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ABSTRACT

The chemical functionalization of nanomaterials with bioactive molecules has been used extensively to generate functional biomaterials for
tissue engineering, drug delivery, and wound healing applications and to study the cell-material interactions. In this context, this study describes
the synthesis of PEG and PMO based nanocomposite hydrogels as new 3D biomaterial and the impact of surface functionalization of PMOs on
cell adhesion in 3D network of PEG hydrogel. The results show that the affinity of cells to the PEG hydrogel can be controlled by using bio-
molecule functionalized PMO particles. The observed results are attributed to the large nanoscale surface area of PMOs and the cell adhesive

character of the used bioactive molecules on the surface of PMOs.
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INTRODUCTION

Nanocomposite (NC) polymer hydrogels[1,2] or in oth-
er words, organic-inorganic hybrid nanocomposites are an
important class of soft hybrid materials. NC hydrogels are
produced by chemical or physical crosslinking of organic
polymers in water in the presence of nanometerials (NMs)
such as clays, silica nanoparticles, magnetic nanoparticles or
carbonnanotubes[3]. NC hydrogels show extraordinary me-
chanical strength and swelling/deswelling properties due to
the reinforcement of the polymer matrix with NMs[3]. The
incorporation of NMs into hydrogel networks not only im-
proves the mechanical properties, but also imparts superior
biological properties of NC hydrogels[3].

Up to date, different inorganic NMs and polymers have
been used for the preparation of NC hydrogels. For example,
different kinds of clays (e.g., hectorite, montmorillonite) and
their modified forms (e.g., by fluorination),[4] other miner-
als such as polyhedral oligomeric silsesquioxane,[5] rigid
polysiloxane,[6] fibrillar attapulgite[7] and hydrotalcite[8]
have been used with selected polymers such as N-isopropy-
lacryamide and N,N-dimethylacrylamide[9] to form NCs.
Besides clays, silica particles have been used to generate
NC hydrogels. For example, Van Durme et al.[10] have re-
ported the polymerizing N-isopropylacrylamide in the pres-
ence of silica particles enhanced the elastic properties and
the swelling/deswelling kinetics of the hydrogel network.
Similarly, specific interactions between silica nanoparti-
cles and polymer side-chains grafted onto a non-adsorbing
poly(acrylamide) backbone have been described by Hourdet
et al.[8,11]. The same group is then reported the “self cross-
linked” hydrogels with improved mechanical properties by
introducing silica nanoparticles that interact strongly with
polymer chains. In addition, to clays and silica nanoparti-
cles, other nanoparticles such as gold, silver, as well as metal
alloys, salts, metal-derived quantum dots (2-100 nm) and
magnetic nanoparticles have been mixed with or synthesized
within a hydrogel matrix to reach NC hydrogels with novel
properties[12].

Most of these studies are limited to use of non-func-
tionalized nanomaterials. Therefore, later, Kehr et al,
demonstrated the fabrication of new NC hydrogels based
on functionalized nanoparticles. In these studies, periodic
mesoporous organosilicas (PMOs) were functionalized with
different bioactive molecules and embedded into the algi-
nate hydrogel networks to study the impact of nanoparticle
functionalization on cell behavior[13-19]. Despite the exit-
ing results of these NC hydrogels. They are still restricted
to the used hydrogel, alginate (a natural hydrogel), for the
preparation of NC hydrogels.

In this respect, in this study, the synthetic polymer,
poly(ethylene glycol) (PEG) was used to generate function-
al NC hydrogels for cell-material interaction studies. PEG is
a highly biocompatible synthetic polymer, extensively used
in the biomedical field due to its less toxicity, non-immu-
nogenicity and biocompatibility. Furthermore, in order to
generate PEG-based NC hydrogel, biomolecule function-
alized PMOs were used in this work. PMOs are excellent
candidates as porous nanoparticles for biocompatible NC
hydrogel formation due to its unique properties. PMOs[20-
22], which are class of functional organic-inorganic hybrid
mesoporous silica nanoparticles were first described in 1999
by three independent research groups[23-25]. In contrast to
other hybrid inorganic/organic silica based materials where
organic units are implemented onto silica framework via
post-synthetic treatment the organic functions are directly
and homogeneously incorporated into the pore wall network
of PMOs by two covalent bonds. PMOs provide a high order-
ing of mesoporous, high specific surface area, narrow pore
size distributions, and high thermal and mechanical stability.
Due to these interesting properties of PMOs, significant ef-
forts have been devoted to the preparation and study of these
materials with different bridged organic groups, pore struc-
tures and morphologies, as well their potential applications
in different fields such as catalysis, adsorption, chromatog-
raphy, protein separation, and drug release systems[20-22].
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MATERIALS AND METHODS

Materials: Hexadecyltrimethylammonium bromide
(CTAB, 98%), 1,2-bis(trimethoxysilyl)ethane (BTME,
96%), 3-aminopropyltrimethoxysilane (APTES, 99%), argi-
nine-glycine-aspartic acid (RGD), N-hydroxy-succinimide
(NHS), poly(ethylene glycol) (PEG) , and a-cyclodextrin
(CD) were purchased from Sigma-Aldrich. 1-Ethyl-3-(3-di-
methylaminopropyl)carbodiimid (EDC) was obtained from
ABCR. Ethanol (absolute for analysis), ammonia solution
(32%, pure) and hydrochloric acid (32%, for analysis),
were purchased from Merck (stored over molecular sieves,
puriss., H,0 0.005%). 4’,6-diamidino-2-phenylindole-6-car-
boxamidine (DAPI) was purchased by AppliChem-Bio-
Chemica and Life Technologies GmbH. The cell medium
(supplemented with 200 pg/mL Penicillin/Streptomycin,
200 pg/mL Gentamycin) and 10% (v/v) fetal bovine serum
(FBS) were obtained from Biochrom, Germany.

Synthesis of PMO-NH,: 484.5 mg of CTAB was dis-
solved in 88 mL of H,0, 33 mL of ethanol, and a 28 wt% am-
monia (0.075 g) solution. The reaction mixture was stirred
at room temperature for 1 h before the addition of BTME
(1.27 g) and APTES (0.26 g). The above reaction mixture
was continuously stirred for an additional 72 h at room tem-
perature. The CTAB mesoporous template was removed by
stirring the sample in ethanol (50 mL) with a 36 wt% aque-
ous solution of HCI (1.5 g) at 50 °C for 6 h. The resulting
solid (PMO-NH,) was recovered by centrifugation, washed
with ethanol and acetone several times, and dried at 60 °C
under vacuum.

Synthesis of PMO-RGD: A solution of 0.4 mM RGD
peptide, 3.0 mM EDC, and 6.0 mM NHS in 1 mL DMSO
was added dropwise to a suspension of the PMO-NH, (20
mg) in 1 mL DMSO. The reaction mixture was stirred for
16 h at room temperature. Subsequently the suspension was
centrifuged 10 min at 4400 rpm and the isolated solid was
washed with DMSO x 2 and ethanol x 2. Finally, the solid
(PMO-RGD) was dried at room temperature.

Synthesis of PEG/CD hydrogel: PEG/CD hydrogel
was prepared by sonication of PEG/a-CD aqueous solution
(170/150 mg/ml) for 1 min.

Synthesis of PMO-PEG/CD NC hydrogels: PMO-
PEG/CD NC hydrogels were prepared by mixing PEG/a-CD
aqueous solution (170/150 mg/ml) and PMO-NH, or PMO-
RGD aqueous suspension (1 mg/ml). The resulting suspen-
sion was then sonicated for 1 min to obtain PMO-NH,-PEG/
CD or PMO-RGD-PEG/CD.

Cell Experiments in PEG/CD, PMO-NH,-PEG/CD
or PMO-RGD-PEG/CD: The cells were carefully thawed
and resuspended in their specific medium. Cells were seeded
(50.000 cells) into the hydrogels and incubated for 1 day and
5 days of incubation at 37 °C and 5% CO, in an incuba-
tor. After incubation time, to remove non-adhered cells the
hydrogels were washed twice with media. Then hydrogels
were treated with trypsin for 10 min incubation time and dis-
solved by gently mixing with 1 mL PBS™" (supplemented
with 0.5 mM MgCl,, 0.9 mM CaCl,). Afterwards, the num-
ber of viable cells (0.4% Trypan diluted in MilliQ) was de-
tected by using automatic cell counter (Biorad).

For fluorescence microscopy images, cell nucleus in
PEG/CD, PMO-NH,-PEG/CD or PMO-RGD-PEG/CD were
stained with 4°,6-diamidino-2-phenylindole carboxamidine
(DAPI) and washed twice with PBS.

Characterization: The morphology of the PMOs was
investigated using a Zeiss 1540 EsB dual beam focused ion
beam/field emission SEM with a working distance of 8 or

9 mm and an electronic high tension (EHT) of 3 kV. Fluo-
rescence microscopy was carried out with Brunel SP300-FL
fluorescence microscopy. ATR-IR spectra were carried out
with Golden Gate ATR Accessory. Zeta potential measure-
ments and DSL were done with Malvern Zetasizer Nano
Series. Cells were counted with TC10TM automatic cell
counter from Bio-Rad.

RESULTS and DISCUSSIONS

The bioactive molecules functionalized PMOs were
synthesized and characterized according to the literature de-
scribed by us."” Briefly, amino-functionalized PMOs were
synthesized (PMO-NH,) and treated with cell adhesive
tripeptide Arg-Gly-Asp (RGD) in the presence of EDC and
NHS to obtain PMO-RGD. The obtained PMO-RGD nano-
meter-scale particles were characterized by scanning elec-
tron microscopy (SEM), attenuated total reflection (ATR) IR
spectroscopy, and zeta potential measurements.

Figure 1. SEM image of PMO-RGD.

The synthesized PMO-RGD particles are uniform and
spherical shaped with ca. 171 + 27 nm in size (Figure 1).
The IR bands of the v(CO) and v(CN) vibrations of the am-
ide bonds of the PMO-RGD confirm the functionalization of
PMO-NH, with the RGD unit. The characteristic IR bands
for amide [ and amide II absorptions were observed at about
1639 cm™ and 1559 cm™! (Figure 2). While PMO-NH, shows
no corresponding IR bands (Figure 2). Furthermore, the sig-
nificant increase of the zeta potential from 18 mV (PMO-
NH,) to 48 mV (PMO-RGD) at pH 7.2 is another indication
of the functionalization of PMO-NH, with RGD.
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Figure 2. IR spectra of PMO-NH, and PMO-RGD.

NC hydrogels were prepared by the addition of an aque- chains. This cooperative interaction initiated the crosslink-
ous solution of PEG and a-cyclodextrin (CD) to the aque- ing of PEG chains with CD and started self-assembly pro-
ous suspension of PMO-NH, or PMO-RGD. NC hydro- cess which caused supramolecular hydrogel formation based
gels (PMO-NH -PEG/CD and PMO-RGD-PEG/CD) were on polypseudorotaxane formation like described in the liter-
formed due to the cooperative complexation of CD and PEG ature[26-27].

A
5
4
3
2
1
0
PEG-CD PEG-CD-PMO-NH2 PEG-CD-PMO-RGD

m C-6-Glioma cells [1d] ~ m C-6-Glioma cells [5d]

0 " '. II

PEG-CD PEG-CD-PMO-NH2 PEG-CD-PMO-RGD

N

m Endothelial cells [1d] = Endothelial cells [5d]

Figure 3. The number of live C-6-Glioma (A) and Endothelial (B) cells after 1 day and 5 days incubation time in PEG/CD,
PMO-NH,-PEG/CD and PMO-RGD-PEG/CD.
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Subsequently, cell adhesion experiments were carried
out using C-6-Glioma (cell line rat astrocyte glioma cancer
cells) and primary porcine brain capillary Endothelial cells
(PBCEC). Cells were seeded separately into the PMO-RGD-
PEG/CD scaffolds. As control experiments, the same cells
were seeded on PEG/CD and PMO-NH -PEG/CD, respec-
tively. After 1 day and 5 days incubation time, the adhered
cells in the respective NC hydrogels were counted using
an automatic cell counter (Figure 3, Table 1). The results
showed that C-6-Glioma and Endothelial cells have similar
affinities to the respective NC hydrogel scaffolds. The total
number of viable cells in PMO-RGD-PEG/CD was higher
than that in PMO-NH,-PEG/CD and PEG/CD scaffolds at 1
day and 5 days incubation time. The extracted amount of vi-
able C-6-Glioma cells in PMO-RGD-PEG/CD was 1.6 and

1.4 times more than that in PEG/CD and PMO-NH,-PEG/
CD, respectively, after 1 day of incubation. While, 0.8 and
1.8 times more Endothelial cells were obtained in PMO-
RGD-PEG/CD than that in PEG/CD and PMO-NH,-PEG/
CD, respectively. After an increase of the incubation time (5
days), the difference between the scaffolds becomes less pro-
nounced. While the number of cells in PEG/CD was getting
higher, a decrease in the cell number in PMO-NH,-PEG/CD
and PMO-RGD-PEG/CD was observed. However, both cell
types still showed higher affinity to PMO-RGD-PEG/CD
(C-6-Glioma: 1.3 and 1.4 times more; Endothelial cells: 1.2
and 2.4 times more) than to PEG/CD and PMO-NH,-PEG/

CD, respectively.

Table 1. Numbers (x 10) of live C-6-Glioma/Endothelial cells in PEG/CD, PMO-NH,-PEG/CD and PMO-RGD-PEG/CD at

1 day and 5 days of incubation time.

PEG-CD PEG-CD-PMO-NH,

PEG-CD-PMO-RGD

C-6-Glioma cells [1d] 2.7+0.1 3.1+£0.2 43+04
C-6-Glioma cells [5d] 3.1£0.2 29+04 41+0.2
Endothelial cells [1d] 2.1+03 1.6+0.2 2.8+0.1
Endothelial cells [5d] 22+0.5 1.1+0.1 2.6+0.1

These results demonstrate that the cell affinity on bio-
materials surfaces can be enhanced by using functionalized
nanometer-scale particles. The functionalization of the PMO
with cell adhesive short-chain peptide RGD promoted the
cell affinity to the matrix of the PMO-PEG/CD hydrogel.
The RGD peptide sequence is a crucial adhesive protein in
the extracellular matrix (ECM). RGD plays an important
role in focal cell adhesion via its bioconjugation to specif-
ic integrin molecules (ca. 10-12 nm in size) [28] on cell
membrane. Therefore, many cell functions are regulated by
biomolecules, which has nanoscale dimensions. In this re-
spect, it is important to conjugate a single molecule of ECM
component such as the RGD to nanomaterials to stimulate
the integrin distribution across the cell membrane and study
the impact of ECM component on cell-material interaction
studies.

In addition, the large nanoscale surface area of nanoma-
terials causes surface roughness on hydrogel surfaces that al-

PEG/CD

C-6-Glioma cells

Endothelial cells

PMO-NH,-PEG/CD

lows a larger number of contact points between the cell and
the material surface, resulting in a more efficient interaction,
and therefore, for example in our case, to a better affinity of
cells to the PMO-PEG-CD hydrogel.

The reason of less cell affinity to PMO-NH,-PEG/CD
can be attributed to the charged dependent toxicity of PMO-
NH,. The positively charged PMO-NH, can stress the nega-
tively charged cell membrane and this can lead to cell inju-
ries and death like described in the literature [29].

Finally, the morphologies of the cells in PEG/CD, PMO-
NH,-PEG/CD and PMO-RGD-PEG/CD were visualized by
fluorescence microscopy images (Figure 4). The nucleus
of the cells was stained with 4’,6-diamidino-2-phenylin-
dole-6-carboxamidine (DAPI, blue). The adhered C-6-Gli-
oma and Endothelial cells have spherical shape morphology
and they form agglomerates inside of the hydrogel scaffolds.
The spherical shape morphology of cells inside of the hydro-
gel scaffolds indicates that cell attached on the whole surfac-
es of the 3D hydrogels.

PMO-RGD-PEG/CD

Figure 4. Fluorescence microscopy images of C-6-glioma (A-C) and Endothelial (D-F) cells in PEG/CD (A, D), PMO-NH,-
PEG/CD (D, ¢) and PMO-RGD-PEG/CD (C, F) (blue: DAPI-stained cells).
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CONCLUSION

In conclusion, the preparation of PEG and PMO
based NC hydrogels and the effect of biomolecules of the
particle surface on the interaction of cells within 3D NC
hydrogels were demonstrated. The results showed that the
affinity of live cells towards PEG hydrogel was enhanced
by using RGD functionalized PMO particles due to the large
nanoscale surface area of nanomaterials and the cell adhe-
sive character of RGD peptide. In the long term, these results
are envisaged for the construction of new biomaterials with
other specific functionalizations for tissue engineering, drug
delivery in 3D networks, and wound healing applications.
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