
In Situ functionalization of Poly(hydroxyethyl methacrylate)
Cryogels with Oligopeptides via β‑Cyclodextrin−Adamantane
Complexation for Studying Cell-Instructive Peptide Environment
Thai Duong Luong,† Mohamed Zoughaib,† Ruslan Garifullin,* Svetlana Kuznetsova, Mustafa O. Guler,
and Timur I. Abdullin*

Cite This: https://dx.doi.org/10.1021/acsabm.9b01059 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Oligopeptides are versatile cell modulators resembling pleio-
tropic activities of ECM proteins and growth factors. Studying the role of cell-
instructive peptide signals within 3D scaffolds, yet poorly known, requires
effective approaches to introducing bioactive sequences into appropriate
materials. We synthesized RGD and GHK motif based peptides 1 and 2 linked
to the terminal adamantyl group (Ad) and their fluorescent derivatives 3 and 4.
Poly(hydroxyethyl methacrylate) (pHEMA) cryogels with additional PEG/β-
cyclodextrin (CD) units were prepared as an inert macroporous scaffold
capable to bind the adamantylated peptides via affinity CD-Ad complexation.
According to toluidine blue staining, the CD moieties were effectively and
stably incorporated in the pHEMA cryogels at nanomolar amounts per
milligram of material. The CD component gradually increased the thickness
and swelling ability of the polymer walls of cryogels, resulting in a noticeable
decrease in macropore size and modulation of viscoelastic properties. The labeled peptides exhibited fast kinetics of specific binding
to the CD-modified cryogels and were simultaneously immobilized by coincubation. The peptide loading approached ca. 0.31 mg
per cm2 of cryogel sheet. A well-defined mitogenic effect of the immobilized peptides (2 < 1≪ 1 + 2) was revealed toward 3T3 and
PC-12 cells. The synergistic action of RGD and GHK peptides induced a profound change in cell behavior/morphology attributed
to a growth-factor-like activity of the composition. Altogether, our results provide an effective procedure for the preparation of CD-
modified pHEMA cryogels and their uniform in situ functionalization with bioactive peptide(s) of interest and an informative study
of cellular responses in the functionalized scaffolds.

KEYWORDS: bioactive peptide motifs, extracellular matrix, growth factors, poly(hydroxyethyl methacrylate), cryogels,
cyclodextrin-adamantane inclusion complex, RGD, GHK, affinity immobilization, cell responses

1. INTRODUCTION

Hydrogel materials (HMs) are versatile soft systems that
generally better meet hydration, diffusion, and physical
properties of living tissues than solid materials.1 HMs therefore
have wide biomedical applications, encompassing separation of
biocomponents, cell research, tissue engineering, and con-
trolled drug delivery.2−4 Biocompatible polymer-based HMs
were proved to support mammalian cell growth and be capable
of temporarily replacing tissue defects and promote their repair
by different mechanisms.3

Considerable efforts are being made to impart specific
bioactivity to HM-based scaffolds and thus trigger own body
responses to repair severe injuries. The use of extracellular
matrix (ECM) proteins and/or polysaccharides with natural
bioactive motifs is important but not sufficient approach to
produce such HMs. Growth factors/cytokines are highly active
cell-instructive polypeptides with great potential to treat
traumatic and degenerative diseases.5 High cost, low stability,

and variable properties of recombinant growth factors,
however, complicate their combination with HMs. A
promising alternative to ECM components and growth factors
are synthetic peptides, which benefit from their high purity,
safety, stability, and compliance with different chemical
modification/immobilization methods.6−8 An important strat-
egy to develop the peptides is based on the reproduction of
minimal sequences of a natural polypeptide capable of
interacting with and modulating mammalian cells.9

An extensively studied sequence motif is the RGD tripeptide
found in fibronectin and laminin.10,11 This peptide is an
important cell adhesion ligand involved in cell-matrix
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interactions via membrane integrins.11,12 RGD was shown to
improve attachment and proliferation of adipose-derived stem
cells and neurite outgrowth from dorsal root ganglion neurons
on the poly-ε-caprolactone-based conduit,13 enhance murine
fibroblasts spreading on the modified hyaluronic acid hydro-
gel,14 and promote osteogenic differentiation and angiogenic
potential of mesenchymal stem cells in alginate hydrogels.10

IKVAV, another laminin-derived motif, was reported to
stimulate tubulogenesis of vascular endothelial cells in vitro,
promote angiogenic effect of the collagen gel in vivo15 and also
to improve viability/differentiation of neural stem cells
encapsulated in the silk fibroin gel.16 IKVAV-functionalized
self-assembled nanofiber scaffold for brain tissue engineering
was developed.17 The related cell-binding YIGSR motif
enhanced adhesion of preadipocytes, corneal epithelial cells
and neurite extension in ganglion explants.18,19 Dual peptide-
presenting HMs were developed, such as the RGD/YIGSR-
modified alginate20 and IKVAV/YIGSR-modified collagen
materials,21 with enhanced ability to support proliferation
and differentiation of neuronal and epithelial cells.
The GHK tripeptide, present in type I collagen, osteonectin

and other ECM proteins, resembles pleiotropic growth factor
activities. GHK modulates skin regeneration by promoting
proliferation of fibroblasts and keratinocytes, biosynthesis of
ECM component and growth factors, e.g., FGF and
VEGF.20−22 The copper complex of GHK plays an important
role in wound repair, attenuation of skin photodamage,
hyperpigmentation and irritation,23 chemotaxis of macro-
phages and mast cells, neurite outgrowth, and angio-
genesis.20,21,24

The development of effective and reproducible peptide-
based HMs requires high stability, uniformity, and availability
of the introduced peptide component. Peptides can be
immobilized within the hydrogel network by means of physical
or chemical entrapment during polymerization.25 The process,
however, decreases their activity and/or results in rapid elution
from the material. Covalent attachment of peptide moieties to
preformed HM via appropriate functional groups26 often
provides concentration gradients and side products in the
modified material. In this regard, affinity methods are much
more attractive for peptide immobilization in HM, but they are
less elaborated. This type of immobilization generally exploits
binding of biotinylated peptides/proteins of interest to
different streptavidin (SA)-modified HMs by high-affinity
SA-biotin polyvalent interactions.27,28 In addition, some affinity
of the biotinylated GHK peptide to SA-free collagen scaffold
was also reported.29 The disadvantages of SA/biotin-based
immobilization include limited chemical methods for HM
modification with intact SA, its high cost, and potential
degradation. Furthermore, the bioeffects of SA and biotin may
interfere with bioactive peptide sequences. Hence, more
effective methods to produce peptide-functionalized HM are
highly demanded.
In this work, specific β-cyclodextrin (CD)−adamantane

(Ad) complexation30,31 was exploited to develop advanced
peptide-functionalized HMs. The CD-Ad host−guest system
benefits from high stability and inertness of the molecules,
their small size, and low cost.32,33 Herein, the premodified CD
moieties were copolymerized in poly(hydroxyethyl methacry-
late) (pHEMA) material, which was selected because of its
inert nonproteinaceous structure, and designed in the form of a
macroporous cryogel to support bulk diffusion of solutes and
cell migration.34 The Ada-conjugated GHK and RGD motif-

based peptide sequences, namely, Ada-Ahx-GGGHK, Ada-
Ahx-GGRGD, and their fluorescent derivatives, were synthe-
sized. Effective one-step in situ immobilization of the guest
adamantylated peptides on the preformed pHEMA cryogels
containing the CD host units was performed. Our results for
the first time show that the resulting fully synthetic
functionalized materials can be used to reveal individual and
combined effects of the peptide signals on mammalian cells
within porous HMs.

2. EXPERIMENTAL SECTION
2.1. Materials. 2-Hydroxyethyl methacrylate (HEMA), poly-

(ethylene glycol) diacrylate (PEGDA), N,N,N′,N′- tetramethylethy-
lenediamine (TEMED), ammonium persulfate (APS), β-cyclodextrin,
acryloyl chloride, toluidine blue O (TBO), Fmoc-Gly-OH, Fmoc-
Arg(Pbf)−OH, Fmoc-Asp(OtBu)−OH, Fmoc-His(Trt)−OH, Fmoc-
Lys(Boc)−OH, Fmoc-Lys(Mtt)−OH, Fmoc-6-aminohexanoic acid
(Ahx), 1-adamantaneacetic acid (Ada), 1-pyrenebutyric acid,
dansylglycine, Fmoc-Asp(OtBu)-O-Wang resin, Fmoc-Lys(Boc)-O-
Wang, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU), N,N-diisopropylethylamine (DIPEA),
triisopropylsilane (TIPS), trifluoroacetic acid (TFA), N,N-dimethyl-
formamide (DMF), and 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)
and phenazine methosulfate (PMS) were purchased from Sigma-
Aldrich. 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS reagent) was purchased from
Promega. PC-12 and NIH 3T3 cell lines were obtained from the
American Type Culture Collection. Cell Tracker Green CMFDA Dye
(Thermo Fisher Scientific) and cresyl violet acetate (Acros Organic)
were used for cell staining.

2.2. Synthesis of acrylate derivative of β-cyclodextrin. β-
Cyclodextrin (CD) was modified with acryloyl chloride in aqueous
potassium hydroxide (KOH) solution as detailed previously.35 The
molar ratio of CD and acryloyl chloride in the reaction solution was
maintained at 1:10, respectively. The acrylate derivative of β-
cyclodextrin (acryloyl-CD) was isolated by pouring the reaction
filtrate into acetone. The structure of acryloyl-CD was analyzed by 1H
and 13C NMR spectroscopy (Figure S1). The spectra were recorded
on a Bruker Avance-400 NMR spectrometer (400.0 MHz, 1H; 100.6
MHz, 13C). Chemical shifts (δ) were reported in ppm. 1H NMR (400
MHz, DMSO-d6): 3.3−3.4 br. s (H2, H4); 3.5−3.7 br. s (H3, H5, H6);
3.89 d. d (H2, 1H, 3JHH 11.5 Hz, 2JHH 6.5 Hz); 4.18 d. d (C6HA, 1H,
3JHH 7.8 Hz, 2JHH 6.5 Hz); 4.5−4.5 (C6HB, overlapped with C6OH);
4.39, 4.43, 4.48 br. s (C6OH); 4.82 br. s (H1); 5.70 br. s (C3OH);
5.76 br. s (C2OH); 5.95 d (=CH2

A, 3JHH 10.4 Hz); 6.20 m (=CH,
3JHH 17.4 Hz, 3JHH 10.4 Hz); 6.34 d (=CH2

B, 3JHH 17.4 Hz). 13C-{1H}
NMR (100.6 MHz, DMSO-d6): 165.42 s (C = O); 131.79 s (=CH);
128.18 s (=CH2); 102.47 s (C1); 101.96 s (C1); 101.63 s (C1); 82.35
s (C2); 72.06 br. s (C5); 68.84 s (C2); 63.72 s (C6); 59.92 br. s (C6);
59.53 s (C6). In addition, the structure of acryloyl-CD was confirmed
by 2D NMR analysis (1H−COSY, NOESY, HMBC and HSQC) as
well as by LC-MS (Figure S1).

2.3. Solid-Phase Synthesis of Peptides. Peptides with C-
terminal carboxyl group were synthesized on Wang resin by Fmoc
solid-phase peptide synthesis method. Fmoc-Asp(OtBu)-O-Wang and
Fmoc-Lys(Boc)-O-Wang preloaded resins were used to construct
peptide sequences. The resins were swollen in DMF and deprotected
using 20% (v/v) piperidine solution in DMF. Subsequent iterative
coupling and deprotection cycles were carried out using 2 equiv. of
Fmoc-protected amino acids, 1.98 equiv. of HBTU and 3 equiv of
DIPEA in DMF. Following final Fmoc removal, the peptides were
modified with Ada, HBTU, and DIPEA (3, 2.98, and 4.5 equiv.,
respectively). The peptides were cleaved from the resin in cleavage
cocktail (95% TFA, 2.5% H2O, 2.5% TIPS). For fluorescence labeling
of the peptides, pyrenebutyric acid and dansylglycine were introduced
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via ε-amino group of additional Lys residue after removal of its
protecting Mtt (4-methyltrityl) group with 5% cleavage cocktail in
DCM. The cleaved peptides were collected in DCM, which was
removed alongside with TFA on a rotary evaporator. Residual viscous
material was triturated with ice-cold diethyl ether, and the peptide
precipitate was isolated by centrifugation. The precipitate was
dissolved in ultrapure water, frozen at −80 °C, and then lyophilized.
The synthesized Ada-Ahx-GGRGD, Ada-Ahx-GGGHK peptides and
their fluorescent counterparts Ada-Ahx-GGK(pyrenebutyryl)GRGD
and Ada-Ahx-GGK(dansylglycyl)GGHK were purified by preparative
HPLC and verified by LC-MS methods. The peptides were analyzed
on an Agilent 1200/6530 instrument with electrospray ionization
(ESI) source. A Zorbax 300SB-C18 column was used to gradually
elute the peptides using acetonitrile (0.1% formic acid)/water (0.1%
formic acid) and acetonitrile (0.1% NH4OH)/water (0.1% NH4OH)
mixed solvents for positively and negatively charged peptides,
respectively. The HPLC-MS spectra of the peptides are shown in
Figure S4.
2.4. Preparation of Cryogels. pHEMA cryogels were synthe-

sized by the vinyl addition polymerization method in aqueous
solution. The concentrations of monomers were presented relative to
total mass of all monomers as detailed below (see Table 1). To

synthesize the unmodified cryogel, we mixed HEMA and PEGDA
monomers at a final concentration of 3.84 and 0.99% (v/v); their
relative concentrations were, respectively, 78.4 and 21.6% of the total
mass of the monomers. To prepare the CD-modified cryogels,
acryloyl-CD was added to HEMA/PEGDA mixture at a final
concentration of 0.05, 0.24 and 0.60% (w/v) which corresponded
to 1.0, 4.6 and 11.0% acryloyl-CD content from the mass of all used
monomers. The reaction mixtures were purged with N2 followed by
addition of 0.40% (v/v) TEMED and 0.31% (w/v) ammonium
persulfate as a free radical-generating system. The resultant reaction
solution was carefully stirred and poured into a glass Petri dish as a
reactor, which was further placed in a cooling thermostat at a
temperature of −12 °C for 4 h. It was then transferred into a freezer
(−18 °C) and additionally kept for 24 h to complete polymerization.
The product was thawed at room temperature and then carefully
washed with water to obtain 3 mm thick cryogel sheets. The cryogels
modified with raw CD instead of acryloyl-CD were also prepared as
reference materials under the same conditions.
2.5. Characterization of CD-Modified pHEMA Cryogels.

2.5.1. Fourier Transform Infrared (FTIR) Spectroscopy. The cryogels
were washed with milli-Q grade water and freeze-dried. Attenuated
total reflectance (ATR) FTIR spectra of the unmodified and CD-
modified pHEMA cryogels were recorded on a Frontier spectrometer
(PerkinElmer). The measurements were made in different areas of the
materials, and the data were averaged. The spectra were recorded in
the wavenumber range of 4000−400 cm−1 with a resolution of 1
cm−1.
2.5.2. Staining with Toluidine Blue. As-prepared hydrated cryogels

were cut into square samples (0.8 × 0.8 cm) and incubated in 3 mL of
toluidine blue O (TBO) solution (5 × 10−5 M, pH 10) for 3 h. The
samples were washed from weakly bound TBO. The amount of TBO
attached to the cryogels was assessed visually and detected by
measuring material fluorescence on an Infinite M200 PRO microplate
analyzer (Tecan) at λex and λem of 595 and 665 nm, respectively.
Temporal stability of the CD moieties in the modified cryogels was
investigated after 1, 30 and 60-day incubation of the samples in milli-
Q water. After storage, the samples were washed, stained with TBO,
and subjected to the same fluorescence analysis.

2.5.3. CD Quantification in Modified Cryogels. The CD-modified
cryogels were equilibrated with TBO and washed as described above
(in Section 2.5.2). The stained materials were incubated with excess
of methanol to release TBO molecules from the complex with CD
moieties. The collected methanol solution of TBO was dried and
reconstituted in PBS. The molar amount of released TBO (CD
moieties) was determined spectrophotometrically on a on a UV−Vis
spectrometer (Lambda 35, PerkinElmer) at λ = 665 nm using a
calibration graph for TBO. The estimated CD amount was
normalized per dry mass of the analyzed cryogel samples.

2.5.4. Swelling and Viscoelastic Properties. The cut cryogel
samples were equilibrated with milli-Q water. The swelling ratio (SR)
was calculated according to the following formula: SR = (mt − m0)/
m0 × 100%, where mt(1, 2) represents the mass of completely swollen
cryogels (m1) or the same materials after removal of weakly bound
water (i.e., capillary water, CW) with filter paper (m2), and m0 is the
mass of completely dried materials. The volume fraction of CW
relative to the total water volume in the swollen cryogels was
calculated by the following formula: VCW (%) = (m1 − m2)/(m1 −
m0) × 100%.

Rheological properties of the swollen cryogels were analyzed on a
MCR 302 rotational rheometer (Anton Paar) at 25 °C. The strain
sweep and frequency sweep tests were performed by applying 0.01−
100% strain (ω = 10 rad s−1) and 0.01−100 rad s−1 angular
frequencies (γ = 1%), respectively. The representative strain and
frequency dependencies of the storage (G′) and loss (G″) moduli of
the materials were presented.

2.6. Microscopic Analysis of Cryogels. 2.6.1. LSCM of TBO-
Stained Cryogels. The unmodified and CD-containing pHEMA
cryogels were cut into square samples (1 × 1 cm) and stained in TBO
solution (5 × 10−5 M) to visualize cryogel microstructure using laser
scanning confocal microscopy (LSCM). LSCM images were obtained
on a LSM 780 microscope (Carl Zeiss) with He−Ne laser excitation
(543 nm). Zeiss ZEN black software was used for acquisition.

2.6.2. Scanning Electron Microscopy. For scanning electron
microscopy (SEM), the samples were freeze-dried and coated with 15
nm conductive layer (Au−Pd alloy) by cathode 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.

2.7. Binding of Fluorescently Labeled Peptides to CD-
Modified pHEMA Cryogels. The cut samples of the modified
cryogel (4.6% CD) were placed into a 24-well plate, covered with
Ada-Ahx-GGK(pyrenebutyryl)GRGD peptide solution (0.13−2.62
mg/mL), and incubated at 37 °C during 3 h under moderate
agitation. The increment of fluorescence intensity of the pyrene probe
was monitored every 15 min on an Infinite M200 PRO microplate
analyzer at λex and λem of 339 and 380 nm, respectively. The detected
signals were subtracted by fluorescence values of the unmodified
cryogel treated with the peptide in the same way. Similarly, CD
concentration in the modified cryogels was varied (1, 4.6, 11%) at a
constant peptide concentration of 0.36 mg/mL.

To verify the temporal stability of immobilized peptides in the CD-
modified cryogels, we stored the peptide-functionalized materials in
closed tubes in excess of milli-Q water at a near neutral pH (∼7) in
the fridge (4 °C) for 3, 7, 15, and 30 days and reanalysed.

To study simultaneous binding of two peptides to the modified
cryogels (4.6% CD), we treated the samples with Ada-Ahx-
GGK(pyrenebutyryl)GRGD or Ada-Ahx-GGK(dansylglycyl)GGHK
(0.18 mg/mL) as well as with their mixture at the same concentration
for each peptide (the total peptide concentration was 0.36 mg/mL).
The fluorescence intensity of the pyrene- and dansyl-labeled peptides
in the samples was measured at λex/λem of 339/380 nm and 339/543
nm, respectively.

2.8. Study of Cell Behavior within Peptide-Functionalized
Cryogels. 2.8.1. Cell Growth in Cryogels. PC-12 rat pheochroma-
cytoma cells were maintained in DMEM supplemented with 10% HS
and 5% FBS, penicillin (100 U/mL)/streptomycin (100 μg/mL) and
L-glutamine (2 mM). NIH 3T3 mouse embryonic fibroblast cells were

Table 1. Monomer Concentration

monomer concentration (wt %)

HEMA 78.4 78.0 76.4 73.7
PEGDA 21.6 21.0 19.0 15.3
acryloyl-CD 0 1.0 4.6 11.0
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grown in α-MEM supplemented with 10% FBS, penicillin (100 U/
mL)/streptomycin (100 μg/mL), and L-glutamine (2 mM).
The CD-modified pHEMA cryogels (4.6% CD) were cut into disks

(14 mm in diameter, 3 mm thick) and treated with individual GHK
and RGD motif based peptides at a concentration of 0.36 mg/mL or
their composition at a concentration of 0.18 mg/mL for each peptide
(the total peptide concentration was 0.36 mg/mL) in PBS for 2 h for
functionalization. The unfunctionalized peptide-free cryogels were
used as a reference material. Prior to cell seeding, the samples were
incubated in penicillin (2.5 kU/mL)/streptomycin (2.5 mg/mL) in
HBSS for 1 h, rinsed, and then equilibrated in the culture medium for
another 1 h.
The 3T3 and PC-12 cells were seeded on the peptide-function-

alized cryogels by the top seeding method in a 24-well plate.36 An
aliquot of cell suspension (25 μL, 4 × 104 cells) in low-serum medium
(2.5% FBS, for PC-12 the medium was additionally supplemented
with 1% HS) was dropped on the top of materials. The cryogels with
cells were incubated for 1.5 h at 37 °C under 5% CO2 for cell
attachment. The cryogels with seeded cells were cultured under
standard conditions for 3 days. In addition, the seeding of 3T3 cells
was performed by culturing of the cryogels on the top of pregrown
cell monolayers for 5 days.36 The culture medium was replaced by a
fresh one every 2 days.
2.8.2. Cell Detection and Assessment. Proliferation of PC-12 and

3T3 cells within the matrices was assessed using the MTS assay.36,37

Briefly, the matrices were transferred into new wells of a 24-well plate,
rinsed with sterile PBS, covered with 0.5 mL of a fresh medium
supplemented with MTS and PMS, and cultured for 1.5 h. The
colored product of MTS reduction by viable cells (formazan) was

registered at 490 nm on an Infinite 200 PRO microplate analyzer. The
optical signals were subtracted by the reference signals of the cell-free
cryogels kept in the same medium.

For microscopy analysis, the grown cells were stained according to
manufacturer’s recommendations. Briefly, the matrices were first
incubated in culture medium containing CMFDA dye for 1 h at 37 °C
and then in serum free medium for 30 min. The stained matrices were
washed with PBS, fixed in 4% p-formaldehyde solution in PBS, stained
with DAPI, and analyzed using LSCM equipped with 448 nm argon
and 405 nm diode lasers for dual excitation of CMFDA and DAPI,
respectively. For bright-field microscopy, the fixed cells were stained
with cresyl violet (0.1% w/v in ultrapure water) for 5 min. The data
were presented as a mean ± SD. Statistical significance between two
means was assessed by Student’s t test using GraphPad Prism 5.0
software.

3. RESULTS

3.1. Cyclodextrin Incorporation in pHEMA Cryogel.
pHEMA cryogel with PEGDA (Mn = 575) cross-links was used
as a cytocompatible HM.38 The pHEMA based macroporous
cryogel sheets and the Ada-conjugated peptide sequences (1-
4) (Figure 1) were synthesized as detailed in the Experimental
Section. To confer affinity properties, the pHEMA cryogels
were modified with additional β-CD monomers capable of
binding the adamantylated molecules via host−guest inter-
actions.30 For this purpose, acrylate derivative of β-CD
(acryloyl-CD) was obtained by the reaction with acryloyl

Figure 1. Schematic representation of synthetic peptide-functionalized pHEMA-PEGDA-β-CD cryogel and chemical structure of its constituents.
2-Hydroxyethyl methacrylate (HEMA), poly(ethylene glycol) diacrylate (PEGDA), monoacrylate ester of β-cyclodextrin (acryloyl-β-CD), Ada-
Ahx-GGRGD (1), Ada-Ahx-GGGHK (2), Ada-Ahx-GGK(pyrenebutyryl)GRGD (3), and Ada-Ahx-GGK(dansylglycyl)GGHK (4).
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chloride. According to one- (1H, 13C, 13C- {1H}) and two-
dimensional (COSY, HMBC, HSQS, NOESY) NMR spec-
troscopy (Figure S1), the product was generally monoacrylate
ester of β-CD at C6 position of the glucopyranose unit. The
concentration of acryloyl-CD in the reaction solution was
maintained at 1, 4.6 and 11% of the total mass of all
polymerized monomers. In this concentration range, the CD
component did not significantly alter the pHEMA cryogels’
appearance.
ATR-FTIR spectra of the CD-modified pHEMA materials

and the constituents are summarized in Figure S2. CD
derivatization resulted in decrease of the broad band at 3299
cm−1 (stretching vibrations of the O−H bond of CD hydroxyl
groups), decrease/change of the bands at 1410, 1362, and
1333 cm−1 attributed to the C−H bond in CH2OH and
CHOH groups, increase of the band at 1019 cm−1 (stretching
vibrations of the C−O bond), appearance of new bands, e.g. at
1637 cm−1 (stretching vibrations of the C = C bond), 936/859
cm−1 (stretching vibrations of the C−O−C bond of the ester
group). The changes confirm partial esterification of the CD
hydroxyls with the acrylate groups. FTIR spectrum of pHEMA
contained typical bands, e.g. at 3435 cm−1 (stretching
vibrations of the O−H bond of HEMA hydroxyl group),
2942/2879 cm−1 (stretching vibrations of the C−H bond of
CH3, CH2 and CH groups), 1724 cm−1 (stretching vibrations
of the ester group), 1149/1072/1023 cm−1 (stretching
vibrations of the C−O bond in HEMA and PEG); the
characteristic band of the vinyl group of unreacted monomers
(ca. 1650 cm−1) was not detected. No new/shifted signals
appeared in the spectra of CD-modified pHEMA cryogels in
the CD concentration range used. These data do not reveal
noticeable interactions of the polymer chains with the CD
moieties in the cryogels. The variations in the pHEMA band
intensities were observed due to a partial replacement of the
HEMA/PEG monomers by acryloyl-CD in the materials
(Figure S2).
Toluidine blue O (TBO) dye was used to detect and

quantify the CD moieties in modified cryogels owing to its
ability to form an equimolar complex with β-CD by means of
inclusion in the hydrophobic cavity of CD.39 The attachment
efficiency of TBO molecules to the modified cryogels increased
with the concentration of CD monomers as revealed by both
visual (Figure 2A) and fluorescence analysis (Figure 2B) of the
materials. The fluorescence signal of stably attached TBO was
up to 10 times higher for the cryogels prepared with acryloyl-
CD than those with raw CD. This confirms copolymerization
of acryloyl-CD with HEMA and PEGDA monomers as a result
of vinyl addition polymerization reaction. Residual amounts of
the raw CD detected in the corresponding cryogels (Figure
2B) could be attributed to the CD molecules nonspecifically
captured within the hydrogel network.
According to spectrophotometric quantification of TBO

molecules released from the stained cryogels (Section 2.5.3.),
the molar content of CD-TBO complex formed in the acryloyl-
CD-modified cryogels was calculated. The corresponding
values were 29 ± 1, 129 ± 8, 251 ± 13 nmoles of the
complex per 10 mg of dry material for the acryloyl-CD
concentration of 1, 4.6 and 11%, respectively.
The results suggest almost linear relationship (r2=0.9942)

between the relative amounts of TBO molecules specifically
bound to the modified cryogels and CD monomers in the
reaction solution. Hence, the CD monomers were incorpo-
rated into the hydrogel network in proportion to their initial

concentration. The corresponding incorporation rate of
acryloyl-CD in the modified cryogels was approximately 43−
57%, further supporting its effective copolymerization under
experimental conditions.
The deviation from the above linear relationship upon

fluorescence analysis of the same cryogels (Figure 2B) could be
explained by diminishing of the TBO fluorescence at increased
concentrations of CD-TBO complex in the materials. This is
supported by the observation that in the case of raw CD-
modified cryogels with lower CD content, the fluorescence
signal showed a linear dependence on the initial CD
concentration (Figure 2B).
In addition, the TBO signal was found to be slightly

decreased by ca. 1 and 6% after storage of the acryloyl-CD-
modified pHEMA cryogels in aqueous solution for 1 and 2
months, respectively (Figure S5, A), suggesting sufficient
temporal/hydrolytic stability of the copolymerized CD units in
the materials.

3.2. Microstructure of CD-Modified pHEMA Cryogels.
SEM analysis of the freeze-dried cryogels showed that
introduction of the acryloyl-CD moieties did not considerably
alter pore morphology of the modified materials compared
with the CD-free pHEMA material. Increased roughness of the
polymer walls, however, was clearly observed in the cryogels
modified with 4.6% CD and, to a higher extent, with 11% CD
(Figure 3A). The results suggest that above 1% concentration
the CD moieties may form a kind of aggregates in the
materials. This apparently does not decrease the availability of
the CD rings for complexation with TBO, as supported from
the above quantitative analysis.

Figure 2. (A) Pictures of pHEMA cryogels modified with raw CD or
acryloyl-CD (concentration is 1, 4.6, 11%) after staining with TBO
dye and (B) mean fluorescence intensity of TBO bound to the
pHEMA cryogels (λex/λem = 595/665 nm). The cryogels were stained
in 5 × 10−5 M TBO solution (pH 10); the fluorescence signal of CD-
free pHEMA cryogel was subtracted. The data represent the mean ±
SD (n = 3).
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According to LSCM analysis of the swollen materials, the
modified cryogel (1% CD) has a well-defined cellular structure
similar to that of the reference pHEMA cryogel, though the
latter material was weakly stained with TBO and exhibited low
fluorescence. At higher CD concentrations, the polymer walls
and macropores of the cryogels became somewhat less defined
in proportion to the CD amount (Figure 3B). Altogether, the
results show that the CD component affects microstructure of
the polymer network presumably via additional interactions of
the CD units, but it does not cause rearrangement of the
pHEMA cryogel structure.
3.3. Swelling and Viscoelastic Properties of CD-

Modified pHEMA cryogels. Figure 4 shows the swelling
ratio (SR) of the CD-modified cryogels in the form of fully
swollen cryogels and the same materials after removal of
weakly bound water from macropores (capillary water, CW).
The overall SR values of the fully swollen cryogels were found
to decrease from 1843 to 1344% with increase in the CD

concentration from 0 to 11% (Figure 4, with CW). The
materials lacking CW, to the contrary, were characterized by an
increase in the SR values from 104% (no CD) to 163% (11%
CD) (Figure 4, no CW, p < 0.001), indicating increased water
amount in the polymer network containing the CD moieties.
These data demonstrate that the CD component in the

pHEMA cryogels enhances swelling ability of the polymer
walls, and this effect is accompanied by a decrease in CW
amount (size of macropores), thus lowering overall swelling of
the materials (Figure 4). The relative amount of CW to the
total mass of cryogels was reduced from 94.4% to 87.9% with
an increase in the CD concentration (0−11%). This CW
amount can be assumed to approximate the relative volume
content of macropores in the whole cryogels.37 The observed
swelling behavior of the pHEMA cryogels is in accordance with
the microscopy data, which showed enlargement of the
polymer walls of the modified materials in proportion to the
CD content (Figure 3).
According to the strain sweep test, the synthesized cryogels

displayed a linear viscoelastic region at a shear strain amplitude
of up to ca. 2% irrespective of the CD content in the materials
(Figure S3, A). According to the frequency sweep test, the
materials were characterized by typical viscoelastic properties
with prevailing of the elastic component (G′) over the viscous
one (G″) by 9−11 times, throughout the entire frequency
range, as commonly observed for soft hydrogel systems
combining flexibility and mechanical strength.40 Furthermore,
both moduli exhibited low angular frequency dependency
(Figure S3, B), indicating a well-structured hydrogel network
in the synthesized cryogels.40 The properties of the modified
pHEMA cryogels relatively weakly depended on the presence
of CD moieties. There was, however, a tendency to a
reproducible increase in G′ and G″ moduli of the cryogels
with lower CD content (1%) and their decrease at upper CD
content (11%) in comparison with the unmodified cryogels
(Figure S3, B) from different batches.

Figure 3. Microscopic visualization of CD-modified pHEMA cryogels: (A) SEM of freeze-dried materials (the upper panel) and (B) LSCM of
swollen TBO-stained materials (the lower panel). The initial concentrations of acryloyl-CD used to prepare cryogels (Section 2.4) are shown above
the images.

Figure 4. Swelling ratio of CD-modified pHEMA cryogels:
completely swollen materials with capillary water (CW) in macro-
pores (left Y axis) and partially swollen materials after CW removal
(right Y axis). The data represent the mean ± SD (n = 3).
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3.4. Functionalization of CD-Modified pHEMA Cry-
ogels with Adamantylated Peptides. Four peptides 1−4
linked with 1-adamantaneacetic acid were designed and
synthesized (Figure 1). The bioactive sequences, i.e. RGD
and GHK, were separated from the anchor Ada group
by spacers composed of aminohexanoic acid (Ahx) and
glycine. Additional lysine was included to modify the peptides
with pyrenbutyryl and dansylglycyl fluorescent moieties via the
side chain amino group (Figure 1).
The peptides were immobilized in the CD-modified

pHEMA cryogels by incubating the materials in aqueous
peptide solutions in a 24-well plate (Section 2.7.). The time
and concentration dependences of binding of the labeled Ada-
Ahx-GGK(pyrenebutyryl)GRGD peptide (3) to the modified
cryogel (4.6% CD) are provided in Figure 5A. The data show

that the pyrene probe fluorescence in the cryogels rapidly grew,
indicating fast accumulation of the labeled peptide in the
material. The background fluorescence of 3 in the equivalent
CD-free cryogel was subtracted to ensure that the binding
kinetics resulted from a specific interaction of the adamanty-
lated peptide with the CD moieties.
The maximum binding rate of 3 to the materials was directly

proportional to the peptide amount in solution within the
whole concentration range studied 0.07−1.42 mg/mL. The
reaction extent at equilibrium was limited by the peptide
concentration in the range ca. ≤ 0.18 mg/mL and reached a
plateau at concentrations ca. ≥ 0.36 mg/mL (Figure 5A).
In addition, the effect of CD content in the modified

cryogels on accumulation of 3 was assessed. The CD-free
cryogel exhibited a relatively low background fluorescence of

1949 ± 122 au attributed to nonspecific retention of the
peptide within the pHEMA hydrogel. The fluorescence signal
of the CD-modified cryogels was 3−5 times higher in
proportion to the CD content. The corresponding subtracted
signals upon CD-mediated immobilization of 3 (Figure 5B)
had similar dependence on the initial CD concentration to that
observed for TBO binding (Figure 2B). The results indicate
that the diffusion process and affinity interaction of the
adamantylated peptide 3 (MM = 1205) in the CD-modified
cryogels are not hindered in comparison with thiazine dye
molecule (MM = 306).
All CD-modified cryogels treated with 3 effectively

preserved their fluorescence upon 1-month storage in aqueous
solution with only 2−5% decrease in their signal (Figure S5,
B), demonstrating sufficiently stable immobilization of the
adamantylated peptide within the materials.
Simultaneous binding of two labeled peptides, namely 3 and

Ada-Ahx-GGK(dansylglycyl)GGHK (4), to the CD-modified
cryogel was studied. Well-defined emission spectra of the
pyrene and dansyl moieties of the peptides were concurrently
detected in the material using the microplate analysis (Figure
6A). No noticeable decrease in the signals of 3 and 4 applied

together was observed compared with those detected for each
peptide alone at the same concentration (Figure 6B). The
results demonstrate the feasibility of controllable immobiliza-
tion of multiple peptides in the modified cryogels to achieve a
desired peptide composition in the matrix for in vitro studies.

3.5. Mammalian Cells Behavior in Peptide-Function-
alized Cryogels. 3T3 embryo fibroblasts and PC-12 neuronal

Figure 5. Affinity binding of Ada-Ahx-GGK(pyrenebutyryl)GRGD to
CD-modified pHEMA cryogels according to fluorescence analysis.
(A) Concentration-dependent kinetics of peptide accumulation in the
cryogel (4.6% CD). (B) Effect of CD content in the cryogels on
peptide accumulation (peptide concentration is 0.36 mg/mL). λex/λem
= 339/380 nm (Section 2.7.). The data represent the mean ± SD (n =
3).

Figure 6. Immobilization of Ada-Ahx-GGK(pyrenebutyryl)GRGD
(3), Ada-Ahx-GGK(dansylglycyl)GGHK (4) and their mixture (3 +
4) in CD-modified pHEMA cryogel (4.6% CD). (A) Emission spectra
of the labeled peptides bound to the cryogel. (B) Fluorescence signals
of the bound peptides alone and in the mixture. The data represent
the mean ± SD (n = 3). Concentration of each peptide is 0.18 mg/
mL, λex is 339 nm, λem is 380 and 543 nm for 3 and 4, respectively.
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cells were used as model cells responsive to peptide
factors.14,41,42 The cells were introduced into the peptide-
functionalized pHEMA cryogels by a top-seeding method, and
their viability was assessed with the aid of MTS assay.36 Figure
7 provides the MTS colorimetric signals generated by the cells

at 3-day culturing with the cryogels. The modified cryogel
(4.6% CD) supported cell growth (Figure 7, control) similarly
to that of the CD-free cryogel (data not shown), indicating
that the CD component does not decrease cellular
compatibility of the hydrogel material.
The bioactive peptides, GHK or RGD individually, were

found to increase the MTS signal, respectively, by 1.41 and
2.88 times for 3T3 cells (Figure 7A) and by 1.23 and 1.85
times for PC-12 cells (Figure 7B). LSCM analysis of the
CMFDA/DAPI-stained cells also revealed a noticeable
increase in the cell number in the RGD-containing matrix
over the peptide-free variant (Figure 8). Even much higher
MTS signals were detected in the case of the cryogels
functionalized with both GHK and RGD peptides with a factor
of 4.13 (3T3 cells) and 3.98 (PC-12 cells) compared to the
unfunctionalized cryogel (Figure 7). This effect of the peptide
composition coincided with a great amplification in the
number of both types of visualized cells (Figure 8A, B). In
addition, massive multicellular associates of 3T3 cells were
detected in the corresponding matrix (Figure 8A).
To better characterize cell morphology, the matrices were

stained with cresyl violet and analyzed by bright-field
microscopy. The analysis of PC-12 cells grown in the GHK/
RGD-functionalized cryogel showed the appearance of more
spread or elongated cells along with typical compact cells with
a round morphology (Figure 8C). The effects of immobilized
peptides were reproducible when different cell seeding
methods were used. For instance, Figure 9A shows the MTS

signals for the peptide-functionalized cryogels cultured on the
top of 3T3 cell monolayers to allow the fibroblasts to migrate
and grow in the matrices. The cell migration was promoted by
the immobilized peptides by a factor of 1.52 (GHK), 2.37
(RGD) and 4.82 (GHK+RGD). Furthermore, the microscopy
data also confirmed the formation of large multicellular
ensembles of 3T3 fibroblasts upon interaction with the
GHK/RGD-functionalized cryogel (Figure 9B).

4. DISCUSSION

Being an almost nontoxic acrylic acid derivative (oral LD50 > 4
g/kg), 2-hydroxyethyl methacrylate (HEMA) has been widely
used to produce inert and biocompatible HMs for tissue
engineering and drug delivery applications. Combination of
HEMA monomer with PEG derivatives further improves
hydrophilicity, mechanical properties and cytocompatibility of
the materials.38 The modification of HMs with amphipathic
cyclodextrins can provide effective binding and controlled
release of different lipophilic ligands.43,44

In our study, the acrylate derivative of β-CD was covalently
incorporated in the pHEMA/PEG cryogels in a concentration-
dependent manner during copolymerization, allowing further
biofunctionalization of the synthetic materials with the
adamantylated peptides (1−4). To detect the CD moieties,
we saturated the modified cryogels with TBO in aqueous
solution. The analyzed materials should be stained and washed
in an alkaline solution (pH 10) to assist inclusion complex
formation of deprotonated thiazine molecules with β-CD
rings.45 Furthermore, the optical signals of TBO should be
corrected against the CD-free cryogel for appropriate
quantification of the complexed TBO.
According to LSCM analysis of the stained CD-modified

cryogels, no noticeable concentration gradients of TBO were
observed along the material sections (data not shown). This
confirms that the cryogels support bulk diffusion and
complexation of TBO molecules in accordance with evidence
that the interconnected macroporous structure of cryogel
materials enables almost unhindered diffusion of solutes.34,36

The CD-modified cryogels preserved the macroporous
structure (Figure 3). At lower concentration (1%) the CD
component induced certain structuration of the macropore
system of the swollen cryogel, whereas at higher CD
concentrations (4.6 and 11%) noticeable thickening of the
polymer walls was observed (Figure 3B).
The modification of pHEMA cryogels was also accompanied

by a gradual decrease in their overall SR by up to 500% (27%
of the control value) with an increase in the CD content
(Figure 4, with CW). This effect suggests that the CD moieties
promote the swelling ability of hydrogel component in the
materials, resulting in macropore shrinking and partial
extrusion of CW in agreement with the LSCM data (Figure
3B). The increased swelling of the polymer walls could result
from the formation of more advanced polymer network with
the participation of introduced CD units as well as enhanced
hydration capacity of the CD hydroxyls. The latter process
seems to mainly contribute to a greater ability of water
retention by the cryogels, since the monosubstituted acryloyl-
CD (Figure S1) is not expected to produce covalent cross-links
between the polymer chains. The effect of additional
interactions, e.g., intermolecular hydrogen bonding between
the CD hydroxyls and pHEMA functional groups, however,
could not be excluded considering the role of noncovalent

Figure 7. Effect of immobilized RGD and GHK motif-based peptides
on viability/proliferation of top-seeded (A) 3T3 cells and (B) PC-12
cells within CD-modified pHEMA cryogel (4.6% CD). The MTS
assay was performed at day 3 (*p < 0.05, ***p < 0.001). Control
(Ctrl) shows the unfunctionalized cryogel. The data represent the
mean ± SD (n = 3).
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metal-mediated interactions in swelling behavior the metal-
doped cryogels.37

Interestingly, both promoting and decreasing effects of the
CD component on the swelling properties of pHEMA based
nonmacroporous hydrogels were previously reported.44,46 This
could be explained by the concentration dependence of
sparingly soluble CD molecules, which may aggregate at
increased concentrations and interfere with the formation of
hydrogel network. Our rheological data also suggest that,
depending on its used concentration, the CD component
modulates viscoelastic behavior of the pHEMA cryogels with
some shift at increased CD content (>1%) (Figure S3). This
shift can be attributed to an appearance of particulate
aggregates on the polymer walls detected in freeze-dried
cryogel samples (Figure 3A).
Altogether, our results demonstrate the feasibility of

synthesis of the CD-modified pHEMA cryogels in an effective
and controllable manner to provide nanomolar amounts of the
CD moieties per mg of dry material. The modification rate is

expected to be sufficient for scaffold biofunctionalization with
peptides as proved for the cryogel with 4.6% CD (Figures 7-9).
The results, furthermore, do not reveal any impaired
availability of the adamanylated peptides for binding to the
CD-modified cryogels (Figures 5, 6) compared with TBO
(Figure 2B). The acryloyl-CD component itself and its
complex with the adamantylated peptide were shown to be
stably present in the modified cryogels upon long-term storage
(Figure S5), which is a prerequisite for studying the developed
materials in vitro.
The Ad group was selected to anchor the RGD and GHK

motif-based peptides (Figure 1) to the cryogels because of its
relative inertness and high affinity to β-CD with a binding
constant in the range of 1 × 103 to 1 × 105 M−1.47,48 In the
synthesized peptides, the Ahx-GG and Ahx-GGK(probe)G
spacers were used49,50 to ensure availability of the terminal
bioactive sequence in the functionalized cryogels and to allow
attachment of the fluorescent probes to the ε-amino group of
lysine. The low β-sheet propensity of glycine51 was exploited in

Figure 8. Microscopicvisualization of 3T3 and PC-12 cells grown and fixed in peptide-functionalized cryogels at day 3. A. LSCM of 3T3 cells. B.
LSCM of PC-12 cells. C. Bright-field microscopy of PC-12 cells in the peptide-free and RGD/GHK-functionalized cryogels. Arrows indicate some
PC-12 cells with distinct morphological changes. The matrices were stained with CMFDA and DAPI (LSCM) or cresyl violet (bright-field
microscopy).
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the spacers to separate the bioactive sequence or the bulky
fluorescent probe.
At the excess of 3 in solution, the cryogels became rapidly

saturated with the peptide within 1 h of incubation (Figure
5A); the amount of immobilized peptide was proportional to
the CD content (Figure 5B). These data suggest effective
penetration and binding of the adamantylated peptides to the
CD moieties. Relatively fast kinetics of the process (Figure 5A)
indicates effective bulk diffusion of the peptide molecules in
cryogel sheets, which could not be expected in the case of
nonmacroporous hydrogels.
The loading of cryogels with the bioactive peptides can be

adjusted by varying either the peptide concentration in
solution (Figure 5A) or the CD content in the materials
(Figure 5B). If an adamantylated peptide is present in
deficiency (e.g., ≤ 0.18 mg/mL), most of the dissolved
molecules are expected to be affinity-bound to the CD
moieties after reaching the equilibrium (ca. 100 min, Figure
5A). This allows us to estimate the amount of immobilized
peptide per material area/mass in the concentration range and
at higher concentrations (by comparing the fluorescence
intensity). The calculated bulk loading of 3 peptide in the
modified cryogel (4.6% CD) was approximately up to 0.31 ±
0.01 mg per cm2 of geometry area of the cryogel sheet at
saturation. Picomolar surface concentrations (per cm2) of
RGD-containing sequences immobilized on synthetic hydrogel
and nanofiber biomaterials were reported.52,53 Photopolyme-
rization of acryloyl-PEG-RGDS peptide derivative on pre-
formed PEG hydrogel film provided spatially controlled surface
immobilization of the peptide in microgram amounts.54

In addition, the simultaneous introduction of two
adamantylated peptides 3 and 4 into the materials was
achieved as a result of coincubation (Figure 6). Considering
affinity interactions, the final ratio/loading of multiple peptides

in the materials can be adjusted by binding deficient amounts
of the peptides from appropriate mixture. The results show the
feasibility of in situ preparation of biofunctionalized HEMA
cryogels presenting required peptide composition by a single-
step and reagent-free incubation of the CD-modified materials
in the solution of adamantylated peptides. An inert polymer
base of the synthetic cryogels should not interfere with the
peptide component, favoring the study of specific cell
responses. The CD-Ad affinity complex itself lacks bioactive
signals and is much less susceptible to biodegradation than
biotin−streptavidin couple. Compared with the developed
procedure, other peptide immobilization techniques in HMs,
e.g., those based on the entrapment in polymerized hydrogels
and/or chemical attachment to preformed materials,25,26,55

may compromise loading, stability, and activity of the peptide
molecules.
The methods for seeding and quantification of mammalian

cells within cryogel matrices were previously compared and
optimized.14,36,37 3T3 murine teratoma-derived fibroblasts and
rat pheochromocytoma-derived PC-12 cells with inducible
neuronal phenotype were studied. These cells are sensitive to
different soluble and surface-bound peptide signals including
growth factors and ECM-derived ligands, and therefore they
are useful models for the evaluation of different cellular
responses to biofunctionalized HMs.42,56 The 3T3 and PC-12
cells compared to each other similarly responded to the
immobilized peptides 1 (RGD), 2 (GHK), and their mixture
according to both top-seeding (ca. 26 ×103 cells per cm2) and
cell migration methods (Figures 7−9). Low-serum medium
(2.5% FBS) was used to enhance cell responsiveness to the
peptides. RGD peptide stimulated cell proliferation more
effectively than GHK peptide by 1.5−2 times, and its effect was
up to 1.6 times higher for 3T3 fibroblasts than PC-12 cells
(Figure 7). The results apparently reflect the critical role of
RGD motif in cell adhesion/migration processes.11,13,57

A synergistic action of RGD and GHK peptides on cell
behavior in the HM was for the first time revealed. Specifically,
pronounced (ca. 4−4.8-fold) reproducible increase in pro-
liferation of both 3T3 and PC-12 cells was detected in the
RGD/GHK-functionalized matrix. The combined stimulatory
effect of the peptide composition was significantly higher
(1.4−2.7 times, p < 0.05) than the summed effects of the
individual peptides both relative to the peptide-free material.
This stimulatory effect was accompanied by an enhancement
of intercellular interactions of 3T3 fibroblasts, resulting in the
formation of big multicellular ensembles up to 40 × 103μm2 by
area (Figure 8A), as well as morphological changes in PC-12
cells (Figure 8C) attributed to probable neuronal differ-
entiation in the presence of RGD/GHK composition. The
coimmobilization of RGD with IKVAV or YIGSR peptides on
PEG-based hydrogels was earlier reported to promote
endothelial cell adhesion and tubulogenesis; the mitogenic
effect of the peptides was not compared.57 Our results show
that the RGD/GHK-functionalized matrix exhibits enhanced
stimulatory activity toward mammalian cells, which involves
strong mitogenic effect and presumably resembles some other
growth factor-like effects related to cell differentiation and
altered cell−matrix interactions. The molecular mechanisms
underlying cellular responses within the developed peptide-
functionalized pHEMA cryogels will be studied elsewhere.

Figure 9. Effect of immobilized RGD and GHK motif based peptides
on migration of 3T3 cells into CD-modified pHEMA cryogel (4.6%
CD) cultured on the top of cell monolayers. A. MTS signal of the cells
in matrices at day 5 (*p < 0.05, **p < 0.01, ***p < 0.001). The data
represent the mean ± SD (n = 3). B. Corresponding bright-field
microscopy images of fixed and cresyl violet-stained cells in the
peptide-free (Ctrl) and RGD/GHK-functionalized cryogels (the
contact surface is shown).
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5. CONCLUSIONS
The synthetic poly(hydroxyethyl methacrylate) cryogels
modified with β-cyclodextrin are useful and effective hydrogel
materials, which can be activated with different adamantylated
oligopeptides by means of affinity binding. The functionaliza-
tion can be performed in situ providing controllable/stable
loading and high specific activity of the immobilized peptides
toward mammalian cells. Our study details the procedure for
development and characterization of the peptide-functionalized
cryogels on the example of model RGD and GHK motif based
sequences. We show the feasibility of establishing specific
cellular responses to the immobilized peptide signals in inert
three-dimensional environment. The synergistic activity of the
RGD and GHK motifs on cell proliferation and behavior was
for the first time revealed using the developed materials. The
results are of particular interest in different tissue engineering
and peptide research areas.
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