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A B S T R A C T

Traditional wound dressings have limitations in terms o their antibacterial and anti-infammatory properties, as
well as their ability to maintain a moist wound environment. Addressing these shortcomings in conventional
medical materials is essential or advancing wound healing in clinical applications. Additionally, biodegradable
polymeric wound dressings have gained signicant attention as a promising solution to reduce the environmental
impact associated with the disposal o wound dressings. In this study, we developed a nanoengineered wound
dressing abricated by solution blow spinning technique by using poly(lactic acid) (PLA) brous mats that
integrate lignin-derived carbon dots (LCDots), urther enhanced with curcumin. This unique combination le-
verages the antimicrobial and antioxidant properties o curcumin alongside the electrical and photoluminescent
eatures o LCDots, creating a multiunctional dressing with enhanced wound-healing capabilities. The bioactive
compounds lignin carbon dots and curcumin were incorporated into the wound dressing to provide antibacterial
properties against Staphylococcus aureus and Pseudomonas aeruginosa. Besides, in vitro experiments have
demonstrated the superior biocompatibility o these wound dressing platorms towards neonatal human dermal
broblast cell lines (HDFn). Furthermore, these brous mats did not exhibit contact and adhesion o microor-
ganisms according to the microbial penetration test. Additionally, the composite brous membrane exhibited
avorable hydrophilic properties and mechanical strength, making it a promising candidate or multiunctional
wound dressings. Finally, it can be combined with regenerative therapies to exploit their photoluminescent and
electrical properties as a stimulus or wound healing.

1. Introduction

The skin is the largest organ in the human body and acts as a pro-
tective barrier against injuries and inections [1–3]. However, it is also
highly vulnerable to damage, which can lead to substantial health and
economic burdens [4]. Wound dressings are a usual treatment or skin
injuries, but there is a need or improved wound dressings that can
promote aster healing and reduce the risk o inection [5–7]. Nano-
structured wound dressings explore the advantages o high surace
area-to-volume ratio, high porosity, and ability to carry and deliver drug
s[8]. Among the most explored nanomaterials or wound dressing ap-
plications are the polymer nano- and microbers, resulting in large
brous mats that can protect the injured area, absorb the exudates,

promote the loading and releasing o therapeutical compounds, and
improve gas fow and exchange [9]. Due to their several particularities,
nanobers-based wound dressing are good candidates or multiunc-
tional wound dressing, and novel trend is to combine the conventional
properties o a wound dressing to unctions like sensing,
stimuli-responsiveness, photodynamic therapies, etc.

Solution Blow Spinning (SBS) is an innovative and versatile tech-
nique that has gained signicant prominence in the preparation o
wound dressings [10,11]. The technique utilizes the orce o pressurized
gas to rapidly stretch and evaporate a polymeric solution jet, orming
intricate and nely structured bers. Unlike electrospinning, SBS does
not require high voltage, thus, it simplies the ber-orming process and
reduce saety concerns. SBS oers several advantages or wound
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dressing applications, including the control o ber diameter and
porosity, allowing the creation o highly porous structures that can
promote ecient fuid absorption and moisture management. These
porous mats also acilitate gas exchange, crucial or a avorable wound
healing environment. Additionally, SBS oers rapid production rates
and cost-eectiveness, rendering it an appealing option or large-scale
manuacturing o wound dressings [10,12,13].

A variety o synthetic and natural polymers can be used to produce
nonwovens wound dressings via SBS technique [2,14]. Among them,
poly(lactic acid) (PLA), a biodegradable polyester derived rom renew-
able sources such as corn and sugar cane, has gained substantial atten-
tion in the eld o wound dressing due to its biocompatibility,
mechanical strength, and biodegradability [15,16]. However, PLA pre-
sents certain limitations when used in wound dressings. For instance, its
relatively slow degradation rate can be a drawback, as it may hinder the
dressing’s ability to conorm to the dynamic wound environment over
extended periods [17]. Additionally, PLA can be somewhat hydropho-
bic, which may aect its moisture-retaining capabilities [1,6,12]. To
address these limitations, researchers oten combine PLA with other
materials or modiy its surace properties to improve its overall peror-
mance in wound dressings, demonstrating the ongoing eorts to harness
the ull potential o this biopolymer or eective wound care [18–22].

Curcumin (Cur), a bioactive compound extracted rom Curcuma
longa, has gained signicant attention or biomedical applications due to
its anti-infammatory, and antimicrobial properties, which make it a
compelling candidate or enhancing wound healing [23,24]. However,
curcumin’s low bioavailability, poor stability, and rapid degradation
can limit its application in wound dressings [25,26]. Strategies to
overcome these limitations include developing innovative delivery
mechanisms and ormulations that enhance curcumin’s stability and
sustained release at the wound site, oering promising avenues or
improving its application in wound care [27–30]. Lignin carbon dots
(LCdots) represent an intriguing class o carbon-based nanomaterials

with tremendous potential in the biomedical eld [31,32]. Derived rom
lignin, a natural polymer abundant in biomass and agricultural waste,
LCdots exhibit remarkable attributes or biomedical applications,
including tunable photoluminescence, remarkable fuorescence quan-
tum yields, photostability, dispersibility, and excellent biocompatibility
[33]. LCdots can serve as carriers or drug delivery, owing to their ability
to encapsulate and release therapeutic agents in a controlled manner
[34,35]. Their biocompatibility and low toxicity urther enhance their
suitability or use in various biomedical contexts, making LCdots a
promising platorm or multiunctional wound dressings [33,36–40].

In this work, LCdots were produced rom hydrothermal synthesis
which, in combination with curcumin, were incorporated into PLA bers
produced by SBS technique, as illustrated in Fig. 1. The produced brous
mats were characterized by Scanning Electron Microscopy (SEM),
Fourier Transormed Inrared Spectroscopy (FT-IR), Dierential Scan-
ning Microscopy (DSC), Ultraviolet-Visible Spectrophotometer (UV-Vis)
and Angle o Contact (CA). Besides, analyzes such as halo o inhibition,
cytotoxicity assay and microbial penetration were used to evaluate the
ability o these brous mats to be applied as skin wound dressings.

2. Experimental

2.1. Materials

Poly(lactic acid) 4060D (Mn = 120,000 g mol1) was purchased
rom NatureWorks, USA. Krat lignin was obtained rom Ingevity, USA.
Curcumin (Cur) was purchased rom Sigma-Aldrich, USA. Chloroorm
(99.9 %) was purchased rom LS Chemicals, while N,N-dimethylorma-
mide (DMF) (99.8 %) was purchased rom Sigma-Aldrich (Brazil).
Microbiological assays, agar and Mueller Hinton broth were obtained
rom Himedia. Ampicillin sodium salt was purchased rom Sigma-
Aldrich (Brazil) and tetracycline discs rom CASALAB (Brazil).

Fig. 1. Schematic representation or the synthesis o LCdots, combined with curcumin and PLA, and b) production o PLA/LCdots/Cur nanobrous membranes by
solution blow spinning or wound dressing applications.
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2.2. Synthesis o lignin carbon dots

Lignin carbon dots (LCdots) were synthesized by a hydrothermal
method according to the methodology proposed by Liu et. al. [41],
Briefy, a 2.5 wt% aqueous solution o lignin placed in a tefon lined
stainless steel autoclave was heated up to 180 ◦C or 5.5 h. The nal
solution was then ltered through a 0.22 μm syringe lter and dialyzed
using a membrane o 2000 Da or 48 h. The concentration o LCdots was
determined by reeze-drying a suspension aliquot at 45 ◦C or 48 h
(Liotop L101, Liobrás) resulting in a concentration o 14 ± 0.8 mg o
LCdots/g o suspension.

The resulting LCdots were characterized by fuorescence and UV-Vis
absorption spectroscopies and electron microscopy. Fluorescence
spectra o LCdots suspension were recorded using a Shimadzu RF-
5301PC spectrofuorometer with the aid o a quartz cuvette. UV-Vis
absorption spectra o the LCdots suspension was collected using a Shi-
madzu UV-1900 spectrophotometer between 200 and 700 nm. Trans-
mission electron microscopy (TEM) and high-resolution TEM images o
the LCdots were obtained using a JEOL JEM2100 LaB6 transmission
electron microscope.

2.3. Preparation o fbrous mats (SBS)

PLA mats were produced using the solution blow spinning (SBS)
technique. The SBS experimental conditions were optimized, resulting
in six dierent samples (C1  C6), whose conditions o abrication are
specied in Table S1. The PLA polymer solution (12 % (w/v)) was
prepared by using chloroorm and N,N-Dimethylormamide (DMF) at a
ratio o 4:1 (v/v) as solvent, under magnetic stirring or 15 hours, at
room temperature. The spinning was perormed using a homemade SBS
apparatus consisting o a polymer solution injection system, a com-
pressed air source, a ber collection system, and a rotating collector. The
injection system consisted o a 20 mL glass syringe, a capillary resistant
to organic solvents, a 0.5 mm diameter nozzle, and an injection pump.
Compressed air was supplied by a Schulz compressor at a pressure o
2 bar. The working distance between the nozzle and the collector was
22 cm. LCdots and curcumin were incorporated to the PLA solution, in
the proportion o 2 and 10 wt%, respectively, in relation to the PLA
mass. The nal samples were named as PLA, PLA/LCdots, PLA/Cur, and
PLA/LCdots/Cur.

2.4. Physicochemical characterization o fbrous mats

The mats were characterized in terms o morphology, composition,
electrical conductivity, mechanical properties, and the ability to absorb
exudates was investigated by the mats swelling capacity, and their hy-
drophilicity. The morphology was analyzed by Scanning Electron Mi-
croscopy using a JEOL JSM-6510 microscope, operating at 5 kV. The
samples were coated with a thin layer o gold using a sputter coater
(Leica Microsystems EM SCD050). The average ber diameter was
determined using an image processing sotware (ImageJ 1.45, National
Institutes o Health, Bathesda, United States). The brous mats com-
positions were investigated using an inrared spectrometer (PerkinElmer
Spectrum 1000 with Spectrum sotware) equipped with an attenuated
total refection apparatus. The spectra were obtained in the spectral
region between 4000 and 400 cm1, accumulation o 32 scans and a
resolution o 2 cm1.

The electrochemical impedance spectroscopy (EIS) experiment was
perormed using a PGSTAT30 Autolab potentiostat/galvanostat (Met-
rohm) controlled by Nova sotware (version 2.1), using a 5 mM [Fe
(CN)]3-/4- solution containing 0.1 M KCl. EIS measurements were per-
ormed at open circuit potential (OCP) in the requency range rom
0.1 Hz to 100 kHz, using an voltage amplitude o 10 mV.

The mechanical properties o the mats were evaluated by dynamic-
mechanical analysis (DMA) (Q800 equipment), using the mats as spec-
imens with the ollowing dimensions: width 7 omm, length o 5.5 mm,

and average thickness o 0.27 ± 0.06 mm. Tensile tests were perormed
in uniaxial tension with a ramp o 700 mm min1, preload orce o
0.001 N and deormation amplitude o 0.1 % in the temperature range
o 25–30 ◦C.

The degree o swelling (Sd%) was evaluated by analyzing the PBS
buer absorption capacity. Approximately 6 mg o each brous mat (in
triplicate) were immersed in vials containing 10 mL o PBS buer (pH=
7.4). The mass o the specimens was measured ater certain periods o
time. The degree o swelling (Sd%) was then calculated rom Eq. (1) [42,
43]

Sd(%) =
wt  w0

w0
× 100 (1)

where w0 and wt are the initial mass o the sample and the mass o the
sample at time t, respectively. The dynamic contact angle o the wound
dressings was evaluated at 25 ◦C using a contact angle goniometer
(model CAM 101, KSV Instruments) equipped with a charge-coupled
device camera (KGV-5000). 5 μL drops o deionized water (approxi-
mately 5 µL) were placed on the surace o the brous mats specimens
(1 cm × 1 cm), and measurements were taken rom images o the angle
ormed between the drop and the surace o brous mats, using the KSV
CAM 2008 sotware. Experimental data originated rom mechanical
tests and contact angle assay were compared with One-Way ANOVA test
and group means were compared with Tukey test, both with a 0.05
signicance level.

2.5. Cost estimation o fbrous mats

The PLA, PLA/LCdots, PLA/Cur and PLA/LCdots/Cur abrication
process was mapped to estimate the cost o the brous mats used as a
dressing. Inrastructure, equipment, maintenance, and disposal cost
were disregarded, as presented in Table S2.

2.6. Encapsulation efciency and In Vitro controlled release assay

The encapsulation eciencies (EE) o LCdots and Curcumin into the
PLA brous mats were determined ollowing the methodology previ-
ously reported by [44,45] using Eq. (2).

EE(%) = Amount o compound measured
Theorical amount o compound × 100 (2)

Specimens o 6 mg o PLA, PLA/LCdots, PLA/Cur, and PLA/LCdots/
Cur were dissolved in 10 mL o a chloroorm and DMF solution (4:1 v/v)
or 12 h. Next, the absorbance at 280 nm and 420 nm was measured
using a UV-Vis spectrophotometer (Shimadzu UV 1100), and the values
were compared to previously built calibration curves. For the calibration
curves, dierent amounts o LCdots and Curcumin were dissolved in
chloroorm and DMF (4:1 v/v) and the absorbances at 280 nm and
420 nm were recorded. The calibration curve, the respective equation
and the values o linear regression can be seen in Figure S2. The mea-
surements o the content o Cur and LCdots in the samples were carried
out in triplicate.

The in vitro Cur and LCdots release assay were perormed in a PBS
solution (0.1 mol L1, pH 7.4), aiming to simulate physiological condi-
tions o blood plasma or exudates present in skin wounds [46].
Tween-80 (1.0 v/v%) was mixed with the PBS solution, aiming to
minimize degradation eects o Curcumin [47]. Specimens o 6 mg o
the PLA, PLA/LCdots, PLA/Cur, and PLA/LCdots/Cur were immersed
into 20 mL o the PBS/Tween-80 solution and incubated at 37 ◦C, under
gentle agitation, and protected rom light. The absorbances at 280 and
420 nm were measured using UV-Vis spectroscopy technique at a spe-
cic time intervals (which are described in Table S3), achieving
216 hours. The experiments were carried out in triplicate or each
sample.
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2.7. Antibacterial activity experiments

Staphylococcus aureus (ATCC 25923) and Pseudomonas aeruginosa
(ATCC 27853) were stored as rozen glycerol stocks. S. aureuswas grown
on tryptic soy agar (TSA) with 6 g/L yeast extract, while P. aeruginosa
was grown on nutrient agar (NA). Ater incubation at 37 ◦C, single
colonies were suspended in Müeller Hinton broth (MHB) and batch-
cultured or 24 h at 37 ◦C and 150 rpm. Cultures were diluted in resh
MHB to 5 × 108 CFU/mL to ensure exponential growth. The antimi-
crobial activity o brous mats was tested using the disk diusion
method with MHB-agar plates streaked with bacterial suspensions
adjusted to 0.5 McFarland (108 CFU/mL). Filter paper disks with
ampicillin (10 µg) and tetracycline (30 µg) served as controls. Plates
were incubated at 37 ◦C or 24 h. For the microbial penetration test,
sterile test tubes with 15 mL o MHB were sealed with brous mem-
branes (2 cm × 2 cm) or paralm (negative control), while the positive
control tube remained open. Ater 10 days at room temperature, 20 µL o
the medium rom each tube was applied to lter paper discs placed on
agar plates to assess bacterial growth. The plates were incubated at
36 ◦C or 24 h to veriy the inhibition o bacterial growth rom the mats,
as illustrated in Figure S1[48,49].

2.8. In Vitro cytotoxicity test

Cytotoxicity experiments were perormed using the Human Dermal
Fibroblast neonatal (HDFn) cell line, cultured in DMEM supplemented
with 10 % FBS under standard conditions (37 ºC, 5 % CO2). Cells were
maintained and subcultured as needed, ollowing standard protocols
[50–52]. The MTT assay was employed to assess the cytotoxicity o PLA
mats by evaluating cell metabolic activity. Membrane extracts were
prepared by incubating UV-sterilized mat samples (1 cm² each) in

DMEM supplemented with 10 % FBS or 24 h. HDFn cells (1 ×10⁴
cells/well) were exposed to these extracts or 24 or 48 h. Control groups
were incubated with DMEM 10 % FBS without mat exposure. Ater
exposure, the MTT assay was conducted by adding MTT solution
(0.5 mg/mL in DMEM) to each well, ollowed by a 3 h incubation.
Formazan crystals ormed were dissolved in DMSO, and absorbance was
measured at 570 nm and 690 nm. Relative metabolic activity was
normalized to control group values (set at 100 %). Results (mean ± SD,
n = 6) were analyzed using One-Way ANOVA and Tukey’s test with a
signicance level o 0.05.

3. Results and discussions

3.1. Morphology and characterization o LCdots

TEM analysis (Fig. 2A) conrmed the LCdots synthesis was suc-
cessul, which are the darkest dots in the image. A high-resolution TEM
image o an individual LCdots revealed the lattice spacing o 2.4 nm in
the crystalline plane (Fig. 2A). The distribution o LCdots diameters,
measured rom Fig. 2B, showed a mean diameter o 2.4 ± 0.5 nm
(Fig. 2B), similar to the work reported by Liu et al., with carbon dots
displayed an average diameter o 3.4 nm [53]. Fluorescence spectros-
copy (Fig. 2C) showed that the luminescent intensity o the LCdots
decreased as the excitation wavelength increased rom 300 to 400 nm.
The strongest fuorescence emission band was observed at around
390 nm, under 300 nm excitation wavelength, similar to the results
reported by Nie et al [54]. The UV-Vis absorption spectrum o LCdots
(Fig. 2D) shows a band centered at approximately 280 nm, which may
be associated with electronic transitions in the C––O or aromatic C––C
bonds [34].

Fig. 2. (A) TEM image o LCdots. The inset shows a High-Resolution TEM image o an individual LCdot. (B) histogram o size distribution o LCdots. (C) PL spectra o
LCdots under dierent excitation wavelengths (rom 300 up to 400 nm), (D) UV–vis absorption spectrum o LCdots.
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3.2. Physicochemical characterization

Fig. 3 depicts the micrographs o the PLA, PLA/LCdots, PLA/Cur, and
PLA/LCdots/Cur brous mats. It is possible to observe a network o

submicrometric bers characterized by predominantly continuous cy-
lindrical morphology, which exhibit uniormity and are randomly
distributed. A noteworthy reduction in ber diameter was observed as
consequence o the incorporation o LCdots and curcumin to the

Fig. 3. SEM micrographs and histogram o ber diameter distribution o (A) PLA, (B) PLA/LCdots, (C) PLA/Cur and (D) PLA/LCdots/Cur mats. TEM image o (E)
LCdots in the ber, and (F) high resolution TEM image o LCdots in the ber with the in-plane lattice spacing. Nyquist plots o (G) EIS o PLA, PLA/LCdots, and PLA/
LCdots/Cur mats in a 5 mM [Fe(CN)6]3 /4 solution with 0.1 M KCl.
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ormulation, (Fig. 3B). Specically, PLA/LCdots and PLA/Cur exhibit
average diameters o 551 ± 18 nm and 468 ± 17 nm, respectively. This
reduction is in contrast to the PLA-only composition, which exhibited
mean diameter o 619 ± 17 nm. This phenomenon indicates that the
incorporation o LCdots and curcumin into the PLA solution results in
the ormation o thinner bers during the spinning process, as previously
documented by Teodoro et. al. [6], in the case o curcumin-based bers.
As expected, it was veried that the combination o both LCdots and
curcumin in the PLA/LCdots/Cur composite yielded bers with smaller
diameters o 512 ± 19 nm (Fig. 3D). Fig. 3E shows the TEM analysis o a
ber obtained by Solution Blow Spinning containing the LCdots, rom
which it is possible to observe the incorporation o LCdots in the PLA
ber. By the high-resolution TEM micrograph in Fig. 3F it is possible to
observe the lattice spacing in the crystalline plane o the LCdots.

Adding LCdots and Curcumin into PLA solution decreased the solu-
tion viscosities. Specically, the viscosities o PLA, PLA/LCdots, PLA/
Cur, and PLA/LCdots/Cur were 68, 65, 57, and 52 cP, respectively. This
reduction in viscosities o polymer solutions containing the bioactive
LCdots and curcumin also helped the ormation o bers o smaller
diameters.

3.2.1. Electrochemical impedance spectroscopy (EIS)
In order to investigate the potential o the wound dressings to be

integrated into electro-stimulated therapies, the electron transer prop-
erties o the brous mats were evaluated by EIS. Fig. 3G exhibits the
Faradaic impedance spectra, in which the diameter o the semicircle is
associated with the electron transer resistance (Rct) o a Randle’s
equivalent circuit [55] Rct values were 65, 8.0 and 0.5 MΩ or PLA,
PLA/LCdots and PLA/LCdots/Cur, respectively, indicating a substantial
decrease as a consequence o LCdots and Curcumin incorporation.
Furthermore, the results obtained or PLA/LCdots/Cur mats consolidate
a synergistic eect between the bioactives LCdots and Curcumin, indi-
cating that this material can eectively promote aster electron transer
between electrode interace [56–59].

3.2.2. Fourier transorm inrared spectroscopy (FTIR)
Figure S3A presents the FTIR spectra o PLA, lignin carbon dots

(LCdots) and curcumin (Cur) starting materials. It is possible to observe,
or PLA, the characteristic bands o this polymer in the regions between
2996 and 2946 cm1, which correspond to the -CH stretching, at
1744 cm1, a band associated with a carbonyl vibration (C––O),
stretching o dierent CO bonds at 1125 cm1 and CC stretching at
1082, 1040, and 869 cm1[60].

In Figure S3A, it is observed or the spectrum o curcumin the region
o absorption bands around 3510 cm1, which corresponds to the
elongation o the hydroxyl unctional groups, and at 1603 and
1625 cm1 the stretching vibration o the C––C bond. The band at
1507 cm1 is attributed to the stretching o -O aromatic and -O-R aro-
matic groups. Besides, at 1155 cm1, distinct stretching vibrations or
CH3, CH3 methoxy aromatic groups are observed. Furthermore, the peak
at 1272 cm1 is ascribed to phenolic C-O stretching vibrations [26].

LCdots present bands related to lignin spectrum, including in the
regions between 3400 and 3460 cm1, reerring to axial deormations
associated with hydroxyl groups (OH), at 2982 and 2896 cm1, reerring
to the axial deormations C-H o aliphatic chains CH2 and CH3, and at
1620 and 1510 cm1, reerring to the various vibrations o the skeleton
o aromatic rings [36].

In Figure S3B it is observed that the starting materials LCdots and
curcumin were incorporated into the PLA solution. Specically, the peak
at 1678 cm1 is indicative o the vibrations associated with the aromatic
rings skeleton or the LCdots. Besides, in the region spanning rom 1628
and 1500 cm1, stretching vibrations o the C––C bond and the aromatic
-O and aromatic -O-R stretching vibrations or curcumin are observed.

3.2.3. Mechanical test
Values o elastic modulus, tensile strength and elongation-at-break o

PLA, PLA/LCdots, PLA/Cur and PLA/LCdots/Cur mats were obtained
rom stress-strain curves and are represented in Figure S3C, S3D and
S3F, respectively. The results were compared with pure PLA mats, and
all samples described a typical stress vs strain curve, where rst stages
correspond to linear elastic behavior, ollowed by plastic nonlinear
region.

From the Tukey test applied to the stress-strain curves, it was
possible to conrm a statistically signicant dierence in the increase o
elastic modulus values when LCdots and Cur are incorporated into the
PLA polymeric solution. In the work o Liu et. al., this increase was also
reported as the concentration o carbon dots incorporated into poly-
urethane and polyacrylonitrile nanobers increased [53]. Similarly to
Pankongadisak et al., who reported in their work that as the concen-
tration o curcumin increases in PLLA ber mats, an increase in the
mechanical properties o these materials is observed [61]. It is also
observed that the mats containing LCdots in their composition present
higher elastic modulus values (Figure S3C). However, a slight decrease
was observed or the PLA/LCdots mat, not statistically signicant, and a
more signicant decrease or PLA/Cur and PLA/LCdots/Cur mats in the
tensile strength limit values (Figure S3D). Regarding elongation, a sta-
tistically signicant reduction was also observed in the elongation
values or PLA/LCdots, PLA/Cur and PLA/LCdots/Cur mats in relation
to pure PLA mat, however, it was noted that there was no signicant
dierence in reducing the elongation between the PLA/Cur and
PLA/LCdots/Cur mats (Figure S3E). In general, the mechanical prop-
erties o the as-developed wound dressings are similar to other
ber-based materials reported in the literature [1,62,63].

3.2.4. Contact angle and swelling degree (Sd%)
Surace hydrophobicity is typically assessed by quantiying the static

contact angle o a liquid droplet on a specic sample surace. A higher
contact angle indicates an increased degree o surace hydrophobicity.
Assessing the hydrophilic nature o brous mats holds signicant
importance, as it serves as a predictive tool to guide the potential ap-
plications o these materials [64]. For example, the surace hydrophi-
licity o spun mats plays a crucial role in the development o wound
dressings or the treatment o skin wounds. It is directly associated with
aspects such as cellular adhesion, prolieration o microorganisms, and
absorption capacity or skin exudates [65]. This underscores the rele-
vance o this assessment or tailoring these materials to meet the specic
requirements o biomedical applications. The contact angles between
the water droplet and the surace o mats are shown in the Fig. 4A.

Fig. 4: (A) Values o contact angles ater the 1st second o contact
between the drop o water and the surace o mats (A), and (B) Swelling
degree o PLA, PLA/LCdots, PLA /Cur and PLA/LCdots/Cur mats.

The swelling capabilities o PLA, PLA/LCdots, PLA/Cur and PLA/
LCdots/Cur mats were studied, as shown in Fig. 4B. It can be observed
that mats containing LCdots in their composition (PLA/LCdots and PLA/
LCdots/Cur) showed a higher degree o swelling o 733 and 747 %,
respectively, reaching equilibrium ater approximately 24 h later, while
PLA and PLA/Cur mats presented Sd% values o 716 and 674.09 %,
respectively. The value obtained or the pure PLA mat was similar to the
value reported by Grizzo et. al [1]. This indicates that the PLA/LCdots
and PLA/LCdots/Cur mats possess better water absorption capabilities
than the other materials or times longer than 24 h. This result is
consistent with those obtained in the contact angle experiment (Fig. 4A),
in which the PLA/LCdots and PLA/LCdots/Cur mats presented lower
contact angles, that is, greater hydrophilicity [71].

3.3. Encapsulation efciency and antibiotic In Vitro release assay

Actual content o Cur and LCdots into the bers were evaluated by
studying the encapsulation eciency (%EE), which values are displayed
in Table 1. The lower value calculated or LCdots encapsulation in the
sample PLA/LCdots/Cur suggests intererence rom the presence o Cur,
since this component is majority in the ormulation. The co-release o
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Cur and LCdots was studied by the release proles described by each
component separately, during a period o 144 h (equivalent to 6 days).
The correlation between the cumulative release percentage and the time
are shown in Fig. 5A. Upon examining the curcumin released rom
samples PLA/Cur and PLA/LCdots/Cur, it is observed that the total
content was released during the rst 10 hours (Fig. 5B), immediately
ater the burst phases. In contrast, the release proles described by
LCdots is characterized by values o cumulative release in a range o 30 – 
40 %, in such a way that 29 % o the LCdots content was released in the
rst hour. Ater 10 h, the monitored content o LCdots in the analyzed
media ollowed a cumulative release approximately constant until the
end o the assay. The cumulative release curves or PLA/LCdots/Cur in
relation to Cur and to LCdots indicate that one component was mini-
mally aected by the presence o the other in the ormulation.

The mechanisms involved in the release process were urther
investigated using the Kormeyer-Peppas kinetic models [72,73], which
can assist to iner the phenomena involved in the Cur and LCdots release
rom the PLA SB-spun wound dressings. The resultant release kinetic
parameters are summarized in Table 1. Numerous studies in literature
indicate that controlled release results are a consequence o phenomena
like the solubilization o the surace content o the drug (leaching),
characterized by the typical bursts. Additionally, the release o encap-
sulated compound is typically governed by diusional processes or po-
tential erosions within the polymer structures. Satisactory agreements
with Korsmeyer-Peppas model were veried, mainly or PLA/Cur (R2 =
0.99). The values o n < 0.5 ound or all the samples indicated the
predominance o a typical Fickian diusion mechanism, which is a
consequence o concentration gradient between the carrier (nanobers)
and the solution media. Fig. 5C displays the FESEM image o a

representative region o the neat PLA bers ater the controlled release
experiment. It is possible to observe surace erosion o the ber, which
can be correlated with the leaching o compounds rom the bers [6].
This erosion pattern was consistent across all samples, as can be
observed in Figure S4.

3.4. Biological characterization

3.4.1. Disk diusion method
S. aureus and P. aeruginosa stand out as some o the most prevalent

pathogenic bacteria causing chronic wound-related inections [74]. The
common wound dressings currently available in the market are usually
lms, sponges, and oams, however multiunctional wound dressing
materials are urgent due to the evolvement o multi-resistant strains
[75]. In this context, biohybrid nanobers can outperorm classical drug
delivery systems [76]. To evaluate the hypothesize that PLA mats con-
taining lignin carbon dots (LCdots) and curcumin (Cur) can be an
optimal dressing local delivery at the wounded site, their antimicrobial
activity was tested against S. aureus and P. aeruginosa by the disk
diusion method.

As shown in Figs. 6A and 6B, no inhibition zones were observed
around the specimens. Nevertheless, all samples (excluding the control
sample based on neat PLA) enhibited the ability to inhibit bacterial
growth upon contact, as conrmed or both bacteria strains tested.
Moreover, the presence o aromatic rings o both LCdots and curcumin,
as observed in the FTIR spectrum in Figure S3, when incorporating the
active ingredients into the polymeric solution, can interact to yield the
ormation o physical or chemical interactions with the PLA polymeric
structure [60,77]. This interaction may hinder the diusion o active
compounds in the medium, consequently leading to the absence o in-
hibition zone [78]. Specically, the antibacterial activity o these ma-
terials can be attributed to the presence o curcumin and lignin in the
brous mats. Curcumin is known to target the cell wall, binding to
peptidoglycan, which is essential or bacterial viability [79,80]. On the
other hand, the phenolic groups present in lignin are responsible or its
antibacterial eect through oxidative stress and the ability to produce
reactive oxygen species, resulting in the cell membrane destabilization.
Furthermore, lignin carbon dots are very sensitive to pH due to the
ionization o surace unctional groups (in particular, carboxylic acid
groups), demonstrate lower toxicity and better biocompatibility, and

Fig. 4. A shows the decrease o contact angles or the brous mats containing LCdots and Curcumin. Initially, a high contact angle o 118.5◦ ± 1.5◦ is observed or
PLA, which is expected due to its hydrophobic nature o this polymer [66,67]. When LCdots and curcumin are incorporated separately, a slight decrease in the
contact angles was observed, whose values corresponds to 111.9◦ ± 1.5◦ and 113.5◦ ± 1.6◦, respectively. According Tukey test, these values are not statistically
signicant when compared to the PLA brous mat. When both components are incorporated, a more prominent decrease in the contact angle is veried, reaching the
value o 107.8◦ ± 2.0◦, which represents a decrease o approximately 10 % in relation to the mat composed only o PLA, which according Tukey test, presents a
signicant dierence in its values. The reduction in contact angle values as consequence o the incorporation o LCdots and Cur (separately or together) can be
explained due to the presence o the hydrophilic unctional groups o carbon dots or the LCdots, as reported in the literature [68–70].

Table 1
The constants and coecient o correlation (R2) or Korsmeyer-Peppas model
applied or all wound dressings.
Analyzed compounds EE (%) Korsmeyer-Peppas Model

n k (h1) R2

Cur in PLA/Cur
Cur in PLA/Cur/ LCdots
LCdots in PLA/ LCdots
LCdots in PLA/Cur/ LCdots

74.2 ± 3
72.0 ± 1
77.6 ± 5
58.8 ± 1

0.28
0.32
0.09
0.07

0.069
0.070
0.030
0.032

0.99
0.98
0.86
0.92
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have many hydrophilic surace unctional groups so that they can
disperse easily in aqueous media without additional surace modica-
tion [35,81–84]. In summary, these ndings are promising or the
prospects o utilizing polymeric nanobrous mats combined with
bioactive compounds or wound dressing applications.

3.4.2. Microbial penetration tests
An additional antimicrobial test was carried out to assess the capa-

bility o brous mats produced by the SBS technique to hinder the
penetration o external bacteria present in the environment under these
mats. Preventing such penetration is crucial as it could compromise the
wound healing process. In Fig. 6C, test tubes lled with MHB medium
are observed, with the positive control (C+) not sealed, while the
negative control (C-) was sealed with paralm and the others were
sealed with pieces o brous mats PLA, PLA/LCdots, PLA/Cur and PLA/
LCdots/Cur, respectively. It is possible to observe that only in the tube
corresponding to the positive control there was growth o colonies,
which was conrmed ater the inoculation o 20 μL o the C+ content
placed on the agar plate, as seen in Fig. 6D. For the other tubes, sealed
with paralm (C-) and with the brous mats (PLA, PLA/LCdots, PLA/
Cur and PLA/LCdots/Cur) no variation in the turbidity o the MBH
neither evidence o growth omicroorganisms was veried, as shown in
Fig. 6C. These results were also observed in Fig. 6D, where the lter
papers reerring to each sample are observed without the growth o
microorganisms. In summary, the results presented by Figs. 6C and 6D
corroborate the inhibition by contact in the inhibition halo tests shown
in Figs. 6A and 6B, indicating that the low hydrophilic character o PLA
may have contributed to prevent the contact and adhesion o microor-
ganisms in the brous mats. Also, the low solubility o curcuminmay not
have allowed the ormation o inhibition halos, but an inhibition by

contact was observed.

3.4.3. Cytotoxicity studies
For assessing PLA brous mat potential cytotoxicity, MTT assay was

perormed ater 24 h and 48 h o human broblasts exposure to brous
mat extracts. There were our types o extracts derived, namely PLA,
PLA/LCdots, PLA/Cur or PLA/LCdots/Cur, with the addition o a control
group, not exposed to any mats (DMEM 10 % SFB only). Cytotoxicity
MTT-assay results (Figs. 6E and 6F) demonstrated that the variations o
compositions o PLA brous mat were not capable o modulating
broblast metabolic activity, even ater 48 h o extract exposure. Tukey
Test comparison showed no statistically signicant dierence among
groups, meaning that exposure to membrane extracts did not have a
cytotoxic eect on cells, when compared to control. According to ISO
10993–5:2009 which describes test methods to assess the in vitro cyto-
toxicity o medical devices or extracts o a device, a material is only
considered to be cytotoxic when there is a reduction in cell viability
greater than 30 % compared to control. Thereore, these results indicate
that PLA brous mats, even when associated with lignin Carbon dots
(LCdots) and curcumin (Cur), did not cause cytotoxic eects on human
broblast, suggesting cytocompatibility, being a promising alternative
to wound dressing.

4. Conclusion

We have successully developed amultiunctional wound dressing by
utilizing biodegradable polymer (PLA), LCdots, and Curcumin through
an ecient and cost-eective process based on the SBS technique. Our
results indicate that the incorporation o LCdots and Curcumin did not
induce signicant structural changes in the brous mat, while

Fig. 5. (A) Cur and LCdots release proles o the samples PLA/Cur, PLA/LCdots/Cur and PLA/LCdots during 144 h o assay and (B) details o the rst 10 h o assay.
(C) FESEM micrography o a representative region o a sample analyzed ater 144h-assay.
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Fig. 6. Antibacterial eciency validated via disk diusion assay or (A) S. aureus and (B) P. aeruginosa. Antibiotics controls were included: or S. aureus inhibition
zone diameter o 29.6 ± 0.5 and 22.3 ± 2.3 mm or ampicillin and tetracycline, respectively, while or P. aeruginosa inhibition zone diameter o 11.5 ± 2.1 mm or
tetracycline. (C) Microbial penetration tests: growth/no growth o microorganisms in tests tubes sealed with PLA, PLA/LCdots, PLA/Cur and PLA/LCdots/Cur mats,
and the respective negative (C) and positive (C+) controls and (D) conrmation o the visual verication by inoculation o 20 μL o each tube matter in agar plates,
ollowed by incubation. Graphs o relative metabolic activity o broblasts analyzed with MTT-assay, ater 24 h (E) or 48 h (F) o extract exposure (results repre-
sented by mean ± standard deviation).
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presenting antimicrobial properties against S. aureus and P. aeruginosa,
as demonstrated by the disk diusion and microbial penetration tests.
Furthermore, the brous mats resisted bacterial adhesion and exhibited
avorable hydrophilic properties and mechanical strength. Cytotoxicity
studies revealed no adverse eects on the tested cells, suggesting
biocompatibility. However, urther in vivo studies was required to
conrm the saety and ecacy o the developed wound dressing under
physiological conditions. Moreover, the inclusion o curcumin and
lignin carbon dots opens additional avenues or innovation: curcumin
could serve as a colorimetric pH indicator during wound healing, while
lignin’s conductive properties hold promise or wearable sensor appli-
cations. These eatures could transorm the wound dressing into a
multiunctional diagnostic and therapeutic platorm. In summary, while
additional studies are necessary to validate the clinical utility o the
developed wound dressing, our ndings pave the way or developing
sustainable multiunctional wound dressings or advanced wound care.
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