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ABSTRACT: In this work, we produced cross-linked electrospun hybrid
scaffolds composed of gelatin/poly-D,L-lactide (PDLLA), gelatin/PDLLA/
nanocellulose, and gelatin/PDLLA/cellulose nanocrystals/elastin. Fourier-
transform infrared spectroscopy, X-ray diffraction, and high-performance
liquid chromatography demonstrated the complete embedding of each
component in the hybrid scaffolds. The degree of cross-linking was
quantified by the 2,4,6-trinitrobenzenesulfonic acid assay, and attenuated
total reflectance spectroscopy revealed the effectiveness of the cross-linking
reaction. Notably, the interconnected porous structure revealed in uncross-
linked scaffolds persisted even after cross-linking. Scaffolds were
characterized in water through their contact angle showing total wettability.
We investigated their mechanical properties by uniaxial tensile testing, which
showed that even in the dry state, nanocellulose- and elastin-containing
scaffolds exhibit higher elongation at rupture compared to those with pure
gelatin/PDLLA. Therefore, we succeeded in tuning the toughness of the scaffolds by modulating the composition. In order to use
scaffolds as medical devices, we assayed fibroblasts on scaffold extraction media, indicating that they were noncytotoxic. Finally, the
attachment and proliferation of fibroblasts on the surface of different scaffolds were evaluated.
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■ INTRODUCTION

Electrospinning has been employed for the production of
materials composed of nano- and micro-structured nonwoven
tissues, with applications ranging from electrode production1

and catalysis2,3 to drug delivery, tissue engineering,4−7 and
biosensing.8,9

Pore connectivity and the high ratio between the surface and
the area of fibers mark electrospun polymers as high-
performing materials,4 especially in drug delivery and tissue
engineering applications as they mimic the complexity and
three-dimensional size of the extracellular matrix (ECM)
acting as a physical support for anchoring cells that would
regenerate new tissues after injury and damage.10−12 After-
ward, the scaffold would degrade to byproducts in the form of
metabolites according to a property called bioresorbability.13

Synthetic polyesters have been widely electrospun into
fibrous scaffolds,14 with poly-ε-caprolactone (PCL) and poly-
glycolic acid as well-known examples. Besides, polylactic acid
(PLA) is one of the most used polymers in biomedical
applications because of its biocompatibility and biodegrad-
ability.15,16 It degrades to lactic acid, its monomeric unit, a
metabolite produced in mammalian muscles during glyco-
genolysis.17 It can be commercially produced either from
petrochemical feedstock or from bacterial sources affording a

racemic and enantiomerically pure polymer.18−25 However, the
main disadvantages in the use of PLA are related to its slow
degradation rate, hydrophobicity, and brittleness.26

Enantiomeric pure forms of PLA27,28 are semicrystalline
polymers, whereas the raceme poly-D,L-lactide (PDLLA) has a
lower crystalline degree and shows a faster degradation rate.
Notably, the degradation rate is a function of molecular weight
and crystallinity degree: the higher the crystallinity, the higher
the degradation times.26 On this basis, PDLLA has been
preferred to poly-L-lactide (PLLA) for electrospun matrices in
bone regeneration.29 However, one of the main weaknesses in
the use of PDLLA is its strong hydrophobicity.30 In order to
overcome these drawbacks, hydrophilic and natural polymers
were added as complementary components to PDLLA.
Gelatin (GE), for example, is highly biocompatible and

biodegradable and has the ability to promote cell adhesion and
accelerate the wound-healing process.31 The use of GE fulfills a
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double issue: increasing the hydrophilicity of the scaffolds and
inserting bioactive sequences. Besides GE, other proteins are
blended with synthetic polymers. Human recombinant
tropoelastin, for example, has been successfully electrospun
with poly(ethylene glycol) (PEG).32 Elastin (El) is a cross-
linked polymer whose insolubility hampers the study of its
molecular structure in solution. Short El peptides encoded by
single exons of human tropoelastin gene (HTE) were easily
investigated, revealing the structure−function relationship of
the entire protein. One of the most appealing peptides was the
sequence encoded by exon 15 (EX15) of HTE, which is
considered bioactive (data not shown) and having
GVGPQAAAAAAAKAAAKF as the primary structure.33

To overcome the unfit performances of PLA-based scaffolds’
mechanical trials and improve their biomedical applications,
nanoparticle composites with metallic34,35 and cellulose
nanofillers have been developed.36

Cellulose nanocrystals (CNCs) are gaining increasing
interest as nanofillers in the perspective of employing
renewable resources which are preferable to oil-based polymers
in terms of sustainability.37 They are mainly produced by acid
hydrolysis of cellulose, with dimensions dependent on the
sources and hydrolysis conditions employed38,39 and exhibit
estimated Young’s modulus and tensile strength of 138 GPa
and 7500 MPa, respectively, in the crystalline region.40 The use
of CNCs allowed tuning the tensile strength, strain, Young’s
modulus, and toughness in PLA/CNCs/PEG composites41 as
well as they are reported for polyvinyl alcohol films in the
presence of 1,2,3,4-butane tetracarboxylic acid as a cross-
linking agent.42

In the present work, we have combined for the first time El
peptides, CNCs, GE, and PDLLA for the production of
electrospun membranes obtaining noncytotoxic scaffolds with
fiber diameters and mechanical properties appealing for the
development of new wound-dressing materials. The problems
common to conventional dressings are that they do not ensure
a moist environment, and moreover, they adhere to desiccated
wound surfaces causing trauma upon removal. Besides, severe
wound dehydration would disturb the ideal moist healing
environment and delay wound healing.43 The aim of the
present work was to obtain hydrophilic wound dressings by
modulating the scaffold composition through the addition of
biopolymers that are able to maintain a moist environment at
the wound interface. PDLLA and GE alone are ineffective as
dressing materials; therefore, both polymers were blended
together and along with El and nanocellulose serve as a suitable
wound dressing material from mechanical and biological points
of view.

■ EXPERIMENTAL SECTION
Materials and Methods. Commercial-grade reagents and

solvents were used without further purification, except where
otherwise indicated.

Electrospinning. GE from bovine skin (type B powder, bloom
strength: 225, isoelectric point: 3.8−5.5 at 25 °C) was purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). PDLLA (EasyFil PLA,
transparent pellets, molecular weight: 126,000 g/mol, density: 1240
kg/m3) was obtained from FormFutura (Nijmegen, Netherlands).
CNCs (from wood, spray-dried powder, particle size: 1−50 μm,
particle length: 44−108 nm, particle diameter: 2.3−4.5 nm, pH: 6−7,
crystalline fraction: 88%) were bought from CelluForce (Montreal,
Quebec, Canada). El peptide was synthesized as reported
previously.33 All the polymers were dissolved in 3 mL of 1,1,1,3,3,3-
hexafluoro-2-propanol (HFP) (Iris Biotech GMBH, Marktredwitz,
Germany). Polymer solutions were prepared in the ratio percentages
listed in Table 1. All mixtures containing GE were prepared at 37 °C
by dissolving GE in HFP. The solution was kept under magnetic
stirring for 2 h. Afterward, PDLLA was added and the mixture was
kept under magnetic stirring for 3 h. The polymer mixture containing
CNCs was prepared by adding CNCs previously dispersed in HFP at
room temperature and kept under magnetic stirring for 24 h. CNC
dispersion underwent different sonication cycles. The polymer
mixtures were loaded into a 5 mL plastic syringe with an 18 G
stainless-steel needle and then electrospun at 19 kV (Gamma High-
Voltage generator), with a flow rate of 1.6 mL/h of the pump for a
single syringe BSP-99 mM (Linari Engineering, Pisa, Italy). The target
was a round copper plate having 9 mm diameter coated with
aluminum foils and the distance between the collector and the needle
was set to 19 cm.

Cross-Linking Procedure. N-Hydroxysuccinimide (NHS) and
N-(3-dimethylaminopropyl)-N′-ethyl-carbodiimide hydrochloride
(EDC·HCl) were used as cross-linking reagents and purchased from
Sigma-Aldrich (St. Louis, Missouri, USA) and Novabiochem
(Darmstadt, Germany), respectively. Cross-linkers were solubilized
in an 85.5% ethanolic solution (Carlo Erba Reagents, Cornaredo,
Italy) in an equimolar ratio, both at the concentration of 45.0 mM.
Electrospun scaffolds were immersed in a cross-linking solution at
room temperature. Subsequently, they were shaken at 60 rpm using
an orbital shaker (PSU-10i, Biosan, Riga, Latvia) for 24 h. The
electrospun materials were gently dried by using a filter paper and
washed with ultrapure water (20 mL × 3 times) to remove any
residual trace of cross-linkers. Finally, they were immersed in 95.0%
ethanol, shaken again for 1 h at 60 rpm, and air-dried at room
temperature. Ultrapure water was produced by a Milli-Q Water
Purification System (Merck, Darmstadt, Germany). Water is first
pumped through the reverse osmosis cartridge; thereafter, the
permeate water is pumped from the reservoir through the Quantum
cartridge by the recirculation pump in order to produce high-
resistivity product water, which is delivered at a flow rate of 0.6 L/min
through a 0.22 μm filter.

Amine Group Content and Degree of Cross-Linking. The
content of free primary amine groups present in the uncross-linked
scaffolds and that in cross-linked were determined using the 2,4,6-
trinitrobenzenesulfonic acid (TNBS) assay with a protocol similar to
those reported by Davidenko44 and Ofner.45 To each sample (4−6
mg), 0.5 mL of a 4% (w/v) NaHCO3 solution and 0.5 mL of a freshly
prepared solution of 0.05% (w/v) TNBS were added. After 2 h at 40
°C, 1.5 mL of 6 M HCl was added and the samples were hydrolyzed
at 60 °C for 90 min. The reaction mixture was diluted with distilled
water (2.5 mL) and cooled to room temperature, and absorbance at λ
= 346 nm was measured using a Cary 60 UV−Vis spectrometer
(Agilent, Santa Clara, USA). Controls (blank samples) were prepared
using the same procedure, except that HCl was added, prior to the

Table 1. Scaffold Composition

abbreviationa polymer weight ratio final % (w/v) final volume (mL)

GP GE/PDLLA = 1:3 12.0 3.0
NGP CNCs/GE/:PDLLA = 1:3:9 13.0 3.0
ElNGP EX15/CNCs/GE/PDLLA = 1:7.5:22.5:67 13.1 3.0

aGP: (gelatin/poly-lactic acid), NGP: (cellulose nanocrystals/gelatin/poly-lactic acid), ElNGP: (EX15 elastin-like peptide/cellulose nanocrystals/
gelatin/poly-lactic acid).
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introduction of the TNBS solution, to prohibit any reaction of TNBS
with the amine groups. The blank sample value was subtracted from
each sample absorbance. Three replicates on three pieces of each
scaffold were used for each determination. The uncross-linked sample
was assumed to contain 100% of the available free amine groups and
this value was used to calculate the percentage of remaining free
amine groups after the cross-linking treatment using the following
equation (eq 1)

= ×
× ×− −

n
g

V
W l

(NH )
(scaffold)

(Abs )
(14, 600 L mol cm )

2
1 1 (1)

In the above formula used for the calculation of the amine group
content, 14,600 L mol−1 cm−1 is the molar extinction constant at λ =
346 nm of TNBS-Lys, while V is the volume (L), W is the mass
sample (g), and l is the cell path length (cm).
The degree of cross-linking was evaluated as the difference between

the chemically determined number of free amine groups before and
after cross-linking, relative to the initial free amine content.
X-ray Diffraction Analysis. CNC powder was analyzed by X-ray

diffraction (XRD) and used as a standard to characterize electrospun
scaffolds containing CNCs. XRD analysis was carried out on a
Siemens D5000 diffractometer (Munich, Germany). The current
generator and the voltage generator adjusted at 32 mA and 40 kV,
respectively, and the step size was kept at 0.042, with a total duration
of analysis of 75 min.
High-Performance Liquid Chromatography. Small pieces of

uncross-linked and cross-linked ElNGP (EX15/CNCs/GE/PDLLA)
hybrid scaffolds (1 cm × 1 cm) were immersed in 85.5% ethanol
solution and shaken at 60 rpm using an orbital shaker (PSU-10i,
Biosan, Riga, Latvia) for 24 h. Afterward, the solution was transferred
into a round-bottom flask, evaporated under nitrogen flow, diluted
with ultrapure water, and freeze-dried. After lyophilization, the solid
was solubilized in H2O (0.1% TFA) and analyzed by reverse-phase
HPLC on a Jupiter 300 Å C18 analytical column (250 × 4.60 μm 5
Å) (Phenomenex, Bologna, Italy). H2O (0.1% TFA) and CH3CN
(0.1% TFA) in a 95:5 ratio, respectively, were used as mobile phases
in the binary gradient. The uncross-linked ElNGP scaffold was
immersed in 85.5% ethanol solution of EDC/NHS (45 mM). The
solution was shaken at 60 rpm for 24 h, treated as previously
described, and analyzed by HPLC. EX15 El-inspired peptide was used
as standard and analyzed by HPLC in both aqueous and cross-linking
solutions.
Fourier-Transform Infrared Spectroscopy. FTIR spectroscopy

was performed in the solid state in KBr pellets using a Jasco FTIR 460
plus (JASCO, Easton, MD, USA) spectrometer in order to analyze
electrospun scaffolds. Contextually, pure polymers GE, CNCs, and
PDLLA were processed and used as reference. Each electrospun
scaffold was cut into small pieces and added to KBr powder previously
dried under vacuum at 180 °C for 12 h. Spectra were acquired in the
region from 4000 to 500 cm−1 using 256 scans and a resolution of 2
cm−1. The KBr pellet spectrum was recorded before each measure-
ment and then subtracted from the sample spectrum.
Attenuated Total Reflectance. Attenuated total reflectance

(ATR) spectra were obtained out on electrospun scaffolds before and
after the cross-linking reaction. Measurements were carried out on a
Nicolet 5700 (Thermo Fisher Scientific, Waltham, MA, USA)
equipped with an ATR accessory, Smart Orbit with a type II A
diamond crystal, of refractive index 2.4, with a KBr beam splitter and
an MCT/B detector. Spectra were acquired in the region from 4000
to 450 cm−1 with a spectral resolution of 2 cm−1 and 32 scans.
Background spectra were recorded each time and then subtracted
from the sample spectra.
Scanning Electron Microscopy. The morphology of the

electrospun scaffolds was investigated on a Philips, FEI ESEM
XL30 instrument. SEM images were acquired with a voltage of 20 kV
and different magnifications, after gold sputter-coating. The diameter
of the fibers and scaffold porosity were evaluated using ImageJ (
National Institute of Health, USA, http://rsbweb.nih.gov/ij) software
supplied with the DiameterJ plug-in (n > 1000).

Swelling Test Analysis. For each sample, four pieces from four
different cross-linked scaffolds (a total of 16 samples) were
investigated. Each sample was immersed in 10 mL of ddH2O at
room temperature (r.t.) for 60 min and shaken at 60 rpm on an
orbital shaker. Thereafter, they were gently dried on a filter paper to
remove the excess of water and weighed on a balance (Precisa
Instruments AG, Model, XR 205 SM-DR, 8953 Dietikon, Switzerland,
2005) having a sensitivity of ±0.00001 g. The water absorbed by each
scaffold was calculated according to the following equation (eq 2)

=
−

×
W W

W
swelling (%) 100w d

d (2)

In the above formula used for the swelling test, Ww and Wd are the
masses (g) of wet and dry scaffolds, respectively.

Contact Angle Measurements. An indirect evaluation of the
hydrophilicity scaffold was assessed by the contact angle on an OCA
40 device (DataPhysics Instruments GmbH, Filderstadt, Germany)
instrument. The final result is calculated from 16 measurements
obtained from four different pieces for each cross-linked scaffold. A
water drop having 2 μL of volume was placed onto the sample and
after 10 s the contact angle was measured using a video setup and
SCA20 software (DataPhysics Instruments).

Uniaxial Tensile Testing. For each sample, four rectangular
pieces from four different cross-linked scaffolds were obtained (10
mm × 20 mm). They were clamped to the uniaxial tensile testing
device (ElectroForce 5500, ElectroForce Systems Group, Bose
Corporation, Minnesota, USA). They were pulled to failure after
applying a stretch of 0.025 mm s−1. Then, Young’s modulus and the
ultimate tensile strength were calculated. For each measurement, E
modulus was calculated using the initial linear slope of the stress
versus strain curve.

Cytotoxicity Assay. Prior to cell culture experiments, the
fabricated scaffolds were tested for biocompatibility. For this purpose,
a cytotoxicity test according to EN ISO 10993-5 has been performed
using the MTS assay CellTiter 96 AQueous OneSolution Cell
Proliferation Assay (G3582, Promega, Madison, USA). Each polymer
was incubated for 72 h at 37 °C and 5% CO2 in Dulbecco’s modified
Eagle’s medium (21063-029, Thermo Fisher Scientific, Waltham,
USA) and 1% penicillin−streptomycin (15070-063, Thermo Fisher
Scientific) in an extraction ratio of 0.1 g/mL. NIH/3T3 cells (ATCC
CRL-1658TM, ATCC, Manassas, USA) were then cultured for 24 h
with the sterile filtered extraction medium supplemented with 10%
fetal bovine serum (10270-106, Thermo Fisher Scientific). The
medium without polymer extract served as a negative control. The
cells incubated with 1% SDS were used as a positive control.
Subsequently, the MTS assay was performed according to the
manufacturer’s protocol. The absorbance of the soluble formazan
produced by the cellular reduction of MTS was measured at 490 nm
(n = 3). The cell viability was determined by the absorption of the
samples relative to the control.

Cell Seeding and Culture on the Electrospun Scaffolds. In
order to investigate cell attachment and proliferation, L929 cells
(ACC2, Leibniz Institute DSMZ, Braunschweig, Germany) were
cultured onto the scaffolds for 1, 3, and 5 days (n = 3). Briefly,
scaffolds with a diameter of 6 mm were placed in a 96-well plate and
5000 cells/mL were seeded in 150 μL of modified Eagle’s medium
(11090081, Thermo Fisher Scientific) supplemented with 4 mM L-
glutamine (A2916801, Thermo Fisher Scientific), 1% penicillin−
streptomycin, and 10% fetal bovine serum. Cells were cultured at 37
°C and 5% CO2. The medium was changed every 2 days. After cell
culture, the cell-seeded scaffolds were washed once with PBS and
fixed with 4% paraformaldehyde (P6148, Sigma-Aldrich). The cell
membrane was permeabilized with 0.1% Triton X-100 (3051.3, Carl
Roth, Karlsruhe, Germany) for 20 min. F-actin was stained for 30 min
in the dark using Alexa Fluor 647 (1:500, A22287, Thermo Fisher
Scientific). For cell number analysis, the cells were stained with 4′,6-
diamidino-2-phenylindole (DAPI) (1:50, 10236276001, Roche
Diagnostics, Mannheim, Germany) for 20 min. Images were obtained
using a fluorescence microscope (Cell Observer, Carl Zeiss AG,
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Oberkochen, Germany). The cell number was quantified by counting
the DAPI-stained cell nuclei per area using ImageJ.46

Statistical Analysis. The graphs were plotted using Origin Data
Graph software (OriginLab Corporation, Northampton, MA, USA)
and Microsoft Excel. Data are reported as mean ± standard deviation.
Fiber diameter and swelling test statistical analyses were carried out
using the one-way analysis of variance (ANOVA) method, Tukey’s
test, and Student’s t-test. A p value ≤ 0.01 (*) was considered as
statistically significant. For the porosity and mechanical analysis, two-
way analysis of variance and Tukey’s test were used, with a p value ≤
0.05 (*) defined as statistically significant, while for the cytotoxicity
assay ANOVA was performed and the mean value of the samples was
compared with the mean value of the negative control using Fisher’s
least significant difference test. For cell number analysis, a two-way
ANOVA and Tukey’s multiple comparison test were performed with
GraphPad PRISM (GraphPad Software, San Diego, USA).

■ RESULTS AND DISCUSSION

Production of Electrospun Scaffolds. Starting from the
first application,47 nowadays electrospinning has gained even
more diffusion for the production of scaffolds in tissue
engineering.48,49 Our work aimed to produce electrospun
scaffolds made of natural polymers such as cellulose, protein-
based materials, and PDLLA. Recently, recombinant HTE has
been electrospun with collagen to improve biocompatibility of
scaffolds.50 Herein, an El-derived peptide with a bioactive
sequence was added to the polymer mixture. CNCs are
generally used to reinforce scaffolds electrospun from different
polymers, such aspolyvinylidenefluoride-co-hexafluoropropy-
lene (PVDF-HFP),51 PCL,52 polyacrylonitrile (PAN),53 and
PLA.54

In the present study, CNCs were added to counterbalance
the strong hydrophobicity of PDLLA and improve the
mechanical properties of hybrid scaffolds. Polymer solutions
described in Table 1 were electrospun using process
parameters recently published elsewhere.55

HFP, known for its low nucleophilicity and strong hydrogen
bond-donating ability,56,57 was chosen as a solvent because of
its ability to solubilize proteins, PLA polymer,55 GE, El, and
CNCs, even if in the final form of a dispersion. The GP blend
(GE/PDLLA) was prepared by mixing GE and PDLLA to a
final concentration of 3.0 and 9.0% w/v, respectively. GP blend
at a concentration of 12.0% (w/v) in HFP showed good
miscibility, resulting in a stable electrospinning process
producing an electrospun scaffold showing a uniform structure
at the macroscopic level. In order to increase the hydrophilicity
and wettability of electrospun scaffolds,58 CNCs were added as
a filler to the GP blend in the amount of 1.0% (w/v). Surface
wettability, crucial for tuning scaffold cell behavior, is strongly
affected by the hydrophilic degree of the scaffold.59

Moreover, the El peptide (0.1% w/v) was employed as a
filler in the NGP blend (CNCs/GE/PDLLA), not only for
mimicking ECM composition with its presence but also for
enabling cell incorporation.32,33 The addition of CNCs and the
El peptide afforded polymer solutions in HFP to final
concentrations (w/v) of 13.0 and 13.1%, respectively.
XRD Analysis. Diffractograms of cellulose-containing

uncross-linked NGP, ElNGP, and cross-linked NGP hybrid
electrospun scaffolds were recorded and compared with the
CNC powder as a reference. GP electrospun scaffolds were
also investigated as negative control (Figure 1). The CNC
powder diffractogram shows two peaks at 2θ = 22.6 and 34.6°,
corresponding, respectively, to (2 0 0) and (0 0 4) reflections
of crystallinity.60 In the diffractograms of uncross-linked NGP

and cross-linked NGP and ElNGP, a shoulder at 2θ = 22.6°
appeared as a contribution from the CNC component (black).
Accordingly, the GP scaffold diffractogram that is devoid of
CNCs, and therefore used as a negative control, did not show
any shoulder or peak. Summarizing, XRD measurements
demonstrated that CNCs retained their crystallinity when
added as a coadjuvant in polymer mixtures. On that basis, we
infer that the CNCs were successfully dispersed in polymer
mixtures.

HPLC Analysis. The chromatograms obtained after treat-
ment of the uncross-linked ElNGP scaffold in 85.5% ethanolic
solution are shown in the Supporting Information and Figure
S1. The uncross-linked ElNGP scaffold chromatogram (black
curve in Figure S1a) shows the presence of a peak with a
retention time (Rt) of 29.0 min that could be ascribed to the
EX15 peptide by comparison with the chromatogram of the
same peptide used as the reference (blue curve of Figure S1a in
the Supporting Information). In contrast, the peak was not
present in the chromatogram of the cross-linked ElNGP
scaffold treated under the same conditions (data not shown).
The rationale for the experimental findings could be that the
EX15 peptide escaped from the scaffold into the reaction
solution during the cross-linking reaction. In order to confirm
the embedding of the EX15 peptide in the ElNGP scaffold
during the cross-linking reaction, the uncross-linked ElNGP
scaffold was treated in 45 mM EDC/NHS, as described before.
The chromatogram (black curve of Figure S1b) did not show
the peak assigned to the EX15 peptide under the cross-linking
reaction conditions (Rt = 25.6 min) (blue curve in Figure S1b),
proving on this basis that the EX15 peptide was fully
embedded.

FT-IR Spectroscopy. FT-IR spectroscopy was used in
order to analyze scaffolds at a molecular level. First, functional
groups were assigned to pure polymers, and then they were
used as a fingerprint for tracking the presence of a pure
component in the hybrid scaffold spectra. From top to down,
the first three FT-IR spectra in Figure 2 are ascribed to pure
GE, CNCs, and PDLLA, while the remaining are related to
GP, NGP, and ElNGP electrospun scaffolds. The FT-IR
spectrum of GE showed at about 3521 cm−1 the amide A band
(downward arrow), assigned to N−H stretching, and at
approximately 3316 cm−1, a broad band that originated from

Figure 1. Diffractograms of electrospun scaffolds: CNC powder
(black); GP (red); NGP (blue); ElNGP (magenta); and cross-linked
NGP (green).
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O−H stretching (asterisk) of 4-hydroxyproline residues. At
shorter wavenumbers, the amide I band at 1665 cm−1 (upward
arrow) derived from peptide CO stretching and the amide II
band situated at 1551 cm−1 due to N−H bending (triangle), as
hallmarks of proteins, were visible.61

Regarding the CNCs’ FT-IR spectrum (red curve), a broad
band can be noted from 3700 to 3100 cm−1 which is assigned
to the stretching vibrations of carbohydrates’ O−H groups
(asterisk). Furthermore, bands due to aliphatic C−H
stretching at about 2900 cm−1 (empty circle) and due to C−
O stretching (diamond), typical of carbohydrates, were visible
in the region ranging from 1200 to 1100 cm−1.53 The PDLLA
FT-IR spectrum showed the aliphatic C−H stretching bands
(filled circle) at 2995 and 2945 cm−1, the ester CO
stretching (empty square) at 1760 cm−1, and the C−H3
bending (filled square) at 1454 cm−1.62 The FT-IR spectra
of electrospun scaffolds are shown in Figure 2 as dark cyan,
magenta, and dark yellow curves. Accordingly, the GP
electrospun scaffold contains amide I (upward arrow), amide
II (triangles), and A bands (downward arrow) from GE and
aliphatic C−H (filled circle), C−H3, (filled square), and ester
CO bands (empty square) from PDLLA.
In NGP electrospun scaffolds, the band due to O−H

(asterisks) is also visible, together with aliphatic C−H
stretching bands (filled and empty circles), derived from
PDLLA and CNCs. In order to check if CNCs were
successfully embedded in electrospun scaffolds, the bands’
absorbance values from OH stretching and amide A were rated
and the arithmetic ratio was calculated. The ratio values were
equal to 1.1, 1.4, and 1.2 for GP, NGP, and ElNGP scaffolds,
respectively. The data infer that in the NGP scaffold, a stronger
contribution has been found from the stretching of the −OH
groups. The smaller value found for ElNGP compared to NGP,
even though CNCs are present in both scaffolds, is probably
due to the contribution of additional N−H stretchings derived
from the El peptide that is absent in NGP. The results
demonstrate the successful incorporation of CNCs in the
polymer mixture, confirming the efficiency of the electro-
spinning process.
Amine Group Content and Degree of Cross-Linking.

The values of cross-linking degrees, calculated from the free
amino group content after each treatment, indicated that the

percentage of cross-linking of GP, NGP, and ElNGP is 91 ± 9,
100 ± 1, and 91 ± 1%, respectively. The results are expressed
as mean values of three parallel measurements ± standard
errors.

Cross-Linking Assessment. ATR Spectroscopy. In order
to estimate the progression of the cross-linking reaction, we
investigated GP electrospun scaffolds before and after the
cross-linking reaction using ATR spectroscopy. In Figure 3,

ATR spectra are shown in the region of interest comprised
between 2000 and 1000 cm−1. The presence of amide I and
amide II bands from GE is evident in both samples. Our
attention was focused on the bands at 1266 and 1541 cm−1.
The first band is assigned to the C−O stretching of carboxylic
acid present in the side chains of Asp and Glu residues. The
second band is attributed to N−H2 bending from free ε-amine
groups of lysine residues, both present in GE. In the spectrum
of the cross-linked scaffolds of GP (red curve), the intensity of
the band at 1266 cm−1 was considerably reduced and this
feature was found in all three kinds of electrospun scaffolds:
GP, NGP, and ElNGP (Figure S2). The intensity of the band
at 1541 cm−1 was slightly lower too. These findings indicated
the decrease in the number of carboxylic and free primary
amine groups after the cross-linking reaction due to the
formation of amide bonds according to the reaction scheme
(Figure S3 in the Supporting Information).63,64

ATR spectra of uncross-linked and cross-linked GP
electrospun scaffolds were slightly different, demonstrating
that the reaction was successfully carried out.

SEM: Morphology, Fiber Diameter, and Porosity Evalua-
tion. SEM was used to evaluate the electrospun scaffold
morphology, as shown in Figure 4, with particular attention to
the assessment of any defect (beads), investigating the fiber
orientation and diameter distribution before and after the
cross-linking reaction. The SEM image of the uncross-linked
electrospun GP scaffold (Figure 4A) showed a well-defined
three-dimensional fibrillar microstructure enriched with
interconnected pores. It is worth noting that the interconnec-
tion was permanently visible even in the cross-linked sample
(Figure 4D). The fibers appeared linear in the uncross-linked
scaffold and curvilinear in the cross-linked one. In both cases,
no traces of solvent and beads were detected, suggesting a

Figure 2. FT-IR spectra of GE (black); CNCs (red); PDLLA (blue);
GP scaffold (dark cyan); NGP scaffold (magenta), and ElNGP
scaffold (dark yellow).

Figure 3. ATR spectra of GP electrospun scaffolds: before (black)
and after cross-linking (red).
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good degree of dispersion of the polymers in the solvent.65

Herein, EDC was used as a GE cross-linker66−68 and is
preferred to others, as vapor-phase glutaraldehyde could be
potentially cytotoxic at certain concentrations,69 and aqueous-
phase genipin or glyceraldehyde gave rise to fused fibers. The
average diameters of GP fibers as a frequency function are
represented as a histogram (Figure S4A,B), showing a normal
distribution around a mean value of 683 ± 174 nm and after
the cross-linking reaction, the average diameter of the fibers
increased from 683 ± 174 to 955 ± 240 nm (Table 2). The

SEM image of the uncross-linked NGP scaffold (Figure 4B)
showed fibrillar and interconnected porous microstructures
presenting randomly oriented fibers forming a nonwoven
matrix with a normal distribution around a mean value of 1116
± 290 nm (Figure S4C,D). The striking analogy with the
uncross-linked GP electrospun scaffold is an indirect
inspection of the homogeneousness of dispersion and the
efficiency of the electrospinning process, despite the presence
of CNCs. Interestingly, unpromising results were obtained
from cellulose microcrystals (CMCs) when added to a
polymer blend. Indeed, in related SEM images, the presence
of CMCs induced the excessive enlargement of the fibers
probably due to the scale dimension of CMCs, microinstead
of nano, as reported by Jia et al.70 After the cross-linking
reaction, the NGP scaffold presented a change in the
orientation of the fibers assuming a curvilinear shape (Figure
4E). Diverse to previous results, the cross-linking reaction
performed on the CNC hybrid scaffold induced the decrease of
the average diameter of the fibers from 1116 ± 290 to 828 ±
290 nm (Table 2).
Concerning the ElNGP electrospun hybrid scaffold obtained

after the addition of the EX15 peptide, neither the fibrillar nor

the interconnected porous microstructures were affected
(Figure 4C).66,71 Analogous to GP, the cross-linking reaction
triggered the curling of fibers (Figure 4F) with the average
diameter growing from 823 ± 216 to 1176 ± 344 nm (Figure
S4E,F). To evaluate if the average diameter values found were
statistically different from each other, statistical analyses were
performed using the one-way ANOVA method and Tukey’s
test (Figure S5). The results showed that the average diameters
of the fibers of uncross-linked scaffolds are statistically different
from those of cross-linked samples. The different morphology
of cross-linked fibers, different in orientation and size, is an
indirect proof of the accomplishment of the cross-linking
reaction.
The persistence of porous interconnected structures could

make these scaffolds appealing as biomedical devices able to
assure oxygen and vapor permeation. Furthermore, the fibrillar
organization mimics the natural ECM matrix hierarchically
organized in fibrillar structures of different sizes from El,
collagen, and polysaccharides. These features could make the
produced scaffolds appealing for wound dressing. As a matter
of fact, wound dressings are required to absorb exudates and at
the same time to ensure oxygen permeation.
MacLellan and co-workers reported that scaffolds presenting

∼880 nm fiber diameter might be optimal for soft tissue
engineering applications,72 even if the assessment of the best
fibril size is difficult to claim from the perspective of the wide
pool of potential polymers to use, while antibacterial dressings
with fiber diameters ranging from 0.2 to 3 μm showed healing
efficacy.73

Furthermore, the addition of CNCs to GP led to a
significant increase of the average diameter of the fibers, with
p* ≤ 0.01 (from 683 ± 174 to 1116 ± 290 nm, Table 2). This
finding is probably due to an increase in the polymer solution
viscosity,74 in agreement with literature data on electrospun
blends made of PLGA75 at different percentages of CNCs;
however, CNCs have also been suggested to induce the
opposite effect on the fiber diameter through their
reduction.76,77 This behavior could be explained by an increase
of electric conductivity of the polymer solutions. As a matter of
fact, CNCs are usually produced through acid hydrolysis of
cellulose, generally through H2SO4,

38 leaving sulfate groups on
them, causing an increase of the electrical charge and,
consequently, the electrical conductivity of the electrospun
solution and a decrease in the average diameter of the fibers.
These two different effects act in opposition to each other: in
the case of NGP, the increase in the polymer solution viscosity

Figure 4. SEM images of electrospun scaffolds. Uncross-linked: GP (A), NGP (B), and ElNGP (C). Cross-linked: GP (D), NGP (E), and ElNGP
(F); (bar: 10 μm).

Table 2. Scaffold Morphology

scaffold
average fiber diameter

(nm)a
wettability

(%) porosity (%)

GP 683 ± 174 n. d. 68 ± 2
GP cross-linked 955 ± 240 374 ± 28 59.5 ± 0.6
NGP 1116 ± 290 n. d. 66.1 ± 0.7
NGP cross-linked 828 ± 280 449 ± 26 62 ± 1
ElNGP 823 ± 216 n. d. 63 ± 1
ElNGP
cross-linked

1176 ± 344 607 ± 52 51 ± 3

aMean value ± standard deviation (n > 1000 from three different
images).
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prevailed on enhanced electrical conductivity. On the contrary,
the addition of EX-15 peptide led to a significant decrease of
the average diameter of fibers according to Swindle-Reilly et
al.,78 who reported electrospun scaffolds composed of a PCL/
El blend in HFP having a diameter of fibers that is significantly
smaller than that of neat PCL ones, due to peptide
incorporation into the fiber network.
Commonly, porosity is important to dictate cellular

infiltration and tissue ingrowth into the scaffolds.79 Looking
at literature, one can observe that Ameer et al. have presented
many strategies to tune electrospun scaffold porosity to
enhance the cell response in tissue engineering.80 The porosity
of scaffolds studied in this work has been evaluated, with the
results summarized in Table 2 and statistical analysis in Figure
S6.
Uncross-linked and cross-linked scaffolds showed similar

porosity: GP, NGP, and ElNGP displayed calculated values of
68 ± 2, 66.1 ± 0.7, and 63 ± 1%, respectively, with a decrease
for their cross-linked scaffolds (59.5 ± 0.6, 62 ± 1, and 51 ±
3% for GP, NGP, and ElNGP, respectively). Statistical analysis
showed that the decrease was significant only for GP and
ElNGP scaffolds, and that the cross-linking reaction induced a
slight decrease of porosity in all electrospun scaffolds.
Cross-linking of the scaffolds by the EDC/NHS protocol

performed in ethanol/water solution determined a variation in
fiber diameters and porosity due to a macroscopically evident
shrinkage. Figure 5 exhibits a scaffold showing a shrinkage of

the diameter from 9 to 4.5 cm after cross-linking. Other
authors observed similar findings, which are particularly
evident in scaffolds containing a high content of GE.55,81

GE gels studied at ethanol concentrations >40% v/v
exhibited a volume shrinkage that can be extended to values
of 25−50%.82 Plausibly, the cross-linking reaction performed at
a high ethanol concentration (85%, v/v) determined a
shrinking effect on GE, ascribed to deswelling. In the case of
microfiber shrinkage, a decrease in the fiber length translated
into an increase in the fiber diameter,83 a reduction of porosity,
and a higher density of the scaffold.
Swelling Test and Contact Angle Measurements. The

swelling test was carried out on the cross-linked scaffolds to
evaluate their capacity to absorb water, thereby indirectly
testing their hydrophobicity degree. The average swelling of
the scaffolds, expressed in terms of percentages and calculated
according to eq 1, afforded values of 374 ± 28, 449 ± 26, and
607 ± 52% for GP, NGP, and ElNGP scaffolds, respectively
(Table 2), thus demonstrating the progressive increase of

wettability with CNC and El contents. Statistical analysis was
performed on these values using Student’s t-test (Figure S7),
displaying a statistical difference (*p ≤ 0.01).
Even if it is in a speculative way, the rationale for the

observed increase of wettability with CNCs and EX15 is the
onset of hydrogen bonding network between water, cellulose
hydroxyl moieties, and peptide polyamide groups. Never-
theless, all electrospun scaffolds showed strong hydrophilicity
due to their swift water drop absorption (less than 2 s), during
contact angle measurements. That finding is worth noting if we
consider that PDLLA, similar to PLA, is usually considered
highly hydrophobic. Therefore, we successfully modified the
physical characteristics of hybrid electrospun scaffolds by
mixing polymers having complementary properties: the highly
hydrophilic polymers GE, CNCs, and El mitigated the
hydrophobicity of PLA. In summary, even if with some
differences, all scaffolds showed total wettability, suggesting
their employment as a wound dressing material, as a low
degree of hydrophobicity is the best for biomedical devices.
Highly hydrophilic wound dressing, indeed, prevents scab
formation and dehydration of the wound bed.84

Uniaxial Tensile Testing. In order to evaluate the
mechanical properties, uniaxial tensile testing on cross-linked
GP, NGP, and ElNGP scaffolds was conducted. Young’s
modulus and ultimate tensile strength calculations were carried
out on dry and swollen scaffolds (Table 3). Young’s moduli

were 87 ± 13, 75 ± 14, and 75 ± 15 MPa for dry GP, NGP,
and ElNGP, respectively. Moreover, statistical analysis (Figure
S8A) evidenced that for NGP and ElNGP, Young’s modulus is
significantly different from GP (p* ≤ 0.05), inferring an
influence of CNCs. As recently reported,85,86 the addition of
small percentages of CNCs to PLA (5% based on the weight)
led to an increase of the Young’s modulus and tensile
properties as well. Conversely, for values higher than 5%, a
decrease in the Young’s modulus has been observed, probably
because of the self-aggregation of CNCs in electrospun fibers
being responsible for the weakening of the cohesion among
them.85 It is well known that the source of CNCs and their
production should be taken into account, as they affect the
rheology of the electrospun solution and then the mechanical
properties of the final fibers. In the present study, commercial
CNCs employed presented a low aspect ratio, with shear-
thinning behavior. The increase of the viscosity in comparison
with neat PLA, as reported by Hamad and co-workers,87

generally affects the fiber diameter of electrospun scaffolds. It,
in turn, influences the mechanical properties.

Figure 5. Shrinkage of the electrospun scaffold after the cross-linking
reaction (NHS and EDC·HCl = 45.0 mM in 85.5% ethanolic solution,
RT, overnight).

Table 3. Mechanical Propertiesa

scaffold
Young’s

modulus (MPa)
ultimate tensile
strength (MPa)

elongation at
break (%)

GP 87 ± 13 6.5 ± 0.6 57.2 ± 32.6
GP after
swelling

24 ± 4 4.0 ± 0.3 >120

NGP 75 ± 14 6.2 ± 0.4 104.0 ± 18.1
NGP after
swelling

27 ± 3 4.1 ± 0.3 >120

ElNGP 75 ± 15 6.3 ± 0.3 113.8 ± 8.3
ElNGP after
swelling

23 ± 4 4.0 ± 0.2 >120

aValues of the Young’s modulus and ultimate tensile strength
calculated for the electrospun scaffolds before and after the swelling
test.
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CNCs were added at a final concentration of 8.3% (w/w) in
the NGP scaffold and 8.2% (w/w) in the ElNGP scaffold
expressed on the total mass of the remaining components in
polymer solutions inducing the decrease of Young’s modulus.
That finding is important because we suggested that it is
possible to modify the scaffold elasticity and optimize the
mechanical properties of PLA-based scaffolds.
After swelling the scaffolds in water, a dramatic change in the

Young’s modulus value was observed, affording 24 ± 4, 27 ± 3,
and 23 ± 4 MPa for GP, NGP, and ElNGP scaffolds,
respectively. The values observed by comparing the dry state
with the swollen ones were significantly different (p* ≤ 0.05)
(Figure S8B,C), and swollen scaffolds appear more elastic.
Young’s modulus values are compatible with those found for

scaffolds with applications in soft tissue engineering, such as,
for example, of natural skin showing a tensile modulus of 15−
150 MPa compatible with our scaffolds having Young’s
modulus within this range.88 Uniaxial tensile testing (UTS
values) in the dry state were 6.5 ± 0.6, 6.2 ± 0.4, and 6.3 ± 0.3
MPa for GP, NGP, and ElNGP scaffolds, respectively. The
corresponding swollen scaffolds showed UTS values of 4.0 ±
0.3, 4.1 ± 0.3, and 4.0 ± 0.2 MPa, respectively. However, also
in that case, changes were not significant (p > 0.05) (Figure
S9A,B). On the contrary and analogous to Young’s modulus,
UTS values of dry scaffolds significantly differ from swollen
samples (p* ≤ 0.05) (Figure S9C). It is interesting to note that
NGP and ElNGP scaffolds show the greatest elongation at
break in the dry state [elongation (%) = 57.2 ± 32.6, 104 ±
18.1, and 113.8 ± 8.3% for GP, NGP, and ElNGP,
respectively], as shown in Table 3 and Figures S10C,E.
Studies of MacLellan and co-workers, in the production of

electrospun PCL-composite scaffolds for soft tissue engineer-
ing,72 reported that electrospun GE scaffolds presented, in the
dry state, correspondingly higher tensile strength and lower
brittleness than the collagen and El ones. Our scaffolds in the
dry state, as well, showed UTS values along the same lines
varying from ∼6 to ∼4 MPa after swelling.
Plasticizers can increase the free volume between the

polymer chains leading to greater chain mobility and film
flexibility. Generally, El exerts its elastic function in a solid
although in a swollen statewhen immersed in water. The
aqueous solvent interacts with the amorphous regions of the
protein. Actually, water and polar solvents such as
dimethylsulfoxide exert a plasticizer effect on El, that is, they
facilitate the localized movements of the polypeptide chains.89

In our case, the polar solvent destructures the β-sheet of
EX15.33 The consequence is the increase of the entropy of the
system and the onset of the entropic elastomeric force.
The addition of a plasticizer would increase the elongation.

NGP and ElNGP, indeed, exhibit higher elongation at rupture
than that of the GP hybrid scaffold in the dry state (Figure
S10C−E). Moreover, a plasticized polymer would be less
resilient and would deform at a lower force than without the
plasticizer. The Young’s modulus is the slope of the linear
section on the stress−strain curve where a polymer undergoes
elastic deformation, and because there is greater chain mobility
with the addition of a plasticizer, there is less resistance to
deformation, hence a lower Young’s modulus is expected.90

These considerations explain why CNC and El hybrid
scaffolds are less brittle in the swollen state. Nevertheless, our
data are in good agreement with data inferred for micro-
fibrillated cellulose incorporating materials acting as a
plasticizer.91 Water instead acts as a sort of normalizer for

the different typologies of scaffolds because all swollen
electrospun scaffolds reach a plateau with an elongation (%)
> 100% at break (Figure S10). This behavior is in accordance
with previous data.55

Cytotoxicity Assay. The results of the cytotoxicity assay
showed no negative influence of the polymer extracts on the
metabolic activity of NIH/3T3 cells (Figure 6). The cells in

the extraction medium of GP and NGP showed an even higher
metabolic activity (117 and 104%, respectively) than the
negative control. However, the difference was not significant.
Only the metabolic activity of cells in the ElNGP-extracted
medium was slightly lower than that in the negative control
(87%). According to ISO 10993-5:2009, the extract shows no
cytotoxic potential if the relative viability is not reduced below
70%. This condition was met in this cytotoxicity test for all
three polymers. The scaffolds were spun out of polymers,
which were previously described as mostly biocompatible.
Even if PLA, which is approved by the FDA for use in medical
devices, is highly biocompatible,92 to the best of our
knowledge, only data regarding the cytotoxicity of poly(D/L-
lactide-co-L-lactide) have been reported;93 that finding
required a cytotoxic assay on PDLLA, which shows faster
degradation than the semicrystalline PLA. In combination with
GE, no cytotoxic effects on human skin fibroblasts were
observed.55

The influence of CNCs on cells is described rather
controversially. No cytotoxicity on fibroblast cells was
observed for CNCs with PLGA,94 PLA, and PBS matrices.95

Nanofibers based on PLA and CNCs proved to be
biocompatible.96,97 However, the cytotoxic effect at high-
CNC concentrations was described as well.98 Electrospun El in
combination with silk99 and collagen50 showed the absence of
cytotoxicity.

Cell Attachment and Proliferation. The cell culture on
different scaffold types showed the attachment and prolifer-
ation of L929 cells for different time points (Figure 7). It turns
out that the cells adhered to and spread on the surface of all
scaffold types from day 1 to day 5. There was a significant
increase in cell densities for all scaffold types over the entire
culture period (Figure 7a, Table S1). Whereas at day 1, only
few cells were observed on the scaffold surface, at day 5, the
cells reached confluence on all scaffold types. It should be
noted that the cells do not detach, even at a high cell density.
Besides, it shows no significant different number of adherent
cells between the scaffold types except on day 5 NGP versus
ElNGP (1986 ± 415 cells/mm2 vs 2312 ± 290 mm2, p < 0.05).
The F-actin staining of L929 showed a stretched morphology
of the cells at day 1 and day 3, whereas the cells at day 5 form a

Figure 6. Cytotoxic assay of different cross-linked electrospun
microfibers on the metabolic activity of NIH/3T3 cells.
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roundish morphology (Figure 7b). The change in the cell
morphology corresponds to the behavior of L929 cells, as
shown by Hong et al.100 and Koegler et al.101

In conclusion, this work confirmed the findings from
previous studies, which showed that electrospun scaffolds
made of materials such as GE, El, and CNCs have good
biocompatibility in terms of cell attachment and prolifer-
ation.50,55,102

■ CONCLUSIONS
In this work, we produced electrospun scaffolds made of green
and nature-inspired polymers. GE, PDLLA, CNCs, and El were
carefully chosen as scaffold components because of their
complementary properties in terms of hydrophobicity,
bioactivity, elasticity, and bioresorbability. The achievement
of processing parameters by electrospinning let the production
of scaffolds with uniform morphology at a macroscopic level
and devoid of any defects or beads at a microscopic level. FT-
IR spectra in the solid state characterized scaffolds at the
molecular level. The successful embedding in the scaffolds of
crystalline CNCs and of El as well was assessed by XRD and
HPLC analysis, respectively. Electrospun scaffolds were cross-
linked for the presence of GE and the quantitative degree of
cross-linking was evaluated by the TNBS assay. Further
insights into the success of the cross-linking reaction were
obtained by ATR spectroscopy revealing molecular changes
triggered by the cross-linking reaction. One of the main
challenges inherent to 3D reticulation of scaffolds is
represented by the occlusion of pores. Herein, we demon-

strated that EDC and NHS did not seal the network of
interconnected pores, as revealed by SEM. We have
characterized the electrospun scaffolds through the inves-
tigation of the dimensions of the electrospun fibers, their
wettability, elasticity, and resistance to rupture as well. For the
first time, we have combined El and nanocellulose in GP
electrospun scaffolds. The results were encouraging and the
electrospun scaffolds showed good potential. As a future
perspective, we will tune the route and conditions paying
particular attention to El and nanocellulose concentrations.
The present study suggests, in the first instance, that CNCs
could be used not only as reinforcement but also as a
plasticizer for improving the levels of compliance before failure
of the material. Additionally, we demonstrated that brittleness
decreases in the swollen state. Last but not least, non-
cytotoxicity, cell attachment, and proliferation were evaluated
for all electrospun scaffolds. Finally, we suggest wound dressing
applications as potential use for CNC- and El-containing
electrospun membranes. As a matter of fact, the improved
mechanical properties observed in the dry state are crucial for
the comfortable application of the dressing on the wound. The
presence of CNCs and El on the one hand would reduce
brittleness and on the other would improve water uptake,
which is considered an essential feature in wound dressing
applications.103 Studies on this aspect are underway.
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