevertheless, the results of the dynamic mechanical examina-
tion and elongation measurements indicated that the cross-
linked material properties were not significantly affected by the
addition of the modifier. It is noteworthy that the initial
screening with human adipose tissue-derived stem cells (ASCs)
indicated that cPOC-based materials were unsuitable for cell
colonization due to their high acidity. Consequently, the cell
culture test was continued with cPHC-based materials only. The
cPHC, with all tested concentrations of GSH, proved to be
suitable substrates for the adhesion of ASCs, fibroblasts
(NHDFs), endothelial cells (HUVECs), and vascular smooth
muscle cells (SMCs). In the presence of induced oxidative
stress, ASCs and NHDFs exhibited a reduction in metabolic
activity across all tested substrates. Conversely, HUVECs and
SMCs demonstrated an increase or, at the very least, a main-
tenance of metabolic activity. GSH demonstrated a slight
concentration-dependent protective effect on ASCs and NHDFs,
but no effect on SMCs, and even a slight (though not statisti-
cally significant) adverse effect on HUVECs. Therefore, it is
essential to consider the cell type-specific differences in the
response to oxidative stress and the presence of antioxidants in
the growth substrate when reconstructing irreversibly damaged
blood vessels. In addition, a potential intrinsic antioxidant
activity of cPAC materials, which could mask the antioxidant
effect of GSH, should be considered. Nevertheless, the pre-
sented results highlight the significance of incorporating GSH
into cPAC materials to elicit a protective effect on cell growth.
Finally, in light of the aforementioned conclusions, it can be
stated that the introduction of GSH via a single-step bifunc-
tional modification to cross-linked poly(alkylene citrates) has
resulted in a notable enhancement of their biocompatibility
and the acquisition of photoluminescent properties. Both of
these attributes hold significant value in the context of the
further development of these materials for potential applica-
tion in soft tissue engineering. The good hemocompatibility of
the material demonstrated in our study makes it particularly
promising for vascular tissue engineering.

4. Experimental

4.1. Reagents and cells

The following reagents were used for the preparation of the
cPAC-based materials: anhydrous citric acid (CA) (Alfa Aesar);
1,6-hexanediol (HEX) (TCI); 1,8-octanediol (OCT) (Angene);
L-glutathione (GSH) (Fluorochem); methanol (Avantor); ethanol
(Avantor); dimethyl sulfoxide-d6 (Aldrich); 2,2-diphenyl-1-
picrylhydrazyl (Aldrich). All chemicals and solvents were analy-
tical grade and were used as received. Deionized water used
throughout the experiments was purified by a Purix water
purification system.

The following cell types, media, and other laboratory sup-
plies were used to evaluate the biocompatibility and anti-
oxidant activity of the materials: laboratory isolated adipose
tissue-derived stem cells (ASCs; Institute of Physiology of the
Czech Academy of Sciences, Prague, Czech Republic) and
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commercially available normal neonatal human dermal fibro-
blasts (NHDFs; Lonza, Basel, Switzerland, Cat. No. CC-2509),
human umbilical vein endothelial cells (HUVECs; Lonza, Basel,
Switzerland, Cat. No. C2517A), and human umbilical artery
smooth muscle cells (SMCs; PromoCell, Heidelberg, Germany,
Cat. No. C-12500); Dulbecco’s modified Eagle medium (DMEM,
Sigma-Aldrich, Merck, Darmstadt, Germany, Cat. No. D5648),
fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham,
MA, USA, Cat. No. 10270-106), gentamicin (Lek Pharmaceuti-
cals, Ljubljana, Slovenia), FGF-2 (GenScript, Piscataway, NJ,
USA, Cat. No. Z03116-1), EGM2 basal medium (PromocCell,
Heidelberg, Germany, Cat. No. C-22211) with growth medium
supplement pack 2 (PromoCell, Heidelberg, Germany, Cat. No.
C-39211), SMCGM-2 basal medium (PromoCell, Heidelberg,
Germany, Cat. No. C-22262) with growth medium supplement
pack-2 (PromoCell, Heidelberg, Germany, Cat. No. C-39262),
antibiotics & antimycotics (Sigma-Aldrich, Merck, Darmstadt,
Germany, 1:100; Cat. No. A5955-100ML), 24-well tissue culture
flat bottom plates (ThermoFisher Scientific, Waltham, MA,
USA, Cat. No. 142475), 48-well polystyrene cell culture plates
(TPP, Trasadingen, Switzerland, Cat. No. 92048), menadione
(Sigma-Aldrich, Merck, Darmstadt, Germany, Cat. No. M5625),
resazurin (Sigma-Aldrich, Merck, Darmstadt, Germany, Cat.
No. R7017), CellTiter-Glo® luminescent cell viability assay
(Promega, Madison, WI, USA, Cat. No. G9241), white opaque
Nunc™ MicroWell™ 96-Well, nunclon delta-treated, flat-
bottom microplate (Thermo Fisher Scientific, Waltham, MA,
USA, Cat. No. 136101), ROS Detection Assay Kit (DFCDA/
H,DCFDA; Canvax Reagents, Valladolid, Spain; Cat. No.
CA093), black 96-well glass-bottom plates with lids (Cellvis,
Mountain View, CA, USA; Cat. No. P96-1.5H-N), E-plate view
96 PET, (ACEA Biosciences, San Diego, CA, USA, Cat. No.
300600910).

4.2. Synthesis of materials

4.2.1. Prepolymer synthesis. The prepolymer synthesis pro-
tocol has been described elsewhere.>* Briefly, citric acid and a
specific diol were mixed in glass vials at molar ratios of 1:1 and
2:3 (Table 2). The reactants were then heated at 140 °C for
40 minutes under stirring (100 rpm) (each reaction vial contain-
ing reactants was weighed before and after synthesis). The
resulting reaction mixtures were dissolved in 40 mL of 96%
ethanol, precipitated in 150 mL of deionized water, centrifuged
(MPW-350, 5000 rpm, 10 min; each centrifuge tube was weighed
before being filled with PAC suspension), and freeze dried
(CHRIST Alpha 2-4 LDplus, 0.35 mbar, —85 °C). After lyophiliza-
tion, the purified prepolymers (PHC_1:1, PHC_2:3, POC_1:1
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Table 3 Indications and concentrations of GSH (G) solutions used to
modify cPAC materials

Solution indication Modifier concentration [mg mL™"]

G0.4 50
G0.8 100
G1.6 150

and POC_2:3) were dissolved in ethanol to obtain 30% w/v
solutions used for crosslinking.

4.2.2. Modification protocol and crosslinking process.
Aqueous solutions of GSH at various concentrations were
prepared to obtain modified cPAC materials (Table 3). Solu-
tions were prepared by weighing appropriate amounts of GSH
on an analytical balance, transferring them to volumetric
flasks, adding water to the mark, and dissolving the contents
in an ultrasonic bath. The resulting solutions were stored at
4 °C and used to prepare modified materials.

Modified materials were prepared in polypropylene molds.
Initially, 2.5 mL of an aqueous GSH solution of the modifier at
the appropriate concentration was added to the mold. Then
100 mL of a 30% ethanol solution of the respective prepolymer
was poured in, stirred gently, and placed in a dryer for cross-
linking (Fig. 18). The selected volumes of prepolymer and
modifier solutions enabled achieving final modifier concentra-
tions of 0.4, 0.8 and 1.6%, respectively, in the materials.

The post-polymerization process was carried out by casting
30% w/v prepolymer solutions onto polypropylene or polystyr-
ene molds and curing for 4 or 10 days at 80 °C. During the first
day, the samples were cured at atmospheric pressure, and
during the remaining days at reduced pressure (200 mbar). As a
result, control and modified crosslinked poly(1,6-hexamethylene
citrate) (PHC) samples and poly(1,8-octamethylene citrate) (POC)
samples were obtained (Table 4).

4.3. Materials characterization

4.3.1. 3C MAS NMR analyses of cPACs. All **C MAS NMR
analyses were carried out at the NMR laboratory of the Institute
of Macromolecular Chemistry of the Czech Academy of
Sciences, Prague. The material samples were analyzed using
an Avance III HD 500 MHz spectrometer (Bruker, Germany)
with the magic angle spinning (MAS) frequency for the sample
at 15 kHz. The delay between consecutive scans was 15 seconds.
The chemical shift scale on the "*C NMR spectrum was cali-
brated using glycine as an external standard (176.03 ppm).
To compensate for heating caused by the friction of the
rotating samples, all NMR experiments were recorded under
active cooling. The sample temperature was maintained at

Table 2 Weights of reagents used in the syntheses of the prepolymers and corresponding sample identifiers

PHC POC

Sample CA [g] Diol [g] CA [mol] Diol [mol] Sample CA [g] Diol [g] CA [mol] Diol [mol]
PHC_1:1 12.38 7.62 0.065 0.065 POC_1:1 11.36 8.64 0.059 0.059
PHC_2:3 10.40 9.60 0.054 0.081 POC_2:3 9.34 10.66 0.049 0.073
PHC_1:2 8.97 11.03 0.047 0.093 POC_1:2 7.93 12.07 0.041 0.083
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Fig. 18 Graphical illustration of cPACs materials modification.

25 °C, and the temperature calibration was performed on
Pb(NO;), using the calibration procedure described in the
literature.”

4.3.2. Spectroscopy analyses of cPACs. Photoluminescence
emission measurement studies of the samples were performed
using an RF-6000 spectrofluorophotometer (Shimadzu, Japan)
controlled by LabSolutionsRF software, equipped with a fixed
mount adapter for solid samples. A circular section with a
diameter of 12 mm was punched from each material. Emission
spectra were recorded in the wavelength range of 400-600 nm
with an excitation wavelength of 355 nm. Both, the emission
and excitation slits were set to 5 nm. For the acquisition of 3D
spectra, the excitation wavelength range was set to 200-400 nm,
the emission wavelength range to 300-600 nm, and the slit
widths for both emission and excitation were set to 3 nm.

4.3.3. Antioxidant properties of cPACs. To evaluate the
antioxidant properties of the obtained materials, a DPPH
radical scavenging assay was performed. A DPPH solution was
prepared by dissolving 15.8 mg of DPPH in 100 mL of 99.5%
methanol. Three 12 mm disk-shaped samples were punched
from each material using a punch and placed in a transparent
24-well plate (Thermo Fisher Scientific, Waltham, MA, USA;
Cat. No. 142475). Samples of unmodified materials served as
blanks. Each sample was treated with 500 pL of DPPH solution
and 100 pL of methanol and incubated in the dark for 2 hours.

View Article Online
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After incubation, 200 pL of the solution from each well was
transferred to a 96-well plate (VWR, Radnor, PA, USA), and the
absorbance was measured at 517 nm using an Infinite 200 PRO
plate reader (Tecan, Méannerdorf, Switzerland).

4.3.4. Mechanical characterization of cPACs. Elongation
and tensile strength measurements were performed using a
Zwick Model 1445 testing machine (Zwick Roell, Ulm, Ger-
many) in accordance with the ASTM D412 standard. Samples
(five per material) were cut from larger sheets of crosslinked
materials using an appropriate punch, cleaned with methanol,
and their dimensions were measured with a caliper prior to
testing. The elongation rate was set to 500 mm min ", based on
similar protocols reported in the literature.*

4.3.5. Hardness measurements of cPACs. The hardness of
the crosslinked polymers was measured according to the ASTM
D2240 type A scale for elastomers and rubbers using a Shore A
durometer (INSIZE INC., Loganville, GA, USA). Measurements
were performed by pressing the flat foot of the durometer into
the material, with the hardness value recorded after 15 seconds.
Both sides of each specimen (top and bottom) were tested in
duplicate at different locations.

4.3.6. Dynamic-mechanical and thermal analysis of cPACs.
Dynamic-mechanical and thermal analysis (DMTA) of the cross-
linked polymers was performed on ARES-G2 rheometer (TA
Instruments, USA). The temperature dependence of complex
shear modulus (G*) was determined on rectangular samples
(10 mm x 5 mm x 1 mm) using oscillatory shear deformation
(0.1% strain) at 1 Hz frequency from —50 to 150 °C at a
temperature heating rate of 3 °C min~'. The main transition
temperature (T,) was determined as the tan¢ (loss tangent)
peak maximum. Storage modulus at rubber plateau (Gy) was
determined at T = T, + 50 K. From the G} values, the effective
cross-link density (v.) was then calculated using the following
equation:

ve = G /[R(T, + 50)]
where R is the universal gas constant.

4.4. Cell culture experiments

4.4.1. Cytocompatibility of GSH-enriched cPACs. The
cPOC_2:3_10d and cPHC_2:3_10d materials without or with

Table 4 Overview of samples of control and modified cPAC materials obtained from the reactions performed

PHC POC
Modifier 1:1 2:3 1:1 2:3
Crosslinking time 4 days
None cPHC_1:1_4d_C cPHC_2:3_4d_ cPOC_1:1_4d_C cPOC_2:3_4d_C
G0.4 cPHC_1:1_4d_G0.4 cPHC_2:3_4d_G0.4 cPOC_1:1_4d_G0.4 cPOC_2:3_4d_G0.4
G0.8 cPHC_1:1_4d_G0.8 cPHC_2:3_4d_G0.8 cPOC_1:1_4d_G0.8 cPOC_2:3_4d_G0.8
G1.6 cPHC_1:1_4d_G1.6 cPHC_2:3_4d_G1.6 cPOC_1:1_4d_G1.6 cPOC_2:3_4d_G1.6

Crosslinking time 10 days

None cPHC_1:1_10d_C cPHC_2:3_10d_C

GO0.4 cPHC_1:1_10d_G0.4 cPHC_2:3_10d_G0.4
GO0.8 cPHC_1:1_10d_G0.8 cPHC_2:3_10d_G0.8
G1.6 cPHC_1:1_10d_G1.6 cPHC_2:3_10d_G1.6

This journal is © The Royal Society of Chemistry 2025

cPOC_1:1_10d_C

cPOC_1:1_10d_G0.4
cPOC_1:1_10d_GO0.8
cPOC_1:1_10d_G1.6

cPOC_2:3_10d_C

cPOC_2:3_10d_G0.4
cPOC_2:3_10d_G0.8
cPOC_2:3_10d_G1.6
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GSH (concentrations of 0.4, 0.8, and 1.6% w/w) were placed in
24-well tissue culture flat-bottom plates (Thermo Fisher Scien-
tific, Waltham, MA, USA, Cat. No. 142475). Prior to cell seeding,
samples were disinfected with 70% ethanol (1 hour; room
temperature) followed by UV irradiation (20 minutes; room
temperature). Each material sample was then thoroughly
washed (5 times in 3 days) with medium appropriate for the
cell type seeded to reduce acidity caused by non-crosslinked
citrate groups.

As an initial screening of the suitability of the aforemen-
tioned samples for cell colonization, adipose tissue-derived
stem cells (ASCs) were used as a cell type considered suitable
for blood vessel reconstruction. ASCs were isolated from a
lipoaspirate obtained by liposuction of subcutaneous fat from
the abdominal region of a healthy adult female (age 41 years).
The isolation was performed in accordance with the tenets of
the Declaration of Helsinki for human tissue experimentation
and under the ethical approval of the Ethics Committee of
the Na Bulovce Hospital in Prague, Czech Republic (June 11,
2019, further updated on March 15, 2022). Written informed
consent was obtained from the patient prior to liposuction. The
isolation of ASCs from the lipoaspirate was described in detail
in our previous studies, along with flow cytometric character-
ization of the ASCs to confirm the presence of mesenchymal
stem cells and the absence of other cell types.”**®3%%* The
ASCs (passage 3) were then seeded on the materials at a density
of 2.5 x 10* cells per sample (approximately 13 000 cells cm™?)
in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich, Merck, Darmstadt, Germany, Cat. No. D5648) supple-
mented with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, Waltham, MA, USA, Cat. No. 10270-106), 40 pg mL ™"
gentamicin (Lek Pharmaceuticals, Ljubljana, Slovenia) and
10 ng mL~ ' FGF-2 (GenScript, Piscataway, NJ, USA, Cat. No.
Z03116-1). ASCs were used for the initial screening of the
suitability of cPOC_2:3_10d and cPHC_2:3_10d samples with
different concentrations of GSH (0.0, 0.4, 0.8 and 1.6% w/w) for
cell adhesion and growth. Since the advantage of the tested
materials is their transparency, cell morphology in native cul-
tures was evaluated using an inverted Olympus IX71 microscope
(Fig. 8).

After selecting cPHC_2:3_10d for further cell experiments,
ASCs were used to compare cell morphology and growth on this
material with increasing concentrations of GSH (0.0, 0.4, 0.8,
and 1.6% w/w) and on control TCPS (Fig. 9). In the next
experiment, cell morphology and growth on cPHC_2:3_10d
with increasing GSH concentrations was compared in ASCs and
other cell types relevant for vascular tissue engineering, such as
fibroblasts, endothelial cells and smooth muscle cells present
in the tunica adventitia, tunica intima and tunica media of the
vessel wall, respectively (Fig. 10). Thus, in addition to ASCs, the
following cell models were used:

e Normal human neonatal dermal fibroblasts (NHDFs),
purchased from Lonza (Basel, Switzerland, Cat. No. CC-2509)
and seeded at a density of 2.0 x 10 cells per sample (approxi-
mately 10 000 cells cm™?) in DMEM containing 10% FBS and
gentamicin (40 pg mL™);
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e Human umbilical vein endothelial cells (HUVECs), pur-
chased from Lonza (Basel, Switzerland, Cat. No. C2517A), were
seeded at a density of 2.0 x 10 cells per sample (approximately
10000 cells cm %) in EGM2 basal medium (PromoCell, Heidel-
berg, Germany, Cat. No. C-22211) supplemented with hydro-
cortisone, heparin, ascorbic acid and 2% FBS from the growth
medium supplement package 2 (PromoCell, Heidelberg,
Germany, Cat. No. C-39211) and antibiotic & antimycotics
(AbAm; Sigma-Aldrich, Merck, Darmstadt, Germany, 1:100;
Cat. No. A5955-100ML); and

e Human umbilical artery smooth muscle cells (SMCs),
purchased from PromoCell (Heidelberg, Germany, Cat. No.
C-12500) and seeded at a density of 3.0 x 10" cells per sample
(approximately 15500 cells cm™?) in SMCGM-2 basal medium
(PromoCell, Heidelberg, Germany, Cat. No. C-22262) supple-
mented with epidermal growth factor, basic fibroblast growth
factor, insulin and 5% FBS in the growth medium 2 supple-
ment pack (PromoCell, Heidelberg, Germany, Cat. No. C-39262)
and with AbAm (Sigma-Aldrich, Merck, Darmstadt, Germany,
1:100; Cat. No. A5955-100ML).

On day 3 after seeding, ASCs, NHDFs, HUVECs, and SMCs
on the tested materials were stained with hematoxylin and
eosin and examined under an Olympus IX71 microscope in
bright field mode (Fig. 9 and 10).

The reason for seeding ASCs, NHDFs, HUVECs and SMCs at
different population densities was due to their different sizes
and growth rates. It was necessary for all cell types to reach
similar population densities (i.e. 80% confluence) in all sam-
ples tested on day 3 after seeding, when cell metabolic activity
under oxidative stress was assessed.

4.4.2. Oxidative stress of cells on GSH-enriched cPACs.
Oxidative stress of the cells was induced by the addition of
menadione to the culture medium. First, the most appropriate
concentration of menadione was determined in three-day cul-
tures of ASCs on TCPS and cPHC_2:3_10d samples containing
0.0, 0.4, 0.8, and 1.6% w/w GSH. Menadione (Sigma-Aldrich,
Merck, Darmstadt, Germany, Cat. No. M5625) was used at
concentrations ranging from 50 uM to 500 mM. Cells were
preincubated with menadione for 1 or 2 hours and then the
metabolic activity of the cells was evaluated by a resazurin assay
(Fig. 11). This assay is based on a colorimetric reduction
reaction of resazurin (blue; also called Alamar blue) to resorufin
(pink; measured fluorescence intensity at 590 nm emission,
excited at 530 nm). ASCs were incubated with 40 nM resazurin
for 3 hours in medium without phenol red. For samples
preincubated with menadione, the same concentration of
menadione was also added to the resazurin-containing med-
ium to prevent cell recovery from menadione pretreatment,
which was often observed in our preliminary experiments.
Thus, cells were incubated in menadione for a total of 5 and
6 hours. Native cultures of cells preincubated with menadione
for 1 and 2 hours were also observed under an inverted
Olympus IX71 microscope (Fig. 12).

For further experiments, the concentration of 500 pM was
selected as the most appropriate concentration of menadione
and was added to three-day cultures of ASCs, NHDFs, HUVECs,
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and SMCs on TCPS and cPHC_2:3_10d samples with 0.0, 0.4,
0.8, and 1.6% w/w GSH. Prior to the addition of menadione, the
basal metabolic activity of the cells was measured by incubating
the cells with 40 nM resazurin for 3 hours. The medium was
then replaced with fresh medium, and half of the samples
monitored were exposed to menadione at a concentration of
500 pM for 3 hours. In the next step, the culture medium was
changed to the medium containing resazurin for all samples
tested, and the cells were incubated for another 3 hours. For
samples preincubated with 500 pM menadione, the same
concentration of menadione was also added to the resazurin
medium (to prevent recovery of cells from the menadione pre-
treatment). Thus, half of the samples were incubated with
menadione for 6 hours (i.e. 3 hours pre-incubation in medium
without resazurin and 3 hours incubation in medium with
resazurin) and the other half were incubated in menadione-free
medium for 6 hours.

As control samples, all investigated sample groups (TCPS
and cPHC_2:3_10d with 0.0, 0.4, 0.8 and 1.6% w/w GSH) that
were not seeded with cells underwent the same procedure as
the cell-seeded samples described above. The reason for this
approach was to monitor any non-specific reaction of resazurin
with the material or with menadione. The fluorescence inten-
sity of the non-cell-seeded samples was then subtracted (as
‘background’) from the fluorescence intensity of the corres-
ponding cell-seeded samples. Finally, the fluorescence intensity
of the cells after incubation with menadione was divided by the
fluorescence intensity of the corresponding cells before incuba-
tion with menadione, and the resulting ratios were plotted on a
graph (Fig. 13). A ratio of 1 indicates that the metabolic activity
of the cells after incubation with menadione was the same as
before incubation, a ratio greater than 1 indicates that this
metabolic activity was higher, and a ratio less than 1 indicates a
decrease in the metabolic activity of the cells after incubation
with menadione.

For each group of samples, 3-6 measurements of metabolic
activity were performed (usually 3 measurements for samples
without menadione and 6 measurements for samples with
menadione).

Further analysis of cell viability on the tested materials
under menadione stress was performed using the CellTiter-
Glo™ luminescent cell viability assay (Promega, Madison, WI,
USA; Cat. No. G9241) according to the manufacturer’s protocol
(Fig. 14). Briefly, ASCs were seeded on cPHC_2: 3_10d materials
containing 0, 0.4, 0.8, or 1.6% w/w GSH in 96-well polystyrene
(PS) cell culture plates (TPP, Trasadingen, Switzerland) and in
pure PS wells at a concentration of 10 000 cells per well in 100 pL
phenol red-free DMEM supplemented with 10% FBS (Thermo
Fisher Scientific, Waltham, MA, USA, Cat. No. 10270-106),
40 ug mL ™" gentamicin (Lek Pharmaceuticals, Ljubljana, Slovenia)
and 10 ng mL~" FGF-2 (GenScript, Piscataway, NJ, USA, Cat. No.
703116-1). After 48 hours of incubation (37 °C, humidified air
atmosphere with 5% CO,), the medium was replaced with 100 pL
of the same medium and supplemented with menadione to a final
concentration of 100 uM. Control cells were left without mena-
dione. After 2 hours, 100 UL of CellTiter-Glo® reagent was added to
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both menadione-exposed and menadione-free cells, and incubated
for 2 minutes on an orbital shaker to achieve cell lysis. The
resulting solutions containing cell lysates were then pipetted into
white opaque Nunclon™ delta surface 96-well polystyrene plates
(Thermo Fisher Scientific, Waltham, MA, USA, Cat. No. 136101)
and the luminescence of oxyluciferin (i.e. the luminescent product
of Ultra-Glo™ luciferase, which uses mitochondrial ATP from living
cells to convert p-luciferin) was measured using a Cytation 3 reader
(BioTek, Winooski, VT, USA; excitation: 560 nm, emission: full
light).

The generation of reactive oxygen species (ROS) in ASCs
exposed to menadione was evaluated using the ROS Detection
Assay Kit (DFCDA/H,DCFDA; Canvax Reagents, Valladolid,
Spain; Cat. No. CA093; Fig. 15). Cells were seeded into black
96-well glass-bottomed plates with lids (Cellvis, Mountain View,
CA, USA; Cat. No. P96-1.5H-N). Each well contained 12 500 cells
in 200 pL of control DMEM supplemented as described above
or extracts of the tested materials.

To prepare the extracts, the materials (circles 1 cm in
diameter) were placed in 48-well polystyrene cell culture plates
(TPP, Trasadingen, Switzerland) and thoroughly washed as
before cell culture, ie., 5 times in 3 days with the medium
used for the cultivation of ASCs, i.e., DMEM with 10% FBS,
40 pg mL ' gentamicin and 10 ng mL ™' FGF-2 (1 mL per well
for each medium change), to reduce the acidity of the materials
caused by non-crosslinked citrate groups. After washing, 1 mL
of the same medium was added to the materials for 24 hours
and then discarded. Fresh medium (1 mL per well) was added
to the wells and the materials were extracted for 48 hours. From
each group of materials, 12 samples were used and 12 mL of the
medium were prepared.

One day after seeding, the extracts or the control medium
were replaced with 100 pL of fresh ones, either without mena-
dione or with 500 pM menadione. After 2 hours of incubation,
100 pL of 2’,7'-dichlorodihydrofluorescein diacetate (H,DCFDA)
working solution, prepared in the extracts or control DMEM, was
added to each well to a final H,DCFDA concentration of 30 uM,
and the cells were incubated for 1 hour. Fluorescence of 2/,7’-
dichlorodihydrofluorescein, generated in the presence of ROS,
was then detected from the bottom of the plates using a Synergy
H1M Reader (BioTek, Winooski, VT, USA; excitation: 485 nm,
emission: 535 nm).

The material extracts were also used to monitor the prolif-
eration of ASCs exposed to menadione using the XCELLigence
real-time cell analyzer (Agilent Technologies, Santa Clara, CA,
USA; Fig. S8 in the ESIY). This monitoring requires direct cell
attachment to the bottom of E-plate wells (E-plate view 96 PET,
Cat. No. 300600910, ACEA Biosciences, San Diego, CA, USA)
with interdigitated gold microelectrodes. Each well contained
5000 ASCs in 100 pL of standard DMEM medium supplemented
with 10% FBS, 40 ug mL ™" gentamicin, and 10 ng mL " FGF-2,
as described above. The cells were allowed to adhere and
spread for 1 day and then the medium was replaced with
extracts of the tested materials (100 pL per well). Standard
DMEM culture medium with appropriate supplements was
used for control cells. After another 1 day, 5 pL of the extracts
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or of control medium, either with menadione (final concen-
tration of 500 pM or 15 uM) or without menadione, was added
to each well. Cells were then cultured for 1-3 days and the cell
index was monitored every 30 minutes. Four wells were used
per each experimental group.

4.4.3. Hemocompatibility of GSH-enriched cPACs. Fresh
human whole blood was collected by venipuncture from healthy
volunteers (n = 3) and anticoagulated either with heparin (final
concentration 1 IU mL™ ") or citrate (3.2%). Citrated plasma
was prepared by centrifuging the citrated blood at 3500g for
10 minutes. The resulting plasma was immediately frozen in
liquid nitrogen and stored at —80 °C until further analysis.
All blood samples were collected in accordance with the regula-
tions of the Ethics Committee of the Institute of Hematology and
Blood Transfusion, Prague, Czech Republic, and with the
informed consent of the donor.

To evaluate hemocompatibility (Fig. 16 and 17), the cPHC-
based materials were exposed to freshly drawn heparinized
whole blood and incubated for 60 minutes at 37 °C with gentle
shaking. After the incubation, the materials were used for
scanning electron microscopy (SEM), while the blood was
transferred to tubes containing citrate (3.2%) and centrifuged
at 3500g for 10 minutes. The obtained plasma was immediately
frozen in liquid nitrogen and stored at —80 °C for subsequent
analyses of inflammatory markers related to leukocyte activa-
tion, i.e. polymorphonuclear (PMN) elastase and complement
activation (SC5b-9). Enzyme-linked immunosorbent assays
(ELISAs) were performed according to the manufacturer’s
instructions to measure specific biomarkers of inflammation
(PMN elastase/a1-PI complex, Demeditec Diagnostics GmbH,
Kiel, Germany) and complement activation (SC5b-9, Quidel,
San Diego, CA, USA).

After the incubation of the samples with fresh whole blood
(60 minutes at 37 °C, as described above), the samples were
thoroughly washed with phosphate-buffered saline (PBS), cross-
linked with 0.5% glutaraldehyde for 2 hours at room tempera-
ture, washed again, and dehydrated by successive incubation
with aqueous solutions containing gradually increasing con-
centrations of ethanol. The dehydrated surfaces were platinum
sputtered and observed by SEM using a VEGA Plus TS 5135
microscope (Tescan, Brno, Czech Republic).

Hemolysis was evaluated after contact of isolated erythro-
cytes with the samples. First, freshly drawn human blood was
centrifuged at 1500¢ for 10 minutes to separate the erythrocytes
from the plasma. The plasma and buffy coat were removed,
and PBS was added to the erythrocytes and gently mixed. The
erythrocytes were centrifuged at 1500g for 10 minutes, and the
supernatant was removed and replaced with fresh PBS. The
washing step was repeated three times. Finally, a 2% solution of
erythrocytes in saline (0.9%) was prepared, added to the tested
material samples, and incubated for 4 hours at 37 °C with
gentle shaking. After incubation, the erythrocyte solution was
collected and centrifuged at 1500g for 10 min, and the absor-
bance of the supernatant was measured at 540 nm. As a positive
control, erythrocytes were lysed in deionized water (100%
hemolysis).
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The tested materials were placed in 24-well tissue culture
flat-bottom plates (Thermo Fisher Scientific, Waltham, MA,
USA, Cat. No. 142475) and incubated with citrated human
blood plasma freshly recalcified with CaCl, (0.02 M final
concentration). The light transmission through the PHC mate-
rial and the layer of recalcified plasma was then measured at
350 nm every 20 seconds for 1 hour using a microplate reader
(Epoch, Biotek, Winooski, VT, USA). The transmission decreased
due to the turbidity of the plasma clot formed on the coated
surface. The plasma recalcification time (PRT) was defined for
our experiments as the time from the addition of freshly
recalcified plasma to a well to the half-minimum in the S-shaped
transmission versus time curve. A glass surface (microscopic glass
coverslips, P-LAB a.s., Prague, Czech Republic, Cat. No. H101112.1)
was used as a positive control.
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