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Hydrogels based on short peptide molecules are interesting biomaterials with wide present and prospective use in
biotechnologies. A well-known possible drawback of these materials can be their limited mechanical perfor-
mance. In order to overcome this problem, we prepared Fmoc-Phesself-assembling peptides by a biocatalytic
approach, and we reinforced the hydrogel with graphene oxide nanosheets. The formulation here proposed
confers to the hydrogel additional physicochemical properties without hampering peptide self-assembly. We

investigated in depth the effect of nanocarbon morphology on hydrogel properties (i.e. morphology, viscoelastic
properties, stiffness, resistance to an applied stress). In view of further developments towards possible clinical
applications, we have preliminarily tested the biocompatibility of the composites. Our results showed that the
innovative hydrogel composite formulation based on FmocPhe3 and GO is a biomaterial with improved me-
chanical properties that appears suitable for the development of biotechnological applications.

1. Introduction

In the last decades, in order to develop delivery strategies for tar-
geted therapies, research has focused not only on the discovery of new
bioactive molecules, but also on how drugs can be administered [1-3]. A
promising strategy is the implantation of drug delivery depots in the
target site, allowing bioactive molecules entrapped in the device to be
released over time [4]. In the past this kind of implantation was surgical
but now, thanks to the design of new materials, the injection through a
needle in the injured site is emerging [1]. In general, the material must
be biocompatible, biodegradable, like its degradation products, have
good mechanical properties and appropriate porosity [5,6].

Self-assembling hydrogels are exploitable materials that can be
injected in their liquid phase [1,6-11]. Also short peptides can act as
hydrogelators, self-assembling into supramolecular structures [12-16].
It is common to use peptides for biomedical purposes because they are

biocompatible, cheap, easily prepared and functionalized [12]. One
limitation is the poor mechanical performance, which prompts the
search for alternative procedures, such as the use of nanofillers [17].
Graphene oxide (GO), the oxidized form of Graphene, has versatile ap-
plications given by its optimal mechanical and isolating properties, its
inexpensiveness and dispersability in water [18]. GO has a planar
structure with epoxy, carbonyl, carboxylic and hydroxyl groups on both
sides of the basal plane and on the borders [19,20], enabling GO to
interact with many molecules through hydrophobic or hydrophilic in-
teractions [21]. Recent works have demonstrated the possibility to
introduce GO as nanofiller in peptide based gels [17,22,23]. GO did not
hinder gel formation in the studied systems, and it was useful for
improving mechanical properties. In our work we evaluated the possi-
bility to obtain a novel injectable composite peptide hydrogel using GO
as nanofiller [24,25]. Pseudomonas fluorescens lipase was used to cata-
lyze the synthesis of FmocPhe3 that acts as a hydrogelator. In a first
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phase of the work, we engaged in studying how the presence of GO
nanofillers in the native structure of the hydrogel may influence
FmocPhe3 synthesis, its ability to self-assemble into nanofibers and its
viscoelastic properties. This work was aimed at developing composite
materials with tailored mechanical properties for future in vivo
biomedical applications. In view of further developments towards a
possible translation to clinical applications, we have measured the
production of reactive oxygen species by blood monocytes, as a pre-
liminary assessment of the toxicity of the composites.

2. Materials and methods
2.1. Materials

Fluorenylmethyloxycarbonyl-phenylalanine (FmocPhe, >99 %) and
diphenylalanine (Phe2, >99 %) were purchased from Bachem GmbH
(Weil am Rhein, Germany) and used as received. Graphene oxide water
dispersion (GO, 0.4 wt % concentration) was purchased from Graphenea
Inc. (Cambridge, MA, USA). Lipase from Pseudomonas fluorescens (PFL,
>20.000 U/mg) and all other chemicals and solvents were obtained
from Sigma Aldrich (St. Louis, MO, USA) and used as received.

2.2. Biosynthesis of fmoc-tripeptide hydrogels

FmocPhe and Phe2 were added in equimolar quantities to a mixture
containing 1 mL of water or 1 mL of GO in water and 420 pL of 0.5 M
NaOH, and stirred magnetically for 10 min. Three different GO con-
centrations were used: 0.01 mg/mL, 0.1 mg/mL and 1 mg/mL. Then, pH
was adjusted to 7 by the addition of 1.5 mL of 0.1 M HCI. PFL solution
(50 mg/mL) was added (100 pL) and the reaction mixture was incubated
at 30 °C for 30 min.

2.3. Rheological measurements

The kinetics of hydrogel formation were studied with an Anton Paar
MCR 302 rotational rheometer, following the elastic (G’) and viscous
(G’’) modules trend over time. The instrument, equipped with a tem-
perature control unit, was used with aplate-plate geometry. The gelation
process was followed at 30 °C, applying a deformation of 1% and a
constant frequency of 1 Hz. The elastic and viscous modules of pre-
formed hydrogels were measured in frequency sweep experiments,
varying the applied frequency in the range of 0.01-20 Hz, at constant
temperature (30 °C). For recovery tests, the measurements were con-
ducted on preformed hydrogels applying a shear stress of 1 Pa and a
frequency of 1 Hz for 5 min, before applying increasing stress values (50,
100, 150, 200 Pa) for 30 s with 5 min intervals for recovery.

2.4. Saxs analysis

The X-ray scattering measurements were performed at SAXSLab
Sapienza with a Xeuss 2.0 Q Xoom system (Xenocs SA, Sassenage,
France) equipped with a micro-focus Genix 3D X-ray Cu source (A =
0.1542 nm), a two-dimensional Pilatus3 R 300 K detector placed at
variable distance from the sample and an additional Pilatus3 R 100 K
detector at fixed shorter distance (Dectris Ltd., Baden, Switzerland).
Measurements were performed at room temperature (25+—1 °C) and in
vacuo (<0.2 mbar), with three different sample-detector distances, in
order to record the sample scattering within the scattering vector range
of 0.045 < q < 32 nm’l(q = 4nsin(0)/A, where 20 is the scattering
angle). Samples were loaded within 1 min after PFL addition into
vacuum-tight cells having 50 pm-thick Kapton windows and 1-mm
spacers. A cell loaded with water and an empty cell were used for
background subtraction. The two-dimensional scattering patterns were
subtracted for the “dark” counts, and then masked, azimuthally aver-
aged and normalized for transmitted beam intensity, exposure time and
subtended solid angle per pixel, by using the FoxTrot software
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developed at SOLEIL. The one-dimensional intensity vs. q profiles were
subtracted for the contributions of the solvent and cell windows, using
the peak of liquid water at 20 nm ™! in the WAXS to scale the water
content to be subtracted. Model calculations of scattering profiles were
performed using the software SasView [www.sasview.org]. Pair dis-
tance distributions of the cross-section of elongated objects were ob-
tained by indirect Fourier inversion of the 1(q)-q profiles performed with
the software BayesApp [26].

2.5. XPS analysis

X-ray photoelectron spectroscopy (XPS) measurements were ob-
tained from a modified Omicron NanoTechnology MXPS system. Spectra
were excited by achromatic Mg Ka and Al Ka photons (hv = 1253.6 and
1486.6 eV, respectively), generated operating the anode at 14-15 kV,
10-20 mA. The samples were mounted on freshly cleaved graphite.
Experimental spectra were theoretically reconstructed by fitting the
peaks to symmetric pseudo-Voigt functions (linear combination of
gaussian and lorentzian peaks) and the background to a Shirley or a
linear function. XPS atomic ratios between relevant core lines were
estimated from experimentally determined area ratios, corrected for the
corresponding theoretical cross sections and for a square root depen-
dence of the photoelectrons kinetic energies. All binding energies were
referenced to the most intense Cls peak (285.0 eV). Samples were
measured on stainless steel tips covered with either freshly cleaved
graphite foil or Teflon. In the first case, a small correction for static
charging under X-rays was applied, and more defined Cl1s, N1s and Ols
spectra were obtained, which were used for curve fitting analysis. In the
second case, any contribution from the tip was removed from the portion
of the spectrum due to the Cl1s, N1s and O1ls peaks of the sample.

2.6. NMR Spectrometry

Hydrogel composites were suspended in a mixture of H20 and D20
(9:1 v/v) and analyzed by 'H NMR at 298 K on a Bruker AVANCE III
spectrometer at 9.4 T operating at the frequency of 400.13 MHz,
equipped with a Bruker multinuclear z-gradient inverse probe head.
Spectra were acquired employing the standard preset pulse sequence for
solvent suppression (scan number 64 transients, recycle delay 9.5 s,
spectral width 15 ppm, 64 K data points, total acquisition time 15 s).

2.7. AFM measurements

Samples underwent indentation-type AFM analysis immediately
after preparation. All measurements were performed in deionized water
at room temperature using a Nanowizard II atomic force microscope
(JPK Instruments AG, Berlin, Germany) mounted on an optical micro-
scope (Axio Observer Carl Zeiss, Oberkochen, Germany).
MikroMashCSC-37 silicon cantilevers (tip radius: 10 nm, nominal spring
constant: 0.3 N/m) were used. The cantilever spring constant was
determined by thermal calibration before each measurement. Mechan-
ical properties were measured through the acquisition of Force-Distance
(FD) curves using an indentation force of 4 nN at 2 pm/s indentation
speed. The Young’s modulus E of the sample was retrieved fitting each

force distance curve with the JPK software, using the Sneddon model for

2E tan(a) ¢2
7(1-02) g

§: indentation depth, v: Poisson ratio). FD curves were measured in
different sample locations, three replicates were performed and the re-
sults were averaged.

conical indenters: F(§)=

(o half-aperture angle of the conic tip,

2.8. TEM and SEM measurements

A drop of each sample was deposited on a grid (300 mesh Cu-grid),
carbon-coated and stained with a 2% uranyl acetate solution for 30 s in
the dark at room temperature, allowed to dry under vacuum and
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Fig. 1. (a) Reaction scheme of FmocPhe3 biosynthesis and (b) kinetics of FmocPhe3-GO composite hydrogel formation. Conversions are based on the HPLC peak

areas at A = 256 nm.

observed using a Zeiss Libra 120 transmission electron microscope
(TEM).

For scanning electron microscopy (SEM), samples were deposited on
aluminum stabs, air-dried and analyzed with a Zeiss Auriga 405 mi-
croscope at low extracting voltage (1.5-4 kV) and current (7.5 m
aperture).

2.9. LIVE/DEAD cell viability assay

Synovial fluid Mesenchymal Stem Cells (Sf-MSCs) were isolated from
synovial fluid collected from tibio-tarsal joints of 3 horses and cultured
as described previously [27].

In a 96-well tissue culture dish, previously pre-treated with hydrogel
composites with different GO concentration (0.033-0.333 mg/mL), Sf-
MSCs were plated at a density of 10 x 10° cells/well in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10 % FCS. After 24
h, 48 h and 72 h of culture, cell viability was assayed by a LIVE/DEAD
Viability/Cytotoxicity Assay kit (Life Technologies, Carlsbad, CA, USA).
Samples were washed in PBS and then stained with a solution of 0.1pM
calcein and 0.1 uM ethidium homodimer-1. Then, samples were washed
with PBS and the fluorescent signal was measured using a fluorescent
microplate Reader (GloMax Discover System, GM3000, Promega Cor-
poration, Madison, WI, USA) at an excitation wavelength of 490 nm and
an emission wavelength of 514 nm for the green color and an excitation
wavelength of 528 nm and an emission wavelength 617 for the red color.

One-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test were used to determine the p-value by the software
GRAPH PAD PRISM 5.0 software (San Diego, CA, USA). The differences
were considered significant at p < 0.05.

3. Results and discussion
3.1. Biosynthesis of hydrogel composites

A self-assembling hydrogel composite containing Fmoc-tripeptides
and GO was synthesized through a reverse hydrolysis reaction, cata-
lyzed by P. fluorescens lipase (Fig. 1a). In previous works, we have
described and optimized the biosynthesis of FmocPhe3 hydrogels
starting from FmocPhe and Phe2 precursors [25,28]. We have also
demonstrated by LC-MS studies that in the presence of enzyme Fmoc-
Phe3 is the most prominent reaction product and that no reaction takes
place without enzyme [29]. Here, we have used such reaction to prepare
hydrogel composites with different GO amounts.

In order to preliminarily evaluate the influence of the presence of GO
on the enzymatic reaction, a series of hydrogel composites containing
different amounts of GO were prepared and analyzed with HPLC, and
the corresponding reaction yields were calculated. All the hydrogel
composites resulted being self-supporting and GO did not interfere with
the enzymatic reaction (data not shown). We subsequently studied the
influence of GO on the kinetics of FmocPhe3 biosynthesis, for reaction
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Fig. 2. (a) 'HNMR spectrum of FmocPhe3 hydrogel and (b) aromatic part of the 'HNMR spectra of hydrogel composites with different GO quantities.

times between 10 and 40 min. As shown in Fig. 1b, a plateau was
reached within 20—30 min for all samples. For the composite with 0.033
mg/mL GO, the reaction yield reached ~33 %, while composites with
different GO concentrations, as well as FmocPhe3 hydrogel, afforded
reaction yields between 20 and 25 %. The presence of GO flakes during
peptide gelation could favor the evolution of the reaction since the
planar structure of GO molecules may interact with the peptide fibers via
n-stacking. This effect may not be necessarily concentration dependent
but under the experimental conditions used it seems to be optimal at
[GO] =0.033 mg/mL. NMR was used to further investigate the in-
teractions inside the composites. Fig. 2a reports the 'HNMR spectrum of
the native FmocPhe3 hydrogel. The peaks in the aromatic range of the

spectrum (7-7.6 ppm) correspond to the Fmoc group and Phe, while
those in the aliphatic range (3—4 ppm) belong to Ca. The peaks appear
wider and less defined than the corresponding peaks in the spectra of
FmocPhe and Phey, due to a higher rigidity and stability of the molecules
with a lower mobility due to hydrogel formation. Fig. 2b shows the
aromatic parts of the spectra of hydrogel composites. By raising GO
concentration, the peaks grow wider and less defined, which hints at a
contribution of GO to the interactions among hydrogelators in the self-
assembling process, in accordance with literature data that describe
how low GO concentrations can remarkably affect the architecture of a
hydrogel network [30].
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3.2. rheological studies

The investigation of rheological properties of hydrogels is funda-
mental for evaluating their application potential in biotechnologies. The
viscoelastic behavior of composite hydrogels with different GO contents
after equilibrium was studied by rheological measurements and
compared with the native FmocPhes hydrogel. Fig. 3A reports the

evolution of G’ and G’ over time, showing that both increased linearly
as a function of reaction time, reaching a plateau after about 1 h. For all
samples, already at the beginning of the reaction G* was significantly
higher than G”’, which is representative of a gel state. The crossover
point between G’ and G”’ is not visible, indicating the occurrence of a
fast reaction. After about 1 h the difference between G’ and G** was of
about one order of magnitude for all samples. The composite hydrogel
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with the highest GO concentration exhibited a greater values of G’ and
G’”’, while the native hydrogel and the other composites showed similar
values. These results indicate the existence of synergetic interactions
and good compatibility between GO and the hydrogel matrix, as re-
ported in literature [31-33].

We attempted to evaluate the behavior of the composites when
subjected to a growing stress impulse and their ability to recover (Fig. 4).
The native hydrogel was stable for a limited period, before reaching a
point where G’ and G’ collapsed, indicating the hydrogel was broken.
The material was able to restore its structure and viscoelastic properties
in a short time. At higher GO concentrations (Fig. 4c and d), the
hydrogels are more stable, with G’ not dropping dramatically when
increasing the shear stress. These results not only are fundamental for
exploiting the hydrogels as injectable materials, but also demonstrate
the strong interaction of GO flakes with the hydrogel structure, that
stabilizes the composite.

3.3. XPS Measurements

XPS was used to characterize the hydrogels before and after addition
of two different GO amounts. The commercial GO here employed was
previously characterized in detail [34,35]. Summarizing, C1s in bare GO
shows a convolution of peaks due to the contemporary presence of
several functionalities: graphene sp? C atoms, C—C sp° bonds, hydroxyl,

epoxy, carbonyl and carboxyl groups, plus the high-lying satellite due to
n-n* transition of aromatics. In the present case, where GO was added in
moderate quantities to the hydrogel, the above features combine with
those of the hydrogel. A rather simple wide-scan spectrum was obtained
from the sample constituted by the hydrogel containing PFL, where the
expected lines of C, O, N and Na plus weak contributions from S and Cl
are present (F peaks are from the Teflon-covered tip) (Fig. 6). Despite the
complexity of the enzyme, a single and symmetric N1s peak results, with
a binding energy (BE) of 400.0 eV. A higher-lying component, possibly
related to a cationic state of N and expected for zwitterions, results
indistinguishable from the baseline. The proposed assignment of N1s is
to amide groups, both from the absolute binding energies of N1s and
Ols, and more reliably from the energy separation between the low-BE
component of the complex O1s peak and the largely prevailing N1s peak
component. In fact, the Ols signal contains, at increasing BEs, contri-
butions from O—C bonds, hydroxyl groups and chemisorbed water. By
taking into account the first one, the ON— difference amounts to
131.1-131.2 eV, a value which falls within the restricted range typical of
amide groups [36]. The atomic ratio between O1s and N1s is 1.9, which
evidences that such oxygen component is also due to other C—O func-
tional groups. The Cls peak is complex, with a maximum at 285.0 eV.
The other components can be assigned to hydroxyls (285.8), amides
(287.0), carboxyl groups (289.7) and n-n* satellite peak (292.1) coming
from FmocPhe. XPS results from hydrogels containing 0.033 mg/mL or
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the gel (green line). In the inset the fit to SAXS data provided by the indirect Fourier inversion is shown. The same analysis was performed on the data simulated
considering the sum of the hydrogel and 0.33 mg/mL GO (blue line). d) model fit (black line) of the experimental data of the composite hydrogel with 0.33 mg/mL
GO (red dots) considering a sum of a cylinder with elliptical cross-section (green dashed line) and a lamella contribution with 1 nm thickness (orange dashed line).
The model parameters are reported in Table S1. The two separated form factors are shown as dashed lines, in addition to a flat background contribution (cyan dashed
line); e) as in d) for the experimental data of the composite gel with 0.033 mg/mL GO (purple dots); f) model fit (black line) of the experimental data of the native
hydrogel (green dots) considering a cylinder with elliptical cross-section (green dashed line) and a background contribution (cyan dashed line).

0.33 mg/mL GO are reported in Fig. 5. Wide scan spectra contain the
same principal peaks reported for the native hydrogel. The N1s peak at
400.0 eV was the prevailing component for both samples, confirming the
presence of amide groups as the largely prevailing components. A very
weak component appears at higher BEs, which can be assigned to
Nstates. The relative atomic ratios for C/N is 15.8 for both samples.
This result calls for a homogenous surface composition of the resulting
hydrogels.

3.4. Nano-mechanical measurements

The mechanical characterization of composite hydrogels with
different GO content was studied by Indentation-Type Atomic-Force-
Microscopy through the acquisition of FD cycles, composed of the
approach and retract curves. In Fig. 6A, a typical FD cycle measured on a
native hydrogel is reported. Fitting the Sneddon model to data, the local
stiffness can be measured in terms of the Young’s modulus E. To account
for spatial inhomogeneity, eight 64-pixels E maps were acquired for
each sample. Fig. 6B shows the average E for each sample. As expected, a
hydrogel stiffening is observed increasing GO content. Consistently with
rheological measurements, a similar mechanical response is observed
for 0, 0.0033 and 0.033 mg/mL GO concentrations, with a more sig-
nificant increase for the highest GO concentration. Large 95 % confi-
dence intervals suggest a significant spatial heterogeneity of the
mechanical properties within the same sample and among different
samples.

3.5. TEM and SEM measurements

The morphological characterization of native and composite hydro-
gels with 0.33 mg/mL GO was conducted by TEM and SEM measure-
ments. Fig. 6C reports TEM migrographs of native FmocPhes gel with the
presence of a nano-fibrillar network. These fibrils are several micro-
meters in length and their width is 40-60 nm. Unfortunately the cor-
responding TEM images of GO composite (Fig. 6D) do not clearly show
the presence of GO sheets within the fibrillar hydrogel network. On the
other hand SEM micrograph reported in Fig. 6E shows the presence of a
composite hydrogel in which the fibrillar morphology is clearly dis-
played; it is also possible to see the presence of GO lamellae covered by
fibers, giving evidence of GO incorporation within the peptide fibrillar
network.

3.6. SAXS experiments

Small-angle X-ray scattering (SAXS) was used to assess changes in the
structural morphology within composites compared to native hydrogels.

The experimental SAXS data of the GO suspension (Fig. 7a,b)
confirmed the q~2 dependence of the scattered intensity expected for flat
objects. No stacking peaks were observed suggesting that GO was fully
dispersed in single sheets. The scattering profiles of the hydrogels
showed the typical features of a fibrillar network [37]. At low-q a de-
viation from the ideal ! behavior expected for rigid rod-like structures
was observed. In this q range longer range correlations determine more
negative slopes of the scattering profile. As the samples were self-
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standing gels, branching in the fibrillar network seemed to be the most
reasonable explanation for this low-q upward scattering behavior.
However, other reasons like fiber flexibility or the formation of large
aggregates can give rise to similar effects on the scattering curve [37,
38]. Some changes in characteristic slopes were evident when
comparing data between native and composite gels (Fig. 7a,b). Simu-
lated profiles obtained by summing up the experimental data of GO in
water and of the native gel failed to reproduce the experimentally
observed profiles of the composites, suggesting that the observed
changes could not be ascribed to a simple addition of the GO contribu-
tion. Therefore, the addition of GO implied a redistribution of the pep-
tides in the composite.

In particular, we could observe that the characteristic low-q expo-
nent increased in the composites compared to the native hydrogel,
possibly due to an enhanced branching. The effect was more relevant for
the composite with the lowest GO content (0.033 mg/mL). This non-
monotonic trend with GO content suggests that above a certain frac-
tion of GO, the interaction of large amounts of peptides with GO sheets
can begin to be detrimental to network formation. The optimal GO
content for preserving and enhancing the fibrillar network should be
below the highest analyzed value (0.33 mg/mL) and reasonably not far
from the lowest one (0.033 mg/mL).

A comparison of the curves in the larger q range related to the local
structure (0.5 < q < 1.5 nm 1) allowed us to appreciate that the com-
posite gels showed a less negative slope, suggesting the presence, on
average, of electron density contrast regions with smaller cross-section,
since less steep decays of intensity as a function of q are associated with
smaller characteristic distances. We focused on SAXS data at q>0.2
nm ™! to remove the effect of branching and extract information on the
local structure of the scattering particles. A preliminary analysis of the
native hydrogel curve, based on indirect Fourier inversion method,
allowed the extraction of a bell-shaped pair distance distribution of the
fibril cross section with a peak around 4 nm (Fig. 7c). A model-based
fitting procedure showed that the scattering curve was successfully
reproduced by using the form factor of a long cylinder with an elliptical
cross section with average minor and major axes of 7.4 and 13 nm,
respectively (Table S1). When the composite gels with 0.033 mg/mL and
0.33 mg/mL GO concentrations were considered, we observed that a
form factor comprising both the contribution of a long cylinder and a
lamellar structure was needed to correctly describe the experimental
data. The contribution of the lamellar structure is much larger than the
one provided by GO in water alone and consistent with a lamellar
thickness <1 nm. Also, for the composite gel with lower GO content, the
fitting in the q<1 nm™! region required a slightly wider fibril cross
section. In summary, SAXS results suggest that the composite gels
maintain the structure of the native gel to a large extent. However, the
fibril-forming material distributes partially with planar geometry,
possibly due to direct interaction with GO lamellae. Moreover, the
increased network branching and the estimated size of the fibrils cross
section in the composite gel suggest that the native fibrils may partially
associate in wider flat bundles, possibly induced by the interaction with
GO, favoring the formation of “junction zones” of the fibrillar network
with platelet-like geometry [37]. We can deduce that with a proper dose
of GO doping the fibrillar network formed by the peptides is not totally
destroyed and GO planes are well integrated in the composite by for-
mation of layers of peptide material and junctions of native fibrils on
them. This can possibly induce anisotropic mechanical properties® in
the isotropic peptide hydrogel, which could be relevant in view of the
application of these systems as injectable materials.

3.7. LIVE/DEAD assay

Previously published results have demonstrated the high compati-
bility of FmocPhes hydrogels in the absence of GO [24,28].

In this work we investigated the induction of toxic effects in Sf-MSCs
seeded on different hydrogel composites. After 24 h of cell culture, all
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Fig. 8. Live/dead assay on sf-MSCs cultured on GO-hydrogel composites. (a) 24
h of cell culture; (b) 48 h of cell culture; (c) 96 h of cell culture. In all the
experiments, control cells consisted in untreated cells (CTR) and cells exposed
to the adhesive component (PEI). Data are expressed as mean Fluorescence
Relative Units (FRU)+ SD (n = 3). * and # represent statistically significant
differences with CTR samples (p < 0.05).

the different hydrogels tested did not significantly affect the viability of
cells, although the level of dead cells increased compared to control
samples (Fig. 8).

After 48 h (Fig. 1b) and 96 h (Fig. 1c) of cell growth, the evaluation of
cell viability and cytotoxicity did not show any significant modifica-
tions, suggesting the lack of toxic events induced by different hydrogels
and the compatibility of all the scaffolds with a long term exposition.

Moreover, we verified that the hydrogel composites do not induce
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inflammatory responses in human blood cells (Fig. S1), that appears of
interest for future applications within vascularized tissues.

4. Conclusions

In this work, we developed an innovative hydrogel composite
formulation, based on FmocPhes and GO nanosheets [39]. Hydrogel
biosynthesis was not hindered by the presence of GO and the composite
hydrogels [40] largely maintained the fibrillar network structure of the
native FmocPhe3 hydrogel. The optimization of the GO amount (at
0.033 mg/mL) resulted in a good integration of GO planes in the com-
posite, that afforded a material with improved mechanical properties
that appears suitable for the future development of advanced biotech-
nological applications [41].
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