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of graphene nanoribbons and
nanoflakes with natural polymers
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João F. Mano,ab Maria C. Paiva*c and Natália M. Alves *ab

Graphene and its derivatives are promising as reinforcement for polymer nanocomposites. Additionally to

their inherent outstanding mechanical properties, these nanoparticles may be functionalized to enhance

their compatibility with the polymeric matrix and provide specific chemical and physical properties. In

this work, new freestanding films (FS) based on chitosan (CHI), alginate (ALG) and functionalized

graphene were developed using the layer-by-layer assembly. Suspensions of functionalized graphene

nanoflakes (f-GF) and nanoribbons (f-GNR) were prepared from expanded graphite (EG) and multi-

walled carbon nanotubes (MWNTs), respectively. The graphene nanoflakes and MWNTs were covalently

functionalized using a 1,3-dipolar cycloaddition reaction that allowed the nanoparticles exfoliation. f-

GNR and f-GF suspensions were characterized to demonstrate that graphene nanoflakes and MWNTs

were successfully functionalized and exfoliated. Then, the layer-by-layer deposition of CHI, ALG and

both types of functionalized graphene was investigated and FS films were produced. The morphology,

thermal and mechanical characteristics of the produced FS films were assessed. Their degradation and

swelling profiles as well as their biological behavior were evaluated. The incorporation of f-GF resulted in

smoother films while the incorporation of f-GNR resulted in rougher films. When compared with the

CHI/ALG bi-component films. Both graphene containing films remained hydrophobic. The graphene

incorporation in the multilayered FS was estimated to be 1.7 wt% for f-GF and 2.5 wt% for f-GNR. The

presence of functionalized graphene did not affect the thermal stability of the films, it increased the

storage modulus and the dynamic mechanical response at 1 Hz and 37 �C, and decreased the electrical

resistivity. The biological assays revealed cytocompatibility towards L929 cells when both f-GF and f-

GNR were incorporated in the CHI/ALG matrix. In conclusion, these new f-GF and f-GNR reinforced FS

films present great potential for use in biomedical applications such as films for wound healing or

cardiac and bone engineering.
1. Introduction

Graphene is a planar sheet of sp2 hybridized carbon atoms
densely arranged into a 2D honeycomb lattice.1–3 It is a zero-gap
semiconductor4 and the base structure of carbon allotropes
such as nanotubes and graphite.5 It presents a high elastic
modulus (z1 TPa) and a tensile strength of 130 � 10 GPa.6,7 It
also has the ability to sustain extremely high electric current
densities (a million times higher than copper) and presents
a high thermal conductivity, above 3000 W m�1 K�1,7 and
a large theoretical specic area of 2630 m2 g�1.8 Besides, most
studies indicate that graphene and its derivatives are
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biocompatible and have low toxicity, although no consensus
has been reached yet.9 Due to these outstanding characteristics,
graphene and its derivatives have been widely investigated in
a range of applications including in the biomedical eld, such
as biosensing/bioimaging,3 antibacterial materials,10 and drug/
gene delivery.9–11 Graphene has also been used as a ller in
medical implants, hydrogels and tissue engineering scaffolds.8

However, graphene is hydrophobic and presents poor disper-
sion in organic and aqueous solvents containing proteins, salts
or other ions. The functionalization of graphene appears as
a suitable strategy to allow the production of stable suspen-
sions3,8,11,12 and to enhance the compatibility between graphene
and a polymeric matrix,6,13 which results in the production of
composites with exceptional structural properties at low rein-
forcement loads.14 The functionalization of graphene may be
achieved via covalent and non-covalent modications. The
former leads to the formation of strong and stable interfaces
with polymeric matrices.3,15
This journal is © The Royal Society of Chemistry 2017
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Functionalized graphene nanoribbons (f-GNR) and func-
tionalized graphene nanoakes (f-GF) can be achieved by exfo-
liation, directly from functionalized multi-walled carbon
nanotubes (f-MWNTs) and expanded graphite (f-EG), respec-
tively.15,16 The covalent functionalization based on the 1,3-
dipolar cycloaddition reaction of azomethine ylides (DCA)15,17

demonstrated to induce the unzipping of carbon nanotubes,18

and showed a similar effect on graphene nanoakes.16 DCA is
a simple one-pot reaction which allows the homogenous func-
tionalization at large scale. Comparing to the covalent oxidation
of graphene that produces a signicant amount of structural
defects,19,20 DCA is not oxidative and does not affect the gra-
phene structure, thus the electronic properties of graphene are
preserved, being useful for further applications.18

Natural polymers have been extensively used in biomedical
applications due to their inherent biocompatibility and biode-
gradability.21 Chitosan (CHI) is a natural cationic polymer ob-
tained through deacetylation of chitin by hydrolysis.22–25 As
a polyelectrolyte, CHI can notably be employed for the prepa-
ration of multilayered lms, using the layer-by-layer (LbL)
deposition technique.23 CHI possesses a number of interesting
properties including biocompatibility, non-toxicity and biode-
gradability, a remarkable affinity to proteins, antibacterial,
fungi-static and anti-tumoral properties.26 Alginate (ALG) is
a natural anionic polymer which can be extracted from brown
algae or provided by bacterial biosynthesis.25,27,28 Due to its
biocompatibility, low-toxicity, biodegradation, gel-forming
ability and low cost, ALG has found numerous applications in
the biomedical eld, such as wound healing, drug delivery and
scaffolds for tissue engineering.27,28

LbL is a simple, robust, cost-effective, exible, and versatile
bottom up strategy to modify surfaces and fabricate functional
and thin multilayered lms with tailored thickness, composi-
tion, structure, properties and functions. It consists on the
sequential adsorption of polyelectrolytes with opposite charge
onto a substrate surface,29,30 via strong electrostatic forces and
also non-electrostatic forces such as hydrophobic interactions.31

Different multilayered devices may result with distinct shapes,
sizes and functionality such as freestanding (FS) lms.30,32 LbL
structures have been employed for a variety of biomedical
applications, such as in the coating of implantable devices,
biosensors, in drug/gene delivery, in tissue engineering and
regenerative medicine.30

The major disadvantages of natural polymers are their poor
mechanical and electrical properties.33 To overcome these
drawbacks, the reinforcement of natural polymers with gra-
phene and its derivatives has been reported, in order to syner-
gistically combine the strengths of the components and
optimize the primary properties.34 The resultant graphene
based-composites have shown signicant improvement in the
mechanical properties as well as in the electrical conductivity.35

Other advantages have been reported such as the increase of
cellular attachment and growth at biomaterials surface and the
production of more efficient biosensors.9

A considerable number of studies regarding LbL assembly
with graphene, graphene oxide (GO) and reduced graphene
oxide (rGO) have been published. However, only a reduced
This journal is © The Royal Society of Chemistry 2017
number of publications reported the production of composite
materials with graphene and natural polymers, using LbL
assembly. Barsan et al.36 reported the construction of a high
sensitivity biosensor through LbL technique. Multilayer lms
based on glucose oxidase and nitrogen-doped graphene both
dispersed in the positively-charged CHI and a negatively
charged polymer poly(styrene sulfonate) were assembled by
alternately immersing a gold electrode substrate in the two
aforementioned solutions.36 Tang and co-workers produced
multilayer lms of regenerated cellulose and GO by LbL
assembly with enhanced mechanical properties and electrical
conductivity, which make them promising for advanced
biochemical and electrochemical devices.37 We have also re-
ported the production of FS lms, based on CHI, ALG and GO
(from oxidized MWNTs and EG) using LbL assembly, in which
the produced FS lms presented interesting properties for
biomedical applications.38

According to the above observations, the present work
proposes for the rst time the production of FS multilayered
lms based on functionalized graphene, CHI and ALG using
LbL assembly, in which functionalized graphene (f-GF or f-GNR)
is used as nanoller to reinforce the intrinsic properties of the
polymeric matrix. The produced FS lms could be potentially
used in different biomedical applications, namely for tissue
engineering applications or wound healing. Initially, the
produced functionalized graphene was characterized by
ultraviolet-visible spectroscopy (UV-Vis), Raman spectroscopy
and thermogravimetric analysis (TGA). Before the production of
multilayered lms, quartz crystal microbalance with dissipation
(QCM-D) experiments were performed to investigate the best
conditions for the buildup of the lms. Aer that, FS lms were
produced and characterized by scanning electron microscopy
(SEM), atomic force microscopy (AFM) and TGA. The mechan-
ical performance, wettability, water uptake, degradation and
biological behavior of the obtained FS lms were also evaluated.

2. Experimental section
2.1. Materials

MWNTs (purity approx. 90%; average length ¼ 1.5 mm) were
supplied by Nanocyl™, Belgium (NC7000) and exfoliated
graphite (EG) (purity approx. 99.5%; average length ¼ 9.9 mm)
was obtained from Nacional de Grate Ltda., Brazil (Micrograf
HC11). The surface of MWNTs and EG was covalently func-
tionalized through the DCA reaction using the amino acid N-
benzyloxycarbonylglycine (Z-Gly-OH, 99%, from Aldrich), and
paraformaldehyde (reagent grade) from Sigma-Aldrich. The
reagents were mixed with MWNTs or EG using a small amount
of diethyl ether (stabilized with�6 ppm de BHT, from Panreac).
The functionalization was carried out according to the proce-
dure described for MWCNT.15 The washing of the functional-
ized products was carried out using absolute ethanol from
Fisher Scientic UK, commercial hexane from JMS and acetone
from Pronalab.

Both functionalized multi-walled nanotubes (f-MWNTs) and
functionalized expanded graphite (f-EG) suspensions were
prepared in ethanol absolute (from Fisher Scientic UK) for
RSC Adv., 2017, 7, 27578–27594 | 27579
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further exfoliation and posterior addition of distilled water
(DW).

Regarding the production of the FS lms, CHI (medium
molecular weight) was purchased from Sigma-Aldrich (Ger-
many), with a degree of N-deacetylation (DD) ranging from 75–
85% and a viscosity of 200–800 cps. Prior to be used, CHI was
puried by a recrystallization process. Sodium alginate from
brown algae (ALG) was purchased by Sigma-Aldrich, with
a viscosity of 5 to 40 cps.

2.2. Production of functionalized graphene suspensions

Functionalized graphene nanoribbons (f-GNR) and functional-
ized graphene nanoakes (f-GF) suspensions were obtained
directly from f-MWNTs and f-EG, through exfoliation, as
described by Paiva et al.15 Both f-MWNTs and f-EG were attained
through surface functionalization using a 1,3 dipolar cycload-
dition of azomethine ylides (DCA) reaction.15 It involved the
mixture of 5 g of N-benzyloxy-carbonylglycine with 50 mL of
diethyl ether. This suspension was le under magnetic stirring,
at room temperature, during 5 min. Aer that, 3.5 g of para-
formaldehyde was added. Once again, the suspension was kept
under magnetic stirring, at room temperature during 5 min.
Aerwards, 5 g of EG or MWNTs and 50 mL of ethyl ether were
added to the previous mixture, forming a slurry that was stirred
and heated to 30–35 �C, to evaporate ethyl ether, leaving an
homogeneous solid mixture. Then, the temperature was
increased to 250 �C and maintained for 3 h. During this stage
paraformaldehyde decomposes into formaldehyde, that reacts
with the melted Z-Gly-OH forming the corresponding 1,3-
dipole. The dipole reacts with the surface of MWNTs or EG
through cycloaddition, to originate a cyclic amine, or pyrroli-
dine. The resultant products were cooled, washed with ethanol
absolute, hexane, acetone and ethanol again. The products were
dried at 80 �C for 5 hours. Aer functionalization of MWNTs
and EF, two suspensions of graphene were produced in ethanol
absolute, namely with f-GNR and f-GF, following the procedure
described before for f-GNR.51 For that purpose, 0.5 g of f-
MWNTs or f-EG were suspended in 500 mL of ethanol abso-
lute. Their unzipping/exfoliation was carried out by subjecting
the suspensions to ultrasounds during 4 hours, in an ultra-
sound bath Sonorex Plus RK 102H from Bandelin. Aer that, the
suspensions were vacuum ltered using a Vacuum pump
(DS102, Varian) and then, by action of gravity using a PTFE
membrane lter (Whatman, UK). The resultant ethanol
suspensions of f-GNR and f-GF were then adjusted to obtain
suspensions with a concentration of 0.25 mg mL�1 in a mixture
of 25% ethanol and 75% DW. These percentages were estab-
lished aer an optimization process developed in another
study.39

2.3. Structural characterization of f-GF and f-GNR

Raman spectroscopy analysis was performed on a LabRAM HR
Evolution Raman spectrometer (Horiba Scientic, Japan) with
a laser excitation wavelength of 532 nm and the results were
analyzed using the LabSpec6 soware. The pristineMWNTs and
EG as well as f-MWNTs, f-EG and functionalized few-layer
27580 | RSC Adv., 2017, 7, 27578–27594
graphene formed in suspension (f-GNR and f-GF) were sprayed
on glass slides positioned on a heating plate for fast solvent
evaporation and deposition of the graphene products to be
analyzed. UV-Vis spectroscopy analysis of the ethanol suspen-
sions was also performed for additional evidence for the
formation of graphene and to determine the concentration of
the few-layer functionalized graphene in suspension, using
a UV-2401 PC spectrometer (Shimadzu, Japan) and quartz cells
with 1 cm path length. The thermal stability of f-EG and f-
MWNTs was evaluated by thermogravimetric analysis (TGA),
performed on a TA Q500 equipment (TA Instruments, USA). The
measurements were carried out under a nitrogen ow of 50 mL
min�1, within a temperature range from 40 �C to 800 �C, and at
a scanning rate of 10 �C min�1.
2.4. Real-time monitoring of multilayered lms

The buildup of the multilayered lms was monitored in real
time using a Quartz Crystal Microbalance with dissipation
(QCM-D). CHI (polycation), (f-GF or f-GNR)-ALG (polyanions)
were combined to form 6 bilayers.

CHI was dissolved overnight in a mixture of 75% DW/25%
ethanol and 1% (v/v) acetic acid (c ¼ 0.5 mg mL�1).45 Regarding
(f-GF or f-GNR)-ALG solutions, an appropriate amount of ALG
was dissolved in each graphene suspension (previously
prepared with c ¼ 0.25 mg mL�1) in order to fulll a concen-
tration of 0.5 mg mL�1. A washing solution (mixture of 75%
DW/25% ethanol) was also prepared. All solutions were
adjusted to pH 5.5.

Six bilayers of both (CHI/f-GNR-ALG)6 and (CHI/f-GF-ALG)6
were assembled, the adsorption time was 10 min and 5 min for
the polyelectrolytes and the washing solution, respectively. The
washing solution was used between each polyelectrolyte
deposition.

All QCM-D experiments were performed at 25 �C with a 50 mL
min�1

ow rate in a QCM-D E4 from Q-Sense Instruments,
Sweden. The QCM-D experimental data of the obtained visco-
elastic lms were modelled with a QTools soware from Q-
sense AB, according to a Voigt based model and using 3 over-
tones of frequency and dissipation (3rd, 5th and 7th). The solvent
viscosity selected was 1 mPa s and a lm density of 1 g cm�3.
The solvent density was varied between values from 1000 to
1030 kg m�3 in order to minimize the total error (c2).40–42
2.5. Production of the FS multilayered lms

Three types of FS lms composed of 200 bilayers were produced
using a homemade dipping robot. The lms were produced on
polypropylene (PP) supports and were named as (CHI/f-GF-
ALG)200, (CHI/f-GNR-ALG)200 and (CHI/ALG)200. The (CHI/
ALG)200 FS lms were use as control. Before the buildup, the PP
supports were thoroughly washed with ethanol and DW and
dried with compressed air. CHI, f-GF and f-GF-ALG solutions
were prepared as described in Section 2.4 but with a concen-
tration of 2 mg mL�1.45 Regarding f-GF and f-GNR-ALG solu-
tions, an appropriate amount of ALG was dissolved in each
graphene suspension in order to fulll a concentration of 2 mg
This journal is © The Royal Society of Chemistry 2017
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mL�1. A washing solution (mixture of 75% DW/25% ethanol)
was also prepared. All solutions were adjusted to pH 5.5.

PP substrates were immersed in the polyelectrolyte solutions
(CHI and f-GF or f-GNR-ALG) during 6 min, intercalated with
rinsing steps of 4 min.
2.6. Thermogravimetric analysis

Thermogravimetric analysis was performed on a TA Q500
equipment (TA Instruments, USA). Approximately 4 mg of each
FS lm was cut for the experiments. The process undergone
using a nitrogen atmosphere with a temperature range between
40 �C and 800 �C and at a scanning rate of 10 �C min�1.
2.7. Scanning electron microscopy of the FS lms

The morphologies of the upper side (facing outward) of the FS
lms were characterized, using a JSM-6010LV SEM (JEOL,
Japan), operating at 15 kV accelerating voltage. The samples
were previously sputtered with a gold layer, using a sputter
coater 108A (Cressington, UK). For the cross-section observa-
tions, the FS were dipped in liquid nitrogen until free fracture.
2.8. Atomic force microscopy imaging

In order to analyze their topography and roughness, dried FS
lms were imaged using a Dimension Icon AFM equipment
(Bruker, France) with an air cantilever (SNL-10D) (Bruker,
France) with a spring constant of 0.06 N m�1, operating in
a ScanAsyst mode. The topography of the FS lms was analyzed
with 512 � 512 pixels2 at line rates of 1 Hz. For surface rough-
ness analysis, AFM images with 5 � 5 mm2 were obtained, fol-
lowed by root mean squared roughness (RRMS) and average
height value (HAV) calculation. At least three measurements
were done for each type of lm. The analysis of the obtained
images was performed using NanoScope Analysis soware.
2.9. Contact angle measurements

In order to evaluate the wettability of the lm surfaces, water
contact angle measurements were performed using a goniom-
eter equipment model OCA15plus from DataPhysics Instru-
ments (Filderstadt, Germany). The sessile drop method was
applied, in which a 5 mL drop of pure water was deposited on the
sample surface by a syringe. As the water drop contacted the
surface, images were acquired and analyzed using the SCA 20
soware. At least three measurements of each condition were
performed on each lm surface.
2.10. Swelling ability studies

The swelling ability of the produced FS lms was measured by
soaking dry lms (previously weighed), in phosphate buffer
saline solution (PBS; Sigma, USA) at 37 �C during 5 min, 15 min,
30 min, 1 h, 3 h, 5 h, 7 h, 24 h and 48 h. Aer each soaking
period, the FS were taken from PBS solution, the excess was
removed with a lter paper and the FS were immediately
weighted. The water absorption percentage was calculated
according to eqn (1):43
This journal is © The Royal Society of Chemistry 2017
Water uptake ð%Þ ¼ Ww �Wd

Wd

� 100; (1)

where Ww is the weight of the FS in the swollen state at
a determined time point and Wd is the dry weight of the FS.
2.11. Weight loss

The weight loss of all produced FS lms caused by non-
enzymatic hydrolysis and enzyme-catalyzed hydrolysis, which
are two common degradation processes of natural polymers,
was evaluated by immersing previously dry weighed samples in
two different solutions: (i) a solution of PBS and (ii) a solution of
PBS with lysozyme from chicken egg white (Sigma-Aldrich) at
a concentration of 13 mg mL�1. The samples were stored in an
incubator for 7, 14, 21 and 28 days, at 37 �C. All solutions were
changed every two days. At each time point, the samples were
removed from the solution, washed with distilled water and
dried and, subsequently weighed. The weight loss was calcu-
lated using eqn (2):43

Weight loss ð%Þ ¼
�
Wi �Wf

�

Wi

� 100; (2)

where Wi is the initial dry weight of the sample before immer-
sion andWf is the nal mass of the dried sample at a given time
point. Each experiment was repeated three times and the
average value was taken as the weight loss.
2.12. Dynamical mechanical analysis

In order to evaluate the mechanical/viscoelastic properties of
the FS, DMA tests were performed using a Tritec 2000B equip-
ment (Triton Technology, UK), equipped with the tensile mode.
Samples were cut with a width of 5 mm and a length of 20 mm,
approximately. The thickness of each sample was determined in
three different points, using a micrometer (Mitutoyo, Japan).
Previously to the DMA tests, the samples were soaked overnight,
in a PBS solution, to reach the swelling equilibrium. FS lms
were clamped in the DMA apparatus with a grip distance of 10
mm and with total immersion of the sample in a Teon®
reservoir containing PBS. Themeasurements were carried out at
37 �C. Aer equilibrating at 37 �C, the DMA spectra were ob-
tained using a stress mode cycle of increasing frequency from
0.1 Hz to 1 Hz, in order to simulate the physiological loading
frequencies.44 A static pre-load of 1 N was applied during the
tests to keep the sample tight. At least three specimens were
tested for each condition.
2.13. Electrical resistivity measurements

The electrical measurements were performed following ASTM
D257, using a picoammeter 6487 (Keithley, USA). By varying the
voltage applied from �5.0 to 5.0 V, the current intensity was
measured using direct current measurements. All samples were
rectangular with an area of 1.68 � 10�4 m2 and their thickness
was measured before the test, using a micrometer (Mitutoyo,
Japan). The results presented are the average of 100 measure-
ments performed, for each applied voltage.
RSC Adv., 2017, 7, 27578–27594 | 27581
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2.14. Biological assays

2.14.1. Cell culturing and seeding. L929 mouse broblasts
line (L929, European Collection of Cell Cultures) were used in
order to test the in vitro biocompatibility of the (CHI/f-GF-
ALG)200, (CHI/f-GNR-ALG)200 and (CHI/ALG)200 for 1, 3 and 7
days. Cells were cultured in complete Dulbecco's modied
minimum essential medium (DMEM) medium supplemented
with 3.7 g L�1 sodium bicarbonate, 10% FBS and 1% penicillin–
streptomycin (pH 7.4), in 150 cm2 tissue culture asks and
incubated at 37 �C in a humidied air atmosphere of 5% CO2.
The medium was replaced, every 2–3 days.

Before cell seeding, samples with 10 � 10 mm2 were steril-
ized by immersion in 70% (v/v) ethanol for 2 h and by exposition
to UV light during 1 h. Aer, all FS lms were washed twice with
PBS and were immersed in cell culture medium for complete
swelling. The cells were seeded at a density of 50 000 cells per
sample and nourished with DMEM. The cultures were incu-
bated at 37 �C in a humidied air atmosphere of 5% CO2. The
same seeding procedure was used on TCPS in order to use them
as positive control.

2.14.2. DAPI–phalloidin staining. The morphology and
viability of the L929 cells was evaluated using uorescence
staining with phalloidin tetramethylrhodamine and 40,6-diami-
dino-2-phenylindole (DAPI). At each time point DAPI (1 : 1000
in PBS, pH¼ 7.4, Sigma Aldrich, USA) and phalloidin (1 : 150 in
PBS, pH ¼ 7.4, Sigma Aldrich, USA) were used. Before staining,
culture medium was removed and the samples were washed
with sterile PBS and xed by using formalin (10%, Thermo-
Fisher) for 30 min. Aer that, formalin was removed and the
samples were washed with PBS. Following this, phalloidin was
added, protected from the light and kept at room temperature
during 45 min. Subsequently, the samples were washed with
PBS and stained with DAPI for 15 min. The samples were
washed again with PBS and images were obtained using an
inverted uorescence microscope (Zeiss, Germany).

2.14.3. DNA quantication. The quantication of double-
stranded DNA (dsDNA) was used to investigate the cell prolif-
eration into the developed FS for 1, 3 and 7 days. Initially, cells
were lysed by osmotic (by adding ultra-pure water) and thermal
shock. The obtained supernatant was analyzed using PicoGreen
dsDNA kit (Life Technologies, UK). The recovered supernatant
was read on a microplate reader (BioTek, USA) using a 485 and
528 nm as excitation and emission wavelengths, respectively.
The DNA amounts were calculated from a standard curve. At
least triplicates were performed for each studied condition.
2.15. Statistical analysis

Presented data were expressed as average � standard deviation
(SD) of at least three replicates. The error bars present in the
graphics denote the SD. For AFM and WCA assays, the pop-
ulation was normally distributed and one way Anova followed
by Tukey's test were used. Specically for cellular assays, two
way Anova followed by Tukey's test were used. The statistical
analysis was performed using the soware GraphPad Prism 6.0
for Windows. Statistical signicance was accepted for a (*) p <
0.05.
27582 | RSC Adv., 2017, 7, 27578–27594
3. Results and discussion
3.1. Structural characterization of functionalized graphene

3.1.1. Raman spectroscopy. Raman spectroscopy is one of
the most relevant techniques for the characterization of carbon
and graphene based materials. Fig. 1 presents the Raman
spectra of (a) pristine EG, f-EG, f-GF (obtained aer ultra-
sonication of the f-EG during 4 h) and (b) pristine MWNTs, f-
MWNTs and f-GNR (obtained aer ultrasonication of the f-
MWNTs during 4 h). All the spectra exhibit the three charac-
teristic bands of graphene-based carbon materials (D, G and
2D).

The rst peak near 1342 cm�1 (D band) is due to the presence
of sp3 carbon atoms, indicating the presence of defects in the
hexagonal sp2 carbon lattice of graphene. The second peak near
1580 cm�1 (G band) results from in-plane vibration of the
ordered sp2 bonded carbon atoms.45,46 The intensity ratio
between D and G peaks (measured as the ratio of the D and G
peak areas, ID/IG) has been used as a method to quantify the
increase in disorder caused by covalent chemical modication,
ripples, edges and charged impurities.47 The third peak near
2700 cm�1 (2D band) has almost the double frequency of the D
band and results from the second order Raman scattering.48

This peak may be used to determine the number of stacked
layers (up to 5) in n-layer graphene, by the analysis of its shape,
width and position of the 2D band.47 Ferrari et al.49 reported that
an increase in the number of layers originates a broader 2D
band shied to higher wavenumber. Pure graphene presents
a single sharp 2D peak with higher intensity than the G band,
while in pristine graphite a double structure of the 2D peak is
observed, near 2720 cm�1.49,50 The Raman spectrum of MWNTs
exhibits a 2D band shied to 2683 cm�1 due to the strain
induced by the nanotube curvature on the graphene layers.46

The analysis of the Raman spectra in Fig. 1a shows that the
(ID/IG) for EG increased from 0.24 to 0.49 aer functionalization
(formation of f-EG), and this ratio further increased to 0.56 aer
f-EG exfoliation to form f-GF. The (ID/IG) increase may be related
to the increase in sp3 carbon relative to the overall sp2 carbon
content, due to the functionalization (from EG to f-EG) and then
due to the exfoliation process that yields thinner f-GF akes
(from f-EG to f-GF, since only the outer f-EG graphene layers are
functionalized).37 We also veried an increase in the (ID/IG) ratio
aer oxidation of EG in a previous work.38

The analysis of the Raman spectra in Fig. 1b shows that
MWNTs exhibit an inverse behavior, with a decrease of (ID/IG)
from 1.38 to 0.95 aer functionalization (formation of f-
MWNTs) and this ratio further decreased to 0.73 aer f-
MWNTs exfoliation to form f-GNR. The large (ID/IG) ratio
observed for the pristine MWNTs is due to the large fraction of
nanotubes containing defects. The functionalization process
may select the MWNTs with higher sp2 carbon content, since it
is based on a cycloaddition to sp2 carbon, thus forming f-
MWNTs with lower (ID/IG) than the overall pristine MWNTs in
spite of the covalent functionalization of their surface. In
a previous work, a similar decrease in the (ID/IG) ratio was
observed aer permanganate oxidation of the same grade of
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The Raman spectra obtained of (a) pristine EG, f-EG and f-GF and (b) pristine MWNTs, f-MWNTs and f-GNR.
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MWNTs.38 The f-GNR that result from unzipping of the outer
graphene layer of the f-MWNTs is a two-dimensional material
with a Raman spectrum that is similar to that of the graphene
derivatives in Fig. 1a.

The downshi of the 2D band from 2718 cm�1 (EG) to 2704
cm�1 (f-GF) and the higher symmetry of this band for f-GF
relative to EG and f-EG supports the few-layer nature of f-GF.49

Regarding the spectra of f-GNR, the upshi of the 2D band
position from 2683 cm�1 (MWNTs) to 2695 cm�1 is consistent
with the absence of MWNTs and formation of few-layer func-
tionalized graphene nanoribbons.49 Similar results were also
obtained by Cunha et al.51

3.1.2. Ultraviolet-visible spectroscopy. The UV-Vis spectra
of functionalized few-layer graphene (f-GF and f-GNR) suspen-
sions are presented in Fig. 2. The concentration of the func-
tionalized graphene in suspension was determined according to
the Lambert–Beer law, considering the weight absorptivity
coefficient (a) of 1600 L g�1 m�1 and 1400 L g�1 m�1 for f-GNR
and f-GF suspensions, respectively, at the wavelength of
250 nm, as was reported by Cunha et al.51 and by Xu et al.52 The
Fig. 2 UV-Vis spectra obtained for f-GF and f-GNR suspensions.

Table 1 Initial concentration, [C]i, of f-EG and f-MWNTs, concentration,

Suspension [C]i of functionalized precursor [mg mL�1]

f-GF 1.000
f-GNR 1.000

This journal is © The Royal Society of Chemistry 2017
UV-Vis spectra of f-GNR suspension in Fig. 2 exhibits
a maximum absorbance at 250 nm. These results are similar to
those reported by Cunha et al. and is consistent with the pres-
ence of materials with conjugated carbon–carbon bonds such as
graphene derivatives in solution.51

Regarding the UV-Vis spectra of f-GF suspension, it also
presents a maximum absorbance at 250 nm, attributed to p /

p* transitions.53

The concentration of the functionalized few-layer graphene
suspensions produced are presented in Table 1, as well as the %
yield of the exfoliation process.

Table 1 shows that both f-EG and f-MWNTs yield suspen-
sions with a reasonable concentration of f-GF and f-GNR. The
resultant suspensions of functionalized graphene were
concentrated for the production of the FS, which requires large
volumes of f-GF and f-GNR with a concentration of 0.25 mg
mL�1.

3.1.3. Thermogravimetric analysis. The functionalization
of MWNTs and EG by the DCA reaction was evaluated by TGA. f-
MWNTs and f-EG in powder form were analyzed. The results are
presented in Fig. 3.
[C], of f-GF and f-GNR suspensions and yield of the exfoliation process

[C] of functionalized
graphene in suspension [mg mL�1] Yield [%]

0.037 3.700
0.033 3.300

Fig. 3 The TGA curves obtained for pristine EG and f-EG (red lines),
and for pristine MWNTs and f-MWNTs (gray lines).
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The TGA results show that f-MWNTs and f-EG present
thermal degradation curves with similar shape. The onset of
thermal degradation is observed at a lower temperature for f-
MWNTs, however their overall weight loss at 800 �C is smaller
than that of f-EG. The pristine materials, EG and MWNTs, are
thermally stable along the temperature range analyzed, as ex-
pected for pristine materials with low contamination level.54,55

The weight loss measured for the functionalized materials is
due to the thermal degradation of the chemical groups bonded,
indicating the successful functionalization of MWNTs an EG. f-
EG and f-MWNTs exhibit a weight loss of 18.1 wt% and 11.3
wt%, respectively, at 800 �C.
Fig. 5 Evolution of thickness of ( ) (CHI/f-GF-ALG)6 and ( ) (CHI/f-
GNR-ALG)6 films as a function of the layers deposited calculated based
on the Voigt model.
3.2. In situ build-up if the multilayered lms

Aer characterization of both types of functionalized graphene
(f-GNR and f-GF) and since they were stable in suspension, their
potential to be assembled by LbL was evaluated. For that, QCM-
D was used to monitor in situ the deposition of the various
materials layers – Fig. 4.

The buildup of 6 bilayers is depicted through the variation of
the normalized frequency (Df/n) and dissipation (DD) of the 3rd,
5th and 7th overtone for (CHI/f-GF-ALG)6 and (CHI/f-GNR-ALG)6,
Fig. 4a and b, respectively. In both cases, it can be observed that
Df decreases with the injection of CHI and f-GF or f-GNR-ALG,
which means that the mass of these materials was adsorbed
on the surface of the crystal at each deposition step. Comparing
both (CHI/f-GF-ALG)6 and (CHI/f-GNR-ALG)6, a strong adsorp-
tion was veried for the lms containing f-GF. This fact is
possibly related to a stronger interaction between f-GF-ALG and
CHI when compared with f-GNR-ALG and CHI. Regarding DD, it
can be observed that is increasing with the injection of CHI and
f-GF or f-GNR-ALG in both cases. DD gives an indirect indication
of the lm's viscoelastic properties. Thus, such DD increase
demonstrates that the assembly of the multilayer lm is not
rigid and exhibits the typical viscoelastic behavior of polymeric
systems. Due to the obtained results, the adsorption behavior
does not obey to the Sauerbrey equation, conrming the
viscoelastic character of these lms.

The experimental results were modulated using the Voigt
model, in order to estimate the thickness, shear modulus, and
viscosity of the produced lms. By assuming rs ¼ 1000 kg m�3,
Fig. 4 Normalized frequency (Df/n) and dissipation (DD) changes measur
GNR-ALG)6. The data presents the 3rd ( ), 5th ( ) and 7th ( ) overtones.

27584 | RSC Adv., 2017, 7, 27578–27594
hs ¼ 0.001 kg m�1 s�1 and rL ¼ 1200 kg m�3, it was possible to
estimate the thickness of the lms as a function of adsorbed
layers. As expected, Fig. 5 shows that the thickness of both lms
increases as the adsorbed layers increase. A thickness of 125 nm
and 113 nm was estimated for (CHI/f-GF-ALG)6 and (CHI/f-GNR-
ALG)6, respectively. These estimated values are based on the
assumption that the adsorbed layers have a uniform thickness.

In addition to the thickness, the viscosity and the shear
modulus were also estimated under the same aforementioned
assumptions used for thickness – Fig. 6. It can be seen that both
properties are increasing while the buildup of the lms is
occurring for both (CHI/f-GF-ALG)6 and (CHI/f-GNR-ALG)6.
These results are similar to those reported in other studies
which are related to the deposition of viscoelastic lms.41,56
3.3. Scanning electron microscopy

Themorphology of the upper side (last layer produced) of the FS
lms as well as their cross-section were analyzed by SEM. All the
lms were easily removed from the PP substrate and demon-
strated an easy handling. Only the upper side was evaluated
since the lower side, which is in contact with the substrate, was
previously reported by us and concluded that leads to smoother
surfaces than the upper side of control lms57 or the upper side
of lms containing graphene.38
ed by QCM-D during the buildup of (a) (CHI/f-GF-ALG)6 and (b) (CHI/f-

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Viscosity ( ) and shear modulus ( ) of (a) (CHI/f-GF-ALG)6 and (b) (CHI/f-GNR-ALG)6 film as a function of the layers deposited calculated
with the Voigt model.

Fig. 7 SEM images of the upper side of the (a) control films, (b) (CHI/f-GF-ALG)200 and (c) (CHI/f-GNR-ALG)200. Cross-section of (a1) control;
(b1) (CHI/f-GF-ALG)200 and (c1) (CHI/f-GNR-ALG)200 FS films.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 27578–27594 | 27585
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The obtained results of the surface morphology of the
control lm, Fig. 7a, are similar to those reported in a previous
work.57 At a microscale, comparing (CHI/ALG)200 and (CHI/f-GF-
ALG)200, it is observed that the addition of f-GF resulted in less
Fig. 8 AFM surface results and images with respective 3D representation
RRMS and (e) HAV of all produced FS. Significant differences were state fo

27586 | RSC Adv., 2017, 7, 27578–27594
porous and smoother lms – see Fig. 7a and b, as also
conrmed by AFM (see Fig. 8). Concerning the FS lms with f-
GNR, Fig. 7c, they show less porosity than the control ones
and are rougher, as also conrmed by AFM (see Fig. 8).
of: (a and a1) control FS (b and b1) f-GF FS and (c and c1) f-GNR FS. (d)
r p < 0.01(**) and p < 0.05(*).

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04173j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 8
:5

7:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Concerning the cross-section of graphene lms (f-GF and f-
GNR lms), they are represented in Fig. 7b1 and c1, respec-
tively. All cross-sections exhibited wrinkle-like structures.
However, this seems to be emphasized by the presence of
functionalized graphene, since the control lm is more look-
alike a layered structure (Fig. 7a1). Besides, the cross-section
of f-GF lms shows a much denser structure than that of f-
GNR lms. This can be related to a much stronger interaction
between CHI and f-GF than CHI and f-GNR, which could result
in an enhancement of the mechanical properties, as suggested
by Han et al. for CHI/GO composites.58 Moreover, in the SEM
images of both graphene FS lms, no exposed f-GF nor f-GNR
sheets were found, which accentuates a strong interaction
with the surrounding polymers. Such behavior was also found
by Li et al. with genipin-cross-linked CHI/GO composites.59

All the produced lms show some porosity, which is an
important characteristic for biomedical applications. Indeed,
any scaffold for biomedical applications requires a porous
structure for transporting oxygen, nutrients and waste metab-
olites in and out of the material without compromising its
mechanical stability.32,57,60,61
3.4. Atomic force microscopy imaging

The 2D and 3D surface topographies of the upper side of the
lms were imaged using AFM – Fig. 8. The root-mean-square
deviation values of the surface roughness (RRMS) for the
region represented in Fig. 8a–c are presented in Fig. 8a.

It was previously reported by us that the substrate side of FS
lms (in contact with CHI) usually leads to atter surfaces than
their upper side, presenting a roughness of 49 � 15 nm.57

Regarding the RRMS of the upper side of control lms, they
present a moderate roughness of 117 � 2 nm. This moderate
roughness may be explained by the signicant presence of some
polymeric loops and tails, producing rough surface areas.62

When f-GF and f-GNR were incorporated into the polymeric
matrix, some changes were visualized. Regarding (CHI/f-GF-
ALG)200 lms, a decrease in the RRMS is veried, comparing to
the control ones, as visible from Fig. 8b and b1, where the FS
evidenced a roughness value of 75 � 3 nm. This effect may be
explained by the at topography characteristic of graphene-
based materials. Opposite results were obtained in a previous
Fig. 9 TGA graphic representation (a) thermogravimetric (TGA) curves w
800 �C and (b) derivative of the weight loss curves (DTGA) for all produc

This journal is © The Royal Society of Chemistry 2017
work when o-GF with CHI and ALG was used in multilayered FS
lms.38

On the other hand, the (CHI/f-GNR-ALG)200 FS lms exhibi-
ted the highest RRMS value of 164 � 39 nm, as visible from
Fig. 8c and c1. This was an expected behavior because, similar
to CNTs, nanoribbons easily bend or present a twisted
morphology, which may result in bundles structures.62 Similar
results were obtained with GO by Gudarzi et al.63 as well as by us
in a previous work,38 in which an increase in the RRMS was
veried when o-GNR was used in the polymeric multilayered
lms.

Considering the potential biomedical application of FS lms
with f-GF and f-GNR, it should be noted that roughness is
related to cell adhesion. Indeed, generally smoother surfaces
exhibit lower cell adhesion than rougher surfaces.61 Thus, the
higher roughness of (CHI/f-GNR-ALG)200 lms may benet the
cell adhesion and proliferation. Biological assays conrmed
this feature (Section 3.11 – Fig. 15). The presence of f-GNR
increased the surface roughness and clearly enhanced both
the cell adhesion and proliferation of these FS lms when
compared with the ones with f-GF.

The average height (HAV) values are shown in Fig. 8e). The
HAV values range from 55 to 131 nm, being the lowest value for
the (CHI/f-GF-ALG)200 FS and the highest one for the (CHI/f-
GNR-ALG)200 lm. It is possible to see that these values are near
to the RRMS ones, which indicates that the roughness is constant
along the FS lm.
3.5. Thermogravimetric analysis

TGA analysis was performed in order to evaluate the thermal
stability and the weight composition of the FS lms produced.
The results are illustrated in Fig. 9a and b. It can be seen that
both lms with graphene present a similar thermal stability
compared with the control one when heated up to 800 �C under
inert atmosphere, which means that the thermal stability is not
affected by the presence of functionalized graphene. The initial
weight loss below 200 �C is mostly related to the elimination of
strongly adsorbed water and it slightly decreases in the presence
of f-GF or f-GNR. The major weight loss was veried in the
temperature range from 200 �C to 360 �C, due to the decom-
position of the polymeric materials as well as the functional
ith inset showing a magnification for the temperature range of 795–
ed FS, as a function of temperature (�C).
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groups of f-GF or f-GNR. Similar behaviors were reported by
Wang et al.64 for composites with CHI and graphene derivatives,
Ionita et al.65 for ALG and GO composites and for CHI/ALG with
o-GF or o-GNR composites.38 It is observed that the weight loss
tends to stabilize above 600 �C, leaving a residual carbonaceous
material from the thermal degradation of f-GF, f-GNR and from
the polymer carbon backbone. As shown in Fig. 9a, the lms
containing f-GNR and f-GF present a slightly higher residual
weight relative to the control ones. In fact, the incorporated
graphene derivatives undergo a small weight loss correspond-
ing to the degradation of the functional groups bonded to their
surface, leaving the graphene material intact, which is charac-
terized by high thermal stability under inert atmosphere. The
residual weight of the (CHI/f-GF-ALG)200 and (CHI/f-GNR-
ALG)200 lms is approximately 31.4 wt% and 32.2 wt%,
respectively. The difference between the residual weight
measured from f-GF lms and the control lms (without gra-
phene) was approximately 1.40 wt% while for f-GNR lms, this
difference was about 2.20 wt%. Considering that, at 800 �C, f-EG
and f-MWNTs presented a residual weight of about 81.9 wt%
and 88.7 wt% respectively (Fig. 3), the weight content of f-GF
and f-GNR in the FS was estimated to be approximately 1.7
wt% and 2.5 wt%, respectively.
3.6. Water contact angle measurements

In order to evaluate the wettability of the surfaces of all
produced FS lms, water contact angle measurements were
performed. Only the upper side of each condition was evaluated
– see Fig. 10. Regarding the control lm, the upper side corre-
sponds to ALG side and shows a WCA of 103 � 0.6�, i.e. around
100�. Similar results were also obtained in a previous work for
CHI/ALG lms.32 Comparing the upper side of the (CHI/f-GF-
ALG)200 and (CHI/f-GNR-ALG)200 FS, they present WCA values of
95.3 � 0.4� and 92.7 � 0.7�, respectively, which means that the
presence of both functionalized graphene akes and graphene
nanoribbons confers signicant differences in terms of wetta-
bility when compared to the control lm. Indeed, both f-GF
Fig. 10 Water contact angle measurements with representative
images for the upper side of each produced condition. Significant
differences were state for p < 0.0001(****).

27588 | RSC Adv., 2017, 7, 27578–27594
lms and f-GNR lms show a decrease in the WCA, which
means that both FS lms although remaining hydrophobic,
they became more hydrophilic when functionalized graphene
was added. This behavior was also veried by other works.66

Eventually, the functional groups of modied graphene or even
the surface morphology turn these FS lms more hydrophilic
than the control lm.66

Regarding the down side of FS lms, in all cases, is the same
material, CHI, so the same behavior is expected. The WCA of
CHI side was already extensively reported and presents a WCA
around 100�. In a previous study, we already reported a WCA of
100� in CHI/ALG multilayered lms, too.32
3.7. Swelling ability studies

The swelling behavior of the produced FS was evaluated during
48 h in PBS at 37 �C. The obtained results are illustrated in
Fig. 11. Regarding the control lms, the results show that they
attained the equilibrium aer 5 h, reaching a maximum
swelling of approximately 1028%. On the other hand, it is
veried that the incorporation of both forms of functionalized
graphene in the polymeric matrix reduces the water uptake
(WU). Besides, more time is necessary to achieve the WU equi-
librium, especially for the FS lms containing f-GF. Similar
results were obtained in multilayered FS lms based on GO with
ALG and CHI.38 Both f-GF and f-GNR lms attained a maximum
swelling of about 707% and 571%, respectively. This behavior
may be related to the strong interfacial adhesion between the
functionalized graphene and the polymeric matrix, which
results in lower space for water storage capacity and diffusion,
as was suggested by other authors.59,65 Since the WU decreases,
these strong interactions between functionalized graphene and
natural polymers seem to have more impact in their swelling
ability than the hydrophilic nature of multilayered lms. So, the
incorporation of both types of functionalized graphene in CHI/
ALG lms seems to be an adequate strategy to control the
swelling behavior, replacing the cross-linking methods. This
behavior turns graphene-based composites promisors for
application in heart valves or skin scaffolds as suggested in
literature.59
Fig. 11 Variation of the water uptake ability as a function of time of
control films (black round symbol), f-GF films (red square symbol) and
f-GNR films (gray triangle symbol) in PBS at 37 �C during a period of
48 h.

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Degradation behavior of control films (black line), f-GF films
(red line) and f-GNR films (gray line) when immersed in PBS and PBS
with lysozyme over a period of 28 days at 37 �C.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 8
:5

7:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.8. Degradation studies

When a biomaterial is implanted in the human body the
degradation rate of this biomaterial is one of the most impor-
tant features, since the formation of the new tissue should
match with the degradation of the material. Therefore, the
biomaterial must be degrade only aer appropriately
completing its function.67,68 The degradation behavior of all
produced FS lms were assessed and are presented in Fig. 12.

The weight-loss of f-GF, f-GNR and control lms was caused
by non-enzymatic hydrolysis and enzyme-catalysed hydrolysis,
which are two common degradation processes that occur in
natural polymers.67,68 For the enzyme-catalyzed hydrolysis eval-
uation a lysozyme solution was used, which is the main enzyme
involved in the degradation of chitin derivatives such as CHI. It
is present in human serum in concentrations around 7–13 mg
L�1.69 For convenience, the maximum concentration was
employed during this study.

Fig. 12 presents the degradation behavior of f-GF, f-GNR and
control lms when immersed in both PBS and PBS + lysozyme
during 7, 14, 21 and 28 days.

Independently of the solution used, the degradation was
more pronounced in the rst seven days for all the studied
lms. At 7 days, when immersed in PBS medium, it was
observed that the control lm reached a higher weight loss than
the other formulations. The weight loss was around 24%, 23%
and 20% for the control lm, (CHI/f-GF-ALG)200 and (CHI/f-
GNR-ALG)200 FS, respectively. Moreover, a higher weight loss
was veried for the same period when the samples were incu-
bated in the PBS + lysozyme solution where a value of 27%, 26%
and 25%was veried for the control lm, (CHI/f-GF-ALG)200 and
(CHI/f-GNR-ALG)200 FS, respectively. According to Justin et al.70

this major initial degradation in PBS + lysozyme may be
attributed to the lysozyme reaction to the abundant CHI chains
containing at least 3 acetyl units.

Aer 7 days of degradation in both solutions, it is clearer the
higher weight loss of the control lms, comparing to the lm
with functionalized graphene. At the end of the degradation
study, 28 days, a weight loss of about 32%, 29% and 24% was
achieved for the control lm, (CHI/f-GF-ALG)200 and (CHI/f-
GNR-ALG)200 FS, respectively with samples immersed in PBS.
For the same period of time but with the samples soaked in PBS
+ lysozyme solution, a weight loss of about 32%, 31% and 27%
This journal is © The Royal Society of Chemistry 2017
was found for the control FS, (CHI/f-GF-ALG)200 and (CHI/f-
GNR-ALG)200 FS, respectively. In general, it was veried that the
control lm presented a higher weight loss than the lms
containing f-GF and f-GNR, either in PBS or PBS + lysozyme
medium. These results indicate that the incorporation of f-GF
and f-GNR seems to induce a greater resistance to degrada-
tion. This behavior may be related with the water uptake
capability of the lms. Indeed, f-GF and f-GNR lms present
lower capability to swell and lower quantities of PBS and
enzyme enter into the polymeric matrix, which results in lower
weight loss, either by hydrolysis or by enzyme-hydrolysis
action.59 Li et al. also observed a greater resistance to enzy-
matic degradation by increasing GO content.59
3.9. Dynamical mechanical analysis

DMA is an adequate technique for characterizing the
mechanical/viscoelastic properties of biomaterials since it can
use test conditions that closely simulate the physiological
environment.32

DMA experiments were performed in order to evaluate the
effects of the incorporation of functionalized graphene on the
mechanical/viscoelastic properties of CHI/ALG FS lms.
Fig. 13a) presents the variation of the storage modulus, E0 along
the frequency, from 0.1 to 1 Hz (physiological frequencies). For
all produced lms, it is veried that E0 increases with frequency,
which is a particular behavior of viscoelastic materials.71 Such
behavior was already veried in previous works for the control
lm.72,73 The incorporation of f-GF and f-GNR resulted in an
increase of their stiffness which is a typical behavior veried in
other studies regarding graphene-reinforced composites with
CHI,74 ALG75 and with a CHI/ALG matrix38 in which it was found
that, even for an amount of graphene as low as 0.1 wt% an
increase in stiffness of approximately 2 times was veried. In
this work, such increase in stiffness is more marked for the
lms containing f-GF. Indeed, Fig. 13a shows that the addition
of f-GF results in a higher E0, reaching values 6.6 times higher
than the control lm while the addition for f-GNR generated
values 3.8 times higher than the control lms. Similar results
were obtained in a previous work with FS lms composed of
CHI, ALG and GO.38 In the water uptake experiments it was
veried that the control lms had the higher ability to swell
(about 1000%), in which more water was able to enter in the
polymeric matrix leading to molecular mobility and thus, so-
ening the lms. Although a higher water uptake was veried for
the (CHI/f-GF-ALG)200 (about 700%) than the (CHI/f-GNR-
ALG)200 FS (about 600%), it is veried that the former ones are
stiffer. This could be ascribed to the less porous structure of
(CHI/f-GF-ALG)200 lms as veried by SEM.

The loss factor, tan d it is the ratio of the amount of energy
dissipated by viscous mechanisms relative to energy stored in
the elastic component. It is a measure of energy loss and
provides information about the damping properties of the
lms.76 The variation of tan d as a function of the frequency is
presented in Fig. 12b. Overall, all the produced FS ms present
the same behavior. (CHI/f-GNR-ALG)200 lms exhibited slightly
higher tan d values, indicating that such lms possess a slightly
RSC Adv., 2017, 7, 27578–27594 | 27589
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Fig. 13 DMA experiments: variation of (a) storagemodulus and (b) loss factor as a function of the frequency, ranging from 0.1–1 Hz, at 37 �C of f-
GF films, f-GNR films and control films while immersed in PBS to closely simulate the physiological conditions.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 8
:5

7:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
higher capacity to dissipate energy. This could be the result of
the larger area covered by the interface between the polymeric
matrix and the particles for the former composite, that could
contribute more for the dissipation of mechanical energy.76

tan d exhibit higher values at low frequencies, and close to
0.3 around 1 Hz (biological frequency) thus, indicating the
viscoelastic character of the produced FS lms. DMA and
specically this parameter are important when considering the
potential of the developed FS lms for biomedical application.
A biomaterial is subjected to periodic loads in many situations,
for example, the biomaterials for cardiovascular applications
experiment the pulsed blood pressure. Besides, the viscoelastic
character of these lms has particular interest since living
tissues and their biological constituents also exhibit a visco-
elastic behavior at certain stimuli, when subjected to mechan-
ical solicitations.77
3.10. Electrical resistivity measurements

The electrical resistivity of the FS lms was determined by
measuring the current that passes through the control lm and
the lms containing f-GF and f-GNR (volume resistivity) in the
voltage range between �5.0 and 5.0 V, see Fig. 14. It was
observed that the incorporation of f-GF and f-GNR in the
Fig. 14 I–V curves obtained for the control, f-GF and f-GNR films
between �5.0 V and 5.0 V with inset showing a magnification for
voltages between �1.0 V and 1.0 V.

27590 | RSC Adv., 2017, 7, 27578–27594
polymeric matrix led to a decrease in the electrical resistivity
from 3.00 � 1012 U m to 1.66 � 1010 U m and 2.25 � 109 U m,
respectively. Several studies report a decrease of electrical
resistivity in composites with graphene or graphene derivatives
as llers.78–82 For instance, Li and co-workers reported a similar
trend for the resistivity of GO/polystyrene composites contain-
ing z2 wt% and 2.5 wt% of GO.83

The structure of the lms produced is obtained by the
deposition of two polymer layers in which one of them is
combined with graphene. The low graphene content and the
layered morphology, where an insulating polymer alternates
with a polymer/graphene composite, limits the volume resis-
tivity measured perpendicular to the layer direction. Although
the f-GF and f-GNR containing FS lms still present a resistive
behavior, their electrical resistivity decreased by two and three
orders of magnitude, respectively, which is a promising indi-
cation for the production of conductive lms with higher gra-
phene content.
3.11. Biological assays

The cytocompatibility of the produced FS lms was evaluated
through in vitro culture studies by using L929 broblasts cells
during 1, 3 and 7 days.

To understand how cells adhered to the lms and to observe
their morphology, a DAPI–phalloidin test was performed – see
Fig. 15. Comparing all the formulations, it can be noticed that
cells behave quite differently for each condition. Although
presenting a round shape on day 1, the cells started to adhere to
the FS surface. Comparing all the formulations, the (CHI/f-GNR-
ALG)200 lms and TCPS presented more cells attached on its
surface than the (CHI/f-GF-ALG)200 lms and the control ones.
Aer 3 days, although an increase in cell number was veried
for all conditions, the (CHI/f-GF-ALG)200 lms were the ones
where the increase was not pronounced. Regarding the cell
morphology, cells are better spread and revealed an elongated
shape morphology for the (CHI/f-GNR-ALG)200 FS lms and
TCPS. In the case of (CHI/f-GF-ALG)200 lms, the cells were more
round than the other conditions and, the cells on the surface of
the control lm even formed some agglomerates. At day 7, the
cell density increased for all conditions studied. Some cells on
This journal is © The Royal Society of Chemistry 2017
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Fig. 15 Evaluation of cells' morphology using DAPI for nuclei staining (blue labelled) and phalloidin for F-actin filaments staining (red labelled) by
fluorescence microscopy at 1, 3, and 7 days post-seeding on control films, f-GF films, f-GNR films and TCPS. The scale bar is 50 mm and is the
same for all images.

Fig. 16 Cellular proliferation through the determination of the DNA
content (DNA quantification assay) for 1, 3 and 7 days for (CHI/ALG)200,
(CHI/f-GF-ALG)200 and (CHI/f-GNR-ALG)200. Significant differences
were found for p > 0.05(*); p > 0.01(**); p > 0.001(***) and p >
0.0001(****).
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the control and on the f-GF lm start to change their shape
morphology, being more elongated. Regarding the cell
morphology of the (CHI/f-GNR-ALG)200 lms, they revealed
a comparable morphology and behavior with TCPS. Cell
attachment to hydrophilic surfaces occurs more readily and
more strongly than to hydrophobic ones.84 The increase in
surface roughness and the subsequent increase in surface area
are important features to enhance cell attachment, indepen-
dently of the cell type as was veried in other previous work.85

Indeed the surface of (CHI/f-GNR-ALG)200 lms presents lower
water contact angle and higher roughness than that of (CHI/f-
GF-ALG)200 lms.

DNA quantication was used to assess the cell proliferation
over a period of 7 days and the results are presented in Fig. 16.
All the tested conditions presented an increase in cell prolifer-
ation, over the time period of the experiments. At day 1,
signicant differences were found between TCPS and both
control and f-GNR lms (p > 0.01(**)). In contrast no signicant
This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 27578–27594 | 27591
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differences were found between TCPS and (CHI/f-GF-ALG)200
lms. At day 3, signicant differences were found for TCPS in
relation to all the others conditions (p > 0.0001(****)). Besides,
for the same period of time, (CHI/f-GNR-ALG)200 lms exhibited
signicant increase in relation to both control and f-GF FS (p >
0.0001(****)). Also, the control lms proliferated more than the
(CHI/f-GF-ALG)200. At day 7, TCPS exhibited the same differ-
ences as the ones veried at day 3. In addition, f-GNR lms
presented signicant differences when compared with both
control and f-GF lms (p > 0.0001(****)). It was also veried that
the L929 cells proliferated more on the control lm than on the
(CHI/f-GF-ALG)200 lm.

Overall, the biological assays demonstrated that the pres-
ence of f-GF and f-GNR in the polymeric matrix lead to different
effects on L929 cell behavior. When f-GNR is present, an
enhancement in terms of adhesion and cell proliferation was
veried comparing to both control and f-GF lms. Overall, the
presence of both f-GF and f-GNR in the polymeric matrix
enhanced the biological behavior of L929 cells. The better
cytocompatibility of the (CHI/f-GNR-ALG)200 FS lms may be
related to their lower hydrophobicity and higher roughness.
Other works reported an enhanced cell behavior when graphene
were included in the polymeric matrix.38,82,86
4. Conclusions

(CHI/f-GF-ALG)200 and (CHI/f-GNR-ALG)200 FS lms were
successfully produced through LbL assembly. The incorpora-
tion of f-GF and f-GNR imparts distinctive properties relative to
the control FS lms. TGA analysis estimates an incorporation of
approximately 1.7 wt% of f-GF and 2.5 wt% of f-GNR in the FS
lms. Both FS lms presented lower porosity than the control
ones. The incorporation of f-GF led to FS lms with lower
roughness while an opposite effect was observed with the
incorporation of f-GNR. Both graphene reinforced FS lms
revealed the enhancement of the storage modulus, the (CHI/f-
GF-ALG)200 FS lms reaching the higher stiffness. A decrease in
water contact angle was observed with the incorporation of f-GF
and f-GNR, although both lms remain hydrophobic. Besides,
the resistance to degradation by hydrolysis and enzymatic
action was enhanced in both FS lms containing the func-
tionalized graphene while the swelling ability decreased. Elec-
trical measurements revealed that the incorporation of 1.7 and
2.5 wt% of f-GF and f-GNR, respectively, in the (CHI/f-GF-
ALG)200 and (CHI/f-GNR-ALG)200 FS lms induced a decrease of
the electrical resistivity by two and three orders of magnitude,
respectively. The biological assays with L929 cells revealed that
all the produced FS lms were cytocompatible and, in partic-
ular, the L929 were able to proliferate more on the surface of the
(CHI/f-GNR-ALG)200 lms.

The results obtained in this work demonstrate the produc-
tion of FS lms containing graphene derivatives, (CHI/f-GF-
ALG)200 and (CHI/f-GNR-ALG)200, with promising properties for
biomedical applications such as wound healing and tissue
engineering of bone and cardiac tissues.
27592 | RSC Adv., 2017, 7, 27578–27594
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23 F. Croisier and C. Jérôme, Eur. Polym. J., 2013, 49(4), 780–

792.
24 M. Akili, M. Rafatullah, B. Salamatinia, A. Z. Abdullah,

M. H. Ibrahim, K. B. Tan, Z. Gholami and P. Amouzgar,
Carbohydr. Polym., 2014, 113, 115–130.

25 T. Zerzopoulou, G. Z. Kyzas and D. N. Bikiaris, Materials,
2015, 652–683.

26 I. Y. Kim, S. J. Seo, H. S. Moon, M. K. Yoo, I. Y. Park, B. C. Kim
and C. S. Cho, Biotechnol. Adv., 2008, 26(1), 1–21.

27 K. Y. Lee and D. J. Mooney, Prog. Polym. Sci., 2012, 37(1), 106–
126.

28 D. S. Morais, M. A. Rodrigues, T. I. Silva, M. A. Lopes,
M. Santos, J. D. Santos and C. M. Botelho, Carbohydr.
Polym., 2013, 95(1), 134–142.

29 J. Borges and J. F. Mano, Chem. Rev., 2014, 114(18), 8883–
8942.

30 R. R. Costa and J. F. Mano, Chem. Soc. Rev., 2014, 43, 3453–
3479.

31 C. Picart, F. Caruso, J. Voegel and G. Decher, Layer-by-layer
lms for Biomedical Application, John Wiley & Sons, 2014.

32 J. M. Silva, S. G. Caridade, N. M. Oliveira, R. L. Reis and
J. F. Mano, J. Mater. Chem. B, 2015, 3, 4555–4568.

33 I. Armentano, M. F. Dottori, E. Fortunati, S. Mattioli and
J. M. Kenny, Polym. Degrad. Stab., 2010, 95(11), 2126–2146.

34 K. Hu, D. D. Kulkarni, I. Choi and V. V. Tsukruk, Prog. Polym.
Sci., 2014, 39, 1934–1972.

35 W. K. Chee, H. N. Lim, N. M. Huang and I. Harrison, RSC
Adv., 2015, 5, 68014–68051.

36 M. M. Barsan, M. David, M. Florescu, L. Ţugulea and
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