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In the field of tissue engineering, the use of core-shell fibers represents an advantageous approach to protect and
finely tune the release of bioactive compounds with the aim to regulate their efficacy. In this work, core-shell
electrospun polycaprolactone nanofiber-based membranes, loaded with rifampicin and coated with silver
nanoparticles, were developed and characterized. The membranes are composed by randomly oriented nano-
fibers with a homogeneous diameter, as demonstrated by scanning electron microscopy (SEM). An air-plasma
treatment was applied to increase the hydrophilicity of the membranes as confirmed by contact angle mea-
surements. The rifampicin release from untreated and air-plasma treated membranes, evaluated by UV spec-
trophotometry, displayed a similar and constant over-time release profile, demonstrating that the air-plasma
treatment does not degrade the rifampicin, loaded in the core region of the nanofibers. The presence and the
distribution of silver nanoparticles on the nanofiber surface were investigated by SEM and Energy Dispersive
Spectroscopy. Moreover, SEM imaging demonstrated that the produced membranes possess a good stability over
time, in terms of structure maintenance. The developed membranes showed a good biocompatibility towards
murine fibroblasts, human osteosarcoma cells and urotheliocytes, reveling the absence of cytotoxic effects.
Moreover, doble-functionalized membranes inhibit the growth of E. coli and S. aureus. Thanks to the possibilities
offered by the coaxial electrospinning, the membranes here proposed are promising for several tissue engineering
applications.

1. Introduction promoting tissue regeneration. In this scenario, the electrospinning

technique stands as an advantageous and useful approach since it allows

The aim of tissue engineering and regenerative medicine is to pre-
serve, recover and improve the lost functions and structures of native
tissues and organs caused by pathological conditions, injuries, or iat-
rogenic damages. This goal can be reached thanks to the use of scaffolds,
which are able to mimic the morphology and the macromolecular
environment of the native extracellular matrix and can sustain cell
adhesion, proliferation, migration and differentiation, therefore

to develop nanostructured nanofiber-based matrices, which can mimic
the extracellular matrix architecture and structure, possess a large sur-
face area, a highly interconnected porous structure and favors gaseous
exchanges [1-3].

The electrospun membranes can be easily functionalized with
bioactive molecules and antibacterial compounds whose release can be
modulated thanks to the specific porosity, fiber diameter and surface
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area, which can be tailored controlling the electrospinning process
[4-7]. The ease of preparation and tailoring of nanofibers allow to
develop materials for several applications in tissue engineering fields
such as bone regeneration [8,9], vascular grafts [10,11], and wound
dressings [12,13], but also to develop materials for the controlled and
sustained drug release [14], and for cancer treatment [15]. It is possible
to produce electrospun nanofibers and membranes with a wide variety
of geometries depending on the specific final applications; moreover it is
possible to integrate the electrospinning process with other techniques
such as electrospraying and solvent casting to properly tailor the me-
chanical and chemical properties of the nanofibers as well as their sol-
ubility [16,17]; and also to apply treatments for the modulation of the
membrane stability, such as thermal treatments and cross-linking stra-
tegies [18,19].

Exploiting specific needles and combining different strategies it is
possible to obtain a huge variety of nanofibers, such as Janus nanofibers,
core-shell nanofibers, multilayer membranes, and particles-loaded
nanofibers, which can be further modified and tailored to obtain a
controlled drug delivery in terms of release kinetics and release stimuli
[20]. In particular, core-shell and core-sheath nanofibers (prepared with
coaxial needles) can be used for the encapsulation of bioactive mole-
cules, antibiotics or nanostructured systems and water-soluble com-
pound, allowing a sustained and/or prolonged release, reducing the
burst release, or enabling the two-stage release of bioactive compounds.
Indeed, during the preparation or the modification of the core-shell
nanofibers, it is possible to include drugs and bioactive compounds
into the core or shell layer, or on the surface of the shell layer, depending
on the required release profiles and on the stability of molecules used
[7,21-24]. Moreover, modifying the coaxial electrospinning process it is
possible to work with complex and unspinnable solvents and molecules
to prepare multifunctional nanofibers [25].

The electrospinning process can be further improved combining it
with other methods to obtain more complex nanofibers. Edmans et al.
included drug-loaded, sub-micrometric polymer spheres in polymer
nanofibers to tailor the release of drugs to mucosal epithelia [26];
conversely, Chen et al. explored different strategies based on electro-
spinning and electrospraying to prepare a material for the modulation of
the release of a drug with low water solubility [27]. Moving to more
complex architectures and strategies, Zhou et al. exploited the Janus
nanofibers structure to load an anticancer drug and a chemical com-
pound to achieve both drug delivery and photothermal therapy [28];
Wang et al. developed trilayer co-axial nanofibers for the fine control of
an anticancer drug release and Zhao et al. implemented the trilayer
architecture in Janus nanofibers to obtain a three-functionalized mate-
rial in which two drugs and nano-hydroxyapatite are present and can be
delivered to the host tissue in different ways [29]. Other than the ar-
chitecture and the geometry of the nanofibers, their functionalization is
an important aspect to achieve the desired function in particular in
terms of controlled and stimulated drug delivery [30,31]; in this context,
the possibility to exploit three different regions in a core-shell, Janus or
combined core-shell/Janus nanofiber, can give many advantages in
terms of drug loading, drug release and tailoring of chemical properties.
For example, Janus nanofibers can be chemically modified to be
responsive to thermal treatment to enhance the drainage of wound
exudate in diabetic wounds [32]; or can be included in a core-shell
structure for the controlled delivery of drugs with lower water solubil-
ity for application in blood brain barrier [33], or for pH-sensitive drug
delivery [34]. In a similar way, Xu et al. designed Janus nanofibers with
three different sections, which were loaded with two different drugs in
the innermost and middle layer, and with beeswax in the outermost
layer in order to achieve an anti-adherent membrane for tendon repair
[351.

To produce electrospun membranes, synthetic polymers such as
polyvinyl-chloride, polyglycolic acid, polylactic acid, polyethylene-
terephthalate, polycaprolactone, polyhydroxyalkanoates, and co-
polymers are commonly employed with the aim to develop
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biocompatible medical device with suitable features, such as controlled
biodegradability, mechanical properties, and shape memory character-
istics to enable tissue regeneration. However, these polymers are
generally hydrophobic and do not possess any bioactive features, thus
requiring surface treatments and/or the addition of bioactive molecules
[5,36,37]. Among synthetic polymers used to produce electrospun
nanofibers in the biomedical field, polycaprolactone (PCL) is one of the
most noteworthy thanks to its biocompatibility, slow biodegradability
(2-4 years), mechanical strength, distinct rheological and viscoelastic
properties, and cost-effectiveness, which make it suitable and appealing
for long-term implantation. PCL is an aliphatic semicrystalline linear
polymer approved by Food and Drug Administration for biomedical uses
and already employed for the development of scaffolds for several
biomedical purposes such as ureteral regeneration, guided bone regen-
eration, cardiac tissue regeneration, neuronal regeneration, tendon
repair, anticancer treatment, and diabetic wounds healing [3,9,38-40];
and in particular to prepare electrospun core-shell meshes, both in as-
sociation with natural and synthetic polymers or other nanostructured
systems [41-43].

When developing a biomaterial for tissue engineering applications, is
important take into consideration the risk of infections that could in-
terest the implant site and might lead to several complications on the
structural and functional recovery of the damaged tissue. Therefore, to
discourage bacterial infections it is necessary to confer antibacterial
properties to the electrospun products by functionalizing the biomate-
rial with antibacterial agents, such as antibiotics, chemical molecules,
metallic nanoparticles or antimicrobial peptides [44-46].

Among the antibiotics, rifampicin (Rif) is widely used because it has
a broad-spectrum activity, it is effective against Gram-negative bacteria
and Gram-positive, and it is particularly effective against staphylococci,
encompassing also the common surgical pathogen Staphylococcus aureus.
The rifampicin acts on the g-subunit of bacterial RNA polymerase,
involving the suppression of the transcription and, as a consequence,
also of the bacterial protein synthesis [47-49].

Among metallic nanoparticles, silver nanoparticles have gained
remarkable interest for a broad of biomedical applications and there are
several research groups that are investigating their applications in
different fields such as bone grafts, wound dressings, and vascular grafts
[50-54], because of silver nanoparticles wide-spectrum antibacterial
efficacy against Gram positive, Gram negative and antibiotic-resistant
strains [55]. The silver ions released by the nanoparticles lead to the
degradation of the peptidoglycan component of the bacteria cell walls;
they inhibit the bacterial protein synthesis binding RNA and interact
with DNA blocking cell replication; moreover, silver ions cause oxida-
tive stress, leading to cytoplasmic damage and to the killing of bacterial
cells [56].

An interesting aspect of the antibacterial compounds is that they can
be used in various combinations in order to exploit their activities in a
synergistic way, as demonstrated by Deng and colleagues [57] and
Vazquez-Munoz and colleagues [58], whose work demonstrated that
silver nanoparticle and antibiotics can enhance each other effects by
interacting with bacterial cells.

Inspired by the opportunities offered by coaxial electrospinning and
by the recent findings on the synergistic use of antibacterial compounds,
the work here reported describes the development of coaxial electrospun
membranes based on core-shell polycaprolactone nanofibers. The
nanofibers are constituted by a core loaded with rifampicin and a shell
functionalized with polydopamine and coated with silver nanoparticles.
The obtained material was characterized in order to analyze its
morphology, test its stability and evaluate the release of the antibacte-
rial compounds. The material was also tested on fibroblasts, osteoblasts
and urotheliocytes in order to assess its biocompatibility and suitability
for different tissue engineering applications, and the antibacterial
properties were verified towards Staphylococcus aureus and Escherichia
coli.
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2. Materials and methods
2.1. Materials

Polycaprolactone (PCL, Mw = 80,000), dichloromethane (DCM), N,
N-dimethylformamide (DMF), methanol, chloroform, silver nitrate,
dopamine hydrochloride powder, Tris-base and phosphate buffered sa-
line (PBS) were purchased from Merck (St. Louis, MO, USA). Glass sy-
ringes (with an inner diameter of 14.6 mm), three-layers coaxial needle,
and coaxial kit were acquired from Linari NanoTech (Pisa, Italy). The
KDS-100-CE syringe pump was purchased from KD Scientific (Holliston,
MA, USA). Rifampicin (Rif) was purchased from EMD Millipore Corp
(Burlington, MA, USA). The D-ES30PN-20 W potential generator was
purchased from Gamma High Voltage Research Inc. (Ormond Beach, FL,
USA). Recombinant Trypsin—EDTA 1 x, penicillin/streptomycin 100x,
L-glutamine 100x, fetal bovine serum (FBS), and and Dulbecco’s
modified Eagle’s medium, Low and High Glucose (DMEM-LG, DMEM-
HG) were purchased from Euroclone (Milan, Italy). All other chem-
icals were of analytical grade and were purchase from Merck (St. Louis,
MO, USA).

2.2. Preparation of core-shell membranes

Core-shell membranes (PCL) were obtained modifying protocols
previously published by Gruppuso et al [2]. To produce the core of the
PCL core-shell membranes, PCL 12 % w/v was dissolved in a DCM/DMF
mixture (volume ratio 7:3), first preparing the solution of PCL in DCM
and, subsequently, adding DMF to the solution. In the case of Rif-loaded
membranes (PCL/Rif), the rifampicin 0.1 % w/v was solubilized in DMF
and, afterwards, added to PCL solution in DCM. For the preparation of
the shell solution, PCL 15 % w/v was dissolved in a chloroform/meth-
anol mixture (volume ratio 5:1), first making the solution of PCL in
chloroform and, following, adding methanol to the solution. Electrospun
core-shell membranes were obtained through the following experi-
mental set-up: time of the process, 30 min; voltages, 30 kV; core solution
flow rate, 1 mL/h; shell solution flow rate, 3 mL/h; needle-to-collector
distance, 30 cm; inner spinneret diameter, 21G; outer spinneret diam-
eter, 15 G; negative pole to the target.

2.3. In situ synthesis of silver nanoparticles

The coating of silver nanoparticles (nAg) was prepared by an in-situ
reduction of silver ions. Two solutions, of dopamine hydrochloride and
silver nitrate (AgNOs3), were separately prepared, adapting a protocols
published by Son et al. [59]. Dopamine hydrochloride 0.2 % w/v was
solubilized in deionized water with Tris-base 10 mM and stirred over-
night to reduce amount of aggregation of polydopamine. The solution
pH was adjusted to 8.5 with the aim to allow the self-polymerization of
dopamine [60]. Simultaneously, AgNO3 2 mM was dissolved in deion-
ized water. Once obtained both solutions, they were mixed (volume
ratio 1:1), in order to obtain a final concentration of dopamine hydro-
chloride of 0.1 % w/v and silver nitrate of 1 mM. In the next step, the
core-shell matrices were immersed into coating solution at room tem-
perature for 6 h. Lastly, to remove the excess amount of coating solution,
the core-shell membranes were rinsed with deionized water 5 times and
subsequently air dried. Silver nanoparticles coated membranes without
or with rifampicin are indicated as PCL/nAg and PCL/Rif/nAg
respectively.

2.4. Air-plasma treatment

An air-plasma cleaning process was used to increase the hydrophi-
licity of the membranes. The air-plasma treatment was performed using
a PDC-32G plasma cleaner (Harrick Plasma, Ithaca, NY, USA) set at low
power (6.8 W), at a pressure of 0.1 mTorr for 30 s. Membranes treated
with the air-plasma cleaning process were here named as PCL/plasma,
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PCL/Rif/plasma, PCL/plasma/nAg and PCL/Rif/plasma/nAg.

2.5. Membrane morphological analysis by scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS)

To investigate the morphology and the structure of the nanofibers,
membranes samples were placed on aluminum stubs covered with car-
bon double-side adhesive tape and, subsequently, carbon coated using
pulsed carbon rod evaporation with a Quorum Q150T ES plus sputter
coater (Quorum Technologies Ltd., Lewes, UK). Samples were analyzed
with a Gemini300 Scanning Electron Microscope (Zeiss, Oberkochen,
Germany) working with the secondary electrons and backscattered
electrons, at 5 mm of working distance and using an acceleration voltage
of 5 kV. The images of nAg were obtained reversing the contrast of
images collected with backscattered electrons, thus obtaining a TEM
(Transmission Electron Microscopy)-like imaging. Microanalysis was
performed with an XFlash Detector 610 M EDS probe (Bruker, Billerica,
MA, USA), using a magnification of 500 x, a working distance of 8.5 mm,
an acceleration voltage of 10 kV and an acquisition time of 200 s; three
spectra were collected for each sample. Fibers diameters were obtained
using Fiji software, randomly choosing 50 fibers from each membrane.

2.6. Contact angle and surface energies analyses

The wettability of the membrane was evaluated thanks to measure-
ment of the contact angle, through the sessile drop method. For each
condition, 6 samples of membranes were analyzed. Contact angle was
measured on images acquired with an optical microscope Leica MZ16
(Leica, Wetzlar, Germany) equipped with a 45° titled mirror and a
digital camera Leica DFC 320, through which was possible to display the
profile of the liquid drop on the membrane sample. The membranes
behavior was evaluated in the presence of 4 pL of liquid deionized water
(DW) and DMEM and the images were acquired after 30 s to allow drop
stabilization. Image Pro-Plus Suite software (Meyer Instruments Inc.,
Houston, TX, USA) was used to process the images and to measure the
contact angle. Surface energies were assessed using the Owes-Wendt
method [61] adjusted by Ren et al. [62] and Can-Herrera et al. [63].
In addition to the water contact angle, ethylene glycol (EG) contact
angle (measure placing 4 pL of liquid on the samples) was used to
calculate both the surface energy (ys) polar/hydrophilic (y?) and
dispersive/hydrophobic (v9) components.

2.7. Simulated body fluid preparation and evaluation of membranes aging

Membranes aging was carried out by samples immersion in Simu-
lated Body Fluid (SBF) at 37 °C. The SBF was prepared by solubilizing
NaCl, NaHCOs, KCl, K,HPO,, MgCly-6H,0, CaCly, and NaySO,4 in
deionized water and buffering the solution at pH 7.4 with tris(hydrox-
ymethyl)aminomethane (CH,OH)3CNH; and 1 M HCI at 36.5 °C [64].
The effects of the SBF aging on the membranes structural stability were
evaluated after 8 weeks. Samples were soaked in 500 pL of SBF, which
was changed every week.

2.8. Rifampicin release

The release of rifampicin from treated and untreated PCL/Rif
membranes was assessed by means of UV spectrophotometry at wave-
length of 237 nm (Ultraspec 2100 pro, Amersham Biosciences, Amer-
sham, UK). To estimate the release of rifampicin, membranes samples
(disks of 12.7 mm diameter) were soaked in 1 mL of saline phosphate
buffer (PBS) in 24-well plates. After 1,4, 24, 48, 72 h, and 1 week. 800 pL
of solution was taken from each well for absorbance evaluation. The
release solution was substituted with fresh PBS at each time point. Be-
tween measurements, the plate was incubated at 37 °C in the dark.
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2.9. Silver adsorption and release evaluation with inductively coupled
plasma—mass spectrometry

To assess the adsorption and the release of silver from core-shell
matrices, ten PCL not treated and PCL air-plasma membrane samples
(diameter, 6 mm) were coated with 200 pL of the solution containing
silver nitrate and polydopamine hydrochloride, for 6 h at room tem-
perature in dark conditions. The release of the silver from core-shell
matrices was performed by immersion of the membrane samples in
500 pL of PBS at 37 °C in 48-well plate, and evaluated at 1, 4, 24, 48 h
and 1 week in dark condition. At each time point, the supernatant was
collected from each well and stored for the release evaluation. Mem-
brane samples were dissolved in 500 pL of concentrated nitric acid
(67-69 % v/v, Normatom, VWR, Milan, Italy) and sonicated 15 min at
50 °C to promote complete dissolution. The Ag concentration was
determined by Inductively Coupled Plasma — Mass Spectrometry (ICP —
MS) using a NexION 350x Spectrometer (PerkinElmer, Waltham, MA,
USA) equipped with an ESI SC Autosampler. To minimise cell-formed
polyatomic ion interferences, the analysis was carried out in KED
mode (Kinetic Energy Discrimination) with a very high purity helium
flow of 4.8 mL/min. The instrument was calibrated by analysing stan-
dard solutions ranging between 0.5 and 100 pg/L prepared by dilution of
a multistandard solution of 10 mg/L for ICP analysis (Periodic Table MIX
1, TraceCERT Merck, St. Louis, MO, USA). The ICP-MS calibration curve
was linear (R? = 0.999; selected ion mass: 107 in the concentration
range. To minimise potential matrix effects, the internal standard
method was used. For this purpose, a solution of Y (89 spike of 50 pg/L)
was prepared from a standard solution at 1000 mg/L (Yttrium Standard
for ICP, TraceCERT Merck, St. Louis, MO, USA). For the ICP analysis, 1
mL of internal standard solution (Y at 500 pg/L) was added to the
membrane samples, and the final volume was set to 10 mL. Whereas, for
the quantification of silver released from membranes, the obtained
samples (500 pL) were diluted to a final volume of 5 mL, after adding
100 pL of HNO3 and 500 pL of internal standard. Accuracy was assessed
by analysing two quality control solutions at 1 pg/L and 10 pg/L, pre-
pared from a multistandard solution different from the one used for
instrument calibration (Multielement quality control standard for ICP,
VWR Chemicals, Milan, Italy). The limit of detection (LOD) was 0.05 pg/
L, and the measurement precision as repeatability (RSD%) for the
analysis was <3 %.

2.10. Cell culture

Murine fibroblasts (NIH/3 T3, ATCC CRL-1658, ATCC, Manassas,
VA, USA) and osteosarcoma-derived human osteoblasts (MG-63, ATCC
code: CRL-1427) were cultured in DMEM-HG supplemented with FBS
10 %, r-glutamine 2 mM, penicillin 100 U/mL and streptomycin 0.1 mg/
mL at 5 % pCO3 and at 37 °C. Human urothelial bladder carcinoma cells
(UCs - line 647-V, DSMZ, Braunschweig, Germany) were cultured in
DMEM-LG supplemented as the DMEM-HG. Cell lines were passed three
times a week or when the confluence level was estimated at about
70-80 % of the available culture space.

2.11. Proliferation assay

Membranes were cut in disc samples (6 mm in diameters) and were
sterilized with UV irradiation using a G30T8 UV-C germicidal lamp
(wavelength: 253.7 nm; power: 13.4 W, Sankyo Denki, Hiratsuka,
Japan) for 15 min per side. NIH-3 T3, MG-63 and UCs cells were sus-
pended in complete medium at a concentration of 5 x 10> cells/well,
seeded in 24-well cell culture plates (1 mL for each well) and then
incubated at 37 °C with 5 % pCO,. After 4 h of incubation, disc samples
were added to the cells. Cells grown in the absence of samples were used
as proliferation control, while empty wells with the culture medium only
were used as blanks. Cell proliferation was evaluated after 1, 3, 6 and 8
days using the Resazurin Cell Viability Assay Kit (Sigma-Aldrich, St.
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Louis, MO, USA), by testing five samples for each type of membrane. At
each time point, the medium was removed from the culture wells and
500 pL of Resazurin (diluted 1/30 in culture medium) were added to
each well. After 4 h of incubation, 200 L of the reacted medium were
collected from each well and placed in a 96 well black plate for the
fluorescence analysis. After the removal of reacted medium, cell culture
wells were washed twice with 1 mL of PBS and then 1 mL of fresh culture
medium was added to each well. The fluorescence was evaluated using
the GloMax Multi+ Detection System spectrofluorometer (Promega,
Madison, WI, USA) with an excitation wavelength of 525 nm and an
emission wavelength in the range 580-640 nm. Cell proliferation rate
was calculated as the ration between the fluorescence reads at the
different time points to the fluorescence reads of day 1, after the sub-
traction of the blank.

2.12. Bacterial strains culture

Escherichia coli (E. coli — ATCC 25923) and Staphylococcus aureus
(S. aureus — ATCC 25922) were plated on agarized Mueller-Hinton
(MHA; Oxoid S.p.A., Milan, Italy) from a glycerol stored at —80 °C
and subsequently bacteria were grown overnight at 37 °C. To grow
liquid culture, some bacterial colonies were taken and dispersed in 4 mL
of MH medium. Bacterial inoculum was incubated over-night at 37 °C
with shacking (120 rpm). The day after, 300 pL of each bacterial culture
were added to 10 mL of fresh MH medium and then incubated at 37 °C
and 120 rpm for about 90 min until bacterial culture reached an optical
density measured at wavelength of 600 nm (ODggo) of 0.3 measured by
spectrophotometry (Ultraspec 2100 pro, Amersham Bioscience). The
reference values, empirically calculated, used to calculate the bacterial
concentration (CFU/mL) starting from the ODggo were ODggp 0.31: 4.6
x 107 CFU/mL for E. coli and ODggg 0.1: 5 x 10® CFU/mL for S. aureus,
respectively.

2.13. Assessment of antibacterial properties of the membranes

Membranes samples (disks of 6 mm diameter) were sterilized under
UV rays for 30 min, then placed on a 24-well plate. Bacteria from a mid-
log phase culture were diluted in MH medium to achieve a final con-
centration of 2.5 x 10° CFU/mL and used to evaluate the capability of
materials to inhibit bacterial proliferation. 4 samples for each type of
membranes (PCL, PCL/nAg, PCL/Rif, and PCL/Rif/nAg) were put in the
wells of a 24-wells plate, then 380 pL of bacterial suspension were added
to the wells to cover the membrane disks. Meanwhile, 380 pL of MH
medium only were used as a negative growth control and 380 pL of
bacterial culture without membranes were used as a positive growth
control. The samples were incubated at 37 °C over-night and after 18 h
from the plate was firstly checked by naked eye for medium turbidity.
After that, to better evaluate the bacterial growth in the presence of the
material, 200 pL of bacterial suspension were collected from each well,
added to 800 pL of MH medium and subsequently used for absorbance
measurements at 600 nm. The inhibition of bacterial growth was eval-
uated comparing the absorbance of the bacterial suspensions growing in
the presence or in the absence of the membranes. The OD measures were
used also to calculate the concentration of the bacterial cells, as CFU/
mL, using predictive models as reported by Guagnini et al. [65].

3. Results
3.1. Electrospun core-shell fibers morphology

Electrospun core-shell PCL (PCL, Fig. 1A) and Rif-loaded fibers (PCL/
Rif, Fig. 1B) were developed by adapting the protocols previously pub-
lished by Gruppuso et al [2]. Both types of core-shell fiber were char-
acterized by randomly oriented and packed fibers and a homogeneous
and dense fibrous matrix. Moreover, the fibers did not show any su-
perficial defects, such as beads. In addition, the introduction of the
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Fig. 1. SEM micrographs of PCL membranes. PCL (A), PCL/Rif (B) membranes. Scale bar (white) is 10 pm.

rifampicin in the core did not affect the fibers diameter and their
morphology. In details, the average diameter of the PCL core-shell
nanofibers was 2.14 + 0.64 pm, while that of the Rif-loaded core-shell
nanofibers was 1.94 + 0.82 pm.

3.2. In situ synthesis of silver nanoparticles on Core-Shell membranes

In order to functionalize the shell layer of the core-shell nanofibers,
the membranes were immersed in a solution of dopamine hydrochloride
and silver nitrate with the aim to allow the in-situ synthesis of silver
nanoparticles on the surface of the fibers. The protocol of the in-situ
reduction of silver nanoparticles on electrospun matrices was adapted
from Son et al [59]. When the membranes were immersed in the coating
solution, dopamine self-polymerized forming polydopamine (PDA). The
oxidation reaction caused the reduction of the silver (Ag“) into metallic
silver (Ag®) allowing the synthesis of the silver nanoparticles (nAg) on
the core-shell fibers. The presence and the distribution of nAg were
analyzed by SEM and EDS analyses (Fig. 2). In detail, the deposition of
silver nanoparticles was homogeneous in both PCL/Rif and PCL/Rif/
plasma membranes as can be appreciated in Fig. 2A-B and 2D-E, where

the nAg are shown as black dots, since the images were collected using
the backscattered electrons obtaining a TEM-like image. In the Supple-
mentary Material, Fig. S1 and S2 report further images of PCL/Rif/nAg
and PCL/Rif/plasma/nAg respectively. The EDS spectra of PCL/Rif/nAg
and PCL/Rif/plasma/nAg membranes are reported in Fig. 2C and F and
confirmed the presence of silver on the membranes.

To test if the PDA was necessary for the in situ synthesis of nAg, PCL/
Rif and PCL/Rif/plasma membranes were placed in the solution of
AgNO3 without PDA. The EDS spectra reported in Fig. S3 show that in
case of PCL/Rif membranes silver was not detectable, while for PCL/Rif/
plasma membranes a weak signal of silver was detected although the
presence of nAg was not detectable in SEM imaging (data not shown).

3.3. Evaluation of wettability, contact angle, and surface energy of
electrospun membranes

The wettability of PCL and Rif-loaded membranes (Fig. 3) was
analyzed through contact angle measurements using deionized water
(DW). Both plasma-treated and not-treated membranes were tested with
the aim to evaluate the effectiveness of the air-plasma treatment in
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Fig. 2. Evaluation of the presence of the silver nanoparticles. SEM and TEM-like images of the deposition of silver nanoparticles on PCL/Rif membrane (A, B) and
PCL/Rif/plasma membrane (D, E). Scale bar is 400 nm. EDS spectra of PCL/Rif/nAg membrane (C) and PCL/Rif/plasma/nAg membrane (F).
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Fig. 3. Membranes wettability. Contact angle analysis of PCL and PCL/plasma membranes (A, E), PCL/Rif and PCL/Rif/plasma membranes (B, F), PCL/nAg and PCL/
plasma/nAg membranes (C, G), and PCL/Rif/nAg and PCL/Rif/plasma/nAg (D, H). Scale bar is 1 mm.

increasing the membranes hydrophilicity. Both in the case of not treated
PCL and PCL/Rif electrospun membranes (Fig. 3A, C), contact angle
measurements confirmed the hydrophobicity of the polymer. On the
other hand, the membranes that were subjected to the air-plasma
treatment, showed a total wettability indicating the effectiveness of
this type of treatment in modifying the surface properties of PCL-based
membranes (Fig. 3E-H). Thereafter, the surface free energy of treated
and not-treated membranes was calculated according to the Owens-
Wendt method. Contact angle values and surface energy values are re-
ported in Table 1. The hydrophobicity of not-treated PCL-based mem-
branes was confirmed by observing the high contact angle values (>90°)
and the low values of polar component of the surface energy. Mean-
while, the treated membranes showed an increment of surface energy
polar component values confirming the effectiveness of the air-plasma
treatment towards the membranes.

3.4. Rifampicin cumulative release kinetics

With the aim to estimate the release of rifampicin from the core of
the core-shell fibers, untreated and treated Rif-loaded membranes were
incubated at 37 °C in PBS, at 1, 4, 24, 48 h and 1 week. The absorbance
of released rifampicin was measured by UV-visible spectrophotometry
and its amount subsequently was quantified using the Lambert—Beer

Table 1
Contact angle values and surface energy values of core-shell PCL-based
membranes.

Membranes DW EG Yas [mJ/ Yps [mJ/ ¥s (tot)
contact contact mz] mz] [mJ/mz]
angle (°) angle (°)

PCL 123 +£3 0 79.5 £ 0.1 123+ 15 91.8+0.1

PCL/Plasma 0 0 79.5+0.1 19.0 £ 0.1 98.5+ 0.1

PCL/Rif 125+ 6 0 79.5 £ 0.1 13.34+33 928+0.1

PCL/Ril/ 0 0 79.5+0.1 19.0£0.1 985+0.1

plasma

PCL/nAg 115+9 0 79.5+0.1 8.8 +3.8 88.3+0.1

PCL/

plasma/ 0 0 79.5+0.1 19.0+£0.1 985+0.1
nAg

PCI{;(:#/ 121 +9 0 79.5 £ 0.1 11.6 £ 46 91.1 £0.1

PCL/Rif/

plasma/ 0 0 79.5 + 0.1 19.0+ 0.1 985+ 0.1
nAg

DW: deionized water; EG: ethylene glycol; nAg: silver nanoparticles; PCL: pol-
ycaprolactone; Rif: rifampicin; y4s: dispersive component of surface energy; yps:
polar component of surface energy; ys: surface energy.

equation, knowing that its €37 nm is equal to 33,200 (as calculated from
a calibration curve), and normalized on 1 mg of membrane. The Fig. 4
display the rifampicin release profiles from core-shell matrices. In the
first 4 h, untreated Rif-loaded and treated Rif-loaded membranes
showed a very comparable release profile. In detail, after 4 h of incu-
bation in PBS, both type of membranes released about 30 % of the Rif.
After 24 h of incubation in PBS, the amount of rifampicin released was
slightly higher than the amount noted for both types of membranes at 4
h. In detail, at 24 h of incubation, the untreated Rif-loaded membranes
allowed a release up to 37.2 % of rifampicin included within the core,
meanwhile the Rif-loaded air-plasma treated membranes enabled a
release of 35.7 % and, therefore, slightly less than untreated membranes.
Lastly, from 24 h up to 1 week, both treated and not-treated PCL/Rif
membranes slightly increased the release of rifampicin from the fibers as
well as constant release over time. Specifically, at 1 week of incubation
in PBS, the untreated PCL/Rif fibers released about 41.8 % of the total
rifampicin while the air-plasma treated PCL/Rif fibers released the 39 %
of the total rifampicin, without any statistically significant differences
for both membranes. The almost identical rifampicin release profiles and
kinetics between untreated and air-plasma treated membranes
confirmed that loading the rifampicin in the core region of the fibers
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Fig. 4. Release kinetics of rifampicin from membranes. Rifampicin release,
reported as the percentage of cumulative release over the total rifampicin
contained within the membranes, from PCL/Rif membranes (red circle) and
PCL/Rif/plasma membranes (yellow square). No statistically significant dif-
ference was observed between the two groups. Error bars represent the stan-
dard deviation calculated on the mean on 10 samples.
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shielded the antibiotic from the degrading effects of the air-plasma
treatment.

3.5. Silver cumulative release kinetics

With the objective to assess the silver release from the shell layer of
the core-shell fiber, PCL/Rif/plasma/nAg samples were incubated at
37 °C in PBS, at 1, 4, 24, 48 h and 1 week. The amount of the silver
release was evaluated by means of Inductively Coupled Plasma - Mass
Spectrometry (ICP-MS). The Fig. 5 show the silver release profiles from
core-shell matrices. In the first 4 h, PCL/Rif/plasma/nAg showed a silver
burst release. In detail, after 4 h of incubation in PBS, the amount of
released silver was about 32 %, indicating an immediate availability of
the silver to be potentially addressed towards bacteria pathogens. After
24 h of incubation in PBS the release slowed down, since PCL/Rif/
plasma/nAg released the 47 % of the total silver content. Then, after 1
week of similar incubation, the release was 57 %. This guaranteed the
remaining of an amount equal to 43 % of residual silver on the
membranes.

3.6. Stability characterization of electrospun PCL-based membranes

To evaluate the effects of the aging of membranes under
physiological-like conditions, the membranes were immersed in SBF for
8 weeks at 37 °C. The effects of the membranes aging on the fiber
morphology and structure are appreciable in Fig. 6 (PCL/Rif/plasma, A;
PCL/plasma/nAg, B; PCL/Rif/plasma/nAg, C). In all cases, the mem-
branes did not display any morphological alteration affecting the
nanofibers after the incubation, with the exception of a slight increase in
the diameter of the nanofibers coated with nAg, which could be due to
the swelling of the nanofibers during the procedures of nAg synthesis.

The Fig. 7 reports the SEM images and TEM-like images collected
with backscattered electrons for PCL/plasma/nAg (A and B respectively)
and PCL/Rif/plasma/nAg (C and D respectively). The images showed
that in both cases, the silver nanoparticles are homogeneously distrib-
uted on the fiber surface also after 8 weeks of immersion in SBF.

In the Supplementary Material, Fig. S4 and S5 report further images
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Fig. 5. Silver release kinetics. Silver release kinetic of the PCL/Rif/plasma/nAg
membranes, reported as the percentage of cumulative release over the total
silver deposited on the membranes. Error bars represent the standard deviation
calculated on the mean on 10 samples.
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of PCL/Rif/nAg and PCL/Rif/plasma/nAg respectively.

The analysis of the nAg average dimension and distribution is re-
ported in Fig. 8. A different behavior can be appreciated between the
two types of membranes: nAg on non-treated membranes are smaller
with respect to the treated ones and after the membrane aging the
average diameter slightly increase; while for plasma treated membranes
the initial average diameter is slightly higher and varies less after the
membrane aging.

3.7. Biocompatibility of electrospun membranes

To examine the possible cytotoxic effects of the rifampicin released
and of the silver nanoparticles or their synergic effect, the biocompati-
bility of the membranes was tested towards murine fibroblasts NIH/3
T3, human osteoblasts MG-63 and human urotheliocytes UCs, which
were cultured in the presence of the biomaterial up to 8 days. As growth
control for all types of membranes, untreated cells were used and the
proliferation was normalized on day 1 with the aim to calculate the
proliferation rate. For the sake of clarity, Fig. 9 shows the proliferation
rate of the three types of cells in the presence of PCL/Rif/plasma/nAg,
compared with the control of cell proliferation. In the case of NIH/3 T3,
PCL membranes allowed a remarkable increase of cell proliferation rate
between the first day and sixth day. However, starting from sixth up to
eighth day it is possible to observe a slowdown in growth for all type of
membranes. This was most probably not due to a potential cytotoxic
effect of the rifampicin or silver nanoparticles but rather to the cell
confluence which slowed cell metabolism altering the resazurin fluo-
rescence signal. Regarding MG-63 cells the proliferation rate was similar
than that observed by NIH/3 T3. Moreover, the proliferation rate was
constant until up eighth day of culture, further confirming the absence of
any cytotoxic effects.

UCs showed a considerable proliferation rate indicating that the
rifampicin contained in the inner moiety of the fibers, together with the
silver nanoparticles on the shell, did not affect the cell viability. There
were no statistically significant differences among all tested cell lines.
Therefore, all the matrices tested displayed good biocompatibility, with
no toxic effects deriving from the released rifampicin and silver
nanoparticles.

In the Supplementary Materials, the proliferation rate of the three
tested cell types, in the presence of all the materials prepared, is re-
ported. The proliferation rate of cells grown in the presence of PCL/Rif/
plasma/nAg was compared with the membranes with Rif or nAg only,
and also with the membranes not treated with air-plasma treatment in
order to determine the potential toxicity of the single components or of
the possible presence of biproducts. Fibroblasts (Fig. S6) and osteoblast
(Fig. S7) displayed the same trend, reaching a plateau. Conversely, the
plateau was not reached in the case of urotheliocytes in the presence of
any of the tested materials (Fig. S8).

3.8. Antibacterial properties of PCL-based core-shell fibers

The potential of PCL-based membranes to prevent the occurrence of
bacterial growth was assessed using reference strains of clinically rele-
vant pathogens, namely, E. coli and S. aureus. The bacterial growth in the
presence of air-plasma treated membranes was assessed measuring the
turbidity of the bacterial culture at 600 nm and compared with that of a
control culture of bacteria growing in the absence of the biomaterial
(Fig. 10, the data are also reported as CFU/mL in Fig. S9). Fig. 10A
shows the inhibitory effect on the bacterial growth of the PCL-based
membranes that have not undergone any aging process in SBF. In
detail, the treated PCL/plasma/nAg showed a good antimicrobial
effectiveness against E. coli while towards S. aureus, the same mem-
branes did not show any inhibitory effect. On the other hands, the PCL/
Rif/plasma membranes discouraged the bacterial growth of S. aureus,
but did not exert any effect against E. coli. Therefore, PCL/Rif/plasma/
nAg membranes were examined, with the expectation to dissuade the
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Fig. 6. SEM imaging at different magnification of the morphology of the PCL/Rif/plasma (A), PCL/plasma/nAg (B) and PCL/Rif/plasma/nAg (C). The scale bar

(white, panel A) is 10 pm.

Fig. 7. SEM images and TEM-like images, obtained using the backscattered electrons in SEM analysis, of nAg on aged PCL/Rif/nAg (A, B) and PCL/Rif/plasma/nAg

(C, D). The scale bar is 100 nm.

proliferation of both the tested bacterial strain. As supposed, these of
membranes strongly inhibited S. aureus and E. coli growth. This is due by
the synergic effect of rifampicin released from the core and the silver
nanoparticles release from the shell. PCL/plasma membranes, used to
exclude any impairment of bacterial growth due to the PCL or to the
plasma treatment, did not display any antibacterial effect against tested
bacterial strains.

Then with the aim to verify the antibacterial efficacy over time, the
membranes were aged in SBF for 1 week. The Fig. 10B showed the po-
tential inhibitory effect of the PCL-based membranes aged in SBF. The 1-
week aging in SBF influenced the antibacterial efficacy of the func-
tionalized membranes, both in the case of E. coli and S. aureus. However,
a slight inhibitory activity was retained with respect to the control of
PCL solely. Indeed, E. coli growth was partially affected in the presence
of the PCL/plasma/nAg and PCL/Rif/plasma/nAg mats. On the other

hand, S. aureus was in part inhibited by all the functionalized matrices,
namely PCL/plasma/nAg, PCL/Rif/plasma, and the combined PCL/Rif/
plasma/nAg membranes.

4. Discussion

This work describes the production and characterization of PCL
membranes based on core-shell fibers implemented with antibacterial
compounds for tissue engineering applications. PCL is in the spotlight
for different tissue engineering and regenerative medicine applications
(bone, skin, cardiac tissue, meniscus and retinal degeneration) [66-69].
The protocol here used for the preparation of reproducible and
handleable core-shell membranes was adapted from the study previous
published of Gruppuso et al [2]. The process parameters were tuned with
to obtain stable and easy to handle membranes characterized by a dense
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Fig. 9. Proliferation rate of NIH-3 T3 (squares), MG-63 (circles) and UCs (tri-
angles) grown in the absence (empty symbols) or in the presence of PCL/Rif/
plasma/nAg (full symbols) membranes.

nanofibrous matrix with homogeneous distribution of diameters, defect-
free and with a core-shell morphology. Moreover, the addition of the
rifampicin to the process, unlike the rifampicin loaded fibers without a
core-shell structure, previously developed [3], did not alter in any way
the morphology and the diameter of the nanofibers. It is possible that the
addition of the rifampicin to the core solution does not causes a change
of the viscosity and conductivity of the polymeric solution allowing the
production of core-shell fibers without macroscopic and microscopic
defects. The biological application of PCL-based membranes is limited
by the intrinsic hydrophobicity of PCL; therefore, PCL and PCL/Rif
matrices were subjected to the air-plasma treatment with the purpose to
increase their hydrophilicity [70]. This approach had been already
successfully applied on PCL and on polylactic acid electrospun mem-
branes and other substrates such as polylactic acid 3D scaffolds and

polyetheretherketone surfaces [71-73]. This surface treatment in-
troduces functional chemical groups containing oxygen on the mem-
brane surface, thus increasing its hydrophilicity [9,71,73]. The
wettability and surface free energy were examined in the presence of
deionized water (DW). Unlike other works where the membranes were
subjected to longer treatment [74], a total wettability was observed after
only 30 s of air-plasma treatment for both type of membranes. This effect
could be due by the strong oxidant activity of the air-plasma cleaning
process. Moreover, the increase of the wettability was confirmed by the
evaluation of the surface free energy. In detail, thanks to the Owens-
Wendt methods, correlating the surface free energy of the polar and
dispersive interaction between the surface and the tested fluid [2,61], it
was possible to calculate the surface energy and to confirm that the
increase of the wettability was due to the introduction of polar groups.
With the aim to provide antibacterial properties to the membranes,
rifampicin was added to the core solution [75-77]. The rifampicin
release from the core of the core-shell fibers was assessed incubating
PCL/Rif and PCL/Rif/plasma membranes in PBS. There was a rifampicin
burst release from both type of membranes tested in the first 24 h, while
at subsequent time points, there was a significant slowdown of the
rifampicin released from the membranes, as previously observed [3,13].
This burst release in the surrounding environment may be very helpful
in avoiding the bacterial colonization of the membrane surface during
its surgical handling and therefore in reducing the risk of the biofilm
formation [78,79]. The amount of rifampicin released from both type of
the membranes was very similar, proving that the confinement of
rifampicin in the fiber core, protected the molecules from the air-plasma
treatment, and also that the alteration of the PCL-shell chemistry after
the air-plasma treatment did not affect the release of the drug; indeed,
the release of rifampicin can be affected by the chemical nature of the
molecules that compose the material, as reported by Ashbaugh et al. for
rifampicin loaded in PLGA or PCL composites [80]. Moreover, the core-
shell morphology could control and slow-down the drug release from
nanofibers with respect to rifampicin-loaded nanofibers without a core-
shell structure, that on the contrary released relevant amount of the
antibiotic in a short time [3]. Beside the factors that affect the release of
a drug from nanofibers (concentration, nanofiber composition and
dimension, surface area, porosity) [2,81], the release of rifampicin is
further affected by the crystallinity of the molecule [82] and by the pH
of the medium, displaying a higher release in physiological like
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Fig. 10. Inhibition of bacterial growth. Proliferation of E. coli ATCC 25922 (blue) and S. aureus ATCC 25923-(green) in the presence of freshly prepared membranes
(A) and 1-week aged membranes (B). The Ctrl indicates bacterial growth without membranes. Statistically significant differences between the treatments and the Ctrl
group for each bacterial strain (Kruskal-Wallis and Mann-Whitney U) are marked with an asterisk (*), p < 0.05.

conditions with respect to acidic conditions [83]. We have already re-
ported that the rifampicin loaded in PCL nanofibers is in its amorphous
state, thus being more available with respect to the crystal structure
[13,82]; moreover, the concentration of the released rifampicin (few pg/
mlL, data not shown) is lower than the solubility of the rifampicin (few
mg/mL in physiological-like conditions [84]), thus indicating that the
release is not hampered by the reaching of a saturation condition.
Furthermore, comparing the release kinetics of the rifampicin from the
PCL nanofibers with the release profiles reported in literature, the same
initial burst release followed by a sustained release can be appreciated
[77,85,86]. To functionalize the shell of the core-shell fibers, the PCL-
based membranes were immersed in a solution of dopamine hydro-
chloride and silver nitrate to allow the in-situ production of silver
nanoparticles. This strategy is commonly used thanks to the ability of
the dopamine to convert silver ions into silver nanoparticles through the
oxidative self-polymerization of the dopamine [87]. SEM images
revealed the presence of numerous nano-size silver nanoparticles on the
PCL fibers, while the corresponding EDS spectra confirmed the presence
of the silver. The SEM analysis did not reveal any differences in the nAg
distribution on the surface of the nanofibers depending on the air-
plasma treatment, but the dimensional analysis showed that the nano-
particles of PCL/Rif/nAg membranes where slightly bigger than the nAg
of PCL/Rif/plasma membranes; this could depend on the different dis-
tribution of the polydopamine coating on the membranes, which surface
energy is different, and thus on the different synthesis of nAg. The slight
increase of nAg diameter observed on aged PCL/Rif/nAg membranes
could be due to the early dissolution of smaller nAg; indeed the release
of silver from nAg strongly depends on the nAg dimension [88,89]. The
release study showed that the membranes are able to release silver ions
which are responsible for the antibacterial activity. The release kinetic
varies over time and slows down after 24—-48 h; this mechanism needs to
be better investigated, considering also the high heterogeneity of nAg
dimension, but could depend on the passivation of the silver nano-
particles with silver chloride, which hamper the release of silver ions
[90]. A comparison of the release kinetics with the literature is not
straightforward as several factors vary between the study such as nAg
dimension and localization within the nanofibers [88,89]. The electro-
spun membranes stability after aging in SBF was evaluated up to 8 weeks
by SEM investigation revealing that the membranes do not present any
morphological defects [68].

In order to assess the antibacterial effectiveness of the developed
membranes, in terms of inhibition of the bacterial growth, E. coli and
S. aureus were tested in the presence of the membranes. These bacteria
strains represent the main cause of the orthopedic implant-associated

10

infections or infections associated with catheter in the upper urinary
tract, and in general of infection affecting soft and hard tissues [91-93].
PCL/plasma/nAg membranes inhibited efficiently the growth of E. coli,
but not of S. aureus. On the opposite, PCL/Rif/plasma strongly inhibited
only S. aureus, since the rifampicin is particularly effective against this
bacterial strain and in general against Gram-positive pathogens [94,95].
However, the rifampicin and the silver ions released by the PCL/Rif/
plasma/nAg synergically prevented the growth of both the pathogens
with great effectiveness [96]. In the case of E. coli, the presence of silver
nanoparticles on the shell of the fibers, through a release of silver ions
probably acts damages the bacterial envelope and interferes with other
essential bacterial processes [97]. Subsequently, the rifampicin released
from the core of the fibers could enter the prokaryotic cell.

The aging in SBF decreased the antibacterial activity of membranes
due to the reduced amounts of silver nanoparticles and rifampicin.
However, compared to the control represented by PCL membranes only,
PCL/plasma/nAg and PCL/Rif/plasma/nAg maintained mild inhibitory
activity was preserved by the membranes slowing down the growth of
E. coli and S. aureus. Further investigations are needed to optimize the
concentration and the release of rifampicin and silver ions in order to
reinforce the antibacterial activity overtime, while preserving mem-
branes biocompatibility.

The biocompatibility of all types of matrices was tested in order to
exclude the toxicity of rifampicin, silver nanoparticle and of the possible
biproducts derived by the air-plasma treatment. Murine fibroblasts
(NIH-3 T3), osteosarcoma-derived human osteoblasts (MG-63) and
human urothelial bladder carcinoma cells (UC) displayed a good pro-
liferation rate. The lower growth profile displayed by NIH-3 T3 with
respect to other cell lines in the presence of all types of membranes
between the sixth and the eighth day of culture may not be attributed to
membrane toxicity but to reached cell confluency. A similar phenome-
non was observed by MG-63 whose proliferation has a constant trend
over time until the sixth day, while between the sixth and the eighth day
a slowdown of the proliferation was observed. Lastly, unlike of NIH/3 T3
and MG-63, the urotheliocytes showed a constant growth in the presence
of all types of matrices until eighth day of culture demonstrating that the
solely rifampicin and silver nanoparticles released from the core-shell
fibers, as well as their combination, did not causes any cytotoxic ef-
fects. Electrospun core-shell membranes with antibacterial activity
therefore could represent an emerging and promising approach for tis-
sue engineering applications. In particular, given the versatility of the
material, this could be used for the preparation of membranes for guided
bone regeneration applications [9] and wound dressings [13], or used as
a starting material for the development of electrospun vessel structures
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[3]. Further experiments are needed, depending on the final application
of the material, to tailor the morphological and mechanical properties of
the membranes, to investigate the biological properties in terms of cell
differentiation and tissue functionality. Moreover, in vivo tests using
specific models are needed to investigate the in vivo efficacy of the
materials, in terms of tissue regeneration and antibacterial efficacy, and
the possibility of adverse reactions due to the presence of rifampicin and
silver nanoparticles.

5. Conclusions

Double functionalized electrospun core-shell polycaprolactone
membranes with antibacterial properties were developed by adding the
antibiotic rifampicin in the core region of the nanofibers and by func-
tionalizing with silver nanoparticles the nanofibers surface. The ob-
tained membranes possess a nanofibrous dense matrix without
superficial defects; the silver nanoparticle coating is homogeneous over
the membrane surface and the release of rifampicin demonstrates that
the loading of the rifampicin in the core region protects the molecule
from the air-plasma treatment, which increase the membranes hydro-
philicity. The membranes are stable over time in physiological-like
conditions and are able to release silver ions and rifampicin over time,
guaranteeing an antibacterial activity in a synergistic way, while being
biocompatible towards different cell lines. The structure of the mem-
branes, the easy functionalization with molecules and compounds of
different nature, their antibacterial properties and their biocompati-
bility, are therefore a starting point for the tuning of the functionality
and bioactivity of these membranes, for the development of biomaterials
employable in tissue engineering fields where membranes can be useful
to isolate an injury or wound site or to build more complex constructs
such as vascular structures.
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