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ABSTRACT: An interpenetrating network (IPN) strategy has
been widely facilitated to construct strong and tough hydrogels,
but most of the efforts have been focused on organic/organic
networks. Herein, aqueous dispersible 2,2'-(ethylenedioxy)-
diethanethiol (EDDET) cross-linked graphene oxide (E-cGO)
skeleton was in situ incorporated into a PVA matrix, resulting
in novel inorganic/organic IPN hydrogels with super
mechanical and chondrocyte cell-adhesion properties. The
unique interpenetrating structure and hydrogen bonding were
demonstrated to play critical roles in enhancing the
compressive property of the IPN hydrogels, in comparison to
the GO and thermally reduced graphene oxide (T-rGO) filled
hydrogels. It is critical that the E-cGO/PVA hydrogels have

© M 1 F-Toycle [ 2F-T cycles
[ 3F-Toeycles [ 4 F-T cycles

§15

GO/PVA, E-cGO/PVA

T-rGOPVA  PVA

been demonstrated as being biocompatible, which make the E-cGO/PVA hydrogels promising candidate biomaterials for load-

bearing biotissue substitution.
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ydrogels with high strength, ductility, toughness, and low

friction have been pursued for 6potential applications as
load-bearing biotissue substitutes.' ® Multiple mechanisms
have been combined with the concept of interpenetrating
network (IPN) to create tough hydrogels with outstanding
properties.”” For example, double network (DN) hydrogels
comprised of (semi-) interpenetrating polymer networks® have
been widely reported to show tremendous enhancement of
strength and toughness in comparison to the parent single
network hydrogels. Current efforts have mostly been focused
on organic—organic networks. The construction of inorganic/
organic IPN structure that may combine the rigidity and
strength of inorganic blocks with the flexibility of polymers has
rarely been reported.

Graphene oxide (GO) or its derivatives possess high specific
surface area, abundant functional groups, and extraordinary
modulus and strength, and thus have been widely exploited to
adsorb or cross-link polymer chains to produce tough and
functional nanocomposite hydrogels.s_12 Moreover, the ultra-
high aspect ratio inspires the use of GO sheets as giant building
blocks for the fabrication of nacre-like “mortar-brick” network
structures.”>'® Several “mortar” units including divalent
cations (Ca®* and Mg*),"* glutaraldehyde (GA) vapor,'*
10,12-penta-cosadiyn-1-ol (PCDO),"* or borate'® have been
used to fabricate biomimetic GO papers with excellent
mechanical properties. Inspired by these studies, robust
organic/inorganic IPN hydrogels consisting of interpenetrating
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GO and polymer networks have been developed. For example,
GO network chelated by Ca® ions has been utilized to
intertwine with PAAm chains, generating highly stretchable
IPN hydrogels.'* The mechanical enhancements are usually
limited by the inherent unstable feature of the physical
association. Advances in fabrication of chemically bridged GO
sheet networks with difunctional biomolecules are desired to
create tough hydrogels with inorganic/organic IPN structures.

Herein, we report on a facile fabrication of tough and
biocompatible hydrogels comprised of semi-IPN networks of
biomolecule-cross-linked GO nanosheets and hydrophilic PVA
chains. 2, 2/-(Ethylenedioxy)-diethanethiol (EDDET) is a small
dithiol molecule and has been widely used as chain linker to
create biocompatible monoliths.'” " Here, it is used to cross-
link GO nanosheets through reactions between the thiol end
groups with the functional groups on GO surface (Figure 1a).
The EDDET-cross-linked graphene oxide (E-cGO) formed a
stable homogeneous dispersion in water. On the other hand,
GO nanosheets have a strong tendency to adsorb PVA chains,
presumably driven by hydrogen bonding.*® In this work, we
proposed to perform one-pot simultaneous bridging of GO
nanosheets with EDDET and in situ adsorption of PVA chains
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Figure 1. (a) Schematic illustration to the bridging of graphene oxide (GO) with EDDET molecules. The brownish GO dispersion was turned black
after reaction with EDDET (inset). (b) ATR-IR and (c) XPS spectra of GO and EDDET-cross-linked GO (E-cGO). The inset shows the fitting of
sulfur bands for E-cGO. (d) XRD and (e) Raman spectra of GO, E-cGO and thermally reduced GO (T-rGO) powders.

to the cross-linked GO blocks, with a purpose to create
inorganic/organic IPN hydrogels for potential applications as
load-bearing biotissue substitutes.

The reaction of EDDET with graphene oxide was
successfully demonstrated and resulted in stable dispersion in
water. Graphite oxide was synthesized by using a modified
Hummers’ method”"** and exfoliated to form brownish
graphene oxide dispersion in water (Figure la). Atomic force
microscopy revealed a graphene oxide monolayer with an
average thickness of 0.91—1.2 nm (Figure S1, Supporting
Information in the Supporting Information). To the brownish
GO dispersion (100 mL), EDDET (2.58 mM) was added
under continuous magnetic stirring at 90 °C, resulting in a
homogeneous black dispersion in 30 min (Figure la). The
dispersion was stable for months with a GO concentration up
to 3 mg/mL. These results suggest the effective modification of
GO with the dithiol molecules, which even provided excellent
stability to the resulted aqueous dispersion.

The chemical modification of graphene oxide with EDDET
(Figure 1a) was examined by using attenuated total reflection-
infrared (ATR-IR) spectroscopy and X-ray photoelectron
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spectroscopy (XPS). The IR band at 3200 cm™ of GO
surfaces was dramatically depressed after reaction with EDDET
(Figure 1b). The epoxy C—O bands of GO at 1044 and 970
cm™' were significantly weakened for the EDDET-modified
GO pellet. These results, together with the C—S band™® at 782
cm™" and C—O bands at 1094 and 1035 cm™ from EDDET,
confirmed the reaction between thiol groups and functional
groups on GO surface (see Scheme S1 in the Supporting
Information). XPS data of modified GO pellet further showed
the presence of C—S bonds, which is absent for GO (Figure
Ic). These results demonstrate the successful bonding of
EDDET molecules on the GO surface.

The EDDET-cross-linked GO (E-cGO) powders were
investigated by X-ray diffraction (XRD) and Raman spectros-
copy. Pristine GO and thermally reduced GO (T-rGO)** were
used as controls. The XRD pattern of E-cGO (Figure 1c)
exhibited a wide and weak diffraction centered at 260 = 20.92°,
indicating a reduced layer distance d = 0.42 nm between the E-
cGO sheets, in comparison to GO (d = 0.75 nm). This is a little
larger than that of T-rGO (26 = 22.83° d = 0.39 nm), which
could be attributed to both cleavage and bonding effect by
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Figure 2. (a) Schematic illustration to the E-cGO/PVA IPN hydrogel. (b) Representative TEM image of the E-cGO, o/PVA-2 hydrogel. (c) EDS
spectrum of the E-cGO,,/PVA-2 hydrogel. SEM images of (d) PVA-2 and (e) E-cGO,s/PVA-2 hydrogels.
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Figure 3. (a) Compressive strength of T-rGO,,/PVA, PVA, GO, /PVA, and E-cGO, o/PVA hydrogels. (b) Fracture energy and modulus of PVA
and GO, o/PVA with one to four F-T cycles. (c) Compressive stress of IPN hydrogels with E-cGO content. (d) Fracture energy and modulus of IPN

gels with E-cGO content from the 3rd F-T cycle.

EDDET. Raman spectra of all the samples exhibited typical D
band and G band (Figure le), with the intensity ratio (Ip/I5)
increasing from 0.92 (GO) to 0.97 (T-rGO) and 1.11 (E-
cGO). These results indicate the increasing breakage of the GO
carbon planar because of the thermal and chemical treat-
ments.>®

On the basis of the results shown above, we further
demonstrated a one-pot synthesis of E-cGO in the aqueous
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PVA solutions, leading to in situ adsorption and penetrating of
PVA chains into the E-cGO network. Specificallyy, EDDET
(2.58 mM) and PVA (10 g) were dissolved in 100 mL of GO
dispersion (1—3 mg/mL) under stirring at 90 °C for 2 h,
resulting in homogeneous black suspension stable for months.
The dispersion experienced freeze—thawing (F-T) to create E-
¢GO,/PVA-y IPN hydrogels,”® where x and y represent the E-
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Figure 4. Fluorescent images of human chondrocytes seeded and cultured on (a, b) PVA-2 and (d, e) E-cGO;,/PVA-2 hydrogels for 6 days. SEM
images of human chondrocytes cultured on (c) PVA-2 and (f) E-cGOs,/PVA-2 hydrogels for 6 days.

cGO content (weight percentage to PVA) and the F-T cycle
number, respectively.

TEM images provide a direct evidence to the stacked and
connected GO nanosheets in the PVA matrix (Figure 2b).The
lateral dimensions of these E-cGO nanosheets were smaller
than the pristine GO, presumably due to the chemical breakage
of the planar during reaction with EDDET (Figure le). Energy-
dispersive spectroscopy (EDS) analysis was utilized to
investigate the element compositions in PVA, E-cGO and E-
c¢GO/PVA samples. The E-cGO powders showed a sulfur
content of 10.5 & 2.6 at %, which confirmed the presence of
EDDET (see Figure S2 in the Supporting Information).
Correspondingly, the E-cGO/PVA hydrogel showed a 2.1 +
0.1 at% sulfur content (Figure 2c), which is attributed to the
presence of EDDET-modified graphene oxide in the PVA
hydrogel.

The introduction of E-cGO showed a significant influence on
the wall of the pores in the hydrogels (see Figure S3 in the
Supporting Information). The presence of E-cGO resulted in a
dramatic increase in the wall thickness of the dehydrated gels
(about 200 nm) in comparison to that of neat PVA gels (about
45 nm) (Figure 2d, e). The wall originated from the phase
separation of PVA crystallites and ice during freezing.%’27 With
the increase in E-cGO, the equilibrium water content of the E-
c¢GO/PVA-2 hydrogels was decreased from 90.3 + 0.1% to 88.5
+ 0.2%, which is higher than that of PVA-2 (882 + 0.1%). To
investigate the effect of E-cGO on the crystallization of PVA,
we conducted wide-angle X-ray diffraction (WAXD) on PVA
and E-cGO/PVA aerogels. The E-cGO/PVA samples showed
lower diffraction intensities, suggesting a lower crystallinity of
the IPN hydrogels than PVA (see Figure S4a in the Supporting
Information). The presence of E-cGO network may impede the
PVA crystallization.?“"28 In the freeze—thawed hydrogels, the
relatively low crystallinity of E-cGO/PVA gels may suggest a
lower cross-link density. This was verified by the larger
equilibrium ratio of the E-cGO/PVA hydrogels (2.95 + 0.15)
than that of PVA hydrogels (1.79 + 0.19) under swelling (see
Figure S4b in the Supporting Information).

The E-cGO/PVA IPN hydrogels showed enhanced mechan-
ical properties in comparison to neat PVA hydrogels. Figure SS
in the Supporting Information exhibits representative com-
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pressive stress—strain curves of PVA and E-cGO,,/PVA
experiencing two F-T cycles. The E-cGO,,/PVA-2 showed a
compressive modulus (the slope of stress—strain curves at 10—
20% strain) of 60.0 + 5.6 kPa and a fracture strength of 17.1 +
1.4 MPa, in contrast to 42.3 + 2.7 kPa and 12.8 + 0.1 MPa for
PVA. Another important property is the fracture toughness,
which is defined as the area underneath the force—displacement
curves to measure the capability to dissipate energy during
loading.2 The E-cGO,,/PVA-2 hydrogels showed a fracture
toughness of 1328.4 + 90.3 ] m ™, in contrast to 1016 + 88.9 J
m™* for the PVA-2 hydrogel. Moreover, with increasing F-T
cycles, the modulus, fracture strength, and toughness of the E-
cGO, o/PVA IPN hydrogels were further enhanced (Figure 3a,
b).

We demonstrated that the unique interpenetrating structure
and hydrogen bonding play critical roles in enhancing the
compressive property of the nanocomposite hydrogels. The
compressive properties of IPN hydrogels were compared with
PVA hydrogels filled with 1 wt % GO and T-rGO. Interestingly,
for hydrogels experiencing up to four F-T cycles, the E-cGO, ,/
PVA and GO/PVA hydrogels showed higher modulus and
compressive strength than T-rGO/PVA gels (Figure 3b). In the
former hydrogels, PVA chains may actively adsorb onto the GO
and E-cGO sheets via hydrogen bonding.19 In contrast, this
may be difficult for T-rGO sheets as most of their functional
groups are cleaved upon thermal treatments. Moreover, it is
likely that the T-rGO nanosheets may aggregate and phase
separate from the hydrophilic PVA matrix during F-T process.
This explains the results that the IPN and GO-filled PVA
hydrogels showed higher strength and modulus than neat PVA
gels, while the T-rGO-filled PVA hydrogels appeared the
weakest. It is of particular interest to investigate the strength
and toughness of the IPN and GO-filled hydrogels with the
same nanosheet content. The strength of IPN hydrogels was
always higher than the GO-filled hydrogels with up to four F-T
cycles (Figure 3b). This result further confirms the
strengthening effects of the E-cGO network and IPN structures
in contrast to unmodified GO nanosheets.

The mechanical properties of the E-cGO/PVA hydrogels
were enhanced with the increasing E-cGO content for different
F-T cycles. The compressive strength of E-cGOg;_;/PVA-3
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gels was increased from 17.5 + 1.0, 19.5 = 0.5, to 21.8 + 0.3,
and 22.8 + 1.5 MPa (Figure 3c). Interestingly, the fracture
energy and modulus of IPN hydrogels showed a monotonically
increase with increasing E-cGO content for 3 F-T cycles
(Figure 3d). The E-cGO,s/PVA-3 hydrogel exhibited a fracture
energy of 1331.0 + 41.9 J m™> As the E-cGO content was
increased to 3 wt %, the compressive toughness of the hydrogel
was further improved to 1731.3 + 114.8 ] m™2 It is noted that
the fracture toughness values of these E-cGO/PVA hydrogels
are higher than that of articular cartilage (~1000 J m™2).
Mechanically, these E-cGO/PVA IPN hydrogels may be
promising for applications as artificial cartilages.

Finally, we assessed the biocompatibility of these hydrogels
by cell seeding and in vitro culture experiments. E-cGO/PVA-2
hydrogel discs (diameter = 9 mm, thickness = 2 mm) with 1-3
wt % E-cGO were seeded with human chondrocytes (Passage
4, 1.4 X 10° cells/mL) and cultured for 1, 3, and 6 days. At the
specific culture time, the hydrogels were taken out from the
media, blocked with glutaraldehyde, and stained with DAPI
and/or FITC-phalloidin for imaging by using a confocal laser
scanning microscope (CLSM). Herein, DAPI stained the E-
cGO/PVA IPN substrates while FITC-phalloidin did not (see
Figure S6 in the Supporting Information). Qualitative assess-
ment of cell adhesion and growth on the IPN hydrogels is
primarily based on the green fluorescence from FITC-
phalloidin that preferentially stained to the cytoskeleton (see
Figure S7 in the Supporting Information).>” As a control, only a
few cells were found on PVA hydrogels after 6 day’s culture
(Figure 4a—c), which is due to the intrinsic cell nonadhesive
nature of PVA hydrogels. On the other hand, GO based
material has been demonstrated to favor cell adhesion and
proliferation.*® CLSM images of hydrogels stained by FITC-
phalloidin showed that the E-cGO/PVA-2 hydrogels nicely
support the adhesion and proliferation of chondrocytes, in
sharp contrast to PVA. The cell number density was increased
over time (see Figure S7 in the Supporting Information). SEM
images further revealed the nicely spread conformation of the
chondrocytes on the hydrophilic surface of the E-cGO/PVA
hydrogels (see Figure S8 in the Supporting Information). The
cells excreted extracellular molecules and formed a thin layer on
top of the E-cGO/PVA hydrogel substrate (Figure 4d—f).
Moreover, the apparent cell number density seemed increased
with increasing E-cGO content. These results suggest that the
E-cGO/PVA hydrogels are favorable to cell adhesion and
proliferation, which is probably due to the presence of GO and
EDDET.

In conclusion, strong and tough hydrogels have been
fabricated by using a one-pot method to synthesize EDDET-
cross-linked GO network with the presence of PVA chains. It
has been demonstrated by spectroscopy that the difunctional
EDDET molecules reacted with and likely bridged the GO
nanosheets into E-cGO networks. Meanwhile, the residual
functional groups on the EDDET-modified GO may allow for
the formation of hydrogen bonding with PVA chains,
presumably resulting in a semi-interpenetrating network.
Subsequent cyclic freeze—thawing led to nanocomposite
hydrogels with improved strength and toughness, in compar-
ison to pure PVA hydrogels. It is critical that both GO and
EDDET, as well as the E-cGO/PVA hydrogels, have been
demonstrated biocompatible. Thus, the nanocomposite hydro-
gels showed excellent biocompatibility and nicely supported
chondrocyte adhesion and growth. We conclude that the E-
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c¢GO/PVA hydrogels may be promising candidate biomaterials
for load-bearing biotissue substitution.
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