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A B S T R A C T

Chronic wounds (CWs) treatment still represents a demanding medical challenge. Several intrinsic physiological
signals (i.e., pH) help to stimulate and support wound healing. CWs, in fact, are characterized by a predominantly
alkaline pH of the exudate, which acidifies as the wound heals. Therefore, pH-responsive wound dressings hold
great potential owing to their capability of tuning their functions according to the wound conditions. Herein,
porous chitosan (CS)-based scaffolds loaded with cellulose nanocrystals (CNCs) and graphene oxide (GO) were
successfully fabricated using a freeze-drying method. CNCs were extracted from bagasse pulps fibers through
acid hydrolysis. GO was synthesised by Hummer's method. The scaffolds were then ionically cross-linked using
the amino acid L-Arginine (Arg), as a bioactive agent, and tested as potential pH-responsive wound dressing.
Notably, the effect of CNCs and GO singly and simultaneously loaded within the CS-Arg scaffolds was investi-
gated. The modulation of CNCs and GO content within CS-Arg scaffolds facilitated the development of scaffolds
with an optimal pH-dependent swelling ratio capability and extended degradation time. Furthermore, CS/CNC/
GO-Arg scaffolds exhibited tuned biological features, in terms of antimicrobial activity, cellular proliferation/
migration ability, and the expression of extracellular matrix specific markers (i.e., elastin and collagen I) related
to wound healing in human dermal fibroblasts.

1. Introduction

Chronic wounds (CWs) are difficult-to-heal spontaneous lesions,
affecting over 10 million patients yearly [1], and require interdisci-
plinary patient-tailored treatments. Additionally, several common
comorbidities (i.e., diabetes, neurodegenerative disorders, vascular and
autoimmune diseases) often may hamper the normal healing phases [2].
The normal course of wound healing is a dynamic and well-organized
physiological process, involving different biological and molecular
events, such as haemostasis, cell migration, proliferation, and extracel-
lular matrix (ECM) remodelling. Different cell types (i.e., neutrophils,
macrophages, pathogens, keratinocytes, fibroblasts and endothelial
cells) control the evolution of the healing [3,4]. However, this process
may be hindered by microbial colonization, fostered by the

alkalinisation of the wound's exudate due to ammonium release [5]. The
pH of the wound's exudate plays a crucial role in wound healing, helping
to control infection by increasing antimicrobial activity of the exudate,
as well as enhancing oxygen release, angiogenesis and protease activity
[6]. Several wound-care formulations have been designed by using
bioactive compounds (i.e., chemical drugs, metallic nanoparticles,
growth factors, and plant extracts) [7–9] to control the pH homeostasis
and trigger the newly synthesised ECM [10–15].

Natural polymers, such as polysaccharides and proteins, have been
widely used for developing wound dressings, in the form of patches,
hydrogels or scaffolds, due to their unique combination of high-water
content, softness, flexibility, and biocompatibility properties [16–18].
However, despite the promising results achieved to date with natural
polymer-based strategies for the management of CW, these solutions
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have shown clear limitations in tackling each event of this pathological
condition and in addressing skin tissue regeneration in a customised
way.

Chitosan (CS) has been widely employed polysaccharide for the
fabrication of pH-sensitive scaffolds [19]. Indeed, it exhibits a chemical
similarity to the glycosaminoglycans (GAG) of the ECM, excellent
biocompatibility, intrinsic antibacterial, immune modulator properties,
which are crucial for promoting wound healing in vivo [20,21]. How-
ever, as for all natural polymers, pure CS-based scaffolds need to be
stabilised and reinforced. To overcome this drawback, crosslinker agents
have been commonly used [22]. Amino acids have recently received
great interest as alternative bio-crosslinkers, for example Arginine (Arg)
[23–29]. Izzo et al. were among the first to prove the capability of Arg to
enhance CS stability and support stromal cells survival and proliferation
[23]. During the wound healing process, Arg may also exhibit antioxi-
dant and antimicrobial properties [28,29], as has the ability to induce
many favourable cellular processes (i.e., collagen synthesis, angiogen-
esis and epithelialization) through the production of nitric oxide [27].

Another possible strategy consists of using (micro-)/nano-fillers,
such as cellulose-derivatives and carbon-based nanomaterials, for
physico-chemical reinforcement [30,31]. Lately, agricultural residues
have gained an enormous interest due to their potential high economic
value to the global economy [32]. Egypt is one of the leading producers
of agricultural biomasses [33]. Cellulose and its derivatives, like cellu-
lose nanocrystals (CNCs), can be obtained from different biomasses
under acidic or enzymatic hydrolysis. CNCs, in the form of rod-like or
whisker-shaped highly crystalline nanostructures (length ≈ 100–200
nm, cross-section ≈ 5–20 nm) [34], may result from the acid hydrolysis
of agricultural by-products (i.e., bagasse, wood pulp, rice straw and
sesame seed meal) [35]. Given the high strength and stiffness, the
remarkable absorption capacity and the dimensional anisotropy, CNCs
have been used as chemical or physical reinforcing agents for polymer
composites [34,36]. De France et al. highlighted that physical incorpo-
ration of CNCs at concentrations of 0.1–5 wt%within a polymeric blend,
resulted in enhanced stability and a swelling ratio up to 1500-fold the
dry mass in water [34]. Similarly, Rao et al. developed xanthan/CS
hydrogels functionalised with CNCs (from 2 to 10 wt%). The authors
showed a significant increase in mechanical stability [37] due to the
highly crystalline structure of CNC and the existence of intra- and inter-
molecular hydrogen bonds with the matrix [38]. Meanwhile, Yue Shan

and co-workers developed sodium alginate/gelatin scaffold embedding
CNCs (0.5–5 wt%) with enhanced mechanical strength and facilitated
remarkable wound healing efficacy, accelerating re-epithelialization,
increasing collagen deposition and ECM remodelling [39].

Graphene oxide (GO) has been lately employed as a filler within a
polymer matrix to confer antimicrobial properties [21,40,41]. In fact,
GO and its derivatives have proved a broad range of antimicrobial ac-
tivity toward bacteria, fungi and viruses [42–46], by damaging the
bacterial membrane, interrupting the cell cycle or inducing bacterial cell
death through inflammatory cascade activation [47–50].

Herein, the main driving idea of this work was the development of an
easy-to-handle pH-responsive scaffold able to yield stage-specific treat-
ment and accelerate wound healing. Particularly, the hypothesis beyond
the research was to obtain a stable and active platform at pH 8, to tackle
microbial colonization owing to its intrinsic antimicrobial properties,
overcoming the antibiotic resistance issue. Meanwhile, the platform has
the ability to swell as the pH decreased toward acidic values (pH 5.5),
representative of physiological state. To this aim, CS-based scaffolds
containing CNCs and GO nanoplatelets and ionically crosslinked with
Arg were successfully prepared by an easy and scalable freeze-drying
process. Different concentrations of CNCs and GO nanosheets were
adopted. The use of CNCs from bagasse by-products provides a strength
point to the work, in view of a more circular economy. The effect of
single and simultaneous loading of CNCs and GO nanosheets within CS-
Arg spongy-like scaffolds was investigated in terms of morphological,
structural, physico-chemical, pro-regenerative and antimicrobial prop-
erties. In particular, antimicrobial activity was assessed against common
Gram-positive and Gram-negative bacteria strains, as well as unicellular
and filamentous fungi was assessed. While, human dermal fibroblasts
were employed as in vitro cell model to validate the pro-regenerative
properties of the scaffolds, by means of proliferation/migration assays
and the ECM markers (i.e., elastin and collagen I) expression.

2. Materials and methods

2.1. Chemicals

For cellulose extraction and CNCs preparation: sodium chlorite
(NaClO2, ≥ 80 %), acetic acid (CH3COOH, ACS reagent, ≥ 99.7 %),
ammonium persulfate (APS, ACS reagent, ≥ 98.0 %), sodium hydroxide

Fig. 1. CNCs production process from bagasse pulp fibers source and characterizations. (A) Schematic representation of CNCs extraction process from bagasse pulp
fibers via APS solution. (B) TEM micrographs of CNCs [scale bar 200 nm]. (C) XRD pattern of bagasse (black line) and CNCs (blue line) compared to α-cellulose card
JCPDS 00-50-2241 (red line). (D) ATR-FTIR spectrum of CNCs from 4000 to 400 cm− 1. (E) TGA profile of CNCs from 25 to 1000 ◦C at 10 ◦C/min under nitrogen flow,
and expressed as weight loss percentage (WL, %) as function of the temperature. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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(NaOH, reagent grade, 97 %), silver nitrate (AgNO3, ACS reagent, ≥
99.0 %) were from Sigma-Aldrich (Taufkirchen, Germany). Double
distilled water has been used for all the experiments. The bagasse pulp
fibers, from Egyptian agricultural waste, were kindly supplied by Quena
Company for the pulp and paper industry.

For GO nanosheets synthesis: sulfuric acid (H2SO4, 99.999 %), potas-
sium nitrate (KNO3, > 99.0 %), potassium permanganate (KMnO4, >
99.0 %), and hydrogen peroxide (H2O2, 30%) were from Aldrich (Milan,
IT). Ethanol anhydrous (ACS reagent) was from Carlo Erba (Milan, IT).

For scaffold preparation: low molecular weight chitosan (CS, Mw
50–190 kDa based on viscosity, degree of deacetylation ≥75 %), acetic
acid (CH3COOH - ACS reagent,≥ 99.8 %) and phosphate-buffered saline
(PBS tablets) were from Sigma (Milan, IT). L-Arginine (Arg, 98+%) was
from Thermo Scientific (Milan, IT). CNCs and GO were synthetized as
detailed in the following sections. All chemicals were used as received.
Ultrapure water (ρ ≥ 18.2 MΩ⋅cm) was used for all the experiments.

2.2. CNCs preparation

CNCs were prepared according to Adel et al. [51]. Firstly, bagasse
pulp fibers were subjected to a bleaching treatment, to remove lignin
and hemicellulose residuals, through the conventional three-step
method: 10%w/w NaClO2, 1%v/v CH3COOH and 5 % consistency at
70 ◦C for 1 h for each step. All phases were followed by washing with
distilled water until reaching neutrality. The chemical composition of
bagasse fibers was determined in accordance with Tappi standard
methods for the different components, namely: lignin 20.40 % (T-222
cm-88), α-cellulose 41.50 % (T-203 cm-99), hemicellulose content
27.20 % (T-223 cm-84) and ash 1.80 % (T-211 cm-02) [52].

CNCs were prepared by adding 1 g of bleached bagasse pulp, pre-
viously milled to ≈ 1 mm length, to 100 mL of concentration 1 M APS
solution. Grinding bleached sugarcane pulp was essential to reach a
uniform distribution of cellulose fibers before the APS treatment pro-
cess. Furthermore, milling can decrease the size and crystallinity of
cellulose particles while increasing their specific reactivity to hydrolysis
[53]. The mixture was heated at 60 ◦C for 16 h under continuous

mechanical stirring, to obtain a CNCs suspension, and it was centrifuged
at 12000 rpm for 10 min. The clear solution was decanted, and water
was added to the CNCs pellet, followed by 5 min of mixing and repeated
centrifugation. The centrifugation/washing cycles were repeated until
the solution conductivity was ≈ 5 μS⋅cm− 1 (pH 4). The sodium form of
CNCs was prepared by adding 1 M NaOH until the suspension reached
pH 7, followed by washing/centrifugation with distilled water. CNCs
suspension was filtered in a sintered glass funnel before being lyophi-
lized. A scheme of the process is detailed in Fig. 1A. The yield of the
prepared CNCs was calculated according to eq. (1) as a percentage of the
weight of the final freeze-dried product (wf) divided by the initial weight
of the bleached bagasse pulp (w0):

CNC yield (%) =
wf

w0
• 100 (1)

2.3. GO nanosheets synthesis

GO nanosheets were synthesised by applying a modified Hummer's
method to graphite nanoplatelets (GNPs – 0.5 g) as precursors [54] and
H2SO4, KNO3 (40 mg/mL) and KMnO4 (120 mg/mL) as oxidant agents.
Typically, the mixture of GNPs and KNO3 in H2SO4 was stirred for a few
minutes in an ice bath. Then, KMnO4 was slowly added under stirring to
prevent the temperature from rising over 20 ◦C, and the system was
stirred for 1 h at 35 ◦C. The GNPs oxidation was also confirmed by the
colour changing from dark purplish-green to dark brown. After that,
ultrapure water (100 mL) was gradually added to the solution, and a
diluted aqueous solution of H2O2 (≈ 4%v/v) was successively added.
The H2O2 addition resulted in the mixture's colour changing to bright
yellow, indicating that a high oxidation level was achieved. The ob-
tained GO was separated from the reaction mixture by filtration, after
which the product was washed by combining cycles of centrifugation
with ultrasonication and re-dispersion in water until a pH of 5–6 was
achieved. A scheme of the process is reported in Fig. 2A.

Fig. 2. GO nanosheets synthesis and characterizations. (A) Schematic representation of the GO synthesis by modified Hummer's method. Created with BioRender.
com. (B) SEM micrograph of GO nanosheets [Mag 15 kX - scale bar 5 μm]. (C) TEM micrograph of GO nanosheets [Mag 25 kX - scale bar 500 μm]. (D) XRD pattern of
GO. (E) ATR-FTIR spectrum of GO from 4000 to 400 cm− 1 (the main peaks attributed to the functional groups on GO nanosheets were indicated by arrows). (F)
UV–vis absorption spectrum of stable GO aqueous dispersion (the main peaks are attributed to π- π* transition (230 nm) and n- π* transition (300 nm). (G) TGA
profile of GO from 25 to 1000 ◦C at 10 ◦C/min under nitrogen flow, and expressed as weight loss percentage (WL, %) as function of the temperature.
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2.4. Preparation of CS scaffolds functionalised with CNC/GO and
crosslinked with Arg

CS-based hybrid scaffolds, containing CNCs, GO, and Arg were pre-
pared by the freeze-drying method, as depicted in Fig. 3. CS powder
(1.67%w/v) was dissolved in 1%w/v CH3COOH aqueous solution under
stirring at room temperature, overnight. CNC powder (10 and 50%
wCNC/wCS) and GO solution (0.15 and 0.30%wGO/wCS) were added to
the CS slurry and stirred at room temperature until reaching a homo-
geneous dispersion. The slurries were poured into 6 cm Petri dishes,
using a volume of suspension corresponding to 3 mm of height, and
underwent a freeze-drying process (equilibration at 4 ◦C for 30 min,
freezing at − 20 ◦C for 1.5 h and − 80 ◦C for 3 h, drying at 0 ◦C, for 48 h
under vacuum in a SCANVAC COOLSAFE Labogene Scandivian by
Design freeze dryer - Bjarkesvej, Denmark). Freeze-dried CS membranes
were treated in a vacuum oven (FiStreem, Cambridge, UK) to remove the
acetic acid residues (t = 24 h, T = 25 ◦C, p = − 10 mbar). Afterward,
cylindrical scaffolds (d= 6 mm, h= 4 mm) were obtained by cutting the
membrane using biopsy punches and were soaked in 0.05 M Arg
aqueous solution in a dynamic incubator at 37 ◦C for 24 h. After this
period, scaffolds were rinsed in ultrapure water to remove the excess of
salt until pH 7 and, finally, submitted to a second step of freeze-drying.

2.5. Morphological characterizations

GO nanosheets and CNCs morphology was investigated through
transmission electron microscopy (TEM, JEOL, JEM 2010, Japan) is a
high-resolution electron microscope with an accelerating voltage of 200
kV.

Scaffolds morphology was observed by scanning electron microscopy
(SEM, FEI Quanta 200 FEG, Hillsboro, Oregon, USA). Freeze-dried
scaffolds were coated with an ultrathin layer of Au/Pt by using an ion
sputter and observed by SEM, and a Nikon digital camera was used for
optical imaging. Pores' size was evaluated by using Image J1.48i software
by analysing SEM images of the different samples. The mean was
calculated on 21 different pores.

2.6. Structural characterizations

GO nanosheets and CNC structures were investigated by X-ray
Diffraction Analysis (XRD), using a PANanalytical— X'PERT PRO
diffractometer with CuKα radiation (λ = 0.154 nm), at 40 kV and 40mA.
XRD patterns were acquired in the 20–80◦ (2θ) at a step size of 0.0130
(2θ), and a scan step time of 18.87 s. The crystallinity index (CrI) of CNC
was calculated according to Seagal eq. (2):

CrI (%) =
I(200) − I(am)

I(200)
• 100 (2)

where I(200) represents the maximum intensity of the main peak at (200)
and I(am) is the intensity of diffraction of the (110) peak [55].

For GOs, the d-spacing between the crystal lattice planes of atoms
along the [002] direction was estimated by applying the Bragg's law (3):

n • λ = 2d • sinθ (3)

where, n is an integer, λ is the X-ray wavelength (Cu Kα1), d is the
spacing of the crystal layers (path difference), and θ is the Bragg's
diffraction angle (between the incident ray and the scatter plane).

2.7. Physico-chemical characterizations

GO nanosheets, CNCs and scaffolds were chemically characterized by
Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR)
spectroscopy and UV–Vis-NIR spectroscopy. The ATR-FTIR spectra were
acquired from 4000 to 700 cm− 1 using a PerkinElmer Spectrum 2000
(PerkinElmer, Waltham, MA, USA) system in transmission mode, while
the UV–Vis-NIR spectra were acquired from 250 to 2500 nm using a
PerkinElmer Lambda 900 spectrophotometer (PerkinElmer, Waltham,
Massachusetts, U.S.). The thermal weight loss profile of GO nanosheets
and CNCs was studied by thermogravimetric analysis (TGA, TA-
Instrument Q500 – New Castle, DE, USA). in a range of temperature
between 25 and 1000 ◦C, at a heating rate of 10 ◦C/min in a nitrogen
atmosphere. Al2O3 was used as reference material.

2.8. Swelling test

The swelling capability of the CS/CNC/GO-Arg scaffolds (n = 3) was
assessed through gravimetric measurements, by evaluating the weight
variations of the scaffolds over time. Briefly, freeze-dried scaffolds were
weighed (wd), immersed in phosphate-buffered saline (PBS 10 mM, pH
5.0 and 8.0) at 37 ◦C and weighed (ww) again at different time points up
to 72 h. The swelling ratio percentage (Q, %) was calculated according
to eq. (4), where wd is the initial dry weight of the scaffolds and ww is the
weight of the swollen scaffolds at each time point:

Q (%) =

(
ww − wd

wd

)

• 100 (4)

Fig. 3. Schematic representation of the fabrication process of CS-Arg scaffolds functionalized with CNC/GO: from (1) slurry preparation to (2) freeze-drying step and
solvent removal, and (3) crosslinking with Arg. Created with BioRender.com.
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2.9. Stability study

CS/CNC/GO-Arg scaffolds degradation profile (n = 3) was evaluated
over time through the stability test at 37 ◦C in the complete medium as
detailed in 2.12.1. Stability was monitored for four weeks, and the
medium was refreshed every three days. Briefly, the weight (w0) of the
freeze-dried scaffolds was recorded before and after (wi) soaking in the
media. At fixed time points (i = 1, 2, 3, and 4 weeks), scaffolds were
removed from the medium, rinsed with distilled water (3 times) and
lyophilized. The weight residual mass percentage (WRF, %) was calcu-
lated according to formula (5), respectively where Δw = (w0-wi)

WRF (%) =

(
w0 − Δw

w0

)

• 100 (5)

2.10. In vitro studies

2.10.1. Cell adhesion, proliferation and morphology
Normal Human Dermal Fibroblasts-adult (HDF-a, Cat. n◦ 2320-SC -

CliniScience - Rome, IT - passages 3–6) were adopted as cell model for
CS/CNC/GO-Arg scaffolds in vitro validation, as key player in the wound
healing process [56]. HDF-a cells were cultured as monolayers in
phenol-red free Dulbecco's Modified Eagle Medium low glucose (DMEM,
Gibco™ by Thermo Fisher Scientific - Monza, IT) supplemented with
20%v/v foetal bovine serum (FBS; Sigma – Milan, IT), 2 mM L-glutamine
(L-Glu, Sigma – Milan, IT), 1%v/v penicillin/streptomycin (Sigma –
Milan, IT) and 1%v/v MEM non-essential amino acids (100×, Biowest,
VWR – Milan, IT) in a humidified incubator at 37 ◦C and 5 % CO2. After
reaching 70 % confluence (every 2–3 days), the cells were harvested by
trypsinization and used for the experiments. Before seeding, CS/CNC/
GO-Arg scaffolds were sterilized by ultraviolet (UV) irradiation for 2 h
and transferred to a 96-multiwell plate. HDF-a (1⋅105 cell/scaffold) were
statically seeded on CS/CNC/GO-Arg scaffolds surface in 30 μL medium
volume. After 4 h, additional fresh medium was drop-wise to each cell-
seeded scaffold (200 μL/well).

Adhesion (24 h) and proliferation (at 3-, 7- and 10-days post-
seeding) capacity of HDF-a cells seeded onto CS/CNC/GO-Arg scaf-
folds were quantitatively assessed by Alamar Blue assay, based on the
metabolic activity of living cells. DMEM medium without Phenol Red
(HyClone, UK) containing 10%v/v Alamar Blue (AbD Serotec Ltd., Italy)
was added to the cell-seeded scaffolds, after moving them to a clean
well, and incubated for 4 h at 37 ◦C and 5 % CO2. This eliminates the
background effect, due to proliferating cells at the bottom of the well.
Then 100 μL of supernatant were transferred in a 96-well plate and the
absorbance was measured using a spectrophotometer (VICTOR X3, 156
PerkinElmer, Milan, Italy) at wavelengths of 570 and 600 nm. The cell
viability was expressed as a percentage of Alamar Blue reduction ac-
cording to the eq. (6)

Alamar Blue reduction (%) =

[
(O600nm • Abs570nm) − (O570nm • Abs600nm)

(R570nm • Blk570nm) − (O600nm • Blk600nm)

]

• 100
(6)

where O570nm and O600nm refer to the molar extinction coefficients of
oxidized Alamar Blue reagent at 570 nm and 600 nm, respectively.
R570nm and R600nm refer to the molar extinction coefficients of reduced
Alamar Blue reagent at 570 nm and 600 nm, respectively. Abs570nm and
Abs600nm refer to the absorbances of the samples at 570 nm and 600 nm,
respectively. Blk570nm and Blk600nm refer to the absorbances of the
negative control well (medium without cells plus Alamar Blue reagent)
at 570 nm and 600 nm, respectively.

The morphology of HDF-a cells growing onto the scaffolds was
investigated by immunofluorescence technique. For this purpose, HDF-a
cells (1⋅105 cells/scaffold) were seeded onto the scaffolds and placed in a
96 multi-well plate. After 3 days, cells were fixed with a 10%v/v

Formalin solution (Sigma-Aldrich) overnight at 4 ◦C, permeabilized in
0.1%v/v BSA+ 0.03%v/v Triton-100× solution (Sigma-Aldrich) for 1 h.
The substrates were then incubated with Phalloidin-ATTO 594 (1:200,
red fluorescence staining, Molecular Probes®, Life Technologies) for 1 h
at room temperature. Nuclei were counterstained with DAPI (10 μg/mL,
blue fluorescence staining, Moleculare Probes®, Thermo Fisher Scien-
tific) and cells were observed under a Leica TCS sp8 confocal micro-
scope, equipped with the LAS X software.

2.10.2. ECM marker expression
The expression of ECM components, i.e., elastin (ELN) and collagen

type I alpha 1 chain (COL1A1), by HDF-a cells growing onto the scaf-
folds after 7 days was investigated by immunofluorescence technique.
For this purpose, HDF-a cells (3⋅104 cells/scaffold) were seeded onto the
scaffolds and placed in a 96 multi-well plate. After 7 days, cells were
fixed with a 10%v/v Formalin solution (Sigma-Aldrich, Milan, IT) for 2 h
at 4 ◦C, permeabilized in 0.1%v/v BSA + 0.03%v/v Triton-100× solu-
tion (Sigma-Aldrich, Milan, IT) for 1 h. The substrates were then incu-
bated overnight at 4 ◦C with ELN antibody (1:100, Biorbyt Ltd., UK) or
COL1A1antibody (1:500, Proteintech, DE). Later, the substrates were
washed three times with 1× PBS and incubated with Phalloidin-ATTO
594 (1:200, red fluorescence staining, Molecular Probes®, Life Tech-
nologies) for 1 h at room temperature. Finally, the substrates were
washed and observed under a Leica TCS sp8 confocal microscope,
equipped with the LAS X software.

2.10.3. Cell migration assay
The migration of HDF-a cells was evaluated using the scratch-wound

assay. HDF-a cells stained with red-cell tracker (Cell Tracker™ Red
CMTPX, Invitrogen – Thermo Fisher Scientific, Milan – IT) were seeded
in 48-well tissue culture plates and grown as in 2.12.1 in order to obtain
a scratch-wounded HDF-a monolayer (confluence 80 %). In parallel, CS/
CNC/GO-Arg scaffolds sterilized as in 1.12.1 were incubated in serum-
free medium in the 5 % CO2 incubator at 37 ◦C overnight. The
following day HDF-a cells monolayers were scrape-wounded using a
sterile pipette tip (p10), washed with 10 mM PBS in order to remove the
cell debris, and the conditioned media from the scaffolds were put in
contact with the cells. HDF-a cells without treatments were used as
control. Wound closure was tracked by taking digitalized photographs at
0 and 20 h. Images of two sites per well were obtained using a fluores-
cence microscope (JuLI™ Stage microscope). Three scratched area
representative photos from each well were obtained to assess cell
migration. Image J1.48i software was used to examine the wound area
decrease. Three experiments were carried out with four replicates per
condition. Cell migration was expressed as a percentage of scratch
closure on an initial area basis, according to the eq. (7):

Cell migration (%) =

[
(At0 − Ati)

At0

]

• 100 (7)

where At0 is the scratch area at time 0, and Ati is the correspondent
scratch area at i = 4 and 22 h. The values shown are the means of three
wells from three independent experiments.

2.10.4. Antimicrobial studies
Antimicrobial activity was assessed by the turbidimetric method,

according to our previous work [57,58]. Individually 10 mg of each
scaffold was impressed in the 2 mL of growth medium. Gram-positive
bacteria (Bacillus subtilis (NCID-3610) and Staphylococcus aureus
(NCTC-7447)), Gram-negative bacteria (Escherichia coli (NCTC-10416)
and Pseudomonas aeruginosa (NCID-9016)) were selected as bacteria
models. Candida albicans (NCCLS 11) and Aspergillus niger were used as
unicellular and filamentous fungi, respectively. The bacterial strains
were cultivated in nutrient broth medium (for 24 h at 37 ◦C) and fungal
strains were cultivated on a potato dextrose broth medium (unicellular
fungi for 24 h at 37 ◦C and filamentous for 72 h at 27 ◦C). After the
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incubation periods, the turbidity was measured with a V-630 UV–vis
spectrophotometer (Jasco, JPN) at a wavelength of 530 nm, and the tube
without scaffold was used as a reference blank (zero antimicrobial ac-
tivity). Data are expressed as inhibition percentage according to the
reference blank.

2.11. Statistic analysis

Results are representative of three independent experiments, where
at least triplicate specimens were tested, unless differently stated. Re-
sults are presented as mean ± standard error mean (SEM) of measure-
ments. A p < 0.05, determined by one-way ANOVA and Bonferroni post-
hoc test for pores' size distribution, swelling analysis and migration
study, and by two-way ANOVA mixed effect and Bonferroni post-hoc test
for stability, proliferation by means of Graph Pad Prism version 8.0.1
software, was considered as statistically significant.

3. Results and discussions

3.1. CNCs preparation and characterizations

Traditional CNCs extraction processes foresee acid hydrolysis, by
using strong acids at high concentrations. For example, the use of
concentrated sulfuric acid (64 wt%) resulted in CNCs fibers with uni-
form dimensions but with low thermal stability, limiting their use in
heat processing. Moreover, the yield of CNCs was low (≈ 30 %) due to
the excessive hydrolysis of cellulose. Although, other acids (i.e., hydro-
chloride acid and phosphoric acid) can be adopted in order to reach a
higher yield, the lack of chemical surface modifications and inter-
molecular hydrogen bonds formation can lead to aggregated CNCs fi-
bers [59,60]. In this work, cellulose was extracted from bagasse pulp
fibers to obtain CNCs, which was opportunely carboxylated (Fig. 1A), to
be used for composite scaffolds fabrication. Recently, APS has attracted
attention to produce CNCs with high crystallinity and active carboxyl
groups [61]. This green oxidant is highly water soluble, inexpensive, and
commercially available. With its low long-term toxicity, it can be safely
used on a large scale, compared to its sodium and potassium counter-
parts. Therefore, APS as a strong oxidant has been used instead of acid
hydrolysis to produce highly carboxylated andmore homogeneous CNCs
without requiring pre-treatments and in a relatively short time. This
versatile procedure can process a diversity of cellulosic materials
without the need for pre-treatments to remove non-cellulosic plant
contents (i.e., lignin and hemicellulose). The total yields reached were
42.6 % for bleached, 40.1 % for screened bleached, 24 % for CNCs. The
methodology allowed for obtaining rod-like nanoscale CNCs fibers as
shown in the TEM micrograph (Fig. 1B); meanwhile, the XRD pattern
confirmed the crystalline nature of the prepared CNCs (Fig. 1C). In
particular, both cellulose from bagasse pulp fibers and CNCs exhibited
four lattice peaks at 2θ = 14.86 [110], 16.08 [110], 22.58 [200] and
34.18 [004], which were assigned to monoclinic cellulose I lattice. This
suggests that the structural characteristics of cellulose I remained

unchanged during the APS oxidation process [62,63]. Hence, the syn-
ergistic oxidation-acid hydrolysis treatment under this condition not
only functionalized cellulose fibers by carboxyl groups but also hydro-
lysed the amorphous part of cellulose chains, which enhances the
crystalline network structure. Therefore, the crystallinity index (CrI, Eq.
(2)) of bagasse-derived cellulose rises from 64.07 to 70.70 % in CNC.
The ATR-FTIR spectrum (Fig. 1D) of CNC presented the characteristic
band at 3335 cm− 1 due to –OH stretching vibrations and the band
around 2891 cm− 1 due to the C–H stretches, while the peaks at 1751,
1641, 1442 and 1333 cm− 1 corresponded to C––O stretching, -H-O-H-
bending, C––C stretching and C––C bending, respectively. Moreover, the
peak at 1050 cm− 1 revealed the cellulosic structure's -C-O-C- linkage-
based backbone [64]. The thermal stability of the CNCs was studied
by TGA. The thermogram exhibited two steps of degradation:
200÷300 ◦C (WL ≈ 50 %) and 300÷600 ◦C (WL ≈ 30 %), due to
depolymerisation, dehydration and decomposition phenomena of
glycosyl units followed by the formation of carbonized residue (Fig. 1E).
This high thermal stability of CNCs may result from the acidic hydro-
lysis, which removes amorphous regions from the cellulose pulp, leaving
only a crystalline structure [65,66]. In this work CNCs from bagasse pulp
fibers were employed as nanofillers to reinforce the CS polysaccharide
matrix, due to its rigidity and mechanical strength. Polymer matrixes
with physically entrapped CNCs are among the most explored compos-
ites [34]. The incorporation of low concentrations of CNC (from 0.2 up
to 10 wt%) within interpenetrating polymer matrices, results in
considerably enhanced mechanical properties (up to 45 MPa) (Rao et al.
2017; Shan et al. 2019).

3.2. GO preparation and characterizations

GO nanosheets were synthesised by applying Hummer's method to
graphene nanoplates (see Fig. 2A), according to Longo et al. [54]. GO
nanosheets morphology was investigated by SEM and TEM, confirming
the typical sheet of GO with a few μm of surface (Fig. 2B-C). The XRD
pattern of GO showed a typical peak centered at 2θ ≈ 10◦ corresponding
to [002] plane (Fig. 2D). The presence of oxygen groups causes the
increased d-spacing in GO sheets (d002 = 8.8 Å) compared to that of
pristine graphite (d002 = 3.4 Å) [54]. The ATR-FTIR spectrum of GO
powder (Fig. 2E) exhibits peaks at 3404, 2840, 1729, 1624, 1429, 1227,
and 1075 cm− 1 corresponding to –OH and –CH stretching motions, C––O
stretching vibrations of the -COOH groups, C––C of aromatic skeletal
stretching vibrations, C–H stretching, C––C bending and C-O-C
stretching vibrations, respectively, belonging to oxygen-rich hydroxyl
and carboxyl functionalities in the GO during the oxidation treatment
[64]. The UV–Vis spectrum shows a strong absorption peak at 230 nm
corresponding to the π–π* transitions of graphitic C––C bonds in the sp2-
portion of GO, along with a shoulder at 300 nm belonging to n–p*
transition of C–O bond in oxidized-portion of GO (Fig. 2F) [54]. The
thermal stability of GO was also investigated by TGA analysis (Fig. 2G).
GO's thermogram exhibits a total weight loss of nearly 10 wt% in the
temperature range 25÷150 ◦C, due to the removal of physically and
chemically adsorbed water [67]. A significant weight loss (≈ 43 wt%)
was observed between 150 and 550 ◦C at 162 ◦C, caused by the pyrolysis
of the less stable oxygen containing functional groups, generating CO,
CO2 and steam. Smaller weight losses (≈ 10 wt% and ≈ 10 wt%) be-
tween 550 and 900 ◦C and 900–1000 ◦C, respectively, belong to pyrol-
ysis of more stable oxygen groups. Both graphene and its derivatives
have proved their potential as chemical or physical reinforcements for
polymer matrixes, resulting in high levels of strength and stiffness and
superior mechanical properties even at low concentrations [68–71].
However, the strong interest in using graphene and its derivatives was
due to their promising biochemical [45,72,73] and antimicrobial
[42–46] features extremely important in the wound healing process.

Table 1
Compositions, variables and nomenclature of CS-Arg scaffolds functionalized
with CNC/GO.

Scaffolds CS (% w/
v)

CNC (% wCNC/
wCS)

GO (% wGO/
wCS)

Arg
(M)

CS_Arg

1.67

– –

0.05

CS_CNC10_Arg 10 –
CS_CNC50_Arg 50
CS_GO0.15_Arg – 0.15
CS_GO0.30_Arg – 0.30
CS_CNC10_GO0.15_Arg

10
0.15

CS_CNC10_GO0.30_Arg 0.30
CS_CNC50_GO0.15_Arg

50
0.15

CS_CNC50_GO0.30_Arg 0.30

S. Dacrory et al.



International Journal of Biological Macromolecules 278 (2024) 134643

7

3.3. Fabrication and characterization of CS-Arg scaffolds: Study of the
single and simultaneous CNCs and GO loading effect

CS spongy-like scaffolds functionalised with CNCs and GOs were
successfully produced through a freeze-drying method, followed by a
vacuum treatment to remove the excess acetic acid. The scaffolds were
further ionically crosslinked with Arg amino acid, as a bioactive agent.
The fabrication procedure is shown in Fig. 3. In this study, the authors
first explored the influence of loading CNCs and GO nanosheets, sepa-
rately, within CS-Arg spongy-like scaffolds. Two different concentra-
tions of CNC (10 and 50%wCNC/wCS) higher than those reported in the
literature for similar systems were used. Similarly, two concentrations of
GO (0.15 and 0.30%wGO/wCS) were adopted, according to preliminary
GO dose- and time-dependence cytocompatibility studies performed by
using HDF-a cells as in vitro model. Scaffolds compositions, variable and
nomenclature are listed in Table 1.

3.3.1. CS-Arg scaffolds: Study of the single and simultaneous CNCs and GO
loading effect on the morphological and physico-chemical properties

Designing 3D structure with a suitable porous microstructure is the
first requirement of a scaffold intended for tissue engineering applica-
tions, like wound healing. Notably, pore size and pores' interconnection
have a direct implication on 3D scaffold functionality: e.g., self-
sustaining capability, structural support and cell guidance, promoting
new tissue formation.

The effect of CNC and GO singly loaded on the CS-Arg scaffolds
morphology was examined through SEM analysis, and the micrographs
are presented in Fig. 4A. The top view showed a structure with smaller
and closed pores after CNCs loading (Fig. 4A). In fact, a reduction in the
pore size, from 53.6 ± 3.5 μm (CS) to 48.9 ± 2.5 μm (at 10%wCNC/wCS,
p < 0.05) and 44.6 ± 3.9 μm (at 50%wCNC/wCS, p < 0.0001), was
observed (Table 2). This effect might be explained by the fact that by
increasing the CNC, this latter fills the voids among CS polymer chains,
producing a tougher and more rigid polymer network and consequently
limiting water-ice crystals growing during the freezing [74]. The inter-
action between the main constituents of the scaffolds was investigated
by ATR-FTIR spectroscopy, and the spectra are shown in Fig. S-1. The
characteristic peaks of CS at 1025.9 cm− 1, 1072.5 cm− 1, and 1257 cm− 1

correspond to C–O stretching, O–H bending, and C–N stretching,
respectively. The C––O strain at 1650.28 cm− 1 and the N–H bending at
1558.9 cm− 1 are assigned to the primary amine group and to the sec-
ondary amine group, respectively. The wide peak centered at 3359 cm− 1

corresponds to the overlapping between O–H and N–H stretching in
the same region; meanwhile, peaks centered at 2872 cm− 1 indicate
symmetrical and asymmetric C–H vibrations [75]. CS-Arg spectrum
shows the characteristic band of CS at 1643 cm− 1 and also the band of
arginine at 1406 cm− 1. The new band at 1545 cm− 1 can be the merging
of the band at 1643 cm− 1 and 1552 cm− 1 in CS-Arg spectra, respectively.
A broad absorption band at 3320–3330 cm− 1, typical of the stretching
mode of hydroxyl (O–H) groups, and the adsorption band at
2875–2879 cm− 1, typical of the C–H stretches, are evident in CS/CNC-
Arg scaffold. These stretching vibrations in the O–H group may suggest
the formation of a hydrogen bond between CS and CNC carboxyl
(COOH) groups [75]. Due to the similarity in the molecular structure of
CNC and CS, the two polymers are expected to show good miscibility
[76]. The bands at 1645 cm− 1, 1413 cm− 1, and 1375 cm− 1 attributed to
the C––O stretching of ester carbonyl formed in CNC by the acetic acid,
-N-H- bending of amide II and C–N stretching of amide III in CS,
respectively. At 1154.4 cm− 1 the asymmetric stretching of the C-O-C
group is observed [64]., suggesting a possible interaction between CNC
and CS.

Whereas, GO loading allowed obtaining highly porous and well-

Fig. 4. CS-Arg scaffolds: a study of the single and simultaneous CNCs and GO loading effect on the morphology. Representative SEM micrographs of scaffolds' cross
sections showing the single loading effect of (A) CNC and GO, and (B) the simultaneous loading effect of CNC/GO within CS-Arg scaffolds [Mag. 200×, scale bar
500 μm].

Table 2
CS-Arg scaffolds: a study of the single and simultaneous CNCs and GO loading
effect on the pores' diameter distribution.

CNC/GO single-loading effect CNC/GO simultaneous loading effect

Scaffolds dSEM (μm) Scaffolds dSEM (μm)

CS-Arg 53.6 ± 3.5
CS/CNC10-Arg 48.9 ± 2.5 CS/CNC10/GO0.15-Arg 117.0 ± 16.6
CS/CNC50-Arg 44.6 ± 3.9 CS/CNC10/GO0.30-Arg 89.1 ± 10.3
CS/GO0.15-Arg 46.0 ± 3.8 CS/CNC50/GO0.15-Arg 91.2 ± 7.8
CS/GO0.30-Arg 28.2 ± 2.4 CS/CNC50/GO0.30-Arg 79.0 ± 4.5
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interconnected porous structures, characterized by an isotropic and
homogeneous distribution of pores with circular or elliptical shapes
(Fig. 4A). This effect resulted from non-covalent interactions between
the highly electronegative GO and the polycationic CS matrix [68–70].
In terms of pore size, the influence of GO loaded within neat CS scaffold
was evaluated. Results reported in Table 2 showed that by increasing GO
concentration, pore diameter decreased from 53.6± 3.5 μm (CS) to 46.0
± 3.8 μm (0.15 %wGO/wCS, p > 0.05) and 28.2 ± 2.4 μm (0.3 %wGO/
wCS, p > 0.05), suggesting a bridging effect of GO with neighbouring
polymer chains. Such a small pore size certainly might represent a
negative property for the final application of the scaffold. ATR-FTIR
spectra of CS/GO-Arg scaffold is shown in Fig. S-1. CS/GO-Arg scaf-
fold exhibited the stretching vibration of -NHCO around 1640–1660
cm− 1, indicative of the reaction between the -NH2 groups of chitosan
chains with the –COOH groups of GO resulting in an amide linkage. This
may corroborate the hypothesis of the interaction between CS and GO
previously formulated upon morphological analysis. Furthermore, the
peak at 1729 cm− 1 in the CS/GOs-Arg scaffolds, related to the –COOH
group of the GO is missing. This may represent further evidence of a
possible interaction between -COOH and NH2 groups in CS forming an
amide linkage [77].

The effect of the simultaneous loading of CNCs and GOwithin the CS-
Arg scaffolds was, hence, investigated. Surprisingly, the co-presence of
CNC and GO allowed for obtaining more compact 3D structures, highly

porous and interconnected, with an anisotropic pore distribution in the
whole section, as shown in the SEMmicrographs reported in Fig. 4B. The
average pore dimension is listed in Table 2. Notably, the co-existence of
CNC and GO resulted in porous scaffolds exhibiting pore diameters
generally bigger than neat CS-Arg and CS-Arg separately loaded with
CNC or GO (p < 0.0001, Table 2). This could be ascribed to structural
differences at the nano-scale level between both nanofillers, CNC and
GO, with CS, behaving differently at the interface. Indeed, it was
observed that by fixing the CNC concentration (10 %wCNC/wCS or 50 %
wCNC/wCS), by increasing the GO concentration the pore size decreased,
due to the prominent bridging effect of GO with CNC and CS. Similarly,
by fixing the GO concentration (0.15 %wGO/wCS or 0.30 %wGO/wCS), by
increasing the CNC one, the pore size decreased (Table 2), due to a
reduced void-filling effect of the CNC.

The ATR-FTIR analysis of CS/CNC/GO-Arg did not reveal new peaks.
However, a reduction in the peak intensity in the regions 1550–1375
cm− 1 and the increase in peak intensity in the region 1414–1376 cm− 1,
may be ascribed to intermolecular hydrogen bonding between oxygen
functional groups of the GO nanosheets, carbonyl and hydroxyl groups
of CNC, and chitosan amino groups [30,76]. In particular, the authors
proved that the high density of oxygen groups on the GO surface can
interact with the -OH groups and oxygen atoms of CNCs, leading to
hybrid nanofillers with improved dispersion capability (El Miri et al.,
2016).

Fig. 5. CS-Arg scaffolds: a study of the single and simultaneous CNCs and GO loading effect on the swelling behaviour. Swelling ratio (Q, expressed as a percentage)
at the equilibrium state (24 h) showing the single loading effect of (A) CNC and (B) GO, and (C–D) the simultaneous loading effect of CNC/GO within CS-Arg
scaffolds. The swelling study was performed at 37 ◦C, in 10 mM PBS as a function of the pH (8.0, 7.4 and 5.0) mimicking the pH evolution in the healing pro-
cess of chronic wounds. Chronic wounds have an alkaline pH, which evolves toward an acidic state when the healing begins. Data are the mean values from n = 3
replicates, expressed as a mean value of Q (± S.E.M.). Statistical analysis of the variance of the means was assessed by one-way ANOVA and Bonferroni post-hoc test [p
> 0.05].
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3.3.2. CS-Arg scaffolds: Study of the single and simultaneous CNCs and GO
loading effect on the swelling behaviour and stability

The exudate of healthy skin and CWs significantly differ. In fact,
healthy wounds hold a typical acidic pH (4.0–6.0), essential for per-
forming its protective barrier function and preventing the onset of in-
fections. Instead, the exudate of CWs exhibit a dynamic pH, which
strongly depends on the stage of the healing process. In the presence of a
wound, the pH of the surface layer is altered, reaching neutral-basic
values (7.15–8.9) due to the exposure of the neutral pH of the tissue
directly below [5]. Therefore, designing a scaffold capable of modu-
lating its behaviour as a function of the pH may represent a promising
strategy for providing a time-dependent release of bioactive add-ons.
The swelling capability of the scaffolds is among the main re-
quirements to assess its wound healing potential: keeping the moist
environment while protecting it from dehydration. The scaffolds were
designed to uptake and retain water at pH 8.0 (mimicking the chronic
wounds condition) and to swell as the pH evolves toward pH 5.0
(mimicking a healthy condition). Therefore, the swelling study was
carried out in PBS (10 mM) at 37 ◦C adjusted at pH 5.0 and 8.0, in order
to mimic the pH milieu of the different stages of the wound healing
process, up to 72 h. All the scaffolds reached their highest swelling ratio
already at 24 h (Fig. S-2). Therefore, the swelling ratio (Q) at the
equilibrium (24 h) as a function of the pH is reported in Fig. 5. At pH 8.0,
a low equilibrium swelling capacity of the scaffolds was observed
without any significant differences (p > 0.05), highlighting a higher
stability of the porous structures. Conversely, the swelling ratio drasti-
cally increased at pH 5.0 in CS/CNCs-Arg scaffolds and CS-Arg, without
any significant differences (Fig. 5A, p > 0.05). This different behaviour
can be ascribed to the known dissolution phenomenon of chitosan, being
the pH lower than its pKa (≈ 6.3–6.5), but also to the electrostatic
repulsion among the charged groups of CS and Arg [78]. However, at
both pHs CNC10 showed a swelling ratio higher than CNC50, as a

consequence of an increased hydrophilicity of the structure. Meanwhile,
the higher loading of CNC (50 %wCNC/wCS) resulted in a lower swelling
ratio compared to CNC10, probably due to a void-filling effect of the CS
polymer chains by the CNC and also to a barrier effect caused by the
CNCs crystallinity, which hampers the water penetration within the
porous scaffold [79]. Similarly, the equilibrium swelling ratio of CS-Arg
scaffolds decreases at pH 8.0 with the introduction of GO within the
polymer matrix (Fig. 5B). Such a decrease in swelling ratio results from
the interaction (i.e., H-bonding or electrostatic attraction) between GO
and CS, increasing the adherence of porous structure and resulting in a
decreased water holding capacity [80]. At pH 5.0, an increase in the
swelling ratio was observed with the GO loading (3740 ± 488 % for CS-
Arg; 5186 ± 861 % CS/GO0.15-Arg and 7232 ± 282 % CS/GO0.30-Arg,
p < 0.05, Fig. 5B). This effect might be explained by repulsive in-
teractions between the protonated functional groups of both CS, Arg and
GO. These repulsive forces can induce the formation of an opened cavity
within the composite polymer matrix, leading to the assessed higher
swelling ratio [81,82]. Regarding to the simultaneous CNC/GO loading
effect on the swelling behaviour of the scaffolds, it was observed that
CS/CNC10/GO0.30-Arg exhibited the highest swelling ratio at the
equilibrium (Q = 6816 ± 530 %) at pH 5.0 (Fig. 5C), likely due to the
influence of the GO, even though the mean value was lower than CS/
GO0.30-Arg (Q = 7232 ± 282 %). Vice versa, by fixing the CNCs con-
centration at 50 %, the swelling capacity at pH 5.0 was the lowest
observed among all the composite scaffolds (Fig. 5D), as result of the
preponderant amount of CNCs.

The hydrolytic degradation behaviour (represented as weight re-
sidual fraction (WRF, %) of the scaffolds loaded with CNC and/or GO
was evaluated up to 30 days of incubation in a complete medium at
37 ◦C (pH 7.4). In particular, after four weeks, all the scaffolds exhibited
good stability with aWRF≈ 70–90 % for CS-Arg and CS/CNCs-Arg, with
the exception of CS/CNC50-Arg showing a WRF of 50 ± 5 % (Fig. 6A).

Fig. 6. CS-Arg scaffolds: a study of the single and simultaneous CNCs and GO loading effect on the stability. Weight residual fraction (WRF, expressed as percentage
%) in complete medium at 37 ◦C, showing the single loading effect of (A) CNC and (B) GO, and (C–D) the simultaneous loading effect of CNC/GO within CS-Arg
scaffolds. Data are the mean from n = 3 replicates, expressed as a mean value of Q (± S.E.M.). Statistical analysis of the variance of the means was assessed by two-
way ANOVA and Bonferroni post-hoc test [*p < 0.05, ** p < 0.01].
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Fig. 7. CS-Arg scaffolds: a study of the single and simultaneous CNCs and GO loading effect on the in vitro human dermal fibroblasts (HDF-a) proliferation and
morphology. The time-dependent proliferation of HDF-a showing the single loading effect of (A) CNC and (B) GO, and (D-E) the simultaneous loading effect of CNC/
GO within CS-Arg scaffolds after 1, 3 and 7 days, evaluated by Alamar Blue assay. Data are the mean values from n = 4 biological replicates, expressed as % of Alamar
Blue reduction (± S.E.M.). Statistical analysis of the variance of the means was assessed by two-way ANOVA and Bonferroni post-hoc test [*p < 0.05, **p < 0.01].
(C–F) Qualitative evaluation of HDF-a cells morphology after 3 days of culture on CS-Arg scaffolds loaded with CNC and/or GO, showing the merged images of
nuclei distribution (DAPI = blue fluorescence staining) and cytoskeleton of adhered HDF-a (Phalloidin-ATTO 594 = red fluorescence staining). Image capture was
performed by a Leica TCS sp8 confocal microscopy system, equipped with LAS X software [Mag. 10×; scale bar = 250 μm]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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This suggests that high concentrations of CNC may act as “weak points”
instead of reinforcement for the polymeric matrix. Conversely, better
stability was observed after loading the GO within the scaffolds. In
particular, after one month, a WRF of about 87± 3% and 87± 4%were
recorded for CS/GO0.15-Arg and CS/GO0.30-Arg, respectively,
compared to 85 ± 2 % for CS-Arg (Fig. 6B). This is further evidence of
the successful electrostatic interaction between GO and CS-Arg. Finally,
the simultaneous loading of CNC/GO led to improved stability of the
scaffolds fixing the CNC concentration at 10%wCNC/wCS (Fig. 6C).
Meanwhile, by increasing the CNCs concentration at 50%wCNC/wCS, the
reinforcing effect of the GO is masked by the preponderant amount of
the CNCs (Fig. 6D) compromising the overall stability.

3.3.3. CS-Arg scaffolds: Study of the single and simultaneous CNCs and GO
loading effect on the proliferation and morphology of the fibroblasts

Proper cell proliferation and migration are essential for triggering
the formation of granulation tissue, supporting the resultant

epithelialization phase, and hence ensuring successful wound healing
[1,6,83,84]. Therefore, the capability of human dermal fibroblast (HDF-
a) cells to adhere, colonise, and remain proliferative when seeded
directly onto the scaffolds was first evaluated. HDF-a cells exhibited an
adhesion capability between 30 and 50% among the scaffolds after 24 h.
Fig. 7 describes cell proliferation after 1, 3 and 7 days of culture in neat
CS-Arg scaffolds and scaffolds single and simultaneously functionalised
with CNC and GO. The addition of only CNCs did not positively influ-
ence the HDF-a proliferation behaviour (Fig. 7A). The observed reduc-
tion in cell proliferation when HDF-a cells were seeded onto CS/CNC10-
Arg may arise from different time point-dependent aspects. At shorter
time points, the lower loading of CNCs (10 %wCNC/wCS) facilitated a
good adhesion by HDF-a compare to CS/CNC50-Arg, due to greater
hydrophilicity of the scaffold, also confirmed by the higher swelling
capability of CS/CNC10-Arg (Fig. S-2). However, over time the different
structural arrangement of the CNCs within CS matrix along with the
reduced porosity (Fig. 4A) may hinder the infiltration capability of cells

Fig. 8. CS-Arg scaffolds: a study of the single and simultaneous CNCs and GO loading effect on ECM components expression by human dermal fibroblasts (HDF-a)
during the wound healing. Qualitative evaluation of collagen type I alpha 1 chain (COL1A1) and elastin (ELN) expression by fibroblast after 7 days of culture within
CS-Arg scaffolds loaded with CNC and/or GO: single loading effect of (A) CNC and (B) GO, and (D-E) the simultaneous loading effect of CNC/GO within CS-Arg
scaffolds. Merged images of COL1A1/ ELN expression (green fluorescent signal) and cytoskeleton of adhered HDF-a (Phalloidin-ATTO 594 = red fluorescence
staining). Image capture was performed by a Leica TCS sp8 confocal microscopy system, equipped with LAS X software [Mag. 10×; scale bar = 100 μm]. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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within the polymeric network, and only few of them are able to survive
and proliferate. Vice versa, the embedding of GO nanosheets allowed for
maintaining HDF-a viability, and in particular CS/GO0.30-Arg dis-
played the highest value of cell proliferation at 7 days (Fig. 7B). More-
over, the presence of the GO stimulated cell spreading resulting in the
formation of cell clusters onto the scaffolds after 3 days of culture
(Fig. 7C). Several reports have shown that GO promotes the adhesion
and proliferation of fibroblasts, highlighted by morphological changes,
cell enlargement and spreading typical of effective cell attachment and
cell growth, due to variation in the surface chemistry and roughness of
the GO [85–87]. It is noteworthy that the observed increase in cell
proliferation and spreading can be associated with a more open porosity
(Fig. 4A), an increased pore size (Table 2) and a higher swelling ratio of
the structures at pH 7.4 (Fig. S-2), suggesting a promising ability of the
scaffolds to enhance tissue formation in the context of wound healing.
The combined loading of CNCs and GO led to a general improvement in
cell proliferation, with different cellular behaviour observed at short- (3
days) andmid-time (7 days) points (Fig. 7 D-E). Specifically, CS/CNC10/
GO0.15-Arg appears to be the best condition in terms of cell viability
(Fig. 7D). In fact, a significant increase in cell viability was observed at
all times compared to the corresponding CS/CNC10-Arg, probably fav-
oured by a synergistic effect deriving precisely from the co-presence of
CNCs and GO. Meanwhile, CS/CNC10/GO0.30-Arg reached a higher
proliferation value at 3 days than CS/CNC10-Arg. On the other hand,
CS/CNC50/GO0.30-Arg seems to be the best condition in terms of cell

viability compared to CS/CNC50-Arg, showing the highest value of cell
viability at 3 days (Fig. 7E), resulting in a higher cell density and colo-
nization of the scaffold surface (Fig. 7F). This evidence may be due to the
synergistic action of the two CNCs and GO components, resulting in
highly porous three-dimensional structures, as shown in Fig. 4B, with
open pores and larger dimensions than the corresponding single-loaded
conditions (Table 2), and equipped with a greater swelling capacity
(Fig. S-2). The overall parallelism between cell proliferation and
swelling behaviour suggests an interesting feature for the different
scaffold compositions that deserve further investigation.

3.3.4. CS-Arg scaffolds: Study of the single and simultaneous CNCs and GO
loading effect on the elastin and collagen expression by fibroblasts

Notably, fibroblasts in the wound site are quite active, and during the
healing process, they become activated, change their morphology and
produce new ECM components, such as collagen, elastin (ELN), and
glycosaminoglycans [88]. Elastin, the main constituent of elastic fibers,
contributes to skin stretch, recoil, and elasticity. Indeed, elastin with
other cutaneous ECM proteins, proteoglycans, and glycosaminoglycans
play a key role in maintaining healthy skin structure, function, and
youthful appearance. However, elastin shows very low turnover, its
production decreases due to many factors including advancing age and
following exposure to environmental insults elastic fibers degrade [89].
Fibroblasts produce the immature collagen type III alpha 1 chain
(COL3A1) during the proliferative phase, and then replace it with the

Fig. 9. CS-Arg scaffolds: a qualitative study of the single and simultaneous CNCs and GO loading effect on human dermal fibroblasts (HDF-a) migration capacity.
Evaluation of HDF-a migration assessed by scratch assay showing the single loading effect of (A) CNC and GO, and (B) the simultaneous loading effect of CNC/GO
within CS-Arg scaffolds compared to HDF-an under starvation conditions. Reduction of the scratch area was observed at 0 and after 20 h. HDF-a cells were stained
with red cell tracker. Images are representative of three scratched areas per each condition. Images were captured by fluorescence microscope (JuLI™ Stage mi-
croscope, Mag. 4×, scale bar 500 μm). The areas without cells are indicated by white lines. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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stronger collagen type I alpha 1 chain (COL1A1) during the remodelling
phase of wound healing [3,90]. Therefore, ELN and COL1A1 expression
by immunofluorescence analysis was studied and the confocal images
are shown in Fig. 8. CS-Arg does not appear to induce the expression of
either ELN or COL1A1 (Fig. 8A). The addition of only CNC showed a
dose-dependent behaviour: CS/CNC10-Arg was better in COL1A1
expression, while CS/CNC50-Arg was better in ELN expression. Vice
versa, the addition of GO alone does not influence the expression of the
two markers. Simultaneous CNC/GO loading allowed the identification
of CS/CNC10/GO0.15-Arg as the best condition in favouring both ELN
and COL1A1 expression. Meanwhile CS/CNC50/GO0.15-Arg was the
best in inducing only ELN expression. From a morphological point of
view, HDF-a exposed to CS/CNC10/GO0.15-Arg and CS/CNC50/
GO0.15-Arg appeared to form tissue aggregates thus suggesting the
creation of newly formed tissue after 7 days of cell-materials interaction.

3.3.5. CS-Arg scaffolds: Study of the single and simultaneous CNCs and GO
loading effect on the fibroblasts migration capacity

The effect of single and simultaneous CNCs/GO loading within CS-
Arg scaffolds on wound repair was evaluated by assessing HDF-a
migration capacity, which represents a crucial phase in the wound
healing process. The scratch assay was performed by using media pre-
viously conditioned with the different scaffolds on a confluent

monolayer of HDF-a, and the qualitative and quantitative results are
shown in Figs. 9 and 10, respectively. CS/CNC10-Arg did not signifi-
cantly influence cell migration after 20 h, meanwhile CS/CNC50-Arg
reduced the scratch area of about 20 %, compared to CS-Arg scaffolds
and no treated HDF-a, as shown qualitatively and quantitatively in
Fig. 9A and 10A, respectively. By contrast, the influence of GO on HDF-a
migration is more evident. Indeed, CS/GO0.15-Arg and CS/GO0.30-Arg
scaffolds promoted a scratch area reduction of 30 % and 80 % (Fig. 9A
and 10B), respectively. This result seems to be in agreement with pre-
vious findings [91]. Cerverò-Varona et al., proved that GO-
functionalized surfaces enhanced amniotic epithelial cell migration,
serving as a tailored microenvironment useful to face the inflammatory
phase of the regenerative process [91]. The simultaneous CNC/GO
loading resulted in a different behaviour at low and high CNCs loading.
Particularly, the highest cell migration was detected in the presence of
CS/CNC10/GO0.15-Arg at 20 h (Fig. 9B and 10C), suggesting a positive
synergic effect of CNCs and GO both at low concentrations. Meanwhile,
by increasing the concentration of CNCs, the CS/CNC50/GOs-Arg scaf-
folds did not promote wound healing (Fig. 9B and 10D).

3.3.6. CS-Arg scaffolds: Study of the single and simultaneous CNCs and GO
loading effect on the antimicrobial activity

The antimicrobial activity was tested against six selected microor-
ganisms, which represent the most costive agents involved in many in-
fectious microbial diseases. The formulated scaffolds were tested to
evaluate their antimicrobial activity in comparison with reference
broad-spectrum antibacterial and antifungal antibiotics as shown in
Fig. 11. The CS-Arg scaffolds showed moderate antimicrobial activity
against Gram-positive and Gram-positive bacteria (Fig. 11A-B), which is
not comparable to Streptomycin (positive control). This effect could be
due to the intrinsic antimicrobial properties of chitosan [92]. Mean-
while, CS-Arg affected the unicellular C. albicans, decreasing its activity
by 65 ± 3 %, without affecting the A. niger activity (Fig. 11). This data
allows the identification of CS-Arg as having good anticandidal activity
in comparison with Griseofulvin [93,94]. The addition of CNCs at 10%
wCNC/wCS did not significantly affect the antimicrobial activity of the
CS-Arg scaffold; while increasing CNCs loading up to 50%wCNC/wCS, a
reduction in the antimicrobial activity was observed both in comparison
with CS-Arg and with references antibiotics (Fig. 11A). These results
could support the hypothesis that antimicrobial activity was gained due
to the presence of CS and Arg [95]; whereas, CNCs do not have any
antimicrobial activity [96]. By contrast, GO loading enhanced the
antimicrobial activity of the CS-Arg scaffold in a GO-dose dependent
manner as also described in the literature, in particular versus Gram-
negative bacteria, as shown in Fig. 11B [97–99]. In addition, high GO
loading (0.30%wGO/wCS) affected C. albicans, decreasing its viability by
87 ± 5 %, compared to Griseofulvin (positive control). The combination
of CNCs and GO has a significant effect on the antimicrobial activity of
the prepared scaffold as shown in Fig. 11C. The scaffold CS/CNC10/
GOs-Arg exhibited an enhancement in the microbial activity, against
both bacterial and fungal strains. Vice versa, the simultaneous loading of
CNC and GO, by adding higher amounts of CNC (50%wCNC/wCS)
resulted in a loss of antimicrobial properties (Fig. 11D). These findings
were in good agreement with the above conclusion where the simulta-
neous loading of CNCs and GO, where CNCs are kept at low concen-
trations, facilitated the allowed modulation of scaffold-mediated
antimicrobial activity.

3.3.7. Significance of the work
CS-based scaffolds functionalised with CNCs and GO, and ionically

crosslinked with the amino acid Arg, were successfully fabricated by an
easy and scalable freeze-drying method. The scaffolds were intended as
potential chronic wounds' exudate pH-responsive platform. A summary
of the overall physico-chemical, biological and antimicrobial properties
of the scaffolds, highlighting the strength and weakness of single and
simultaneous loading effect of CNCs and GO loading is listed in Table 3.

Fig. 10. CS-Arg scaffolds: a quantitative study of the single and simultaneous
CNCs and GO loading effect on human dermal fibroblasts (HDF-a) migration
capacity. HDF-a cell migration analysis after incubation with the conditioned
media from (A) CNC single loaded, (B) GO single loaded and (D-E) CNC/GO
simultaneous loaded CS-Arg scaffolds, compared to HDF-a cells under starva-
tion conditions. Data are the mean values from n = 3 areas per each image
captured by fluorescence microscope (JuLI™ Stage microscope, Mag. 4×, scale
bar 500 μm) analysed by Image J1.48i software. Data are expressed as cell
migration percentage (%, ± S.E.M.) after 20 h, normalized to 0 h. Statistical
analysis of the variance of the means was assessed by one-way ANOVA and
Bonferroni post-hoc test [****p < 0.0001].
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The addition of only CNCs or GO resulted in diverging effects also
depending on their loading concentration. The CNCs single loading did
not positively influence the CS-Arg scaffolds properties, especially at
high concentration (50%wCNC/wCS). In fact, the lower swelling

capability and stability, resulting from a porous structure with smaller
and closed pores, translated also in an unremarkable effect on fibroblast
migration and antimicrobial properties. Conversely, the single GO
loading allowed for obtaining highly porous and interconnected porous

Fig. 11. CS-Arg scaffolds: a study of the single and simultaneous CNCs and GO loading effect on the antimicrobial activity. Quantitative evaluation of the anti-
microbial activity of the functionalised CS-Arg scaffolds showing the effect of (A) CNC or (B) GO single loading, and (C–D) CNC/GO simultaneous loading versus
Gram-positive (B. subtilis and S. aureus), Gram-negative (P. aeruginosa and E. coli), e fungi (C. albicans and A. niger). Data are the mean values from n = 3 biological
replicates, expressed as antimicrobial activity (± S.E.M.).

Table 3
Summary of the overall physico-chemical, biological and antimicrobial properties of CS-Arg scaffolds highlighting the single and simultaneous effect of CNC and GO
loading. CS-Arg and CS/CNCs-Arg were used as controls for the single and simultaneous loading effect study, respectively.

Properties

Scaffolds

Physico-chemical Biological Antimicrobial

Pores Dimension Swelling Stability Proliferation Migration Markers Antibacterial Antifungal

Single loading effect

CS/CNC10-Arg − + + = = = + = =

CS/CNC50-Arg − + − = = + = =

CS/GO0.15-Arg + + + + = = + +

CS/GO0.30-Arg + + + + + + + + = + +

Simultaneous loading effect

CS/CNC10/GO0.15-Arg + + + + + + + + + +

CS/CNC10/GO0.30-Arg + + + + + + + = + +

CS/CNC50/GO0.15-Arg + − − + = + − −

CS/CNC50/GO0.30-Arg + − − + + = = − −

Improved +

Improved dose-dependence + +

Not improved =

Poor –.
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structures, with GO-dose dependent swelling capacity and high stability,
which translated into more evident effects on fibroblast proliferation,
migration and improved antimicrobial activity against Gram-negative
bacteria (P. aeruginosa and E. coli) and unicellular fungi (C. albicans).
Surprisingly, the simultaneous loading of CNCs and GO within CS-Arg
scaffolds allowed obtaining scaffolds with improved performances
when compared with single component ones. Indeed, more compact,
highly porous and interconnected 3D smart scaffolds were produced.
Among them, CS/CNC10/GO0.15-Arg highlighted the best compromise
in terms of morphological features, swelling ability, stability, biological
and antimicrobial behaviour. An enhanced fibroblasts' proliferation
trend, with different behaviours in the short- (3 days) and mid-time (7
days) points, was observed. Furthermore, a positive synergic effect in
triggering fibroblast migration and an enhancement of microbial activ-
ity, against both bacterial and fungal strains was noticed, by keeping the
CNCs and GO both at low concentrations.

4. Conclusions

In this study, we developed an easy-to-handle chronic wounds' pH
responsive scaffold encompassing multifunctional features for
enhancing the healing of wounds. The scaffolds consisted of CS, CNCs,
GO and Arg. The present work systematically analysed the effect of
single and simultaneous loading of CNCs and GO as a reinforcing and
antimicrobial filler, respectively, into a CS matrix. Highly pure CNCs
were synthesised from bagasse pulp fibers through APS. Uniform GO
nanosheets were synthesised from graphite nanoplatelets by Hummers'
method. It was found that CNCs loading alone stabilised CS-Arg scaffolds
when used at lower concentration. While, GOs loading alone remarkably
enhanced the morphological, physico-chemical properties of CS-Arg
scaffolds, and positively affected fibroblasts proliferation/migration.
Finally, the simultaneous loading of CNCs/GOs within CS-Arg scaffolds
resulted in a positive effect on structural/physico-chemical properties;
as well as enhanced proliferation/migration and elastin/collagen I ECM-
related markers in human dermal fibroblasts. Additionally, higher
antimicrobial features were observed.
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