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ABSTRACT: Traditional wound dressings have limitations in J\_ .
terms of their antibacterial and anti-inflammatory properties, as NH: CHy
well as their ability to maintain a moist wound environment. HO A~ A~ HO Chs
Irgacure

Addressing these deficiencies with innovative biomaterials, such as
hydrogels combined with nanomaterials, can accelerate healing and
perform a variety of functions in advanced biomedical materials. In

+

UV Light
365 nm

this study, 3D-printed hydrogel membranes were designed and 7 o>_< )
combined with nanofibrous PLA mats produced by the solution GMA
blow spinning technique (SBS) for use as a bilayered wound
dressing. These membranes were manufactured from gelatin
modified with methacrylamide groups (GMA), incorporated with i~ PLA
Fibrous mat

bioactive lignin carbon dots (CDs), and cross-linked using
ultraviolet (UV) light. The GMA membranes with the addition
of lignin CDs showed antimicrobial activity against Staphylococcus aureus and Escherichia coli and greater mechanical deformation
when combined with the PLA fibrous mats, in addition to not causing cytotoxic effects in human fibroblasts. Furthermore, the
developed material was capable of maintaining a persistent hydrated environment in the wound area with adequate degradation
capacity. Our results demonstrate the potential for manufacturing multifunctional wound dressings utilizing biodegradable and
sustainable nanomaterials that are both cost-effective and straightforward to produce, with applications in biomedical fields,
including the treatment of skin wound infections.
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1. INTRODUCTION context, extrusion 3D printing is a versatile additive
manufacturing technology for building layer-by-layer struc-
tures,">"? allowing the fabrication of customized hydrogel-
based devices for biomedical applications.'*™'® These hydro-
gels must present biological characteristics to support cell
migration, adhesion, proliferation, and adequate mechanical
and degradation properties.”'’ Hydrogels based on natural
polymers have been considered attractive candidates for this
purpose due to their chemical, physical, and biological
properties, including biocompatibility, biodegradability, and
swelling capacity.'”'® Hydrogels based on methacrylated

The skin has the largest surface area of any organ in the human
body, performing several essential functions, such as thermal
regulation and sensory functions. Moreover, it acts as a
protective barrier against injuries that can damage its structure
and prevent it from performing its biological functions.' > Skin
wounds can be superficial, reaching the subdermal layer, or
deep, affecting the dermis, epidermis, and hypodermis, and can
lead to infections and expose the body to other serious
diseases.”” In this direction, wound dressings are among the
most widely used clinical treatments, as they are an accessible
therapeutic intervention whose principle is to improve wound
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healing conditions, physically protect the affected area, reduce Received: June 27, 2024 i
inflammation, and promote healing.”” Revised:  September 23, 2024
Tissue engineering strategies have been proposed to develop Accepted: September 26, 2024

smart and multifunctional materials for wound dressings, to Published: October 9, 2024

provide a wound covering capable of mimicking the skin and
allowing cell migration, adhesion, and proliferation.lo’11 In this
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Scheme 1. Schematic Representation of (A) Synthesis of Methacrylated Gelatin (GMA) (A) and (B) Production of
Membranes using the 3D Printing Technique using the GMA Hydrogel Combined with Lignin Carbon Dots, Which Were
Deposited on the Top of PLA Fibrous Mats Produced by Solution Blow Spinning. (C) Illustration of Wound Dressing with
Antimicrobial and Biodegradable Properties Applied on the Skin Wound (C).
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gelatin (GMA) have been employed in 3D printing,
where methacrylate groups are incorporated into the gelatin
structure to obtain photo-cross-linked hydrogels with the aid of
photoinitiators. One remarkable example of a photoinitiator is
the 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959), which enables the cross-linking of the
primary amine groups in gelatin with methacrylic anhydride
(MA). GMA can be used in biomedical applications,”*~** once
it is thermosensitive and capable of mimicking the skin’s
extracellular matrix, being widely used in the development of
dressings.' "’

Lignin, a natural polymer obtained as a byproduct of the
cellulose and biofuels industry, is an alternative and sustainable
source for obtaining carbon precursors to produce carbon dots
(CDs).”** CDs are synthesized from a simple and low-cost
hydrothermal route,””*’ furthermore, they exhibit unique
characteristics, such as tunable photoluminescence, high
fluorescence quantum yields, photostability, water dispersi-
bility, and biocompatibility,”® and are applied in bioimaging,
biomedicine, biosensors, energy storage, and catalysis.zg_32 For

instance, recently, a composite formed by poly(ether sulfone)
(PES) film and a hydrogel based on ammonium persulfate,
sodium p-styrenesulfonate, and N,N-methylenebis(acrylamide)
incorporated with carbon dots (CDs) (extracted from banana
peel) was demonstrated. The membrane showed anticoagulant
and antioxidant properties attributed to the presence of
carboxyl and hydroxyl groups in the chemical structure of
CDs, which properties are suitable for hemodialysis treat-
ment.

Concerning polymers to be used for wound dressings,
polylactic acid (PLA) has advantageous properties. PLA is an
aliphatic thermoplastic polyester that can be produced from
the condensation of lactic acid obtained from renewable
sources, such as corn and sugar cane. This polymer presents
biocompatibility, biodegradability,”*** and suitable mechanical
properties, enabling the manufacturing of polymeric nanofibers
by the solution blow spinning (SBS) technique for biomedical
applications.** ™’

In this context, we demonstrate the development of bilayer
materials created by 3D printing and solution blow spinning
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(SBS) techniques that are potentially useful for designing
multifunctional wound dressing. Specifically, we produced a
PLA-based nanofibrous mat by using the SBS technique and
deposited on top of it a 3D-printed GMA-based membrane
incorporated with CDs. The printed GMA membrane acts as a
primary layer, while the PLA-based nanofibrous mats form a
secondary layer, which aims to improve the mechanical
properties of the materials produced, as illustrated in Scheme
1.

2. EXPERIMENTAL SECTION

2.1. Materials. Type A porcine skin gelatin, methacrylic
anhydride, dialysis membrane/MWCO 12—14 kDa, 2-hydroxy-4'-
(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), and
chloroform was purchased from Sigma-Aldrich, and used as received.
Phosphate buffered saline (PBS) 0.1 mol-L™!, anhydrous sodium
phosphate (Na,HPO,), anhydrous monobasic sodium phosphate
(NaH,PO,), and N,N-dimethylformamide were obtained from Exodo
Cientifica (Brazil) and used as received. Kraft lignin, obtained from
Ingevity, was synthesized into lignin carbon dots (CD). Poly(lactic
acid) 4060D (Mn = 120,000 g-mol™") was purchased from Nature
Works. For microbiological assays, Mueller Hinton agar and broth
were obtained from Himedia and used as received and the antibiotic
Streptomycin Sulfate was purchased from Sigma-Aldrich.

2.2. Synthesis of Lignin Carbon Dots (CDs) and Methacry-
lated Gelatin (GMA). Lignin CDs were synthesized using the
hydrothermal method.>" For this, 1.05 g of lignin was suspended in 35
mL of deionized water, followed by heating in a Teflon-lined stainless-
steel autoclave at 180 °C for 5.5 h. Afterward, the resulting suspension
was cooled to room temperature, and the supernatant was transferred
to Falcon tubes for centrifugation (8000 rpm for 20 min). The
supernatant was then filtered using a 0.22 um syringe filter.
Subsequently, dialysis was conducted using a membrane with a
nominal molecular weight cutoff of 2000 Da for 48 h, after which the
resulting CD suspension was stored at 8 °C until use and
characterization.

The synthesis of GMA was conducted following the method
reported in the literature with adaptation.*” In brief, 10 g of gelatin
was dissolved in 100 mL of phosphate buffer solution (PBS) at pH
7.4, utilizing vigorous magnetic stirring at 50 °C. Subsequently, 6 mL
of methacrylic anhydride was added dropwise to the gelatin solution,
which was maintained under stirring at 50 °C for 3 h. The reaction
medium was then diluted with 300 mL of PBS previously heated to 50
°C. The resulting mixture was subsequently dialyzed for 7 days using
a membrane with a nominal molecular weight cutoft of 12—14 kDa,
with the dialysis water being changed at least twice per day. The GMA
solution was frozen at —20 °C after the dialysis process and subjected
to freeze-drying for 7 days.

2.3. Preparation of PLA Fibrous Mats and GMA Membranes.
Nanofibrous mats were produced from a PLA (12% w/v) solution
using CHCl;/DMF in a proportion of 4:1 (v/v) under magnetic
stirring, for 15 h at room temperature. The SBS experimental
apparatus comprises a polymer solution injection system, a com-
pressed air source, and a 25 mm hollow rotating collector at 180 rpm
(Scheme 1B, left side). The injection system consisted of a 20 mL
glass syringe, coupled to a capillary resistant to organic solvents, a 0.5
mm diameter nozzle, and an injection pump. The internal capillary
was kept 2 mm away from the external nozzle. Additionally, the
following parameters were fixed: (i) solution flow rate (7.5 mL/h) (ii)
pressure (2 bar), (iii) working distance (22 cm), temperature (25
°C), and (iv) relative humidity (35%)

Previous tests were carried out using different concentrations of
GMA (6, 8, and 10% w/v) to obtain hydrogels with ideal rheological
behavior for 3D printing. Tests were also carried out with different
concentrations of lignin CD (2.5, 5.0, and 10 wt %) to obtain
membranes with antibacterial properties. The hydrogels were
prepared as follows: first, 50 mg of Irgacure 2959 was solubilized in
S mL of PBS at 50 °C. Then, 0.5 g of GMA was added and
solubilized, after which CD was added in proportions of S and 10 wt

%. In another beaker, 0.3 g of gelatin was solubilized at 50 °C and
then mixed with the solution containing GMA/CD in a 1:1 v/v ratio.
The hydrogels were named GMA, GMA/CDS, and GMA/CDI0.
After complete solubilization, the resulting hydrogel was transferred to
a 10 mL polypropylene syringe that was cooled to 10 °C for
approximately 10 min before starting the 3D printing process.

The GMA-based membranes were fabricated onto the surface of
PLA fibrous mats utilizing a 3D printer (Genesis, Solutions 3D
Biotechnology, Brazil), with 0.01 mm precision in the x and y axes,
and 0.00S mm precision in the z-axis. For this purpose, structures in
honeycomb format were constructed using Simplify 3D software and
printed in a rectangular configuration, with dimensions of 30 mm X
22 mm X 0.5 mm, on microscope slides (76 mm X 26 mm)
previously sterilized in 70% ethanol. The printing velocity was set to
3.3 m s~} with an extrusion factor of 0.10 and a 0.25 mm thickness for
each of the two deposited layers using a 22G (outer diameter = 0.41
mm) polypropylene conical needle. The printing duration for
producing a membrane with the aforementioned dimensions was 10
min, with a filling density of 35%. Following printing, microscope
slides containing the membranes deposited on their surfaces were
placed in a UV light cabinet (Biothec BT 107/UV 15 W) and exposed
to A = 365 nm UV radiation for 30 min to carry out the cross-linking
reaction. The resulting membranes were designated as PLA/GMA,
PLA/GMA/CDS, and PLA/GMA/CD10 for materials containing no
lignin CD and 5 and 10 wt % of lignin CD, respectively.

2.4. Rheological Characterization. Rheological tests were
conducted to predict the behavior of hydrogels in terms of their
viscoelastic, pseudoplastic, and thixotropic properties during the 3D
printing process, as well as to evaluate the impacts of incorporating
lignin CD into hydrogels GMA/CDS5% (w/v), and GMA/CD10%
(w/v). For this, the rheological profiles of the hydrogels were
evaluated at 25 °C using the rotational rheometer DHR-2 (TA
Instruments) with cone—plate geometry, with a gap of SS um,
diameter of 40 mm, and cone angle of 2°. Flow sweep was performed
to generate viscosity curves within the range of shear rate from 0.1 to
1000 s™". Oscillation amplitude was conducted at a constant angular
frequency of 10 rad s™" within the range of strain from 0.01 to 1000%,
while oscillation frequency was performed at a constant strain of 1.0%
with angular frequency in the range of 0.1 to 100 rad s'. The
oscillation temperature ramp was conducted within the temperature
range from 25 to 45 °C with a heating rate of 5 °C min™".
Additionally, the thixotropy of the samples was evaluated using three
sequential steps of flow peak hold. In the first step, the shear rate was
constant at 0.1 s™* for 120 s, in the second step, the shear rate was 100
s™! for 30 s, and in the final step, the initial shear rate (0.1 s™* for 120
s) was recovered. All experiments were performed in triplicate.

2.5. Nuclear Magnetic Resonance Spectroscopy. The
chemical structure of gelatin and GMA was determined from 'H
NMR analysis (AVANCE III 600 M, Bruker, Germany), and the
average degree of methacrylation of GMA was calculated according to
eq 1, which relates the intensity of the acrylic hydrogen signal (5.42
ppm) to the intensity of the free lysine signal (2.97 ppm), according
to the procedure described in the literature.*’

d £ i = Lo 9
egree of methacrylation (DM) = X 100%
Ly + Ly (1)

2.6. Attenuated Total Reflectance Fourier Transform Infra-
red Spectroscopy (ATR-FTIR). The composition of GMA and the
functional groups present in the structures of the produced materials
were investigated by ATR-FTIR (PerkinElmer Spectrum 1000 with
Spectrum software) equipped with an attenuated total reflection
apparatus, employing a zinc selenide crystal. The spectra were
obtained in the spectral region between 4000 and 600 cm™’,
accumulation of 32 scans and a resolution of 2 cm™.

2.7. Scanning Electron Microscopy (SEM). To evaluate the
morphology of the membranes, a Scanning Electron Microscope
(JEOL JSM-6510) was used, operating at S kV. To this end, small
pieces of each sample were previously placed on carbon adhesive tape
over aluminum stubs and then coated with a thin layer of gold using a
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Figure 1. Rheological analysis of GMA, GMA/CDS, and GMA/CD10 hydrogels. (A) Amplitude sweeps curves for G’ and G” as a function of

shear. (B) Tand curves as a function of temperature.

sputter coater (Leica Microsystems EM SCDO050). Three different
micrographs were taken of each sample.

2.8. Tensile Testing. The mechanical properties of the
membranes printed on the PLA fibrous mat (GMA, GMA/CDS,
and GMA/CD10) were evaluated through tensile tests carried out
using dynamic-mechanical analysis (DMA Q800) adapted to the
tensile mode of the thin film. The membranes were cut with a length
of 7 mm, width of 5.5 mm, and thickness of 0.51 + 0.05 mm. The
tensile tests were carried out in uniaxial tension with a ramp of 0.01 N
min~!, preload force of 0.001 N, and strain amplitude of 0.1% in the
temperature range of 25 to 30 °C.

2.9. Swelling Test. The swelling ratio (Sg%) of the membranes
was evaluated by analyzing the absorption capacity in PBS.
Approximately 6 mg of each membrane was immersed in vials
containing 10 mL of PBS (pH = 7.4). The mass of the membranes
was measured after certain periods and, before each weighing, the
membranes were dried with filter paper to remove excess PBS. The
swelling ratio (SR%) was then calculated from eq 2408
- W,

X 100

Wo )

where w, and w, are the initial sample mass and the sample mass at
time t, respectively. All experiments were performed in triplicate.
2.10. Material Stability in PBS. Rectangular-shaped membrane
specimens were frozen at —20 °C, freeze-dried, weighed, and placed
in 10 mL glass flasks containing 5.0 mL of PBS (pH = 7.4). The vials
containing the samples were incubated at 37 °C for periods of 24 and
48 h. After these periods, the samples were removed from the buffer,
washed with deionized water, freeze-dried at —20 °C for 24 h, and
weighed. The tests were performed in triplicate and the percentage of
remaining mass (RMy,) was calculated according to eq 3

Sr(%)

W
RM(%) = — X 100
o (3)

where wy is the initial weight of the material, and w, is the weight after
degradation.

2.11. Disk Diffusion Antimicrobial Testing. Staphylococcus
aureus (ATCC 25923) was grown on tryptic soy agar (TSA)
containing 6 g-L ™" yeast extract and Escherichia coli (ATCC-25922)
was grown on nutrient agar (NA). Cultures were grown overnight at
37 °C. After incubation, individual colonies were suspended in fresh
Miieller Hinton broth (MHB), and batch cultures were grown for 24
h at 37 °C and 150 rpm in Erlenmeyer flasks. Cultures were initially
diluted in fresh MHB to approximately 5 X 10 CFU/mL to ensure
that the cultures were in the exponential growth phase.

The antimicrobial activities of the membranes against S. aureus and
E. coli were determined by the disk diffusion method (CLSL, 2018).
To this end, 25 uL of each membrane precursor hydrogel was applied
to filter paper discs (S mm) on the surface of streaked MHB agar
plates with the bacterial suspension adjusted to the 0.5 McFarland

23522

standard (10° CFU/mL). Filter paper discs (5 mm) impregnated with
20 puL of streptomycin sulfate (13 mg.mL™") were used as a positive
control and filter paper discs (5 mm) impregnated with 20 uL of
MHB broth were used as a negative control. Plates were incubated at
37 °C for 24 h before reading.

2.12. Cytotoxicity Assay. Cytotoxicity experiments were
conducted using a neonatal Human Dermal Fibroblast cell line
(HDFn - Gibco #CC0045C). These cells are derived from the
neonatal foreskin and are commonly used in a variety of research
areas, including studies related to skin aging, skin diseases, and wound
healing.**™* The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) fetal bovine serum
(FBS), and maintained in 75 cm? culture flasks, inside a humidified
incubator at 37 °C with 5% CO,. The culture medium was refreshed
three times a week and subculture was performed when the
confluence attained 90%, following the recommended protocol
consisting of rinsing once with PBS at pH 7.4, separating cells from
the flask using trypsin 0.25% (w/v) - EDTA 0.53 mM, and adding
DMEM supplemented with FBS for trypsin inactivation.

The cytotoxicity was measured with a recommended test from ISO
10993-5/2009 named MTT assay. In this colorimetric analysis, the
mitochondrial activity of viable cells reduces a yellow salt (MTT) to
purple crystals (formazan) due to the activity of mitochondrial
reductases. Therefore, this assay is an indirect method to evaluate
cellular metabolic activity, ie., cytotoxicity.*® To test the potential
cytotoxicity of the material with GMA, extracts were obtained by
incubating one UV-sterile square membrane sample of 1 cm?, in 2.5
mL of DMEM 10% FBS. After 24 and 48 h of samples soaked in
DMEM, membrane extracts were obtained by collecting the exposed
medium and discarding the matte sample. In these experiments, cells
were seeded into 96-well plates, 1 X 10* cells per well in 200 L, 24 h
before being exposed to membrane extracts. After this interval, the
cells were incubated for 24 h with 200 yL medium extracts previously
exposed to PLA/GMA, PLA/GMA/CDS, or PLA/GMA/CD10
membranes. The control group was incubated with DMEM 10%
FBS, without being exposed to any membrane samples. Subsequently,
the extracts were removed from the cells and 100 uL of MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) at 0.5 mg:
mL™" in DMEM was added to each well, followed by 3 h of
incubation at 37 °C with 5% CO,. Then, the medium was removed
and 100 uL of DMSO was added to dissolve the formazan crystal.
The absorption was measured using a microplate reader (Multiskan
FC Microplate Photometer, #51119000) at 570 and 690 nm. The
relative metabolic activity was calculated by normalizing the
absorption values, to define the absorption of the control groups,
that is, the relative metabolic activity at 100%. Three independent
experiments were performed in quintuplicate. The results were
presented as mean =+ standard deviation and each group had a sample
size of n = 15. Kolmorog-Srminov test verified the normality of data as
the variance was analyzed using the One-Way ANOVA test, with
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Figure 2. Rheological characterization for GMA, GMA/CDS, and GMA/CD10 hydrogels. (A) Flow sweep curves for viscosity as a function of

shear. (B) Viscosity recovery curves as a function of time.

group means compared by the Tukey test, both with a significance
level of 0.0S.

3. RESULTS AND DISCUSSION

3.1. Rheological Analysis. The viscoelastic behavior of
hydrogels for 3D printing can be evaluated by the
determination of the storage (G’) and loss (G”) moduli as a
function of strain or stress.””** This allows obtaining
information about the contribution of both elastic and viscous
behavior, attributed respectively to G’ and G",* that constitute
the three-dimensional polymeric network present in the
hydrogels formed through physical or chemical cross-linking.*’

Figure 1A shows the behavior of G’ and G” (amplitude
sweep) for the GMA, GMA/CDS, and GMA/CD10 hydrogels
as a function of the strain. It was possible to determine the
linear viscoelastic region (LVR), where for all tested hydrogels
G’ and G” remain constant, showing that the hydrogels have
characteristics of solid materials (G’ > G”). On the other hand,
outside the LVR, G’ and G” are affected by deformation and
the hydrogels have a flow point (G’ = G”), indicating that they
are capable of flowing under deformation, which is a desired
behavior for materials used in 3D printing. This result shows
that the proposed hydrogels can manufacture materials using
the 3D printing technique. Still, in Figure 1A it is possible to
notice that the flow point of the GMA hydrogel occurred at
272%, followed by GMA/CDS at 357% and GMA/CDI10 at
467%. This result also shows that incorporating CD into the
hydrogels affected their flow point.

We also evaluated the behavior of the hydrogels as a
function of the temperature. The parameter tan § or damping
coeflicient, defined as the ratio between G” and G’, can predict
whether the hydrogels behave as an elastic solid or viscous
fluid.>" When tan & < 1 the hydrogel behaves like an elastic
solid (gel), for tan & > 1 the hydrogel behaves like a viscous
fluid (liquid), while tan & = 1 indicates that the polymer
network present in the hydrogel is in the transition phase
between the gel and liquid state.”” Figure 1B shows the
behavior of tan 6 as a function of temperature for the GMA,
GMA/CDS, and GMA/CD10 hydrogels. It is noted that for
temperatures below 30 °C, the hydrogels are in the gel state,
however, above 30 °C it is noticed that the value of tan o
begins to increase, showing that the polymeric network present
in the hydrogels is partially disassembled. For the GMA,
GMA/CDS, and GMA/CDI10 hydrogels, the maximum tan &
values were 0.46, 0.88, and 0.62 respectively. This result
indicates that the presence of CD changed the behavior of tan
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6 in a nonlinear way. Furthermore, it suggests that the
polymeric network present in the GMA/CDS hydrogel has
been disrupted to a greater extent than those of the other
hydrogels, showing that GMA/CDS has a more viscous
character as compared to the other hydrogels. On the other
hand, from 37 °C the value of tan § is reduced for the GMA
hydrogels and GMA/CD10, while for GMA/CDS this
reduction occurred from 40 °C onward. This shows that all
hydrogels have a certain capacity to remake the polymeric
network even after increasing the temperature. The temper-
ature sweep results provide important information about the
behavior of the polymer network present in the hydrogels,
which can be useful for processing materials through the 3D
printing technique.****

Hydrogels used to produce materials through the 3D
printing technique need to flow under shear.” In this sense,
we evaluated the pseudoplastic behavior of GMA, GMA/CDS,
and GMA/CDI10 hydrogels through flow sweep, which
allowed us to understand the hydrogels’ ability to flow under
shear.

In Figure 2A, the viscosity behavior of the hydrogels as a
function of the shear rate is observed. Initially, GMA/CDS and
GMA/CD10 have viscosity values of 930, 1985, and 2401 Pa
s™!, respectively, and by increasing the shear rate to 1000 s/, it
is noted that the viscosity of the hydrogels is drastically
reduced, suggesting that the applied shear disrupts the
polymeric network present in the hydrogel. This behavior is
desired for hydrogels used in 3D printing,”® as during the
printing process the hydrogel needs to flow through the needle
to be deposited on a given surface/substrate.

The results of the flow sweep showed that the GMA, GMA/
CDS, and GMA/CD10 hydrogels are capable of flowing under
shear, the presence of CD increased the viscosity of the GMA/
CDS and GMA/CD10 hydrogels, however, from the shear rate
of 10 s, it was observed that the hydrogels showed greater
viscosity reduction when compared to the GMA hydrogel. This
behavior suggests that the incorporation of CDs causes the
GMA/CDS and GMA/CDI10 hydrogels to have a more
pronounced pseudoplastic character.

Another important test in the development of hydrogels for
3D printing is the evaluation of thixotropy, which aims to
determine the ability of the hydrogel to recover viscosity as a
function of time.’”>® During the 3D printing, three stages
characterize the hydrogel 3D printing process. The first one is
characterized by the formation of the hydrogel inside the
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produced by SBS.

syringe. In the second stage, the hydrogel’s polymer network is
disrupted by the shear action during printing, which causes it
to flow and be deposited on the work surface. Finally, in the
third stage after being deposited, the hydrogel needs to
reassemble its polymeric network broken by shear, as well as
recover the initial viscosity and consequently return to the
solid state (gel) over time.*® The higher this viscosity recovery,
the higher the hydrogel’s ability to allow the fabrication of
structures with remarkable shape retention.”” To this end, we
monitored the viscosity recovery of the GMA, GMA/CDS, and
GMA/CD10 hydrogels as a function of time, first applying a
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shear of 0.1 s™" for 120 s, then increasing the shear to 100 s~
for 30 s and finally applying again shear of 0.1 s™! for 120 s, as
shown in Figure 2B. It is observed that at a low shear rate (0.1
s™!) the viscosity of the hydrogels does not suffer reduction,
however increasing it to 100 s~' we notice that the viscosity
value reduces drastically for all hydrogels because at this shear
rate, the network polymer is broken down and consequently
the viscosity is reduced, characterizing a pseudoplastic
behavior. Resuming the initial shear of 0.1 s™' and waiting a
certain time, it is observed that the hydrogels are capable of
recovering a certain part of the polymeric network disrupted by
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the shear, and with this, the viscosity increases (thixotropy),
which behavior is important for hydrogels used in 3D
printing.”® It is also noted that the GMA/CDI10 hydrogel
displayed the highest recovery compared to the other
hydrogels. These results show that incorporating 10% m/m
of CD in the hydrogel favored viscosity recovery compared to
the GMA hydrogel. Furthermore, it was possible to monitor
this viscosity recovery at the time of printing, right after the
hydrogel left the needle and was deposited onto the work
surface.

Finally, we performed a frequency sweep within the LVR to
evaluate the behavior of G’ and G”, as well as tan § as a
function of frequency, as can be seen in Figure 3A,B. It can be
seen in Figure 3A that in the frequency range from 0.1 to 100
rad s} GMA, GMA/CDS, and GMA/CD10 hydrogels
presented, G’ > G”. This result shows that the hydrogels are
predominantly elastic, indicating their suitability for 3D
printing. Furthermore, Figure 3B corroborates the result
presented, as for the entire frequency range analyzed, the
value of tan 6 was lower than 1, confirming that the hydrogels
behave like gels.

3.2. Microstructural Analysis. Microstructural character-
istics of GMA after the synthesis process and subsequent
freeze-drying were investigated using images obtained by SEM
analysis. In Figure 4A, the micrograph shows the internal
microstructures of GMA and the presence of irregular and
asymmetrical pores resulting from the freezing process.”®

"H NMR spectroscopy was used to confirm the insertion of
methacrylic moieties in the gelatin structure and determine the
average degree of substitution. Each of the functional groups in
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the gelatin polypeptide structure, comprising hydroxyl, amino,
and carboxyl groups, can react with methacrylic anhydride,
resulting in a photo-cross-linkable prepolymer.’ The different
proportions of gelatin and methacrylic anhydride can result in
hydrogels with variable mechanical characteristics, as well as
swelling and biodegradability profiles.'' Figure 4B represents
the "H NMR spectra of gelatin and GMA with a wide number
of amino acid signals. An increase in the intensity of the methyl
group signal (§ = 1.8 ppm), a decrease in the intensity of the
free lysine signal (§ = 2.9 ppm),*” and the appearance of two
new acrylic hydrogen signals (6 = 5.4 and 5.6 ppm), which are
attributed to acrylic hydrogen in the GMA spectrum confirms
the success of gelatin methacrylation.”” Using eq 1, which
makes a relationship between the intensity of signals at ~5.42
and ~2.97 ppm, it was possible to determine the average
degree of methacrylation of GMA as 53.7%."°

Fourier transform infrared spectroscopy (FTIR) was
performed to verify the effectiveness of dialysis in removing
residues from the synthesis. Figure 4C presents the spectra
obtained from the non-cross-linked GMA/gelatin matrix. In
the spectra, it is possible to observe a broad band at 3284
cm™!, attributed to the O—H and N—H stretching vibrations,
and two bands between 2870 and 2943 cm™' denoting the C—
H stretching of the —CH, groups and tertiary groups —CH
present in the functional groups of gelatin and methacry-
late.*”*® The main structure of gelatin is denoted by bands at
1630 cm™, referring to stretching of the amide group I, (C=
0), 1534 cm™', referring to the amide group II (N-H
bending), and 1239 cm™', referring to amide III (stretching
(C—N)).°" There are no strong bands between 1690 and 1760
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cm™!, characteristic of methacrylate anhydride, referring to the
carbonyl group (C=O0), indicating that the postreaction
residues of this substance were completely removed from
GMA.”

Figure 4D,E show the mixture of GMA and lignin carbon
dots for preparing the ink at S0 °C. After this preparation, the
hydrogel was transferred to a syringe and cooled until it
reached a gelatinous consistency to then begin the printing
process. Figure 4F shows the process during printing, while
Figure 1G,H show the membrane after 30 min of exposure in a
UV light cabinet (at 365 nm). Figure 1I shows how the GMA
with lignin carbon dots membrane was 3D-printed onto PLA
mats. Besides, in the Supporting Information one can observe
the TEM image of CDs in Figure S1A, while the inset in this
image shows a High-Resolution TEM image of an individual
CD. Figure S1B shows the UV—vis absorption spectrum of the
CDs, while the photoluminescence spectrum of lignin CDs is
shown in Figure S1C.

3.3. ATR-FTIR Analysis. In the FTIR spectra Figure SA,
the presence of gelatin in the hydrogels was highlighted by the
existence of absorption bands at 3297 and 3073 cm ™" related
to the NH group."” It is also possible to observe, at 1635 cm™
a band typical of the C=0 bond, characteristic of amide I, and
absorbance bands at 1540 and 1237 cm ™" related to amides II
and III, respectively. The band related to the CH group was
also observed at 1443 cm™'. Absorption bands associated with
methacrylic anhydride can be seen in the spectra of the
hydrogels (Figure SA) at 1070 cm™ due to CO bonds.”®
Methacrylic anhydride reacts with the primary amine groups in
gelatin to lead to the addition of methacrylic groups to the
gelatin macromers.” Cross-linking of GMA occurs in the
presence of a photoinitiator, which when exposed to UV light
radiation produces free radicals, and GMA is then cross-
linked.** Furthermore, Figure SA shows bands between 2369
and 2333 cm ™! referring to the presence of Lignin Carbon dots
in the GMA/CDS and GMA/CDI10 membranes, which are
related to the axial deformations of the aliphatic chains CH,
and CH,

3.4. Swelling Test. Determining the swelling ratio of
hydrogels is important once it is related to the ability to absorb
exudate, especially in skin wounds with a high exudate
content.’® In general, the swelling ratio depends on the pore
size of the hydrogel and hydrophilic behavior, which is
determined by the degree of methacrylation, concentration of
carbon dots, photoinitiator, and curing time. Furthermore, this
ratio may be able to control the diffusion and elimination of
nutrients and waste, respectively.”’ The results of the swelling
ratio of the samples are shown in Figure 5B, which shows that
the swelling ratios of PLA/GMA, PLA/GMA/CDS, and PLA/
GMA/CDI10 were 641.3, 946.5, and 951.5%, respectively,
reaching equilibrium after 24 h.

Although studies on porosity were not reported in this work,
the results indicate that the incorporation of CDs into
hydrogels led to a possible reduction in hydrogel density and
a pore reduction compared to PLA/GMA, or else the high
hydrophilicity of the CDs may have enhanced greater water
absorption, therefore, resulting in higher swelling behavior.
According to Figure 5B, varying the concentration of CD from
S to 10 wt % does not significantly affect the swelling of the
PLA/GMA/CDS5 and PLA/GMA/CD10 membranes." The
value obtained for the PLA/GMA membrane was similar to
the value reported by Ravikumar, 2017 and Xu, 2023,1¢7
indicating that PLA/GMA/CDS and PLA/GMA/CDI10

membranes have higher water absorption capabilities than
other materials for periods longer than 24 h.

3.5. Material Stability in PBS. The degradation of a
material used as a skin dressing, ideally, should occur in a
controlled manner, allowing the necessary time for the healing
process to evolve.”® Besides, it should ensure that at the end of
this process, there are no traces of the material used as a
dressing in the wound area.”” The main proteolytic enzyme
involved in wound healing is collagenase type II (matrix
metalloproteinase-8 [MMP-8])"" and, based on the literature,
it is known that GMA is degraded by this enzyme since gelatin
contains sequences that collagenases can recognize.”' Figure
SC presents the degradation study of membranes obtained
from 3D printing on PLA mats, in the absence of enzymes.
The in vitro results of the present work showed that the
membranes degrade rapidly from the second day of incubation
(Figure SC). The mass loss of the PLA/GMA, PLA/GMA/
CDS, and PLA/GMA/CD10 membranes over 48 h are 37.6,
35.6, and 26.4%, respectively, which indicate loss only of the
hydrogel, maintaining the mass of the fibrous mats that do not
degrade during this period.

3.6. Tensile Test. GMA-based hydrogels have gained
increasing attention in the field of biomedical applications,”*”*
but also usually a high concentration of GMA is required to
guarantee printability. However, high concentrations of GMA
can decrease cell viability, which calls for a reduction in its
concentration for these hydrogels to become viable.'' The gel
phase of low-concentration GMA hydrogels does not have
adequate mechanical strength to allow the structure to retain
its initial geometry. Therefore, the central issue of GMA
hydrogels in biomedical applications includes ensuring
printability and biological functionality.'">**” Here we seek
to improve the mechanical resistance of GMA membranes by
printing them on PLA fibrous mats obtained by the solution
blow spinning technique. The values of modulus of elasticity,
tensile strength, and elongation at the break of PLA fibrous
mats and PLA/GMA, PLA/GMA/CDS, and PLA/GMA/
CD10 membranes were obtained from stress—strain curves
and are represented in Figure SD—F, respectively. The results
were compared with pure PLA mats, and all samples described
a typical stress vs strain curve, where the first stages correspond
to linear elastic behavior, followed by the nonlinear plastic
region.

From the stress—strain curves it was possible to confirm a
significant difference in the reduction of elastic modulus values
of the PLA/GMA, PLA/GMA/CDS, and PLA/GMA/CD10
membranes (Figure SD) when compared to the PLA fibrous
mats, indicating a lower rigidity of these materials. Among the
PLA/GMA, PLA/GMA/CDS, and PLA/GMA/CD10 mem-
branes, a slight increase in the elastic modulus is observed with
the increase in the concentration of CD to 10 wt %. The same
behavior was observed for the tensile strength limit values
(Figure SE), that is, a significant reduction for the samples
containing GMA when compared to the PLA fibrous mats.
Concerning elongation (Figure SF), an reversal was observed
when comparing the membranes containing GMA with the
PLA fibrous mat, that is, a more evident deformation was
observed for the samples PLA/GMA, PLA/GMA/CDS5, and
PLA/GMA/CDI10. Corroborating the behavior observed by
the membranes in elongation at break, the SEM micrographs
presented in Figure S4 illustrate the interaction between the
GMA/CD-based hydrogel and the PLA nanofibers, where it is
possible to observe that the nanofibers are well adhered to the
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Figure 6. Antibacterial efficiency validated via disk diffusion assay for (A) S. aureus and (B) E. coli, where C+ refers to the positive control
(Streptomycin Sulfate). Graphs of relative metabolic activity of fibroblasts analyzed with MTT assay, after 24 h (C) and 48 h (D) of exposure to
the extract (results represented by mean =+ standard deviation). Results that share (a and b) are statistically different by Tukey’s test for p < 0.0S.

hydrogel interface. This adhesion between the materials
suggests that as the deformation was applied, the nanofibers
were elongated until they reached the hydrogel, which in turn
also began to elongate, creating a synergy between the
materials, and contributing to the observed results in the
elongation at break. Furthermore, Figures S2 and S3 in
Supporting Information highlight the surface of the hydrogel
after 3D printing and the morphology of the nanofibers
produced by SBS. In general, the mechanical properties of the
developed materials are similar to other results reported in the
literature, both for the PLA fibrous mats,>””>"* as for GMA
membranes, indicating that the presence of CDs did not
significantly affect the mechanical behavior of the hydro-
gels. 255975

3.7. Disk Diffusion Antimicrobial Testing. S. aureus and
E. coli are considered among the most prevalent pathogenic
bacteria responsible for causing chronic wound-related
infections.”® Traditional dressings that are currently available
on the market are generally presented as films, sponges, and
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foams. On the other hand, the development of multifunctional
materials as replacements for common dressings is urgent due
to the development of multiresistant strains of bacteria.”” In
this context, membranes composed of PLA fibrous mats and
CDs-incorporated GMA can outperform classical drug delivery
systems.”” Therefore, we sought to evaluate the antimicrobial
activity against S. aureus and E. coli, via the disk diffusion
method, based on the hypothesis that membranes containing
lignin carbon dots could be ideal dressing for local application
in the wound region. For the analysis, hydrogels were used as
membrane precursors, since GMA is thermosensitive and
reaches its colloidal state at 37 °C."

As shown in Figure 6A,B, no zones of inhibition were
observed around the filters. However, all samples (excluding
the control sample based on pure GMA) inhibited the ability
of bacterial growth upon contact, which is a desirable feature
for this type of application,78 as confirmed for both bacterial
strains tested. Furthermore, the presence of CDs may have
contributed to the formation of physical or chemical
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interactions with the polymeric structure of GMA.””~®" This
interaction can hinder the diffusion of active compounds to the
medium, consequently leading to the absence of an inhibition
zone.” Specifically, the antibacterial activity of these materials
can be attributed to the presence of lignin in the hydrogels,
where the phenolic groups present in lignin are responsible for
its antibacterial effect through oxidative stress and the ability to
produce reactive oxygen species, resulting in the destabilization
of the cell membrane.®” Furthermore, lignin carbon dots are
very sensitive to pH due to the ionization of surface functional
groups, in particular, carboxylic acid groups, which demon-
strate lower toxicity and better biocompatibility. Besides, they
have many hydrophilic surface functional groups and disperse
easily in aqueous media without additional surface modifica-
tion.”' 7*° These findings suggest that the 3D-printed
membranes combined with bioactive compounds and fibrous
mats are potentially useful for wound dressing applications.
3.8. Cytotoxicity Assay. To evaluate the potential
cytotoxicity of membranes composed of GMA, the MTT
assay was performed after 24 and 48 h of exposure of human
fibroblasts to membrane extracts.*”** Three types of extracts
were derived, namely PLA/GMA, PLA/GMA/CDS, and PLA/
GMA/CD10, with the addition of a control group (exposed
only to DMEM 10% SFB). The results shown in Figure 6C
demonstrate that extracts for 24 h cannot modulate the
metabolic activity of fibroblasts. Specifically, a decrease in cell
viability of approximately 1.8, 2.53, and 9.02% was observed
for the PLA/GMA, PLA/GMA/CDS, and PLA/GMA/CD10
groups, respectively. Although the ANOVA test indicates a
significant difference among the groups, subsequent correction
for multiple comparisons using Tukey’s hypothesis test
revealed no significant reduction between the control and
the PLA/GMA and PLA/GMA/CDS5 groups. Therefore, the
only group displaying a significant reduction after 24 h of
extracts was PLA/GMA/CD10. However, this reduction is
insufficient to classify the material as cytotoxic according to
ISO 10993-5/2009 standards, as the document specifies that
the required reduction must exceed 30% to characterize
cytotoxicity. During the preparation of extracts, two different
incubation periods (24 and 48 h) between the membranes and
the medium were utilized. It is noteworthy that the 48 h
incubation period has the potential to yield an extract with a
higher concentration of material components. This can
underscore the potential impact of prolonged material release
on cell viability. The cytotoxicity of 48 h extract is shown in
Figure 6D. A reduction in cell viability of 5.32, 1.48, and 4.97%
was observed for the PLA/GMA, PLA/GMA/CDS, and PLA/
GMA/CD10 groups, respectively, which was corroborated by
the one-way ANOVA test (p < 0.05). Correction for
multicomparison using Tukey’s hypothesis test revealed the
absence of a significant reduction between the control and the
PLA/GMA/CDS group only. Although the PLA/GMA and
PLA/GMA/CD10 groups present a significant reduction
concerning the control, this is not enough to constitute
cytotoxicity to the material according to ISO 10993-5/2009.
This underscores that GMA membranes did not alter the
metabolic activity of fibroblasts, even after exposure to 48 h
extracts of the material. Therefore, these results indicate that
membranes composed of the fibrous layer of PLA and GMA,
even when associated with CDs, do not cause relevant
cytotoxic effects in human fibroblasts, indicating that these
membranes have cytocompatibility, and are probably a safe
product and a promising alternative to wound dressing. Finally,
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it is also important to emphasize that the concentration of
Irgacure 2959 employed in the cross-linking of the GMA-based
membranes did not present cytotoxicity for the fibroblasts used
in the in vitro assays. Additionally, it facilitated the production
of materials (Figure 4F—H) with potential for wound dressing
applications.

4. CONCLUSIONS

We developed a multifunctional wound dressing using
methacrylated gelatin (GMA) incorporated with lignin carbon
dots (CDs) processed by 3D printing, which was deposited on
the top of PLA fibrous mats fabricated by solution blow
spinning. Our results indicate that the incorporation of lignin
CDs imparted antimicrobial properties against S. aureus and E.
coli to the hydrogel, without significantly altering the structure
of the GMA-based membranes. Furthermore, the combination
of GMA membranes and PLA fibrous mats exhibited favorable
mechanical properties, such as remarkable capacity of
mechanical deformability and ability to maintain a hydrated
environment with controlled degradation. In addition,
cytotoxicity studies revealed no adverse effects on the tested
human cells, suggesting biocompatibility, although in vivo tests
is needed for confirmation. Moreover, as the wound dressing
contains lignin CDs with fluorescent and electrical properties,
these can be explored in future studies for potential use in
wearable electrical sensors or sensing materials capable of
detecting microorganisms via fluorescence signals. In summary,
our findings suggest that the developed material paves the way
for manufacturing novel multifunction wound dressings for
biomedical applications, taking advantage of biodegradable and
sustainable nanomaterials that can be manufactured in a simple
way.
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