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� Rifampicin loaded polycaprolactone
nanofiber membranes for ureteral
regeneration were developed using
electrospinning.

� The membranes are structurally and
mechanically stable and are suitable
for ureteral regeneration.

� The rifampicin released exerts an
antibacterial effect towards E. coli, S.
aureus and other urinary tract
pathogens.

� The membranes are biocompatible
and can sustain human
urotheliocytes adhesion, proliferation
an spreading on their surface.

� The material formulation used is
suitable for the development of a
tubular scaffold using electrospinning
technique.
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Pathological conditions such as infections, cancer, inflammation, or iatrogenic lesions, can hinder the cor-
rect functionality of the ureter and its structural integrity. Several strategies for the regeneration of the
ureter and the restoration of its functionality are available but the best strategy has not been reached yet.
Among the proposed strategies, a promising one is the development of tubular scaffolds, in particular
exploiting electrospinning technique. In this work, antibacterial electrospun polycaprolactone/rifampicin
(PCL/Rif) membranes were prepared and characterized. The membranes are characterized by randomly
oriented nanofibers with a homogeneous diameter, as determined by scanning electron microscopy.
The mechanical characterization, performed with uniaxial tensile tests, showed a suitable stability over
time and a proper deformability. The rifampicin release, investigated by UV spectrophotometry, showed a
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Polycaprolactone
Rifampicin
Ureteral regeneration
burst release in the first part of the experiment and a sustained release over time. The membranes are
biocompatible and able to support the adhesion and proliferation of urotheliocytes. Moreover, PCL/Rif
membranes showed an antibacterial activity against Escherichia coli and other bacterial strains belonging
to the ‘‘ESKAPE” group. Considering the possibility to use the electrospinning for the production of tubu-
lar scaffolds, the described membranes represent a promising starting point for the preparation of uret-
eral scaffolds with antibacterial properties.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Injuries and lesions to the ureter can derive from several condi-
tions, both pathological and iatrogenic; they can result in the loss,
partial or total, of the ureter structure and functionality, leading to
the loss of the kidney and causing harmful consequences to the life
of the patients. Therefore, to recover the lost structures and func-
tions, urological reconstructive surgery is necessary. Different
strategies for the ureter reconstruction are available, among them
end-to-end anastomosis, reconstruction with autologous tissues,
the application of non-native urological tissues and allotransplan-
tations, but the risk of failure cannot be excluded [1–4]. In detail,
traditional allotransplantation is limited by the scarcity of avail-
able tissues and could cause adverse reactions; moreover, the
bowel tracts used to restore the urine normal flow, retain their
secreting function causing metabolic acidosis, stenosis, and urinary
reflux, making them unsuitable to regenerate the ureter [5–7]. On
the other hand, the failure of the ureteral reconstruction by anas-
tomosis causes impaired renal function, ischemia, renal stone for-
mation, fistulas and necrosis [8]. Another drawback of these
strategies is their invasiveness, which limits their application in
the patients; thus, there is a clear need for alternative regeneration
approaches in urology [1,9]. In this context, ureteral tissue engi-
neering emerges as a valid alternative to the traditional therapeu-
tic approaches for the ureteral regeneration, through the use of
decellularized matrices and biomaterials [6,10–12]. These mem-
branes possess many advantages including low antigenicity, the
mimicking of ECM architecture, bioactive properties and the possi-
bility to incorporate tissue-specific growth factors. However, there
are many negative aspects such as a fast biodegradation, low
biomechanical consistency, and the possible trigger of inflamma-
tory reactions. Moreover, during their application, there might be
bacterial, viral, and fungal infections [13]. Two types of materials
can be used for the preparation of biomaterials for the ureteral
regeneration: natural and synthetic polymers. Among natural
polymers, polysaccharides are widely used, in particular hyaluro-
nic acid and chitosan; while synthetic polymer membranes are
developed mainly using polytetrafluoroethylene, poly(1,3-
trimethylene carbonate), polyurethane, poly(para-dioxanone),
polylactic acid, polycaprolactone (PCL) and its copolymers, using
several strategies including freeze-casting, 3D bioprinting and
electrospinning [1,7,11,14–20]. The electrospinning (ELS) process
is used for the preparation of nanofibrous structures, such as pla-
nar membranes and tubular scaffolds, whose mechanical, physical
and chemicals properties and degradation rate, can be finely mod-
ulated by tuning membrane thickness, fiber diameter and fiber
alignment. One of the greatest advantages of electrospun struc-
tures is the ability to mimic the native extracellular matrix due
to their nanofibrous architecture and morphology [21]. Electro-
spun nanofibers-based membranes can be used for the develop-
ment of medical devices for biomedical applications such as drug
delivery, 3D in vitro tumor models, wound healing, medical pros-
theses, and tissue regeneration of many types of organs and tissues
such as bone, skin, bowel, nerves, and cardiac [22–27]. An addi-
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tional advantage of nanofibers is represented by their high
surface-to-volume ratio together with the possibility to functional-
ize the membranes, through chemical and physical methods, to
confer additional properties; moreover, the fiber morphology plays
a central role in cell adhesion and proliferation [28,29]. Synthetic
polymers are the best choice for membrane production through
ELS, due to advantageous characteristics such as biocompatibility,
slow biodegradability and solubility in organic and volatile sol-
vents. Moreover, their structure and composition can be modu-
lated to finely tune mechanical properties, such as elongation at
break, Young’s modulus and tensile strength accordingly to the
final application [30,31]. Among synthetic polymers employed
for ELS in biomedicine, aliphatic polyesters and in particular
(PCL), are commonly used. PCL is a bioresorbable linear aliphatic
polyester, compatible with soft and hard tissues, widely used in
regenerative medicine and tissue engineering and approved by
the Food and Drug Administration (FDA) [32–36]. Thanks to its
mechanical properties and a slow biodegradability, a wide variety
of PCL-based electrospun matrices has been developed for several
biomedical applications: Asghari and colleagues developed a
bioactive hybrid scaffolds for tissue skin tissue engineering [37];
PCL was also used to develop vascular structures with various
architectures to best mimic the natural vessel structures [38,39],
and for applications of bone [40] and skeletal muscle tissue engi-
neering [41]. PCL nanofiber-based products can be molded in
specific 3D structures thanks to a protocol developed by Gao and
colleagues [42]; and can be also used for the in vitro investigations
of cell behavior for applications of bone tissue engineering [43] and
for the investigation of anticancer therapies [44].

However, as most synthetic polymers, PCL is hydrophobic and
exhibits low surface energy, thus resulting not suitable for cell
adhesion, migration and proliferation. Its hydrophobicity can be
lowered through physical and chemical surface treatments that
increase the hydrophilicity of the material by the formation of
functional chemical groups containing oxygen. Among these sur-
face treatments, air-plasma is commonly used because it can
increase the materials hydrophilicity, and in particular of electro-
spun scaffolds, without altering the nanofibers structure [45,46].
Another critical issue in ureteral regeneration, aside the challenges
of tissue engineering, is represented by healthcare-associated
infections, medical device-related infections and urinary tract
infections [47,48]. Urinary tract infections can result in bacterial
adhesion and colonization with biofilm deposition inside the uri-
nary tract. Among the bacterial strains specific of the uropatho-
genic biofilms, Escherichia coli and Staphylococcus aureus are the
most represented pathogens [48,49]. Therefore, electrospun
nanofibrous membranes developed to promote the ureteral regen-
eration should desirably be endowed with antibacterial properties
to discourage infections. Antibacterial electrospun nanofiber mem-
branes have already been developed mainly through the addition
of antibiotics, such as neomycin and ampicillin, which can be sol-
ubilized in the polymeric solution, but also with antimicrobial pep-
tides, nitric-oxide, zinc ions, and metallic nanoparticles [45,50–53].
A common and potent antibacterial agent, is the rifampicin (Rif), an
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antibiotic that inhibits bacterial RNA polymerase [54,55]. Rifampi-
cin and many other antibiotic agents, such as mefoxin and cefox-
itin, can be added to the polymeric solutions used in the ELS
process; the obtained electrospun materials can than locally
release these drugs, reaching effective concentrations in the surgi-
cal site to avoid systemic toxicity. Rif has been already used in
combination to PCL electrospun scaffolds or PCL microspheres to
achieve a controlled release of the drug and an antibacterial effect
towards bacterial species involved in surgical practice [56–60]. The
work here described is part of a project concerning the preparation
of tubular scaffolds for the ureteral regeneration; here is presented
and discussed the preparation and characterization of Rif loaded
PCL electrospun membranes for the validation of the material
before the production of tubular scaffolds, in terms of antibacterial
properties and biocompatibility towards human urotheliocytes.
The material has been validated analyzing its morphology, stabil-
ity, drug release profile, biocompatibility and antibacterial
properties.
2. Materials and methods

2.1. Materials

Polycaprolactone (Mw: 80,000 Da), dichloromethane (DCM), N,
N-dimethylformamide (DMF), phosphate buffered saline (PBS) and
Fortuna optical glass syringes (inner diameter of 9.1 mm) were
purchased from Sigma-Aldrich (St. Louis, USA). Rifampicin (Rif)
was purchased from EMD Millipore Corp. (USA). The D-ES30PN-
20 W potential generator was purchased from Gamma High Volt-
age Research Inc. (Ormond Beach, FL, USA). The KDS-100-CE syr-
inge pump was purchased from KD Scientific (Holliston, MA,
USA). Recombinant Trypsin-EDTA 1X, penicillin/streptomycin
100X, L-glutamine 100X, Fetal Bovine Serum (FBS) and Dulbecco’s
Modified Eagle’s medium (DMEM) were purchased from the com-
pany Euroclone (Milan, Italy).
2.2. Preparation of PCL and PCL/Rif membranes

Electrospun PCL and PCL/Rif membranes were obtained modify-
ing protocols proposed by Porrelli et al. and Ruckh et al. [45,60].
PCL 12 % w/v was solubilized in DCM/DMF (ratio 7:3), firstly
preparing the solution of PCL in DCM and, afterwards, adding
DMF to the solution. Electrospun membranes were obtained
through the following experimental set-up: time of process, 1 h;
flow rate, 2 mL/h; voltage, 17 kV; needle diameter, 21G; distance
needle-collector, 15 cm. For the preparation of PCL/Rif membranes,
rifampicin 0.1 % w/v was solubilized in DMF, prior to the addition
of DMF to PCL solution in DCM. PCL/Rif electrospun membranes
were obtained with the experimental set-up mentioned
previously.
2.3. Membrane morphological analysis by scanning electron
microscopy

Membranes samples were placed on aluminum stubs covered
with carbon double-side adhesive tape. Samples were sputter-
coated with gold using a Sputter Coater K550X (Emitech, Quorum
Technologies ltd, UK) and then analyzed by a Scanning Electron
Microscope (SEM – Quanta 250, FEI, Oregon, USA), working in sec-
ondary electron mode. The acceleration voltage was set between
20 and 30 kV while the working distance was set at 10 mm to
obtain the optimal magnification. Fibers diameters were calculated
using Fiji software [61].
3

2.4. Membranes air- plasma treatment

PCL and PCL/Rif membranes were treated with an air-plasma
cleaning process in order to increase their hydrophilicity. The air-
plasma treatment set-up was performed using a PDC-32G plasma
cleaner (Harrick Plasma, Ithaca NY, USA) set a low power (6.8 W)
at pressure of 0.1 mTorr for 5 min. Membranes treated with the
air-plasma cleaning process were here named as PCL/plasma and
PCL/Rif/plasma.

2.5. Contact angle and surface energies analyses

To evaluate materials wettability, 6 samples for each type of
membranes (disks of 8 mm diameter) were tested by measuring
water contact angles using the sessile drop method. Contact angle
was measured on images acquired with an optical microscope
(Leica MZ16) equipped with a 45� titled mirror and a digital cam-
era (Leica DFC 320), through which was possible to display the pro-
file of the liquid drop on the membrane sample. 4 lL of liquid
deionized water (DW), DW + FBS 10 %, PBS, PBS + FBS 10 %, SBF,
SBF + FBS 10 %, NaCl 0.9 %, NaCl 0.9 % + FBS 10 % and DMEM were
placed on the membranes 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
calculated using the Owes-Wendt method [62] adjusted by Ren
et al. [63] and Carrera et al. [46]. In addition to the water contact
angle, ethylene glycol (EG) contact angle (measure placing 4 lL
of liquid on the samples) was used to calculate both the surface
energy (cs) polar/hydrophilic (csp) and dispersive/hydrophobic
(csd) components.

2.6. Chemical characterization by 1H nuclear magnetic resonance
spectroscopy

To assess the presence of residual organic solvent, membranes
samples were dissolved in CDCl3 and analyzed at 25 �C by means
of 1H NMR spectroscopy carried out on a 400 VNMRS Varian
NMR spectrometer operating at 400 MHz for proton. The chemical
shifts are expressed in ppm downfield from the signal of
tetramethylsilane.

2.7. Chemical characterization by attenuated total reflectance –
Fourier transform InfraRed spectroscopy

Attenuated Total Reflectance – Fourier Transform InfraRed
spectroscopy (ATR-FTIR) spectroscopy was performed to analyze
the surfaces of the samples. IR spectra were acquired with a Nicolet
iS50 FT-IR spectrometer (Thermo Scientific, MI, Italy) within a
wavenumber range of 4000–400 cm�1. Three samples for each con-
dition were analyzed, acquiring the spectrum with 32 scans and a
resolution of 4 cm�1.

2.8. Simulated body fluid preparation and membranes stability
evaluation

Membranes stability was evaluated by immersion in Simulated
Body Fluid (SBF) at 37 �C. The SBF was prepared by solubilizing
NaCl, NaHCO3, KCl, K2HPO4, MgCl2�6H2O, CaCl2, and Na2SO4 in
deionized water and buffering the solution at pH 7.4 with tris(hy
droxymethyl)aminomethane (CH2OH)3CNH2 and 1 M HCl at
36.5 �C [64]. The effects of the SBF aging on the membranes struc-
tural stability were evaluated after 1, 2, 3, 4, 8, 12, 16, and
20 weeks. Six samples were tested at each time point. Samples
were soaked in 5 mL of SBF, which was changed every week.
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2.9. Analysis of mechanical properties

Mechanical properties were evaluated by uniaxial tensile tests
using a Dynamic Mechanical Analysis (DMA) Electroforce 3300
(TA Instruments, New Castle, DE, USA) equipped with a 22 N load
cell. Dog bone samples of the membranes were prepared following
the ASTM D638-10 guidelines [65] and tested using a constant
deformation of 1 mm/min until sample failure or up to the maxi-
mum displacement allowed by the instrument (20 mm). These
mechanical tests allowed to measure and calculate the Young’s
modulus, the maximum deformation and the maximum stress sus-
tained by the membranes. The Young’s modulus of each sample
was obtained with a linear fitting between the 10 % and the 20 %
of the strain. Mechanical properties were evaluated on as-
prepared dry samples and after 1, 2, 3, 4, 8, 12, 16 and 20 weeks
of immersion in SBF. Six samples were analyzed at each time point.

2.10. In vitro release of rifampicin

The release of rifampicin from treated and untreated PCL/Rif
membranes was evaluated through UV spectrophotometry at
wavelength of 237 nm (Ultraspec 2100 pro, Amersham Bioscience).
To assess 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 and 48 h, 800 lL of solution
was taken from each well for absorbance evaluation, then reinte-
grated in the original well. The plate was incubated at 37 �C in dark
conditions in the timeframe between two measurements.

2.11. Bacterial strains culture

Escherichia coli (E. coli – ATCC 25922), Staphylococcus aureus (S.
aureus – ATCC 25923), Klebsiella pneumoniae (K. pneumoniae –
ATCC 700603), Acinetobacter baumannii (A. baumannii – ATCC
19606) and Pseudomonas aeruginosa (P. aeruginosa – ATCC 27853)
were grown overnight at 37 �C on Petri plates with Mueller-
Hinton (MH) agar medium (MHA; Oxoid S.p.A., Milan, Italy). From
each Petri plate, some bacterial colonies were taken and dispersed
in 4 mL of MH medium. The bacterial inoculum was incubated
over-night at 37 �C and 120 rpm. The day after, 300 lL of each bac-
teria strain were added to 10 mL of fresh MH medium. Bacteria
were incubated at 37 �C and 120 rpm until they reached optical
density of 0.3, measured at wavelength of 600 nm by spectropho-
tometry (Ultraspec 2100 pro, Amersham Bioscience). The reference
values for bacterial concentration (CFU/mL) are respectively
0.31:4.6 � 107 for E. coli, 0.1:5 � 108 for S. aureus, 0.4:4 � 107 for
K. pneumoniae, 0.1:1 � 107 for A. baumannii and 0.3:1.5 � 107 for
P. aeruginosa.

2.12. Evaluation of the antibacterial activity

Membranes samples (disks of 8 mm diameter) were sterilized
under UV rays using a G30T8 UV-C germicidal lamp (wavelength:
253.7 nm; power: 13.4 W, Sankyo Denki, Hiratsuka, Japan) for
30 min, then placed on a 24-wells plate. Bacterial were diluted in
MH medium to achieve a final concentration of 2.5 � 105 CFU/
mL, and used to test the ability of materials to inhibit bacterial pro-
liferation. The treatments considered are: six samples of each type
of membranes (PCL/plasma, PCL/Rif and PCL/Rif/plasma), 380 lL of
MH medium (as a negative growth control) and 380 lL of bacterial
culture without membranes (as a positive growth control). 380 lL
of bacterial suspension were added to the wells to cover the mem-
brane disks. The plates were incubated at 37 �C over-night and the
test was carried out after 18 h from test. To test the antibacterial
activity of the membranes in terms of bacterial killing, 25 lL were
taken from each well and plated on MH-agar (Sigma-Aldrich) med-
4

ium in Petri dishes. The plates were incubated at 37 �C over-night
(approx. 18 h), and the next day the grown colonies were counted.
2.13. Cell culture

Human urothelial bladder carcinoma cells (UCs - line 647-V,
DSMZ, Braunschweig, Germany) were cultured in DMEM Low Glu-
cose supplemented with FBS 10 %, L-glutamine 2 mM penicillin 100
U/mL and streptomycin 0.1 mg/mL at 5 % pCO2 and at 37� C. UCs
were passed three times a week or when the confluence level
was estimated at about 70–80 % of the available culture space.
2.14. In vitro acute cytotoxicity of rifampicin

Using the Resazurin-based viability assay a screening test was
carried out to identify the biocompatible concentrations of Rif.
Rifampicin was dissolved in 100 % dimethylsulphoxide (DMSO)
at a final concentration of 0.6 % w/v and then diluted in culture
medium at various concentrations (2.5, 5, 10, 20, 40, 80 lg/mL).
UCs were seeded in 96-well plates (8 � 103 cells in each well)
and incubated, adding 200 lL of complete DMEM low-glucose, in
a humid atmosphere at 37 �C and with 5 % pCO2. After 24 h of incu-
bation, the culture medium was changed and rifampicin diluted in
culture medium was added; as a control, DMSO diluted in culture
medium was used. The plate was incubated again for 24 h at 37 �C
with 5 % pCO2. The Rif cytotoxicity assessment was performed on
day 1 as described above.
2.15. Cell adhesion and proliferation assay

PCL/plasma and PCL/Rif membranes were shaped in circular
disks (diameter, 8 mm), sterilized with UV irradiation for 30 min
and then placed in 48-well plates not treated for cell culture. On
each membrane samples, 20 � 103 cells, suspended in 50 lL of cul-
ture medium, were seeded adding 150 lL of complete DMEM low-
glucose after 4 h. Cells seeded directly in the multiwell were used
as positive controls of cell adhesion and proliferation. Membranes
samples were incubated at 37 �C and with 5 % pCO2. Cell adhesion
was evaluated after 1 day and cell proliferation was evaluated after
4 and 7 days using the Resazurin Cell Viability Assay Kit (Sigma-
Aldrich, St. Louis, USA) testing five samples for each type of mem-
brane. At each time point, the medium was removed and 200 lL of
Resazurin solution (10 % v/v in culture medium) were added in the
wells. After 4 h of incubation, 150 lL of the Resazurin solution
were taken from all wells for fluorescence reading, then each well
was washed with PBS and 200 lL of fresh mediumwere added. The
fluorescence was measured using the spectrofluorometer GloMax
Multi + Detection System (Promega, Madison, WI, USA) with an
excitation wavelength of 525 nm and an emission wavelength in
the range 580–640 nm.
2.16. SEM analyses of cell morphology

Cells were seeded and cultured on each type of membranes for
7 days and subsequently analyzed by means of SEM. Membrane
samples were washed in PBS and then fixed with paraformalde-
hyde (4 % v/v in PBS). Afterwards, the membranes were dehydrated
by a stepwise treatment of 30 min with ethanol in water (30, 50,
70, 90, and 100 % v/v) and then with hexamethyldisilazane (HMDS)
in ethanol (30, 50, 70, 90, and 100 % v/v) at room temperature.
After 1 h in 100 % HMDS samples were air-dried over-night,
sputter-coated with gold and then analyzed by means of SEM.
The working distance and the accelerating voltage were set in
order to achieve the appropriate magnification and image quality.
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2.17. Lactate dehydrogenase cytotoxicity assay

Cytotoxicity of membranes was also analyzed as a function of
UCs cell membrane integrity measuring the lactate dehydrogenase
(LDH) released from UCs cells cultured in the presence of PCL/-
plasma and PCL/Rif membranes, using the Lactate Dehydrogenase
Activity Colorimetric Assay Kit (Sigma-Aldrich, St.Louis, USA).
UCs were seeded in 24-well plates (10 � 103 for each well) and
incubated in a humid atmosphere at 37 �C and with 5 % pCO2. After
1 day of incubation, treatments were added to the wells: PCL/-
plasma membranes, PCL/Rif membranes, polystyrene (PS) samples
as a negative toxicity control and Triton-X 100 (0.01 % v/v) in PBS
as a positive toxicity control. After 24 h of treatment, the medium
was collected from each well, and the test was carried out follow-
ing the supplier’s instructions. The absorbance was measured at
450 nm with the spectrofluorometer GloMax Multi + Detection
System (Promega, Madison, WI, USA). For each treatment, the
results were corrected with their relative blanks. The percentage
cytotoxicity was obtained by dividing the absorbance of the control
or the treated cells with the absorbance of the cell lysate at 24 h.

2.18. Statistical analysis

Statistical analyses were performed using Origin software (Ori-
ginLab Corporation). Data normality was analyzed using the Kol-
mogorov–Smirnov test, variance homoscedasticity was evaluated
by Levene’s test. Data that satisfied both normality and variance
homoscedasticity were analyzed with the one-way ANOVA test,
applying Bonferroni’s correction, else Kruskal–Wallis and Mann–
Whitney U non-parametric tests were used. The statistical signifi-
cance was pre-set at a = 0.05.
3. Results

3.1. Electrospun PCL and PCL/Rif membranes preparation

PCL and PCL/Rif membranes are characterized by a homoge-
neous fibrous matrix, with fibers randomly oriented and packed
without the presence of surface defects (Fig. 1A and 1B). However,
there is a statistically significant difference (p < 0.05) between the
average nanofiber diameter of PCL and PCL/Rif membranes. In
details, the average diameter of the PCL nanofibers is 1.03 ± 0.33
lm, while that of the PCL/Rif nanofibers is 0.57 ± 0.22 lm.
Fig. 1C shows that the air-plasma treatment does not cause any
change in the nanofibers morphology or dimension (diameter: 0.
52 ± 0.22 lm). The absence of any defect in the membranes aspect
and in the fiber deposition and also in the fibers morphology is also
appreciable in Fig. S1, where images at lower (200�) and higher
(20,000�) magnifications for the three types of membrane are
reported.

3.2. Chemical characterization by means of NMR spectroscopy

To assess the presence of residual organic solvents on PCL-
based membranes, 1H NMR analysis with CDCl3 was carried out.
NMR spectra of PCL (A) PCL/plasma (B) membranes, represented
in Fig. S2, shown the absence of signals of organic solvent used
for the polymer solution, such as DCM and DMF. 1H NMR analysis
confirmed the absence of organic solvent peaks also on PCL/Rif
membranes (Fig. S2C), and PCL/Rif/plasma membranes (Fig. S2D).

3.3. Wettability, contact angle and surface energy analysis

The protocol for air-plasma treatment was selected after litera-
ture analysis and its effects were evaluated by contact angle mea-
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surements [46,63]. Representative images of the liquid drops and
the contact angle values are reported in Fig. 2 and in Table 1
respectively. The hydrophobicity of PCL membranes (Fig. 2A), and
of PCL/Rif membranes (Fig. 2B) can be appreciated; moreover, an
unmistakable hydrophilicity increase can be observed after the
air-plasma treatment of PCL/Rif membranes (Fig. 2C). In order to
predict cell adhesion, PCL/Rif (Fig. 2E) and PCL/Rif/plasma
(Fig. 2F) membranes were tested using cell culture medium (DMEM),
showing that both the membranes are wettable with DMEM. Surface
energy values (Table 1) were calculated with the Owens-Wendt
methods [62]. The hydrophobicity of the PCL membranes is con-
firmed by the high values of the water contact angle and the values
of the polar component of the surface energy. In order to shed a light
on the PCL/Rif wettability when cell culture medium is used, contact
angle was also measured on all the membrane types, using saline
solution, SBF and FBS alone and combined together. The contact
angle values for all the fluids used are reported in Table S1. The data
show that when air-plasma treatment is applied, contact angle is
always 0�; moreover, with the sole exception of DW and in particular
when SBF is used, the presence of Rif in the PCL/Rif membranes
makes these membranes more wettable.

3.4. Mechanical properties and stability characterization of
electrospun PCL-based membranes

Uniaxial tensile tests on PCL/plasma, PCL/Rif and PCL/Rif/-
plasma membranes were performed to evaluate the mechanical
properties in terms of Young’s modulus, maximum strain and max-
imum stress of the membranes. The instrumental limit does not
allow to deform the membranes up to their rupture, so it was
not possible to detetct the maximum strain and the membranes
were tested up to instrumental limit, which is equal to 350 %
(20 mm of displacement). All the dry membranes were able to
reach the maximum deformation, and at this limit, the maximum
stress that the membranes can sustain is between 2 and 3 MPa
(Table 2). In the Fig. S3A, a representative stress–strain curve for
the samples tested is reported; in the Fig. S3B, the linear region
considered for the Young’s modulus calculation is highlighted.

For the mechanical tests of aged membranes, dogbone shaped
samples were incubated in SBF at 37 �C and tested at different time
intervals. The Young’s modulus variations are shown in Fig. 3A.
This parameter is almost costant over time for PCL/plasma,
whereas for both PCL/Rif and PCL/Rif/plasma membranes it slightly
decreases as a consequence of the samples aging. Moreover, it is
possible to appreciate that the Young’s modulus of both PCL/Rif
and PCL/Rif/plasma membranes is significantly lower than PCL/-
plasma membranes. This could be given by the lower fibers diam-
eter of PCL/Rif membranes, which could affect their mechanical
properties. The maximum strain exhibited by the samples is
reported in Fig. 3B. In some cases, membranes samples were able
to reach the deformation limit of the instrument. As Fig. 3B clearly
highlights, after 3 weeks of aging there is a significant drop in the
maximum strain of both PCL/Rif and PCL/Rif/plasma samples. On
the contrary, the decay of the PCL/plasma maximum strain starts
after week 12. The variations of maximum stress sustained by
the membranes over time is shown in Fig. 3C and shows that PCL/-
plasma membranes could be considered as stable over time. PCL/
Rif and PCL/Rif/plasma membranes show a similar behavior, with
a constant and statistically significant decrease of the maximum
stress after the first week of aging.

The effects of membranes aging in SBF on the fiber morphology
and architecture are appreciable in Fig. 4 in which membranes
after 1 day of aging (PCL/plasma, 4A; PLC/Rif, 4C; PCL/Rif/plasma,
4E) are compared with membranes after 20 weeks of incubation
(PCL/plasma, 4B; PLC/Rif, 4D; PCL/Rif/plasma, 4F). In all the three
cases it is possibile to appreciate the morphological alterations of



Fig. 1. Nanofibers aspect. SEM micrographs of the morphological aspect of PCL (A), PCL/Rif (B) and PCL/Rif/plasma (C) membranes. Scale bar is 20 lm.

Fig. 2. Membranes wettability. Contact angle analysis of PCL (A, DW; D, DMEM), PCL/Rif membranes (B, DW; E, DMEM) and PCL/Rif/plasma membranes (C, DW; F, DMEM).
Scale bar is 1 mm.

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

DW CONTACT ANGLE [�] EG CONTACT ANGLE [�] cds [mJ/m2] cps [mJ/m2] cs (tot) [mJ/m2] DMEM CONTACT ANGLE [�]

PCL 123 ± 4.7 0 79.5 ± 0.1 14.6 ± 2.5 94.1 ± 0.1 115.9 ± 6.8
PCL/plasma 0 0 79.5 ± 0.1 19.0 ± 0.1 98.5 ± 0.1 0
PCL/Rif 128.8 ± 6.8 0 79.5 ± 0.1 15.0 ± 3.5 94.5 ± 0.1 12.2 ± 17.1
PCL/Rif/plasma 0 0 79.5 ± 0.1 15.0 ± 3.5 94.5 ± 0.1 0

DW: deionized water; EG: ethylene glycol; FBS: fetal bovine serum; PCL: polycaprolactone; PCL/plasma: PCL membranes treated with air-plasma; PCL/Rif: PCL membranes
containing rifampicin; PCL/Rif/plasma: PCL membranes containing rifampicin and treated with air-plasma; SBF: simulated body fluid; cs: surface energy; cps: polar/
hydrophilic; cds: dispersive/hydrophobic component.

Table 2
Mechanical properties of dry membranes performed with the uniaxial tensile tests.

Young’s modulus (kPa) Maximum stress (MPa)

PCL/plasma 33.2 ± 15.5 2.2 ± 1.0
PCL/Rif 18.4 ± 2.6 2.3 ± 0.2
PCL/Rif/plasma 22.6 ± 6.8 3.0 ± 0.5

No statistically significant differences were found among the membrane types
(ANOVA test).
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the nanofibers after 20 weeks of aging; these alterations involve
fibers swelling and ruptures, which ultimately result in the mem-
brane break.

3.5. Rifampicin cumulative release from membranes

The Rif release from PCL/Rif and PCL/Rif/plasma membranes
was tested incubating the membranes in PBS at 37 �C, thus mim-
6

icking a physiological environment, at 1, 4, 24 and 48 h. The con-
centration of the released antibiotic was evaluated by UV–vis
spectrophotometry and normalized on the weight of each sample.
The initial concentration of Rif present in the membranes was cal-
culated from the concentrations of the solutions used in the ELS
process and is equal to 8.3 lg per mg of membrane. In the case
of PCL/Rif membranes, a massive release of about 56 % of rifampi-
cin was reported within the first hour of incubation, much higher
than the rifampicin released from PCL/Rif/plasma membranes,
which was of about the 26 % (Fig. 5). After 24 h the PCL/Rif mem-
branes showed a release increased up to 72 %, while the PCL/Rif/-
plasma membranes showed a release increased up to 32 %; at
each time point the rifampicin released by air-plasma treated
membranes is always significantly lower than the rifampicin
released by the untreated membranes. At 48 h, the aumount of
rifampicin released is slightly higher than the amount observed
at 24 h, for both types of membranes, without any statistically sig-



Fig. 3. Mechanical properties. Membranes mechanical properties determined with the uniaxial tensile test: Young’s modulus (A), maximum strain (B) and maximum stress
(C) of PCL/plasma membranes (j), PCL/Rif membranes ( ) and PCL/Rif/plasma membranes ( ).
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nificant difference for both the membranes. In detail, at 48 h, the
amount of rifampicin released from PCL/Rif membranes corre-
sponds, in terms of concentration, at 6.8 lg/mL unlike the PCL/Rif/-
plasma membranes that allow a release of 3 lg/mL for mg of
membrane.
3.6. Antibacterial activity of PCL-based membranes

In order to investigate the antibacterial effect of electrospun
membranes, in vitro antibacterial tests were performed using refer-
ence bacteria strains that mostly belong to the ‘‘ESKAPE” group;
among them, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa
and, E. coli are the most represented pathogens of urinary tract
infections. The bacteria proliferation in the presence of PCL/Rif
and PCL/Rif/plasma membranes is reported in Fig. 6 and compared
with a control group of bacteria growing in the absence of the bio-
material, and with the bacterial proliferation in the presence of
PCL/plasma membranes. The presence of PCL/Rif membranes
strongly inhibits the proliferation of each bacterial specie, even
though in the case of A. baumannii data dispersion make this trend
more difficult to be appreciated. For this latter strain a relevant
variance of the data could be observed also for both the control
and the PCL/plasma groups. When bacteria are cultured in the
presence of PCL/Rif/plasma membranes, the effect on bacterial pro-
liferation is similar to the effect of PCL/Rif membranes with the
exceptions of K. pneumoniae and P. aeruginosa: for these strains,
bacterial proliferation is similar to the one observed for the control
group. PCL/plasma membranes do not display any antibacterial
effect against tested bacterial strains.
7

To evaluate the bactericidal effect of the membranes, 25 lL of
the bacterial suspension grown in the presence of the samples
were collected and cultured on agar plates. After 18 h of incuba-
tion, the PCL/Rif/plasma membranes exhibit a bactericidal effect
against S. aureus and A. baumannii, in contrast to PCL/Rif mem-
branes, which bactericidal effect is observed also on E. coli (Fig. S4).
3.7. In vitro acute cytotoxicity assay on urotheliocytes

Before analyzing the biocompatibility of the antibiotic-loaded
membranes, the cytotoxicity of rifampicin was evaluated on an
urotheliocyte cell line (UCs) derived from human bladder cancer.
All the Rif concentration tested (ranging from 2.5 lg/mL to
80 lg/mL) resulted to be biocompatible with the exception of the
highest concentration, as shown in Fig. 7; in this case the prolifer-
ation of UCs, reported as the fluorescence intensity of the Resa-
zurin based test, was significantly lower than the proliferation of
the UCs cultured with the other concentrations of rifampicin.
3.8. Biological properties of PCL/Rif electrospun membranes.

The ability of membranes to sustain cell adhesion and prolifer-
ation was evaluated by seeding UCs on the membranes. Given the
negative results in terms of Rif release and antibacterial activity of
PCL/Rif/plasma membranes, these were excluded from the tests.
The Resazurin assay was used to evaluate cell adhesion after
1 day of cell culture, and cell proliferation after 4 and 7 days. Cell
adhesion is reported as the intensity of the Resazurin fluorescence
signal and cell proliferation data were normalized on the signal



Fig. 4. Membranes stability. SEM micrographs shown the morphological aspect of PCL membranes aged in SBF. PCL/plasma membranes: A, day 1; B, week 20. PCL/Rif
membranes: C, day 1; D, week 20. PCL/Rif/plasma membranes: E day 1; F week 20. The scale bar is 30 lm.
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obtained at day 1. The cells adhesion was slightly higher on PCL/-
plasma membranes with respect to PCL/Rif membranes (Fig. 8A),
but the differences were not statistically significant. Accordingly,
the proliferation rate of UCs cultured on the membranes was very
much alike in all the three groups here investigated (Fig. 8B). All
the tested membranes were able to sustain the proliferation of
the UCs thus confirming that the rifampicin contained in the mem-
branes is not toxic. A slower proliferation rate can be appreciated
in the first 4 days of the experiment for UCs seeded on PCL/Rif
membranes, but after this time point there is an increase of the
proliferation rate.

The morphology of UCs seeded on PCL/plasma and PCL/Rif
membranes was evaluated by means of SEM analysis after 7 days
of cell proliferation. Fig. 9, show that UCs are able to adhere,
8

growth and spread on both PCL/plasma (Fig. 9A and 9C) and PCL/
Rif membranes (Fig. 9B and 9D), thus confirming the biocompati-
bility of PCL-based membranes. Due to the higher hydrophilicity
of PCL/plasma membranes with respect to PCL/Rif membranes, a
higher cell spreading can be observed on the first ones.

Cytotoxicity of PCL/Rif membranes was examined evaluating
the lactate dehydrogenase (LDH) release form UCs culture, for
24 h, in the presence of membrane samples, comparing the release
with those of UCs cultured in the presence of negative (polystyrene
disks) and positive (Triton X100 in culture medium) controls of
toxicity. The amount of released LDH for the tested conditions is
reported in Fig. 10, and for cells treated with PCL/plasma mem-
branes is comparable to the cells cultured in the culture medium
and to the negative control for toxicity. The cells cultured in the



Fig. 5. Rifampicin release. Rifampicin release kinetic, reported as the percentage of
cumulative release over the total rifampicin contained within the membranes, from
PCL/Rif membranes (j) and PCL/Rif-plasma membranes ( ). For each time point a
statistically significant difference was observed between the two groups (Mann–
Whitney U Test, p < 0.05).
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presence of PCL/Rif membranes show an amount of released LDH
slightly higher than the cells treated with PCL/plasma membranes,
but it is very low if compared with the positive control of toxicity.

4. Discussion

This work reports the development and characterization of
electrospun membranes implemented with a wide spectrum
antibiotic to be employed for the development of ureteral tubular
scaffolds. PCL was used because of its high versatility in the prepa-
ration of structure such as nanofibers-based membranes, polymer-
Fig. 6. Inhibition of bacterial proliferation. Bacterial growth of Escherichia coli (ATCC
25922), Staphylococcus aureus (ATCC 25923), Klebsiella pneumoniae (ATCC 700603),
Acinetobacter baumannii (ATCC 19606) and Pseudomonas aeruginosa (ATCC 27853)
in the presence of PCL/plasma membranes (green), PCL/Rif membranes (violet) and
PCL/Rif/plasma membranes (yellow). The Ctrl+ (orange) indicates growth bacterial
strains without membranes. Statistically significant differences among the treat-
ments for each bacterial strain (Kruskal–Wallis and Mann–Whitney U) are marked
with an asterisk (*), p < 0.05. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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ics and composite scaffolds and 3D printed structures [32–36]. The
protocol adopted for the production of stable and handleable
membranes was inspired by the work of Porrelli et al. and Ruckh
et al. [45,60]. The process and solution parameters of ELS were var-
ied in order to find an experimental set-up for the best production
of electrospun nanofibrous membranes in terms of fiber diameter,
thickness, homogeneous distribution of diameters, absence of sur-
face defects and easeful of handling. The PCL membranes here pro-
duced showed no surface defects and a dense nanofiber matrix; the
addition of rifampicin to the process led to the decrease of the fiber
diameter with respect to PCL membranes. It is possible that the
addition of rifampicin to the PCL solution causes a variation of
the solution parameters (conductivity and viscosity) and a subse-
quent decrease of the mean diameter of the fibers. In order to
assess the presence of residual organic solvents, in particular
DCM and DMF, 1H NMR spectroscopy analyses were carried out.
The NMR spectra shows the absence of DCM and DMF, as there
are no peaks corresponding to the solvents [66,67].

The analysis of the mechanical properties revealed a high dis-
crepancy between the Young’s modulus and the maximum stress,
being the second two orders of magnitude higher than the first,
contrary to what observed in the literature [40,43,68], where
higher values of Young’s modulus with respect to maximum stress,
are often observed. This aspect can be explained considering that
the maximum strain of the membranes characterized in the works
cited is usually lower than 100 %, whereas, for the materials
described in this work, it reaches 350 %. Moreover, depending on
the polymer concentration and the solvent ratio used for the elec-
trospinning process, it has been observed that PCL electrospun
membranes can be characterized by maximum stresses higher
than the Young’s modulus [69]; thus, depending on the polymer
used, on the concentrations and on the solvent used, the resulting
membranes can be characterized by high mechanical resistance
even if the Young’s modulus is low.

The PCL and PCL/Rif membranes stability after aging in SBF was
assessed up to 20 weeks by uniaxial tensile test and SEM analysis.
The PCL/plasma membranes mechanical behavior was constant
over time up to 12 weeks unlike the PCL/Rif and PCL/Rif/plasma
membranes, for which deformation at break and maximum stress
started to decrease after 2 weeks. The lower stability of rifampicin
containing membranes can be a consequence of the lower diame-
Fig. 7. Rifampicin cytotoxicity. Proliferation of urotheliocyte cell line derived from
human bladder cancer expressed as Resazurin fluorescence signal, in the presence
of rifampicin. Statistically significant differences (ANOVA test and Bonferroni’s
correction) are indicated with an asterisk (*), p < 0.05.



Fig. 8. Urotheliocytes adhesion and proliferation. Cells adhesion of UCs cells expressed as Resazurin fluorescence signal (A). Proliferation rate of UCs (B) seeded on PCL/plasma
membranes ( ) and PCL/Rif membranes ( ). Ctrl (j) indicates the control of cells seeded in the well without the presence of membranes. Statistically significant differences
(Kruskal–Wallis and Mann–Whitney U) are indicated with an asterisk (*), p < 0.05.

Fig. 9. Urotheliocytes proliferation on membranes. SEM micrographs of UCs seeded on PCL/plasma membranes at day 7 (A and B), and on PCL/Rif membranes at day 7 (C and
D). Scale bar 50 lm.
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ter of the nanofibers, which increase the surface to volume ratio
and, therefore, the surface exposed to degradation; indeed, these
membranes are more wettable when SBF is used in the contact
angle measurements [70]. Moreover, the presence of rifampicin,
dispersed within the PCL polymer chains which are entangled in
the nanofibers, could decrease the fibers consistency and compact-
ness, thus affecting their stability. Despite the lower stability
showed by rifampicin loaded PCL membranes with respect to PCL
membranes, the former can still support the mechanical stresses
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of the ureter given by the peristaltic movements [4], and are able
to withstand the deformations necessary for ureteral regeneration.

Given its hydrophobic nature, untreated PCL is not suitable for
cell adhesion, migration and proliferation [45], thus the air-
plasma cleaning process was chosen to increase membranes
hydrophilicity, as previously reported by several research groups
[46,71,72]. The air-plasma treatment introduces on the membrane
surface functional chemical groups containing oxygen [46], thus
increasing in the value of the surface energy polar component



Fig. 10. Membranes cytotoxicity. Percentage of released LDH by cells cultured
directly in the multiwell (Ctrl), or in the presence of PCL/plasma membranes, PCL/
Rif membranes, PS (negative control of toxicity) and Triton-X 100 in PBS (0.01 % v/v,
as a positive control of toxicity). Statistically significant differences (Kruskal–Wallis
and Mann–Whitney U) are indicated with an asterisk (*), p < 0.05.
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and in the hydrophilic behaviour as observed in the present work.
The increase of PCL membranes hydrophilicity was confirmed by
both water contact angle and surface energy analyses. In particular,
the application of the Owens-Wendt methods, which was opti-
mized for the analysis of polymeric surface energy [62], allowed
to calculate the surface energy and to corroborate that the increase
of the wettability can be ascribed to the increase of the polar group
components. PCL/plasma membranes and PCL/Rif/plasma mem-
branes showed to be totally wettable by all the tested fluids,
included the cell culture medium (DMEM). The fast diffusion of
the liquids within the plasma treated membranes, which are read-
ily permeated, is a proof that the process adopted is effective in the
full thickness of the membrane. However, while untreated PCL
membranes were not wettable by any of the fluids tested, PCL/
Rif/loaded membranes showed a poor wettability only when DW
and saline solution were used, and showed a good wettability
when the other fluids were tested, in particular when DMEM and
FBS containing fluids were used. This is probably due by the inter-
action between rifampicin and the serum proteins, which increases
the wettability of membranes, even if they are not treated with the
air-plasma cleaning process [73–75]. The wettability of PCL/Rif
membranes, in particular with fluids containing serum protein as
the cell culture medium, is an important aspect as it allows to
use these membranes for biological applications without treating
them with the air-plasma treatment; this is an advantage as the
strong oxidant activity of air-plasma process could lead to rifampi-
cin degradation and to the formation of cytotoxic byproducts.

To endow an antibacterial activity to the electrospun mem-
branes, rifampicin was added to the PCL solution prior to the ELS
process. A concentration of 0.1 % w/V was selected following the
indications provided in literature and choosing a concentration of
the same order of magnitude [76–78]. In order to ensure the
antibacterial effectiveness, without causing cytotoxic effect, it is
important that an adequate dose of rifampicin is released over time
[57]. The release of rifampicin was evaluated incubating PCL/Rif
and PCL/Rif/plasma membranes in PBS, and was expressed as the
percentage over the rifampicin total content of (calculated know-
ing the initial concentration and the amount of solution used for
the ELS process). The release data show a rifampicin burst release
for both the membranes tested in the first 24 h and a sharp slow-
down of the release after this time-point. The burst release is ben-
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eficial in order to prevent early infections and eliminate pathogenic
species in the area of the implant before their adhesion on the
grafted material and subsequent biofilm formation [79]. Moreover,
the data show that the amount of release from PCL/Rif membranes
is higher than the rifampicin released from PCL/Rif/plasma mem-
branes; it is possible that the air-plasma treatment causes a degra-
dation of part of the rifampicin contained within the membranes,
and/or it increases the ability of the nanofibers (which are more
reactive after the air-plasma treatment) to retain this molecule.
The analyses carried out with 1H NMR and ATR-FTIR (data not
showed) did not allow to appreciate any significant differences in
terms of chemical composition between PCL/Rif and PCL/Rif/-
plasma membranes, but the degradation of rifampicin and the
presence of degradation byproducts cannot be excluded.

In order to evaluate the antibacterial effects of rifampicin
loaded PCL membranes, some of the bacterial strains belonging
to ‘‘ESKAPE‘‘ group, and E. coli were considered. The pathogens
belonging to ESKAPE group are common causes of life-
threatening infections amongst critically and immunocompro-
mised individuals and are characterized by potential multidrug
resistance mechanisms, while E. coli it is the most represented
pathogen that causes urinary tract infections [48,49]. The data
showed that PCL/Rif membranes are effective in the inhibition of
bacterial growth, but also that air-plasma treatment causes a loss
of antibacterial activity towards K. pneumoniae and P. aeruginosa
[80–83]. In most cases the amount of rifampicin released by PCL/
Rif as well as PCL/Rif/plasma was above the MIC (or even MBC)
(see Supplementary table 2) of the antibiotic rifampicin alone
toward the tested species, as the case of S. aureus, A. baumanni
and partially E. coli. This easily explains the antimicrobial efficacy
of the membranes. However, is worth noting that the inhibiting
effect displayed by the PCL/Rif (but not PCL/rif/plasma) mem-
branes on the growth of the tested pathogens was even more pro-
nounced than the antimicrobial effect of rifampicin alone. This was
not the first report of an enhancement of antimicrobial potency of
a compound once incapsulated, with respect to its free form. A pos-
sible explanation for this, is that bacteria tend to adhere to sur-
faces, and therefore may come in contact with local high
concentration of compound surrounding the material that exert a
potent antibiotic effect [84,85]. Further investigations will be nec-
essary to unravel the mechanism of this unexpected phenomenon.

This reduced effect could be due by the lower amount of avail-
able rifampicin after the air-plasma treatment. Moreover, a bacte-
ricidal behavior of the membranes was also demonstrated by the
evaluation of bactericidal activity. In particular, PCL/Rif mem-
branes exert a bactericidal effect towards E. coli, S. aureus and A.
baumannii, and PCL/Rif/plasma towards S. aureus and A. baumannii.
All together, these data confirm that PCL/Rif membranes represent
a device which discourage bacterial infections.

The data showed a cytotoxic effect of rifampin only at the high-
est tested concentration (80 lg/mL), in line with previously pub-
lished studies [86,87], which is much higher than the maximum
concentration released by the membrane. This suggests that the
concentration of rifampicin released by the membranes can exert
an antibacterial effect without being cytotoxic. The biological
assays were not performed on PCL/Rif/plasma membranes since
the air-plasma treatment lead to a reduction of the available rifam-
picin and them of the antibacterial activity. The adhesion of UCs,
analyzed by a biochemical assay, was appreciable on all PCL-
based membranes here tested confirming their biocompatibility
and the absence of organic solvent residues. Proliferation tests
showed that the presence of rifampicin slightly lowered the prolif-
eration rate of UCs seeded on PCL/Rif membranes in the first part of
the experiment. At the same time, a slightly higher percentage of
released LDH from UCs cultured in the presence of PCL/Rif mem-
branes, with respect to the negative controls, was observed.
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Nonetheless, the proliferation rate of UCs seeded on PCL/Rif after
day 4, and SEM imaging confirm that PCL/Rif membranes are bio-
compatible and able to sustain cell adhesion, proliferation and
spreading on membrane surface. It can be hypothesized that, as
the PCL/Rif membranes are more wettable in DMEM than in PBS,
when the membranes are incubated in culture medium, the Rif
release is higher than what observed in the in vitro release studies,
thus being slightly toxic for UCs. At the same time, the wettability
behavior of PCL/Rif membranes in the presence of culture medium
is not sufficient to obtain the cell spreading observed on PCL/-
plasma membranes.

The release profile of Rif and in particular the burst release,
might be an indication that the membranes could not guarantee
a long-term antibacterial activity, which is of paramount impor-
tance to avoid infections after the surgical procedure and during
tissue healing; thus, the characterization of antibacterial activity
for a longer time and also towards bacterial biofilms will helpful
in better defining the membranes antibacterial activity over time.
Future improvements will be focused on the fine tuning of the
Rifampicin release in order to avoid cytotoxicity, while maintain-
ing and, if needed, prolonging the antibacterial efficacy, for exam-
ple exploiting the production of co-axial nanofibers, which can be
used to tune the release profile, as reported in Gruppuso et al. 2022
[73]. The employment of co-axial nanofibers could be also advan-
tageous for cell adhesion as it could allow to process the mem-
branes with air-plasma treatment in order to increase their
hydrophilicity and thus cell spreading, and to protect the rifampi-
cin from the treatment [73]. Moreover, the possibility to introduce
other antibacterial agents such as silver nanoparticles [45] or
antimicrobial peptides [88] with a slower release kinetic and a long
term antibacterial effect, will be considered.

Regarding the suitability of the material for the production of
ureter tubular scaffolds, a preliminary experiment was performed
using a custom device as described in Supplementary Material
(Fig. S5). Using the described approach it was possible to obtain
a PCL-based tubular scaffolds with different nanofibers architec-
ture. Indeed, SEM micrographs shows that the inner side of the
tubular scaffolds presents aligned nanofibers (Fig. S6A), and the
outer side presents randomly oriented nanofibers (Fig. S6B). PCL
(and its co-polymer: Poly(lactide-co-e-caprolactone) has been
already successfully used for the preparation of tubular scaffolds
for vascular tissue engineering, also modulating the fiber orienta-
tion and architecture, and the scaffold layering, in order to properly
mimic the natural vessel structures and to properly guide the cell
adhesion, proliferation and differentiation [38,39,89]. Thus, the
future work will be also focused on investigating how to vary
and regulate fiber alignment and how this aspects affect the
mechanical and the biological properties of the tubular scaffold.
5. Conclusions

Electrospun PCL and PCL/Rif membranes with antibacterial
properties were developed and characterized. Nanofibers-based
membranes showed to be stable over time in physiological-like
conditions and a mechanical behavior suitable for ureteral regener-
ation. Rifampicin loaded membranes showed a burst release of the
drug in the first 24 h and then a release slowdown; the release con-
centration is biocompatible and guarantees an antibacterial activ-
ity in terms of inhibition of bacterial proliferation and
bactericidal effect. PCL/Rif membranes are hydrophobic but are
wettable by physiological-like fluids and by the cell culture med-
ium, and are able to sustain cell adhesion and proliferation, as
tested using an urotheliocyte cell line. All together, these results
show that the electrospun PCL/Rif membranes here presented pos-
sess promising features for the production of a tubular scaffolds to
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be used for the regeneration of the ureter. Long-term antibacterial
activity and biological properties towards urotheliocytes and
smooth muscle cells will be also evaluated in order to determine
the ability of the materials to be suitable for ureteral regeneration.

Fundings

Financial support was received from the University of Trieste
fund program: Finanziamento di Ricerca di Ateneo, FRA 2020,
assigned to G.L. for the project entitled ‘‘Produzione e caratteriz-
zazione di sostituti tissutali sintetici e cellularizzati per la rigener-
azione ureterale” (code D70-FRALIGUORI-19).

CRediT authorship contribution statement

Luigi Musciacchio: Data curation, Investigation, Formal analy-
sis, Writing – original draft. Mario Mardirossian: Data curation,
Investigation, Formal analysis, Writing – original draft. Benedetta
Guagnini: Data curation, Investigation, Formal analysis, Writing
– original draft. Alessandra Raffini: Data curation, Investigation.
Michele Rizzo: Investigation, Formal analysis. Carlo Trombetta:
Supervision, Funding acquisition, Project administration. Giovanni
Liguori: Supervision, Funding acquisition, Project administration.
Gianluca Turco: Supervision, Funding acquisition, Project adminis-
tration. Davide Porrelli: Conceptualization, Data curation, Investi-
gation, Formal analysis, Writing – review & editing, Supervision.

Data availability

Data will be made available on request.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Appendix A. Supplementary material

The Supplementary Material file contains the 1H NMR characteri-
zation of the samples, the contact angle values for all the fluids
tested on all the samples here analyzed, the description of the pro-
cess for the preparation of electrospun PCL tubular scaffolds
together with some relevant SEM images. Supplementary data to
this article can be found online at https://doi.org/10.1016/j.mat-
des.2022.111286.

References

[1] M. Zamani, N. Shakhssalim, S. Ramakrishna, M. Naji, Electrospinning:
application and prospects for urologic tissue engineering, Front. Bioeng.
Biotechnol. 8 (2020), https://doi.org/10.3389/fbioe.2020.579925 579925.

[2] M. Tsivian, T. Taha, A.A. Sidi, A. Tsivian, A new reconstructive technique for
select patients with long upper ureteral obliteration, Cent. Eur. J. Urol. 72
(2019) 54–56, https://doi.org/10.5173/ceju.2018.1759.

[3] N.F. Davis, E.M. Cunnane, F.J. O’Brien, J.J. Mulvihill, M.T. Walsh, Tissue
engineered extracellular matrices (ECMs) in urology: evolution and future
directions, The Surgeon 16 (2018) 55–65, https://doi.org/10.1016/
j.surge.2017.07.002.

[4] T. Kloskowski, T. Kowalczyk, M. Nowacki, T. Drewa, Tissue engineering and
ureter regeneration: is it possible?, Int J. Artif. Organs 36 (2013) 392–405,
https://doi.org/10.5301/ijao.5000130.

[5] K. Kapetanos, A. Light, N. Thakare, K. Mahbubani, K. Saeb-Parsy, K. Saeb-Parsy,
Bioengineering solutions for ureteric disorders: clinical need, challenges and
opportunities, BJU Int. 130 (4) (2022) 408–419, https://doi.org/10.1111/
bju.15741.

[6] J. Adamowicz, B. Kuffel, S.V. Van Breda, M. Pokrwczynska, T. Drewa,
Reconstructive urology and tissue engineering: converging developmental
paths, J. Tissue Eng. Regen. Med. 13 (2019) 522–533, https://doi.org/10.1002/
term.2812.

https://doi.org/10.1016/j.matdes.2022.111286
https://doi.org/10.1016/j.matdes.2022.111286
https://doi.org/10.3389/fbioe.2020.579925
https://doi.org/10.5173/ceju.2018.1759
https://doi.org/10.1016/j.surge.2017.07.002
https://doi.org/10.1016/j.surge.2017.07.002
https://doi.org/10.5301/ijao.5000130
https://doi.org/10.1111/bju.15741
https://doi.org/10.1111/bju.15741
https://doi.org/10.1002/term.2812
https://doi.org/10.1002/term.2812


L. Musciacchio, M. Mardirossian, B. Guagnini et al. Materials & Design 224 (2022) 111286
[7] H.P. Janke, P.K.J.D. de Jonge, W.F.J. Feitz, E. Oosterwijk, Reconstruction
strategies of the ureter and urinary diversion using tissue engineering
approaches, Tissue Eng. Part B Rev. 25 (2019) 237–248, https://doi.org/
10.1089/ten.teb.2018.0345.

[8] T. Wang, Z. Yu, C. Chen, Y. Song, X. Zeng, Y. Su, C. Yi, Ureteral anastomosis with
a polyimide stent in rat kidney transplantation, Ren. Fail. 42 (2020) 193–199,
https://doi.org/10.1080/0886022X.2020.1726386.

[9] L. Gu, X. Fan, J. Lu, B. Li, W. Xia, F. He, J. Chen, W. Yu, Experimental study on the
repair of ureteral functional regeneration with highly bioactive extracellular
matrix stent, Adv. Clin. Exp. Med. Off. Organ Wroclaw Med. Univ. 29 (2020)
1367–1373, https://doi.org/10.17219/acem/123353.

[10] Q. Xu, C. Chen, Z. Xu, F. Chen, Y. Yu, X. Hong, S. Xu, J. Chen, Q. Ding, H. Chen,
Ureteral reconstruction with decellularized small intestinal submucosa matrix
for ureteral stricture: A preliminary report of two cases, Asian, J. Urol. 7 (2020)
51–55, https://doi.org/10.1016/j.ajur.2019.03.004.

[11] Z. Zhao, D. Liu, Y. Chen, Q. Kong, D. Li, Q. Zhang, C. Liu, Y. Tian, C. Fan, L. Meng,
H. Zhu, H. Yu, Ureter tissue engineering with vessel extracellular matrix and
differentiated urine-derived stem cells, Acta Biomater. 88 (2019) 266–279,
https://doi.org/10.1016/j.actbio.2019.01.072.

[12] A. Singh, T.J. Bivalacqua, N. Sopko, Urinary tissue engineering: challenges and
opportunities, Sex. Med. Rev. 6 (2018) 35–44, https://doi.org/10.1016/j.
sxmr.2017.08.004.

[13] S. Leal-Marin, T. Kern, N. Hofmann, O. Pogozhykh, C. Framme, M. Börgel, C.
Figueiredo, B. Glasmacher, O. Gryshkov, Human amniotic membrane: a review
on tissue engineering, application, and storage, J. Biomed. Mater. Res. B Appl.
Biomater. 109 (2021) 1198–1215, https://doi.org/10.1002/jbm.b.34782.

[14] H.-Y. Hu, C.-L. Wu, C.-S. Huang, M.-Y. Bai, D.-S. Yu, The study of 3D printing-
assisted electrospinning technology in producing tissue regeneration polymer-
fibroin scaffold for ureter repair, Turk. J. Urol. 48 (2) (2022) 118–129, https://
doi.org/10.5152/tud.2022.21217.

[15] E.M. Salih, H. Eldamanhory, G.I. Selmy, H.A. Galal, Comparison of subureteral
endoscopic injection of Dextranomer/hyaluronic acid and Lich-Cregoir
ureteral reimplantation in the treatment of pediatric primary vesicoureteral
reflux: a prospective randomized study, J. Laparoendosc. Adv. Surg. Tech. 31
(2021) 719–723, https://doi.org/10.1089/lap.2020.0973.

[16] M. Antonowicz, J. Szewczenko, J. Jaworska, K. Jelonek, K. Joszko, B. Gzik-Zroska,
P.M. Nuckowski, P. Bryniarski, Z. Paszenda, D.S. Nakonieczny, K.Č. Barabaszová,
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bicomponent PCL/gelatin and PCL/collagen nanofibers electrospun from
alternative solvent system, Polym. Degrad. Stab. 130 (2016) 10–21, https://
doi.org/10.1016/j.polymdegradstab.2016.05.022.

[71] M. Asadian, S. Grande, I. Onyshchenko, R. Morent, H. Declercq, N. De Geyter, A
comparative study on pre- and post-production plasma treatments of PCL
films and nanofibers for improved cell-material interactions, Appl. Surf. Sci.
481 (2019) 1554–1565, https://doi.org/10.1016/j.apsusc.2019.03.224.

[72] N.E. Zander, J.A. Orlicki, A.M. Rawlett, T.P. Beebe, Quantification of protein
incorporated into electrospun polycaprolactone tissue engineering scaffolds,
ACS Appl. Mater. Interfaces 4 (4) (2012) 2074–2081, https://doi.org/10.1021/
am300045y.

[73] M. Gruppuso, B. Guagnini, L. Musciacchio, F. Bellemo, G. Turco, D. Porrelli,
Tuning the drug release from antibacterial polycaprolactone/rifampicin-based
core–shell electrospun membranes: a proof of concept, ACS Appl. Mater.
Interfaces 14 (24) (2022) 27599–27612, https://doi.org/10.1021/
acsami.2c04849.

[74] O.-Y. Yu, Y.-F. Cheng, S.-Y. Huang, A.-M. Bai, Y.-J. Hu, Probing the binding of
rifampicin to bovine serum albumin in aqueous solution, J. Solut. Chem. 40
(2011) 1711–1723, https://doi.org/10.1007/s10953-011-9747-6.

[75] L. Pérez-Gallardo, M. Blanco, H. Soria, J. Escanero, Displacement of rifampicin
bound to serum proteins by addition of levamisole, Biomed. Pharmacother. 46
(1992) 173–174, https://doi.org/10.1016/0753-3322(92)90027-5.

[76] S.E. Gilchrist, D. Lange, K. Letchford, H. Bach, L. Fazli, H.M. Burt, Fusidic acid
and rifampicin co-loaded PLGA nanofibers for the prevention of orthopedic
implant associated infections, J. Control. Release 170 (2013) 64–73, https://doi.
org/10.1016/j.jconrel.2013.04.012.

[77] S. Subramaniam, N. Thomas, H. Gustafsson, M. Jambhrunkar, S.P. Kidd, C.A.
Prestidge, Rifampicin-loaded mesoporous silica nanoparticles for the
treatment of intracellular infections, Antibiotics. 8 (2019) 39, https://doi.org/
10.3390/antibiotics8020039.

[78] S. Wu, J. Wu, J. Yue, M.K.T. To, H. Pan, W.W. Lu, X. Zhao, Poly (d, l-lactic acid)
electrospun fibers with tunable surface nanotopography for modulating drug
release profiles, Mater. Lett. 161 (2015) 716–719, https://doi.org/10.1016/
j.matlet.2015.09.065.

[79] M. Zilberman, J.J. Elsner, Antibiotic-eluting medical devices for various
applications, J. Control. Release 130 (2008) 202–215, https://doi.org/10.1016/
j.jconrel.2008.05.020.

[80] B. Lee, J. Yan, A. Ulhaq, S. Miller, W. Seo, P. Lu, R. She, B. Spellberg, B. Luna, In
vitro activity of rifabutin and rifampin against antibiotic-resistant
Acinetobacter baumannii, Escherichia coli, Staphylococcus aureus,
Pseudomonas aeruginosa, and Klebsiella pneumoniae, MSphere 6 (2021)
e00920–e1001, https://doi.org/10.1128/msphere.00920-21.

[81] W. Zhou, W. Shan, X. Ma, W. Chang, X. Zhou, H. Lu, Y. Dai, Molecular
characterization of rifampicin-resistant Staphylococcus aureus isolates in a
Chinese teaching hospital from Anhui, China, BMC Microbiol. 12 (2012) 240,
https://doi.org/10.1186/1471-2180-12-240.

[82] E.A. Rahal, N. Kazzi, A. Kanbar, A.M. Abdelnoor, G.M. Matar, Role of rifampicin
in limiting Escherichia coli O157:H7 Shiga-like toxin expression and
enhancement of survival of infected BALB/c mice, Int. J. Antimicrob. Agents
37 (2011) 135–139, https://doi.org/10.1016/j.ijantimicag.2010.10.009.

[83] C. Tribuddharat, M. Fennewald, Integron-mediated rifampin resistance in
Pseudomonas aeruginosa, Antimicrob. Agents Chemother. 43 (1999) 960–962,
https://doi.org/10.1128/AAC.43.4.960.

[84] E. Gámez, G. Mendoza, S. Salido, M. Arruebo, S. Irusta, Antimicrobial
Electrospun Polycaprolactone-Based Wound Dressings: An In Vitro Study
About the Importance of the Direct Contact to Elicit Bactericidal Activity, Adv.
Wound Care. 8 (2019) 438–451, https://doi.org/10.1089/wound.2018.0893.

[85] E. Gámez, H. Elizondo-Castillo, J. Tascon, S. García-Salinas, N. Navascues, G.
Mendoza, M. Arruebo, S. Irusta, Antibacterial effect of thymol loaded SBA-15
nanorods incorporated in PCL electrospun fibers, Nanomaterials. 10 (2020)
616, https://doi.org/10.3390/nano10040616.

[86] S. Wu, Y. Huang, J. Yan, Y. Li, J. Wang, Y.Y. Yang, P. Yuan, X. Ding, Bacterial outer
membrane-coated mesoporous silica nanoparticles for targeted delivery of
antibiotic rifampicin against Gram-negative bacterial infection in vivo, Adv.
Funct. Mater. 31 (2021) 2103442, https://doi.org/10.1002/adfm.202103442.

[87] N. Bodaghabadi, S. Hajigholami, Z. Vaise Malekshahi, M. Entezari, F. Najafi, H.
Shirzad, M. Sadeghizadeh, Preparation and evaluation of rifampicin and co-
trimoxazole-loaded nanocarrier against Brucella melitensis infection, Iran.
Biomed. J. 22 (2018) 275–282, https://doi.org/10.22034/ibj.22.4.275.

[88] M. Mardirossian, R. Grzela, C. Giglione, T. Meinnel, R. Gennaro, P. Mergaert, M.
Scocchi, The host antimicrobial peptide Bac71-35 binds to bacterial ribosomal
proteins and inhibits protein synthesis, Chem. Biol. 21 (2014) 1639–1647,
https://doi.org/10.1016/j.chembiol.2014.10.009.

[89] Y. Wang, T. Wu, J. Zhang, Z. Feng, M. Yin, X. Mo, A bilayer vascular scaffold with
spatially controlled release of growth factors to enhance in situ rapid
endothelialization and smooth muscle regeneration, Mater. Des. 204 (2021),
https://doi.org/10.1016/j.matdes.2021.109649 109649.

https://doi.org/10.3390/children8070585
https://doi.org/10.3390/children8070585
https://doi.org/10.1016/j.surfcoat.2020.126424
https://doi.org/10.1016/j.surfcoat.2020.126424
https://doi.org/10.1016/j.molimm.2019.02.007
https://doi.org/10.1016/j.molimm.2019.02.007
https://doi.org/10.1021/acs.biomac.0c01163
https://doi.org/10.1021/acs.biomac.0c01163
https://doi.org/10.1016/j.polymertesting.2020.106647
https://doi.org/10.1002/adhm.201800155
https://doi.org/10.1016/j.actbio.2020.07.044
https://doi.org/10.1016/j.jconrel.2020.02.026
https://doi.org/10.1016/j.actbio.2014.06.013
https://doi.org/10.3390/ma14040931
https://doi.org/10.3390/ma14040931
https://doi.org/10.1016/j.ijpharm.2018.12.002
https://doi.org/10.1016/j.ijpharm.2018.12.002
https://doi.org/10.2147/DDDT.S163005
https://doi.org/10.1002/jbm.b.33629
https://doi.org/10.1002/jbm.b.33629
https://doi.org/10.1007/s10856-012-4609-3
https://doi.org/10.1007/s10856-012-4609-3
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1002/app.1969.070130815
https://doi.org/10.1002/app.1969.070130815
https://doi.org/10.1002/app.37885
https://doi.org/10.1002/app.37885
https://doi.org/10.1002/jbm.820240607
https://doi.org/10.1002/jbm.820240607
https://doi.org/10.1186/s40824-019-0171-0
https://doi.org/10.1186/s40824-019-0171-0
https://doi.org/10.1021/jo971176v
https://doi.org/10.1021/am301458y
https://doi.org/10.1016/j.actbio.2014.08.030
https://doi.org/10.1016/j.actbio.2014.08.030
https://doi.org/10.1163/156856205774576655
https://doi.org/10.1163/156856205774576655
https://doi.org/10.1016/j.polymdegradstab.2016.05.022
https://doi.org/10.1016/j.polymdegradstab.2016.05.022
https://doi.org/10.1016/j.apsusc.2019.03.224
https://doi.org/10.1021/am300045y
https://doi.org/10.1021/am300045y
https://doi.org/10.1021/acsami.2c04849
https://doi.org/10.1021/acsami.2c04849
https://doi.org/10.1007/s10953-011-9747-6
https://doi.org/10.1016/0753-3322(92)90027-5
https://doi.org/10.1016/j.jconrel.2013.04.012
https://doi.org/10.1016/j.jconrel.2013.04.012
https://doi.org/10.3390/antibiotics8020039
https://doi.org/10.3390/antibiotics8020039
https://doi.org/10.1016/j.matlet.2015.09.065
https://doi.org/10.1016/j.matlet.2015.09.065
https://doi.org/10.1016/j.jconrel.2008.05.020
https://doi.org/10.1016/j.jconrel.2008.05.020
https://doi.org/10.1128/msphere.00920-21
https://doi.org/10.1186/1471-2180-12-240
https://doi.org/10.1016/j.ijantimicag.2010.10.009
https://doi.org/10.1128/AAC.43.4.960
https://doi.org/10.1089/wound.2018.0893
https://doi.org/10.3390/nano10040616
https://doi.org/10.1002/adfm.202103442
https://doi.org/10.22034/ibj.22.4.275
https://doi.org/10.1016/j.chembiol.2014.10.009
https://doi.org/10.1016/j.matdes.2021.109649

	Rifampicin-loaded electrospun polycaprolactone membranes: Characterization of stability, antibacterial effects and urotheliocytes proliferation
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of PCL and PCL/Rif membranes
	2.3 Membrane morphological analysis by scanning electron microscopy
	2.4 Membranes air- plasma treatment
	2.5 Contact angle and surface energies analyses
	2.6 Chemical characterization by 1H nuclear magnetic resonance spectroscopy
	2.7 Chemical characterization by attenuated total reflectance – Fourier transform InfraRed spectroscopy
	2.8 Simulated body fluid preparation and membranes stability evaluation
	2.9 Analysis of mechanical properties
	2.10 In vitro release of rifampicin
	2.11 Bacterial strains culture
	2.12 Evaluation of the antibacterial activity
	2.13 Cell culture
	2.14 In vitro acute cytotoxicity of rifampicin
	2.15 Cell adhesion and proliferation assay
	2.16 SEM analyses of cell morphology
	2.17 Lactate dehydrogenase cytotoxicity assay
	2.18 Statistical analysis

	3 Results
	3.1 Electrospun PCL and PCL/Rif membranes preparation
	3.2 Chemical characterization by means of NMR spectroscopy
	3.3 Wettability, contact angle and surface energy analysis
	3.4 Mechanical properties and stability characterization of electrospun PCL-based membranes
	3.5 Rifampicin cumulative release from membranes
	3.6 Antibacterial activity of PCL-based membranes
	3.7 In vitro acute cytotoxicity assay on urotheliocytes
	3.8 Biological properties of PCL/Rif electrospun membranes.

	4 Discussion
	5 Conclusions
	Fundings
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Appendix A Supplementary material
	References


