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A B S T R A C T   

Antibacterial multilayer electrospun matrices based on hyaluronic acid (HA) and a lactose-modified chitosan 
(CTL) were synthetized (i) by combining electrospun polycaprolactone (PCL) and polysaccharidic matrices in a 
bilayer device and (ii) by sequentially coating the PCL mat with CTL and HA. In both cases, the antibacterial 
activity was provided by loading rifampicin within the PCL support. All matrices disclosed suitable morphology 
and physicochemical properties to be employed as wound dressings. Indeed, both the bilayer and coated fibers 
showed an optimal swelling capacity (3426 ± 492 % and 1435 ± 251 % after 7 days, respectively) and water 
vapor permeability (160 ± 0.78 g/m2h and 170 ± 12 g/m2h at 7 days, respectively). On the other hand, the 
polysaccharidic dressings were completely wettable in the presence of various types of fluids. Depending on the 
preparation method, a different release of both polysaccharides and rifampicin was detected, and the immediate 
polysaccharide dissolution from the bilayer structure impacted the antibiotic release (42 ± 4 % from the bilayer 
structure against 25 ± 2 % from the coated fibers in 4 h). All the multilayer matrices, regardless of their pro
duction strategy and composition, revealed optimal biocompatibility and bioactivity with human dermal fi
broblasts, as the released bioactive polysaccharides induced a faster wound closure in the cell monolayer (100 % 
in 24 h) compared to the controls (78 ± 8 % for untreated cells and 89 ± 5 % for cells treated with PCL alone, 
after 24 h). The inhibitory and bactericidal effects of the rifampicin loaded matrices were assessed on S. aureus, 
S. epidermidis, E. coli, and P. aeruginosa. The antibacterial matrices were found to be highly effective except for 
E. coli, which was more resistant even at higher amounts of rifampicin, with a bacterial concentration of 6.4 ±
0.4 log CFU/mL and 6.8 ± 0.3 log CFU/mL after 4 h in the presence of the rifampicin-loaded bilayer and coated 
matrices, respectively.   

1. Introduction 

The employment of electrospun matrices for chronic wound care is 
widely studied for their ability to sustain and promote tissue remodeling 
and repair of skin defects [1,2]. For example, the nanofibrous archi
tecture offers a suitable biomimicry of the extracellular matrix (ECM) 
structure, whilst the large surface area and porosity favor gas perme
ation, the drainage of fluids, and the maintenance of a moist environ
ment, thereby promoting tissue regeneration and wound closure with an 

anti-scarring and hemostatic potential [3,4]. In addition, the electro
spinning can be performed in the presence of a wide variety of both 
synthetic and natural polymers (namely, proteins and carbohydrate 
polymers), where the natural ones could be ECM constituents them
selves, thereby offering both a structural and compositional biomimicry 
[5,6]. This is the case, for instance, of hyaluronic acid (HA), which is a 
high-molecular weight non-sulfated glycosaminoglycan made of a linear 
repetition of (β 1 → 4)-glucuronic acid and (β 1 → 3)-N-acetyl-D- 
glucosamine residues. It is abundant in the connective tissues of 
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mammals, as the extracellular matrix of the skin, where it exerts a 
lubricating effect and prevents the drying of the tissue [7,8]. Moreover, 
hyaluronic acid possesses anti-inflammatory and antioxidant properties, 
guides collagen fiber deposition and thus prevents scarring. It can be 
recognized by cells via the CD44 receptor, so it controls cell migration in 
the early process of granulation [9]. Even chitosan and its derivatives 
can be considered wound healing promoters, although they are not 
naturally present in the ECM [10]. Among the chitosan derivatives, CTL 
(1-deoxylactic-1-γ-L-chitosan) stands out for its solubility in water at 
neutral pH values, as it is obtained by reductive amination with lactose 
aldehydic groups [11]. Not considering the biocompatibility, biode
gradability as well as the hemostatic and antimicrobial properties 
typical of chitosan [12], CTL has been widely studied for its bioactivity 
in the osteochondral field as well as for its anti-inflammatory properties 
towards human dermal fibroblasts [11,13,14]. 

However, the solution properties of polysaccharides (as viscosity, 
conductivity, or surface tension) affect their electrospinnability, 
requiring the association with synthetic polymers and surfactants [15]. 
In this regard, polyethylene oxide is an FDA-approved synthetic polymer 
frequently associated to water-soluble polysaccharides, due to its 
biocompatibility, inertness, and hydrophilicity along with its ability to 
promote polymer chain entanglement directing filament extrusion [16]. 
On the other hand, surfactants as Tween® 20 are essential to improve 
solution surface tension and conductivity, thus favoring the production 
of thin and defect-free fibers [17]. 

Unfortunately, polysaccharides also possess poor mechanical prop
erties, thereby impairing matrix handleability and application to the 
wound bed. Mixing natural and synthetic polymers is the most common 
approach to improve not only the electrospinnability of polysaccharides, 
but also their mechanical stability [18]. However, even the production 
of multilayer electrospun matrices has been proven to be a valid tech
nique to obtain mechanically stable and easy to handle nanofibrous 
wound dressings [19]. 

The multilayer structures can be obtained by layer-by-layer deposi
tion of polysaccharidic coatings on a synthetic-based electrospun sup
port, as they combine in an ease and effective way the mechanical 
stability of the synthetic fibrous and highly porous meshes with poly
saccharide bioactivity and ability to interact with the surrounding 
wound microenvironment [20]. Otherwise, entirely electrospun bilayer 
structures have been synthetized, with the purpose to closely mimic 
ECM structure and composition: the synthetic portion of the scaffolds is 
thought to provide mechanical support and stability, whereas the pol
ysaccharidic layer is functional to skin regeneration by maintaining 
proper wound bed hydration and rapidly delivering bioactive polymers 
to the damaged tissue [21]. 

As synthetic support, poly-ε-caprolactone (PCL) is one of the most 
used FDA-approved polymers, thanks to its biocompatibility and long- 
term stability, since it is slowly degraded in the physiological microen
vironment upon ester bonds hydrolysis, while still retaining high me
chanical strength with tensile properties comparable to the epithelial 
tissue [22–24]. 

It should also be considered that, together with the inclusion of 
polysaccharides, the multilayer structure also enables the functionali
zation of the device with additional bioactive moieties [25]; for 
instance, the bioactive polysaccharides could be complemented by 
antibacterial moieties able to eradicate infections already present at the 
wound site and to prevent at the same time the occurrence of new ones 
[26,27]. Among the broad-spectrum bactericidal antibiotics, rifampicin 
is known for its ability to impede bacterial protein synthesis by blocking 
the RNA-polymerase β subunits [28,29]. It is widely used in the tuber
culosis treatment, but its activity against both Gram-negative and Gram- 
positive bacteria, as in the case of biofilm formation from staphylococci, 
should not be neglected [30,31]. For this reason, it has also been 
employed to treat wounds, which are commonly infected both from 
Gram-positive and Gram-negative bacteria [32,33]. 

Given these premises, the aim of this paper is to present two different 

types of polysaccharide-based multilayer matrices: (i) a fully electro
spun device obtained by electrospinning a ternary mixture of HA/CTL/ 
PEO on a PCL fibrous membrane; (ii) a coated mat obtained by layer-by- 
layer deposition of CTL and hyaluronic acid on an electrospun PCL 
substrate. Both types of multilayer matrices have been then endowed 
with antibacterial properties by introducing rifampicin in the PCL basal 
layer. The combined incorporation of hyaluronic acid and CTL within a 
nanofibrous mat represents a novelty in the wound care panorama, and 
the introduction of rifampicin offers a useful model to understand how 
such products could deliver antibacterial and, more in general, bioactive 
cues to the damaged site. Moreover, given the complexity of CTL elec
trospinning, the production of multilayer matrices through sequential 
electrospinning rather than with other production methods (as coaxial 
electrospinning) represents a favorable choice, since it allows a finer 
control of the process while ensuring proper handleability together with 
the incorporation of bioactive moieties. 

2. Materials and methods 

2.1. Materials 

Hyaluronic acid (HA) (MW = 40–50 kDa; Batch N# 2018082984) 
and CTL hydrochloride (lactose-modified chitosan; Batch N# 350118) 
were provided by Sigea S.r.l. (Trieste, Italy) and BiopoLife S.R.L. 
(Trieste, Italy), respectively. CTL final composition, determined by 1H 
NMR, was as follow: glucosamine residue 27 %, N-acetylglucosamine 18 
%, and 2-(lactit-1-yl)-glucosamine 55 %; the calculated relative MW of 
CTL is around 1.5 × 103 kDa, as determined by viscometry [34]. Poly
ethylene oxide (PEO) (MW = 900 kDa), poly (ε-caprolactone) (PCL) 
(MW = 80 kDa), Tween® 20, dichloromethane (DCM), N,N-dime
thylformamide (DMF), dimethyl sulfoxide (DMSO), phosphate buffered 
saline (PBS), and the LB broth with agar were purchased from Sigma- 
Aldrich (Chemical Co. USA). Rifampicin (Rif) was acquired from EMD 
Millipore Corp. Fortuna Optima glass syringes (an inner diameter of 9 
mm) were acquired from Sigma-Aldrich (USA). The D-ES30PN-20 W 
potential generator was purchased from Gamma High Voltage Research 
Inc. (Ormond Beach, FL, USA). The syringe pump, model KDS-100-CE, 
was acquired from KD Scientific (Holliston, MA, USA). Recombinant 
Trypsin− EDTA 1×, penicillin/streptomycin 100×, Fetal Bovine Serum 
(FBS), and Dulbecco’s Modified Eagle Medium (DMEM) were purchased 
from Euroclone (Milan, Italy). Normal Human Dermal Fibroblasts, 
Fibroblast Growth Medium 2, and the Fibroblast Supplement Mix were 
acquired from PromoCell GmbH. 

2.2. Membrane preparation 

2.2.1. Bilayer electrospun membranes 
The bilayered electrospun wound dressings (hereafter named “PCL 

bilayer”) were obtained by combining PCL and polysaccharide-based 
monolayer matrices. In detail, the PCL basal layer was synthetized as 
described by Porrelli and co-workers [35]. Briefly, 12 % (w/V) PCL was 
solubilized in DCM:DMF mixture (solvent ratio, 7:3; 70 % v/v DCM and 
30 % v/v DMF. For 10 mL of solution, 120 mg of PCL were solved in a 
solvent mixture of 7 mL of DCM and 3 mL of DMF), by first dissolving 
PCL in DCM overnight (o/n), followed by the addition of DMF the day 
after. The membranes were produced with the following parameters: 
voltage, 17 kV; distance between the tip of the needle and the collector, 
25 cm; flow rate, 0.6 mL/h; needle gauge, 27 G; time, 60 min; temper
ature, 23 ◦C; relative humidity, 50 %. The negative pole of the high 
voltage power supply was connected to the collector pin, with the pos
itive pole being connected to the needle. To confer hydrophilicity to the 
obtained PCL membranes, they were then activated for 1 min by air- 
plasma treatment, using a PDC 32-G Plasma Cleaner (Harrick Plasma, 
Ithaca, USA) in low power mode (6.8 W), with a pressure of 0.1 mTorr. 
After that, they were mounted on the planar collector for the following 
electrospinning step. The polysaccharidic layer was produced from a 
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ternary mixture of hyaluronic acid [2 % (w/V)], CTL [1 % (w/V)], and 
PEO [2 % (w/V)], according to what previously reported by the authors 
[36]. In brief, the three polymers were dissolved o/n in water. Then, the 
pH of both hyaluronic acid and CTL was adjusted to 7.5, with the aim to 
avoid the formation of complexes between the positively charged CTL 
and the negatively charged hyaluronic acid. CTL was afterwards added 
to the PEO solution and stirred for 3 h; then, hyaluronic acid was also 
added to obtain the final ternary mixture. After 30 min of equilibration 
1 % (V/V) Tween® 20 was added and the solution was stirred o/n at 
room temperature. After obtaining the polysaccharidic mixture, it was 
electrospun on the plasma-treated PCL mat with the following param
eters: voltage, 30 kV; distance between the tip of the needle and the 
collector, 20 cm; flow rate, 1.2 mL/h; needle gauge, 23 G; time, 60 min; 
temperature, 23 ◦C; relative humidity, 50 %. The negative pole of the 
high voltage power supply was connected to the collector pin, with the 
positive pole being connected to the needle. 

To confer antibacterial properties to the PCL bilayer membranes, the 
rifampicin was incorporated into the PCL basal layer, with a procedure 
similar to what reported elsewhere by the authors [37]. In detail 
rifampicin was solubilized in DMF, prior to the addition of DMF to the 
PCL in DCM solution with a final drug concentration of 0.1 % (w/V). The 
solution containing rifampicin was then electrospun following the same 
experimental set-up employed for the non-functionalized membranes. 
Once PCL/Rif membrane was produced, the bilayer was synthetized by 
activating for 1 min the Rif-loaded matrix by air-plasma treatment (as 
mentioned above) and electrospinning the polysaccharidic ternary 
mixture on the PCL/Rif mat, thus obtaining the “Rif bilayer” membrane. 
Considering light sensitivity of rifampicin, all the procedure was 
executed under dark conditions. 

2.2.2. Coated electrospun membranes 
To realize the coated electrospun wound dressings (hereinafter 

called “PCL coating”) both CTL and hyaluronic acid were solubilized in 
deionized water at the final concentration of 0.6 % (w/V) and their pH 
was adjusted to 7.2–7.4. The coating was then realized on a 1 min- 
plasma treated PCL membrane (Section 2.2.1) by sequentially curing 
CTL and hyaluronic acid successively on the nanofibrous matrix, with a 
wash in deionized water and air drying after each layer deposition. The 
volume of the polysaccharides employed varied depending on the di
mensions of the samples: (a) 50 μL in the case of 6-mm PCL disks (mean 
weight, 1.9 ± 0.7 mg); (b) 100 μL for 13-mm PCL disks (mean weight, 
4.1 ± 1.1 mg); (c) 200 μL for 25-mm PCL disks (mean weight, 8.2 ± 2.3 
mg) (d) 600 μL on 5 × 5-cm PCL samples (mean weight, 21.3 ± 2.5 mg). 

To impart antibacterial properties even to the PCL coating mem
branes, the rifampicin was added again to the PCL layer followed by the 
1-min activation as described above (Section 2.2.1), and polysaccharide 
coating. The rifampicin-loaded PCL coating matrices will be named “Rif 
coating” from now on. 

2.3. Scanning Electron Microscope (SEM) analysis 

Dried membrane samples were placed on aluminum stubs covered 
with a double-sided carbon tape and sputter-coated with gold using a 
Sputter Coater K550X (Emitech, Quorum Technologies Ltd., UK). The 
morphological analysis was therefore performed with a scanning elec
tron microscope (Quanta 250 SEM, FEI, Oregon, USA) working in sec
ondary electron detection mode. The working distance was set at 10 mm 
to obtain the appropriate magnifications, and the acceleration voltage 
was set between 20 and 30 kV. Fiber diameters were calculated using Fiji 
software [38], by randomly selecting 50 fibers on each sample. Simi
larly, the Fiji software was employed to estimate the porosity of the 
analyzed matrices. 

2.4. Attenuated total reflectance – Fourier transform infrared (ATR- 
FTIR) spectroscopy 

ATR-FTIR analysis was carried out on multilayer matrices to estimate 
the presence of both polysaccharides and rifampicin on the final prod
ucts, by comparing them with the pure spectra of the single membrane 
components (namely, PCL, rifampicin, HA, CTL, PEO). 

In all cases, IR spectra were recorded in transmittance mode with a 
Nicolet iS50 FT-IR spectrometer (Thermo Scientific, MI, Italy), within a 
wavenumber range of 4000–500 cm− 1. All the spectra were acquired 
with 32 scans and a resolution of 4 cm − 1. 

2.5. X-ray powder diffraction (XRD) analysis 

The crystallographic state of the rifampicin within the PCL layer was 
analyzed by X-ray Powder Diffraction at the Department of Mathematics 
and Geosciences of the University of Trieste, using a STOE D 500 X-ray 
diffractometer at room temperature. Three types of samples were stud
ied: i) the pure antibiotic powder; ii) a control PCL membrane without 
antibiotic; iii) a PCL/Rif mesh. The CuKα radiation was used through a 
flat graphite crystal monochromator, with a current of 20 mA and a 
voltage of 40 kV. The 2θ scanning angle ranged from 2 to 30◦, with 0.1◦

steps and a counting time of 2 s/step. 

2.6. Swelling tests 

The ability of the multilayer matrices to retain liquids was assessed 
after rehydration in PBS and measuring the changes of weight as a 
function of the immersion time. The PCL bilayer and PCL coating 
membranes were compared to the plasma-treated PCL mats, and 4 disks 
for each condition were analyzed (diameter, 25 mm; mean weight, 8.2 
± 2.3 mg). Once measured dry weights, wet weights were determined at 
each timepoint (1, 4, 24, 96, 168 h), by gentle blotting with a filter paper 
to remove the exceeding surface liquid. 

The swelling ratio was then calculated according to Eq. (1): 

Swelling (%) =

(
(Ws − Wd)

Wd

)

× 100 (1)  

where Wd and Ws are the weights of the samples in the dry and the 
swollen state, respectively. 

2.7. Water vapor transmission rate (WVTR) 

The water vapor permeability was assessed for both the PCL bilayer 
and PCL coating matrices, comparing them with the plasma-treated PCL 
mats. 

Glass vials with a top closure of 13 mm of diameter were filled with 
deionized water, leaving a 2 cm gap between the water and the sample, 
which was placed as a cap on the top of the vial and sealed on the side 
with Parafilm®. The vials were then weighted and incubated at 37 ◦C for 
24, 48, and 72 h, by measuring water loss at each timepoint. Uncapped 
vials and vials capped with Parafilm® were used as free evaporation and 
totally occlusive controls, respectively. The water vapor transmission 
rate was afterwards calculated using Eq. (2) [39]: 

WVTR
( g

m2h

)
=

(
(Wtx − Wt0)

A × h

)

× 100 (2)  

where, Wtx is the weight after 24, 48, or 72 h, Wt0 is the initial weight of 
the vial, and A is the area of the top closure of the vial. Three replicates 
were analyzed per each sample. 

2.8. Contact angle and surface free energy analyses 

The wettability of the multilayer matrices with and without rifam
picin was assessed through contact angle measurement, using the sessile 
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drop method. Five samples (diameter, 6 mm; mean weight, 1.9 ± 0.7 
mg) were analyzed for each condition, comparing untreated and plasma- 
treated PCL and PCL/Rif membranes. The contact angle was measured 
on images acquired with a stereomicroscope (Leica MZ16) equipped 
with a 45◦ tilted mirror and a digital camera (Leica DFC 320), then 
connected to the software Image Pro 3D Suite. Membrane wettability 
was studied in the presence of three types of fluids: (i) deionized water, 
(ii) deionized water +10 % FBS, (iii) FBS-supplemented DMEM. For 
each type of fluid, 4 μL were deposited on the sample and the images 
were acquired after 30 s of equilibration, to allow drop stabilization on 
the surface. The obtained images were thereafter analyzed using the 
“contact angle” tool of Fiji software and the contact angle of each kind of 
sample exposed to the various types of fluids was calculated. Surface free 
energies were subsequently evaluated using the Owens− Wendt method 
[40] adapted by Ren and co-workers [41] and Can-Herrera and co- 
workers [42]. Both deionized water and ethylene glycol (EG) contact 
angles (4 μL of fluid per sample) were examined to calculate the surface 
energy components, namely the polar/hydrophilic component (γs

p) and 
the dispersive/hydrophobic component (γs

d), respectively. The total 
surface free energy (γs) was, therefore, calculated according to Eq. (3): 

γs = γs
p + γs

d (3)  

2.9. Polysaccharide release 

The release of both CTL and hyaluronic acid from the PCL bilayer and 
PCL coating membranes was monitored in PBS after 1, 4, 24, 96, and 
168 h, upon incubation at 37 ◦C in the dark. To this aim, fluorophore- 
conjugated polysaccharides, namely CTL-FITC and HA-CF640R (pro
vided by prof. Ivan Donati, University of Trieste, Trieste, Italy) were 
employed; the polysaccharides were synthetized according to the pro
cedures described by Sacco and co-workers [43] and Porrelli and co- 
workers [13]. The fluorescent matrices were prepared as described in 
Section 2.2.2, by substituting the non-fluorescent polysaccharides with 
the labeled ones. Once obtained the membranes, six disks (diameter, 13 
mm; mean weight, 4.1 ± 1.1 mg) for each condition examined were 
placed in 24-wells culture plates, adding 1 mL of PBS in each well. At 
each timepoint, 200 μL of PBS were collected from each sample and 
transferred to a 96-well black plate for fluorescence reading (CTL-FITC 
excitation and emission wavelengths: 485 nm and 520 nm, respectively; 
HA-CF640R excitation and emission wavelengths: 642 nm and 662 nm, 
respectively) through a GloMax Multi+ Detection System (Promega 
corporation, Madison, USA). A calibration curve was used to relate the 
fluorescence intensity to the amount of CTL and hyaluronic acid 
released. The residual PBS was then removed from the wells and 
substituted with fresh medium, to evaluate polysaccharide cumulative 
release [44–46]. PCL electrospun samples were used as blanks. 

2.10. Rifampicin release 

The release of rifampicin from the Rif bilayer and Rif coating 
membranes was followed over time (1, 4, 24, 96, 168 h) by immersing 
them in PBS and incubating at 37 ◦C in dark conditions. Six disks 
(diameter, 13 mm; mean weight, 4.1 ± 1.1 mg) for each type of sample 
were placed in 24-wells culture plates, by adding 1 mL of PBS in each 
well. After each timepoint, 800 μL of release solution were collected 
from every sample and transferred to a quartz cuvette to evaluate the 
absorbance. The residual PBS was substituted with fresh medium, to 
evaluate antibiotic cumulative release [44–46]. The released rifampicin 
was quantified by means of UV spectrophotometry (Ultraspec 2100 pro, 
Amersham Bioscience) at 475 nm and the Lambert-Beer equation was 
exploited, by estimating through a calibration curve that ε475nm is equal 
to 15,400. PCL electrospun samples were used as blanks. 

To evaluate the influence of polysaccharides released from bilayer 
membranes on the release of the antibiotic, two disks (diameter, 13 mm) 
of PCL/Rif membranes were immersed in two different PBS solutions, 

enriched or not in CTL and hyaluronic acid (by estimating the amount of 
polysaccharide that would be released from a 13-mm PCL bilayer sam
ple). After 1 h of immersion, the absorbance at 475 nm of the two so
lutions was measured, estimating the rifampicin concentration using the 
Lambert-Beer equation. 

2.11. Cell culture 

NIH-3 T3 murine fibroblasts (ATCC CRL-1658) were cultured in 
high-glucose DMEM supplemented with 10 % FBS, 2 mM L-glutamine, 
100 U/mL penicillin, and 0.1 mg/mL streptomycin by maintaining them 
in humid atmosphere conditions, at 37 ◦C and with 5 % pCO2. The cells 
were sub-cultured three times a week or at a confluence level of about 
70–80 %. 

Normal Human Dermal Fibroblasts (NHDF) from adult donor were 
cultured under humid atmosphere at 37 ◦C and with 5 % pCO2 in their 
own Fibroblast Growth Medium 2, supplemented with 100 U/mL 
penicillin, 0.1 mg/mL streptomycin, and the related Fibroblast Growth 
Medium 2 Supplement Mix, which was stored in the dark. Cells were 
sub-cultured, using 0.25 % trypsin, when the confluence level was 
estimated at about 80 %. Cells at the second passage of culture were used 
for the biological tests. 

2.11.1. Biocompatibility assay 
Considering the potential cytotoxic effects of Tween® 20 employed 

for polysaccharide electrospinning, both PCL bilayer and Rif bilayer 
matrices were washed rapidly (2 min) in ethanol to remove the Tween® 
20 surfactant from the electrospun matrices without affecting their 
integrity. To first evaluate the efficacy of the ethanol washing in 
improving mat biocompatibility, PCL bilayer membranes, washed with 
or without ethanol, were tested on NIH-3 T3 cells, by using cells grown 
in plain medium as control. Both types of membranes tested were cut in 
disks (diameter, 6 mm; mean weight, 1.9 ± 0.7 mg) and sterilized under 
UV irradiation for 45 min. After that, 20,000 cells/well suspended in 1 
mL of complete DMEM were seeded onto 24-well culture plate, 
considering five replicates for each condition. The plates were then 
incubated at 37 ◦C with 5 % pCO2 for 4 h to allow cell adhesion. After 
cell adhesion, two disks per sample type were placed on their respective 
wells and cell viability was assessed after 24 h using a Resazurin Cell 
Viability Assay kit (Sigma Aldrich, St. Louis). In detail, the cell culture 
medium was removed from the wells and replaced with 400 μL of 
Resazurin solution (diluted 1:30 in DMEM). After 4 h of incubation, 200 
μL of the Resazurin solution were collected from each well and trans
ferred to a 96-well black plate for fluorescence measurement, which was 
performed using a spectrofluorometer GloMax Multi+ Detection System 
(Promega corporation, Madison, USA), with an excitation wavelength of 
525 nm and an emission wavelength in the range of 580–640 nm. 

After assessing the efficacy of ethanol washing, the biocompatibility 
of all the multilayer matrices, loaded or not with rifampicin, was tested 
on NHDF. All types of membranes were cut in disks (diameter, 6 mm; 
mean weight, 1.9 ± 0.7 mg) and sterilized under UV irradiation for (i) 
45 min in the case of the membranes without rifampicin, (ii) 10 min in 
the case of the antibiotic-enriched mats. Cells were suspended at a 
density of 20,000 cells/well in 500 μL of complete Fibroblast Growth 
Medium and seeded onto 24-well cell culture plates, considering five 
replicates for each condition. The cell culture plates were thereafter 
incubated at 37 ◦C with 5 % pCO2 for 4 h, to ensure cell adhesion on the 
bottom of the wells. Subsequently, two disks per type of sample were 
added to the corresponding cell-containing well, to assess cell viability 
in the presence of the material. Cells seeded in the absence of the ma
terial and treated with PCL and PCL/Rif mats were used as controls, 
while empty wells with the culture medium only and with the culture 
medium treated with the different types of matrices to test were used as 
blank samples. Cell proliferation was evaluated after 24, 48, and 72 h 
using the Resazurin Cell Viability Assay kit (Sigma Aldrich, St. Louis). At 
each timepoint, medium was removed from the wells and replaced with 
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400 μL of Resazurin solution (diluted 1:30 in the NHDF culture me
dium). After 4 h of incubation, 200 μL of the Resazurin solution were 
collected from each well and transferred to a 96-well black plate for 
fluorescence measurement. Meanwhile, each well was washed with PBS 
and replaced with 500 μL of fresh cell culture medium. The fluorescence 
was measured again through a spectrofluorometer GloMax Multi+
Detection System (Promega corporation, Madison, USA), with an exci
tation wavelength of 525 nm and an emission wavelength in the range of 
580–640 nm. 

2.11.2. Wound healing assay 
The wound healing assay (also referred to as “scratch test”) was 

performed to study in vitro the ability of the CTL and hyaluronic acid 
released from the PCL bilayer and PCL coating matrices to promote 
wound closure. To this aim, liquid extracts of the membranes were 
prepared. Specifically, 5 × 5 cm (mean weight, 21.3 ± 2.5 mg) elec
trospun membranes (PCL, PCL bilayer, and PCL coating) were sterilized 
under UV irradiation for 45 min and immersed in 10 mL of NHDF culture 
medium for 72 h. The PCL bilayer mats had been previously washed 
with ethanol (Section 2.11.1). The membranes were then removed from 
the medium, which was stored at 4 ◦C in the dark. NHDFs were seeded 
on 6-well cell culture plates (two replicates for each condition) at a 
density of 250,000 cells/well and incubated o/n at 37 ◦C to allow cell 
adhesion. The day after, the culture medium was removed from each 
well and 3 mL of liquid extract of the membranes were added to the cells. 
Cells treated with plain culture medium were used as controls. After 24 
h, when cells reached at least 80 % of confluency, the medium was 
removed from each well, stored in a sterile Falcon tube, and replaced 
with PBS. A scratch was realized in each well using a 200 μL pipette tip, 
by gently impressing a first vertical scratch followed by a second scratch 
perpendicular to the first one. After the scratch was performed on the 
cell monolayer, PBS was removed and replaced with the previously 
stored conditioned medium. The scratch closure was followed over time 
through an optical microscope (Optech IB3 ICS) equipped with a Nikon 
D5200; 4 gaps were analyzed in each well, with a total of 8 repetition for 
each condition. The images were captured at different timepoints (t0, 2, 
4, 6, 10, 24, 48 h). The analysis was performed using the software 
ImageJ: the region of interest (ROI) was outlined per each scratch and 
the percentage of closure over time was plotted. For each sample, eight 
images were analyzed. The percentage of closure over time was calcu
lated by relating the gap area at the defined timepoint to the gap area at 
t0, thereby obtaining the percentage of closed area. The gap closure in 
time was then measured according to Eq. (4): 

Gap closure (%) = 100% − %closed area (4)  

2.12. Antibacterial tests 

Escherichia coliATCC 8739 (hereinafter called Escherichia coli1), 
Escherichia coli ATCC 25922 (hereinafter named Escherichia coli2), 
Pseudomonas aeruginosa (ATCC 27853), Staphylococcus aureus (ATCC 
25923), and Staphylococcus epidermidis (ATCC 12228) were swiped on 
LB agar plates from a glycerol stock and grown o/n at 37 ◦C. For liquid 
culture, some bacterial colonies were collected from the Petri plates and 
resuspended in 5 mL of LB medium. Each bacterial inoculum was then 
incubated o/n at 37 ◦C under shaking conditions (140 rpm). The bac
terial concentration was determined upon optical density measurements 
(Ultraspec 2100 pro, Amersham Bioscience) at 600 nm (OD600nm). 

2.12.1. Growth inhibition assay 
The growth inhibition assay was carried out to evaluate the ability of 

the multilayer matrices loaded with rifampicin to inhibit bacterial 
growth even in a highly diluted environment, such as an exudating 
wound. To this aim, liquid extracts of the membranes (both Rif bilayer 
and Rif coating) were prepared by embedding 13-mm disks (mean 
weight, 4.1 ± 1.1 mg) in PBS. In both cases an initial antibiotic 

concentration of about 10 μg/mL was estimated through UV spectro
photometry measurements (Ultraspec 2100 pro, Amersham Bioscience) 
at 475 nm using the Lambert-Beer equation (ε475nm = 15,400). In a 96- 
well plate serial 1:2 dilutions of membrane extracts in LB medium were 
performed from an initial concentration of 5 μg/mL to a final concen
tration of 0.3125 μg/mL. The test was performed in duplicate for each 
type of sample (Rif bilayer and Rif coating) in the presence of each 
bacterial strain (Escherichia coli1, Pseudomonas aeruginosa, Staphylo
coccus aureus, Staphylococcus epidermidis). In detail, 100 μL of bacteria at 
a density of 106 CFU/mL were added to each dilution; bacteria in LB 
medium only and exposed to membranes without antibiotic were used 
as growth control, whereas the medium without bacteria was selected as 
negative growth control. Subsequently, the 96-wells were placed in a 
plate reader at 37 ◦C (FLUOStar® Omega-BMG Labtech spectropho
tometer) and the absorbance at 600 nm was measured for 20 h (with 30 
min intervals between each measure). 

To assess the sensitivity of the tested bacterial strains they were 
exposed to free rifampicin (previously dissolved in DMSO) at different 
concentrations (from 40 μg/mL to 0.16 μg/mL) and incubated at 37 ◦C 
for 18 h. After that, the bacterial growth was evaluated by spectroscopy 
measurement at 600 nm, to determine the minimum inhibitory con
centration (MIC) [47,48]. 

2.12.2. Time killing test 
The time killing test was performed to evaluate the ability of the 

released rifampicin to even exert a bactericidal activity. To this aim, the 
bacteria were diluted at a final concentration of 107 CFU/mL. As t0 
control, bacteria were serially diluted in PBS from 10− 1 to 10− 4 and 50 
μL of every dilution were spread on a LB agar plate and incubated at 
37 ◦C o/n. The bacteria (107 CFU/mL) were incubated at 37 ◦C under 
agitation (140 rpm) in the presence of the multilayer matrices loaded 
with rifampicin. The corresponding material without antibiotic were 
used as growth control. Specifically, 1.5 mL of each bacterial strain 
(Escherichia coli2, Pseudomonas aeruginosa, Staphylococcus aureus, 
Staphylococcus epidermidis) were cultured in the presence of three disks 
(diameter, 13 mm; mean weight, 4.1 ± 1.1 mg) of each type of mem
brane (Rif bilayer, PCL bilayer, Rif coating, PCL coating). At selected 
timepoints (30 min, 2 h, 4 h), 100 μL of each sample were serially diluted 
in PBS. 50 μL of each dilution were then spread on LB agar plates, which 
were incubated o/n at 37 ◦C. The day after, the colonies were counted 
and the CFUs/mL per each timepoint were calculated. 

2.13. Statistical analyses 

Statistical analyses were performed thanks to GraphPad software 
(Graphpad Holdings, LLC). Data not satisfying normality assumptions 
(Shapiro-Wilk test) were analyzed by means of Kruskal-Wallis and 
Mann–Whitney non-parametric tests for two groups comparison, 
applying Bonferroni’s correction. On the other hand, data that satisfied 
the normality assumption were analyzed with ANOVA test, applying 
Bonferroni’s correction. Statistical significance was pre-set at α = 0.05. 

3. Results 

3.1. Bilayered and coated matrices 

Two types of multilayer systems were synthetized: (i) an entirely 
electrospun matrix (hereinafter referred to as “PCL bilayer”), obtained 
by electrospinning a polysaccharidic solution based on hyaluronic acid 
and CTL on a synthetic PCL counterpart; (ii) a PCL membrane func
tionalized with polysaccharides (from now on called “PCL coating”) 
realized by layer-by-layer deposition of CTL and hyaluronic acid on a 
PCL electrospun matrix. The same plasma-treated PCL basal layer 
(Fig. 1A) was chosen in both cases, because it was easy to manufacture 
and had good morphology with uniform and defect-free fibers, which 
have been previously characterized elsewhere by the authors even in 
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terms of mechanical performance [35]. In the case of the PCL coating 
mat (Fig. 1B) homogeneous and randomly oriented fibers without su
perficial defects were obtained, and the coating did not affect the 
goodness of the membrane. 

The PCL bilayer system (Fig. 1D-F) showed, instead, the simulta
neous presence of two uniform and superimposed electrospun matrices 
with (i) the thicker PCL fibers in the rear region and (ii) the thinner HA/ 
CTL/PEO nanofibers in the front region (Fig. 1D-E). Moreover, by 
observing the matrix cross section, the two layers were clearly distin
guishable (Fig. 1F). In Fig. 1C, the dimensional analysis of the plasma- 
treated PCL and of the multilayer matrices is reported. 

A thorough dimensional analysis (reported in Fig. S1) revealed that 
the presence of the coating slightly altered the fiber diameter compared 
to the PCL alone, which is due to partial fiber rehydration. Meanwhile, 
the lower average fiber diameter calculated in the case of the PCL 
bilayer, which is associated to a higher standard deviation, could be due 
to the dual nature of the membrane: PCL fibers on one side and poly
saccharide fibers on the other. Indeed, by analyzing the fiber diameter 
distribution in the three types of membranes, a homogenous distribution 
was observed in the case of PCL alone (Fig. S1A) and of the PCL coating 
(Fig. S1B), while the PCL bilayer showed a bimodal distribution of fiber 
diameter, which can be separated to highlight the two contributions 
given by the synthetic and polysaccharidic layers (Fig. S1C-E). The 
analysis of membrane porosity (Fig. S3) then revealed a reduction of the 
mean pore diameter in the presence of the PCL bilayer membranes (0.32 
± 0.25 μm) with respect to the other samples (0.50 ± 0.39 μm and 0.51 
± 0.37 μm in the case of the PCL and PCL coating mats, respectively), 
and this is probably due to the denser matrix formed by the upper 
polysaccharide-based nanofibrous layer. 

3.1.1. Rifampicin-loaded membranes 
In view of the compelling need for antibacterial wound dressings that 

can prevent and counteract bacterial infections at the wound site, the 
multilayer systems were enriched with an antibiotic agent, the rifam
picin, thereby obtaining the so-called “Rif bilayer” and “Rif coating” 
membranes. The antibiotic was added directly to the PCL electro
spinning solution and thus integrated into the fibrous PCL mesh, similar 
to what reported by Musciacchio and coworkers [49]. The resulting 
matrices (Fig. 2A-C) showed no significant morphological changes 
compared to the non-functionalized matrices, with the typical homo
geneous, defect-free, and randomly oriented fibers. Likewise, both the 
dimensional (Fig. 2D, Fig. S2) and porosity analyses (Fig. S3) revealed 
similar results to the rifampicin-free mats. Even the statistical differ
ences between the various types of membranes analyzed were compa
rable to those of the non-functionalized matrices, proving the goodness 
of the functionalization process, which does not alter the overall 
morphology. 

3.2. Physicochemical characterization 

3.2.1. Membrane characterization by attenuated total reflectance – Fourier 
transform infrared (ATR-FTIR) spectroscopy (4000–500 cm− 1) 

ATR-FTIR spectroscopy was exploited to evaluate the presence of 
polysaccharides and rifampicin on both the bilayer and coated matrices 
(Fig. 3). The spectra of all the membranes were compared to the spectra 
of their individual constituents. The presence of the polysaccharides was 
clearly detectable on the bilayer by the -OH band, which was even 
marked with respect to the polymers alone due to the combined effect of 
hyaluronic acid, CTL, and PEO. On the other side, the same band was 
less pronounced in the coated membranes, which can be attributed to 

Fig. 1. Membranes microscopic aspect. SEM micrographs of a (A) plasma-treated PCL membrane and of multilayer matrices, namely (B) PCL coating and PCL bilayer 
in (D) front view with its magnification (E) and (F) cross section. In Fig. E, the dimensional analysis of the PCL and multilayer systems is reported. Statistical analysis 
was performed with Kruskal-Wallis test and Mann–Whitney test for two-groups comparison, applying Bonferroni’s correction. Statistically significant differences are 
indicated as asterisks (*). **** = p < 0.0001. N = 50. 
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the lower concentration of the polysaccharides and to the absence of 
PEO, when compared to the bilayer. As regards the PCL support layer, it 
was detectable in the bilayer as well as in the coated matrices thanks to 
the -CH and C––O bands, while the rifampicin could not be distinguished 
in the final structure because its signal overlapped with that of the other 
polymers. 

3.2.2. Membrane characterization by X-ray powder diffraction (XRD) 
The crystallographic state of the rifampicin before and after its 

dissolution and incorporation into the PCL nanofibrous mesh was 
studied exploiting the X-ray Powder Diffraction analysis, with the pur
pose of identifying any changes in the antibiotic structure which could 
impact its biological performance. A PCL mat without antibiotic was 
used as comparison, as the PCL is known to be a semi-crystalline poly
mer [22]. The results (Fig. 4) confirmed the crystallinity of pure 

rifampicin powder, which revealed many characteristic peaks [50], the 
highest of which was observed for 2θ = 19.8◦, given by the (212) plane. 
Even the PCL control membrane showed the semi-crystalline structure of 
the polymer, with its peaks at 2θ = 21.3◦, 23.7◦ generated by the re
flections of the (100) and (200) crystallographic planes [51]. On the 
other hand, in the case of the PCL/Rif mesh, only the two peaks of the 
PCL were clearly recognizable, whilst only a halo noise could be 
correlated to the rifampicin, effectively suggesting that the dissolution 
of the antibiotic before the electrospinning process induces a reorgani
zation of the molecule, which loses is organized crystallinity moving 
into an amorphous state. 

3.2.3. Swelling behavior 
The liquid retention ability of the PCL bilayer and PCL coating mats 

was evaluated in PBS, as it is commonly employed to study the water 

Fig. 2. Microscopic aspect of membranes loaded with rifampicin. SEM micrographs of rifampicin-loaded membranes, namely (A) PCL/Rif, (B) Rif coating, and (C) Rif 
bilayer. On the lower right, (D) the dimensional analysis. Statistical analysis was performed with Kruskal-Wallis test and Mann–Whitney test for two-groups com
parison, applying Bonferroni’s correction. Statistically significant differences are indicated as asterisks (*). **** = p < 0.0001. N = 50. 
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uptake capacity of wound dressing devices [52–56]. 
The polysaccharide-based matrices were compared with the PCL 

alone, and their water uptake capacity was followed from 1 h up to 7 
days. As can be observed in Fig. 5, the swelling behavior of the PCL 
bilayer mats was comparable to that of the pure plasma-treated PCL 
meshes, with a swelling ratio of about 4000 % after 7 days. On the other 
hand, albeit still considerable (about 1500 %), the PCL coating mem
branes showed a significant lower ability to absorb fluids, probably 
because the PCL porosity is partially masked by the rapid hydration of 
the overlying coating. 

3.2.4. Membrane permeability 
Water vapor permeability and, thus, the ability to promote gas ex

changes was assessed up to 72 h in the presence of PCL bilayer and PCL 
coating mats, using plasma-treated PCL membranes as control. Paraf
ilm® was used as non-permeability control, while unsealed vials were 

tested as control for total evaporation. The results (Fig. 6, Table S1) 
showed the optimal ability of all types of the tested membranes to 
transmit water vapor, with an evaporation efficiency halfway between 
total evaporation and lack of permeability. Moreover, this behavior was 
sustained until 72 h, revealing the effectiveness of these electrospun 
devices in maintaining an adequate moist environment at the wound 
site. 

3.2.5. Membrane wettability and surface free energy 
The wettability of PCL, PCL coating, and PCL bilayer matrices was 

examined using contact angle measurements. The samples with rifam
picin were also analyzed, to study the influence of the antibiotic on the 
membrane surface properties. In the case of PCL alone, both untreated 
and plasma-treated mats were tested to examine the effectiveness of air- 
plasma treatment in increasing the hydrophilicity of the membranes. 

Fig. 3. Chemical characterization of membranes. ATR-FTIR spectra of Rif coating and Rif bilayer meshes, compared with the spectra of the single membrane 
components (namely, CTL, HA, PEO, Rifampicin, PCL) and of the basal PCL/Rif mat. 

Fig. 4. Characterization of the crystallographic state of the rifampicin loaded 
matrices. XRD spectra of pure rifampicin powder (in ) compared with PCL (in 

) and PCL/Rif (in ) membranes. 

Fig. 5. Membrane swelling behavior. Swelling capacity in PBS of the PCL 
bilayer ( ) and PCL coating ( ) matrices, and of plasma-treated PCL mats ( ). 
The statistical analysis was performed with ANOVA test, applying Bonferroni’s 
correction. Statistically significant differences are indicated with asterisks (*). 
*** = p < 0.0001. N = 4. 
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The wettability measurements were performed in the presence of three 
types of fluids, namely (i) water, (ii) water added with 10 % fetal bovine 
serum (FBS), to evaluate any possible interaction with serum proteins, 
and (iii) Dulbecco’s Modified Eagle Medium (DMEM) completed with 
FBS, to assess membrane behavior in an in vitro cellular environment. 

The membranes without rifampicin (Fig. 7) revealed a highly hy
drophilic behavior, with a complete fluid spreading on their surface in 
all cases. The exception was the untreated PCL, which proved to be non- 
wettable with all media tested, confirming the effects of air-plasma 
treatment on the hydrophilicity of the membranes. 

A similar wetting behavior was observed with the rifampicin-loaded 
mats (Fig. 8), with a complete spreading of the drop on the surface of 

both plasma-treated PCL/Rif and polysaccharide-enriched PCL/Rif 
mats. However, in the case of the non-activated PCL/Rif membranes, the 
expected hydrophobic behavior was retained in the presence of water 
and turned into a hydrophilic one in the case of water + FBS and DMEM. 
This can be attributed to the presence of rifampicin, which interacts with 
serum proteins and thereby increases the hydrophilicity of the 
membrane. 

The surface free energy of the samples was, then, evaluated ac
cording to the Owens-Wendt method, by using the contact angle of 
water to calculate the polar/hydrophilic component (γs

p) and the contact 
angle of ethylene glycol to estimate the dispersive/hydrophobic 

Fig. 6. Membranes permeability characterization. 
Water vapor transmission ability of plasma-treated 
PCL mats and of polysaccharide-enriched multilayer 
matrices (PCL coating and PCL bilayer) at 24 h 
( ), 48 h ( ) and 72 h (light ). The 
statistical analysis was performed with ANOVA test, 
applying Bonferroni’s correction. Statistically signifi
cant differences are indicated with asterisks (*). **** 
= p < 0.0001. The differences between the time 
points for the same sample are all statistically signif
icant and have not been reported for sake of clarity. 
N = 3.   

Fig. 7. Contact angle analysis. Images of the contact angle studied on (A) not- 
treated PCL, (B) plasma-treated PCL, (C) PCL coating, and (D) PCL bilayer 
matrices in the presence of (I) water, (II) water + FBS, and (III) DMEM. The 
absence of the drop is due to its complete spreading on the surface. Scale bar: 
1 mm. 

Fig. 8. Contact angle analysis. Images of the contact angle studied on Rif- 
loaded membranes: (A) not-treated PCL/Rif, (B) plasma-treated PCL/Rif, (C) 
Rif coating, and (D) Rif bilayer matrices in the presence of (I) water, (II) water 
+ FBS, and (III) DMEM. The absence of the drop is due to its complete spreading 
on the surface. Scale bar: 1 mm. 
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component (γs
d). The analysis was performed for both non- 

functionalized and rifampicin-loaded membranes (Table 1). In line 
with what observed in the wettability measurements, the high contact 
angle values of the non-activated PCL membranes (> 90◦) together with 
the low values of the polar component (γs

p) confirmed their basically 
hydrophobic behavior. On the other hand, in the presence of rifampicin, 
the contact angles of untreated PCL membranes were < 90◦ for water +
FBS and DMEM, leading to an increase of the polar component, evidence 
of the augmented hydrophilicity. In all other cases, contact angles equal 
to 0◦ were registered, with the polar component (γs

p) higher than not 
treated membranes, confirming membrane hydrophilicity. 

3.2.6. Polysaccharide release 
The stability of polysaccharides on the bilayer and coated PCL 

matrices was investigated, using a fluorescein-labeled CTL (CTL-FITC) 
and a CF640R-labeled hyaluronic acid (HA-CF640R) for membrane 
synthesis. The cumulative release of the labeled polysaccharides in PBS 
was followed from 1 h to 7 days by spectrofluorimetry. Not surprisingly, 
in the presence of the PCL bilayer, the polysaccharides were completely 
released after only 1 h. This can be explained by the high solubility of 
CTL and hyaluronic acid in aqueous environment, which is further 
enhanced by the large surface area of the electrospun products, making 
them even more available after immersion in water or aqueous solvents. 

Conversely, the PCL coating membranes displayed a different 
behavior (Fig. 9). Indeed, the outer hyaluronic acid layer was almost 
completely released after 24 h (≈ 85 %), then the release kinetic sta
bilized and reached a plateau; meanwhile, the inner CTL layer was 
slowly released in the medium, with a release of ≈ 25 % after 24 h, then 
stabilizing also in this case. Such behavior could be attributed to the 
sequential coating procedure, with the CTL being directly retained by 
the underlying PCL nanofibrous mesh. 

3.2.7. Rifampicin release 
The cumulative release of rifampicin from the Rif bilayer and the Rif 

coating membranes was analyzed in PBS for 7 days by UV–visible 
spectroscopy and compared with the rifampicin release from plasma- 
treated and untreated PCL/Rif mats, to analyze the influence of the 
air-plasma activation on rifampicin integrity. The results (Fig. 10) 

showed a significantly higher antibiotic release in the non-activated 
PCL/Rif membranes, which reached a plateau after 24 h. This is likely 
due to a lower amount of intact rifampicin within the nanofibrous mesh 
after the activation process, as this type of treatment appears to partially 
degrade the antibiotic, resulting in a significantly lower detectable 
release. Meanwhile, in the case of the plasma-treated mats, the anti
biotic release was almost at its maximum after 4 h, then reaching a 
plateau, but a significant difference was observed between the Rif 
bilayer and Rif coating meshes. Despite the identical PCL/Rif base layer, 
the variation in the antibiotic release can be attributed to the different 
preparation method used to add CTL and hyaluronic acid to the PCL 
matrix. Indeed, in the case of Rif coating, the antibiotic loaded in the 
PCL mesh is partially solubilized during the layer-by-layer deposition 
and is trapped in the CTL layer, so it follows the slower polysaccharide 
release. On the other hand, in the case of Rif bilayer, the polysaccharides 
are immediately solubilized and readily available in the medium, thus 
moving the antibiotic release equilibrium towards the medium. This has 
been demonstrated by immersing two identical PCL/Rif membranes in 
two different media (namely, PBS and PBS enriched with poly
saccharides) and evaluating the differential antibiotic release in the two. 
In the first case, 1.96 μg/mL of rifampicin were released, while in the 
presence of the polysaccharides the antibiotic release was of 2.59 μg/ 
mL, revealing how the polysaccharides present in the medium impact on 

Table 1 
Surface energy analysis. Mean values of the contact angle measurements and 
surface free energy components for not-functionalized and Rif-loaded mem
branes. The contact angle values of ethylene glycol were all equal to 0◦. N = 5.   

Contact 
angle H₂0 
[deg] 

Contact 
angle H₂0 
+ FBS [10 
%] [deg] 

Contact 
angle 
DMEM 
[deg] 

γs
d 

[mJ/ 
m2] 

γs
p 

[mJ/ 
m2] 

γs 

[mJ/ 
m2] 

Not- 
treated 
PCL 

124.9 ±
1.6 

113.2 ± 2.5 
119.5 ±
7.9 

79.5 
± 0.1 

13.3 
± 0.8 

92.8 
± 0.8 

Plasma- 
treated 
PCL 

0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.1 79.5 
± 0.1 

19.1 
± 0.1 

98.5 
± 0.1 

PCL 
coating 

0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.1 79.5 
± 0.1 

19.1 
± 0.1 

98.5 
± 0.1 

PCL 
bilayer 

0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.1 79.5 
± 0.1 

19.1 
± 0.1 

98.5 
± 0.1 

Not- 
treated 
PCL/ 
Rif 

126.0 ±
3.9 57.3 ± 4.5 0.0 ± 0.1 

79.5 
± 0.1 

13.9 
± 2.1 

93.4 
± 2.1 

Plasma- 
treated 
PCL/ 
Rif 

0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.1 79.5 
± 0.1 

19.1 
± 0.1 

98.5 
± 0.1 

Rif 
coating 0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.1 

79.5 
± 0.1 

19.1 
± 0.1 

98.5 
± 0.1 

Rif 
bilayer 

0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.1 
79.5 
± 0.1 

19.1 
± 0.1 

98.5 
± 0.1  

Fig. 9. Release of polysaccharides. Cumulative release of polysaccharides from 
PCL coating membranes expressed as percentage of CTL-FITC ( ) and HA- 
CF640R ( ) found in the PBS medium. N = 6. 

Fig. 10. Rifampicin release. Cumulative rifampicin release in PBS from non- 
activated ( ) and plasma-treated PCL/Rif mats ( ), Rif bilayer ( ), and Rif 
coating ( ) electrospun matrices. The statistical analysis was performed with 
ANOVA test, applying Bonferroni’s correction. Statistically significant differ
ences are indicated with asterisks (*). **** = p < 0.0001. N = 6. 

M. Gruppuso et al.                                                                                                                                                                                                                              



Biomaterials Advances 154 (2023) 213613

11

the release equilibrium. 

3.3. Biological characterization 

3.3.1. Membrane biocompatibility 
The biocompatibility of the PCL bilayer membranes was first tested 

on the murine cell line NIH-3 T3, to evaluate the potential cytotoxic 
effect of the Tween® 20 employed for their synthesis. For this reason, 
the PCL bilayer matrices were washed in ethanol for 2 min to extract the 
residual surfactant from the polysaccharidic layer, without affecting 
polysaccharide availability. As can be seen in Fig. 11A, the cells exposed 
to the PCL bilayer after 24 h suffered from the release of Tween® 20, 
while, after washing with ethanol, they showed comparable viability to 
the untreated controls. Once the efficacy of this post-processing step was 
established, the biocompatibility of all types of matrices (namely control 
PCL, PCL coating, and PCL bilayer with or without rifampicin) was 
studied using human dermal fibroblasts (HDF). The results (Fig. 11B) 
showed that all the tested nanofibrous structures were biocompatible, 
regardless of the preparation method and of the presence of the 
antibiotic. 

3.3.2. Membrane bioactivity 
A wound healing assay on human dermal fibroblasts was performed 

to test the bioactivity of the hyaluronic acid and CTL released both from 
the PCL bilayer and PCL coating matrices. Basically, a scratch was 
induced on a cell monolayer, and then cell migration and proliferation in 
time were followed until gap closure [57,58]. Untreated and PCL-treated 
cells were used as controls. As it can be seen from both the graph 
(Fig. 12A) and the images of the gap closure overtime (Fig. 12B-E and 
Figs. S4–5), the gap closes faster already at earlier time points (2 h) in 
the presence of the polysaccharide-endowed matrices, and this differ
ence is even more visible at longer times (6–10 h). 

Even after 24 h (Fig. 9B-E) a scratch is still clearly visible in the 
controls, whereas it is completely closed in the case of PCL coating and 
PCL bilayer membranes. After 48 h, the wound was finally closed in the 
controls. On the other hand, despite the slight difference between the 
PCL bilayer and the PCL coating mats, no significant difference was 
detected between the two. Considering the different release of poly
saccharides between the two types of matrices, this behavior suggests 
that the burst release of hyaluronic acid from the PCL coating mesh in 

combination with even lower amounts of CTL is sufficient to exert a 
bioactive effect, thus inducing wound closure. 

3.4. Microbiological characterization 

3.4.1. Bacterial growth inhibition 
The ability of the antibiotic released from the Rif bilayer and Rif 

coating membranes to inhibit the growth of bacteria was assessed using 
four bacterial strains that commonly infect the wound site: the Gram- 
negative strains Escherichia coli and Pseudomonas aeruginosa and the 
Gram-positive strains Staphylococcus aureus and Staphylococcus epi
dermidis. To test the inhibitory activity of rifampicin, liquid extracts of 
the membranes were prepared, and the bacteria were exposed for 20 h to 
different antibiotic concentrations, ranging from 5 μg/mL to 0.3125 μg/ 
mL. The results (Fig. 13) revealed an optimal inhibitory effect of the 
rifampicin released from the fibrous mats (both bilayer and coated 
matrices) in the case of the Gram-positive bacteria, being active even at 
low concentrations. Similar results were obtained against the Gram- 
negative Pseudomonas aeruginosa. Unfortunately, the sensitivity of 
Escherichia coli strain to the tested concentrations of rifampicin was not 
as high as that of the other bacteria analyzed. At the highest concen
tration tested (5 μg/mL), the inhibitory effect was only slight after 5 h. 
Therefore, to assess the actual sensitivity of the bacterial strains 
analyzed, they were treated with free rifampicin at several concentra
tions (from 40 μg/mL to 0.16 μg/mL) and the bacterial growth was 
evaluated after 18 h upon spectroscopy measurements. The following 
minimum inhibitory concentrations (MICs) were obtained: 40 μg/mL for 
Escherichia coli, 1.25 μg/mL for Staphylococcus aureus, 0.16 μg/mL for 
Staphylococcus epidermidis, 0.625 μg/mL for Pseudomonas aeruginosa. To 
further confirm the resistance of the Escherichia coli strain examined, 
another strain was tested, namely Escherichia coli2 (ATCC 25922), 
revealing a MIC value of 5 μg/mL. 

3.4.2. Time killing 
The bactericidal effect of the rifampicin-loaded membranes was 

tested on the same bacterial strains examined in the growth inhibition 
assay, namely Staphylococcus aureus, Staphylococcus epidermidis, Pseu
domonas aeruginosa, and the more sensitive Escherichia coli2. In this case, 
the bacteria were directly grown in the presence of the membranes using 
not-functionalized matrices as controls, and the ability of the antibiotic- 

Fig. 11. Multilayer matrices biocompatibility studied through Alamar Blue Assay. (A) Evaluation of NIH-3 T3 cells viability in the presence of PCL bilayer mem
branes washed (EtOH) or not washed (No EtOH) with ethanol to extract Tween®20 residues. (B) Biocompatibility towards human dermal fibroblasts of PCL ( ) and 
PCL/Rif ( ), PCL coating ( ) and Rif coating ( ), PCL bilayer ( ) and Rif bilayer ( ) membranes. The control cells are indicated as pink circles ( ). The statistical 
analysis was performed with ANOVA test, applying Bonferroni’s correction. Statistically significant differences are indicated with asterisks (*). *** = p < 0.001. The 
differences between the time points in Fig. B are all statistically significant and have not been indicated for sake of clarity. N = 5. 
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loaded membranes to kill the selected bacteria over time was assessed. 
As can be seen in Fig. 14, the rifampicin-loaded mats exhibited a 

bactericidal effect on all strains tested, with Staphylococcus epidermidis 
being the most sensitive and Escherichia coli the most resistant. This was 
in line with what observed in the growth inhibition test, where the 
amount of rifampicin required to inhibit Escherichia coli growth was 
significantly higher than for the other bacterial strains. 

4. Discussion 

Looking at the advantages offered by multilayer nanofibrous wound 
dressings based on polysaccharides, which have been plenty discussed in 
the introduction, the current work proposes two types of multilayer 
mats: (i) a fully electrospun device obtained by electrospinning a ternary 
polysaccharidic mixture based on hyaluronic acid and CTL on a plasma- 
treated PCL electrospun membrane (called, “PCL bilayer”); (ii) an 
electrospun PCL mat activated by air-plasma treatment and coated by 
layer-by-layer deposition with CTL and hyaluronic acid (called, “PCL 
coating”). To enrich the final products with antibacterial properties, the 
antibiotic rifampicin was then included in the basal PCL layer of both the 
PCL bilayer and PCL coating membranes, obtaining the so-called “Rif 
bilayer” and “Rif coating” matrices, which were all characterized by 
homogenous fibers free of any superficial defect. 

The functionality of the membranes was consequently studied by 
initially analyzing their fluid retention ability. Indeed, it is known that 
the presence of exceeding exudates causes skin maceration, leading to 
inactivity of fibroblasts and extension of the inflammatory phase. This is 
then responsible for the self-perpetuation of the chronic wound, and 
thus complicates patient’s treatment and increases its morbidity [59]. In 
a previous work, the hydrophobicity and the poor swelling behavior of 
untreated PCL membranes have been already characterized [36]. Here, 
both the plasma-treated PCL control membrane and the multilayer 
functionalized ones showed optimal swelling behavior; however, the 
fluid retention ability of the PCL coating mats was significantly lower 
than that of PCL and PCL bilayer membranes. This could be explained by 
the rapid hydration of the coating in aqueous environment, which 

shields the porosity of the underlying PCL network, with a consistent 
reduction in the ability to absorb fluids. 

The water vapor permeability was assessed in parallel, as it is 
another essential requirement for a wound dressing, where the main
tenance of a moist environment has been proven to favor the regener
ation process, preventing scar formation [60]. The membranes tested 
here particularly provided an optimal moisture balance up to 72 h, in 
accordance with the mean frequency of dressing changes [61,62]. 

Thanks to the air-plasma treatment all types of matrices also dis
played a fully wettable behavior. By investigating different types of 
fluids, the already known ability of rifampicin to interact with serum 
proteins was then demonstrated here, with an increase of membranes 
hydrophilicity even in the absence of the air-plasma treatment [63]. 

It should be noted that if, on the one hand, the interaction with the 
biological environment is essential for the success of a biomaterial, on 
the other hand the non-specific protein adsorption could potentially 
trigger a foreign body reaction, and thus impair the function and 
biocompatibility of the biomaterial [64]. According to the Berg’s limit, a 
contact angle θ < 65◦ could avoid the non-specific interaction but this 
parameter does not consider the adsorption processes at the nanometer 
scale. On this level, Whitesides and coworkers found the so called 
“Whiteside rules”, determining that the non-specific adsorption could be 
regulated by: (i) the presence of a hydrophilic surface; (ii) the presence 
of hydrogen bond acceptors; (iii) the absence of hydrogen bond donors; 
(iv) the absence of net charge [65,66]. Basing on these considerations, 
the use of strongly hydrophilic polymeric coatings could satisfy many of 
these rules. Thus, in the specific case of the multilayer matrices here 
synthetized, the non-specific protein adsorption should be avoided. The 
change in the biomaterial surface properties is even confirmed by the 
surface free energy studies carried out with the Owens− Wendt method, 
which revealed an increase in the polar component of the air-plasma 
treated mats as well as on the not treated PCL/Rif samples exposed to 
serum proteins, thus confirming the surface modification occurred 
[40,67]. 

Once assessed the surface properties of the multilayer membranes, 
their stability was characterized both in terms of polysaccharide and 

Fig. 12. Wound healing assay on human dermal fibroblast. On the left, (A) percentage of gap closure over time in the presence of the extracts from PCL bilayer ( ) 
and from PCL coating ( ) membranes. The controls are represented by untreated cells ( ) and cell treated with extract from polysaccharide-free PCL membranes ( ). 
The statistical analysis was performed with ANOVA test, applying Bonferroni’s correction. Statistically significant differences are indicated with asterisks (*). **** =
p < 0.0001. N = 8. On the right, images of the cells after 24 h of treatment with (B) cell culture medium only, (C) PCL, (D) PCL coating, (E) PCL bilayer extracts. The 
red arrows indicate the extension of the gap persisting in the controls. 
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rifampicin release. In the first case, an immediate dissolution of the 
polysaccharides from the PCL bilayer mats was observed, due to their 
high hydrophilicity in a non-crosslinked state combined with the typical 
high surface area of the nanofibrous architecture [68]. 

On the other hand, in the case of the PCL coating a burst release of 
the hyaluronic acid was registered, with a ≈ 84 % of release in 24 h; 
whereas the CTL coating was more stable and released slowly over time, 
reaching a ≈ 25 % of release after 24 h. This can be explained by the fact 
that the CTL is closely interconnected with the underlying activated PCL 
network and is thus retained on the structure. The hyaluronic acid 
constitutes, for its part, the outer unsteady layer of the coating, which is 

only weakly connected by electrostatic interactions between the residue 
charges on the two polymers and is therefore immediately available in 
the medium. Translating in the clinical practice, in both cases the outer 
PCL fibrous layer can protect the damaged site from external injuries, 
absorb the exudate, and favor the gaseous exchanges throughout the 
wound; meanwhile, the PCL bilayer could be useful for an immediate 
availability of the polysaccharides (which is particularly beneficial for 
wound dressings that need to be frequently changed), whilst the PCL 
coating membranes could serve for longer treatment times or as skin 
substitutes [69]. 

Similarly, the release of the loaded rifampicin was evaluated by 

Fig. 13. Membrane antibacterial effect. Bacterial growth inhibition curves of the (left) Rif coating and (right) Rif bilayer membranes in the presence of four bacterial 
strains, that are Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa, and Escherichia coli. The indicates the control without antibiotic. 
Then, different rifampicin concentrations were tested: 5 μg/mL ( ), 2.5 μg/mL ( ), 1.25 μg/mL ( ), 0.625 μg/mL ( ), 0.3125 μg/mL 
( ). N = 2. 
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comparing both untreated and plasma-treated membranes. Surprisingly, 
although all the matrices differ only for the polysaccharide deposition 
method and retain the same basal PCL/Rif layer, a higher rifampicin 
release was found in the case of the Rif bilayer. It was hypothesized, and 
then experimentally confirmed, that the immediate dissolution of the 
polysaccharides in the PBS medium increases the local salt concentra
tion [70] thus shifting the release dissolution equilibrium towards the 
medium and driving the rifampicin out of the membrane. On the con
trary, in the case of the PCL coating, the antibiotic is partially solubilized 
and trapped within the first coating layer, reducing the percentage of 
release over time. The release of drugs from electrospun mats then de
pends on diffusive processes from the nanofibrous mesh as well as from 
polymer degradation and drug dissolution [71]. Hence, the rifampicin is 
released here as free antibiotic from the multilayer matrices, and its 
mechanism of action is the same in all cases; the difference between Rif 
bilayer and Rif coating membranes rather lies in the release kinetic of 
the drug. It should be highlighted here that the dissolution of the 
rifampicin and its incorporation within the PCL mesh converts its crys
tallographic state into an amorphous one (as demonstrated by the XRD 
analysis), a factor that increases its bioavailability [72]. 

After characterizing their physicochemical properties, the biocom
patibility of the membranes loaded or not with rifampicin was assessed 
using human dermal fibroblasts as cellular model. In no case was cell 
proliferation affected by the presence of the biomaterial, with a similar 
trend between all the types of treatments, which were comparable to the 
controls of untreated fibroblasts. It should be outlined that the wound 
healing process requires the dermal fibroblasts proliferation and 
migration towards the wound bed to reconstruct the ECM, promote 
granulation tissue formation, offer a support for inflammatory cell 

migration, and secrete cytokines, chemokines, and growth factors which 
guide cell response and survival in the wound site [73]. In this 
perspective, the bioactivity of both the PCL coating and PCL bilayer 
membranes was tested on human dermal fibroblasts through a wound 
healing assay, which mimics a wound in vitro thanks to the realization of 
a cellular gap (“scratch”), whose closure is measured over time. Both 
types of polysaccharide-based matrices revealed their bioactivity, 
inducing a significantly fast scratch closure already at the earlier time
points. Even after 24 h, the scratch was still partially visible in the 
controls, whereas the wound was completely closed in the presence of 
the polysaccharides. On the other hand, no significant differences were 
detected between the PCL coating and PCL bilayer mats. In the future, 
the molecular processes responsible for the regenerative potential of the 
polysaccharides here employed will be thoroughly investigated. 

Finally, given the urgent need for devices that can also counteract 
and prevent wound infections, the antibacterial efficacy of the rifam
picin released from the antibiotic-loaded matrices was tested against 
four bacterial strains commonly infecting the wound site, namely the 
two Gram-positives Staphylococcus aureus and Staphylococcus epidermidis 
and the two Gram-negatives Escherichia coli and Pseudomonas aeruginosa 
[74–77]. The inhibitory activity was first assessed, by exposing the 
bacteria to rifampicin extracts obtained from the Rif coating and Rif 
bilayer membranes. Both in the case of Rif bilayer and Rif coating 
membranes, the antibiotic showed its efficacy in inhibiting Gram- 
positives and Pseudomonas aeruginosa growth. However, the same effi
cacy was not detected in the presence of Escherichia coli, which was 
resistant also at the higher drug concentration analyzed. Perhaps, the 
Escherichia coli strain adopted developed resistance to rifampicin thanks 
to a mutation in the β subunit of the bacterial RNA polymerase, as 

Fig. 14. Membranes bactericidal activity. Bactericidal activity of the rifampicin-loaded matrices over time, tested towards (A) Staphylococcus aureus, (B) Escherichia 
coli, (C) Staphylococcus epidermidis, and (D) Pseudomonas aeruginosa. The and samples are represented in the and bars, respectively. 
The controls of and are indicated as and , respectively. The statistical analysis was performed with ANOVA test, applying Bon
ferroni’s correction. Statistically significant differences are indicated with asterisks (*). **** = p < 0.0001. N = 4. 
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systematically discussed by Goldstein [78]. Based on these findings, the 
bactericidal activity of rifampicin was tested in the presence of the four 
bacterial strains, this time using a more sensitive Escherichia coli strain. 
The released antibiotic proved its bactericidal activity over time towards 
all the bacteria tested, with Staphylococcus epidermidis being the most 
sensitive to rifampicin and Escherichia coli the less sensitive, which is 
consistent with the studied inhibitory activity. Further studies will 
investigate the loading of combined antibiotic drugs on the final product 
to achieve a higher antibacterial efficacy. 

In synthesis, the multi-layered matrices described here could be of 
great advantage in wound treatment because: (i) they are easy to handle; 
(ii) they have suitable physicochemical properties; (iii) they are able to 
locally deliver bioactive polysaccharides; (iv) they can be easily func
tionalized with bioactive, anti-inflammatory, or antibacterial moieties 
to reach the final goal of optimal wound closure. Undoubtedly, some 
challenges and limitations are related to this work. On the one hand, the 
storage stability of the obtained matrices in environmental conditions 
should be ameliorated; on the other hand, further characterization is 
needed about their biological safety and bioactivity. Finally, the testing 
in vivo of animal models will be fundamental to predict the real per
formance of the final biomaterial. 

5. Conclusions 

Multilayer electrospun matrices with or without rifampicin were 
here prepared for the care of chronic wounds, by using two preparation 
methods: (i) sequential electrospinning of PCL and polysaccharides 
(namely, hyaluronic acid and CTL) to obtain a fully electrospun bilayer 
structure (the PCL bilayer), (ii) layer-by-layer deposition of CTL and 
hyaluronic acid on an electrospun PCL matrix (the PCL coating). The 
obtained devices exhibited optimal morphology given by defect-free and 
randomly oriented fibers. They also displayed suitable and physico
chemical properties, thanks to their great fluid retention ability (3426 ±
492 % and 1435 ± 251 % for the PCL bilayer and PCL coating mats, 
respectively), water vapor permeability (160 ± 0.78 g/m2h and 170 ±
12 g/m2h in the case of the PCL bilayer and PCL coating meshes, 
respectively), and wettability (being totally wettable in the presence of 
various types of fluids, from water to cell culture medium). On the other 
hand, the different incorporation of polysaccharides and subsequent 
release of them opened two possible applications, namely wound 
dressings in the case of the fast-releasing PCL bilayer (with all the 
polysaccharides being released immediately) and skin substitutes in the 
case of the slow-releasing PCL coating (with only ≈25 % CTL being 
released after 24 h). All the membranes showed good biocompatibility 
in the presence of human dermal fibroblasts with the polysaccharides 
released from the multilayer matrices also exerting a bioactive activity. 
A wound healing assay on human dermal fibroblasts revealed, in fact, 
the ability of the polysaccharide-endowed matrices to faster heal the 
scratch (completely closed in 24 h) with respect to the controls. On the 
other hand, the released antibiotic displayed its bactericidal activity 
against Staphylococcus aureus, Staphylococcus epidermidis, and Pseudo
monas aeruginosa, being less effective in the case of Escherichia coli. In the 
future, the synergistic activity of hyaluronic acid and CTL in inducing 
wound closure and tissue regeneration should be investigated in vitro 
and in vivo along with the use of animal models of chronic wounds. 
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F. Martins, Composite filter with antimicrobial and anti-adhesive properties based 
on electrospun poly(butylene adipate-co-terephthalate)/poly(acid lactic)/tween 20 
fibers associated with silver nanoparticles, J. Membr. Sci. 650 (2022), 120426, 
https://doi.org/10.1016/j.memsci.2022.120426. 

[18] E.J. Dierings de Souza, D.H. Kringel, A.R. Guerra Dias, E. da Rosa Zavareze, 
Polysaccharides as wall material for the encapsulation of essential oils by 
electrospun technique, Carbohydr. Polym. 265 (2021), 118068, https://doi.org/ 
10.1016/j.carbpol.2021.118068. 

[19] H. Xu, F. Zhang, M. Wang, H. Lv, D.-G. Yu, X. Liu, H. Shen, Electrospun hierarchical 
structural films for effective wound healing, Biomater. Adv. 136 (2022), 212795, 
https://doi.org/10.1016/j.bioadv.2022.212795. 

[20] A.Z. Bazmandeh, E. Mirzaei, Y. Ghasemi, M.A.J. Kouhbanani, Hyaluronic acid 
coated electrospun chitosan-based nanofibers prepared by simultaneous stabilizing 
and coating, Int. J. Biol. Macromol. 138 (2019) 403–411, https://doi.org/10.1016/ 
j.ijbiomac.2019.07.107. 

[21] A. Jafari, A. Amirsadeghi, S. Hassanajili, N. Azarpira, Bioactive antibacterial 
bilayer PCL/gelatin nanofibrous scaffold promotes full-thickness wound healing, 
Int. J. Pharm. 583 (2020), 119413, https://doi.org/10.1016/j. 
ijpharm.2020.119413. 

[22] A.A. Hassan, H.A. Radwan, S.A. Abdelaal, N.S. Al-Radadi, M.K. Ahmed, K. 
R. Shoueir, M.A. Hady, Polycaprolactone based electrospun matrices loaded with 
Ag/hydroxyapatite as wound dressings: morphology, cell adhesion, and 
antibacterial activity, Int. J. Pharm. 593 (2021), 120143, https://doi.org/10.1016/ 
j.ijpharm.2020.120143. 

[23] J.M. Anaya Mancipe, L.C. Boldrini Pereira, P.G. de Miranda Borchio, M.L. Dias, R. 
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