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ABSTRACT: Despite rigorous research, inferior mechanical proper-
ties and structural homogeneity are the main challenges constraining
hydrogel’s suturability to host tissue and limiting its clinical
applications. To tackle those, we developed a reverse solvent
interface trapping method, in which organized, graphene-coated
microspherical cavities were introduced into a hydrogel to create
heterogeneity and make it suturable. To generate those cavities, (i)
graphite exfoliates to graphene sheets, which spread at the water/
heptane interfaces of the microemulsion, (ii) heptane fills the
microspheres coated by graphene, and (iii) a cross-linkable hydrogel
dissolved in water fills the voids. Cross-linking solidifies such
microemulsion to a strong, suturable, permanent hybrid architecture,
which has better mechanical properties, yet it is biocompatible and
supports cell adhesion and proliferation. These properties along with the ease and biosafety of fabrication suggest the potential of
this strategy to enhance tissue engineering outcomes by generating various suturable scaffolds for biomedical applications, such as
donor cornea carriers for Boston keratoprosthesis (BK).

KEYWORDS: natural-based hydrogel, graphene, suturable construct, heterogeneity, biomimetic, artificial cornea

■ INTRODUCTION

Hydrogels are soft hydrophilic materials with three-dimen-
sional (3D) structures, gaining significant attention because of
their tunable and favorable physicochemical properties,
biocompatibility, and ease of preparation. They can mimic
the microenvironment of the native extracellular matrices
(ECM) and support cellular adhesion, growth, migration, and
tissue regeneration.1−3 Since their emergence, they have shown
a great potential to revolutionize traditional medicine;
however, their clinical application is drastically hampered by
their inferior mechanical properties. Various strategies have
been used to tackle this issue and to improve their mechanical
properties.2,4−11 Yet, such efforts have to date fallen short in
emulating mechanical characteristics of native tissue. More-
over, the inability of hydrogels to be sutured to the host tissue
further compounds the problem and obstructs their use as
implants. Such inability is because unlike the native tissues,
which have hierarchical, heterogeneous, complex architectures
and are composed of temporally and spatially aligned fibrillar
organizations, hydrogels are mostly composed of homoge-
neously distributed cross-linked polymeric chains in 3D space
and therefore fragile from the suturing points or “notch-
sensitive”.12,13

Bottom-up approaches, including railed microfluidic assem-
bly, surface tension assembly, acoustic assembly, and magnetic

assembly, are among the promising approaches to self-
assemble heterogeneous structures with tunable properties
for tissue engineering.14 Microfabrication techniques such as
electrospinning, micromolding, photolithography, 3D printing,
and microfluidics have also shown great promise to generate
heterogeneous systems with controlled mechanical proper-
ties.15−17 The mixed-solvent photopolymerization method was
also found to create heterogeneous hydrogels with spatiotem-
poral reconfigurability.18 Double network (soft network and
hard network) systems such as self-healing physical poly-
ampholytes (PA) hydrogels have demonstrated mesoscale
bicontinuous heterogeneous structure, with high toughness
and the multistep rupture process.19 Moreover, anisotropic
structures generated by freeze-casting,20 mechanical stretch-
ing,21 compositing,22 and a combination of freeze-casting and
salting out have shown enhanced superior mechanical
properties.22,23 We herein postulate that the formation of
well-organized microfeatures can introduce heterogeneity,
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lower its notch sensitivity, and make it suturable. If those
microfeatures are constructed from a material with superb
mechanical properties such as graphenehas a tensile strength
of ∼130 GPa, a Young’s modulus of ∼1.0 TPa, a surface area
of ∼0.26 hm2 g−1, an optical transmittance of ∼98%, and an
electrical conductivity of ∼4000 W m−1 K−1)24−26the notch
sensitivity might decline sufficiently to permit suturability. To
form such graphene-based microfeatures inside of the
hydrogel, (i) the graphite needs to be exfoliated to graphene
sheets in hydrogel precursor solution, (ii) exfoliated graphene
(EG) needs to be well-dispersed in the solution to assemble to
desired configurations, and (iii) EG and hydrogel need to be
covalently cross-linked and interconnected to generate a
permanent architecture that contains such microfeatures.
Exfoliation of graphite to graphene at the oil/water interface

has been previously accomplished by using a solvent interface
trapping approach.27 In such a system, water functions as the
dispersed phase, filling the microspheres coated by graphene,
and oil works as the continuous phase. By use of monomers
with vinyl moieties as an oil phase, the graphene-stabilized
emulsions can undergo radical polymerizations to form
hydrophobic composites with a continuous network of hollow
microspheres with a graphene lining.27 However, to the best of
our knowledge, graphite has not been exfoliated to graphene
within the hydrophilic hydrogel network until now because of
the strong π−π stacking between graphene layers, which is
thermodynamically unfavorable.28 To overcome such strong
π−π stacking, we generated a reverse solvent interface trapping
approach in which (i) after graphite exfoliates to graphene, it
assembles at the water−heptane interfaces to reduce the total
free energy of the system, making the exfoliation process
thermodynamically favorable; (ii) heptane functions as the
dispersed phase, filling the microspheres coated by EG; and
(iii) water containing cross-linkable hydrogel serves as the
continuous phase. We have selected gelatin glycidyl meth-
acrylate (G-GMA) as the model hydrogel because of its
tunable mechanical, structural, and biological properties;29,30

however, any other radical cross-linkable hydrogel such as

gelation methacrylate, polyethylene (glycol) diacrylate, alginate
methacrylate, collagen methacrylate, etc., could be used to
generate similar hybrid constructs. Subsequent radical
polymerization of such a system covalently bonds G-GMA
chains with each other and with EG and solidifies the
temporary assembly to uniform permanent architecture. Such
architecture is composed of closely packed microspherical
features covered with EG within the hydrogel (Figure 1).27

Our studies indicate that the reverse solvent trapping approach
successfully introduced uniform heterogeneity into the hydro-
gel via the formation of graphene-lined microspheres. The
formation of such microspheres within a G-GMA hydrogel
improved its suturability and mechanical properties, without
causing any cytotoxicity. These properties suggest the
application of this hybrid scaffold in various clinical needs
such as donor carrier for Boston keratoprosthesis (BK)
surgeries (Figure 1A−C), which currently use human cornea
for implantation, due to lack of a suturable artificial substitute.

■ EXPERIMENTAL SECTION
Materials. All chemicals were used as received from Sigma-Aldrich

(St. Louis, MO) without further purification unless otherwise noted.
Human corneas donated by deceased donors, but not suitable for
human transplantation, were generously provided by VisionGift
(Boston, MA) for research purposes only and without identifying
data. Massachusetts Eye and Ear does not require Ethical Committee
approval for use of deidentified human tissues that would otherwise
be discarded.

Synthesis and Chemical Characterization of G-GMA. To
synthesize G-GMA, 10.0 g of gelatin from porcine skin (∼300 g of
Bloom, type A) was dissolved in 100 mL of PBS, followed by the
addition of 10 mL of glycidyl methacrylate. The reaction mixture was
stirred for 5 h at 45 °C, then diluted with 100 mL distilled water, and
dialyzed for 7 days by using a dialysis membrane (molecular weight
cutoff of 14 kDa; Sigma-Aldrich) to eliminate the unreacted reagents
and smaller molecular weight byproducts. Afterward, the solution was
freeze-dried for 4 days to afford a foam-like G-GMA macromer. To
chemically characterize the macromer, we performed 1H NMR (400
MHz NMR; JEOL; Peabody, MA, with 3-(trimethylsilyl)propionic-
2,2,3,3-d4 acid used as the internal standard) and FT-IR (Nicolet iS50

Figure 1. Fabrication and assembly. (A) Fabrication process to exfoliate graphite to graphene sheets in the heptane/G-GMA containing water
emulsion and to covalently integrate them within the G-GMA network to generate a saturable, porous hybrid hydrogel with graphene sheets
covering the lining of the spherical cavities. Illustrations of core−skirt architecture of a Boston keratoprosthesis (B-KPro) (B) and its assembly with
a donor cornea (C) and hybrid scaffold (D). ACVA stands for 4,4′-azobis(4-cyanovaleric acid).
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FTIR spectrometer; Thermo Scientific, Cambridge, MA) (Figures S1
and S2)
Graphene−Hydrogel Construct Preparation. To prepare

hybrid constructs, 2.50 g of G-GMA was dissolved in 7.5 mL of
PBS at 45 °C, followed by the addition of 50 mg of graphite (Asbury
Carbons grade 2299, with an average flake size of ∼3 μm; Asbury,
NJ), 400 μL of N-vinylpyrrolidone (NVP), and varying amounts of
heptane (0, 1.11, 2.5, 4.29, and 10 mL) to produce H0, H1, H2, H3,
and H5 samples, respectively. The addition of NVP has been shown
to accelerate gelation kinetics by expediting the diffusion of
radicalized compounds in the reaction media and enhancing the
mechanical properties of the hydrogel.30−32 The contents were bath
sonicated (Branson CPX188H; Danbury, CT) for 5 min, followed by
tip sonication (Branson Sonifier 450) at 20% power for 1 min. Next,
40 mg of the 4,4′-azobis(4-cyanovaleric acid) (ACVA) predissolved in
100 μL of dimethylformamide (DMF) was added and vortexed for 1
min, and then the mixture was transferred to a 20 mL container and
sealed. The container was placed in an oven at ∼70 °C for 2 h to
allow for polymerization. The reaction container was transferred to an
incubator and incubated overnight at 45 °C to ensure that the
polymerization reaction is complete. The composite samples were
then removed from the container and heated at ∼80 °C for 4 days to
remove water, heptane, and traces of DMF. Finally, the dried samples
were submerged in PBS overnight at 37 °C and then cut to certain
shapes and sizes as needed.
Raman Spectroscopy. The Raman spectra of the specimens were

acquired at two different fabrication steps: (1) after sonication and
forming the dispersions and (2) after polymerization of those
dispersions. For the former, G-GMA solution was first heated to 40
°C and mixed with varying contents of heptane (0−5% (v/v)). Then,
those dispersions were transferred to a mold and allowed to cool to
room temperature to form gels. For the latter, after polymerization of
the dispersions, they were sliced to 1 mm thickness and allowed to
fully dry to form solid constructs. The Raman spectra of those
specimens (after sonication and after polymerization) were collected
in the range 1000−3100 cm−1 with 1 nm resolution by using a Horiba
Multiline Raman spectrometer (Northampton, UK) with a 50×
objective and 633 nm excitation laser. The data were collected via
LabSpec 6 (Horiba) with an acquisition time of 40 s and
accumulations of two.
Fourier Transform Infrared Spectroscopy (FTIR). Hydrated

samples were placed in the oven at ∼80 °C overnight to fully dry. The
FT-IR spectra were collected in the range 500−4000 cm−1 averaging
64 scans at 1 cm−1 resolution by using Nicolet iS50 FT-IR
spectrometer (Thermo Scientific, Waltham, MA) equipped with a
diamond attenuated total reflectance (ATR) accessory.
Mechanical Characterization. Tensile and compression tests

were performed by using a mechanical tester (Mark-10 ESM 303;
Copiague, NY) according to tensile33 and compression34 standards.
For the tensile test, dumbbell-shaped samples (G-GMA, H0−H5, and
human cornea) were cut and fastened to the mechanical tester grips
and extended at a rate of 5 mm/min until the break. The stress was
recorded as a function of the strain. The elastic moduli were
calculated from the linear derivatives of the stress−strain plots at 0−
60% strain [n = 4] as previously described.29 For compression tests,
disc-shaped samples were prepared and positioned in the stage of the
mechanical tester and compressed with a crosshead speed of 0.5 mm/
min until the maximum stress of 1.2 MPa. The moduli were calculated
from the linear derivatives of the stress−strain curves at 0−10% strain
[n = 4]. The moduli were calculated from the linear derivatives of the
stress−strain curves at 0−10% strain [n = 4]. For the burst pressure,
after preparing disc-shaped samples with 1 mm thickness and
incubation in PBS at 37 °C for 2 h, they were secured in the artificial
chamber.29 The syringe was adjusted to pump PBS (0.2 mL/min)
into the chamber, and the burst pressure was measured with a
pressure sensor (PS-2017, PASCO; Roseville, CA) and recorded by
computer via the PASCO Capstone interface. For the suture test, after
preparing rectangular-shaped samples (10 × 5) with 1 mm thickness
and incubation in PBS at 37 °C for 2 h, they were fastened to the
mechanical tester grips, followed by passing a suture (6−0 Vicryl

suture; Ethicon, Bridgewater, NJ) through the construct with
subsequent extension at a rate of 5 mm/min until rupture [n = 4].
In the case of the human cornea, we used steel wires with the same
diameter for the measurement.

Hydration Ratio. To determine hydration ratios, hydrated and
sectioned samples were placed in the oven at ∼80 °C overnight and
allowed to fully dry to obtain their dried weights (Wd), then placed in
PBS at 37 °C for up to 48 h, and blot dried. Their hydrated weights
(Wh) were determined to be a function of the incubation time. The
hydration rate (H) [n = 4] was calculated according to the following
equation:

H
W W

W
(%) 100h d

d
=

−
×

Glucose Permeability. A static Franz cell with a diameter of 9
mm (PermeGear, Hellertown, PA) was employed to determine the
permeability of the samples as previously shown.35 Briefly, after
hydration of dried composites and cutting them to a disc shape, they
were inserted between the two compartments of the Franz cell.
Human corneal tissue was used as a control. The upper compartment
was filled with 1 mL of PBS and the bottom one with a glucose
solution (2000 mg/dL). The complete unit was placed inside of an
incubator, and the solutions of both chambers were mixed with a
magnetic stirrer at 37 °C. Glucose in the upper chamber was
measured by a Counter Next EZ blood glucometer (Bayer,
Parsippany, NJ) at different time points. Afterward, the diffusion
coefficients were calculated by using Fick’s law of diffusion: Q = DC1
× t/L, with the Q as the amount of glucose diffusing through the
membrane during the time (t) per unit area, C1 is the glucose
concentration in the lower chamber, and L is the thickness of
membrane as described elsewhere.29

In Vitro Biocompatibility. Live−Dead Assay. To evaluate the
cytotoxicity of the (G-GMA and H0−H5) constructs and their
interactions with human corneal epithelial cells (HCEp) (kind gift of
Dr. M. Griffith, University of Montreal) and corneal stromal cells
(HCs) (kind gift of Dr. J. Jester, UC-Irvine), we performed a standard
Live−Dead assay.36 After hydration of dried composites and cutting
them to a disc shape, they were treated with a 3X antibiotic solution
containing 300 unit/mL penicillin and 300 μg/mL streptomycin
solution. The culture discs were washed and used as substrates for
culturing (10000 cells), followed by the addition of appropriate
media37,38 (400 μL) and incubation at 37 °C in 5% CO2. After 1, 4,
and 7 days of cell culture, the specimens were stained with standard
Live−Dead staining kit (LIVE/DEAD viability/cytotoxicity kit, for
mammalian cells, Thermofisher Scientific, Cambridge, MA) and
imaged by inverted fluorescent microscopy (Zeiss Axio Observer Z1;
Thornwood, NY). Cell viabilities were quantified by using ImageJ
software from multiple images acquired from each sample (n = 4) and
compared to those cultured on TCP as a control and as described
elsewhere.39,40

The alamarBlue Assay. To assess the metabolic activity of the
cultured cells (HCEp and HCS) when grown on the constructs, we
used a standard alamarBlue assay.41 After preparation of the culture
discs, HCEp and HCS (10000 per each well) were seeded on each
disc and incubated at 37 °C and 5% CO2. The alamarBlue assay was
performed on days 1, 4, and 7 of culture. At each time point, the
culture media was removed and replaced with fresh media (400 μL)
containing resazurin sodium salt (0.004% w/v) and incubated for 3 h.
Then, 100 μL of the media was transferred to a 96-well plate, and the
fluorescence intensities were determined on a BioTek plate reader
(Synergy 2, BioTek Instruments, Winooski, VT) with excitation of
530/25 nm and emission of 600/25 nm and corrected with the
fluorescence G-GMA or hybrid construct incubated in alamarBlue
assay media without cells (n = 6).

Scanning Electron Microscopy (SEM). To analyze the ultra-
structure of samples, they were submerged in graded series of ethanol
(50, 70%, 90%, and 100%) solution. This solvent replacement
removed the water from the hydrogel while minimizing the structural
collapse of the hydrogel and its microporous structure. Then, the
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samples were frozen in dry ice, lyophilized, and carefully sectioned to
expose their cross sections. They were coated with Au by using a
sputter coater and imaged by using a field emission scanning electron
microscope (JEOL JSM 7900F Schottky FE-SEM; Peabody, MA).
Pore size and void thickness were extracted and quantified by using
ImageJ software from multiple images acquired from each sample (n =
4).
Surface Area Analysis. To measure the surface area of the

samples, after solvent replacement in graded ethanol, as described
above, they were frozen in dry ice, lyophilized for a week at 0.02 mbar,
and immediately analyzed with the 3Flex surface analyzer (Micro-
meritics, Norcross, GA).
Fluorescence Quenching Confocal Microscopy. To inves-

tigate whether graphene sheets are covering the lining of spherical
cavities, we used fluorescence quenching confocal microscopy. After
hydration of dried specimen (H3 group) and cutting it to a thin layer,
it was soaked in fluorescein sodium salt solution (10% (w/w)) for 1 h,
blot-dried, and placed on a glass slide, followed by addition of one
drop of glycerol and covering with a coverslip. The specimen was
imaged by using Leica TCS SP8 confocal microscope (Buffalo Grove,
IL).
Transmission Electron Microscopy (TEM). The sample (H3)

was submerged in graded series of ethanol (50, 70%, 90%, and 100%),
lyophilized, and carefully sectioned to obtain thin sections for TEM.
Those sections were embedded in epoxy resin (Tousimis, Rockville,
MD), before ultrathin sections (80 nm) were cut from each sample
block by using a Leica EM UC7 ultramicrotome (Leica Microsystems,

Buffalo Grove, IL) with a diamond knife, and mounted on grids.
Sections were imaged by TEM with accelerating voltage at 80 kV by
using a JEOL 2100 TEM.

Porosity. To analyze the porosity of samples, hydrated samples
were submerged in graded series of ethanol (50, 70%, 90%, and
100%) solution. Afterward, those specimens were left in 100% ethanol
overnight, followed by cutting them into cuboid shapes. After
measuring their volume (Vt) and ethanol-loaded sample weights, we
dried the specimens for 4 days (∼70 °C) to determine the weight of
the ethanol escaped from the porous structure, which then converted
to volume (Vv).

V
V

porosity ( ) v

t
ϕ =

Statistical Analysis. One-way ANOVA with Tukey post hoc was
used to compare mechanical properties, cell viabilities, metabolic
activity, and water contact angles between groups. A value of P < 0.05
was considered statistically significant. ns, ∗, ∗∗, ∗∗∗, and ∗∗∗∗
represent p > 0.05, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001,
respectively. GraphPad Prism 9.0 Software (GraphPad Software, San
Diego, CA) was used to analyze the data.

■ RESULTS AND DISCUSSION
Construct Fabrication and Chemical Characteriza-

tion. Native tissues have complex hierarchical multiscale
structures, which dictate both the mechanical properties of the

Figure 2. Ultrastructure of the hybrid constructs. Representative SEM images (A) of EG integrated G-GMA construct, generated in varying
heptane/water emulsion ratios (H0, H1, H2, H3, and H5: 0, 10, 20, 30, and 50% (v/v) of heptane in the emulsion, respectively). The scale bar in
SEM is 20 μm for low magnifications and 4 μm for high magnifications. Analyses of pore size (B), void thickness (C), surface area (D), and
porosity (E). Fluorescence quenching (confocal) microscopy of fluorescein perfused in EG integrated G-GMA construct (H3 group) from a top
view (F) and side view at different cross sections (G). Representative TEM images of the construct (H3 group) in low (H) and high (I)
magnifications along with the selected area diffraction pattern (J).
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tissues and their biological functions.2,42 When stress is applied
to a focal point of native tissue (e.g., suturing point), it
dissipates that force first at a molecular level (collagen helices).
Then, if the local stress exceeds a certain critical level, the
applied force is effectively transferred into a large macroscopic
structure and distributed within a larger area.43 Lack of
complex hierarchical structures to effectively dissipate the
stress in the hydrogel makes it fragile in suturing points.
Introduction of organized heterogeneous features into a
hydrogel by using a material with superb structural properties
such as graphene might bring sufficient heterogeneity into the
hydrogel to lower its notch sensitivity. Graphene does not form
a stable dispersion in either aqueous or organic solvents and
due to large surface area, high surface energy, and strong van
der Waals and π−π interactions, leading it to a thermodynami-
cally unstable state, it tends to aggregate.44−47 When placed in
a biphasic mixture of heptane/water (G-GMA aqueous
solution), with a mild sonication, graphite exfoliates to
graphene sheets. Those EG sheets assemble at the interface
of water and heptane, cover the spherical spaces filled with
heptane, and generate a densely packed spherical configuration
with EG sheets in close contact to form a percolating network
as shown in Figure 1B. Radical polymerization of the
continuous aqueous phase leads to cross-linking G-GMA
macromolecules with each other and with EG sheets to form a
porous hydrogel network composed of closely packed
microspheres coated with EG.
In the previous studies to form a polymeric composite by

using solvent interface trapping approach, the effects of

graphite concentration on the compressive breaking strength
and morphology of the composites have been tested.48 It was
shown that lower graphene content leads to the formation of
larger water-filled graphene-coated spheres and consequently
weaker composite. The composite made with 0.044 g of
graphite in 10 mL of emulsion was found the strongest, with a
compressive breaking strength around 5 MPa. The addition of
graphitic material with highest content was also shown to
reduce the mechanical properties of the composite due to
aggregation.46 On those bases and to keep the graphene
content constant across the samples, we used 0.05 g in a 10−
20 mL emulsion (10 mL of aqueous phase and 0−10 mL of
heptane).
Scanning electron microscopy (SEM) shows the formation

of such hollow spherical features (Figure 2A) throughout the
polymeric matrix with varying sizes. Increasing the heptane
content of microemulsion enlarges the pore from ∼1.03 μm
(H1: heptane percentage in the emulsion = 10% (v/v)) to
∼2.43 μm (H5: heptane percentage in the emulsion = 50% (v/
v)), as shown in Figure 2A,B. However, increasing the heptane
content reduces the thickness of polymeric walls (voids)
between the microspheres from ∼650 to ∼75 nm (Figure 2C).
High-magnification SEM shows the presence of small openings
inside of the microspherical cavities (shown by red arrows),
caused by the evaporation of heptane, which previously resided
in the graphene-covered droplets of the dispersed phase. The
evaporation of heptane moves the overlapping graphene sheets
away, disrupts the spherical features, and creates an opening
for the solvent to move from one unit to another, thereby

Figure 3. Chemical characterization of exfoliation and cross-linking. Raman spectra of the hybrid construct generated in varying heptane/water
ratio emulsion (0−50% (v/v)) after dispersion (A) and after cross-linking (B) along with their G-band and 2D-band Raman shift (C) and D/G-
band ratio (D) compared to graphite. S and P stand for after sonication and after polymerization. Normalized FT-IR spectra of the hybrid
constructs in the full range with an offset (E) and in the selected range (1500−1750 cm−1) and superimposed (F) shows a gradual shift of the
amide (I) vibrational band (G) as a function of heptane content in the dispersion mixture.
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providing a pathway for removal of the heptane. It should be
highlighted that the aforementioned pores could not form
without the addition of organic solvent (H0 group). Upon
close inspection, there were aggregates within the uniform,
dried structure of the G-GMA in H0 group, which are believed
to be graphite that was not dispersed in the hydrogel matrix.
Surface analysis studies show that the total surface area
increases logarithmically as a function of heptane content,
suggesting that at higher heptane content there is a higher
surface area or heptane/water interface for the graphene to
spread and exfoliate (Figure 2D). This data also agree with the
porosity measurements demonstrating a correlation between
the porosity of the system and the heptane percentage in the
dispersion mixture (Figure 2E). These data indicate that
during the polymerization process (70 °C) the graphene-
coated spherical droplets were stable, and heptane did not
escape from those droplets.
To confirm that EG assembled in the lining of spherical

cavities, we used fluorescence quenching microscopy.49 As
shown in Figure 2F,G, the fluorescence intensity of the
fluorescein dye absorbed in the construct was significantly
reduced in the lining of the spherical cavity. Such fluorescence
quenching indicates the presence of graphene on the walls of
spherical cavities that reduces the fluorescence because of
charge transfer phenomena.50 Moreover, transmission electron
microscopy (TEM) also shows the presence of the graphene as
a single or multilayer at the lining of the spherical cavities,
suggesting the exfoliation of graphite to graphene in this
process and their assembly at the interface (Figure 2H−I).
Selected area diffraction (SAED) from the small area of

microspheres lining also shows the presence of ring pattern
characteristics as shown in Figure 2J.51,52 The presence of
graphene sheets in different orientations can result in
superimposition of the hexagonal array of diffraction peaks of
graphene-like crystallinity, and generation of ring type
diffraction pattern, with some more pronounced diffraction
spots.53 The inner ring corresponds to Miller−Bravais indices
of (hk) = (10) type peaks (shown by yellow arrows), and the
outer one corresponds to (hk) = (11) type peaks (shown by
white arrows).54 These data indicate the presence of graphene
in polycrystalline form in the lining of the microspherical
cavities.52

To understand whether dispersion conditions led to
exfoliation of graphite to graphene and whether such EGs
interact with the hydrogel, we used Raman spectroscopy at two
different fabrication steps: (1) after sonication and dispersion
and (2) after polymerization of the dispersion (Figure 3A,B
and Table S1). To avoid the fluorescence of the G-GMA at
533 nm excitation, which otherwise covers the Raman
scattering bands of the graphene, we used 633 nm excitation
for our study. Using a lower energy laser also led to the
evolution of the D-band (disorder band) with high intensity as
previously shown.55 The G-band (E2g vibrational mode of sp2-
bonded carbon atoms) position depends on the number of
layers of graphene present in the sample,56 and as the number
of layers decreases, the G-band shifts to a higher frequency.57

Figure 3A,C shows that there is a slight gradual blue-shift in
the G-band (i.e., 1580 cm−1 for graphite to 1582 cm−1 for the
H5 group) as a function of heptane content, suggesting the
exfoliation of graphite to graphene sheets in the dispersion.

Figure 4. Characterization of mechanical properties. Representative tensile stress/strain curves for EG integrated G-GMA constructs, generated in
varying heptane/water ratio emulsion (0−50% (v/v)) (A) and their corresponding mean tensile modulus (B), tensile strength (C), and elongation
at breaks (D) compared to those of G-GMA and native human cornea (HC). Representative tensile stress/strain curves for EG integrated G-GMA
constructs, generated in varying heptane/water ratio emulsion (0−50% (v/v)) (E) and their corresponding mean compressive modulus (F). Burst
pressure of the EG integrated G-GMA constructs, generated in varying heptane/water ratio emulsion (0−50% (v/v)) (G). Schematic of suture
cutting force tester (H) used to measure the suture cutting force for the EG integrated G-GMA constructs compared to that of G-GMA,
GelGYM,29 and HC (I). One-way ANOVA with Tukey post hoc was used to analyze the data. ns, ∗, ∗∗, ∗∗∗, and ∗∗∗∗ represent p > 0.05, p <
0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.
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The 2D-band is a second-order vibration and changes in shape,
width, and position for a varying number of layers.58,59 Raman
spectra of EG integrated into G-GMA also showed a gradual
red-shift in the 2D-band, which also depends on the heptane
content of the dispersion solution. Such dependencies
originate from the fact that higher heptane content creates a
larger oil/water interface (also suggested by surface analysis
shown in Figure 2D) for the graphene to be able to assemble
and increase exfoliation of graphite to graphene, which had a
higher energy G-band and a lower energy 2D-band compared
to those of graphite. Upon polymerization of the hybrid
construct, both the G-band and 2D-band showed gradual blue-
shifts as a function of heptane content (Figure 3B,C),
suggesting the introduction of strain in the graphene
sheets.60,61 In addition, while sonication does not seem to
impact the intensity of the D-band (Figure 3A), polymer-
ization led to D-band evolution with a strong dependence on
the heptane content as indicated by an ascending D/G ratio
(Figure 3D). Such D- and G-band shifts along with the change
in D/G ratio suggests that during the radical polymerization G-
GMA is covalently attached to EG sheets.62 A higher heptane
content can increase the EG/graphite ratio, which can, in
principle, lead to more covalent bonding between the G-GMA
network and EG and generate a hybrid network with a higher
abundance of EG. It is important to note that the D-, G-, and
2D-bands of the H0 group (without the addition of heptane)
were similar to those of graphite, as expected.
To further analyze the exfoliation of the graphite within the

G-GMA network, we also performed FT-IR spectroscopy. As
shown in Figure 3E−G, the amide (I) vibrational band
gradually blue-shifts from 1637 cm−1 (G-GMA) to 1648 cm−1

(H5) as a function of heptane content in the dispersion
mixture. Such a blue-shift can originate from noncovalent
interaction of the amide bond with aromatic rings of EG
through either amide N−H···π interactions or CO···π
interactions, suggesting that at higher heptane contents more
EG sheets interact with the amide protein bond.
Structural Characterization. To assess the translational

potential of our newly developed hybrid scaffolds to function
as suturable implants, we used human cornea (HC) as a
model. We first compared the mechanical properties of the
hybrid scaffold to those of a native HC. Successful substitution
of the human cornea with a bioengineered scaffold could bring
the vision to millions of patients that are currently suffering
from a severe global shortage of donor corneas.12,41,63,64

Although there has been significant progress in the field,
existing constructs are not yet suturable and fail to fully satisfy
the mechanical requirements of the cornea. Tensile strength
and suturability are two of the most important parameters to

be considered when designing the scaffold as a corneal
substitute.12,65 Our data show that integration of EG into the
G-GMA, induced by the reverse solvent (heptane) trapping
approach, significantly enhances tensile modulus and tensile
strength of hydrogel compared to G-GMA hydrogel formed by
heat-induced cross-linking (Figure 4A−D). While H1 demon-
strates the highest tensile modulus (0.93 ± 0.07 MPa), H2
(heptane content of 20% (v/v)) shows the highest tensile
strength (0.92 ± 0.09 MPa) compared to 13.7 ± 0.71 MPa
(tensile modulus) and 7.67 ± 0.75 MPa (tensile strength) for
human cornea (Figure 4B,C). However, the addition of bulk
graphite decreases both tensile modulus and tensile strength, as
nondispersed aggregates of graphite (also suggested by SEM)
can generate weak points within the hydrogel that easily yield
when an extension force is applied.66 Elongation at break also
shows a correlation with the heptane content of the emulsion
(Figure 4D). The compression studies indicate that the
addition of either graphite or EG increases the compressive
modulus of the construct (Figure 4E,F). However, integration
of EG into the G-GMA had a more pronounced impact on the
compressive modulus (0.97 ± 0.10 MPa for H2 compared to
1.06 ± 0.09 MPa for a native human cornea (HC)). The
enhancement of mechanical properties at low heptane content
suggests that graphene sheets are integrated into the hydrogel
network and consequently interact with the hydrogel matrices
through covalent and noncovalent (van der Waals, hydro-
phobic−hydrophobic, and π−π stacking) interactions.67

However, there is a regression in the mechanical properties
as the heptane/water ratio further increases, which may stem
from increased porosity as described in similar systems.68

The burst pressure test showed that EG integrated G-GMA
hydrogels have substantially high resistance to burst pressure
∼480 mmHg (H2 group) (Figure 4G). Suturability testing
showed that the integration of EG into G-GMA hydrogel
significantly increases the resistance to scaffold tearing from
∼0.15 N (G-GMA) to ∼0.29 N (H2 group) compared to 7.45
N for human cornea as shown in Figure 4H,I. Such
improvement against suture-induced pressure rupture may be
due to presence of uniform heterogeneity in the hydrogel via
the formation of microspherical features lined and fortified
with covalently integrated graphene sheets that the suture
passes through, thereby distributing the applied force along the
walls of the pores in a larger area, which in turn lowers the
sensitivity of the hydrogel to rupture when sutured (Figure
1B). Although the suture cutting force is almost 1−2 orders of
magnitude less than that of the human cornea, the implanted
cornea is expected to tolerate up to 330 mmHg pressure before
construct rupture from the suturing points (12 (suture per
implant) × 0.29 N/78.5 mm2 (implant size) = 0.044 N/mm2

Figure 5. Characterization of structural properties. Collagenase degradation rate (A), water absorption (B), water contact angle (C), and glucose
diffusivity (D) of the EG integrated G-GMA constructs, generated in varying heptane/water ratio emulsion (0−50% (v/v)).
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or 330 mmHg). These data suggest that considering the
normal intraocular pressure (IOP) of the eye is 10−21 mmHg,
the construct can be used in penetrating keratoplasty, as it may
tolerate normal IOP and its fluctuations.69 However, the
application of excessive force/pressure in an asymmetric
fashion due to eye rubbing, trauma, or compression could
rupture the implant at the suturing points. It is important to
mention that G-GMA hydrogel cross-linked with visible light
have previously demonstrated tensile strength up to 1.95
MPa,29 which is higher than that of hybrid hydrogel (current
study); however, it is not suturable and can only tolerate up to

only ∼0.14 force before construct rupture from the suturing
points. Our recently developed copolymeric hydrogel
composed of G-GMA and NVP with 5−10% (w/w) also can
only tolerate up to 0.14 N force before breaking.30 Considering
the importance of tensile strength and suturability, we believe
that the H2 group is better poised to function as a corneal
substitute.
High enzymatic activity in wounded tissue, specifically the

presence of proteolytic enzymes including collagenase and
matrix metalloproteinase (MMP),70 may cause weakening of
an implanted construct unless there is a corresponding higher

Figure 6. Biocompatibility of hybrid constructs. Representative Live−Dead images (A) and viabilities (B) of human corneal stromal cells (HCS)
cultured on EG integrated G-GMA constructs, generated in the emulsion with varying heptane/water ratios (0−50% (v/v)), assessed by ImageJ
analysis, after 1, 4, and 7 days of cell culture. Representative Live−Dead images (C) and viabilities (D) of human corneal epithelial (HCEp)
cultured on EG integrated G-GMA constructs, generated in the emulsion with varying heptane/water ratios (0−50% (v/v)) after 1, 4, and 7 days of
cell culture; green (calcein-AM): live cells; red (ethidium homodimer-1): dead cells). Scale bar: 200 μm. ns: p > 0.05.
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rate of tissue regeneration.1 Therefore, the chemical stability of
an implant against degradation is very important. Figure 5A
shows the retention of hybrid construct in a collagenase
solution with extra high concentration and its stability against
enzymatic degradation compared to that of HC. The addition
of either bulk graphite or EG into G-GMA enhances the
retention of the construct in the presence of collagenase.
However, those constructs with integrated EG (H1−H5
groups) showed much higher stability compared to G-GMA
and HC at almost all time points, and EG integrated constructs
have retentions of more than 44 h in the collagenase solution,
with H2 and H1 the most stable groups. Photoinduced cross-
linked G-GMA in the presence of vinyl caprolactam was shown
to completely dissolve in 26 h.29 The higher stability is
believed to stem from covalent bonding of the cross-linked G-
GMA with EG, as also suggested by Raman studies and the
improved structural properties of the hydrogel that can restrict
access of the enzyme to cleavable sites.
The hybrid constructs were dried at the last stage of

processing to remove the water, heptane, and DMF, which
were used to dissolve the ACVA initiator. To understand the
hydration behavior of the construct, we incubated dried
constructs in PBS solution for up to 24 h at 37 °C. While the
addition of bulk graphite decreases the hydration rate of the
construct, the integration of EG further decreases the
hydration rate as shown in Figure 5B. In contrast to G-GMA
and H0 groups, all EG integrated hydrogels reached a plateau
after nearly 8 h of incubation. Further incubation in PBS shows
that all EG integrated (H1−H5 groups) samples swelled <10%
between 8 and 24 h of incubation; however, both G-GMA and
H0 groups (without the addition of heptane) swelled more
than 20% during the same time. This change in hydration rate
can be attributed to a shift in hydropathicity of the construct
from more hydrophilic to less hydrophilic because of the
addition of hydrophobic graphene in the matrix. This
hydropathicity shift is also responsible for a change in water
contact angle and wettability of the surface as the addition of
either graphite or EG increases the contact angle (Figure 5C).
The hydrogels with lower swelling ratios (H2 and H3) are
favored as a corneal substitute to prevent protrusion of the
construct from its position in the host cornea or its
deformation upon swelling, which can negatively impact the
function of the cornea.

Cornea cells are actively involved in maintaining the
structural integrity and function of the cornea. Most of the
energy for such a maintenance process comes from the
catabolism of glucose.71 Because of avascularity, the cornea
relies on diffusion as the primary mechanism of nutrient flow
from aqueous humorwhich is the main source of nutrients,
with only negligible amounts from the tears and the limbus
to the epithelium and stromal cells.72 The former functions as
a screen to block the passage of foreign substances, such as
dust and bacteria into the corneal stroma, while permitting the
absorption of oxygen and some nutrients from tears and
distributing them in corneal tissue. The latter helps to maintain
highly anisotropic collagen fibrils organization in the
extracellular matrix by synthesizing collagen molecules,
glycosaminoglycans, and matrix metalloproteinasesall im-
portant in maintaining stromal homeostasis.30,73 While the
cornea has some tolerance for interruption of the nutrient
supply, neither the limbus nor the tears can provide enough
nutrients to preserve corneal function, if the diffusion of
nutrition is disrupted. Such disruption can lead to corneal
necrosis and corneal melt.71,74 Figure 5D shows the glucose
diffusivity of the constructs before and after addition of
graphite compared to that of HC. The addition of bulk
graphite or EG decreases glucose diffusion due to the
impermeability of the material.75 However, the diffusion
drop in EG integrated hydrogel was more pronounced and
correlated to heptane content in the dispersion mixture.
However, all hybrid constructs had diffusion constants
comparable to those of HC, suggesting that the migrated
cells into and onto the construct are expected to have access to
sufficient glucose for catabolism, indicating the suitability of
the hybrid constructs as a corneal substitute.

Biocompatibility. Successful biointegration between an
artificial cornea and the host corneal tissue depends in part on
the function of corneal stromal cells (CS), which under
optimal circumstances will migrate from the host into the
scaffold. Thus, CS should be able to favorability interact with
the scaffold to adhere, proliferate, and generate extracellular
matrix to regenerate healthy corneal tissue.12,29,37 Moreover,
corneal epithelial cells should interact with the substitute to
form stratified corneal epithelium.73,76 To assess the biological
interactions of corneal cells with the constructs, we conducted
in vitro cell biocompatibility assays by using human CS (HCS)
and human corneal epithelial cells (HCEp) cell lines (Figure

Figure 7. Metabolic activity. Quantification of the metabolic activity of (A) human corneal stromal cells (HCS) and (B) human corneal epithelial
(HCEp) cells cultured on EG integrated G-GMA constructs, generated in the emulsion with varying heptane/water ratios (0−50% (v/v)) after 1,
4, and 7 days of cell culture, using alamarBlue assay after 1, 4, and 7 days of cell culture. ns, ∗, and ∗∗ represent p > 0.05, p < 0.05, and p < 0.01,
respectively.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c03201
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/10.1021/acsanm.1c03201?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03201?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03201?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c03201?fig=fig7&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c03201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


6). The Live−Dead assay differentiates live cells from dead
ones by staining live cells with calcein-AM (green) to signify
intracellular esterase activity and dead cells with ethidium
homodimer-1 (red) to show loss of the integrity of the plasma
membrane. Thus, the Live−Dead assay allows to the
evaluation of the viability of cells within a population.29,77

Live−Dead assays showed that HCS cells were viable
(viability >90%) on all constructs (without and with graphite
or EG) after 1, 4, and 7 days of cell culture, which was
comparable to those grown on tissue culture well plate (TCP)
as a positive control, as shown in Figure 6A,B. Moreover,
HCEp cells cultured on all constructs showed comparable
viability to those on TCP (viability >85%) after 1−7 days of
cell culture (Figure 6C,D). Such high viability suggests that
introduction of graphite or EG did not cause cytotoxicity in
either cell type. Moreover, both cell types seeded the construct
to become confluent over time (by 7 days), comparable to
those cultured on TCP. These data indicate that the hybrid
construct has similar biocompatibility to TCP reference.
We also investigated the metabolic activities of both HCS

and HCEp cells seeded on the hybrid constructs using the
alamarBlue assay as described elsewhere.39 There was steady
growth in the relative metabolic activity of both HCS and
HCEp cells cultured on all constructs (without and with
graphite or EG) as a function of incubation (Figure 7A,B).
Such an increase in metabolic activity indicates cellular growth
and proliferation over time as also suggested by the Live−Dead
assay. While HCS cultured on all constructs showed similar
metabolic activity to those on TCP, HECp cells cultured on all
constructs were less metabolically active at the early stage of
cell culture (1−4 days of postseeding) compared to TCP.
However, after 7 days of cell culture, there was no significant
difference between metabolic activity of HCEp cultured on the
constructs and TCP (Figure 7B). These data indicate that the
presence of graphene did not lead to any cytotoxicity or
impediment of the proliferation of cells. In addition, the
morphological and structural properties of the construct did
not have a significant effect of cell proliferation. These results
are consistent with the Live−Dead assay and suggest that the
constructs formed from the integration of EG and G-GMA
have biocompatibility equivalent to TCP references.
Our newly developed scaffolds are nontransparent and

intended to be used in applications that do not require optical
transparency. For instance, in BK implantation,78−80 which is
indicated for patients with corneal blindness not amenable to
standard corneal transplantation, the donor cornea only
functions as a carrier for suturing to the host tissue while the
poly(methyl methacrylate) (PMMA)-made “front plate” serves
as the optical window.78−80 Thus, in BK surgery, the donor
cornea may be easily replaced with our newly developed
scaffold. It is important to highlight that the light rays passing
through the transparent donor cornea and PMMA core have
destructive interference due to differences in curvature and
refractive indices between transparent cornea and PMMA.
Such a destructive interference can cause blurring of vision in
BK recipients. Blocking those unnecessary light rays by a
nontransparent scaffold allows only focused light rays by the
PMMA core to reach the retina, and therefore replacing the
transparent donor cornea with a nontransparent scaffold may
improve the vision in BK recipients.

■ CONCLUSION
In this study, we have developed a reverse solvent interface
trapping approach to introduce heterogeneity into a hydrogel
and make it suturable by forming uniformly distributed, well-
organized microspherical cavities covered by exfoliated
graphene within the hydrogel. In this approach, graphite in
the biphasic system of heptane and the hydrogel aqueous
solution exfoliates to graphene, heptane (dispersed phase) fills
the microspheres coated by exfoliated graphene sheets, and
water containing G-GMA (continuous phase) fills the voids
between those spheres and forms a microemulsion. Subsequent
radical polymerization and evaporation of the solvent create a
porous hybrid hydrogel network with a hollow sphere coated
with exfoliated graphene. Our data show that the chemical,
structural, and mechanical properties of the hybrid hydrogel
can be controlled by varying the heptane content in the
dispersion mixture. The EG-covered microspheres within the
hydrogel network enhance the mechanical properties of the
hydrogel, reduce its notch sensitivity, and make it suturable
without negatively impacting its biocompatibility. These data
suggest that such a strategy can be used to exfoliate graphene
within various cross-linkable hydrogels to generate diverse
suturable scaffolds for different biomaterial applications,
including corneal carrier for Boston keratoprosthesis surgeries,
cardiac tissue engineering, wound dressing, differentiation
studies, drug development, and controlled drug delivery,
among others.
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