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b CIEPQPF – Departamento de Engenharia Química, Universidade de Coimbra, Rua Silvio Lima, 3030-790 Coimbra, Portugal 
c Instituto Superior de Engenharia de Coimbra, Instituto Politécnico de Coimbra, Rua Pedro Nunes, 3030-199 Coimbra, Portugal 
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A B S T R A C T   

Asymmetric wound dressings have captured researchers' attention due to their ability to reproduce the structural 
and functional properties of the skin layers. Furthermore, recent studies also report the benefits of using near- 
infrared (NIR) radiation-activated photothermal therapies in treating infections and chronic wounds. Herein, a 
chitosan (CS) and reduced graphene oxide (rGO) hydrogel (CS_rGO) was combined with a polycaprolactone 
(PCL) and cellulose acetate (CA) electrospun membrane (PCL_CA) to create a new NIR-responsive asymmetric 
wound dressing. The rGO incorporation in the hydrogel increased the NIR absorption capacity and allowed a 
mild hyperthermy effect, a temperature increase of 12.4 ◦C when irradiated with a NIR laser. Moreover, the 
PCL_CA membrane presented a low porosity and hydrophobic nature, whereas the CS_rGO hydrogel showed the 
ability to provide a moist environment, prevent exudate accumulation and allow gaseous exchanges. Further
more, the in vitro data demonstrate the capacity of the asymmetric structure to act as a barrier against bacteria 
penetration as well as mediating a NIR-triggered antibacterial effect. Additionally, human fibroblasts were able 
to adhere and proliferate in the CS_rGO hydrogel, even under NIR laser irradiation, presenting cellular viabilities 
superior to 90 %. Altogether, our data support the application of the NIR-responsive asymmetric wound dressings 
for skin regeneration.   

1. Introduction 

Skin is the outer barrier of the human body and it is responsible for 
providing protection against external factors (e.g., microorganisms), 
assisting in sensory functions, maintaining homeostasis, and controlling 
the body temperature [1]. During an individuals' lifetime, the skin will 
be subjected to different events, such as diseases or injuries, that can 
compromise its normal structure and function. To surpass such health 
conditions, wound dressings arise as promising and efficient solutions 
for supporting and accelerating the wound healing process, particularly 
when the natural ability of the skin to self-heal is not enough to rees
tablish this ultimate barrier of the body [1]. Nevertheless, traditional 
wound dressings (e.g., gauzes, bandages, creams, and artificial skin 

grafts) still fail to fully re-establish the structure and functions of the 
native skin [2]. 

Nowadays, asymmetric wound dressings have been widely explored 
for biomimetic purposes, i.e. to reproduce the layered structure of the 
skin. Specifically, these dressings usually present a hydrophobic top 
layer that acts as a protective barrier (similar to the epidermis) and a 
hydrophilic bottom layer that maintains a moist environment as well as 
promotes cell adhesion and proliferation (resembling the dermis) [2–4]. 
Moreover, asymmetric wound dressings combine the advantages 
observed in the simpler alternatives (i.e., membranes, hydrogels, 
sponges, and nanofibers), creating a more effective wound dressing. 
Dense electrospun membranes with small pore sizes have been explored 
as the top layer due to its ability to act as an occlusive barrier, mainly 
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avoiding the colonization of the wound site by microorganisms, while 
still allowing gaseous exchanges and presenting good mechanical 
properties [2]. On the other hand, several studies have also been focused 
on producing hydrogels for the bottom layer with natural polymers (e.g., 
silk fibroin, chitosan (CS), and lignin), antibacterial agents, or even 
combining these different approaches in one system using green pro
tocols [5–13]. This bottom layer is conceived to support skin regener
ation, mediating processes such as cell adhesion and avoiding exudate 
accumulation [2]. For example, Miguel et al. developed a 3D asym
metric skin construct composed of an electrospun membrane (top layer) 
and a 3D bioprinted hydrogel (bottom layer). The denser top layer of the 
dressing was designed to protect the wound site, while the porous bot
tom layer was able to absorb the excess of exudate as well as support cell 
migration, adhesion, and proliferation [2]. 

Despite the closer structural resemblance displayed by asymmetric 
wound dressings in comparison with the skin, researchers are still facing 
important challenges, namely in the treatment of chronic wound in
fections. In this area, the search for alternatives to conventionally used 
antibiotics, due to the development of multi-drug resistance mechanisms 
by bacteria, has been one of the main objectives [13]. Several works 
have been pointing to the efficacy of light-responsive agents (e.g., near- 
infrared (NIR) radiation) in preventing or treating established in
fections, either by generating heat (photothermal therapy) or reactive 
oxygen species (photodynamic therapy) [14–16]. Moreover, the opti
mization of the heat generation to induce mild hyperthermia (i.e., a local 
increase of the temperature to ≤48 ◦C) can also enhance the wound- 
healing process [17–20]. For that purpose, different NIR-responsive 
nanomaterials, such as indocyanine green, polydopamine, copper sul
fide, and graphene oxide (GO), have been incorporated in the wound 
dressings. Among them, GO has been demonstrating an excellent ca
pacity to convert NIR light into heat and to improve the mechanical 
properties of biomaterials [21]. Zhang et al. produced carboxymethy
lated CS/aldehyde terminated polyethylene glycol hydrogel enriched 
with branched polyethyleneimine modified with graphene oxide to be 
applied in mild photothermal therapy and wound management [22]. 
After NIR irradiation (808 nm, for 5 min), the hydrogels reached a 
maximum temperature of 33.0 ◦C, 38.6 ◦C, 41.5 ◦C, and 45.9 ◦C by 
increasing the irradiation intensity from 1.0 W/cm2, 1.5 W/cm2, 2.0 W/ 
cm2, to 2.5 W/cm2. Furthermore, the wounds treated with NIR +
hydrogel were completely closed after 14 days, while the relative wound 
areas in the control, NIR, and hydrogel groups were 21.6 %, 20.7 %, and 
14.1 %, respectively [22]. Reduced GO (rGO), a derivative of GO, has 
also been used due to its higher absorbance of NIR light as well as 
antibacterial and pro-angiogenic properties [21,23,24]. Zárate et al. 
developed electrospun meshes (with random or aligned fibers) con
taining 0.5 or 1 % of rGO and analyzed its photothermal capacity in 
different conditions and under NIR light [25]. The electrospun meshes 
with random fibers could achieve a final temperature of 37.8 ◦C with 
0.5 % of rGO and 52.3 ◦C with 1 % of rGO. For the electrospun meshes 
with aligned fibers, the registered final temperatures reached 33 ◦C and 
49.3 ◦C, with 0.5 % or 1 % of rGO, respectively [25]. Therefore, the rGO 
NIR-triggered mild photothermal effect can be a promising and 
straightforward approach for increasing the bioactivity of asymmetric 
wound dressings. 

Herein, a NIR-responsive asymmetric wound dressing (AWD) was 
developed to prevent the occurrence of skin infections and to improve 
the wound healing process. The asymmetric system was composed of a 
top layer based on a polycaprolactone (PCL) and cellulose acetate (CA) 
electrospun membrane (PCL_CA) and a CS_rGO hydrogel (CS_rGO) as the 
bottom layer. This structural organization aimed to create a dense top 
layer that provides hydrophobicity and protection to the wound site, and 
a porous hydrophilic bottom layer that promotes exudate absorption 
and cell migration, adhesion, and proliferation. Furthermore, the rGO 
NIR-responsive photothermal agent will be explored to mediate a mild 
hyperthermy effect, for enhancing the antibacterial properties and the 
wound healing process. 

2. Materials and methods 

2.1. Materials 

Dopamine hydrochloride (MW = 189.64 g/mol) and Tri
fluoroethanol (TFE) were obtained from Acros Organics (China). Fetal 
bovine serum (FBS) free from antibiotics was bought from Biochrom AG 
(Berlin, Germany). NaHCO3 was acquired from Fisher Scientific (Oeiras, 
Portugal). Cell culture plates and T-flasks were purchased from Thermo 
Fisher Scientific (Porto, Portugal). Normal human dermal fibroblasts 
(NHDF) cells were acquired from PromoCell (Labclinics, S.A., Barcelona, 
Spain). 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2 (4- 
sulfophenyl)-2H-tetrazolium (MTS) was obtained from Promega (Mad
ison, WI, USA). CS with low molecular weight (50,000–190,000 Da; 
deacetylation degree ≥75 %), Dulbecco's modified eagle's medium F-12 
(DMEM-F12), CA (MW = 30,000 Da), PCL (MW = 70,000–90,000 Da), 
Resazurin, Glutaraldehyde, GO (it was sonicated for 6 h before being 
used), LB Broth, Phosphate buffered saline solution (PBS), Triton X-100 
and trypsin were purchased from Sigma-Aldrich (Sintra, Portugal). 
Propidium Iodide (PI) buffer was acquired from Life Technologies 
(Maryland, USA). Tris Base was supplied by ThermoFisher Scientific 
(Waltham, MA, USA). Staphylococcus aureus (S. aureus) ATCC 25923 
clinical isolate and Escherichia coli DH5α (E. coli) were used to evaluate 
the antimicrobial properties of the wound dressings. Double deionized 
and filtered water (0.22 μm filtered; 18.2 MΩ/cm at 25 ◦C) was obtained 
using a Milli-Q Advantage A10 ultrapure Water Purification System. 

2.2. Methods 

2.2.1. Production of the electrospun membrane 
The production of the electrospun membrane was performed by 

using a conventional electrospinning apparatus, composed of a high- 
voltage source (Spellman SL40*10, 

0–40 kV; acquired to Spellman, Corporate Headquarters USA), a 
precision syringe pump (KDS-100), a plastic syringe with a stainless- 
steel needle (21 Gauge), and a collector. The electrospun membrane 
(PCL_CA) was produced with a polymeric mixture of PCL (10 % w/v) 
with CA (7 % w/v) dissolved in TFE (80 % v/v). To accomplish that, the 
solution was loaded in the syringe and electrospun at a constant flow 
rate of 1.2 mL/h, applied voltage of 20 kV, and collector distance of 15 
cm. 

2.2.2. Production and characterization of the hydrogels 
The CS-based hydrogels incorporating different concentrations of 

rGO (CS_rGO100–100 μg/mL and CS_rGO200–200 μg/mL of rGO) were 
assembled following a protocol previously described [26]. Initially, the 
gelling agent was prepared through the dissolution of NaHCO3 in PBS. 
Afterward, 200 μL of gelling agent's solution were mixed with 600 μL of 
CS (2.75 % (w/v)) and 400 μL of rGO. Then, 400 μL of the gelling agent/ 
CS/rGO mixture was pipetted into hollow cylindrical templates (ϕ = 8 
mm; height = 4 mm) for attaining the CS_rGO hydrogels. 

The gelation capacity of the different CS_rGO hydrogels was 
confirmed by the tube inversion test [27]. In addition, rheological 
studies (constant speed of 60 rpm, 15 s intervals, at room temperature 
(RT)) were also carried out in a Thermostated Brookfield DV3T cone- 
plate rheometer using a CP52Z cone (Brookfield Ametek, Massachu
setts, USA) to characterize the CS_rGO hydrogels' viscosity at different 
time points [27]. Results were disregarded if the torque value was su
perior to 95 % and inferior to 5 %. Furthermore, the mechanical prop
erties strain, compressive strength (Cstrength) and young's modulus 
(YM)) of the produced hydrogels were characterized using a TA.XTplus 
Texture Analyzer and calculated using the following equations: 

Strain (%) =
Δl
l

(1)  
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Compressive strength (kPa) =
F
A

(2)  

Young′ s modulus (kPa) =
Compressive strength

Strain
(3)  

where Δl is the change in length; l is the total length; F is the applied 
force; and A is the superficial area. 

The AWD was assembled by depositing the CS_rGO100 or 
CS_rGO200 hydrogel on the top of PCL_CA electrospun membranes, 
originating the AWD_100 and AWD_200 samples, respectively. 

2.2.3. Characterization of the photothermal capacity of the hydrogels 
The optical absorption properties of CS_rGO solutions were charac

terized using an Evolution 201 UV–vis-NIR spectrophotometer (Thermo 
Scientific Inc., Massachusetts, USA). Moreover, the photothermal ca
pacity of CS_rGO100 and CS_rGO200 was determined by monitoring the 
temperature changes in response to the NIR laser irradiation [26]. 
Briefly, the hydrogels were immersed in water, exposed to NIR irradi
ation for 10min (808 nm, 1.7 W/cm2), and the temperature changes 
were registered at predetermined timepoints by using a thermocouple 
thermometer. Double deionized and filtered water exposed to the NIR 
light was used as control. 

2.2.4. Characterization of the layers' morphology and chemical properties 
Scanning electron microscopy (SEM) was used to characterize the 

surface morphology and porosity of the produced membranes, hydro
gels, and AWD [2]. To accomplish that, samples were mounted onto 
aluminum stubs using Araldite glue and coated with gold using a 
Quorum Q150R ES sputter coater (Quorum Technologies Ltd., Laugh
ton, East Sussex, UK). Then, SEM images were obtained using a Hitachi 
S-3400 N Scanning Electron Microscope (Hitachi, Tokyo, Japan) oper
ated at an accelerating voltage of 20 kV. Moreover, the PCL_CA nano
fibers' average diameter was determined by using ImageJ software 
(Scion Corp., Frederick, MD). 

In addition, attenuated total reflectance-Fourier transform infrared 
(ATR_FTIR) spectroscopy was used to evaluate the chemical composi
tion of the electrospun membrane and hydrogels. The materials' spectra 
were acquired in a Nicolet iS10 FTIR spectrophotometer (Thermo Sci
entific, Waltham, MA, USA) using an average of 128 scans, spectral 
width of 4000 to 400 cm− 1, and spectral resolution of 4 cm− 1. 

2.2.5. Determination of the porosity 
The total porosity of the produced membranes was determined by 

using the liquid displacement method [28]. For that purpose, the sam
ples (n = 5) were weighted, immersed in absolute EtOH for 1 h, and 
reweighted. Subsequently, the membranes' porosity was determined 
through Eq. (4): 

Porosity (%) =
Ww − Wd

Dethanol*Vmembrane
× 100 (4)  

where Ww and Wd are the wet and dry weights of the membrane, 
respectively. Dethanol represents the density of EtOH at RT, and Vmembrane 
is the volume of the wet membrane. 

2.2.6. Evaluation of the swelling profile 
The swelling capacity of the samples was determined after incuba

tion under stirring (60 rpm) in Tris-HCL solution (pH 5 and pH 8) at 
37 ◦C [29]. Then, at specific time points, the Tris-HCL was removed and 
the samples (n = 5) were weighted. Finally, the swelling ratio was 
calculated through Eq. (5): 

Swelling ratio =
Wt

W0
(5)  

where Wt is the weight of the samples at time t and W0 is the initial 
weight of the samples. 

Furthermore, hydrogel samples were also collected after 7 days of 
incubation in Tris-HCL solution (pH 5 and pH 8) and analyzed by SEM to 
verify possible changes in the hydrogels' structure. 

2.2.7. Characterization of the degradation profile 
The degradation profile of the samples was analyzed in Tris-HCL (pH 

5 and pH 8) after incubation at 37 ◦C under stirring (60 rpm) [28]. After 
1, 3, and 7 days, the samples were removed from the Tris-HCL, dried, 
and weighed. The weight loss percentage was then calculated, at each 
time point, through Eq. (6): 

Weight loss (%) =
Wi − Wt

Wi
× 100 (6)  

where Wi corresponds to the initial weight of the samples and Wt to the 
weight of the samples at time t. 

2.2.8. Determination of water vapor transmission rate (WVTR) 
The WVTR of AWD_100 and AWD_200 was determined following a 

protocol described elsewhere [2]. Briefly, the AWD (n = 5) was used to 
seal the opening of glass test tubes (1.77 cm2) containing 10 mL of ul
trapure water and incubated at 37 ◦C. At predetermined incubation 
times, the amount of evaporated water was measured by weighing the 
tubes. The WVTR of AWD was then determined through Eq. (7): 

WVTR =
Wloss

A
(7)  

where Wloss is the daily weight loss of water and A is the area of the tube 
opening. 

2.2.9. Evaluation of the wettability 
The water contact angles of the samples were measured in a Data

physics OCA 20 contact angle analyzer (Dataphysics Instruments, Fil
derstadt, Germany) using the sessile drop method. Briefly, a drop of 
deionized water (10 μL) was automatically dispensed onto the samples' 
surface and the resultant contact angle was measured. This analysis was 
performed in ten different regions of the sample for determining the 
mean static contact angle and its standard error. 

2.2.10. Characterization of the biological properties 

2.2.10.1. Characterization of cell viability and proliferation. The 
biocompatibility of the PCL_CA membrane and CS_rGO hydrogels was 
characterized using the MTS assay, according to ISO 10993-5:2009 
(Biological evaluation of medical devices- Part 5: Tests for in vitro 
cytotoxicity) [28]. For that purpose, NHDF cells were seeded at a density 
of 1 × 104 cells/well into 96-well plates and incubated in a 5 % CO2 
humidified atmosphere, at 37 ◦C, for 24 h. Then, the PCL_CA or CS_rGO 
samples (n = 5, sizes inferior to 10 % of the well's area) were sterilized 
under UV irradiation (254 nm, ≈ 7 mW/cm2) for 1 h and incubated with 
the NHDF cells. After 1 and 3 days of incubation, the medium of each 
well was replaced by a mixture of 100 μL of fresh culture medium and 
20 μL of MTS/phenazine methosulfate (PMS) reagent solution. Then, the 
plate was incubated for 4 h and the absorbance of each sample was 
measured at 490 nm using a microplate reader (Biorad xMark micro
plate spectrophotometer). Cells incubated with EtOH (70 %) were used 
as the positive control (K+), while cells incubated only with culture 
medium were used as the negative control (K− ). 

Similarly, the impact of NIR laser irradiation and heat generation in 
the NHDF cells was also studied. For that purpose, following the addi
tion of the samples, the wells were irradiated with a NIR laser (808nm, 
1.7W/cm2), for 10 min after 0 h, 24 h, and 48 h of incubation. Addi
tionally, as a control, NHDF cells non-incubated with materials were 
also irradiated. Then, the NHDF cellular viability was determined by 
using the MTS assay, as described above. 
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2.2.10.2. Confocal microscopic analysis. The cell distribution and 
adhesion within the hydrogels were characterized through confocal 
laser scanning microscopy (CLSM). Briefly, NHDF cells (4 × 104 cells/ 
well) were seeded in the presence of CS_rGO hydrogels in μ-Slide 8-well 
Ibidi imaging plates (Ibidi GmbH, Germany) [2]. After 72 h, the samples 
were treated with Triton X-100, the cells were labeled with PI (15 mM) 
for 15 min, and washed with PBS. Imaging experiments were then 
performed in a Zeiss LSM 710 laser scanning confocal microscope (Carl 
Zeiss SMT Inc., USA), where consecutive z-stacks were acquired. The 3D 
reconstruction and image analysis were performed in Zeiss Zen 2010 
microscopy software. 

2.2.11. Characterization of the antimicrobial activity of the produced 
layers 

2.2.11.1. Analysis of the bacterial adhesion to PCL_CA electrospun mem
brane. The bacteria adhesion to the PCL_CA surface was evaluated using 
S. aureus (gram-positive) and E. coli (gram-negative) bacteria as models 
[2]. For that purpose, transwell systems (Corning Incorporated, USA) 
were modified with PCL_CA membrane or filter paper (0.22 μm, which 
was used as control), acting as the interface between the upper and 
lower chambers. Then, the bacterial suspension (1 × 108 colony forming 
units (CFU)/mL) was placed in contact with the membrane and filter 
paper and incubated for 24 h, at 37 ◦C. The bacteria adhesion to the 
PCL_CA surface was then characterized by SEM. 

2.2.11.2. Characterization of bactericidal activity of the CS_rGO hydrogel. 
S. aureus and E. coli were used to evaluate the antimicrobial properties of 
the CS_rGO hydrogels [30]. Bacterial suspensions (1 × 108 CFU/mL) in 
culture medium (LB Broth) were added to the different formulations of 
CS_rGO, in a 96-well plate, and incubated for 48 h, with or without NIR 
laser irradiation (808nm, 1.7W/cm2, 10 min) at 0 h, 24 h, and 48 h of 
incubation. Bacteria non-exposed to the hydrogels were used as the 
negative control (K− ) whereas bacteria cultured with antibiotics were 
used as the positive control (K+). Then, the media was removed and 20 
μL of resazurin (0.05 %) were incubated for 4 h. The bacteria viability 
was determined by measuring the resorufin fluorescence (λex = 545 nm 
and λem = 590 nm) using Spectramax Gemini EM spectrofluorometer 
(Molecular Devices LLC, CA, USA). 

2.3. Statistical analysis 

The statistical analysis of the obtained results was performed using a 
one-way analysis of variance (ANOVA), with the Newman-Keuls post hoc 
test. A p-value lower than 0.05. (p < 0.05) was considered statistically 
significant. 

3. Results and discussion 

3.1. Characterization of the hydrogels 

Herein, AWD composed of a PCL_CA electrospun membrane (as the 

top layer) and a CS_rGO hydrogel (as the bottom layer) were produced, 
aiming to mimic the epidermis and dermis layers of the native skin, 
respectively (see Fig. 1). 

The CS_rGO hydrogels were produced by combining a CS/rGO 
mixture with NaHCO3, which acted as the gelling agent, thus mediating 
the polymers' gelation via ionotropic crosslinking as reported in the 
literature. Guyot et al. produced catechol-CS hydrogels with a high 
gelation rate and using NaHCO3 as gelling agent [31]. Similarly, Rogina 
and collaborators developed a CS-hydroxyapatite-based hydrogel with 
different concentrations of NaHCO3 and observed that higher concen
trations of the gelling agent led to faster gelation times [32]. 

The rGO was produced using dopamine as the reductant, as previ
ously described by our research group, and selected due to its photo
thermal properties [27]. The physicochemical characterization of rGO 
revealed that the nanomaterials have a homogeneous size distribution 
(Fig. S1A) and exhibit a good NIR absorption capacity (Fig. S1B). 
Furthermore, the incorporation of the rGO within the hydrogels did not 
compromise its NIR absorption capacity as can be seen in Fig. S1C. 

The gelation capacity of CS_rGO hydrogels was confirmed through 
the tube inversion test, as can be observed in Fig. 2A. Furthermore, the 
acquired SEM images revealed that the CS_rGO100 and CS_rGO200 
hydrogels display in their interior interconnected pores with an irregular 
shape. Such porosity is compatible with exudate absorption, mass 
transfer, as well as cell migration and proliferation. Moreover, it is also 
reported in the literature that the nanomaterials inclusion in bio
materials, such as wound dressings containing rGO, can lead to a higher 
porosity and surface roughness, which can be further beneficial for the 
cell adhesion process [33]. The rheological analysis demonstrated an 
increase in the viscosity of the CS_rGO100 and CS_rGO200 solutions 
after ≈ 510 s and ≈ 645s, respectively (Fig. 2B). Such data confirms the 
CS_rGO ionotropic gelation and is in agreement with a previous work 
reported elsewhere [26,34]. Despite the higher gelation time of 
CS_rGO200 hydrogels, these samples achieved a higher viscosity when 
compared to the CS_rGO100 formulation. Additionally, the strain, 
Cstrength, and YM of the CS_rGO100 and CS_rGO200 were characterized 
after the gelation process (Table 1). The results showed an enhanced 
mechanical performance of CS_rGO hydrogels with the increase of rGO 
content. In our data, the CS_rGO200 demonstrated a strain of 52.71 ±
4.96 %, a Cstrength of 86.94 ± 10.28 kPa, and a YM of 156.99 ± 9.76 
kPa, while the CS_rGO100 presented values of 54.01 ± 6.72 %, 69.08 ±
4.76 kPa and 119.21 ± 9.89 kPa, respectively. In a previous study, 
Khalili and collaborators developed a CS hydrogel incorporating poly 
(phenylene sulfide)/rGO that showed a compressive modulus of ≈
38–49 kPa, depending on the concentration incorporated [35]. Simi
larly, Kosowska et al. produced a hydrogel modified with rGO and 
presented a Cstrength of 88.79 ± 8.33 kPa and 15.02 ± 3.21 kPa, with 
and without rGO, respectively [36]. 

3.2. Photothermal capacity 

The potential of CS_rGO hydrogels for photothermal applications 
was evaluated by monitoring the temperature changes upon NIR laser 
irradiation (Fig. 2C). The CS_rGO100 and CS_rGO200 hydrogels after 10 

Fig. 1. Scheme of the prodution of the asymmetric wound dressing.  
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min of irradiation with a NIR laser (808nm, 1.7W/cm2), exhibited a 9.7 
± 0.7 ◦C and 12.4 ± 0.3 ◦C increase in their surface temperatures, 
respectively. Therefore, the results demonstrate that a higher rGO con
tent in the hydrogel leads to an higher temperature increase. Never
theless, both CS_rGO hydrogels were able to mediate a mild 
hyperthermic effect that can be explored to improve the wound healing 
process without damaging the cells [17,18,20]. In a previous study, Li 
et al. developed hydrogels based on quaternized CS, polydopamine- 
coated rGO and poly(N-isopropylacrylamide) with different 

concentrations of GO (1, 2, 3, and 4 mg/mL) [37]. These hydrogels 
achieved a temperature increase of 9.6, 10.8, 12.1, and 12.6 ◦C after 10 
min of NIR irradiation (808 nm, 1.0 W/cm2), using different concen
trations of GO (1, 2, 3, and 4 mg/mL, respectively). Herein, a similar 
temperature increase was attained using a lower concentration of the 
photothermal agent and a slightly higher NIR light intensity. 

3.3. Characterization of the surface morphology and composition 

SEM analyses were performed to characterize the morphology of 
both layers of the AWD (Fig. 3). The SEM images showed that the 
electrospun membrane has a 3D nanofibrous mesh with a mean diam
eter of 615.12 ± 139.47 nm, composed of randomly oriented and non- 
beaded fibers (Fig. 3A). The structural organization and fiber size pre
sented by the produced membrane is in accordance with previous works, 
where PCL or CA nanofibrous membranes were also produced. Ren et al. 
obtained PCL/Gel nanofibers with an average diameter of ≈ 600 nm 

Fig. 2. Characterization of the CS_rGO hydrogel gelation. Macroscopic images of the CS_rGO100 and CS_rGO200 gelation, confirmed by the tube inversion test, and 
representative SEM images (A). Analysis of the CS_rGO viscosity in the function of the time (constant speed of 60 rpm) (B). Temperature variation curves of the 
CS_rGO hydrogels during NIR light irradiation (808nm, 1.7W/cm2, 10 min) (C). 

Table 1 
Mechanical properties of the different hydrogels.  

Samples Strain (%) Cstrength (kPa) YM (kPa) 

CS_rGO100 54.01 ± 6.72 69.08 ± 4.76 119.21 ± 9.89 
CS_rGO200 52.71 ± 4.96 86.94 ± 10.28 156.99 ± 9.76  
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[38]. Quirós et al. produced CA electrospun membranes with a mean 
fiber diameter of 593 nm [39]. Moreover, the layered structure as well as 
the interconnection between the layers of the AWD were also observed 
(Fig. 3B). 

The chemical composition of both PCL_CA and CS_rGO layers was 
confirmed by FTIR. The PCL_CA spectrum (Fig. 4A) exhibits the 

characteristic peaks of PCL at 2940 cm− 1 (CH2 stretching), 1724 cm− 1 

(C––O stretching), and 1170 cm− 1 (C-O-C stretching) [40]. In addition, 
the characteristic peaks of CA were also observed at 1731 cm− 1 (C––O 
stretching), 1370 cm− 1 (CH3 stretching), and 1226 cm− 1 (C-O-C 
stretching) [41]. Otherwise, both the CS_rGO100 and CS_rGO200 
spectra (Fig. 4B) display the characteristic peaks of CS at 1025 cm− 1 

Fig. 3. Characterization of the PCL_CA and AWD morphological properties. Representative SEM image and fibers' size distribution analysis of the PCL_CA membrane 
(A). Representative SEM images of the cross-section images of AWD_100 and AWD_200 (B). 

Fig. 4. ATR-FTIR spectra of the PCL_CA membrane (A) and CS_rGO hydrogels (B) as well as their respective raw polymeric materials.  
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(C–O stretching), 1374 cm− 1 (C–H symmetrical bending), 1646 cm− 1 

(C=O-NHR band), 2873 cm− 1 (C–H stretching vibrations) and 3292 
cm− 1 (O–H vibrations) [42]. Therefore, the FTIR spectra of each layer 
show the characteristic peaks of the raw materials, revealing that the 
production methodology did not compromise the chemical composition 
of the polymers. 

3.4. Evaluation of asymmetric wound dressing's porosity 

The porosity of the wound dressings enables cell migration, gas ex
change, nutrient supply, and fluid loss control, required for an enhanced 
wound-healing process to occur [43,44]. Herein, the PCL_CA membrane 
displayed an overall porosity of 81.41 ± 5.20 %, which is within the 
ideal range described in the literature (60–90 %) for wound healing 
purposes [44]. Moreover, a dense and compact nanofibrous structure 
may be important for preventing bacterial penetration (Fig. 3A). 

In turn, CS_rGO hydrogels' SEM images present a highly porous 
structure with large pores (see further details in Fig. 2A). Additionally, 
after immersion of CS_rGO hydrogels in Tris-HCl at pH 5 and pH 8, for 7 
days, it was observed that the pore size increase when the hydrogels 
were incubated at pH 5 (Fig. 5A). Such can be justified by the pKa of 
6–6.5 of the amino groups present in the CS backbone, which are in a 
protonated state at pH 5, thus enabling the swelling of the polymeric 
matrix, leading to an increased porosity [45]. 

3.5. Characterization of the swelling profile 

Wound humidity control is crucial for the wound healing process as 
well as for preventing bacterial infection [46]. In this way, an ideal 
wound dressing must be able to absorb the excessive exudate, which 
contributes for tissue maceration and the occurrence of infections [47]. 
In this study, the absorption capacity of the AWD samples was analyzed 
through their incubation in Tris-HCL, at pH 5 and pH 8 (Fig. 5B and C, 
respectively), for 8 days. The results showed that the AWD_100 and 
AWD_200 presented a swelling ratio of 1.13 and 1.01, at pH 5 and 0.72 

and 0.80 at pH 8, respectively. The higher swelling at pH 5 can be 
explained by the protonation state of the CS's amino groups present in 
the hydrogels. At acidic pH, the CS is protonated (i.e., positively 
charged) and presents an increased solubility in water. However, at pH 
> 6–6.5, the amino groups of CS are deprotonated decreasing the 
polymer solubility [45]. This behavior is in accordance with several 
works reporting CS-based hydrogels [48,49]. Furthermore, Wsoo and 
collaborators also developed a PCL_CA electrospun membrane loaded 
with vitamin D3 (20%) that displayed a swelling ratio of 91.8 %, after 
30 days [50]. 

3.6. Characterization of the asymmetric wound dressing's biodegradation 
profile 

The degradation percentage exhibited by the wound dressing should 
match the regeneration rate of native skin [51]. In this way, the 
degradation frequency was evaluated for 7 days after the materials' in
cubation in Tris-HCL at pH 5 and pH 8 (Fig. 6A and B, respectively). The 
PCL_CA membrane presented a weight loss of 14.02 ± 1.18 % and 12.46 
± 6.16 %, at pH 5 and pH 8, respectively. Such results can be explained 
by the high stability of PCL in aqueous solutions, which can undergo a 
very slow hydrolytic degradation [52]. Furthermore, CA also presents a 
slow degradation as demonstrated by Nosar and collaborators, who 
produced a wet-electrospun CA (7 % of CA) membrane, that presented a 
weight loss of 16.50 % after 30 days [53]. 

The CS_rGO100 and CS_rGO200 hydrogels, produced herein, pre
sented a weight loss of 53.53 ± 2.50 % and 48.86 ± 3.57 %, at pH 5, and 
48.62 ± 8.39 % and 47.36 ± 4.71 % at pH 8, respectively. These 
degradation profiles are similar to those reported in previous works. 
Lima et al. developed hydrogels based on CS and rGO that presented 
weight loss of ≈ 50 %, after 7 days [27]. Melo et al. reported ≈ 45 % of 
weight loss for CS_rGO gels, after 5 days [26]. Furthermore, the 
AWD_100 and AWD_200 presented a weight loss of 40.62 ± 4.0 % and 
37.28 ± 3.91 %, at pH 5, and 39.15 ± 2.54 % and 41.65 ± 1.93 % at pH 
8, respectively. Such results are coherent with the degradation of the 

Fig. 5. Characterization of the CS_rGO, PCL_CA, and AWD swelling behavior. Representative SEM images of the CS_rGO100 and CS_rGO200 cross-sections after 7 
days of immersion in Tris-HCl at pH 5 and pH 8 (A). Analysis of the AWD_100 and AWD_200 swelling profile at pH 5 (B) and pH 8 (C). 
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principal layer of the AWD, the CS_rGO layer. 

3.7. Determination of the asymmetric wound dressing's wettability 

The surface wettability of the wound dressings has a direct impact on 
their biological performance, namely on the capacity of cells to adhere 
on their surface. The WCA measurements shown in Fig. 6C demonstrate 
that the PCL_CA membrane has a hydrophobic character, WCA of 132.2 
± 7.2◦. Such data is justified by the hydrophobic nature of PCL and CA, 
which can play an important role in preventing bacterial adhesion to the 
material's surface [54]. On the other side, the CS_rGO100 and 
CS_rGO200 hydrogels exhibited a WCA of 45.9 ± 2.1◦ and 38.7 ± 2.8◦, 
revealing a hydrophilic surface (10◦ < WCA < 90◦) [55]. These results 
show that the increase in the rGO content results in materials with hy
drophilic character. Nevertheless, such feature of the bottom layer will 
be important to support the cells' adhesion and promote tissue regen
eration [55]. 

3.8. Determination of the water vapor transmission rate 

The WVTR of a wound dressing also impacts on wound hydration. An 
high WVTR can result in wound dehydration and consequent attach
ment of the dressing, while a low WVTR can cause liquid accumulation 
and consequent tissue maceration [47]. Fig. 6D shows that the AWD_100 
and AWD_200 present WVTR values of 2374.01 ± 140.64 mL/m2/day 
and 2232.77 ± 214.63 mL/m2/day, respectively. These WVTR values 
are within the recommended range, i.e., 2000–2500 mL/m2/day, which 
demonstrates that the produced asymmetric wound dressings are effi
cient in providing a moist environment, preventing exudate accumula
tion, and allowing water vapor exchanges [47]. 

Moreover, the WVTR values displayed by the AWD are higher than 
those found in commercial wound dressings, e.g. Tegasorb (ConvaTec 

Ltd) presents a WVTR of 136 ± 15 g/m2/day, while for Bioclusive™ 
(Johnson-Johnson) the WVTR is 394 ± 12 g/m2/day, and Comfeel 
(Coloplast A/S) presents a WVTR value of 285 ± 8 g/m2/day [56]. 

3.9. Characterization of biological properties of the produced membranes 

The cytocompatibility of CS_rGO and PCL_CA was evaluated using 
NHDF cells, (as cell model), by optical microscopy and MTS assay. The 
representative optical microscopy images (Fig. S2) show that NHDF cells 
did not suffer any morphologic variation after incubation with CS_rGO 
and PCL_CA. In fact, it is possible to observe that the NHDF cells in the 
test groups have an elongated morphology similar to that observed in 
the negative control. Furthermore, the MTS assay confirmed that NHDF 
cells remained viable, i.e., cell viability is superior to 70 %, after 1 and 3 
days of incubation with CS_rGO and PCL_CA (Fig. 7A and B, respec
tively). Altogether, both optical microscopy and MTS data indicate the 
good biocompatibility of the PCL_CA electrospun membrane and CS_rGO 
hydrogels, and their ability to promote the proliferation of fibroblast 
cells. Furthermore, Fig. 7A and B show that after one or three NIR laser 
irradiations (808nm, 1.7W/cm2, 10 min), NHDF cells remained viable. 
Such data further validates the AWD cytocompatibility and the safety of 
the mild-hyperthermia treatment. 

Otherwise, the NHDF cells' adhesion to CS_rGO hydrogels with or 
without NIR laser irradiation (808nm, 1.7W/cm2, 10 min) was also 
analyzed by CLSM (Fig. 7C). The fluorescence CLSM images revealed 
that NHDF cells (red color) adhered to the surface of the CS_rGO100 and 
CS_rGO200 hydrogels and proliferated. In addition, no negative effects 
were noticed after the NIR laser irradiation. Such results further 
corroborate the biocompatibility of the AWD layers and their capacity to 
act as temporary support for cell adhesion and growth, processes that 
are fundamental to stimulating the wound healing process. 

Fig. 6. Characterization of CS_rGO, PCL_CA, and AWD physicochemical properties. Determination of the weight losses after 1, 3, and 7 days, at pH 5 (A) and pH 8 
(B). Analysis of the WCA (C) and WVTR values (D). Data are presented as the mean ± standard deviation, n = 5, n.s. = non-significant. 
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3.10. Antibacterial properties 

Skin and soft tissue infections have a high incidence and associated 

morbidity. Upon disruption of skin integrity, the occurrence of in
fections will impair the wound-healing process. These infections can be 
caused by different bacteria, i.e., in the initial stages infections occur 

Fig. 7. Evaluation of the asymmetric wound dressings' cytocompatibility. Analysis of the NHDF cellular viability after 1 (A) and 3 days (B) of contact with PCL_CA 
membrane, CS_rGO100, and CS_rGO200 hydrogels with or without NIR irradiation (808 nm, 1.7 W/cm2, 10 min), through MTS. K− (live cells); K+ (dead cells). Data 
are presented as the mean ± standard deviation, n = 5, n.s. = non-significant. CLSM images of NHDF cells (stained with PI – red channel) after incubation with 
CS_rGO100 and CS_rGO200 hydrogels (materials autofluorescence - blue channel), with or without NIR irradiation (808nm, 1.7W/cm2, 10 min) (C). 

Fig. 8. Determination of the antibacterial potential of the CS_rGO and PCL_CA. Analysis of the E. coli (A) and S. aureus (B) viability after 24 h and 48 h of contact with 
CS_rGO100 and CS_rGO200 solutions, with or without NIR irradiation (808 nm, 1.7 W/cm2, 10 min) (K− (live bacteria); K+ (dead bacteria)). Data are presented as the 
mean ± standard deviation, n = 5, ****p < 0.0001. Representative SEM images of the surface of the PCL_CA electrospun membrane after incubation with S. aureus 
and E. coli (C). 
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mainly as a consequence of gram-positive bacteria, such as S. aureus, 
while in later stages they are principally associated with gram-negative 
bacteria, such as E. coli and Pseudomonas aeruginosa [13,57]. In this way, 
the antibacterial properties of CS_rGO100 and CS_rGO200 hydrogels 
were analyzed using both S. aureus and E. coli bacteria, with or without 
NIR laser irradiation (808nm, 1.7W/cm2, 10 min) (Fig. 8A and B). The 
obtained results showed that after incubation with CS_rGO100 and 
CS_rGO200 hydrogels without NIR irradiation, most of the bacteria 
remained viable (84 % and 88 % for E. coli and 90 % and 88 % for 
S. aureus, respectively). Besides, after a single NIR irradiation (808 nm, 
1.7 W/cm2, 10 min) of CS_rGO100 and CS_rGO200 hydrogels, the bac
teria viability decreased to 81 % and 56 % for E. coli and to 38 % and 5 % 
for S. aureus, respectively. This antibacterial effect was further enhanced 
with three cycles of NIR laser irradiation (808 nm, 1.7 W/cm2, 10 min). 
The viability of E. coli decreased to 16 % and 8 %, and to 12 % and 6 % 
for S. aureus. These results demonstrated that NIR laser irradiation im
proves the antibacterial properties of the hydrogels. Such effect can be 
explained by the bacteria death in response to the temperature increase 
[27]. Additionally, the temperature increase may also promote the 
dissolution of CS, increasing its interaction with bacteria and therefore 
enhance the hydrogel's antibacterial properties [27,58]. The antibacte
rial activity of CS is mostly related to the amino groups (− NH2) present 
in its chemical structure [13,59,60]. One of the mechanisms proposed to 
explain the CS' antibacterial activity comprises the interaction between 
the positively charged (NH2) groups on the polymeric backbone and the 
negatively charged components (e.g., peptidoglycans) at the bacterial 
cell wall [59]. Moreover, research data also indicate that CS may also 
interact with essential trace metals and oligo-elements, mediating the 
production of toxins and inhibiting microbial growth, or form a poly
meric envelope around bacteria, inhibiting nutrients' absorption and 
intercellular exchanges [13,59,61,62]. 

Furthermore, the results also showed that S. aureus bacteria was 
more sensible to the combination of the hydrogel incubation with the 
NIR irradiation. This result can be explained by the differences observed 
in the cell wall structure of gram-negative and gram-positive bacteria 
[27]. Apart from the antibacterial properties of the CS_rGO bottom 
layer, the PCL_CA electrospun membrane should also act as a protective 
barrier that avoids microbial invasion of the wound site. The SEM im
ages of PCL_CA electrospun membrane incubated with S. aureus and 
E. coli bacteria (Fig. 8C) showed a very small number of adhered bacteria 
when compared to the control group (i.e., filter paper with a pore size of 
0.22 μm), due to its hydrophobic character. Altogether, these results 
highlight the antibacterial potential of the AWD, particularly by 
providing simultaneously a barrier against bacteria access to the wound 
site and a NIR-triggered antibacterial effect. 

4. Conclusions and Future Perspectives 

Acute and chronic skin injuries are still considered a major health 
issue for the worldwide population. The current clinical therapeutic 
strategies present some limitations, and none of them is capable of fully 
restoring the structure and functions of the native skin. Therefore, 
asymmetric wound dressings have captured the attention of researchers, 
due to their capacity to mimic the layered structure of the skin. More
over, researchers have also been exploring the potential of NIR-activated 
photothermal therapies aimed for the treatment of infections as well as a 
complement to improve the wound healing process. 

Herein, an asymmetric wound dressing was produced combining a 
CS_rGO hydrogel and an electrospun PCL_CA membrane, mimicking the 
dermis and epidermis layers of the skin, respectively. The top layer 
(PCL_CA membrane) presented a low porosity and hydrophobic char
acter, which was essential to provide a protective barrier against 
external harmful agents. On the other side, the bottom layer (CS_rGO 
hydrogel) displayed responsiveness to NIR, due to the presence of rGO, 
which improved dressing antibacterial properties against E. coli and 
S. aureus. In this way, the AWD shows the potential to prevent or treat 

skin infections due to its capacity to act as a barrier against bacteria 
access to the wound site and as a NIR-triggered antibacterial agent. 
Moreover, the AWD also presented physicochemical properties 
compatible with the maintenance of a favorable environment that pro
motes the healing process. Additionally, the in vitro assays revealed that 
the AWD can act as a support for the adhesion and growth of human 
fibroblasts, even under the NIR irradiation cycles. 

In the near future, bioactive molecules (e.g., vitamins, proteins, or 
growth factors) will be incorporated in AWD to enhance other important 
biological properties, e.g. modulation of the inflammatory response, 
reactive oxygen species generation, as well as cell differentiation and 
proliferation. Furthermore, in vivo assays are aimed to be performed in 
order to validate the AWD and mild-hyperthermy potential for accel
erating the wound healing process. 
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