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Post-operative complications of vascular anastomosis procedures remain a significant clinical
challenge and health burden globally. Each year, millions of anastomosis procedures connect
arteries and/or veins in vascular bypass, vascular access, organ transplant, and reconstructive
surgeries, generally via suturing. Dysfunction of these anastomoses, primarily due to neointimal
hyperplasia and the resulting narrowing of the vessel lumen, results in failure rates of up to

50% and billions of dollars in costs to the healthcare system. Non-absorbable sutures are the

gold standard for vessel anastomosis; however, damage from the surgical procedure and closure
itself causes an inflammatory cascade that leads to neointimal hyperplasia at the anastomosis site.
Here, we demonstrate the development of a novel, scalable manufacturing system for fabrication
of high strength sutures with nanofiber-based coatings composed of generally regarded as safe
(GRAS) polymers and either sirolimus, tacrolimus, everolimus, or pimecrolimus. These sutures
provided sufficient tensile strength for maintenance of the vascular anastomosis and sustained drug
delivery at the site of the anastomosis. Tacrolimus-eluting sutures provided a significant reduction
in neointimal hyperplasia in rats over a period of 14 days with similar vessel endothelialization

in comparison to conventional nylon sutures. In contrast, systemically delivered tacrolimus
caused significant weight loss and mortality due to toxicity. Thus, drug-eluting sutures provide

a promising platform to improve the outcomes of vascular interventions without modifying the
clinical workflow and without the risks associated with systemic drug delivery.

Keywords
Suture; Nanofiber; Tacrolimus; Anastomosis; Vascular; Anti-proliferative

1. Introduction

Vascular anastomoses, or surgical connections between arteries and/or veins and vascular
grafts, are one of the most commonly performed surgical procedures, involved in millions
of vascular bypass, vascular access, solid organ transplant, and reconstruction procedures
each year [1-5]. In each case, damage to the vessel walls during the surgical procedure,
often using sutures, leads to deposition of platelets which release inflammatory chemokines
and platelet-derived growth factor [6-8]. This cascade signals the inward migration and
proliferation of smooth muscle cells, a process referred to as neointimal hyperplasia,
resulting in thickening of the vessel wall [7,8]. The resulting narrowing of the vessel
lumen (stenosis), is the major cause of arterial, venous, arteriovenous, and prosthetic graft
failure [9-15]. Approximately 30% of all arterial bypass grafts and 50% of venous grafts
fail due to neointimal hyperplasia [8]. Permanent vascular access is critical for patients
with chronic Kidney disease or end-stage renal disease undergoing hemodialysis. However,
failure rates are reported as high as 50% in one year, and vascular access complications are
responsible for 20% of patient hospitalizations [4,15,16]. There is a significant and unmet
clinical need for vascular anastomosis with reduced complications, particularly with regard
to post-operative neointimal hyperplasia.

Several alternative vascular anatomosis technologies have been developed over the past
few decades, including clips, adhesives, lasers, sleeves, rings, stents, and other devices.
However, each has its own limitations for use and/or associated complications, including
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toxicity, leakage, occlusion, loss of strength, or the need to implant multiple devices [6,17—
24]. Thus, non-absorbable nylon or polypropylene sutures remain the gold standard for
anastomosis due to their convenience, reliability, flexibility, and capacity to provide strength
at the anastomosis for an extended period of time [6]. Local delivery of anti-proliferative
drugs such as sirolimus, tacrolimus, everolimus, or pimecrolimus via sutures may prevent
neointimal hyperplasia, and therefore, improve surgical outcomes without modifying the
clinical workflow [25]. The Cypher® sirolimus-eluting coronary stent demonstrated the
clinical benefit of local anti-proliferative drug delivery by preventing restenosis following
stent insertion into occluded vessels. In contrast to oral delivery of sirolimus, the Cypher®
stent demonstrated superiority to bare metal coronary stents for an extended period of time
at a lower drug dosage [26—31]. Over the past decade, interest in the development of drug-
eluting sutures has grown with the objective of similarly providing local drug delivery at the
surgical site to prevent complications and/or enhance wound healing. Literature reports have
demonstrated delivery of a wide range of prophylactic and therapeutic moieties, including
antibiotics, growth factors, anesthesia, and immunosuppressant agents [32—47]. However,
clinical translation of such technologies has been curtailed due to an inability to (i) meet
United States Pharmacopeia (U.S.P.) specifications for suture size and strength, (ii) provide
sufficient and sustained drug delivery, and/or (iii) scale manufacturing to commercial
viability [33,35,36,38,45-48]. Thus, to date, the only global market offerings are triclosan-
coated sutures indicated for anti-infection applications in general surgery (U.S.P. sizes 6-0—
1-0; 70-400 pum in diameter), and there are no smaller diameter drug-eluting sutures of the
appropriate size for use in vascular surgery [49-52].

In order to provide for successful anastomosis while also preventing neointimal hyperplasia,
a suture must: (i) surpass U.S.P. specifications for suture strength, and maintain strength at
the anastomosis for an extended period of time; (ii) meet size requirements for sutures

used in vascular surgery (U.S.P. sizes 9-0-7-0; 30-69 um in diameter); (iii) provide
delivery of therapeutic levels of an appropriate anti-proliferative drug; (iv) have potential
for scaled manufacturing [53]. Here, we investigate the use of a novel electrospinning
system to reproducibly manufacture drug-eluting, nanofibrous coatings for sutures [54].
Electrospinning is a manufacturing process in which high voltage is applied to a polymer

or polymer/drug solution to draw out solid nanofibers or microfibers [55]. Specifically,

we describe the manufacture of 8-0-sized, non-absorbable sutures with a 10-0 nylon core
and nanofiber coating composed of poly(L-lactide) (PLLA), polyethylene glycol (PEG), and
either sirolimus, tacrolimus, everolimus, or pimecrolimus. Originally used as an anti-fungal
agent, sirolimus has been shown to be a potent anti-proliferative and anti-inflammatory
drug which inhibits the mammalian target of sirolimus (MTOR) pathway [56]. Tacrolimus
works as a calcineurin inhibitor, and has also demonstrated potent anti-proliferative and anti-
inflammatory activity [36,47]. Everolimus and pimecrolimus are later generation analogs of
sirolimus and tacrolimus, respectively, that have also been incorporated into drug-eluting
stents [25]. PLLA and PEG are generally regarded as safe polymers (GRAS) that have

been widely utilized in drug delivery applications, and are already incorporated in medical
devices approved by the United States Food and Drug Administration [57]. We hypothesized
that coating a non-absorbable, nylon suture with absorbable, drug-eluting nanofibers would
simultaneously provide for sustained strength at the anastomosis and provide therapeutic
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drug levels to facilitate optimal wound healing without neointimal hyperplasia. We
investigate suture morphology, breaking strength, drug release, surgical anastomosis, and
inhibition of neointimal hyperplasia in a rat model of vascular anastomosis.

2. Materials and methods

2.1. Materials

PLLA (221 kDa) was purchased from Corbion (Amsterdam, Netherlands). PEG (35 kDa),
hexafluoroisopropanol, and formalin were procured from Sigma Aldrich (St. Louis, MO).
Sirolimus, tacrolimus, everolimus, and pimecrolimus (each >99% purity) were purchased
from LC Laboratories (Woburn, MA). 10-0 nylon sutures were obtained from either
Ethicon (Somerville, NJ) or AROSurgical Instruments (Newport, CA). 1x Dulbecco’s
Phosphate-Buffered Saline (PBS) and Tween-20 were purchased from Fisher Scientific
(Waltham, MA). Blocking reagent (Background Sniper) was purchased from Biocare
Medical (Concord, CA). Anti-CD31 primary antibody (Ab28364) was procured from
Abcam (Cambridge, MA) and species appropriate biotinylated secondary antibodies and
Horseradish Peroxidase Streptavidin were purchased from Dako (Carpinteria, CA). 3,3-
diaminobenzidine and hematoxylin counterstain (Gill’s Formula) were obtained from Vector
Laboratories (Burlingame, CA).

2.2. Suture fabrication

Polymer solutions were made via dissolution of PLLA, PEG, and sirolimus, tacrolimus,
everolimus, or pimecrolimus in hexafluoroisopropanol by shaking overnight at room
temperature. Polymer to solvent concentration was maintained at 10.8% (w/w) and PEG

to PLLA concentration was maintained at 3.9% (w/w) for all formulations. Sirolimus
concentration was 20%, 40%, or 80% (w/w) in regard to PLLA for the 20%, 40%, and 80%
sirolimus/PLLA/PEG formulations, respectively. Tacrolimus, everolimus, and pimecrolimus
concentration was 40% (w/w) in regard to PLLA for the 40% tacrolimus/PLLA/PEG,
everolimus/PLLA/PEG, and pimecrolimus/PLLA/PEG formulations, respectively. Prior to
electrospinning, the non-needled end of a 10-0 nylon suture was placed into the rotational
collector. The needled end was driven through the hole in the opposing collector and allowed
to hang loosely. Polymer/drug solutions were then pumped through a 20 G blunt-tip needle
at 1 mL/h with an applied voltage of 15 kV at a distance of 17 cm from the parallel,
grounded collectors. The collector containing the non-needled end of the suture was then
rotated clockwise for 5 min at 150 rpm and counter-clockwise for 30 s at an identical speed
in order to wrap the deposited nanofibers around the suture to form the nanofiber-coated
sutures. The suture was then removed from the collectors and stored at — 20 °C. The sutures
were classified as 8-0 Class I, non-absorbable surgical sutures by the U.S.P.

2.3. Suture characterization

2.3.1. Suture size—Suture diameter was determined via light microscopy (Eclipse
TS100, Nikon Instruments, Melville, NY) and calibrated imaging software (Spot 5.2 Basic,
Spot Imaging, Sterling Heights, MI). Each suture was measured at four different locations
at least 2 cm apart, and used in further experimentation only if the average diameter was
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between 40 and 49 um and no individual measurement was lower than 35 um or above 59
um, qualifying as an 8-0-sized suture suitable for vascular surgery [53].

2.3.2. Suture morphology—Nylon and nanofiber-coated suture morphology were
observed via scanning electron microscopy (SEM) at 1 kV using a LEO Field Emission
SEM (Zeiss, Oberkochen, Germany). All sutures were sputter coated with 10 nm of Au/Pd
(Desk 11, Denton Vacuum, Moorestown, NJ) prior to SEM.

2.3.3. Invitro drug release and suture drug loading—To characterize the drug
release rate from the drug-loaded nanofibers, 40% sirolimus, tacrolimus, everolimus, and
pimecrolimus nanofibers were electrospun and twisted into 50 um diameter fiber bundles
(n = 4 for each condition). Fiber bundles were cut to 5 cm in length and submerged in

500 pL of PBS containing 2.5% (1/) Tween-20 under sink conditions. Samples were
placed on an orbital shaker at 37 °C, with the release medium collected and replenished
with fresh media at 4 h, and at 1, 3, 5, 8, 11, and 14 days. Drug concentration within the
release media was measured via high performance liquid chromatography (HPLC; Waters
Corporation, Milford, MA) analysis. Samples were injected into a Phenomenex 100 C18 5
um column (Phenomenex, Torrance, CA) within an oven at 30 °C. Sirolimus was detected
at a wavelength of 268 nm using a mobile phase of water and methanol (19:81 wv) at a
flow rate of 1 mL/min for 10 mins. Tacrolimus was detected at a wavelength of 254 nm
using a mobile phase of water and acetonitrile (17:83 1/v) at a flow rate of 1 mL/min for
10 mins. Everolimus was detected at a wavelength of 278 nm using a mobile phase of
water and acetonitrile (17:83 v/v) at a flow rate of 1 mL/min for 10 mins. Pimecrolimus
was detected at a wavelength of 210 nm using a mobile phase of water (buffered to pH 3
using hydrochloric acid) and acetonitrile (55:45 v/v) at a flow rate of 1 mL/min for 10 mins.
Drug loading was determined by dissolving 1.5 cm of the fiber bundle in 1 mL of methanol
followed by evaluation using the appropriate HPLC method for the specific drug.

2.3.4. Breaking strength—10-0 nylon sutures were coated with 20% sirolimus, 40%
sirolimus, 40% tacrolimus, 40% everolimus, or 40% pimecrolimus nanofibers (n7= 4 for
each condition) as described above. The resulting 8-0 sized sutures were tied into a
surgeon’s knot, clamped vertically, and pulled until breaking at a rate of 16 mm/min using
a 5966 Dual Column Tabletop Testing System (Instron, Norwood, MA) [53]. The strength
of vessels 14 days after anastomosis (described below) was also evaluated similarly by
clamping the harvested vessel and pulling until its breaking point.

2.4. Animal studies

All animals were cared for and experiments conducted in accordance with protocols
approved by the Animal Care and Use Committee of the Johns Hopkins University, and
in compliance with the National Institutes of Health guidelines for the Care and Use of
Laboratory Animals.

Briefly, 8-12 week old female Lewis rats (Hilltop Lab Animals, Scottdale, PA and Harlan
Laboratories, Frederick, MD) were anesthetized via intraperitoneal injection of ketamine
(50 mg/kg) and xylazine (5 mg/kg), and kept under anesthesia with 2% isoflurane in
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oxygen during the procedure. Female rats were utilized due to the potential for increased
neointimal hyperplasia post-operatively [58]. A portion of the infrarenal abdominal aorta
was exposed and cross-clamped, after which three-quarters of the circumference of the

aorta was sectioned. The sectioned aorta was then repaired via interrupted suturing using
8-0 nylon, 40% sirolimus/nylon, 40% tacrolimus/nylon, 40% everolimus/nylon, or 40%
pimecrolimus/nylon sutures (/7= 6 for each condition), respectively. The suture coating
remained intact throughout the suture handling process for each anastomosis procedure (not
shown). The patency of the anastomosis and ensuing hemostasis were confirmed prior to
closure of the abdomen. Animals were monitored daily for 14 days for signs of infection

or irritation, after which the abdominal aorta was harvested and fixed in formalin for 24 h
prior to sectioning and staining for analysis of neointimal hyperplasia and endothelialization.
This animal model and endpoint were chosen because no significant additional progression
in neointimal hyperplasia was observed afterwards, and they been previously used to
investigate the effect of local drug delivery on post-anastomosis neointimal hyperplasia [48].

The same anastomosis procedure was utilized to characterize the relative efficacy and safety
of systemically delivered tacrolimus. Following closure of the abdominal aorta using 8-0
nylon sutures, as described above, rats were divided into three groups, control (7= 15),

daily low dose (1 mg/kg) tacrolimus (n7= 6), and daily high dose (10 mg/kg) tacrolimus
(n=12). Drug was administered via intraperitoneal (IP) injection in 1 mL olive oil daily

for 14 days. Control animals received injections of olive oil (vehicle) only. Rats were
weighed daily and evaluated for gross signs of toxicity. At the study endpoint (14 days

after anastomosis), 2-3 mL of blood was collected in tubes via cardiocentesis and submitted
to the Clinical Pathology Phenotyping Core at Johns Hopkins University for analysis of
markers of systemic toxicity, organs were weighed, and the abdominal aorta was harvested
for analysis of neointimal hyperplasia.

The same anastomosis procedure was utilized to characterize blood vessel breaking strength
14 days after the procedure. The abdominal aorta was closed as described above using 8-0
nylon, 20% sirolimus/nylon, or 40% sirolimus/nylon sutures (/7= 5, each). The patency of
the anastomosis and ensuing hemostasis were confirmed prior to closure of the abdomen.
Animals were monitored daily for 14 days for signs of infection or irritation, after which the
aortas were harvested for immediate tensile strength testing as described above. A healthy,
unoperated portion of the aorta was used for comparison (n = 5). All tissues were tested for
breaking strength within 60 min of harvesting.

2.5. Evaluation of neointimal hyperplasia

Harvested tissue was embedded in paraffin, cross-sectioned, and stained with hematoxylin
and eosin (H&E). Sections were taken in 5 um increments proximal and distal to the

visible central anastomosis site until suture cross-sections were no longer visible. Only
sections containing sutures, indicating the anastomosis region, were utilized for evaluation
of neointimal hyperplasia. The thickness of neointimal hyperplasia was measured using
ImageJ (U.S. National Institutes of Health, Bethesda, MD, https://imagej.nih.gov/ij/) at three
locations in each section and then averaged. The individual sections at the anastomosis site
were then averaged together for each animal. Evaluation was masked for each condition,
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although the nylon sutures remained within the tissue sections post staining. Due to the
difference in the nylon suture cross-sectional thickness when comparing control nylon (8-0
core suture) and nanofiber-coated nylon (10-0 core suture), there were visible differences
between control nylon versus drug-eluting sutures.

Immunohistochemistry

Following paraffin embedding and cross-sectioning, harvested tissue sections were
deparaffinized, rehydrated, and blocked for endogenous peroxidase activity (0.3% H,05 in
MeOH) and nonspecific background staining (Background Sniper). Antigens were retrieved
using the citrate buffer method (pH 6.0, 90 °C). Following incubation with primary
antibodies (anti-CD31 (1:250, Ab28364)), binding was detected with species appropriate
biotinylated secondary antibodies, incubation with Horseradish Peroxidase Streptavidin and
chromogenic detection with 3,3-diaminobenzidine. Nuclei were identified via hematoxylin
counterstain (Gill’s Formula). Slides were then dehydrated, mounted, and evaluated. Four
sections of each individual sample were counted at 40x (high powered field; HPF) and
averaged for a total of six samples. Percent endothelialization was defined as the perimeter
of the inner lumen stained CD31+ divided by the total inner lumen perimeter, as measured
via ImageJ.

2.7. Statistical analysis

Breaking strength, drug release/loading, neointimal hyperplasia, percent endothelialization,
percent weight change, and toxicity measures are presented as mean + standard error.
Statistical significance for these measurements was determined via one-way ANOVA
followed by Tukey test. Statistical significance for rat survival was determined by the
Mantel-Cox test. Statistical significance is shown as * p< 0.05, ** p< 0.01, or *** p<
0.001.

3. Results

3.1

Fabrication and characterization of nanofiber-coated sutures

In order to coat a standard nylon suture in a uniform, reproducible, and controlled manner,
we designed a novel manufacturing system consisting of a syringe pump with a polymer/
drug solution perpendicular to a pair of grounded collectors, one of which is capable of
rotation [54]. The non-needled end of the nylon suture was attached to the collector capable
of rotation, and the needled end of the suture was placed through the opposing collector
(Fig. 1A). Drug-loaded polymer solutions were electrospun into nanofibers which deposited
between the two parallel, grounded collectors, and were then twisted around the nylon suture
by rotating the collector attached to the non-needled end of the suture.

Fig. 1B depicts a 10-0 nylon suture before (bottom) and after (top) coating with sirolimus-
loaded nanofibers. Notably, electrospinning spray time can be adjusted in a facile manner
to reproducibly modify coating thickness to meet suture diameter requirements (Table

S1). SEM images displayed manufacture of non-porous, uniform nanofibers wound tightly
around the nylon core to form a nanofiber-coated suture. Thin and short polymeric fibers
were also dispersed around the outside of the coating. Fig. 1C depicts both the nylon
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suture and coated nylon suture at a lower magnification, demonstrating the uniformity of the
coating along the length of the suture. Control 8-0 nylon and 8-0 sized drug-eluting suture
(10-0 nylon core) diameters are shown in Table S1 in the Supplementary Material.

3.2. Invitro release and loading of sirolimus, tacrolimus, everolimus, and pimecrolimus

The major challenge in the translation of drug-eluting sutures has been the inability to
simultaneously surpass U.S.P. requirements for suture breaking strength while providing
sufficient drug loading and sustained drug delivery. Thus, we next examined the drug

release profiles and breaking strength of nanofiber-coated sutures. 20, 40, and 80% sirolimus
nanofibers each demonstrated continued sirolimus release in vitro for at least 14 days (Fig.
S1). However, the release profiles of each nanofiber formulation varied. The 20 and 40%
formulations both demonstrated sustained release of sirolimus in vitro. However, as the
concentration of drug within the nanofiber coating increased, a more pronounced burst effect
was observed. In the case of the 80% sirolimus formulation, the majority of the sirolimus
release occurred within the first 24 h (Fig. S1). Thus, to maximize the drug loading while
also achieving sustained release, the 40% drug loading target was selected. The drug release
profiles for each of the sirolimus, tacrolimus, everolimus, and pimecrolimus nanofibers is
shown in Fig. 2. The release profiles for each drug were comparable, demonstrating a

burst release initially, followed by continued release through day 14. Drug loading was also
comparable for sirolimus (3.9 = 0.2 pg/cm), tacrolimus (4.3 = 0.4 pg/cm), everolimus (3.5 +
0.3 pg/cm), and pimecrolimus (4.2 = 0.1 pg/cm) sutures.

3.3. Nanofiber-coated suture breaking strength

We next evaluated the breaking strength of 10-0 nylon sutures coated with either 20 or

40% sirolimus nanofibers, or 40% tacrolimus, everolimus, or pimecrolimus nanofibers.
According to the U.S.P., synthetic sutures resistant to the action of living mammalian tissue
with a coating that adds significantly to suture diameter, but not to suture strength, are
classified as Class 11, non-absorbable surgical sutures [53]. The coating process used in

this study increased the size of a standard 10-0 nylon suture to 46-49 um, classified as

8-0 sutures. The minimum average knot-pull tensile strength requirement for an 8-0, non-
absorbable, Class Il suture is 0.39 N [53]. As shown in Fig. 3, all nanofiber-coated suture
formulations surpassed U.S.P. specifications for suture breaking strength by more than 30%.
Moreover, because suture strength was derived from the 10-0 nylon core, doubling the
concentration of sirolimus within the coating formulation (20% vs 40%) did not significantly
affect suture strength. Additionally, there was no significant change in breaking strength
with change in drug (Fig. 3), demonstrating the robustness of the platform.

3.4. Effect of anti-inflammatory nanofiber coatings on post-operative neointimal

hyperplasia
We evaluated the potential clinical utility of anti-inflammatory, nanofiber-coated nylon
sutures by determining their capacity to maintain an anastomosis and inhibit neointimal
hyperplasia. The rat abdominal aorta was anastomosed using either 8-0 nylon or 10-0
nylon sutures coated with 40% sirolimus, tacrolimus, everolimus, or pimecrolimus-eluting
nanofibers to make 8-0 sized drug-eluting sutures. No suture-related or other complications
were observed during any of the procedures. The nanofiber-coated nylon sutures were
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able to pass through the tissue several times and suture the vessel appropriately without
any peeling or loss of the coating (not shown). Further, vessel patency and hemostasis
were visually confirmed immediately post-operatively in all cases. No anti-platelet or anti-
coagulation therapy, or any other kind of therapy was provided in the post-operative period,
and there was no operative or suture-related infection or mortality at any time under any
suture condition. In fact, we found that there was no significant difference in vessel breaking
strength between healthy control vascular tissue, or vascular tissue closed with nylon or
sirolimus-eluting sutures 14 days after the anastomosis procedure (Fig. S2). After 14 days,
rat abdominal aortas were harvested and evaluated grossly and via histology. In all cases, the
sutures remained in place, and there was no leakage observed visually at the anastomosis.
Masson’s trichrome staining of tissue sections at the anastomosis allowed for measurement
of neointimal hyperplasia (Fig. 4A) within the inner lumen of vessels sutured using nylon
(Fig. 4B), 40% sirolimus (Fig. 4C), 40% tacrolimus (Fig. 4D), 40% everolimus (Fig.

4E), or 40% pimecrolimus (Fig. 4F) sutures, indicated by a highly inflamed, pink-colored
tissue region. There was a non-significant trend in reduction in neointimal hyperplasia in
rats receiving sirolimus-eluting sutures (205.5 £ 2.6 um) in comparison to rats receiving
nylon sutures (226.8 + 9.1 um) (p = 0.34) (Fig. 4A). There was a significant reduction

in neointimal hyperplasia thickness in tissues anastomosed using tacrolimus- (176.8 + 4.8
um), everolimus- (175.3 + 14.5 pm), and pimecrolimus-eluting sutures (181.7 + 8.1 ym)

in comparison to vessels sutured using the standard nylon suture (p < 0.01). Further, 40%
tacrolimus sutures significantly decreased neointimal hyperplasia in comparison to 40%
sirolimus sutures (p < 0.01), and reduced neointimal hyperplasia by 22% in comparison to
the rats with conventional nylon sutures.

3.5. Effect of anti-inflammatory nanofiber coatings on vessel endothelialization

In order to characterize the effect of local anti-proliferative drug delivery on post-operative
vessel healing, CD31 staining was used as a marker of endothelialization. While 40%
everolimus and pimecrolimus sutures were associated with a trend toward increased
percent endothelialization 14 days after the anastomosis, there was no significant difference
in endothelialization across suture conditions (Fig. 5A). Single layers of CD31+ cells

were present at the inner lumen of vessels anastomosed via each suture type (Fig. 5B—

F), indicating that local drug release did not suppress post-operative endothelialization
compared to nylon sutures alone. Notably, immunohistochemistry images showed CD31+
cells directly adjacent to each suture type.

3.6. Evaluation of the safety and efficacy of systemic tacrolimus administration

Due to its increased effectiveness in comparison to either a nylon or sirolimus suture,
tacrolimus was selected for additional evaluation. In order to characterize the potential
benefit of local tacrolimus delivery via sutures in comparison to systemic delivery, we also
delivered tacrolimus daily via IP injection in rats receiving a nylon suture. Body weight,
survival, neointimal hyperplasia, and several blood markers were evaluated for rats in the
control (nylon suture + daily IP injection of vehicle), low dose tacrolimus (nylon suture

+ daily IP injection of 1 mg/kg tacrolimus), and high dose tacrolimus (nylon suture +
daily IP injection of 10 mg/kg tacrolimus) groups. Low and high dose concentrations were
selected based on the spectrum of tacrolimus doses previously investigated in rats via
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IP administration [59-61]. The average body weight of rats in each group decreased at
post-operative day 1; however, the average weight of rats in the control (1.4% total increase
to 216 £ 2.9 g) and low dose (3.9% total decrease to 208 + 1.8 g) groups recovered over
the 14-day post-operative period. In comparison, the average weight of the surviving rats

in the high dose group decreased by 17% to 186 + 15 g at 14 days, indicating that the
treatment was not well-tolerated (Fig. 6A). 100% of rats receiving the control (5/5) and low
dose treatments (6/6) survived in comparison to only 25% of rats receiving the high dose
treatment (3/12) (Fig. 6B). In addition to significant body weight reduction and death, the
high tacrolimus dose also led to significant decrease in spleen and kidney weight, as well
as decreased total blood protein concentration (Tables S2—-S3). The high dose tacrolimus
treatment provided a significant reduction in neointimal hyperplasia thickness by 17% to
180.8 pm in the three rats that survived to the 14-day endpoint (p < 0.05) (Fig. 6C). In
contrast, the low dose tacrolimus treatment, while better tolerated than the high dose, had
no effect on neointimal hyperplasia (Fig. 6C). Demonstrating the benefit of local drug
delivery, the 40% tacrolimus-eluting sutures were able to provide a significant reduction

in neointimal hyperplasia by 22% to 176.8 um (Fig. 5), while maintaining 100% survival
(6/6) at approximately 25-fold lower tacrolimus dose than the daily low dose IP tacrolimus
treatment.

4. Discussion

The local vascular smooth muscle cell population is multiplied up to five times in the

14 days following vascular anastomosis procedures [7]. This post-operative inflammatory
response contributes to 90% of the total neointimal hyperplasia, and the resulting stenosis
can have devastating consequences, including re-operation, graft/transplant failure, and
death [4,7,14,16]. Thus, it is critical to modulate the local, post-operative biological
response in order to improve the outcomes of arterial, venous, arteriovenous, and prosthetic
graft procedures. We developed a new method to endow conventional sutures with drug
delivery functionality via a nanofiber coating, and evaluated its potential for use in vascular
anastomosis procedures. This method allowed for facile specification of nanofiber coating
thickness and tuning of drug release profiles. Nanofiber coatings demonstrated uniformity
along the length of the suture and remained intact while suturing in vivo. Importantly,
nanofiber-coated sutures met or exceeded U.S.P. specifications for 8-0 suture diameter

and strength, respectively, allowing for clinical translation. Tacrolimus-eluting sutures
significantly reduced neointimal hyperplasia in comparison to a standard 8-0 nylon suture
following anastomosis of the abdominal aorta in rats, and demonstrated improved safety
compared to systemically (IP) dosed tacrolimus.

Sirolimus, tacrolimus, everolimus, and pimecrolimus were chosen for this study due to
their extensive use, well-known mechanisms of action, and demonstrated ability to reduce
neointimal hyperplasia in various models [7,17,20,27,28]. However, there has been a
concern that while the anti-proliferative activity of these small molecules may inhibit
neointimal hyperplasia, it may also inhibit appropriate endothelialization and healing at
the anastomosis [36]. In this study, tacrolimus, everolimus, and pimecrolimus-eluting
suture conditions demonstrated a significant reduction in neointimal hyperplasia while also
mechanically maintaining the vascular anastomosis through the duration of the study. We
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found no significant difference in the breaking strength of healthy rat vessels and vessels
closed with nylon or sirolimus-eluting sutures 14 days after the anastomosis procedure.
Moreover, endothelialization occurred in each of the anastomosed vessels, regardless of
suture type, and CD31+ cell layers were found directly adjacent to anti-proliferative sutures.
Thus, it appears that the capacity of the nanofiber coatings to deliver low levels of drug in

a sustained manner may provide sufficient modulation of the post-operative inflammatory
response while also allowing for appropriate vessel healing.

In addition, major advantages of this platform are the versatility of electrospinning to
incorporate a range of different drugs and polymers, and that the core nylon suture

provides the required tensile strength [62]. Thus, a wide range of polymer/drug formulations
could be explored to achieve the appropriate release of the active agent in a manner that
both significantly reduces neointimal hyperplasia and stenosis while promoting long-term
vascular health. This versatility may also allow for incorporation of multiple types of fibers
into a single, tightly wound coating. For example, a coating composed of both short- and
long-term degradation fibers could be used to provide early- and extended-term drug release
to prevent both immediate- and late-stage complications. While our studies demonstrated
that delivery of anti-proliferative agents in the early post-operative period may improve
outcomes, local delivery of these agents may be useful for as long as a suture or prosthetic
graft remains present at the anastomosis [6-8]. The use of this highly versatile and tunable
coating platform as a research tool may help to further elucidate the types of drugs and
release profiles that are conducive to realizing both objectives.

Previous studies have explored various methods of local drug delivery at the anastomosis
site, including dip-coated sutures, nanofiber wool, films, and gels [17,20,22,36,46]. Notably,
in the cases of films, gels, and wool, an additional closure device is required in order

to perform and maintain the anastomosis. Although the animal models tested have varied
significantly in the literature (e.g., anastomosis site, closure method, number of sutures
used), in each case, local delivery of anti-proliferative agents, including tacrolimus, has
significantly reduced neointimal hyperplasia. Our approach to drug delivery allowed for
increased drug loading at the anastomosis site within a suture meeting size and strength
specifications and providing convenience for clinical use [22,36,46]. To our knowledge,
this is the first study to directly compare multiple generations of anti-proliferative drugs
(sirolimus and tacrolimus vs everolimus and pimecrolimus, respectively) with differing
mechanisms of actions in the same model of vascular anastomosis-induced neointimal
hyperplasia. Interestingly, although tacrolimus has been shown to have reduced anti-
proliferative potency and less inhibitory effects on endothelialization in comparison to
sirolimus, in this study, tacrolimus significantly reduced neointimal hyperplasia, but there
was no significant change in percent endothelialization [63]. Notably, only tacrolimus-,
everolimus-, and pimecrolimus-eluting sutures significantly reduced neointimal hyperplasia
in comparison to conventional nylon sutures. The suboptimal effect of sirolimus was
hypothesized in comparison to more effective later generation analogs, such as everolimus;
however, it is possible that further optimization of sirolimus loading and release could
provide for improved efficacy [64]. For example, the increased drug loading of the
tacrolimus-eluting suture in comparison to the sirolimus suture may have contributed to

its effectiveness.
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There are several potential limitations in the study and in the evaluation of the suture
technology described here. Although the high dose tacrolimus group demonstrated a
significant reduction in neointimal hyperplasia in comparison to a control vessel, the sample
size was limited as only three rats from the high dose tacrolimus group survived through
day 14. Similarly, although the reduction in neointimal hyperplasia due to everolimus-

and pimecrolimus-eluting sutures was not significant in comparison to sirolimus, it is
possible that a larger group size would have led to statistical significance. Finally, additional
investigation of suture drug loading and release profile for each drug may have further
improved suture performance. Future studies should include dose ranging studies and
various drug release profiles in order to further reduce of neointimal hyperplasia and
promotion of endothelialization. In addition, although the nanofiber-coated nylon sutures
described in this study surpassed U.S.P. requirements for suture strength and maintained

the anastomosis for at least 14 days, it is important to note that the U.S.P. only specifies a
minimum average suture breaking strength. Prior to clinical studies, it will be important

to evaluate the durability of nanofiber-coated sutures in large animal models and in
different types of anastomosis procedures for a longer duration to ensure that they

maintain the anastomosis. Longer-term studies may also further elucidate the differences

in endothelialization due to each drug. If successful, nanofiber-coated sutures may have
significant potential for use in vascular anastomosis procedures due to their capacity to
effectively reduce neointimal hyperplasia without changing the surgical procedure or clinical
workflow.

5. Conclusions

This study demonstrated the manufacture of nanofiber-coated nylon sutures capable of
meeting U.S.P. specifications for suture size and strength for vascular surgery, maintaining
an in vivo surgical anastomosis, and providing sustained release of mTOR or calcineurin
inhibitors without preventing endothelialization in a rat vascular anastomosis model. In
addition, local delivery of tacrolimus via the suture significantly reduced post-operative
neointimal hyperplasia. In contrast, achieving a comparable level of reduction via systemic
tacrolimus administration resulted in significant mortality (25% survival rate). This platform
has the potential to reduce post-operative complications and improve the clinical outcomes
following vascular bypass and vascular access surgeries, which present a significant
economic and health burden, without modifying the current surgical workflow.
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Fig. 1.
Manufacturing schematic and SEM images of nanofiber-coated sutures. (A) Schematic of

suture coating system: high voltage was applied to the nozzle of a syringe containing a
volatile polymer/drug solution which was pumped at a controlled rate. A standard suture was
suspended between two parallel, grounded collectors, where one collector was stationary
and one could be mechanically rotated. Following fiber deposition across the collectors,

the rotating collector twisted deposited fibers into a uniform coating around the suture. (B)
High magnification SEM image of a 10-0 nylon suture coated with nanofibers (top) and a
plain 10-0 nylon suture (bottom). (C) Low magnification SEM image showing the uniform
nanofiber-coating along the length of the 10-0 nylon suture (top) and a plain 10-0 nylon
suture (bottom).

J Control Release. Author manuscript; available in PMC 2024 January 01.



1duosnue Joyiny

Parikh et al. Page 18

—_
(-]
)

—
(3.}
1

-
N

©

++QO-- Sirolimus
={J== Tacrolimus
= # = Everolimus
—&= Pimecrolimus

Cumulative Drug Release (ug)
(<]

5 6 7 8 9 10 11 12 13 14
Time (days)

Fig. 2.
Cumulative in vitro release of sirolimus, tacrolimus, everolimus, and pimecrolimus. In

vitro release profiles nanofiber bundles composed of 40% (m/w) sirolimus, tacrolimus,
everolimus, or pimecrolimus (/7= 4, each) in PLLA/PEG over 14 days. Nanofiber bundles
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were 5 cm long and 50 pm in diameter.
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20% Sirolimus/ 40% Sirolimus/  40% Tacrolimus/ 40% Everolimus/ 40% Pimecrolimus/
PLLA/PEG PLLA/PEG PLLA/PEG PLLA/PEG PLLA/PEG

Breaking strength of nanofiber-coated nylon sutures in reference to U.S.P. specifications.
Comparison of knot-pull breaking strength of 8-0-sized, nylon sutures coated with
nanofibers containing 20% or 40% (w/w) sirolimus, or 40% tacrolimus, 40% everolimus,
or 40% pimecrolimus (7= 4, each) in PLLA/PEG. Due to the underlying 10-0 nylon core,
there were no significant differences in suture breaking strength observed with increased
drug loading or change in drug in the nanofiber coating.
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Fig. 4.

E\?aluation of neointimal hyperplasia 14 days after vascular anastomosis. (A) Quantification
of neointimal hyperplasia, * p < 0.05. Representative images of H& £-stained tissue sections
of rat abdominal aorta 14 days after the anastomosis procedure using 8-0-sized (B) nylon,
(C) 40% sirolimus, (D) 40% tacrolimus, (E) 40% everolimus, or (F) 40% pimecrolimus
sutures (1= 6, each). Drug-eluting sutures had a 10-0 nylon suture core. Black arrows
indicate regions of neointimal hyperplasia. © indicates the cross-section of a suture or the
space where a suture existed prior to histology. Scale bar denotes 200 um.
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Fig. 5.

E\?aluation of vessel endothelialization 14 days after vascular anastomosis. (A)
Quantification of percent of vessel lining that is CD31+ (endothelialization). Representative
images of CD31-stained tissue sections of rat abdominal aorta 14 days after the anastomosis
procedure using 8-0-sized (B) nylon (n=6), (C) 40% sirolimus (n = 6), (D) 40% tacrolimus
(n=5), (E) 40% everolimus (17 = 4), or (F) 40% pimecrolimus (n = 4) sutures. © indicates the
cross-section of a suture or space where a suture existed prior to histology. Scale bar denotes
200 pm.
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Fig. 6.

E\?aluation of the safety and efficacy of systemically administered tacrolimus following
vascular anastomosis. (A) Daily body weight measurements, (B) percent survival, and (C)
quantification of neointimal hyperplasia 14 days after anastomosis of the rat abdominal aorta
using 8-0 nylon sutures and daily intraperitoneal administration of 1 mL of vehicle (control;
n=75), low dose tacrolimus (1 mg/kg; n= 6), or high dose tacrolimus (10 mg/kg; 7=

12). Body weight changed significantly throughout the post-operative period (a indicates

a significant difference between control and low dose conditions (p < 0.05); & indicates

a significant difference between control and high dose conditions (p < 0.05); cindicates

a significant difference between low and high dose conditions (p < 0.05)). There was a
significant difference in survival rate (*** p < 0.001) between the groups. Rats in the

high dose group had a significant reduction in neointimal hyperplasia in comparison to the
control group (* p < 0.05), but this was associated with significant weight loss and a 25%
survival rate.
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