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ABSTRACT: As the population ages, the number of vascular surgery procedures
performed increases. Older adults often have multiple comorbidities, such as diabetes
and hypertension, that increase the risk of complications from vascular surgery including
vascular graft infection (VGI). VGI is a serious complication with significant morbidity,
mortality, and healthcare costs. Here, we aimed to develop a nanofibrous chitosan-based
coating for vascular grafts loaded with different concentrations of the vancomycin antibiotic
vancomycin (VAN). Blending chitosan with poly(vinyl alcohol) or poly(ethylene oxide)
copolymers improved solubility and ease of spinning. Thermal gravimetric analysis and
Fourier transform infrared spectroscopy confirmed the presence of VAN in the nanofibrous
membranes. Kinetics of VAN release from the nanofibrous mats were evaluated using high-
performance liquid chromatography, showing a burst followed by sustained release over 24
h. To achieve longer sustained release, a poly(lactic-co-glycolic acid) coating was applied,
resulting in extended release of up to 7 days. Biocompatibility assessment using human
umbilical vein endothelial cells demonstrated successful attachment and viability of the nanofiber patches. Our study provides
insights into the development of a drug delivery system for vascular grafts aimed at preventing infection during implantation,
highlighting the potential of electrospinning as a promising technique in the field of vascular surgery.
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the type of graft, location of graft, urgency of operation, patient

In recent decades, there has been an increase in vascular L . ;
comorbidities, and surgical technique used. The reported

surgery procedures, which is largely attributed to the aging

opalation. A recent UN study predicts that by 2030, the incidence of VGI is estimated to be between 1 and 6%,'”'®
Eulr)n ber O'f people over 65 ywli)ll double leZ ding ,to a with higher rates reported in patients with certain comorbid-
)

. . o . 1-3 ities. Intraoperative contamination is considered the most
corresponding increase in the incidence of vascular diseases. 8 3 3 A
Aging is associated with a number of changes in the common cause of graft infections, closely followed by infection
cardiovascular system, including increased arterial stiffness frf)m nearby sites. ‘Imphcatlonls of VGI C;,mnOt be under‘stated,

X . . with affected patients suffering mortality rates as high as

and decreased vascular compliance, which can result in 19.20 }
hypertension and other cardiovascular diseases.”> Localized 70%. "~ Prevention and treatment of VGI have proven to be a
changes in the arterial wall may lead to atherosclerosis and great.challenge, an.d there. ae no iéeal P rosthetic‘co.ndui.ts.

. . ) . . Despite advances in surgical techniques and antimicrobial
peripheral arterial disease (PAD), associated with severe ) ) . o
claudication. rest pain. and maior limb loss.®” Treatin therapies, the VGI remains a major challenge for clinicians and
S tomatié PAD P ofte,n re uire; vascular ra'fts Vasculagr researchers. Novel strategies for preventing and treating VGI
ympron d . & 78 are needed, and scientists have started to explore different
surgery in older adults can present unique challenges”” due to

. 1ee . solutions such as the development of new antimicrobial
the presence of multiple comorbidities such as congestive heart 21-23 AR . . .
agents, the use of biomimetic designs for graft materi-

failure, hyperlipidemia, chronic kidney disease, diabetes, and - .
) YPELTP ! . 7 ’ o al,”"**=*” and the use of gene therapy to enhance the immune
hypertension, increasing the risk of postsurgery complications, 2730

including vascular graft infection (VGI).”~" VGI is a serious
and potentially life-threatening complication,'” posing complex
and multifaceted challenges that can result in significant Received: November 15, 2023
morbidity, mortality, and healthcare costs."”'* These in- Revised:  February 7, 2024
fections can be caused by a variety of microorganisms, Accepted:  February 13, 2024
including bacteria and fungi, and can result in a range of Published: February 28, 2024
clinical manifestations, from local wound infections to systemic

infections with sepsis and multiorgan failure.'>'® The

response to infection or guide vascular regeneration.

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c08113

v ACS PUblicationS 11701 ACS Omega 2024, 9, 11701-11717


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Serpelloni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Ellis+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergio+Caserta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shashank+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maham+Rahimi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Taraballi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Taraballi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c08113&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08113?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08113?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08113?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08113?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08113?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/10?ref=pdf
https://pubs.acs.org/toc/acsodf/9/10?ref=pdf
https://pubs.acs.org/toc/acsodf/9/10?ref=pdf
https://pubs.acs.org/toc/acsodf/9/10?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c08113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega http://pubs.acs.org/journal/acsodf
Table 1. Composition and Properties of the Various Solutions That Were Used for the Preparation of the Nanofibers via
Electrospinning”

Formulation Chitosan | PVA PEO Acetic Acid VAN Flow rate Vi y Di Voltage

(Wiv %) (Wiv%) (wiv %) (wiv %) (mg/ml) (mi/h) (Pas) (cm) (kV)

F1 2% 4% 0% 50% 1 mg/ml 04mlh |41 10cm 15kV

F2__ 2% 4% 0% 50% 10 mg/ml 0.4 mlh |26 10cm  15kV

F3__ 2% 0% 2% 50% 1mg/ml 05mlh |10.4 12cm  17kV

F4__ 2% 0% 2% 50% 10 mg/ml 0.5mlh | 12.8 15cm  30kV

“Viscosity values represented here were obtained from the rheological measurements (flow curves in Figure 4) performed at room temperature, at a

shear rate of 10 s™'.

In this framework, our study aims to develop a drug delivery
system utilizing the electrospinning technique. Widely adopted
in the biomedical field for its versatility and ability to produce
micro- and nanofibers, electrospinning results in a high surface-
area-to-volume ratio and a tunable porous structure, facilitating
cell attachment, proliferation, and differentiation.>’ >* Thus, it
finds numerous applications in tissue engineering, wound
healing, and drug delivery. Our project is seated at the
intersection of these three categories. The objective of this
study was to create a nanofibrous coating for vascular grafts to
prevent infections. This was achieved by creating a polymer
blend using chitosan, a natural polymer with intrinsic
antimicrobial properties, and vancomycin (VAN), a potent
antibiotic effective against Gram-positive bacteria. Chitosan’s
biocompatibility and biodegradability make it an ideal
candidate for biomedical apé)lications within the body,
minimizing long-term risks.”>”° Its ability to promote drug
release, directly at the target site, enhances therapeutic eflicacy
while reducing systemic side effects.’”*® Additionally, to
enhance the antimicrobial properties of the nanofibrous
coating, vancomycin (VAN) was combined with chitosan.
VAN, effective against bacteria often involved in VGI,
enhances the coating’s efficacy against these pathogens.’”*’
Recent studies have demonstrated vancomycin’s enhanced
performance when delivered locally, thereby maximizin§ its
therapeutic potential while minimizing systemic toxicity.”
Our approach synergizes the antimicrobial properties of
chitosan with the targeted action of vancomycin, proposing a
novel and effective strategy for VGI prevention. This combined
application is designed to ensure a sustained release of VAN,
providing prolonged protection against infection at the graft
site, a critical aspect in postsurgical recovery and patient
outcomes.

B MATERIALS AND METHODS

Materials. Vancomycin HCl was purchased from Tocris
Bioscience (Minneapolis). Chitosan medium molecular weight
(Mw 47,000 Da), poly(vinyl alcohol) (PVA; Mw 146,000—
186,000 Da), poly(ethylene oxide) (PEO; Mw 600,000), and
ammonium dihydrogen phosphate were purchased from
Sigma-Aldrich (Burlington). Glacial acetic acid high-perform-
ance liquid chromatography (HPLC) grade, dimethylforma-
mide (DMF), hexafluoroisopropanol (HFIP), dichlorome-
thane (DCM), and acetone were purchased from Thermo
Fisher Scientific (Waltham). Poly(lactic-co-glycolic acid)
(PLGA) 50:50 was purchased from Durect (Cupertino).

Preparation of the Electrospinning Solutions. The
electrospinning solutions were prepared using two different
methods depending on the copolymer utilized. We evaluated
several iterations, employing either PVA or PEO, and
incorporating two distinct concentrations of VAN. Formula-
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tions 1 and 2 consisted of a blend of chitosan at 2% w/v, PVA
at 4% w/v, and two varying concentrations of VAN: 1 and 10
mg/mlL, respectively. Similarly, formulations 3 and 4 contained
a blend of chitosan at 2% w/v, PEO at 2% w/v, with VAN
concentrations of 1 and 10 mg/mL.

Formulations 1 and 2 were created by dissolving chitosan
and PVA separately in a 50% (w/v) acetic acid solution. The
chitosan was stirred on a plate overnight at room temperature,
while PVA was mixed in a vacuum oven at 90 °C for 6 h under
stirring conditions. All vials were sealed with a parafilm to
prevent evaporation during stirring. Once fully solubilized, the
two solutions were combined, and VAN was added 4 h later.
The electrospinning solution was then stored and stirred at
room temperature until it was used for electrospinning.
Formulations 3 and 4 followed a similar process, with chitosan
and PEO being dissolved separately in a 50% (w/v) acetic acid
solution, and both compounds were dissolved at room
temperature before being combined as previously described.

The PLGA polymeric solution was prepared by dissolving 2
g of PLGA pellets in a mixture of 40% (v/v) DMF and 60%
(v/v) acetone, followed by stirring at room temperature
overnight.

Preparation of the Electrospun Coating. The nano-
fibrous coating was produced by using the electrospinning
technique. In brief, a high-voltage DC power supply (Linari
Biomedical, ITA) was set up in an insulating hood along with a
flat collector and a syringe pump. The electrospinning solution
was loaded into a 20 mL glass syringe (Hamilton) fitted with a
20 G blunt needle. To initiate spinning, both the collector and
the syringe needle were connected to the negative and positive
poles to create the necessary electric field for nanofiber
deposition. Numerous attempts were made to spin chitosan
alone at different concentrations (i.e, 3, 6, and 9 mg/mL)
dissolved in acetic acid solution (ranging from 10 to 70 v/v %),
as well as chitosan (3, 6, and 9 mg/mL) dissolved in HFIP.
The flow rates varied from 0.2 to 1.5 mL/min, with applied
voltages ranging from 10 to 30 kV, and needle-collector
distances from 8 to 20 cm, including all corresponding
permutations. Achieving a homogeneous fiber deposition was
nearly impossible, leading us to explore the addition of
copolymers such as PVA and PEO to enhance the electro-
spinnability of chitosan, as extensively reported in the
literature.”*~*” In fact, chitosan alone proved to be extremely
difficult to spin due to its limited solubility.***® Soluble only in
acidic solvents such as formic or acetic acid, chitosan becomes
a cationic polyelectrolyte in such environments, transforming
NH, groups into NH3+. In an electric field, strong repulsive
forces between these positively charged groups prevent the
continuous formation of chitosan fibers, resulting in irregular
beaded structures. Furthermore, robust hydrogen bonding

https://doi.org/10.1021/acsomega.3c08113
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between NH, and OH groups in chitosan solutions affects its
properties.44

At low chitosan concentrations, there are insufficient
polymer chains to support fiber formation. However, as the
polymer concentration increases, the strengthened hydrogen
bonds between the chains create a highly viscous 3D network
structure. This dense structure is challenging to electrospin,
and to overcome this limitation, researchers have leveraged the
use of guest polymers like PVA and PEO to enable the
electrospinning of chitosan, achieving great results in terms of
fiber formation and homogeneity. By blending, chitosan
nanofibers can be obtained with high reproducibility, although
the resulting fibers contain not only chitosan but also the guest
polymer. Other groups have attempted to reduce repulsion
between chitosan chains using harsh reagents, such as DCM
and trifluoroacetic acid. While this approach yields pure
chitosan nanofibers, the use of harmful solvents limits their
clinical application. Therefore, in our study, we opted to
fabricate chitosan nanofibers by blending chitosan with PVA
and PEO.

The electrospinning solutions used in this work and
described in the previous section were loaded in the syringe,
and different voltages were applied as described in Table 1.
The distance between the needle tip and the collector was
adjusted accordingly. The feed rate of the syringe pump (New
Era Pump System Inc.) is described in Table 1 as well as the
needle-collector distance and voltage applied. The electro-
spinning process was performed at room temperature and a
relative humidity of 60—65%.

Characterization of Electrospinning Solutions. Rheo-
logical properties of each formulation were assessed using an
MCR302 Rheometer (Anton Paar, Austria) equipped with a
parallel plate system PP25/P2 (25 mm diameter) and a Peltier
chamber to control the temperature with a temperature
gradient lower than 0.2 °C during the tests. Rotational and
oscillatory tests such as viscosity tests, amplitude sweeps,
frequency sweeps, and shear tests were performed to evaluate
the viscoelastic properties of the different blends. Viscosity
tests performed at different temperatures ranging from 10 to
30 °C were used to evaluate how temperature affects the
overall viscosity of the solutions. Amplitude sweeps, with shear
strains ranging from 0.01 to 100%, were used to determine the
linear viscoelastic region (LVER) by applying an angular
frequency of 10 rad/s. Frequency sweep tests were performed
to describe the time-dependent behavior of the formulations,
providing a preliminary conditioning on the sample by
applying a preshear of 100 s~ for 60 s to erase the previous
shear history of the sample. Angular frequencies ranging from
0.1 to 100 rad/s were applied to the samples, with a fixed shear
strain applied equal to 0.07% to stay within the LVER
previously determined with the amplitude sweep tests.

Surface Tension Evaluation of the Electrospinning
Solutions. A pendant drop test was performed on each
formulation to understand how different solutions and
different concentrations of polymers could affect the electro-
spinnability properties. For this test, an optical tensiometer was
used (Biolin Scientific). Static interfacial tension was measured
by fitting the Young—Laplace equation by image processing
from the value of the difference between the contour shape and
density of the droplet created from the needle tip.**

Characterization of Nanofibers. Morphology and Size.
The morphology and the size of the nanofibers were assessed
by using a scanning electron microscope (SEM) (NovaNano-

SEM 230, FEI). Samples of the nanofibrous mats were
harvested and coated with platinum—iridium (Pt—Ir) using a
sputter coater (Cressington). After Pt—Ir coating, the samples
were examined with an accelerated voltage of 5 kV—8 kV. The
diameter of the nanofibers was inferred by evaluating the SEM
images obtained using Image].

Properties of the Nanofibrous Mats. Fourier transform
infrared spectroscopy (FT-IR, Spectrum BX, PerkinElmer) and
thermogravimetric analysis (TGA, CT, PerkinElmer instru-
ments) were performed on samples of the nanofibrous mats.
Chemical analysis using FT-IR was performed in the range of
400—4000 nm™" at room temperature. TGA was performed
under a nitrogen atmosphere. The characteristic TGA profiles
were recorded between 25 and 500 °C at a constant rate of 10
°C/min.

Contact Angle Measurements. The hydrophilicity/hydro-
phobicity of the nanofibrous mats was assessed using sessile
drop measurement, where a droplet of water was placed on the
surface of the nanofibrous mat. The static contact angle was
then defined by fitting the Young—Laplace equation around
the droplet using built-in software provided by Biolin
Scientific.*®

Drug Loading and Drug Entrapment Efficiency. The
amount of VAN entrapped in the nanofibrous mats was
quantified by HPLC. A known mass of the nanofibrous
samples (ranging from 6 to 20 mg according to each region)
was dissolved in S mL of 0.1 M dichloromethane solution. The
amount of VAN in the solution was calculated by HPLC at 4 =
205 nm.

The amount of VAN entrapped in the nanofibrous mats was
calculated by comparing the released mass of VAN (wHPLC)
from the nanofibrous mat and the mass of VAN dissolved
before the electrospinning procedure (WES).

The drug entrapment efficiency of the nanofiber (EE) was
calculated by eq 1

EE(%) = (WHPLC/wWES) X 100 (1)

Each experiment was performed using at least 3 different
replicates, and the average values and standard deviations are
reported.

Release Kinetics of VAN-Loaded Chitosan Nanofibrous
Coating (CNC). The release kinetics of VAN from the CNC in
vitro was evaluated using HPLC. VAN-loaded CNC mats were
sectioned into 16 regions (2.5 X 2.5 cm®) and placed
separately in a vial filled with 2 mL of phosphate-buffered
saline (PBS). The vials were sealed with parafilm and placed
on a shaker in an incubator at 37 °C. At predetermined time
intervals, 1 mL of volume was withdrawn for analysis and
replaced with new PBS. VAN release was determined using an
HPLC method developed by building upon an existing method
reported in the literature.”” A Waters 2695 Alliance Separation
module was used. The resulting signals were processed with
built-in software (Empower, Waters, Milford). The elution was
performed on a Luna C18 § ym 4.6 X 150 mm* Phenomenex
column. Ammonium dihydrogen solution, 2.6 M, was used as
the mobile phase, with a pH of 2.2. The isocratic elution buffer
was composed of an 88% mobile phase and 12% acetonitrile.
UV detection was performed at 205 nm and 15 min of
retention time. The injection volume was 10 uL. Calibration
curves for VAN were constructed over the range of 1.95-2
mg/mL of VAN in Milli-Q water. The limit of quantification
was 0.5 pg/mL.

https://doi.org/10.1021/acsomega.3c08113
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Figure 1. Microscopic characterization of nanofibrous mat SEM images of formulations of vancomycin nanofibers at magnifications of 5000x and
corresponding size distribution histograms. (A) Formulation with chitosan in HFIP. (B) Formulation with chitosan and PVA in acetic acid solution
(F2). (C) Formulation with chitosan and PEO in acetic acid solution (F4). Chitosan alone proved to be extremely difficult to spin due to its
limited solubility (A), and for this reason, the addition of a copolymer such as PVA and PEO was explored to enhance the electrospinnability

properties of chitosan (B,C).

Biocompatibility Assessment. Human umbilical vein
endothelial cells (HUVECs) were cultured in endothelial cell
growth basal medium-plus (Lonza, no. CC-5036) according to
the manufacturer’s specification. Patches were cut to a
diameter of 6 mm using a biopsy punch and coated with
gelatin-based coating solution (Cell Biologics, #6950) via
incubation at room temperature for 10 min. HUVEC cells (5 X
10*) were seeded onto patches in 20 uL droplets and
incubated for 1 h to aid attachment before patches were
covered with media and incubated for 24 h at 37 °C. Following
incubation, viability was assessed via immunofluorescent
staining with 2 uM calceinAM and 8 uM ethidium
homodimer. Z-stack images were acquired at 10X magnifica-
tion using the Al Nikon Confocal Imaging System (Nikon
Corporation, Tokyo, Japan). Z-stacks were composed of >25
images at 15 pym intervals.

Statistical Analysis. Statistical analysis was performed on all
of the results shown in the manuscript, from the SEM
evaluation to TGA, FT-IR analysis, and release kinetics of each
section. Results are reported as mean values + standard
deviation obtained from 3 different replicates. Differences were
considered statistically significant for P values <0.0S. GraphPad
Prism 8.4.3 was used to analyze and plot all data.

B RESULTS AND DISCUSSION

Microscopic Characterization of Different CNC
Candidates. Chitosan is a natural polymer with intrinsic
antibacterial properties,””~>” which should make it amenable
for tissue engineering applications, but its high molecular
wei%1;t5,4 high viscosity, and low solubility have hindered its
use.”””" Additionally, chitosan tends to form aggregates or
clumps, and this is one of the most concerning issues in
electrospinning because it prevents the formation of
continuous fibers. For this reason, several preliminary
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evaluations were conducted using different solvents and
copolymers. In Table 1, an overview of the different iterations
is reported. As mentioned earlier in the Materials and Methods
section, the use of guest polymers, easy to spin such as PVA
and PEO, has shown great results in terms of fiber formation
and homogeneity.*>*® By blending, chitosan becomes easier to
electrospin, and nanofibrous mats with homogeneous charac-
teristics can be obtained. For this reason, different concen-
trations of PVA and PEO were investigated following the
various examples reported in the literature,***>°” and in Table
1, the final concentrations chosen for our study are reported.

Formulations F1 and F2 are characterized by the same
concentrations of chitosan and PVA but two different
concentrations of VAN dissolved within the polymeric
solutions, respectively 1 and 10 mg/mL. Formulation F3 and
F4 instead are composed of the same concentrations of
chitosan and PEO but two different concentrations of VAN,
respectively, 1 and 10 mg/mL. For each formulation, a
summary of the electrospinning parameters used is reported.

Our initial experiments involved using chitosan solutions of
3, 6, or 9% (w/v) in HFIP, followed by trials with chitosan in
DCM. Subsequently, we explored blending chitosan with
copolymers (PVA or PEO) in acidified water. We tested
various copolymer concentrations employing different levels of
acidified water as the solvent. It was observed that increasing
the copolymer concentration facilitated chitosan’s solubility.
To further enhance solubility, we varied the acetic acid
concentration from 10% to 90% w/v. However, higher acetic
acid levels led to increasing the opaqueness in the solution.
Consequently, we selected a 50% w/v concentration of acetic
acid, which was found to improve solubility and maintain the
solution’s clarity while enhancing the volatility of the final
polymer solution.

https://doi.org/10.1021/acsomega.3c08113
ACS Omega 2024, 9, 11701-11717
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Figure 2. TGA and FT-IR characterization from the TGA curves of formulations F2 and F4 (A, B), three characteristic temperature intervals of
weight loss can be inferred. The first region (50—100 °C), with 10—15% weight loss, corresponds to the evaporation of water content. The second
weight loss, occurring in the range of 200—250 °C, is the result of VAN degradation and accounts for 10—15% of weight loss. This is in accordance
with the overall mass of VAN dissolved in the polymeric solution. The last stage, at temperatures higher than 250 °C, is characterized by the
degradation of chitosan at 250 °C, PVA at 280 °C, and PEO at 350 °C. The characteristic inflection points observed in the TGA curves
demonstrated the presence of VAN within the nanofibrous membrane. FT-IR analysis (C, D) also showed the presence of VAN, with the amide
peak at 1653 cm™" and the characteristic peak at 1024 cm™' of the amine stretching. These peaks were partially covered by the same peaks present

in the chitosan.

The nanofibrous mat obtained with chitosan in HFIP
without copolymers showed a heterogeneous deposition with
defects due to the formation of clumps and aggregates (Figure
1A). The frequency distribution of the diameters was
characterized by a high standard deviation (347 + 169 nm).
Instead, once copolymers were added (formulations F1, F2,
F3, and F4), a homogeneous deposition was obtained (Figure
1B,C). Formulation with PVA was characterized by an average
diameter size of (164.1 + 65.34 nm). Fiber diameters showed a
Gaussian size distribution, as reported in the charts at the
bottom line of Figure 1. Interestingly, the blend composed
with PEO showed a homogeneous deposition as well, with an
average diameter size of (240 + 50.81 nm) with fewer beads
and defects compared to the nanofibers with PVA.

According to the results of these SEM images, we decided to
perform a deeper characterization of formulations with PVA
and PEO. Four different formulations were prepared,
consisting of chitosan and PVA with 1 and 10 mg/mL VAN
(formulations F1 and F2, respectively) and chitosan and PEO
with 1 and 10 mg/mL VAN (formulations F3 and F4,
respectively). Chitosan has limited solubility in common
organic solvents, which makes it challenging to obtain a
homogeneous spinning solution.’® Since chitosan is a
polycationic polymer, and its solubility is influenced by pH,
it is more soluble in acidic conditions due to the protonation of
amino groups, which is why we used acetic acid.””
Incorporating drugs into chitosan nanofibers while maintaining
their stability and bioactivity can be challenging.”'~*’ Some
drugs may have limited solubility in the spinning solution,
affect the electrospinning process, or degrade during the
process. Ensuring proper drug encapsulation and controlled

release is essential.”* Moreover, tuning the quantity of
vancomycin embedded within the coating is important for
translational approaches. The selected concentrations of VAN
loaded within the nanofibrous coatings (1 and 10 mg/mL)
were chosen after taking into consideration what was already
available in the clinical settings. VAN administration depends
on several aspects such as specific product comgposition, clinical
application, and route of administration.””°® These consid-
erations must be paired with the patient’s health history and
the presence of comorbidities, such as diabetes and
cardiovascular pathologies, which can increase the risks of
bacterial infections.'”°

The gold standard relies on the systemic intravenous
administration of VAN with concentrations ranging from 0.5
to S mg/mL or 15—20 mg/kg if weight-based, depending on
the gravity of the infection and patient’s body weight.*~" In
surgical settings, vascular grafts are commonly presoaked in
vancomycin solutions with concentrations ranging from S to
10 mg/mL as a preventive measure.”’ A broad range of
concentrations demonstrates a lack of clarity and a clear
indication. Moreover, our study aims to achieve a localized
release of VAN, at the site that is more susceptible to infection.
With intravenous and oral administration of VAN, the amount
of drug needed is higher due to the systemic approach used. As
far as we know, no clear evidence exists and sufficient clinical
data to support the effective local dosage using similar devices
like the one we developed. However, we are currently
assessing, through a clinical trial, toxicity limits and efficacy
of local delivery of VAN in patients undergoing total hip and
total knee arthroplasty following an approach similar to the
one presented here.””
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Figure 3. Rheological characterization of formulations F1, F2, F3, and F4. Amplitude sweep tests were performed preliminarily (A) to identify the
LVER. For formulation F1, a value of a 0.1% shear strain was identified as the upper limit for the LVER, while for formulations F2, F3, and F4, a
shear strain of 1% was chosen to stay within the LVER. Frequency sweep tests were performed to evaluate the behavior of the different
formulations in the oscillatory regimen to determine the time-dependent characteristics of each formulation (B). F2 and F4 formulations show
substantial parallelism of the G’ and G” curves, with loss modulus G” being above the storage modulus G’. Conversely, formulations F1 and F3
reveal a crossover, occurring at approximately 1 rad/s for F1 and 0.4 rad/s for F3. Flow curves at different temperatures were performed
sequentially to evaluate how viscosity was affected by different shear rates and temperatures (C). An increase in the shear rate resulted in a
decreased viscosity. This shear thinning behavior was observed in all four formulations for shear rates above 1—10 s™". For shear rates below 1 57/,

all samples approached a Newtonian plateau.

TGA and FT-IR Characterization. After obtaining the
nanofibrous mat, we performed elemental analysis of the
electrospun material, as shown in Figure 2. The TGA curves of
formulations F2 and F4 (Figure 2A,B) reveal three character-
istic temperature intervals of weight loss. In the first region
(50—100 °C), which shows a 10—15% weight loss, the loss
corresponds to the evaporation of water content. The second
stage of weight loss, occurring between 200 and 250 °C, is
attributed to VAN degradation and accounts for another 10—
15%. This is in accordance with the overall mass of VAN
dissolved in the polymeric solution. The final stage, occurring
at temperatures above 250 °C, involves the degradation of
chitosan at 250 °C, followed by PVA at 280 °C and PEO at
350 °C. The characteristic inflection points observed in the
TGA curves demonstrated the presence of VAN within the
nanofibrous membrane. The FT-IR analysis (Figure 2C,D)
confirmed the presence of VAN, indicated by the amide peak
at 1653 cm™ and the characteristic amine stretching peak at
1024 cm™". However, these peaks partially overlap with similar
peaks found in chitosan.

Rheological Assessment. Rheological characterization
was performed to gather more data on the viscoelastic
properties of polymeric solutions F1, F2, F3, and F4.
Preliminary amplitude sweep tests (Figure 3A) were

11706

conducted to identify the LVER. For formulation F1, a value
of 0.1% shear strain was identified as the upper limit for the
LVER, while for formulations F2, F3, and F4, a shear strain of
1% was chosen to stay within the LVER. Frequency sweep tests
were performed to evaluate the behavior of the different
formulations in the oscillatory regimen (Figure 3B). F2 and F4
formulations show substantial parallelism of the G’ and G”
curves, with loss modulus G” being above the storage modulus
G'. Conversely, formulations F1 and F3 revealed a crossover,
occurring at approximately 1 rad/s for F1 and 0.4 rad/s for F3.
This crossover is accompanied by an increase in modulus G’
surpassing the values of loss modulus G” at lower frequencies.
These findings suggest that at low frequencies, formulations F1
and F3 exhibit a more elastic response, but this behavior
changes as the frequency increases. Formulations F2 and F4
always showed a moderate preponderance of the viscous
response in the entire range of frequencies investigated. A
possible crossover might also be present for F2 and F4 at very
low frequencies (below 0.1 rad/s), i.e., below the range of our
interest here investigated. All samples (F1—4) at the upper
edge of frequencies investigated show the two curves
approaching each other. Also, in this case, the eventual
presence of a high-frequency crossover (above 100 rad/s) is of
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limited interest to our application and was not further
investigated.

Flow curves at different temperatures were performed
sequentially to evaluate how the viscosity was affected by
different shear rates and temperatures. As described in Figure
3C, an increase in shear rate resulted in decreased viscosity.
This shear thinning behavior was observed in all four
formulations for shear rates above 1—10 s™'. For shear rates
below 1 s7', all samples approached a Newtonian plateau.
Interestingly, at 10 °C, the overall viscosity was higher than at
25 or 30 °C (Figure 3C); this could be due to the partial
rearrangement of the water molecules present in each
formulation.

Additionally, complex viscosity (#*) obtained from the
frequency sweep measurements and steady-state shear viscosity
(1) obtained from flow curves were evaluated to check
whether the Cox—Merz rule could apply to the four
formulations, simplifying the comparison between these two
different rheological measurements. The Cox—Merz empirical
rule could theoretically apply only to formulation F2, while for
all of the other formulations, no marked correlation was
observed except for angular frequencies/shear greater than 10
rad/s™! (Figure S1).

The viscoelastic properties of a polymeric solution play a
crucial role in assessing its suitability for electrospinning, a
widely used technique to produce nanofibrous materials.”””*
There is a correlation between polymer viscosity and
electrospinnability, as the viscosity of the polymer solution
significantly impacts the electrospinning process and the
resulting fiber morphology.”> A solution with an appropriate
viscosity enables the continuous and controlled extrusion of
the polymer through the spinneret or needle. If the viscosity is
too low (i.e, # < 100 mPa-s), the solution may form droplets
or beads instead of fibers.”*’® On the other hand, if the
viscosity is too high (i.e., # 3> 10 Pas), the solution may have
difficulty flowing and the electric field generated by a
laboratorial electrospinning setup is not sufficient to form
uniform fibers.”” Therefore, an optimal viscosity range is
necessary for successful fiber formation.”® Moreover, the
polymer viscosity affects the uniform distribution of the
polymer within the solution.

While viscosity is commonly regarded as the primary
rheological parameter to be evaluated, in our specific process,
the viscoelasticity of the fluids plays a pivotal role, as
highlighted, for instance, in Castellano et al.”*”® For this
reason, a comprehensive rheological characterization, partic-
ularly in the LVER, is needed and is best accomglished
through amplitude sweep and frequency sweep tests.””"" In
particular, the LVER can be determined only after performing
amplitude sweep measurements, applying different shear
strains on the polymeric solutions, and evaluating their
response.””®> On the other hand, frequency sweep tests are
necessary for describing the viscoelastic properties of the
different formulations in the oscillatory domain. These tests
involve the application of a fixed strain within the previously
determined LVER, obtained from the amplitude sweep tests.
Frequency sweep tests were performed to replicate the
dynamic deformation experienced by the solution as it is
extruded through the syringe needle during the electrospinning
process.”!

Ensuring the uniformity of solutions is crucial for achieving
consistent properties in electrospun fibers. Conducting
rheological assessments before the electrospinning process,

particularly for composite solutions with diverse properties,
holds great importance, and understanding the behavior of
polymer solutions across a range of frequencies is fundamen-
tal.””** Identifying how the solutions respond to dynamic
deformation, such as those encountered during the electro-
spinning process, can provide valuable insights. In our study,
the absence of crossover in the storage modulus (G’) and loss
modulus (G”) curves in the tested frequency range (0.1—10
rad/s) suggests a liquid-like behavior for the polymer
solution.” ™" The solution’s ability to maintain a consistent,
liquid-like behavior at different frequencies is desirable for
producing uniform fibers during the electrospinning process.®’
The subsequent microscopic evaluation of the nanofibrous
coatings obtained from formulations F2 and F4 showed higher
reproducibility of nanofibers with an average diameter of
(164.1 + 65.34 nm) and (240 + S50.81 nm), respectively,
endorsing the findings observed during the rheological
characterization. Moreover, a higher concentration of VAN
dissolved within the two polymeric solutions made F2 and F4
more amenable for further characterization since the healing
process of surgical wounds usually takes at least 14 days. Being
able to effectively embed higher concentrations of VAN would
be beneficial to achieving a controlled and sustained release of
VAN for a longer period of time.

Surface Tension of the Polymeric Solutions. The
electrospinning technique is based on the application of an
electric field to a polymeric solution pumped through a needle
to create instability, impose monoaxial stretching of the
extruded fluid, and generate a nanofibrous thread to be spun
onto a specific target (collector). Therefore, in characterizing a
polymeric solution for electrospinning, both rheological
parameters and surface tension play crucial roles®>*” Surface
tension was assessed to gauge the difficulty an electric field
faces in overcoming the cohesive forces at the molecular level
within a specific solution. The higher the surface tension, the
higher the electric field needs to be to create instability and
generate nanofibers.”””' Figure 4 presents the evaluation of
formulations F1, F2, F3, and F4. The results indicated surface
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Figure 4. Evaluation of surface tension for polymeric blends. The
surface tension of the solution affects the jet’s ability to stretch and
form fibers, as well as the resulting fiber morphology. A lower surface
tension generally leads to thinner and more uniform fibers. On the
other hand, higher surface tension can result in thicker and less
uniform fibers due to reduced stretching of the jet. Surface tension
values of around 8.5—10 mN/m for the first three formulations were
observed, while formulation F4 had a surface tension of 13.2 mN/m.
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tensions of approximately 8.5 and 10 mN/m for the first three
formulations, whereas formulation F4 exhibited a surface
tension of 13.2 mN/m.

These results are in accordance with the differences in
voltage applied to the polymeric solution during the electro-
spinning process, as reported in Table 1. While formulations
F1, F2, and F3 had comparable values of voltage applied to
obtain nanofibrous deposition, formulation F4 required a
higher voltage to form nanofibers. The incorporation of PEO
and PVA as additives was intended to reduce the surface
tension of the polymer solution.”””* Indeed, all formulations
containing these additives showed enhanced spinnability.

Hydrophilicity of the Nanofibrous Mats. Evaluating
surface properties, such as hydrophilicity and hydrophobicity,
is crucial in the design of new implantable devices as these
factors significantly influence their success or failure. Figure §
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Figure S. Evaluation of surface behavior of the CNC of vascular graft
through WCA measurements. Chitosan 2% w/v + PVA 4% w/v in
50% w/v acetic acid solution was used as a control against
formulations F1 and F2. Chitosan 2% w/v + PEO 2% w/v in 50%
W/V acetic acid solution was used as a control against formulations
F3 and F4. PLGA coating spun on top of the vascular graft containing
VAN. An overall hydrophilic behavior for the nanofibrous mats was
obtained from formulations F1, F2, F3, and F4, suggesting good water
affinity with WCA values well below 90°. The PLGA coating
deposited on the nanofibrous mats, to enhance the sustained release
of VAN, changed the overall affinity of the nanofibrous mats,
suggesting a hydrophobic behavior with a WCA equal to 121 + 2°
(mean + SD).

illustrates that the nanofibrous mats from formulations F1, F2,
F3, and F4 exhibit overall hydrophilic behavior, as evidenced
by WCA values significantly below 90°, indicating strong water
affinity. Water contact angle measurements were performed on
the nanofibrous mats after the deposition of the additional
nanofibrous PLGA coating to enhance the sustained release of
VAN (Figure S). The PLGA coating changed the overall
affinity of the nanofibrous mats, suggesting a hydrophobic
behavior with a WCA equal to 121 + 2° (mean + SD).

The impact of hydrophilicity and hydrophobicity on biofilm
formation is a topic that has undergone extensive exploration;
however, its precise influence remains a subject of ongoing
discussion. It is well-established that rough surfaces enhance
bacterial adhesion, thereby increasing the likelihood of biofilm
formation compared to smoother surfaces. Furthermore, the
realm of biofilm formation encompasses various contributing
factors, including the bonding of chemical entities onto the
substrate and the presence of proteins or other biomolecules

within the outer layer.”*”> Given the complex interplay of

these factors, it becomes challenging to isolate and understand
the specific roles of hydrophilicity and hydrophobicity. The
prevailing belief is that hydrophilic substrates, owing to their
high surface energy, may diminish or at least not promote
biofilm formation.”*™*® As bacterial cell surfaces generally
exhibit hydrophobic properties, biofilm formation is more
likely on surfaces that are less wettable and more hydro-
phobic.””~'%" Nevertheless, conclusive determinations on this
subject remain elusive.

Kinetics of Release of the Nanofibrous Mats.
Following a detailed assessment of the chemical and surface
characteristics of the nanofibrous mats, we examined the
kinetics of VAN release. To quantify the VAN release, an
HPLC method was developed. The nanofibrous mat was first
sectioned into 16 different regions and then soaked in PBS.
From the HPLC analysis of each region at specific time points,
we obtained heat maps of the overall release of antibiotics from
the drug-eluting mat as depicted in Figure 6. In particular,
formulations F2 and F4, prepared with a higher VAN content
(10 mg/mL), were evaluated. After 30 min, the region that
released the most VAN from the PVA-based formulation F2
mat had released 1.75 mg of VAN, and in the PEO-based
formulation F4 mat, the highest amount released was 2.75 mg.
From 30 min to 1 h, a decrease in release compared to the
initial 30 min was observed in both cases, with the highest
release measured equal to 0.84 mg for F2 and 0.74 mg for F4.
From 1 to 3 h, the highest values released were 1.24 mg (F2)
and 1.27 mg (F4). From 3 to 8 h, VAN release reached 0.37
mg (F2) and 0.32 mg (F4). VAN was still released from 8 to
24 h, with highest values of 0.44 mg (F2) and 0.37 mg (F4).
The heatmap representation offers a qualitative view of the
areas with the highest VAN concentration, providing an
estimate of the electrospinning deposition quality. Overall, the
nanofibrous deposition was focused more on the central
regions, suggesting good targeting of the collector. The same
findings were observed for formulations F1 and F3, as
represented in Figure S3.

Figure 7 describes more in-depth, from a quantitative
standpoint, the values obtained from the HPLC analysis of
released VAN from formulations F2 and F4. From the data
obtained from the HPLC analysis of the different regions of
the nanofibrous mats, the entrapment efficiency was evaluated
as described in the Materials and Methods section. The
released mass of VAN from the nanofibrous mat was compared
to the mass of VAN dissolved in the different formulations
before electrospinning. The entrapment efficiency was found
to be approximately 50% for formulations F2 and F4. This
could be explained by the difficulty in focusing the electro-
spinning process in a well-confined area. Figure 7A—D
represents the cumulative release profile of the nanofibrous
mats obtained from formulations F2 and F4 after considering
the 50% entrapment efficiency. In particular, a 90% release of
VAN was observed for both formulations F2 and F4 after 3 h.
The plateau level was reached after 8 h, suggesting a fast
release profile (Figure 7A—D). Moreover, two regions in F4:1.
A and 1. B, respectively, showed an even faster release profile,
with a 95% release after 3 h. This could be explained by the
heterogeneous nanofibrous deposition obtained in the 16
sections. Complementary graphs of the cumulative release
(Figure 7B—E) and the release profile at each time point
(Figure 7C—F) of each section help describe how each section
contributed to the overall release and reinforce the findings
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Figure 6. Heatmap of the released VAN from the nanofibrous mats obtained with formulations F2 and F4. The heatmap representation gives a
qualitative view of the most loaded areas, which provides an estimate of the quality of the electrospinning deposition. Overall, the nanofibrous
deposition was focused more on the central regions, suggesting a good targeting of the collector. After 30 min, the region that released the most
VAN from the PVA-based formulation F2 mat had released 1.75 mg of VAN, and in the PEO-based formulation F4 mat, the highest amount
released was 2.75 mg. From 30 min to 1 h, a decrease in release compared to the initial 30 min was observed in both cases, with the highest release
measured equal to 0.84 mg for F2 and 0.74 mg for F4. From 1 to 3 h, the highest values released were 1.24 mg (F2) and 1.27 mg (F4). From 3 to 8
h, VAN release reached 0.37 mg (F2) and 0.32 mg (F4). VAN was still released from 8 to 24 h, with highest values of 0.44 mg (F2) and 0.37 mg

(F4).

represented with the heatmap graphs shown in Figure 6. The
quantitative analyses confirm that the highest amount of VAN
was released from the central regions, with a more sustained
release throughout the 24 h, while the contribution of
peripheral areas is more marginal. This can be explained by
the deposition of nanofibers, mostly in the central regions of
the collector. Also, for formulations F1 and F3, the quantitative
evaluations represented in Figure S3 showed a higher amount
of VAN released from the central regions, corroborating the
findings observed from the heat maps in Figure S2, findings
that are in accordance with those obtained from formulations
F2 and F4. Electrospinning with a horizontal geometry, like the
one used for this study, can present certain limitations
compared to traditional vertical electrospinning setups.
Horizontal electrospinning setups may encounter difficulties
in maintaining stable jet formation during the electrospinning
process. Gravity can play a role in the stability of the jet and
the control of fiber diameter.'’”'”® Without the aid of gravity,
the jet stability can be compromised, resulting in variations in
fiber diameter and bead formation.'**'*> We did achieve good
control over the jet stability and the coating uniformity in
topography; however, in the horizontal electrospinning, the
distribution of the electric field can be less uniform compared
to vertical setups. This nonuniformity can affect the electro-
spinning process, leading to variations in fiber deposition as in
this specific case. Despite these limitations, horizontal
electrospinning setups can still be used successfully in this
type of application if the resulting coating is well-characterized
and standardized.

Kinetics of the Release of the PLGA-Coated Nano-
fibrous Mats. Building upon the results obtained from the
HPLC analysis and aiming for a more sustained release of
antibiotics for a longer period of time, we added an additional
layer of PLGA, using it as a coating. The PLGA deposition was

carried out as described in a previous work from our
group.mé’107 The nanofibrous coating in PLGA was electro-
spun on top of the nanofibrous mats already made obtaining a
homogeneous deposition with fibers of 177.3 + 19.8 nm
(mean + SD) in diameter (Figure S4). HPLC evaluation was
carried out using the same method as for noncoated mats. In
Figure 8, a heatmap shows the release of VAN from
nanofibrous mats obtained from formulations F2 and F4
with the addition of the PLGA coating. The highest values of
VAN release for any of the regions at 30 min were 1.36 and
2.03 mg, respectively, for formulations F2 and F4. From 30
min to 1 h, the highest VAN released was 0.23 mg (F2) and
0.47 mg (F4). From 8 to 24 h, maximum release amounts of
0.52 mg (F2) and 0.47 mg (F4) were observed. From 1 to 7
days, VAN was still being released by the more heavily loaded
regions of the mats, with the highest values of 0.12 (F2) and
0.1 mg (F4). These results show that after a burst release, there
was a sustained release of up to 7 days.

To help distinguish with better accuracy the actual release
throughout time, we plotted the cumulative release and release
profile of the PLGA-coated mats (Figure 9). The release
reached a plateau after 3 days and reached almost 100% of
VAN released after 7 days (Figure 9A—D). This suggests that
the PLGA layer slows the overall release of antibiotics
compared to the complete release obtained in less than 24 h
observed in uncoated mats (Figure 7A—D). From the
complementary graphs of the cumulative release profile in
mass (Figure 9B—E) and the release profile at each time point
(Figure 9C—F), we can observe that the release followed an
exponential behavior.

Upon assessing the drug delivery mechanism, it was
identified that diffusion primarily contributes to the release
of VAN. The system exhibits a biphasic nature, characterized
by an initial burst release profile, which is the predominant
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Figure 7. Direct quantification with HPLC of the release kinetics from the drug-eluting nanofibrous mats obtained with formulations F2 and F4.
Panels (A—D) represent the cumulative release profile of the nanofibrous mats obtained from formulations F2 and F4 after considering a 50%
entrapment efficiency. A 90% release of VAN was observed for both formulations F2 and F4 after 3 h. The plateau level was reached after 8 h,
suggesting a fast release profile. Moreover, two regions in F4:1. A and 1. B, respectively, showed an even faster release profile, with a 95% release
after 3 h. This could be explained by the heterogeneous nanofibrous deposition obtained in the 16 sections. Complementary graphs of the
cumulative release (B—E) and the release profile at each time point (C—F) are also enclosed here. The highest amount of VAN was released from
the central regions, with a more sustained release throughout the 24 h, while the contribution of peripheral areas is more marginal. This can be
explained by the deposition of nanofibers mostly in the central regions of the collector.
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Figure 8. Heatmap of the released VAN from the nanofibrous mats obtained with formulations F2 and F4 after adding a coating of PLGA. The
highest values of VAN release for any of the regions at 30 min were 1.36 and 2.03 mg, respectively, for formulations F2 and F4. From 30 min to 1 h,
the highest VAN released was 0.23 mg (F2) and 0.47 mg (F4). From 8 to 24 h, the maximum release amounts of 0.52 mg (F2) and 0.47 mg (F4)
were observed. From 1 to 7 days, VAN was still being released by the more heavily loaded regions of the mats, with the highest values of 0.12 (F2)
mg and 0.1 mg (F4). These results show that after a burst release, there was a sustained release of up to 7 days.

mechanism, followed by a rapid release due to erosion of the drug release mechanism for chitosan-based nanocoatings, both
with and without the additional PLGA coating.'”® More in

detail, the Korsmeyer—Peppas model for drug release is

polymeric coating in PLGA.
The release kinetics studies allowed us to model the release

curve using the Korsmeyer—Peppas model that captures the particularly indicated to describe the release kinetics of a drug
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Figure 9. Direct quantification with HPLC of the release kinetics from the drug-eluting nanofibrous mats obtained with formulations F2 and F4
after adding a coating of PLGA. The release reached a plateau after 3 days and reached almost 100% of VAN released after 7 days (A—D). This
suggests that the PLGA layer slows the overall release of antibiotics compared to the complete release obtained in less than 24 h observed in
uncoated mats (Figure 7A—D). From the complementary graphs of the cumulative release profile in mass (B—E) and the release profile at each
time point (C—F), we can observe that the release followed an exponential behavior.

Table 2. Mathematical Parameters Derived from the Korsmeyer—Peppas Equation Describing the Typical Mechanism of Drug

Release from a Polymeric System”

formulation K

F2 0.725 < k < 0.899
F4 0.52 < k < 0.628
F2 + PLGA 0.043 < k < 0.088
F4 + PLGA 0.093 < k < 0.237

M,
9.35 < M, < 15.25
25.19 < M, < 66.77
14.73 < M, < 25.76
16.21 < M, < 27.68

M,
98.23 < M, < 101.7
95.99 < M, < 98.98
47.97 < M, < 48.77
48.1 < M, < 48.65

“K, M, and M, are represented by a range of values, reflecting the diverse coefficients observed in each of the 16 distinct sections analyzed for

every formulation.

from a polymeric system characterized by the presence of
different polymers. Figure 9A—D seems to exhibit a multiphase
drug release pattern, which is typical for composite materials
like the blends used in this study. After the initial burst, the
release reaches a steady state, possibly due to the diffusion-
controlled mechanism becoming dominant or a balance
achieved between drug diffusion and matrix erosion. Using
the Korsmeyer—Peppas model, the calculated values of the
regression coefficients (R2) ranged from 0.9714 to 0.9882
across all evaluated sections.

Table 2 presents the mathematical parameters derived from

. M —kt" .
the general equation 7= =1 —e “' where M, is the amount

of drug released at time t, M, is the total amount of drug in
the system, k is the rate constant, and n is the release exponent
for each section. These findings are in accordance with the
typical release mechanism first identified by Korsmeyer for
polymeric systems.'®”

We detected a release of drug mostly from the central
sections, while the peripheral sections play a marginal role,

1171

which is consistent with what we observed for the nanofiber
mats without a PLGA layer. We demonstrated that with
additional manufacturing steps, we can tune and extend the
release profile of VAN for up to 7 days. We can speculate that
additional iterations of the same process could extend even
further in time for the release of VAN in future applications. It
is worth noting that the PLGA coating proved beneficial in
slowing down the release of VAN, allowing us to achieve a
sustained release for up to 7 days. However, the overall
efficiency decreased when compared to the coating obtained
without the additional PLGA layer. This is because PLGA
retained VAN from being released.' """ To counteract this
decrease in release efficiency, increasing the VAN content in
the electrospinning solution could match the release observed
in the coatings without the additional PLGA layer. More in
detail, after 3 h, F2 and F4 had a release ranging from 88 to
95%, while F2 and F4 with PLGA coating had a release ranging
from 44 to 72%. To increase efficiency, it could be sufficient to
increase the VAN content of F2 and F4 + PLGA by at least
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Figure 10. Human umbilical vein endothelial cells (HUVECs) seeded onto the CNC. High viability was observed after 24 h for both formulations
F2 and F4. Panel (C) shows an abundance of live cells (stained with CalceinAM+) (A) and low levels of cell death (stained with ethidium
homodimer+) (B) in Z-stack images of cells taken at the patch surface from formulation F2. Volume projection demonstrates the attachment of
HUVEC cells across the surface of the patch obtained from formulation F4 (D).

40% to achieve a comparable release efficiency for both fast-
and slow-release coatings.

Our developed coating could be applied to various
implantable devices, particularly those with a high risk of
device-related infections, such as vascular grafts. Ensuring
proper adhesion of the coating to the vascular graft is crucial
for its durability and prevention of premature detachment from
prosthetic vascular grafts. Two possible approaches have been
identified so far and are currently being tested by our group.
These methods include chemical wet etching and plasma
etching in combination with a gelatin coating of the outer layer
of the prosthetic vascular graft. Regarding chemical wet
etching, a growing body of research highlights its efficacy in
improving the adhesive properties of PTFE and PET
substrates.''"? Since many prosthetic vascular grafts are
constructed from these materials, this technique emerges as a
promising option for surface modification to augment the
adhesiveness of the outer layer, facilitating the grafting of our
coating.

Plasma etching also presents itself as a potential
avenue.''"''> However, considering the temporary nature of
the increased adhesiveness achieved through it, this approach
might be implemented in conjunction with a gelatin coating to
establish a more durable effect. Gelatin exhibits unique
properties: at 60 °C, it behaves like a liquid, while at
temperatures below 40 °C, it solidifies, displaying a sticky
behavior. Numerous instances of its application as a “natural
glue” have been documented in the literature." %7 Moreover,
gelatin with its intrinsic biocompatibility properties could
enhance the overall biocompatibility of the prosthetic vascular
graft, improving cell attachment."'>""

Implantable devices are particularly suitable for providing
long-term antibiotic therapy. In chronic infections or
conditions requiring prolonged treatment, such as osteomye-
litis or device-related infections (VGI), implantable devices
offer a reliable and sustained drug delivery solution.'*"~'**
They eliminate the need for frequent administration or
hospital visits, thereby enhancing patient convenience and
reducing healthcare costs. By delivering antibiotics directly to
the affected area, the concentration of the drug at the site can
be significantly higher than systemic administration.'*"** This

localized approach helps to increase drug efficacy while
reducing the risk of systemic side effects. Furthermore, local
antibiotic delivery may reduce the risk of developing antibiotic
resistance. By delivering antibiotics directly to the infection
site, suboptimal drug concentrations that can Eromote the
emergence of resistant strains are avoided.””'’ Finally,
sustained exposure to antibiotics through local delivery can
enhance the effectiveness of the treatment, reducing the
likelihood that resistant bacterial populations survive and
proliferate.

Biocompatibility Assessment. HUVECs, or human
umbilical vein endothelial cells, have been extensively studied
for their biocompatibility and potential use in the endotheli-
alization of vascular grafts.127 For this reason, we decided to
assess the biocompatibility of the final construct with HUVEC
cells. After seeding HUVECs onto the nanofibrous mats of F2
and F4 with an additional PLGA coating, we evaluated their
viability following 24 h of incubation. Figure 10 shows an
abundance of live cells (stained with CalceinAM+) and low
levels of cell death (stained with ethidium homodimer+) in Z-
stack images of cells taken at the patch’s surface. The volume
projection in Figure 10 demonstrates the attachment of
HUVEC cells across the patch’s surface. Endothelialization
refers to the process of forming a functional endothelial cell
layer on the luminal surface of an implanted vascular graft,
which can help improve the long-term patency and
biocompatibility of the graft.'*® The properties of the
nanofibrous mat play a critical role in endothelialization.
Factors such as the material composition, surface topography,
and mechanical properties of the material can affect cell
adhesion, migration, and proliferation. If the mat does not
provide a suitable environment for endothelial cell growth and
function, it can hinder the endothelialization process.'*’

B CONCLUSIONS

In this study, we developed several iterations of polymeric
solutions to obtain a chitosan-based, drug-eluting nanofibrous
coating for vascular grafts. Blends combining chitosan with
PVA or PEO exhibited superior electrospinnability compared
to that of chitosan alone. Several blends were investigated, and
rheological characterization was fundamental in the selection
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process. Two different VAN concentrations, namely, 1 and 10
mg/mL, were evaluated to assess how different payloads could
affect the electrospinning process. A successful nanofibrous
deposition was obtained with both PVA and PEO containing
the highest VAN content. The nanofibrous coatings obtained
from the electrospinning of these formulations, F2 and F4,
were characterized by means of TGA and FT-IR to verify the
presence of VAN. Direct quantification of VAN released over
time was assessed through HPLC analysis. Interestingly, VAN
was released in less than 24 h; therefore, to slow down the
release kinetics and have a longer elution, a PLGA layer was
electrospun on top of the nanofibrous mats obtained with
formulations F2 and F4. Subsequent quantitative analysis
showed that the addition of a PLGA layer effectively slowed
the release kinetics. VAN was released for up to 7 days.
Following the analytical evaluation, the biocompatibility
assessment revealed the high viability of HUVEC cells seeded
on the nanofibrous mats. The results obtained provide an
exciting preclinical proof-of-concept, as well as a strong
scientific foundation toward further clinical development of a
nanofibrous drug-eluting coating of vascular grafts for the
treatment of VGIs. In conclusion, the elution of antibiotics
from VGs provides targeted delivery, sustained release, higher
local drug concentrations, reduced systemic exposure, potential
for increased drug doses, biofilm prevention, and options for
combination therapy. These advantages make systems like the
one proposed an attractive strategy for managing VGIs,
improving treatment efficacy, and reducing the risk of
complications.
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