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Abstract: Vascular disease in elderly patients is a growing health concern, with an estimated preva-
lence of 15-20% in patients above 70 years old. Current treatment for vascular diseases requires the
use of a vascular graft (VG) to revascularize lower or upper extremities, create dialysis access, treat
aortic aneurysms, and repair dissection. However, postoperative infection is a major complication
associated with the use of these VG, often necessitating several operations to achieve complete or
partial graft excision, vascular coverage, and extra-anatomical revascularization. There is also a high
risk of morbidity, mortality, and limb loss. Therefore, it is important to develop a method to prevent
or reduce the incidence of these infections. Numerous studies have investigated the efficacy of
antibiotic- and antiseptic-impregnated grafts. In comparison to these traditional methods of creating
antimicrobial grafts, nanotechnology enables researchers to design more efficient VG. Nanofibers
and nanoparticles have a greater surface area compared to bulk materials, allowing for more efficient
encapsulation of antibiotics and better control over their temporo-spatial release. The disruptive
potential of nanofibers and nanoparticles is exceptional, and they could pave the way for a new
generation of prosthetic VG. This review aims to discuss how nanotechnology is shaping the future
of cardiovascular-related infection management.
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1. Introduction

Vascular graft (VG) is the standard option for revascularization to treat several vascular
diseases such as peripheral arterial disease (PAD), abdominal aortic aneurysm, and aortic
dissection. Arteriovenous grafts are also required for hemodialysis access creation. With
the number of Americans over the age of 60 beginning to increase, effective management
of vascular diseases becomes important, because a significant portion of this age group will
be affected by vascular diseases [1]. To treat such conditions, various strategies have been
developed throughout the years, with vascular prosthesis becoming the gold standard in
clinical practice. The number of patients requiring hemodialysis in the US is also rising,
with expectations that the number of patients on hemodialysis will continue to grow by
4-8% yearly worldwide [2]. Due to the increasing number of individuals needing VG,
the number of vascular graft infections (VGI) is rising as well, and their multifactorial
etiology creates a concerning scenario as patients’ pre-existing conditions, environment,
and surgical procedures all influence the risk of developing VGI [3].

1.1. Intracavitary Graft Infections

Intracavitary aortic graft infections have been shown to have an incidence rate as high
as 5%, with extracavitary graft infection rates as high as 6% [4]. Despite the relatively low
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incidence of infection, the morbidity and mortality as a result of these infections is high.
Aortic graft infections have a mortality rate between 24-75% [5]. VGI can occur in different
cardiovascular regions including intracavitary locations such as the supra-aortic trunk
(SAT), thoracic aorta, and abdominal aorta, as well as extracavitary infections in peripheral
arteries, with different incidence rates according to each region [6-9].

The incidence of SAT VGI is extremely low, with only 140 cases reported over the last
three decades [10]. Due to its rare occurrence, it is challenging to identify the etiology and
develop a possible general therapeutic approach [11,12]. Thoracic aortic VGI incidence,
however, can be up to 6%, with mortality rates that can reach up to 75% [13,14]. In recent
years, an increase in thoracic aortic VGI has been reported, highlighting the need for more
effective solutions [15]. The thoracic aorta is anatomically poorly exposed and visible signs
of infection are difficult to detect, resulting in a high mortality rate [16]. The abdominal
aortic VGI incidence rate is around 0.2% according to Vogel et al. [17], while Berger et al.
reported a 1.6% incidence at 30 days, 3.6% at one year, and 4.5% after two years in a
different study [18,19].

For intracavitary graft infections, the therapeutic approach includes excision of the
graft, debridement of infected tissues, and extra-anatomic bypass along with antibiotic ther-
apy [20]. When an infection has been detected, the first step is to control the sepsis process,
followed by removal of all the infected materials/devices, and subsequent reconstruction in
a clean environment, which can be complicated depending on the patient’s conditions and
comorbidities (i.e., diabetes mellitus, chronic renal failure, chronic obstructive pulmonary
disease, and obesity) [5,21]. Cryopreserved aortic allografts have shown good results for
the replacement of infected thoracic VGI in terms of resistance to infection [22]. However,
they are prone to degeneration, rupture, and bleeding when attacked by necrotizing or-
ganisms such as P. aeruginosa or C. albicans [23]. Another approach relies on polyethylene
terephthalate (PET) rifampin-soaked and silver-coated synthetic VG, which have been used
to decrease the risk of early infection. These treated PET VG have also shown promis-
ing results against the risk of re-infection, with an overall five-year survival around 53%
in comparison with 12% for the standard grafts [24,25]. Among the treatment options,
conservative therapy is considered only as a palliative strategy for patients who could
not withstand open surgery. For all these individuals, long-term or lifelong antimicrobial
therapy is the only possibility [26,27]. Complications that arise from these infections include
the creation of aortoenteric and aortoesophageal fistulas as well as aortic stump blowout,
requiring multiple surgical interventions if patients survive.

1.2. Extracavitary Graft Infections

PAD has an overall prevalence rate of 12% in adult Americans [28]. VGI incidence
ranges from 2.5% in femorofemoral prosthetic bypasses [29] to 2.8% in femoropopliteal
bypasses [30], with higher occurrence in patients with critical limb-threatening ischemia.
The groin region is the most subject to VGIL. Although the peripheral location could be
perceived as less dangerous than thoracic or abdominal infections, conservative treatment
is not an option for lower limb VGI. In fact, peripheral VGI is associated with high mortality,
up to 45% at five years [31], as well as recurrent infection, anastomotic disruption, and
active bleeding, with up to 40% of cases requiring limb amputation [4]. Risk of reinfection
is high in partial excision; thus, total excision is preferred when it comes to peripheral graft
infections. For arteriovenous graft infections, the preferred treatment option is the same
as for peripheral grafts. Total excision of the graft is preferred as to reduce the occurrence
of reinfection [4]. Since dialysis patients have high comorbidities and are dependent on
hemodialysis, partial graft excision and preservation of dialysis access is a reasonable
option. In situ reconstruction with autologous material such as great saphenous vein and
femoral vein is the main strategy used by surgeons [32,33]. While treated prosthetic grafts
have garnered a lot of interest due to their availability and reduced operation time, the
associated risk of re-infection remains an open question, since the available data are not
conclusive [34].
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When VGI occurs in a patient that would not withstand a re-operation, there are few
strategies available. In these cases, the best way to proceed is a combination of percu-
taneous drains and recurrent antibiotic administration to control the infection level [35].
Broad spectrum antibiotics are administered in the acute phase to control infection and
sepsis. Once the infecting organism is identified, more appropriate therapeutic approaches
are chosen. Although antibiotic administration is of paramount importance, no specific
guidelines are provided on the length of the therapy. Usually, intravenous antibiotics are
administered for at least 2—4 weeks, with good debridement if possible [36]. When the
infection is under control, there is a general consensus that at least 4-6 weeks of parenteral
antibiotic therapy is necessary [4]. In most cases requiring such graft preservation, patients
are placed on lifelong suppressive therapy. While this is currently the only option to control
infection, it can lead to development of antibiotic resistance or to antibiotic toxicity to the
filtering organs (e.g., nephrotoxicity, ototoxicity) [20,24,37,38].

1.3. Preventing Graft Infections

Due to the high morbidity and mortality associated with current treatment options
for VGI [4], the prevention of these infections remains a prime concern. In addition to
preoperative precautions and prophylactic antibiotics, antimicrobial-impregnated VG have
also emerged as a possible approach for reducing risk of infection. Two general methods
are currently used to confer VG with antimicrobial properties: antibiotic and antiseptic
impregnation of grafts. In the paragraphs below, we describe each method in greater detail.

Several antibiotics have been studied including rifampin, daptomycin, and van-
comycin [39,40], for use in both Dacron and expanded polytetrafluoroethylene (ePTFE)
grafts. In particular, rifampin-soaked Dacron grafts containing collagen or gelatin have
demonstrated antibacterial activity with low rates of graft infections in both human and
animal studies due to excellent biofilm penetration of rifampin [39,41]. According to Col-
burn et al., tests performed on dogs showed how the reinfection rate decreased from 100%
to 62.5% using Dacron grafts soaked with rifampin and sealed with gelatin or collagen in-
stead of untreated Dacron grafts [42]. Previous in vitro tests of this system demonstrated a
duration of in vitro activity of 22 days, but in vivo experiments demonstrated that, at 10 and
12 days, the susceptibility of these rifampin/collagen-bonded grafts to a bacteremic chal-
lenge was similar to that of control grafts [41,43]. In a similar study, Almeida and colleagues
investigated collagen implants impregnated with gentamicin (Collatamp) in the prevention
of VGI. In 60 patients with lower limb ischemia who underwent femoropopliteal PTFE pros-
thetic bypass, the control group had a surgical site infection rate of 20% (6 of 30), whereas
the implant group, which had Collatamp applied next to the prosthesis, had a surgical site
infection rate of 0% (0 of 30) [44]. Graft infections caused by rifampin-resistant organisms
such as methicillin-resistant Staphylococcus aureus (MRSA) are associated with poor out-
comes. On the other hand, a Dacron graft coated with a biodegradable hydrogel providing
sustained release of vancomycin significantly inhibited MRSA growth in vivo [40]. The fast
release and clearance of impregnated drugs and inability to coat PTFE grafts are two major
limitations of antibiotic-coated grafts.

In comparison to antibiotics, antiseptics typically have a broader spectrum of antimi-
crobial activity [45]. Several of these antiseptics have been extensively investigated for use
in VG, including silver, triclosan, and chitosan. In fact, VG functionalized with silver have
been in use for over a decade: as early as 2006, a multi-center study of InterGard Silver
showed significantly lowered graft infection rates despite high incidences of nosocomial
infections [46]. However, other in vivo studies in mouse models suggest that triclosan-
coated vascular prostheses exhibit “potent” antimicrobial effects, while silver-coated ones
do not [47]. In addition, an InterGard graft containing a silver and triclosan combination
(IGSys) exhibited greater in vivo antimicrobial activity compared to a silver-only graft [48].
The IGSys graft also demonstrated more sustained antimicrobial activity compared to
rifampin-soaked InterGard alternatives, which led to the emergence of rifampin-resistant
mutants [48]. In addition to silver and triclosan, a photocrosslinkable chitosan hydrogel
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also demonstrated antibacterial activity against E. coli in vitro [49]. Again, the inability to
coat PTFE grafts and lack of sustained release of antiseptic are the major limitations for
this approach.

In addition to traditional antibiotic- and antiseptic-impregnation techniques, nanotech-
nology could help to reduce the rates of VGI. Nanotechnology can be exploited to develop
a new generation of VG, where synthetic materials can be used together with endothelial
cells, growth factors, and other active biomolecules to promote biocompatibility. More-
over, nanofabrication techniques allow the production of tailored solutions, recapitulating
fundamental features of the extracellular matrix (ECM) such as interconnected porosity
and architectural arrangement of the fibers [50-52]. Autologous grafts are considered the
gold standard, due to their innate biocompatibility and mechanical properties. However,
low availability, risk of comorbidities in the donor, and expensive costs for harvesting
are critical limitations. Conversely, allografts are not limited in supply; however, they
have the potential to cause an immune response and carry the risk of disease transfer,
in addition to remaining an expensive solution due to harvesting and cryopreservation.
Those limitations have pushed researchers towards the development of new strategies. In
particular, nanofibers and nanoparticles, both nanotechnologies, are able to encapsulate
and release different types of drugs. Moreover, they have shown promising results in terms
of biocompatibility and infection prevention in different surgical approaches [51-54].

It has been broadly reported that nanofibrous mats, patches, and scaffolds, mainly fab-
ricated by electrospinning, can imitate the nanostructure of natural ECM, thus improving
cell adhesion and guiding phenotype differentiation as confirmed by more efficient vascular
cell attachment and spreading [55-57]. Furthermore, nanofibers exhibit unique physico-
chemical properties that give them the ability to coat any surface area, even PTFE [46]. In
nanoparticles, as compared to traditional metal-coated VG, the metal nanocomposites have
greater specific surface area to volume ratios, due to their small size, and thus enhanced
antimicrobial properties [58]. In particular, silver nanoparticles have drawn significant
attention as a means to address implant-associated infections.

Despite the positive features of nanostructured grafts, some limitations need to be
considered. Long term patency of the engineered VG and risk of triggering negative
immune responses are drawbacks that still need to be overcome. Nanofibrous assemblies
can potentially degrade over time, deteriorating the mechanical properties of the polymeric
matrix and resulting in VG failure [59]. Moreover, the host immune response is something
that must be considered carefully, since it has been demonstrated how it can severely affect
the patency of VG in the long run.

In this regard, only autologous solutions do not trigger negative immunologic reaction.
Allografts experience immunogenicity due to the interaction with the host body, and for this
reason patients must be subjected to immunosuppressive therapies [60]. Inmune rejection
is considered one of the main causes of allograft failure and rupture in the long term [61].
VG are subjected to the same fate, even exacerbating the outcomes. Aggressive reaction
from the host immune system leads to stenosis, thrombosis, and eventually failure of the
implant. This aspect has been thoroughly studied by Hibino et al. using tissue engineered
VG [62]. In a study performed in humans, they observed major failure of tissue engineered
VG due to stenosis [63]. In order to investigate the reason for the failure, they examined the
role of host immune function in excess neo-tissue formation in tissue engineered VG using
an immunodeficient mouse model. Interestingly, grafts implanted in immunodeficient
mice showed greater patency over time compared to those in an immunocompetent model.
Sonography revealed stenosis of the grafts implanted in immunocompetent mice after
2 weeks, whereas the grafts of the immunodeficient group remained patent up to 10 weeks,
suggesting a key role of the immune system in graft failure due to excessive formation of
neo-intimal tissue. Despite the listed limitations, it is clear the enormous potential that
nanocomposite materials bring in engineering novel solutions for the fabrication of more
efficient VG.
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This review aims to summarize the improvements achieved by exploiting nanofiber
and nanoparticle technologies for VGI treatment, highlighting novel aspects and current
challenges towards broader use in the clinical field.

2. Nanofibers

Nanofibers are an example of nanomaterials that are typically produced by the elec-
trospinning technique. Electrospinning is a simple and cost-effective method that enables
control over the fiber diameter and allows formation of fibers composed of a selected
polymeric solution [54]. Briefly, the polymer solution is squeezed from a syringe into a
drop in a high electrostatic field; this process allows for the formation of a jet, and while
the solvent evaporates, the nano-sized fibers form (Figure 1). Nanofibers can be obtained
from a wide range of both natural and synthetic polymers, according to the specific appli-
cation [54,64—66]. Porosity as well as alignment of the nanofibers can be controlled with
unprecedented detail [67]. Due to their nanometric dimensions, it is possible to exploit a
greater surface area compared to bulk materials, allowing enhanced adhesion of cells or
surface engrafting of proteins and drugs [68,69]. Moreover, mechanical properties of the
nanofibrous constructs can be customized to a great extent, tuning key features such as
flexibility and stiffness. Studies have investigated the feasibility of electrospinning as an
innovative technique to generate nanofibrous constructs or coatings for premade grafts.
Different approaches have been utilized, ranging from the fabrication of a de novo VG
with materials that possess antimicrobial properties to the coating of premade grafts with
nanofibrous coating of antibiotic (Figure 1).

o (MW

Polymeric solutions Antibiotics
: . L Vascular graft
(i.e.PCL, PLGA, Collagen|, (Vancomycin, Gentamicin,
Gelatin, PVA) Linezolid)
B

ﬁ,

Electrospinning

Coating of vascular graft

Fabrication of vascular graft Cells seeding

Figure 1. Different approaches to fabricate VG. (A) Schematic of the coating of VG. (B) Different
approaches to obtain VG with antimicrobial properties. (C) Schematic of PAD surgical procedure.

2.1. Nanofibrous Coating of Premade VG

One of the most effective ways of exploiting nanotechnology to confer antimicrobial
properties to a prosthetic VG is through coating of a premade VG with nanofibers. Several
research groups have investigated the effectiveness of this strategy, exploiting the char-
acteristics of polymers easy to spin, such as poly(D,L)-lactide-co-glycolic acid (PLGA) or
poly-e-caprolactone (PCL), in combination with antimicrobial agents [2,70,71]. One study,
performed by Liu et al., looked into electrospinning PLGA and vancomycin onto a VG and
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determining the release characteristics of vancomycin [70]. In this study, the in vitro release
curves showed a continuous release of Vancomycin at a concentration of 2 ug/mL. Concen-
tration levels above the 90% minimum inhibitory concentration (MICq) were maintained
for over 30 days. An initial burst period of 2 days was shown, which was followed by
peaks between days 7 and 15. Finally, the concentration showed a gradual decrease. In vivo
concentration profiles showed much lower vancomycin levels within the graft compared
to outside of the graft. Because of this, the blood concentration of vancomycin was low
throughout the time period. It was also shown that vancomycin levels were high at tissues
beneath, 1 cm, and 2 cm surrounding the graft at 35 days. Limitations to the study were
that the grafts were implanted into a subcutaneous pocket rather than being anastomosed
to blood vessels and the grafts were not placed into an infected area. Another study investi-
gated the effects of parameters such as solvent, voltage, and flow rate on electrospinning
linezolid and PLGA [72]. The nanofibers were spun onto a flat sheet rather than a VG.
Depending on the parameters used, controlled release of linezolid was observed for up
to 28 days following an initial burst effect. In vitro antibacterial studies showed activity
up to 16 days in some formulations. Nanofibers produced from polyvinyl alcohol (PVA),
Pluronic F127 (Plur), and polyethyleneimine (PEI) solutions with titanium dioxide (TiO;)
nanoparticles for use in topical antibacterial treatment also present significant potential for
preventing post-implantation VGI, partially due to the biodegradability and complexing
ability of the polymer. Inhibition zone studies of PVA-Plur-PEI/TiO, nanofibers reveal that
0.03% TiO, achieves significant infection control of pathogenic S. typhi and P. aeruginosa
bacterial strains (44.7% and 21.6% respectively), providing encouraging results for the com-
posite’s potential use in VG procedures [73]. This study shows an interesting approach that
could be used to develop viable alternatives for the treatment of VGI, using a combination
of nanofibers and nanoparticles, especially for small diameter VG. These results clearly
prove the feasibility of these techniques, but the efficacy is still far from that of the current
standard of care.

2.2. De Novo Nanofibrous VG

Another approach employing electrospinning is to engineer the VG itself with antimi-
crobial materials embedded. Researchers have started to investigate the feasibility of this
de novo VG fabrication via electrospinning because of the problems of biocompatibility
and patency encountered when using common PET and ePTFE VG [74,75]. In this way, it is
possible to increase biocompatibility by tuning porosity and fiber alignment. Moreover, it
is possible to recapitulate the hierarchical structure of natural ECM, leading to better cell
attachment. Finally, drugs or bioactive molecules can be blended into the electrospinning
solution and thus spun together with the polymer. An electrospinning technique has
been developed to produce VG for hemodialysis access with collagen type I nanofibers
on the luminal and adventitial sides with PCL as the medial layer [2]. Vancomycin and
gentamicin can also be incorporated into the medial layer in order to achieve antimicrobial
inhibition. These antimicrobial products were incorporated within the medial layer to
obtain a slower release of drugs within the body. Shielding the medial layer with an inner
and an outer nanofibrous level ensured a slower and prolonged release, due to reduced
contact with biological fluids [69,76]. S. aureus and S. epidermidis were used in bacteria
inhibition experiments to test the effects of the antibiotic-incorporated grafts, and inhibition
zones were 14.5 mm and 20.5 mm on the first day, respectively. Over 28 days, the diameter
of the inhibition zones remained unchanged for both bacteria. Electrospun PCL and gelatin
loaded with an antibacterial plant extract, eugenol, also shows promise [71]. Different
eugenol concentrations were used, namely 5, 10, 20 and 30 wt%, and all were found to have
similar release patterns in vitro. Antibacterial activity was evaluated with an “immersion”
method, where bacterial solutions of E. coli and S. aureus were added to wells containing
discs of the electrospun membrane with different eugenol content. Approximately 25%
of the eugenol was released within the first day. After this period, a sustained release
was shown for up to 21 days. Finally, after this period, a slower rate of release was seen
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until a plateau was reached at 85% release of content. Antibacterial activity of eugenol
was tested, and results showed growth inhibition rates of 71.6 & 3.3% against E. coli and
78.6 = 2.5% against S. aureus at the highest eugenol amount. Electrospinning has also
been utilized to imbue antibacterial cetyltrimethylammonium bromide (CTAB) within
polyvinylpyrrolidone (PVP) nanofibers, which exhibit a promising capability for infection
control. Much like PVA-Plur-PEI composite, PVP’s biocompatibility and nontoxicity makes
it an excellent nanofiber base for CTAB. Using an internationally standardized plate count
methodology, 2.5 wt% was determined to be the minimum CTAB to PVP ratio for effective
antibacterial activity against S. aureus, E. coli, and K. pneumonia [77]. Table 1 lists a summary
of approaches to reduce VGI.

Table 1. Nanofiber approaches to prevent VGI.

Antibiotic or

Material Antiseptic Test Cytotoxicity Organism Efficacy Reference
Poly(D,L)-lactide-co- In vitro and N
glycolide Vancomycin in vivo release N/A N/A hgi?igg;?g?;nid [70]
(PLGA) characteristics y
Poly(D,L)-lactide-co- In vitro zone Z:ZH F:ISlf ISI;}EE:I;? :
glycolide Linezolid e N/A MRSA ) [72]
(PLGA) of inhibition start 23 (+0.8) mm
after 16 days
Growth Inhibition
Poly(-caprolactone) In vitro growth E. coli rate: .71'6 + 3'3. %
(PCL)/gelatin Eugenol inhibition No S. aureus against E. coli (71]
’ 78.6 & 2.5% against
S. aureus
Zone of Inhibition
after first day:
Poly-e- Vancomycin/ In vitro zone of No S. Aureus S. aureus ]
caprolactone/collagen Gentamicin inhibition S. epidermidis 14.5 & 0.48 mm
S. epidermidis
20.5 £ 0.5 mm.
Polyvinyl alcohol, P aerucinosa
Pluronic F127, and TiO2 NPs In vitro growth No ’ S ¢ 3 hi ! 44.7% S. typhi and (73]
polyethyleneimine inhibition E i Z i ! 21.6% P. aeruginosa )
(PVA-Plur-PEI) '
In vitro plate —5 reduction in
. . Cetyltrimethyl- P S. aureus, bacterial activity of
Polyvinylpyrrolidone . count .
ammonium- . No E. coli, control (log scale) [77]
(PVP) . (measured in .
bromide K. pneumonia for all

CFU/mL) bacterial species

As shown in Table 1, a variety of in vitro tests were used among studies, such as growth
inhibition and zones of inhibition. Because of these differences, it is difficult to compare
the efficacy of the different nanofibers with each other. Nevertheless, the individual results
of these studies suggest promising possibilities for the use of nanofibers to help reduce
VGI. In vitro studies showed adequate antimicrobial activity over an adequate amount of
time, ranging between 16 and 30 days depending on the study. One study investigated
the in vivo release characteristics of vancomycin embedded within PLGA nanofibers [70].
However, its direct antimicrobial efficacy was not studied. Few studies have progressed
to performing in vivo testing. Thus, further research is needed in order to investigate
the antimicrobial properties of these nanofiber VG in vivo and determine their feasibility
in reducing graft infections. Not only in vitro release and antibacterial activity, but also
cytotoxicity of the nanofibers, needs to be evaluated.
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Cytotoxicity has been proposed as one of the reasons for VG rupture in the medium
to long term. In particular, aggressive strategies of infection prevention, involving high
concentrations of drugs in impregnated VG, have led to necrosis at the anastomotic sites,
eventually leading to graft failure [78]. For this reason, it is of vital importance to evaluate
possible cytotoxic effects caused by not only the polymer but also drug concentration.
Nanofibers and nanoparticles could solve the problem of drug-related cytotoxicity because
a lower drug content can be used to avoid infection and drugs can be slowly released
over time. A common way to evaluate cytotoxicity of electrospun constructs involves cell
lines (e.g., murine fibroblasts, breast cancer cells, kidney epithelial cells) cultured and then
exposed to different extracting solutions composed of dissolved electrospun matrix and
antimicrobial agents such as vancomycin, eugenol, and gentamicin [2,70,71]. Polymer-
related cytotoxicity can also potentially be avoided, because many of the polymers being
used to create nanofibers have been previously known to be biocompatible, such as PLGA
and PCL, and thus were found to have little to no toxicity. Among all these factors, host
immune response is something that must be considered carefully [79]. Currently, only
autologous solutions do not trigger a negative immunologic reaction. Allografts experience
immunogenicity due to their interaction with the host body, and for this reason patients are
normally treated with immunosuppressive therapies. Immune rejection is considered one
of the main causes of allograft failure and rupture in the long term. Sadly, prosthetic VG are
subject to the same fate, even exacerbating the outcomes. Aggressive reaction from the host
immune system leads to stenosis, thrombosis, and eventually failure of the implant [80,81].

3. Nanoparticles

In addition to nanofibers, nanoparticles have also shown significant potential for
use in preventing VGI. Nanoparticles are small particles that range from 1-100 nm in
diameter [82,83]. Due to their nanoscale sizes and high surface to volume ratios, nanoparti-
cles have attracted significant attention for their potential in drug delivery, imaging, and
other stimuli-responsive applications [84-86]. For example, liposomal formulations are
already used in the delivery of chemotherapeutics such as doxorubicin [84,87] and vin-
cristine [84,88], while gold and iron oxide nanoparticles are used in computed tomography,
magnetic resonance imaging, and positron emission tomography as contrast agents [86]. In
the next few paragraphs, we will discuss several different types of nanoparticles that have
been investigated for use in these applications. These consist of metal nanoparticles, metal
nanoparticles with antiseptic polymers, and antibiotic-activated cyclodextrins.

3.1. Metal Nanoparticles

Several inorganic metals, including silver, copper, gold, and zinc have excellent broad-
spectrum antiseptic properties [89-91]. As compared to traditional metal-coated VG,
metal nanocomposites have larger specific surface areas; these larger exposed surfaces
enable them to have greater antimicrobial activity per unit mass [92]. In particular, silver
nanoparticles have drawn significant attention as a means to address implant-associated
infections (Table 2). Existing literature suggests that silver ions can interact with bacterial
wall sulthydryl groups, thereby disrupting cell membranes, enzyme activities, respiratory
chains, and cell proliferation. Silver nanoparticle-impregnated (0.1% w/w) PCL VG scaf-
folds have demonstrated antimicrobial properties against S. aureus and E. coli while being
nontoxic to endothelial cells [93].

However, other studies suggest that silver nanoparticles are cytotoxic to a range of
mammalian cells, including coronary endothelial cells [82] and umbilical vein endothelial
cells [94]. Silver nanoparticles, as with other types of nanoparticles such as silica and
tricalcium phosphate, have been found to cause significant hemolysis [95,96]. Gliga et al.
have observed a size-dependent toxicity for silver nanoparticles. Using epithelial cells
isolated from normal human bronchial epithelium (BEAS-2B) they noted that toxicity
increased with nanoparticles with a diameter of 10 nm compared to 20 and 50 nm [97]. This
can be explained, because when nanoparticles reach the blood system, they come into direct
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contact with blood cells, endothelial cells, and plasma proteins. The nanometric dimension
of these nanoparticles can affect the intricate structure and critical functions of blood
components. In fact, plasma proteins tend to adsorb to the surface of nanoparticles to form
a protein corona that significantly influences their interaction with blood components and
may even lead to increased cellular activation [98]. A pilot study by Sun et al. showed that
24 h exposure to ZnO NPs with a primary size of 45.3 nm was associated with significantly
decreased mitochondrial activity in human cardiac microvascular endothelial cells, with
a threshold as low as 5 pg/mL [99]. Likewise, Liang et al. showed that 24 h exposure to
ZnO NP with a primary size of 70 nm at concentrations >15 ug/mL significantly induced
cytotoxicity in human aortic endothelial cells as demonstrated by decreased mitochondrial
activity, lactate dehydrogenase release, and apoptosis [100].

Table 2. Nanoparticle approaches to prevent VG infections.

Antibiotic or

Category Material Antiseptic Test Cytotoxicity =~ Organism Efficacy Reference
Poly Silver . E. coli +
e-caprolactone nanoparticles In vitro No S. aureus + [92]
Sodium
Polymer grafts with . triphosphate- . .
metal nanoparticles Polyurethane film capped.silver- In vitro No E. coli +
nanoparticles [101]
Polyurethane film SllVQI: In vitro Yes E. coli +
nanoparticles
Chitosan Sllver. In vitro N/A S. aureus +
nanoparticles
Silver
Antisepticpolymer Chitosan phosphate In vitro N/A S. aureus +
grafts with metal nanoparticles [102]
nanoparticles i
P Hyaluronic acid Sllver. In vitro N/A S. aureus +
nanoparticles
Silver
Hyaluronic acid phosphate In vitro N/A S. aureus +
nanoparticles
S. aureus +
S. epidermidis +
MRSA +
In vivo N/A E. coli [103]
Rifampin - cott )
En. cloacae -
P. aeruginosa -
. S. aureus -
In vitro Yes E coli ) [104]
Polymelr graits. with Pol}ieiitertapd S qureus +
cyclodextin cyclodextrn In vivo N/A S. epidermidis + [100]
Vancomycin MRSA +
S. -
In vitro No auretts [103]
Enterococcus -
E. coli +
In vivo N/A En. cloacae + [104]
Ciprofloxacin P. aeruginosa +
. S. aureus +
In vitro Yes E coli N [103]

Sodium-triphosphate-capped silver nanoparticles embedded in polyurethane vascular
scaffolds have been investigated as a more biocompatible approach to infection control; they
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have shown both biocompatibility and antimicrobial activity against S. aureus and E. coli
in vitro [101]. This contrasts with regular silver nanoparticles embedded in polyurethane
vascular scaffolds, which had both slightly greater antimicrobial activity and significantly
greater cytotoxicity [101]. Scaffolds with sodium-triphosphate-capped silver nanoparticles

were also able to maintain surgical artery patency and promote endothelialization at 30 days
in in vivo mouse models [101].

3.2. Metal Nanoparticles with Antiseptic Polymers

One possible way to increase antimicrobial efficiency is to combine inorganic metal
nanoparticles with polymeric compounds that possess antimicrobial properties (Figure 2) [102].
Two common polymeric compounds used for this purpose are chitosan and hyaluronic
acid, which are biocompatible, antimicrobial, and able to form complexes with metals
through chelating mechanisms (Table 2) [102].
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Figure 2. Metal nanoparticles with antiseptic polymers (A) SEM image of silver phosphate nanopar-
ticles. (B) Suggested structures of silver complexes. (C) Growth curves (subpanels (A,C,E,G)) as
well as growth rate and inhibition zones (B,D,FH) of S. aureus after application of (A,B) hyaluronic
acid with AgNOj3, (C,D) hyaluronic acid with silver phosphate nanoparticles (SPNP), (E,F) chitosan

with AgNO;3, and (G,H) chitosan with SPNP. Reprinted with permission from ref. [102]. Copyright
2013 MDPIL.
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While complexes of chitosan or hyaluronic acid with silver or silver phosphate
nanoparticles all exhibited some amount of antimicrobial activity, chitosan and silver
phosphate complexes showed significantly greater antibacterial effects against S. aureus
in vitro compared to the other complexes [102].

3.3. Antibiotic-Activated Cyclodextrins

Cyclodextrins are cyclic oligosaccharides with nanoscale cavities that can be used to
encapsulate hydrophobic compounds, including antibiotics, through a host-guest complex-
ation mechanism (Figure 3). As a result, a higher concentration of ciprofloxacin, rifampin,
and vancomycin is sorbed onto polyester vascular prostheses (PVP) functionalized with
cyclodextrins (PVP-CD) as compared to regular polyester VG [103]. In vivo studies of
PVP-CD with rifampin and vancomycin demonstrated greater growth inhibition against
S. aureus, S. epidermidis, and MRSA compared to regular PVP [104] (Table 2). In addi-
tion, PVP-CD with ciprofloxacin also showed greater antimicrobial activity against E. coli,
E. cloacae, and P. aeruginosa in vivo compared to regular PVP [104]. However, in previous
in vitro studies of similar PVP-CD, only ciprofloxacin demonstrated greater antibacterial
activity against S. aureus and E. coli when used in PVP-CD, while both rifampin and van-
comycin showed similar antimicrobial activity in PVP-CD and PVP [103]. In addition,
PVP-CD loaded with rifampin and ciprofloxacin resulted in reduced vitality and prolif-
eration of human pulmonary microvascular endothelial cells; however, viability studies
suggest that this toxicity was a result of the inherent cytotoxicity of these antibiotics, rather
than the functionalization of the prostheses [103].

A.
Soaked in I
ciprofloxacin /
solution \ \
N\
NO~
~
- -~
PET fiber coated with
cross-linked [-cyclodextrin
B 1/100000

1/10000

1/1000 §—1 1

1/100 31

110

Last dilution with antimicrobial activity

S. aureus E. coli S.aureus | Enterococcus | S. aureus I E. coli

Rifampicin Vancomeyin Ciprofioxacin
Figure 3. Use of cyclodextrin polymer to encapsulate antibiotics. (A) Schematic of polyester prosthe-
ses coated with a cyclodextrin polymer and activated with ciprofloxacin. (B) Antimicrobial activity
of polyester prostheses activated with antibiotics, with and without cyclodextrin. Reprinted with
permission from [103] Copyright 2008.

3.4. Nanoparticles Used against Other Biofilm Infections

There has been extensive research on nanoparticle approaches to preventing biofilm
infections. While much of this research was not done specifically on VG, it still provides
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possible future directions for VG research, and will thus be described briefly here. Metal
oxide nanoparticles, such as zinc oxide [105] and iron oxide [106] nanoparticles, have
demonstrated anti-biofilm properties. The photoactivation of gold [107] and graphene [108]
nanoparticles can also lead to the thermal inactivation of bacteria.

Several polymeric nanoparticles have demonstrated anti-biofilm activity: ciprofloxacin-
loaded PLGA nanoparticles have demonstrated activity against E. coli in vitro [109], while
a dextran-block-poly((3-acrylamidopropyl) trimethylammonium chloride (AMPTMA)-co-
butyl methacrylate (BMA)) block copolymer was able to remove preformed biofilms of
various multidrug-resistant bacteria [71]. Nitric oxide-releasing silica nanoparticles have
shown potent bactericidal effects against P. aeruginosa, E. coli, S. aureus, S. epidermidis,
and C. albicans biofilms in vitro [110] and may be used to prevent VGI [111]. Moreover,
Fernandez et al. have explored the efficacy of nitric oxide-releasing silica nanoparticles
against MRSA, both in vitro and in vivo [112]. In addition, antibiotics encapsulated in lipid
nanoparticles require a lower MIC compared to free antibiotics when used against biofilm
organisms in vitro [113]. Fusogenic liposomes can also fuse with bacterial membranes,
which enhances the bactericidal effect of its encapsulated antibiotic [113,114]. Further
studies can help us better understand the feasibility of functionalizing VG with each of
these nanoparticles, as well as the antimicrobial efficacy of these nanoparticles within a
vascular setting.

4. Outlook

Metal and antibiotic-soaked grafts are already employed clinically to prevent
VGI [14,24,25]. Nanotechnological approaches adopt many of the same basic mechanisms,
only at the nanoscale. Furthermore, nanotechnologies have greater specific surface areas,
and are thus likely to have greater antimicrobial activity and provide more sustained
release of antimicrobial substances compared to non-nanoscale material grafts. Certain nan-
otechnology approaches, such as cyclodextrins, have also demonstrated greater antibiotic-
loading capacity compared to traditional VG [102].

While these nanotechnologies show great promise, more information about their
safety is needed. Current studies provide conflicting evidence on the cytotoxicity of
silver nanoparticle-impregnated VG. While the silver nanoparticle-impregnated PCL VG
designed by Madhavan et al. were said to be nontoxic to endothelial cells [93], Li et al.’s
work suggests that silver nanoparticle-impregnated polyurethane vascular scaffolds possess
some cytotoxicity to endothelial progenitor cells [101]. More studies are therefore needed to
determine if silver nanoparticles can be used safely in clinical settings. Moreover, existing
studies also suggest that some antibiotic-activated cyclodextrins are cytotoxic due to the
toxicity of the antibiotics loaded [102]; additional research needs to be done to compare this
cytotoxicity to that of traditional antibiotic-soaked VG and reaffirm that these nanoscale
solutions are safe for use.

In this framework, 3D bioprinting is an attractive technology that has the poten-
tial to fabricate patient-specific grafts and could be very useful to overcome the chal-
lenges of growth potential, host-tissue integration, and anatomical differences [115]. Three-
dimensional bioprinting could be an alternative to autologous or allogeneic tissue grafts for
the replacement or treatment of damaged tissues [116]. Several categories of bioprinting
methods have been developed in these years, but the most used is the extrusion bioprinting
technique due to superior mechanical properties of the final products as compared to
other bioprinting methods [117]. Three-dimensional bioprinting allows the possibility
to print constructs in layers while controlling the spatial deposition of cell types. These
unique features provide several advantages over other conventional processes. However,
bioprinted grafts made from hydrogels are very fragile and have insufficient strength to
withstand hemodynamic pressures in vivo [118].

Given the potential of these nanotechnologies, their efficacy warrants further investi-
gation. As each of these studies employed different methods of quantifying antimicrobial
efficacy, it is difficult to compare between studies. For example, while several studies quan-
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tified the minimum and total inhibitory concentration, others, such as Madhavan et al.’s,
used largely non-quantitative zone of inhibition assays. Further studies using standard-
ized, quantitative approaches should be done to identify the approaches that offer the
most promise. Comparisons between nanostructured grafts and similar non-nanoscale
grafts—such as silver nanoparticle grafts vs. silver grafts—can also help establish whether
these nanotechnology approaches confer additional benefits compared to traditional grafts.
In addition, while one of Jean-Baptiste et al.’s studies of antibiotic-activated cyclodextrins
utilized an in vivo model, other studies have not progressed beyond in vitro studies despite
promising results. Further in vivo studies of these nano-grafts could shed more light on
their efficacy and provide a basis for potential clinical trials.

5. Conclusions

VGI are serious complications that are associated with high morbidity and mortality
rates [20,35,119]. Antimicrobial nanofibers and nanoparticles can be particularly effective
in preventing these infections due to their higher active surface area and lower toxicity
compared to small-molecule antimicrobials. In this review, we have described a variety of
nanotechnology-based approaches to preventing VGI. Recent research involving nanofibers
has incorporated the use of electrospinning technology. Electrospinning allows for the
creation of fibers down to the nanoscale using a wide variety of synthetic and natural
polymers. Antibacterial materials such as antibiotics can also be incorporated along with
polymers in order to create VG with antibacterial activity. By using electrospinning, it
is possible to manipulate parameters to adjust the diameter, surface area, porosity, and
other properties of the fibers. By manipulating these properties, it is possible to change the
release rate of the antimicrobial substance within the graft, potentially extending infection
control over a desired time period. These nanofiber-coated VG have shown antimicrobial
properties such as sufficient inhibitory concentrations and release profiles over an adequate
amount of time in several in vivo studies. In addition to nanofibers, metal, semimetal, and
organic nanoparticles have all shown anti-biofilm activity in VG applications. Several other
organic and lipid-based nanoparticles have also shown promising anti-biofilm activity in
other implants and can be investigated for use in VG applications.

The need for antimicrobial VG is evident, and several commercially available grafts—
such as the silver-coated InterGard Silver and B. Braun Silver Graft—have sought to address
this need through traditional non-nanoscale approaches. This review suggests that there
are several promising nanotechnology-based approaches to these antimicrobial grafts that
may have advantages compared to existing conventional methods. Additional in vivo
studies and potential trials of these nanotechnology-based approaches to addressing VGI
are therefore warranted.
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