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Synthetic oligopeptides are a promising alternative to natural full-length growth factors and extracellular matrix
(ECM) proteins in tissue regeneration and therapeutic angiogenesis applications. In this work, angiogenic
properties of dual and triple compositions containing RGD, GHK peptides and copper (II) ions (Cu®*) were for the

ggﬁ first time studied. To reveal specific in vitro effects of these compositions in three-dimensional scaffold, ada-
Copper mantyl group bearing peptides, namely Ada-Ahx-GGRGD (1) and Ada-Ahx-GGGHK (2), were effectively
Glutathione immobilized in bioinert pHEMA macroporous cryogel via host-guest f-cyclodextrin-adamantane interaction. The
Cytokines cryogels were additionally functionalized with Cu®" via the formation of GHK-Cu complex. Angiogenic responses

of HUVECs grown within the cryogel ECM model were analyzed. The results demonstrate that the combination of
RGD with GHK and further with Cu?* dramatically increases cell proliferation, differentiation, and production of
a series of angiogenesis related cytokines and growth factors. Furthermore, the level of glutathione, a key cellular
antioxidant and redox regulator, was altered in relation to the angiogenic effects. These results are of particular
interest for establishing the role of multiple peptide signals on regeneration related processes and for developing

Therapeutic angiogenesis

improved tissue engineering materials.

1. Introduction

Providing effective angiogenesis is one of the most challenging
problems in posttraumatic tissue regeneration using tissue replacement
and engineering materials. It requires proper combination and organi-
zation of extracellular matrix (ECM) components and signaling mole-
cules to direct functional activity of cells involved in the generation of
new microvessels. During recent decades, substantial efforts have been
devoted to the development of biomaterials mimicking native micro-
environment of endothelial cells (ECs) and promoting angiogenic re-
sponses. Polymer hydrogels have been particularly exploited to
construct artificial ECMs as these materials respond to hydration and
physicochemical properties of soft and newly formed tissues [1].

Several types of ECM-derived hydrogel materials (HMs) mostly based
on collagen [2], gelatin [3], hyaluronic acid [4], fibrin [5] and their
composites with synthetic polymers [6] have been previously used to
study the behavior of ECs and other regeneration-related cells in ECM-
mimicking scaffolds. The ability of HMs to guide cell functions and
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facilitate angiogenesis can be improved via combination with different
growth factors (GFs) supplemented in growth media or, often prefer-
ably, introduced to the materials by different ways. For instance, cova-
lently immobilized VEGF and angiopoietin-1 in collagen scaffolds were
reported to increase EC density and capillary tube formation [7]. Like-
wise, VEGF and PDGF loaded into polycaprolactone/collagen/hyal-
uronic acid hybrid hydrogel enhanced the attachment and infiltration of
ECs within the material [6]. The therapeutic use of natural GFs such as
recombinant polypeptides, however, has major limitations associated
with high cost of purified GFs, retained risk of immunogenicity, low
stability and difficulties of controllable immobilization in materials.
Synthetic oligopeptides are capable of reproducing minimal bioac-
tive peptide sequences of full-length GFs and ECM components, and
therefore they are a promising alternative to natural proteins upon tissue
regeneration. These oligopeptides are versatile biomolecules which can
specifically interact with cellular targets associated with cell prolifera-
tion, growth and differentiation [8,9]. Established techniques for pep-
tide synthesis and functionalization allow producing safe, stable and
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inexpensive oligopeptides which can be readily incorporated into HMs
[8]. The oligopeptides are also of particular interest as a simplified
model of complex proteinaceous matrix to help studying peptide signals
involved in tissue development and degeneration, which are still quite
poorly known. Preferably, the oligopeptides should be combined with
bioinert scaffolds that, in contrary to naturally-derived materials, pro-
vide chemical control over the bioactive component, allowing identifi-
cation of defined peptide signals under three-dimensional conditions
[10-12].

To date, most studies on regenerative effects of oligopeptides in
tissue engineering materials concern cell adhesion motifs of ECM pro-
teins such as fibronectin and laminin-derived RGD, IKVAV and YIGSR
based sequences [13-17]. Beyond their adhesive ability, these oligo-
peptides were shown to induce various biological responses. RGD pro-
moted osteogenic differentiation of mesenchymal stem cells [13] and
ECM deposition by chondrocytes [15] in alginate and agarose-PEGDA
hydrogels, respectively. IKVAV-conjugated polyethylene glycol (PEG)
hydrogels supported neuronal differentiation of murine embryonic stem
cells [16], whereas YIGSR improved the mobility and guided the
migration of ECs on pHEMA material [17]. When presented in combi-
nation with RGD in PEG hydrogels, YIGSR peptide enhanced EC
migration compared with RGD alone [18]. Similarly, coimmobilization
of RGD and IKVAV/YIGSR in PEG diacrylate hydrogel resulted in
improved cell adhesion, survival, tubulogenesis and vessel morphology
over the individual peptides [10]. In view of these data, searching
multiple combinations of oligopeptides as well as other small molecule
factors is of current importance to design highly effective materials for
tissue engineering and regeneration applications.

Among short peptides, ECM-derived tripeptide GHK found in type I
collagen, osteonectin, thrombospondin-1, and fibrin [19] and its natu-
rally occurring copper complex (GHK-Cu) have gained much attention
as multifunctional cellular modulators with proved beneficial effects in
wound healing, ECM biosynthesis, tissue degeneration and aging
[20,21]. Furthermore, copper is an essential microelement, cofactor of
critical metabolic enzymes [22], and established angiogenic factor [23].
Copper (II) ions were reported to stimulate migration and tube-forming
ability of human ECs [24]. GHK is considered a transport form of Cu2+,
which provides living cells and tissues with the active metal ions [25],
while decreases their side effects in vivo [26]. GHK-Cu was reported to
cause increased responses in murine wound repair and hair growth
models compared with copper-free GHK [27].

Recently, we demonstrated that RGD and GHK peptides in dual
composition exhibit synergistic mitogenic activity toward mammalian
cells and dramatically alter their behavior in HMs [28]. To reveal such
an activity, we designed a synthetic ECM model consisting of pHEMA/
PEG/B-cyclodextrin macroporous cryogels, which was functionalized
with adamantylated RGD and GHK peptides in a controllable manner via
host-guest interactions. This cryogel based model was proved to be an
informative tool to study multiple cell-responsive factors within ECM-
mimicking scaffold. In the current work, this model was employed for
accurate examination and comparison of angiogenic effects of dual and
triple compositions of RGD, GHK and Cu®". In addition to the charac-
terization of EC behavior within the peptide-functionalized cryogels,
cytokine/GF profile as well as redox state-related glutathione level in
the cells were analyzed to elucidate some mechanisms of the peptide
compositions.

2. Materials and methods
2.1. Materials

2-Hydroxyethyl methacrylate (HEMA), poly(ethylene glycol) dia-
crylate (PEGDA), N,N,N,N'- tetramethylethylenediamine (TEMED),
ammonium persulfate (APS), p-cyclodextrin, acryloyl chloride, Fmoc-
Gly-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-His(Trt)-OH,
Fmoc-Lys(Boc)-OH, Fmoc-6-aminohexanoic acid (Fmoc-Ahx), 1-
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adamantaneacetic acid (Ada), Fmoc-Asp(OtBu)-O-Wang, Fmoc-Lys
(Boc)-O-Wang, dansylglycine, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (HBTU), N,N-diisopropylethyl-
amine (DIPEA), triisopropylsilane (TIPS), trifluoroacetic acid (TFA), N,
N-dimethylformamide (DMF), dichloromethane (DCM) were purchased
from Sigma-Aldrich, Alfa Aesar and Novabiochem.

Cell culture media and reagents were purchased from Paneco
(Russia). 2-(4-amidinophenyl)-1H-indole-6-carboxamidine =~ (DAPI),
phenazine methosulfate (PMS), polyethyleneimine (branched PEI, M,
~10,000) were purchased from Sigma Aldrich. 3-(4,5-dimethylthiazol-
2-yD)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS reagent) was purchased from Promega. Anti-VEGF (C-1) mouse
monoclonal polyclonal antibody and phalloidin CruzFluor™ 647 con-
jugate were purchased from Santa Cruz Biotechnology. Donkey anti-
mouse IgG (H + L) highly cross-adsorbed secondary antibody, Alexa
Fluor 647 was obtained from Thermo Fisher. Reduced glutathione (GSH,
purity 98%), oxidized glutathione (GSSG, purity 95%) and bovine serum
albumin BSA were purchased from Acros Organics.

2.2. Solid phase synthesis of peptides

Ada-Ahx-GGRGD, Ada-Ahx-GGGHK and Ada-Ahx-GGK
(dansylglycy]) GGHK peptides with C-terminal carboxyl group were
synthesized on Fmoc-Asp(OtBu)-O-Wang and Fmoc-Lys(Boc)-O-Wang
preloaded resins by Fmoc solid phase peptide synthesis method as
described previously [28].

2.3. Preparation of cryogels

B-Cyclodextrin-modified cryogels were synthesized by mixing of
HEMA, PEGDA and acryloyl-$-CD at a final concentration of 3.84% (v/
v), 0.89% (v/v), and 0.24% (w/v) which, respectively, corresponded to
76.4,19.0 and 4.6% of the total mass of all monomers. The crosslinking
copolymerization was induced using 0.31% (w/v) ammonium persulfate
and 0.40% (v/v) TEMED as initiator and activator of free radicals. The
mixture was subsequently poured into a glass Petri dish, cooled at
—12°Cfor 4 hina cooling thermostat and then kept at —18 °C for 24 hin
freezer. The cryogel sheet was thawed and washed in milli-Q water at
room temperature (RT).

2.4. Immobilization of peptides in cryogels

The cryogels were cut into 14 mm diameter circular discs, placed into
24-well plate and incubated at 37 °C for 1 h under moderate agitation
with aqueous solution of either Ada-Ahx-GGRGD or Ada-Ahx-GGHK or
their 1:1 mixture at a total peptide concentration of 0.36 mg/mL in each
case. This concentration was shown to be saturated and corresponds to a
calculated peptide loading of ca. 0.31 mg per 1 cm? of geometrical area
of the cryogel [28]. To assess the incorporation and spatial distribution
of peptide molecules in the cryogels, the materials were incubated under
the same aforementioned conditions with dansyl-labeled GHK peptide,
Ada-Ahx-GGK(dansylglycyl) GGHK, followed by triple washing with
PBS. The functionalized cryogel was then transversally cut and placed
on a coverslip glass for its cross-sectional visualization. To analyze
fluorescence profile lengthwise the diffusion front, the mean fluores-
cence intensity of dansyl-labeled peptide was recorded over 1.5 mm of
depth from the cryogel top surface under laser excitation using LSM 780
Zeiss microscope. Zeiss Zen black software was used for data acquisition.

GHK-Cu complex was formed by treating the cryogel sheet having
preimmobilized GHK peptide with CuSO4 (Cu®") solution in excess
concentration (C = 0.154 mg/mL). Following 1 h incubation, non-
chelated Cu®* was removed by several washes with milli-Q water. For
copper probing with PEI, the cryogels functionalized with GHK (0.18 or
0.36 mg/mL) as well as the peptide-free material were treated with cu?t
and subsequently incubated with a solution of polyethyleneimine (PEI)
(1 mg/mL) [29]. The color intensity of formed PEI-Cu®* complex was
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visualized and compared with that of blank cryogel.

2.5. Scanning electron microscopy and elemental analysis

For scanning electron microscopy (SEM), the cryogels were freeze-
dried and coated with 15 nm conductive layer (Au-Pd alloy) by cath-
ode sputtering on a Q 150T ES sputter-coater (Quorum Technologies).
The SEM analysis was carried out on a high-resolution field emission
scanning electron microscope Merlin (Carl Zeiss) at an accelerating
voltage of 5 kV and a probe current of 300 pA. The elemental charac-
terization of the cryogels was performed by energy-dispersive X-ray
spectroscopy (EDX) using a field emission scanning electron microscope
(FE-SEM, Carl Zeiss).

2.6. Cell maintenance, seeding and proliferation

Human skin fibroblasts (HSF) were isolated as described in [30] and
grown in a-MEM supplemented with 10% FBS, penicillin (100 U/mL)/
streptomycin (100 pg/mL) and r-glutamine (2 mM). Primary freshly
isolated human umbilical vein endothelial cells (HUVECs) were grown
in RPMI 1640 supplemented with 20% FBS, penicillin (100 U/mL)/
streptomycin (100 pg/mL) and 1-glutamine (2 mM), sodium pyruvate (2
mM), heparin (100 pg/mL) and endothelial cell growth supplements
(ECGS) in a temperature- and humidity-controlled incubator at 37 °C.
Both types of cells were studied between passages 3 and 6. The culture
medium was refreshed every 2 days.

The peptide-free cryogel as well as cryogels prefunctionalized with
either RGD, GHK (GHK-Cu) or their mixture at a total peptide concen-
tration of 0.36 mg/mL in each case were used as cell matrices. Prior to
cell seeding, the materials were incubated in a soaking solution of
penicillin (2.5 kU/mL)/streptomycin (2.5 mg/mL) antibiotic mixture for
1 h, rinsed with HBSS then preconditioned with 1 mL of culture medium.
The cells suspended in serum-free medium were seeded onto cryogel
surface using top seeding method in 24-well plate at a density of ca. 2.9
x 10% cells/cm? of cryogel area and incubated for 1.5 h under standard
culture conditions for attachment. To examine the effect of immobilized
peptides on cell proliferative ability in the cryogels the MTS metabolic
assay was used [31].

2.7. Cell adherence

To assess cell adhesion, HSFs were seeded on the top of control and
peptide-functionalized cryogels in 24-well plate at a density of 3.25 x
10* cells/cm?. Seeded cells were then allowed to adhere for 4 h in serum-
free medium which was added at the level of the material surface to
avoid cell washing down. Weakly-attached cells were subsequently
collected after washing the cryogels with HBSS and counted to deter-
mine the amount of remaining adherent cells [32].

2.8. Immunocytochemistry

The cryogel matrices with cells were fixed with 4% p-formaldehyde
at RT for 2.5 h and gently washed with PBS. After fixation, the samples
were incubated in 0.1% Triton X-100 in PBS for 15 min for cell mem-
brane permeabilization, followed by washing 3 times with PBS. Non-
specific binding sites were blocked with 1.5% bovine serum albumin
(BSA) for 30 min at RT. The samples were subsequently incubated with
primary antibodies (1:500) against VEGF overnight at 4 °C, followed by
incubation with Alexa Fluor 647-conjugated donkey anti-mouse sec-
ondary antibodies (1:350) for 45 min at RT. For cytoskeleton visuali-
zation, F-actin was labeled using phalloidin CruzFluor™ 647 conjugate
(Aex and Aep are 650 and 665 nm, respectively) in 1% BSA for 30 min at
RT. Following washing in PBS, cell nuclei were stained using 4’,6-dia-
midino-2-phenylindole (DAPI). The matrices were visualized by LSM
780 Zeiss microscope. Zeiss Zen black software was used for acquisition.
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2.9. HPLC analysis for glutathione

Stock solutions of GSH and GSSG (10 mM) in 0.1% TFA were pre-
pared. The analysis was carried out on a Dionex UltiMate 3000 HPLC
system equipped with UV-Vis detector and a Kromasil C18 column. The
eluent composition consisted of water/acetonitrile (95:5, v/v), 0.1%
TFA and 12 mg/mL of sodium perchlorate NaClO4. An isocratic elution
with a flow rate of 0.5 mL/min and detection wavelength of 215 nm was
applied. The linear calibration graphs were obtained by plotting GSH
and GSSG concentration (1-250 pM) against the detected peak area.

For glutathione extraction, HUVECs were cultured within control
cryogel and cryogels functionalized with peptides and copper com-
plexes. In addition, some matrices were treated with CuSO4 (C ~ 0.5
mM), which was added to the culture medium at 24 h post-seeding and
kept for another 24 h. At 48 h post-seeding, the matrices were washed
and the cells were collected by trypsinization and counted to normalize
cell density. The centrifuged cells were resuspended (at a cell density of
ca. 8.5 x 10° cells/mL) in 1% TFA used to precipitate proteins and
maintain an acidic pH (~2) to stabilize GSH in its reduced form, then
briefly frozen at —80 °C followed by thawing and 10-fold dilution with
milli-Q water. The cell suspension was sonicated for 3 min on ice, then
centrifuged at 13,000 xg for 12 min at 4 °C. The supernatants were then
transferred into HPLC vials, injected and analyzed.

2.10. Multiplexed fluorescent bead-based immunoassay

Top-seeded HUVECs were grown within control and peptide-
functionalized cryogels for 24 h. The conditioned medium aliquots
were collected and the grown cells were subsequently harvested and
lysed with IP buffer (25 mM Tris-HCl, pH 7.4, 0.5% Triton X-100, 150
mM NaCl, 5% glycerol, 1 mM EDTA with freshly added 1 mM p-APMSF).
The cell culture medium and lysate were immediately frozen at —80 °C.
The analysis of secreted and cell-confined level of cytokines, respec-
tively found in the medium and cell lysate samples, was performed using
XxMAP Luminex technology on a Bio-Plex MAGPIX analyzer (BioRad,
USA) according to the manufacturer’s recommendations. A commer-
cially available MILLIPLEX MAP Human Cytokine/Chemokine Magnetic
Bead Panel (HCYTMAG-60 K-PX41) was used to quantitatively measure
cytokine/chemokine levels. The concentration of analytes in the sam-
ples was determined by their fluorescence intensities using a standard
reference curve. Background levels of analytes in cell-free culture me-
dium were subtracted from the concentrations of secreted factors in
conditioned medium. Bio-Plex Manager 4.1 software (Bio-Rad Labora-
tories) was used to analyze the data.

2.11. Statistical analysis

Data were presented as mean =+ SD. Statistical significance was
determined by one-way analysis of variance (ANOVA) followed by
Tukey’s Multiple Comparison post-test (*p < 0.05, **p < 0.01, ***p <
0.001).

3. Results and discussion
3.1. Cryogel design and characterization

3.1.1. Peptide immobilization and copper complexation

B-Cyclodextrin (B-CD)-containing pHEMA macroporous cryogel was
synthesized by means of copolymerization of HEMA with acrylated de-
rivatives of PEG and B-CD. It was used as an inert hydrogel scaffold
subjected to in situ functionalization with adamantylated peptides. p-CD
content in the modified material was earlier optimized to minimize the
interference with pHEMA cryogel properties and to allow for peptide
loading at ca. 0.31 mg per cm? of cryogel sheet [28]. The structures of
RGD (1) and GHK (2) motif-containing peptides produced by solid-phase
peptide synthesis is shown in Fig. 1A. The bioactive motifs were
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Fig. 1. A. The structures of synthesized adamantylated peptides: Ada-Ahx-GGRGD (1) and Ada-Ahx-GGGHK (2). B. LSCM image of cross-sectioned pHEMA-B-CD
cryogel functionalized with Ada-Ahx-GGK(dansylglycyl)GGHK and fluorescence intensity profile lengthwise diffusion front of peptide (arrows). Cryogel was incu-
bated in peptide solution (0.36 mg/mL) for 1 h. Fluorescence profile (blue) was averaged for each 100 pm distance (red curve, mean + SD). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

separated from the anchor adamantyl (Ad) group by a spacer consisting
of aminohexanoic acid and glycines (Ahx-GG). Single adamantylated
peptides and their composition can be effectively and stably immobi-
lized in the modified cryogel by co-incubation leading to $-CD-Ad host-
guest complex formation [28].

In this work, the penetration of adamantylated peptides into the
cryogel was additionally characterized using fluorescently labeled Ada-
Ahx-GGK(dansylglycyl) GGHK sequence. A 1.5 mm-thick p-CD-modified
cryogel sheet was covered with the peptide solution (0.36 mg/mL),
incubated for 1 h and cross-sectioned to analyze fluorescence profile
lengthwise the diffusion front. The results demonstrated that the cryogel
supports the bulk diffusion and continuous distribution of peptide
molecules within the material (Fig. 1B).

Furthermore, the mean fluorescence signal persisted across the ma-
terial to a depth up to 1300 pm with only slight (less than 20%) decrease
in average peptide content. Noticeable drop of the signal in underlying
~200 pm layer was attributed to intrinsic anisotropy of the porous
structure of cryogel bottom surface, which contains pores of smaller size
(Fig. 1B). Such an anisotropy should not affect in vitro analysis since
cultured mammalian cells generally inhabit upper layers of the cryogel
sheet to a depth up to 1000 pm [31]. These data confirm the effective
immobilization of adamantylated peptides in p-CD-modified cryogel
without significant gradient of bulk peptide content, which is expected
for conventional hydrogels.

Immobilized GHK or RGD/GHK peptides were further combined
with copper (II) ions by additional incubation of the functionalized
cryogel with CuSO4 solution followed by washing out non-specifically
attached Cu?*. GHK peptide is known to form a high affinity coordi-
nation complex with Cu?* with Kq = 7.0 + 1.0 x 10 M [33].

Fig. 2 shows SEM data for freeze-dried pHEMA-B-CD cryogel func-
tionalized with GHK peptide, Cu?>* and their complex. The dried mate-
rials displayed a macroporous structure with interconnected pore
architecture similar to that observed in the swollen state (Fig. 1B), both
typical of cryogels. Such a structure facilitates solute exchange within

the bulk of cryogels as well as migration and functioning of mammalian
cells in the materials [31,34]. Previously, the comparison of MTS
reduction by the cells grown on culture plate surface and injected in
cryogels suggested that these scaffolds caused only moderate ca. 1.5-fold
retardation of MTS metabolization compared with cell monolayer [31].
The proposed procedure for peptide immobilization does not induce any
morphological changes in pHEMA-B-CD cryogel (Fig. 2). The immobi-
lization via in situ affinity binding also allows avoiding side chemical
modifications of the material that could be observed upon covalent
attachment. Owing to their synthetic structure, the cryogel and peptide
components are expected to have extended stability upon storage in
comparison with natural ECM components, which is of practical
importance for potential biomedical applications of the materials. As
shown earlier, for research purposes the as-prepared peptide-function-
alized cryogels can be stored in solution at least for 1 month with only
slight decrease in the peptide content [28].

According to SEM images, the treatment of GHK-containing cryogel
with Cu?* resulted in brighter material surface indicating attachment of
electron-dense component. The elemental analysis by peak area did not
show significant increase in copper content in the peptide-free cryogel
after incubation with Cu®" (0.20 vs 0.23 wt%, Fig. 2). In the presence of
GHK, Cu?* was readily attached to the cryogel with a relative content of
1.92 and 3.79 wt% for the expected peptide loading of ca. 0.16 and 0.31
mg/cm?, respectively. This suggests that Cu?* binds to GHK-containing
cryogels almost in proportion to peptide loading (p < 0.001), thus
supporting the formation of stoichiometric GHK-Cu complex.

In addition, the materials were incubated with polyethylene imine,
which forms a blue complex with Cu?t [29]. The blue color intensity
agreed well with SEM data further confirming complexation of Cu®*
with GHK-functionalized cryogels. Staining with PEI can be therefore
used for the simple detection of copper ions in the cryogels.

Thus, the following variants of p-CD modified pHEMA cryogels were
prepared, namely, the peptide-free control material (Ctrl) as well as
materials functionalized with RGD, GHK, GHK-Cu, RGD/GHK, and
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0.20 £ 0.09 wt.%

0.24 £ 0.13 wt.%
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= 3.79 £ 0.28 wt.%
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Fig. 2. SEM images (left panel) and element analysis data (right panel) for freeze-dried pHEMA-B-CD cryogels treated with Ada-Ahx-GGGHK and/or Cu®". Pictures of
corresponding PEI-stained materials are inserted in right panel. Materials were subsequently pre-incubated with peptide (C = 0.18 or 0.36 mg/mL) and CuSO4 (C =
0.15 mg/mL).
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RGD/GHK-Cu components. The in vitro angiogenic effects of the func-
tionalized cryogels were studied and compared.

3.1.2. Adhesion and proliferation of HSF

Early-passage human skin fibroblasts (HSF) were used as a standard
primary cell model to evaluate cell adhesion and viability (proliferation)
in contact with the peptide-functionalized cryogels. HSFs were top-
seeded on the cryogel surface, and the adherence was assessed by
calculating relative quantity of attached cells as a difference between the
number of initially seeded cells and detached cells collected after cry-
ogel washing (Fig. 3A). The results show that RGD peptide considerably
supported cell attachment (68.3%) over peptide-free cryogel (28.5%),
whereas GHK peptide and the copper complex caused relatively low
promotion of cell adherence (39.8% and 36%, respectively). Similarly,
GHK peptide augmented cell-adhesive effect of RGD peptide in dual
composition (76.5%), and cu®t did significantly change the effect of
composition (Fig. 3A).

Furthermore, top-seeded HSFs were allowed to grow within the
cryogels for 72 h followed by their detection using the MTS metabolic
assay [31,35]. The detected cell quantity/viability increased in the
order: Ctrl < GHK ~ GHK-Cu < RGD < RGD/GHK < RGD/GHK-Cu
(Fig. 3B). In particular, GHK and RGD peptides respectively caused an
increase of the MTS signal by 1.40 and 3.07 times attributed to the
promotion of both initial HSF adherence and subsequent proliferation in
peptide-functionalized materials. According to these data, the combi-
nation of RGD with GHK noticeably increases HSF proliferation upon
culturing within cryogels (compared with individual peptides) reaching
an enhancement factor of 4.92, and Cu?>* somewhat augments the ac-
tivity of composition (by 16%) (Fig. 3B).

These data also indicate that the immobilized copper component
along with its stimulatory effect on cell proliferation does not cause
cytotoxicity toward the primary human cells. The lack of cytotoxicity of
Cu?* within the functionalized cryogels was additionally confirmed by
more prolonged 7-day culture of HSF (data not shown). The calculated
content of immobilized Cu?>* was equivalent to a concentration in so-
lution of ~0.48 mM, at which free copper ions are expected to have
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Fig. 3. A. HSF adherence on surface of peptide-functionalized pHEMA-B-CD
cryogels after 4 h incubation (% of the total cell number). B. HSF viability
determined using MTS assay at day 3 post-seeding on peptide-functionalized
PHEMA-B-CD cryogels. The data are presented as mean + SD (n = 3, **p <
0.01, ***p < 0.001).
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adverse effect on cells. Hence, the complexation with GHK peptide
effectively prevents cytotoxicity of Cu?>* under experimental conditions
in accordance with the earlier observation that even higher concentra-
tions of GHK-Cu complex (up to 5.8 mM) were tolerated by keratino-
cytes [26].

Collectively, the results show that RGD motif based peptide provides
superior cell-adhesive effect over GHK counterpart in the cryogel ECM
model, in accordance with previous data for RGD peptides [14,36].
Nevertheless, immobilized GHK peptide caused a certain increase in HSF
adherence by 8-11% (Fig. 3A). No promoting effect was earlier observed
for human bone marrow-derived mesenchymal stem cells (MSCs)
cultured on G4GHKSP peptide-modified alginate hydrogel [37]. This
may suggest that the designed synthetic cryogel matrix provides more
specific cellular response to immobilized peptides. Furthermore, coim-
mobilization of RGD and GHK peptides in this matrix dramatically
promotes proliferation/viability of HSFs. The complexation of copper
with GHK or RGD/GHK does not inhibit HSF adhesion and proliferation,
while slightly stimulates the latter process in the case of peptide
composition (Fig. 3).

3.2. Angiogenic properties of peptide-functionalized cryogels

3.2.1. Proliferation of HUVEC

HUVEC primary cells were used as a relevant in vitro model to
characterize angiogenic potential of biomaterials [38]. Top-seeded cells
were cultured in the peptide-functionalized cryogels for 72 h and sub-
jected to the MTS assay. The peptides induced defined promoting effect
on HUVEC proliferation/viability, which clearly increased in the order:
Ctrl < GHK < GHK-Cu < RGD < RGD/GHK < RGD/GHK-Cu (Fig. 4).
These results generally correlated with those for HSF, however, in the
case of HUVEC a profound effect of the copper complex was observed. In
particular, Cu?* increased the MTS signal for GHK- and RGD/GHK-
functionalized materials by 36-56% (*p < 0.05). This shows increased
responsiveness of HUVEC to cu®t (GHK-Cu complex) in accordance
with established angiogenic activity of this microelement in bio-
materials [39].

Earlier, SPARC (secreted protein acidic and rich in cysteine) frag-
ments (SPARC;13 and SPARCi;g peptides) were introduced to PEG
hydrogel to confer angiogenic properties [40]. The SPARC peptides
contain GHK sequence which may determine their bioactivity. Alto-
gether, the results support the relevance of using GHK derivatives and
complexes for biomaterials development and encourage further char-
acterization of angiogenesis-related effects of the peptides.

3.2.2. Morphology of HUVEC

The formation of new tubular structures requires the differentiation
of ECs to a specialized morphologically altered cell phenotype [10]. To
characterize HUVEC morphology in the functionalized cryogels the cells
were stained for F-actin with fluorescently labeled phalloidin.
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Fig. 4. Effect of immobilized RGD and GHK (GHK-Cu) peptides on prolifera-
tion/viability of HUVEC in peptide-functionalized pHEMA-B-CD cryogels. MTS
signal was detected at day 3 post-seeding. Control (Ctrl) refers to non-
functionalized cryogel. The data are presented as mean + SD (n = 3, *p <
0.05, **p < 0.01, ***p < 0.001).
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In the absence of peptides, HUVECs were characterized by low
adherence and spreading on the material surface and had round cell
morphology lacking sprouts (Fig. 5A, Ctrl). Noticeable morphological
changes of HUVECs were induced by immobilized GHK and more pro-
foundly GHK-Cu (Fig. 5A). However, the cells still showed a relatively
low density attributed to weak adhesive effect of GHK peptide. RGD
peptide alone, though increased the cell density in accordance with the
MTS assay data (Fig. 4), weakly affected cell morphology (Fig. 5A).

Combination of RGD with GHK and especially GHK-Cu further
increased cell number and dramatically rearranged cell morphology on
the cryogel surface. In particular, in the case of RGD/GHK-Cu compo-
sition, HUVECs were more elongated and gave extended sprouts to reach
out neighbor cells, thus establishing cellular connections. The cells
tended to form circular tubule-like structures, however, their detection
at highly porous cryogel support by LSCM was complicated compared

A
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with flat surfaces. The semitransparent structure of cryogels [28,31]
allowed to additionally analyze cresyl violet stained cells on the material
surface using bright-field microscopy (Fig. 5B), which confirmed pro-
foundly increased density of the cells grown in (RGD/GHK-Cu)-func-
tionalized cryogel compared with peptide-free material. Furthermore,
well distinguished circular cell ensembles attributed to primitive tubular
structures were detected throughout the former matrix (Fig. 5B). At least
one such ensemble with mean inner area of 1654.4 + 438.4 pm? was
detected per mm? of cryogel surface. The above observations underlie
inducible dynamic alterations in ECs to mediate tubulogenesis.
Altogether, these results demonstrate the crucial role of triple RGD/
GHK-Cu composition in promoting the angiogenic activity of the cry-
ogels toward HUVECs (Fig. 5). Whereas mitogenic effect is mainly
provided by RGD/GHK (Fig. 4), the presence of cu®* is apparently
required to induce morphological changes attributed to angiogenic cell

RGD/GHK-Cu

Fig. 5. A. Representative LSCM images of HUVECs grown in peptide-functionalized pHEMA-B-CD cryogels at 48 h post-seeding. Cells were stained with phalloidin
CruzFluor™ 647 conjugate for F-actin (red) and DAPI for nuclei (blue). B. Representative bright-field microscopy images of HUVECs stained with cresyl violet at 48 h
post-seeding in peptide-free (Ctrl) and (RGD/GHK-Cu)-functionalized pHEMA-B-CD cryogels. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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differentiation [39,41].

3.3. Glutathione level in HUVEC

Glutathione (GSH) is prevailing antioxidant in mammalian cells with
vital protective and regulatory functions. The balance between redox
forms of GSH is a key parameter of redox homeostasis, which controls
cell proliferation, differentiation and programmed death via different
redox sensitive transcriptional factors and enzymes [42]. Therefore,
relationships between intracellular GSH level and regenerative effects of
peptides may provide additional insight into their mechanisms of action.

Relative content of GSH in HUVECs cultured in peptide-
functionalized cryogels was analyzed by HPLC (Fig. 6). It was found
that GHK unlike RGD induced noticeable increase in GSH level by 21%.
The effect of GHK could be associated with its cell-modulating activities
potentially involving change in cell redox state, e.g. via complexing
transition metals and promoting antioxidant biosynthesis [20]. RGD
peptide, acting as an ECM cytoadhesive motif, should induce adherence-
related cellular events [15], which probably do not directly affect GSH
biosynthesis. However, cell responses to RGD and GHK peptides seem to
be interconnected as RGD/GHK composition caused double increase in
GSH level (by 41.5%) compared with GHK alone (Fig. 6).

Supplementation of free 0.5 mM Cu?* to the culture medium (24 h
post-seeding the cells) resulted in more than 2-fold decrease in the GSH
signal when the cells were cultured in peptide-free cryogel (Fig. 6).
These data are explained by prooxidant action of copper (II) ions, which
involves Fenton-like reaction [43] and redox cycling with biomolecules
[42,44] to produce reactive oxygen species (ROS) eliminated at the
expense of GSH. The prooxidant effect of supplemented Cu?* was much
lower when (RGD/GHK)-functionalized cryogel was used (Fig. 6). This
could be attributed to the ability of peptides to both increase GSH level
in HUVECs and bind copper ions (primarily, by GHK sequence), result-
ing in the capture of Cu?* from culture medium by the functionalized
cryogel. Histidine residue is known to be a key ligand for Cu?* and other
transition metals [45], allowing GHK and other histidine-containing
peptides to complex the metals and modulate their cellular trans-
portation/availability [25]. The complexation can also minimize side
reactions and cytotoxicity of these metals associated with oxidative
stress [26]. GHK is regarded as a carrier system for Cu2+, which allows
for the peptide receptor-mediated uptake of Cu?* (GHK-Cu) by
mammalian cells. Inside the cells, GHK-Cu can activate different
regenerative and protective genes [25].

When Cu?* was pre-complexed with both GHK and RGD/GHK and
not provided in the culture medium, it abolished the increasing effect of
the peptides on GSH level in cells but did not decrease it in comparison
with the control level detected in cells grown without effectors (Fig. 6).

Altogether, the results suggest that GHK, RGD/GHK and their com-
plex with Cu?* induce variation in GSH content and hence redox balance
in HUVECs which probably underlies the stimulation of cell
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proliferation (Fig. 4) and angiogenic responses (Fig. 5) by these factors.
It could be supposed that the proliferation phase is accompanied by the
increase in metabolic activity and GSH level in the cells whereas the
initiation of their angiogenic differentiation involves some decrease in
GSH pool. The variation in GSH content may occur in response to
physiological production of ROS, which act as secondary messengers in
angiogenic pathways via regulation of HIF1-a and VEGF expression
[46,47]. In excess concentration, Cu?" may elevate ROS above physio-
logical levels which are harmful for microtubular structures [48],
whereas its binding to GHK peptide permits to avoid toxic levels,
providing conditions for cell differentiation [25,27].

3.4. Analysis of angiogenic cytokines and growth factors

ECs are known to be a major source of FGF-2 [49], IL-8 [50], IL-6
[51], VEGF [52] and MCP-1 [53] as well as other factors involved in
both their autocrine regulation and the recruitment of other cells to
support neovascularization. The expression of these cytokines can be
modulated in the presence of oxygen supply or ROS production with
participation of HIF-1a and HIF-2a transcriptional factors [54] both
known to upregulate VEGF biosynthesis [55]. A continuous expression
of endogenous VEGF in mature ECs is necessary to maintain vascular
integrity, cell viability and metabolism [56].

The profile of cytokines/chemokines and essential GFs in HUVECs
cultured within peptide-functionalized cryogels was analyzed using Bio-
Plex multiplex immunoassay. Fig. 7A, B shows the level of some key
cytokines and GFs such as FGF-2, VEGF, IL-6, IL-8, MCP-1 with estab-
lished roles in tissue regeneration and angiogenesis; extended cytokines
profile is provided in Fig. 7C. All variants of individual and combined
peptides were found to induce upregulation of the analyzed factors both
in the cell culturing medium (Fig. 7A) and cell lysate (Fig. 7B). Among
individual peptides, GHK-Cu showed increased promoting effect on the
secretion of FGF-2 (3.4-fold, *p < 0.05) and its intracellular level (3.6-
fold, *p < 0.05). The combination of GHK or GHK-Cu with RGD induced
further increase in the extracellular level of FGF-2 by 4.1- and 4.8-fold
(**p < 0.01), respectively.

Similar profile was detected for secreted VEGF, e.g. with 3.3- and
4.7-fold increase in this factor content by GHK-Cu and RGD/GHK-Cu,
respectively. Likewise, a significant upregulation of IL-6, IL-8 and
MCP-1 was induced by RGD/GHK-Cu (*p < 0.05), which elevated both
extra- and intracellular levels of these cytokines by 2.5-9.7 times
(Fig. 7).

Considering VEGF as a key regulator of blood vessels formation and
functioning, we additionally visualized expression and distribution of
this marker in HUVEC-cultured matrices (Fig. 8). (GHK-Cu)-function-
alized cryogel, unlike control and GHK-functionalized ones, was found
to promote VEGF biosynthesis by HUVEC. The immunofluorescence
intensity for VEGF in the cells was significantly enhanced in the presence
of RGD/GHK-Cu compared with RGD/GHK, which showed lower VEGF

1504
X
-
3 100+- = E— - R
= T ;
n -
o 7
: »-
; /
K

N 7

ctrl RGD GHK

GHK-Cu

RGD/GHK RGDIGHK-Cu Cu  Cu+RGDIGHK

Fig. 6. Relative GSH level in HUVECs grown in peptide-functionalized pHEMA-B-CD cryogels at 48 h post-seeding. The signal was normalized per cell number and is
shown in % relative to control GSH level (100%). For hashed columns, cells were treated for 24 h with 0.5 mM CuSO4 added to culture medium at 24 h post-seeding.
The data are presented as mean + SD (n = 3), **p < 0.01 (vs. Ctrl), *p < 0.05 (vs. Cu).
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Fig. 7. Analysis of cytokines and growth factors in cell culture medium (A) and lysates (B) of HUVECs cultured on peptide-functionalized pHEMA-B-CD cryogels at
24 h post-seeding. The data are presented as mean + SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). C. Radar plot representation of extended profile in cell culture
medium (left chart) and lysate (right chart); log concentrations (pg/mL) are indicated.

expression in cytosol (Fig. 8) in agreement with the multiplex assay.

It was previously shown that enhanced liposomal delivery of GHK-Cu
into HUVECs promoted cell proliferation and VEGF and FGF-2 expres-
sion compared with unformulated GHK-Cu [41], suggesting intracel-
lular mode of action of the complex. Stimulating effect of GHK
covalently immobilized in alginate HM on VEGF secretion by human
bone marrow-derived MSCs [37] and osteogenic differentiation of um-
bilical cord blood MSCs [57] could be also mediated by the peptide
binding to integrin p1, yet GHK did not support MSC adhesion [37]. The
interaction of GHK with cell membrane receptor(s), however, should not

exclude its uptake by the cells in accordance with evidence on the ability
of GHK-Cu to penetrate across cell membranes and human skin [58,59].

Both cellular binding and uptake of GHK could be potentially pro-
moted by co-immobilized cell-adhesive RGD, and this may provide
additional mechanism for enhanced effects of dual peptide compositions
(Figs. 4, 5, 6, 7).

Collectively, the results for the first time show that the combination
of synthetic affinity-immobilized RGD and GHK peptides synergistically
enhances the production of proangiogenic factors by ECs grown in the
cryogel ECM model. Moreover, the specific complexation of this
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Fig. 8. Immunofluorescence detection of VEGF in HUVECs at 24 h post-seeding on top surface of peptide-functionalized pHEMA-B-CD cryogels. Corresponding DAPI-

stained nuclei are shown.

composition with copper ions insures more profound and robust stim-
ulating effect on key cytokine and GF levels (Figs. 7 and 8) in addition to
that on the proliferation and morphological differentiation of HUVECs
in the matrix. Therefore, RGD/GHK-Cu triple composition is expected to
be a powerful stimulator of angiogenesis both in vitro and in vivo and a
potential alternative to natural GFs. The composition can be stably

10

immobilized in both synthetic and natural polymer-derived HMs using
different chemical strategies. Natural polymers with native bioactive
sequences and of biodegradable nature are expected to further
contribute to regenerative activity of the peptides; corresponding com-
posite biomaterials could be of practical interest in different therapeutic
applications.



M. Zoughaib et al.

4. Conclusions

In this study, pHEMA-PEG-B-CD cryogels were functionalized with
adamantylated RGD, GHK, and GHK-Cu peptides in a highly efficient
manner to construct a synthetic ECM model. This model was shown to
provide informative assessment of short peptides, active metals and
their compositions as promising bioinductive components of tissue
regenerating and engineering materials. The combination of two
simplest peptide motifs, i.e. RGD and GHK, greatly enhances various in
vitro angiogenic responses to the materials, and additional complexa-
tion of GHK with Cu?* ensures even greater effects, which are probably
associated with redox modulating activity of GHK-Cu. We believe, based
on our results and some existing data, that regenerative effects of bio-
materials can be substantially improved by the evolution of biochemical
structure and spatial organization of peptide molecules and using active
metals to form coordination compounds with the peptides. The results
encourage further discovery of oligopeptide based therapeutic compo-
sitions using the cryogel model as well as the development of bio-
inductive materials loaded with the identified RGD/GHK-Cu triple
system.
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