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ABSTRACT
A new bilayer wound dressing structure has been developed by depositing amorphous polylactic acid (PLA) nanofibers on a 
hydrogel layer composed of gelatin (GE), hyaluronic acid (HA) and zinc oxide (ZnO) particles for its antibacterial properties. The 
choice of solvent was crucial to optimize electrospinability, productivity, and nanofibers morphology. This study investigated the 
impact of polymer concentration and electrospinning parameters, such as applied voltage and distance from tip to collector, on 
nanofibers morphology. To improve the healing process, Ibuprofen (IBU) was encapsulated in PLA nanofibers at a concentration 
of 5 wt% due to its anti-inflammatory properties. Differential scanning calorimeter (DSC) analysis confirmed the amorphous 
nature of PLA, while TGA confirmed the presence of IBU and almost complete evaporation of solvent during the electrospinning 
process. Scanning electron microscopy (SEM) characterization demonstrated that nanofibers fabricated from PLA/IBU solutions 
electrospun in acetone at concentrations of 10 wt% and 12.5 wt%, using an applied voltage of 40 kV and a tip-to-collector dis-
tance of 15 cm, yielded fibers with the most favorable morphological features for the target application. The resulting nanofibers 
exhibited consistent nanoscale diameters and a smooth, homogeneous surface topology, indicating that these electrospinning 
parameters represent optimal conditions for achieving high-quality fiber formation. Antimicrobial analyses were conducted to 
demonstrate the bilayer dressing's effectiveness in inhibiting or eliminating bacterial growth. These tests aimed to assess the 
potential of this new dressing as a protective barrier against infection, highlighting its relevance for wound care applications.

1   |   Introduction

The skin is one of the body's most exposed and strained or-
gans throughout the lifetime. It is a complex and versatile 
organ, the largest in the body, with an average surface area 
of 2 m2. It is the first point of contact with the external envi-
ronment and acts as a physical barrier [1]. However, despite 

its remarkable capacity to regenerate, the skin is prone to var-
ious types of injuries, from minor scratches and cuts to more 
serious burns and wounds that can even be life-threatening. 
Many skin lesions can be treated by applying a wound dress-
ing [2]. Conventional dressings help to manage wound heal-
ing by protecting them from the external environment while 
keeping them moist to accelerate healing. Ideally, the dressing 
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should mimic the extracellular matrix (ECM) and promote 
cell adhesion and proliferation to accelerate skin regeneration. 
Thus, the ideal dressing should protect the wound from exter-
nal contaminants and facilitate rapid healing [2]. Traditional 
monolayer dressings are unable to meet these requirements as 
they do not facilitate rapid wound healing; therefore, bilayer 
dressings have received particular attention in recent years. 
In fact, the two separate layers have different properties and 
offer versatile features such as improved exudate absorption, 
moisture management [3], and controlled drug delivery to re-
lieve pain and prevent inflammation [4–6].

Electrospun bilayer dressings can be prepared by different elec-
trospinning techniques such as single needle, multiple needles, 
and needleless process [7]. Electrospun nanofibers possess 
structural similarities to the fibrils in native ECM. They also 
present a high surface area for increasing cell-material adhesion 
and interaction, as well as adjustable chemical, physical, and bi-
ological properties for regulating cellular activities, remodeling 
ECM deposition, and facilitating tissue regeneration [1].

The use of a needle allows the formation of nanofibers but has 
many limitations, such as lower production, clogging of the 
needle, and significant loss of time. Conversely, needleless elec-
trospinning, which is a semi-industrial or industrial technique, 
enables larger quantities to be produced rapidly: this allows the 
possibility to obtain a thicker membrane in a few minutes [8]. 
Numerous studies have been carried out on needleless electro-
spinning to overcome the disadvantages of electrospinning with 
needles. They have highlighted the application of this technique 
in the biomedical field as well as in tissue engineering. Because 
of its flexibility, needleless electrospinning can be adapted to a 
wider variety of fields, enabling the production of nanofibers 
with diameters ranging from a few tens of nanometers to several 
micrometers, while offering advantageous productivity [9–11].

In addition to the manufacturing process, the choice of materi-
als is of importance in ensuring the performance and efficiency 
of the final dressing. Careful selection of the materials used in 
the design of dressings ensures improved functional properties 
and overall effectiveness [12, 13]. Many natural and synthetic 
polymers are commonly used for this purpose, such as gelatin 
(GE), a polymer known for its biocompatibility, biodegradability, 
and hydrophilic nature. Gelatin offers high mechanical proper-
ties and can be reshaped into a hydrogel, particularly suitable for 
applications requiring moisture and flexibility [12]. Hyaluronic 
acid (HA) is also a biological material of choice for wound heal-
ing, owing to its beneficial effects on tissue regeneration and re-
modeling of the ECM [14–17]. Moreover, HA accelerates healing 
while maintaining adequate hydration, essential for tissue re-
generation. The addition of zinc oxide (ZnO) particles gives the 
dressing antimicrobial and anti-inflammatory properties. ZnO 
is an inert filler and is widely used for its ability to fight infec-
tion while promoting healing [18–22]. Finally, the use of poly-
lactic acid (PLA), a biodegradable and biocompatible polymer 
derived from renewable resources, adds mechanical stability 
and controlled degradation to the dressing. The incorporation of 
ibuprofen (IBU), a non-steroidal anti-inflammatory drug, into 
PLA enables prolonged drug release, which enhances therapeu-
tic outcomes while mitigating local inflammatory responses 
[12, 23, 24].

The main objective of this research was to develop an innovative 
bilayer dressing designed to provide controlled release of IBU in 
order to accelerate wound healing. The dressing consists of two 
distinct layers, each of which plays a crucial role in the healing 
process. The first layer, composed of a hydrogel based on gelatin, 
HA, and zinc oxide, was designed to maintain a moist environ-
ment around the wound, absorb exudate, and provide antibac-
terial properties to prevent infection. The second layer, which 
comes into direct contact with the skin and wound, was based 
on PLA nanofibers containing IBU, enabling a prolonged and 
controlled release of the drug. To validate the efficiency of this 
bilayer dressing, thermal and in  vitro biological characteriza-
tions were carried out, providing an in-depth understanding of 
the material's performance under clinically relevant conditions.

2   |   Materials and Methods

2.1   |   Materials

PLA 4060D (Mw = 243,000 g/mol) in round bead form was 
sourced from NatureWorks; Ibuprofen (IBU) in > 98% pure 
form was supplied by Sigma-Aldrich; acetone (AC) in > 99.8% 
purity was supplied by Carlo Erba; and N,N-Dimethylformamid 
(DMF) in > 99.8% purity was supplied by Carl ROTH. HA in 
the form of cosmetic-grade powder was purchased from Aroma 
Zone France. Dispersants BYK 155/35 (a sodium polyacrylate-
based dispersing additive for pigment stabilization in aqueous 
emulsion) and BYK ANTI-TERRA-250 (a controlled flocculat-
ing wetting and dispersing additive for aqueous primers) were 
provided by BYK. Zinc oxide (ZnO) in the form of powder < 5 μm 
and type A gelatin (GE), derived from pigskin, were supplied by 
Sigma-Aldrich. All chemicals were used as received.

2.2   |   Formulation and Electrospining

Before the electrospinning on the hydrogel film, the nanofi-
bers were optimized. For this purpose, PLA was dissolved at, 
10 wt% and 12.5 wt%, in acetone (AC) or in a mixture of two co-
solvents, AC and DMF, at a ratio of 60:40 (wt/wt). Parameters 
of the process, such as voltage (40 kV and 60 kV) and distance 
from tip to collector (15 cm and 20 cm), were also investigated. 
The nanofibers were collected on aluminum foil, and the rela-
tive humidity was maintained at around 40%. For the produc-
tion of nanofibers, a needleless electrospinning equipment such 
as Elmarco needleless machine known as'NanoSpide' (model 
NS 1WS500U, Czech Republic) was used. This is an automated 
semi-industrial electrospinning machine capable of producing a 
continuous sample of nanofibers at a production rate of approx-
imately 100 g/h per meter. The roll-to-roll system allowing the 
equipment to produce in continuity was not used, and the col-
lector (aluminum sheet with or without the hydrogel) was fixed 
between two PMMA plates (the bottom plate being fenestrated). 
As far as experimental parameters were concerned, voltage and 
distance were variable, and the other parameters were fixed: 
carriage speed and flow rate. Each membrane was electrospun 
for 10 min.

After the optimization of fibers in terms of diameter and mor-
phology, an amount corresponding to 5 wt% of IBU relative to 

 10974628, 2025, 45, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.57726 by IO

N
 IO

N
E

SC
U

 D
E

 L
A

 B
R

A
D

, W
iley O

nline L
ibrary on [12/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 of 12 Journal of Applied Polymer Science, 2025

PLA was dissolved and into the PLA solution by mixing for 
10 min under magnetic stirring.

2.3   |   Elaboration of the Wound Dressing

The formation of a bilayer dressing involves a two-step pro-
cedure: first, a hydrogel layer was prepared; and then nano-
fibers were immediately electrospun onto it to construct a 
second layer.

•	 Step 1: To prepare the hydrogel film, 4 mg of BYK 155/35 
or BYK ANTI-TERRA-250 (1.1 wt% compared to ZnO) 
were dissolved in 80 mL of distilled water. 0.36 g of ZnO 
particles were added to the solution and then mixed using 
an ultra-turrax for 10 min at 8000 rpm to disperse ZnO 
particles. Next, 8 g of GE were added to make a 10 wt% GE 
solution. In another flask, 0.5 g of HA was incorporated 
into 19.5 mL of distilled water to make a 2.5 wt% solution. 
The two solutions were stirred at 50°C to facilitate ho-
mogenization. 10 g of HA solution was then added to 17 g 
of GE solution and mixed. The solution was left in an air-
tight bottle overnight in an oven at 50°C to eliminate any 
bubbles. The liquid solution was then poured onto a sheet 
of Teflon and cast with a 300 μm barcoater to form a film. 
Finally, the film was dried at room temperature (20°C) for 
24 h.

•	 Step 2: The optimized solution of PLA was electrospun 
onto the hydrogel film with the accurate parameters. 
Before electrospinning, hydrogel films (10 × 5 cm) were 
placed on an aluminum foil acting as a collector surface 
and were moistened with distilled water; the excess of it 
was removed with Joseph paper. Nanofibers were depos-
ited on the hydrogel substrate over a 10 min period, and 
then the complex was dried at room temperature in a 
closed fume hood overnight. Then, the bilayer dressing 
was detached from the aluminum and stored in normal 
temperature conditions.

Using this protocol, two kinds of wound dressing were pro-
duced, AL1 (Hydrogel/PLA), which designates the hydrogel 
without ZnO, and AL2 (Hydrogel/ZnO/PLA) containing ZnO 
particles.

2.4   |   Characterization Techniques

2.4.1   |   Light Scattering

A Malvern Mastersizer 3000 was used to determine the particle 
size of zinc oxide in water and to optimize the dispersant content 
(BYK 155/35 or BYK ANTI-TERRA-250) required to prevent the 
formation of agglomerates and improve the dispersion of zinc 
oxide particles in the GE solution.

2.4.2   |   Scanning Electron Microscopy (SEM)

All the nanofiber samples and the bilayer structures were an-
alyzed by SEM using a JEOL SEM (JSM-IT100) apparatus to 

determine their morphological properties such as shape, ho-
mogeneity, and mean diameter. Samples were coated with a 
thin layer of gold by sputtering using a metal coating machine 
(POLARON E5100—France) to make them conductive. SEM 
observations were carried out for each sample with x500 and 
x5000 zoom. These images were then analyzed using ImageJ 
software to obtain the mean diameter of the nanofibers as well 
as their standard deviation, the percentage coefficient of varia-
tion, the diameter distribution, and the morphology of the fibers 
[25, 26].

2.4.3   |   Image Analyzing

SEM observation of electrospun membrane were analyzed with 
ImageJ software and DiameterJ Plugin. All images were ana-
lyzed with a magnification of 500. The analysis is carried out on 
the entire image after black and white segmentation. All of the 
fibers are segmented in white, meaning the beads are an integral 
part of the fiber and the diameter of the fibers is a mean consid-
ering the bead.

2.4.4   |   Differential Scanning Calorimetry (DSC)

The TA Q200 differential scanning calorimeter (DSC) was used 
to determine the thermal properties of PLA nanofibers. The 
samples were sealed in a non-hermetic aluminum pan. The ex-
periments were carried out using 3 heating ramps, with initial 
heating from 20°C to 220°C, followed by cooling from 220°C 
to 20°C and heating from 20°C to 220°C at a rate of 10°C/min. 
Glass transition temperature was determined during the second 
heating ramp.

2.4.5   |   Thermogravimetric Analysis (TGA)

In order to conclude on the incorporation of IBU but also on the 
evaporation of solvents, TGAs of pure IBU and PLA were done 
as references. Then, TGAs of PLA nanofibers with and without 
IBU were carried out for each kind of solvent. These analyses 
were performed using a TA Q500 apparatus under nitrogen at a 
heating rate of 10°C/min from 20°C to 800°C.

2.4.6   |   Antimicrobial Activity

The antibacterial activity of the films AL1 (Hydrogel/PLA) and 
AL2 (Hydrogel/ZnO/PLA) for wound healing was assessed 
by time-kill assay on two bacterial strains: Staphylococcus 
aureus ATCC 25923 (Gram-positive) and Escherichia coli 
ATCC 25922 (Gram-negative). The method described by 
Pelin et  al. [27] was adapted as follows: from fresh cultures 
obtained in Mueller Hinton broth, after a 24-h incubation at 
37°C, microbial suspensions with a density of 0.5 McFarland 
(1.5 × 108 CFU—colony forming unit) were prepared in ster-
ile saline solution. Each sample (cut 1 cm/1 cm and weighed) 
was placed in 2 mL of 0.5 McFarland microbial suspension. 
After 6, 24, 48, and 72 h of incubation at 37°C, 200 μL of each 
combination was distributed into sterile Petri dishes, over 
which melted Mueller Hinton agar cooled to 45°C was added 
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and after homogenization and agar solidification, the plates 
were incubated for 24 h at 37°C and, when possible, the num-
ber of colonies was determined. To report the results per mL, 
the colony count is multiplied by five. In this study, AL1 was 
used as a negative control to be able to assess the improved 
antimicrobial activity of AL2. The interpretation of the results 
is based on the ability of substances with antibacterial activ-
ity to inhibit and/or kill bacterial cells. Following the contact 
between the microorganisms and the samples to be tested, the 
side effect translates into a decrease in the number of bacteria 
initially present in the 0.5 McFarland suspension, respectively 
in the number of colonies (each colony develops by multiply-
ing a bacterial cell).

3   |   Results and Discussion

3.1   |   Parameters Influencing the Material 
Properties

3.1.1   |   Optimization of Hydrogel Film

Hydrogel film was prepared as described previously. For the 
hydrogel film containing ZnO particles, as this latter is well 
known for its wound-healing properties, notably its antimi-
crobial and anti-inflammatory properties, and its ability to 
promote tissue regeneration [20, 21], it is important to ensure 
a homogeneous dispersion of the particles by adding a suit-
able dispersant. This dispersant will prevent the formation 
of agglomerates, optimizing the effectiveness of the dressing. 
Indeed, the deagglomeration of zinc oxide particles is essential 
to increase their specific surface area and therefore their anti-
bacterial properties. In addition, their distribution within the 
hydrogel will be more homogeneous. ZnO content was fixed 
at 3 wt%, a concentration selected to ensure effective antimi-
crobial activity while maintaining the biocompatibility and 
structural integrity of the material [28, 29].

Two dispersants were selected, BYK 155–35 and BYK ANTI-
TERRA-250, and compared at increasing weight content 
(0 wt% (reference), 0.5 wt%, 1 wt%, 1.5 wt%, and 2 wt% relative 
to the particle's weight). The analysis of the particle size in 
water (Figure 1) shows that the reference curve has a large dis-
tribution with a mean particle size of 2.13 μm, corresponding 

to agglomerates of ZnO. Using a dispersant, the particle size 
of ZnO is smaller than the reference and, interestingly, BYK 
155–35 tends to produce smaller ZnO particle sizes than 
ANTI-TERRA-250, with a wider distribution. Therefore, the 
dispersant BYK 155–35 at 1 wt% will be retained for the rest of 
the study due to its superior efficiency.

3.1.2   |   Optimization of Electrospun Nanofibers

Numerous studies have investigated the electrospinning of 
PLA [26, 30–32], offering valuable insights into the nanofiber 
morphology and the key influencing parameters. The concen-
tration of PLA, as well as the choice of solvents, directly affects 
the structure of the fibers. Depending on the solvent used, the 
fibers may not form at all, or may appear as beaded or unbeaded 
fibers, smooth or porous, with external and/or internal porosity. 
Generally, smooth fibers, with or without beads, and free of po-
rosity, are interesting from a practical point of view. Indeed, the 
presence or absence of beads on the nanofibers can be an asset 
during the drug release. Acetone (AC) and Dimethylformamide 
(DMF) appear to be suitable, as these solvents, used alone or in 
combination, have been used to achieve the desired fiber mor-
phologies [26, 31, 33]. Consequently, two concentrations of PLA; 
namely, 10 wt% and 12.5 wt%, were investigated with the use of 
pure acetone (AC) and a mixture of co-solvents AC:DMF (60:40 
wt/wt). Concerning the process parameters, voltages of 40 kV 
and 60 kV, as well as distances of 15 cm and 20 cm between the 
wire and the collector, were chosen on the basis of the literature 
and experiments carried out previously by our research team 
[3, 27].

For all the solutions, the polymer was dissolved in the solvent 
at room temperature and stirred for 12 h before electrospin-
ning. The carriage, where we put the solution, has a volume of 
50 mL and its speed was 150 mm/s, and the wire 1 mm/s. The 
first nanofibers were obtained using a voltage of 40 kV and a dis-
tance of 15 cm; only the nature of solvents and concentration of 
PLA have been modified. From SEM images (Figure 2), the av-
erage diameters of the electrospun nanofibers were determined 
(Table 1) by image analysis with ImageJ software and DiameterJ 
Plugin. Consistent with the literature [33], it can be seen that 
PLA nanofibers electrospun onto aluminum foil from a 10 wt% 
concentration solution (Figure  2A,B) have a bead structure, 

FIGURE 1    |    Particle size distribution in presence of different dispersant contents determined by light scattering (A) BYK 155–35 (B) ANTI-
TERRA-250. [Color figure can be viewed at wileyonlinelibrary.com]

(A) (B)
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whereas at 12.5 wt% (Figure  2B,D), no beads were visible. 
However, the solvent does not have a significant impact on the 
morphology and the structure of the electrospun nanofibers. It 
was decided to keep both concentrations, 10 wt% and 12.5 wt% of 
PLA, in order to study the influence of the presence of beads in 
the release of active ingredients.

For a voltage of 60 kV, the distances studied have no significant 
effect on the morphology of the nanofibers; beads can still be 
observed, but also a slight increase or decrease in the diameter 
of the nanofibers, as shown in Figures 3 and 4 and in Table 2. 
On the other hand, at 40 kV, the distance has an impact on the 
morphology and on the diameter of the fiber. The amount of 
beads was more important at 15 cm than at 20 cm (PLA concen-
tration = 10 wt%), and the mean diameter of the fibers was about 
1400 nm at a distance of 15 cm, while it was 700 nm at 20 cm.

It is consistent with the literature because a variation in dis-
tance will have an influence similar to a variation in tension. 
An increase in distance will generally reduce the diameter of 
the fiber, since the fiber's stretch is greater. On the other hand, 
if the distance increases beyond a certain critical threshold, the 
fiber diameter may increase again; this was not the case, due to 
the weaker electric field.

By comparing Figures 3 and 4, it can also be concluded that the 
voltage has no significant impact when AC was used; indeed, 
nanofibers retain a similar morphology with a 12.5% PLA/AC 
concentration. On the other hand, when AC:DMF was used, 
nanofibers appear to be strongly affected. At 60 kV, the DMF-
based solution produced fibers with a distinctive morphology, 
characterized by a very dense, interlaced network, suggesting 
incomplete evaporation of the solvent during electrospinning 
(Figure 5). In addition, no consistent values could be determined 
for these SEM images using image J software, because of the 
inability of the software to find a clear diameter on the treated 
image. The distribution of the nanofiber diameter was the best 
for a voltage of 40 kV and a distance of 15 cm, and of no matter 
the concentration of the solution.

Considering the results obtained, the rest of the study has 
been carried out with a voltage of 40 kV and a distance of 
15 cm between the collector and the electrode wire. Due to the 
toxicity of DMF, acetone was chosen for the elaboration of the 
wound dressing. Further investigations focused on the effects 

FIGURE 2    |    SEM observation of PLA nanofiber, voltage: 40 kV, distance 15 cm (A) AC10 wt% (B) AC 12.5 wt% (C) AC:DMF 10 wt% (D) AC:DMF 
12.5 wt%. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1    |    Mean diameter of the filament, electrospun at 40 kV and 
15 cm with different solvents.

AC AC/DMF

10 wt% 12,50 wt% 10 wt% 12,50 wt%

Diameter 
(μm)

1.44 1.44 1.50 1.37

Standard 
deviation

0.59 0.60 0.59 0.55
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of electrospinning on wet hydrogel have been conducted, as 
well as the fibers produced following the incorporation of 5% 
IBU in PLA/AC solution.

3.2   |   Elaboration of the Bilayer Wound Dressing

Solutions of PLA dissolved in acetone with and without IBU 
were electrospun on hydrogel film to evaluate the impact on 
the morphology of the electrospun membrane. The hydrogel is 
rehydrated prior to assembly in order to enhance interfacial in-
teractions and improve adhesion between the hydrogel and the 
nanofiber scaffold.

Ibuprofen is a hydrophobic drug used to treat pain and inflam-
mation in wounds. In order to develop electrospun scaffolds 
equipped with a drug delivery system for wound-healing ap-
plications, pure IBU was incorporated into PLA10 wt% and 
PLA12.5 wt% solutions. The concentration of IBU was set at 
5 wt% with respect to the PLA [3].

Figure  6 shows the SEM images of PLA nanofibers deposited 
on the hydrogel film. In comparison to the previously produced 
nanofiber membrane, electrospinning on a wet hydrogel in-
duced notable changes, highlighting the strong influence of hu-
midity on fiber porosity and morphology [34]. There were fewer 
beads in the membrane deposited on hydrogel, compared to 
Figures 3A and 6A.

Figure  6 shows that electrospinning solutions containing 5% 
IBU and 12.5 wt% PLA onto the wet hydrogel produce nanofi-
bers with a larger diameter than those without IBU (1100 nm 
against 760 nm) (Figure 6C,D). This increase is probably due to 
the change in viscosity of the solution but also due to the inter-
actions between IBU and PLA. Some rheological studies should 
be done in the future. On the other hand, there is no significant 
difference with 10 wt% PLA (Figure 6A,B). Despite this increase 
in average fiber diameter, the fibers electrospun onto the hydro-
gel retained their smooth, fine, and continuous morphology. The 
PLA/IBU nanofibers are uniform in diameter; they have a dense 
and homogeneous arrangement, as well as sufficient length to 
create an interconnected network, making them ideal for appli-
cations such as dressings, filters, or other functional materials 
requiring a high specific surface area and good interconnection 
between fibers [35].

3.3   |   Characterization of PLA Nanofibers

Thermal analysis of IBU-loaded nanofibers was carried out in 
order to confirm the presence of IBU in the PLA nanofibers. 
TGA analysis of pure IBU and pure PLA nanofibers was also 
done to provide a reference (Figure 7). The degradation curve 
of pure IBU showed that the degradation of the drug appeared 
at 205°C. In the degradation curves of 5% IBU/PLA, the pres-
ence of IBU was proved from the intermediate peaks noted at 
204°C. Moreover, the quantification of IBU by TGA was found 

FIGURE 3    |    SEM observation of PLA nanofiber, concentration 10 wt%, solvent AC (A) 40 kV—15 cm (B) 40 kV—20 cm (C) 60 kV—15 cm (D) 
60 kV—20 cm. [Color figure can be viewed at wileyonlinelibrary.com]
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to be around 5%, in agreement with the amount of IBU loaded 
into the nanofibers. In addition, these TGAs highlight the ab-
sence of residual solvent in IBU-loaded PLA nanofibers.

DSC analyses show that PLA 12.5 wt% nanofibers have a glass 
transition temperature of 54°C, in line with literature data [36] 
indicating the transition of PLA from a glassy to a rubbery state 
(Figure 7). The absence of a visible melting peak at higher tem-
peratures suggests that PLA is amorphous, in line with the fact 
that this polymer is rich in L-configuration lactic acid, which 
favors an amorphous structure. On cooling, no recrystallization 
is observed. This absence of major thermal transitions under-
lines the fact that PLA retains its amorphous structure after the 
heating and cooling cycle. Furthermore, the absence of an en-
dothermic peak corresponding to solvent evaporation confirms 
the TGA results.

3.4   |   Performance of the Material With Respect to 
Biomedical Application

3.4.1   |   Antimicrobial Test

The electrospun wound dressings AL1 (Hydrogel/PLA10 wt%) 
and AL2 (Hydrogel/PLA10 wt%/ZnO) were tested on two bacte-
rial strains (Staphylococcus aureus ATCC 25923 and Escherichia 
coli ATCC 25922), both species being included in the category 

FIGURE 4    |    SEM observation of PLA nanofiber, concentration 12.5 wt%, solvent AC (A) 40 kV–15 cm (B) 40 kV–20 cm (C) 60 kV–15 cm (D) 60 kV–
20 cm. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2    |    Mean diameter of the filament, electrospun at 60 kV and 
AC with different distances.

15 cm 20 cm

10 wt% 12,50 wt% 10 wt% 12,50 wt%

Diameter 
(μm)

0.68 0.78 0.73 0.77

Standard 
deviation

0.27 0.29 0.33 0.32

FIGURE 5    |    SEM observation of PLA nanofibers, concentration 
10 wt%, AC:DMF solvent, and 60 kV, 15 cm.
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of Gram-positive (Staphylococcus aureus) and Gram-negative 
(Escherichia coli) opportunistic pathogenic microorganisms 
(Figures 8 and 9 and Table 3). Those species can be considered 
causative agents for many infectious processes with various loca-
tions, including the infection of surgical or other wounds. Also, 
their ability to produce biofilms and the presence of resistance 

genes to different classes of substances used in anti-infective 
therapy further limit therapeutic alternatives.

Testing of AL1 on S. aureus shows antimicrobial activity only after 
24 h of contact (T2) with a logarithmic reduction of 99.998% at T4 
(72 h) (Figure 9). The constant decrease in the number of CFU/mL 

FIGURE 6    |    SEM observation of PLA nanofibers deposited on hydrogel film (A) PLA10%; (B) PLA 10% and IBU; (C) PLA 12.5%; (D) PLA 12.5% 
and IBU. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 7    |    (A) DSC curve of PLA 12 wt% – first run (B) TGA curves of 5% IBU/PLA 12 wt% (blue) and PLA 12 wt%. [Color figure can be viewed 
at wileyonlinelibrary.com]

(A) (B)
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demonstrates the constant activity of the biologically active com-
pound (Table 3). On the other hand, no activity could be demon-
strated on the E. coli strain. HA is used for wound healing, and it 
was proved to inhibit microbes adhesion, including Staphylococcus 
aureus and biofilm formation, being considered with bacteriostatic 
dose-dependent effects [13]. Although the product containing only 
HA did not have an obvious antimicrobial effect on the E. coli 
strain, other studies have demonstrated its ability to inhibit the 
formation of biofilms if it has a looser structure that affects its mo-
bility and development on surfaces [16].

AL2 product tested on S. aureus showed a much better antimi-
crobial activity, demonstrated from the T1 time (6 h) with a loga-
rithmic reduction of 99.996%; and after 24 h, at the T2–T4 times 
no bacterial colony developed, which demonstrates a strong 
microbiocidal effect. The antimicrobial behavior on the E. coli 
strain is similar; after 24 h until 72 h, all microorganisms are 
non-viable. Various studies have demonstrated the antibacterial 
and antibiofilm effect of ZnO and ZnO particles [20–22] on both 
microbial strains taken in the study.

The study shows a very good activity of the bilayer dressing 
containing ZnO particles in the hydrogel layer compared to the 
dressing without ZnO particles. Although the antimicrobial ef-
fect against S. aureus is observed in both samples, the bilayer 
dressing without ZnO particles in the hydrogel layer shows a 
constant CFU reduction effect, but does not show a bactericidal 

effect even after 72 h (Figure 8). The bilayer dressing contain-
ing ZnO particles in the hydrogel layer, on the other hand, 
demonstrates a logarithmic reduction of 100% at 24 h, an effect 
maintained at 72 h. As has been demonstrated in other studies, 
Gram-positive bacteria are more susceptible to the action of sub-
stances with antimicrobial action [27] E. coli, on the other hand, 
does not show any sensitivity to the bilayer dressing without 
ZnO particles in the hydrogel layer. The effect changes radically 
in the case of the bilayer dressing containing ZnO particles in 
the hydrogel layer, in which the effect is similar to that of S. au-
reus, with a logarithmic reduction of 100% from 24 to 72 h. In 
conclusion, adding ZnO to the bilayer dressing improved the an-
timicrobial effect against both bacterial strains.

4   |   Conclusions

A new bilayer dressing was designed to offer controlled drug 
release, using a needleless electrospinning technique to deposit 
PLA nanofibers containing 5 wt% of IBU on a wet hydrogel film. 
The hydrogel film was composed of GE and HA, and ZnO parti-
cles were also incorporated. 1 wt% of BYK 155–35 was selected as 
the best dispersant content in order to avoid the agglomeration 
of ZnO particles in the aqueous GE solution. The use of acetone 
as a solvent allows the production of optimized PLA nanofibers, 
even at different distances (tip to collector) and voltages. Indeed, 
nanofibers produced from a solution of PLA/AC/IBU (5% wt/t) 

FIGURE 8    |    Antimicrobial activity by time-kill assay: I. AL1 activity on Staphylococcus aureus ATCC 25923. II. AL1 activity on Escherichia coli 
ATCC 25922. III. AL2 activity on Staphylococcus aureus ATCC 25923. IV. AL2 activity on Escherichia coli ATCC 25922. T0 (initial number of bacte-
rial cells), T1 (after 6 h), T2 (after 24 h), T3 (after 48 h), T4 (after 72 h). [Color figure can be viewed at wileyonlinelibrary.com]
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with the following parameters, voltage of 40 kV and a distance 
of 15 cm onto wet hydrogel show a round, smooth, and homoge-
neous morphology, with an average diameter between 380 and 
470 nm. Nanofibers with a PLA concentration of 10 wt% have 
beads, while beads were observed on those obtained with a PLA 
concentration of 12.5 wt%. TGA confirmed total evaporation of 
the solvent and the presence of IBU in the nanofibers. Finally, 

an in vitro antimicrobial contact time analysis was conducted 
to evaluate the inhibition and/or eradication of bacterial cells 
over time in the presence of the bilayer dressing in cultures of 
Staphylococcus aureus and Escherichia coli. These results sug-
gest that this dressing could be a promising candidate for a con-
trolled drug delivery system for the treatment of inflammatory 
wounds. In addition, it can also reduce the frequency of dressing 

FIGURE 9    |    Logaritmic reduction of Staphylococcus aureus and Escherichia coli populations after treatment with AL1 (Hydrogel/PLA) and AL2 
(Hydrogel/PLA/ZnO). [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3    |    Reduction of Staphylococcus aureus and Escherichia coli populations after treatment with Al1 (Hydrogel/PLA) and AL2 (Hydrogel/
PLA/ZnO).

Time (h) Sample

Bacteria species

Staphylococcus aureus ATCC 25293 Escherichia coli ATCC 25922

Log10 CFU/mL % Log reduction Log10 CFU/mL % Log reduction

T0 AL1 8.18 0 8.18 0

AL2 8.18 0 8.18 0

T1 (6h) AL1 8.18 0 8.18 0

AL2 3.74 99.996 3.35 99.998

T2 (24h) AL1 3.83 99.995 8.18 0

AL2 0 100 0 100

T3 (48h) AL1 3.79 99.996 8.18 0

AL2 0 100 0 100

T4 (72h) AL1 3.56 99.998 8.18 0

AL2 0 100 0 100
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changes, thereby improving patient adherence to the treatment. 
Future studies should explore the influence of nanostructure 
morphology on the controlled release profile of ibuprofen.
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