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Abstract

Sutures are applied almost universally at the site of trauma or surgery, making them

an ideal platform to modulate the local, postoperative biological response, and

improve surgical outcomes. To date, the only globally marketed drug-eluting sutures

are coated with triclosan for antibacterial application in general surgery. Loading drug

directly into the suture rather than coating the surface offers the potential to provide

drug delivery functionality to microsurgical sutures and achieve sustained drug deliv-

ery without increasing suture thickness. However, conventional methods for drug

incorporation directly into the suture adversely affect breaking strength. Thus, there

are no market offerings for drug-eluting sutures, drug-coated, or otherwise, in oph-

thalmology, where very thin sutures are required. Sutures themselves help facilitate

bacterial infection, and antibiotic eye drops are commonly prescribed to prevent

infection after ocular surgeries. An antibiotic-eluting suture may prevent bacterial

colonization of sutures and preclude patient compliance issues with eye drops. We

report twisting of hundreds of individual drug-loaded, electrospun nanofibers into a

single, ultra-thin, multifilament suture capable of meeting both size and strength

requirements for microsurgical ocular procedures. Nanofiber-based polycaprolactone

sutures demonstrated no loss in strength with loading of 8% levofloxacin, unlike

monofilament sutures which lost more than 50% strength. Moreover, nanofiber-

based sutures retained strength with loading of a broad range of drugs, provided anti-

biotic delivery for 30 days in rat eyes, and prevented ocular infection in a rat model

of bacterial keratitis.
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1 | INTRODUCTION

From the first recorded use of natural fibers as sutures in 3500 B.C.

to the advent of synthetic, absorbable sutures in 1970, advances in

material science and surgical practice have sought to develop the per-

fect suture: one that is sterile, strong, easy to handle, absorbable, and

biologically inert in order to provide the appropriate conditions for

wound healing and tissue repair.1-5 The ideal suture also degrades and
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loses strength as the surrounding tissue heals and gains strength, and

is able to scale to commercial production. We sought to develop

sutures that meet each of these requirements while also providing

sufficient and controlled release of a therapeutic moiety in order to

improve surgical outcomes.

Sutures are a promising means of therapeutic delivery directly

to the surgical site. However, clinical implementation of such tech-

nology has been limited due to the inability of drug-loaded sutures

to meet United States Pharmacopeia (U.S.P.) standards for suture

strength.6,7 Conventional suture manufacturing processes, such as

melt extrusion, are not compatible with many therapeutic moieties,

and drug-loaded sutures in preclinical development have demon-

strated breaking strength of only 10% of clinical specifica-

tions.4,7-16 Drug-coated sutures have been developed to

circumvent these shortcomings, but can be limited in their ability

to meet diameter requirements, load sufficient drug, control drug

release, and/or scale manufacturing.17-23 Thus, drug-coated

sutures are limited to use in anti-infection applications, which are

the only current market offerings for drug delivery via sutures.

However, antibacterial coatings are only available in conjunction

with absorbable thread, are only indicated for use in general sur-

gery (U.S.P. sizes 6–0 through 0), and the sutures are too large to

meet the respective U.S.P. specifications for diameter.

There is a significant need for an antimicrobial suture in ocular

surgery, where, globally, more than 12 million procedures per year use

conventional nylon sutures to close ocular wounds and incisions.24

Nonabsorbable nylon sutures are a mainstay of ocular surgery due to

their biocompatibility and strength retention at the surgical site.25

Nylon sutures are used in procedures such as penetrating kerato-

plasty, where sutures remain in the eye for 12 to 24 months, and as

with other implantable devices, increase the risk of infection following

ophthalmic procedures due to their susceptibility to bacterial adhe-

sion, proliferation, and biofilm formation.26-31 Incidence of infectious

keratitis following penetrating keratoplasty has been reported

between 1.76% and 12.1%.32 Suture-related complications are impli-

cated in 20% to over 50% of these cases, and can have devastating

consequences, including poor visual outcomes, reintervention, and

graft failure.28,32-34 Thus, it is particularly important to provide for

local antibacterial functionality along with implantation of non-

absorbable sutures within the eye. Local antibiotic delivery from the

suture itself would provide bacterial inhibition at the vulnerable surgi-

cal incision and help alleviate concerns of noncompliance with topical

antibiotic eye drops, which are often prescribed postoperatively.

Antibiotic-eluting sutures may also reduce the need for postoperative

oral antibiotic prescriptions, the systemic administration of which can

lead to emergence of resistant organisms and associated complica-

tions such as Clostridium difficile infection and life-threatening diar-

rhea.35,36 In addition to keratoplasty, glaucoma, retinal detachment,

vitrectomy, and cataract surgeries, where nylon sutures have been

used, antibiotic-eluting sutures may also decrease the risk of infection

associated with concurrent implantation of keratoprostheses, lacrimal

stents, orbital plates, glaucoma drainage implants, or other ocular

devices.37-44

An antibacterial suture for ophthalmology must be extremely fine

(20–50 μm in diameter; U.S.P. sizes 10–0 through 8–0) while retaining

high strength for the duration of the intended application and provid-

ing sufficient release of an antibiotic agent to reduce or prevent oph-

thalmic infection.6,7 Here, we provide the first demonstration of

electrospinning of drug-loaded nanofibers that are then twisted in a

controlled manner to form ultra-thin, high strength, drug-eluting

sutures of appropriate breaking strength and diameter to meet

U.S.P. specifications for ocular surgery.8,9,13,14 In order to provide an

antibacterial alternative to the use of nylon sutures in ocular surgery,

we manufactured sutures composed of polycaprolactone (PCL) and

levofloxacin (Levo). Levo is a third-generation fluoroquinolone and

broad-spectrum ophthalmic antibiotic indicated for treatment of bac-

terial conjunctivitis.45 PCL is a biocompatible polymer capable of long-

term degradation that has been used in sutures and other medical

devices for more than 30 years.25,46-48 We evaluated antibiotic-

eluting suture size, breaking strength, pharmacokinetics, biocompati-

bility, and efficacy in a rat model of bacterial keratitis.

2 | RESULTS

We hypothesized that sutures composed of twisted PCL/Levo

nanofibers would provide suitable strength at the surgical site for an

extended duration while also delivering antibiotic in a sufficient and

controlled manner to prevent postoperative suture colonization and

ocular infection.

2.1 | Nanofiber suture manufacture and
characterization

In order to limit the effect of drug loading on the strength of poly-

meric matrices, we engineered a novel manufacturing system capable

of producing and twisting together hundreds of individual drug-

loaded, polymeric nanofibers (Figure 1(a)). High voltage was applied to

a polymer or polymer/drug solution pumped at a controlled flow rate

in order to form polymeric fibers. However, rather than collecting

fibers on a rotating drum, which is often employed in electrospinning

applications, fibers were collected in parallel between two grounded

collectors situated perpendicularly to the syringe pump. Rotation of

one collector results in the twisting of deposited parallel fibers into a

single 17-cm-long multifilament suture. The amount of fiber deposi-

tion, and consequently, suture diameter was reproducibly tuned by

adjusting spray time.

Seventeen kilovolts were applied to a 10% PCL solution in hexa-

fluoroisopropanol (HFIP) flowing at 450 μL/h for 60 s, followed by

twisting of deposited fibers 1575 times in order to manufacture a sin-

gle, multifilament suture. Scanning electron microscopy (SEM) of mul-

tifilament sutures confirmed manufacture of a highly uniform,

nonporous, and defect-free thread composed of nanofibers (Figure 1

(b)). Notably, individual nanofibers had a flat, ribbon-shaped morphol-

ogy, and had an average width of 729.9 ± 246 nm. Multifilament,

2 of 12 PARIKH ET AL.



drug-loaded sutures were cylindrical in nature and met

U.S.P. specifications for 10-0 suture diameter (20–29 μm), making

them a suitable size for ocular surgery. They were also comparable in

both size and shape to commercially available 10-0 Ethilon® (nylon)

sutures (Figure 1(b)).

The principal challenge for translation of drug-loaded sutures to

the clinic has been an inability to meet U.S.P. specifications for suture

strength. Thus, we next examined the impact of fiber conformation,

drug concentration and type, and suture diameter on suture breaking

strength. Figure 2(a) illustrates the difference in PCL suture strength

formulated with 8% Levo in either a monofilament or twisted multi-

filament conformation of identical diameter (28 μm). Monofilament

PCL suture breaking strength was reduced by more than 50% (from

0.23 ± 0.01 N to 0.10 ± 0.01 N) when Levo was incorporated

(p < 0.001). In contrast, multifilament PCL nanofiber suture breaking

strength was not significantly changed with drug loading (from

0.36 ± 0.01 to 0.36 ± 0.01 at 1575 twists). Further, multifilament

PCL/8% Levo suture breaking strength increased accordingly with the

increase in number of collector rotations (from 0.09 ± 0.01 at

393 twists to 0.36 ± 0.01 at 1575 twists). At 1575 twists and 28 μm

in diameter, multifilament PCL/8% Levo sutures surpassed the mini-

mum U.S.P. breaking strength specification for synthetic, absorbable,

10-0-sized sutures of 0.24 N (Figure 2(a)). Due to the high strength of

sutures produced at 1575 twists, all multifilament nanofiber sutures

used in later studies were manufactured similarly.

Next, we explored the amount of drug that could be loaded into

multifilament nanofiber sutures while maintaining U.S.P. strength

specifications. We produced 1575 twist, 28 μm multifilament

nanofiber sutures composed of PCL with no drug (0%) or with 8%,

16%, 24%, or 40% Levo within the suture formulation. PCL sutures

with 16% or more Levo had a significantly lower breaking strength

(p < 0.05) than PCL sutures alone or with 8% Levo (Figure 2(b)). It was

possible to include up to 24% Levo within the multifilament nanofiber

suture formulation while still surpassing clinical strength requirements

for a 10-0 suture. Notably, even with inclusion of 40% Levo into the

suture formulation, multifilament PCL nanofiber suture breaking

strength was significantly higher (p < 0.05) than a monofilament

nanofiber suture with 8% Levo (Figure 2(a)), and reached 75% of

U.S.P. specification (Figure 2(a)). Eight percent and 16% Levo sutures

were selected for use in follow-on studies as they demonstrated the

least amount of suture strength loss with drug loading, while achiev-

ing breaking strengths above U.S.P. specifications. Importantly,

PCL/8% Levo sutures demonstrated minimal degradation in vitro, and

retained 96% of their strength after 31 days and 75% of their strength

after 365 days in phosphate buffered saline (PBS) (Table S1), demon-

strating potential for long-term strength retention required for pene-

trating keratoplasty procedures.

We next evaluated the compatibility of the multifilament

nanofiber suture platform with multiple classes of small molecule

drugs utilized in ophthalmology and more broadly. We manufactured

1575 twist, 28 μm sutures composed of PCL and 8% of either

moxifloxacin hydrochloride, dexamethasone, rapamycin, or

bupivacaine hydrochloride. Moxifloxacin HCl (log P = 0.01) is a fourth

generation fluoroquinolone with broad antibacterial efficacy currently

administered via topical eye drops.36,49 Dexamethasone (log P = 1.83)

is a corticosteroid used for treatment of uveitis and diabetic macular

edema.50-53 Rapamycin (log P = 4.3) is an immunosuppressant and

anti-proliferative agent used in treatment of uveitis.54-56 Bupivacaine

HCl (log P = 3.41) is an analgesic agent that has been used during ocu-

lar surgery and for treatment of strabismus.57-59 Although these pro-

phylactic and therapeutic agents have different molecular weights,

ranging from 288.4 to 914.2 g/mol, and physicochemical properties

owing to their varying molecular structures, there was no significant

difference in breaking strength of multifilament PCL nanofiber sutures

loaded with these molecules in comparison to Levo (log P = −0.4) (Fig-

ure 2(c)).60 Importantly, all drug-loaded sutures met both size and

strength specifications for a 10-0 suture for ocular surgery.

9-0 (30–39 μm) and 8-0 (40–49 μm) sutures are also commonly

used in ocular surgery. We evaluated the capacity for our manufactur-

ing platform to scale to larger diameter sutures with correspondingly

improved breaking strength by increasing electrospinning spray time

to manufacture 1575 twist PCL/8% Levo sutures that were 38 μm

F IGURE 1 Manufacture of drug-eluting, multifilament sutures. (a) Schematic of suture manufacturing system. High voltage is applied to a
polymer or polymer/drug solution pumped at a controlled rate perpendicular to two grounded collectors. One collector is motorized, allowing for
twisting of hundreds of parallel nanofibers into a single, multifilament suture. (b) SEM images of a conventional 10-0 nylon suture (top) and 10-0
multifilament PCL/Levo suture (bottom)
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(9-0) and 48 μm (8-0) in diameter. In order to understand the effect of

suture diameter on breaking strength, we also evaluated the breaking

strength of 21 μm diameter PCL/8% Levo sutures manufactured in a

similar fashion (Figure 2(d)). Varying suture diameter significantly

affected breaking strength in all cases (p < 0.05). Decreasing suture

diameter from 28 to 21 μm decreased breaking strength more signifi-

cantly than increasing Levo concentration from 8% to 40% (Figure 2(b)),

demonstrating the importance of suture diameter in the resulting break-

ing strength of multifilament nanofiber sutures. Thirty-eight micrometer

PCL/8% Levo multifilament nanofiber sutures (0.59 ± 0.03 N) sur-

passed U.S.P. specifications for 9-0 sutures and were 64% stronger

than 28 μm sutures (0.36 ± 0.02 N). The breaking strength of 48 μm

PCL/8% Levo sutures (0.95 ± 0.07 N), also measured via straight pull,

demonstrated a 61% increase in comparison to 38 μm sutures

(Figure 2(d)).

2.2 | In vivo suture biocompatibility

In order to further evaluate the potential use of multifilament

nanofiber sutures as an alternative to nylon or other commer-

cially available sutures, we assessed the local tissue reaction to

implantation of 3 × 2 mm long 10-0 nylon, Vicryl®, PCL, PCL/8%

Levo, or PCL/16% Levo sutures after 2 days in the rat corneal

stroma. There were no gross signs of irritation, inflammation, or

infection among any of the treated or control groups (not

shown). Histological analysis (Figure S1) revealed that implanta-

tion of PCL or PCL/Levo sutures did not cause

neovascularization, and that the tissue reaction was comparable

to commercially available nylon sutures. Notably, a small ring of

immune cells was observed surrounding implanted absorbable

Vicryl® sutures (Figure S1).

F IGURE 2 Breaking strength of PCL sutures compared to U.S.P. specifications. (a) Comparison of breaking strength of 28 μm diameter

monofilament vs multifilament sutures with varying levels of twisting, with and without 8% Levo, **p < 0.01, ***p < 0.001. ##p < 0.01 compared
to PCL/Levo monofilament and PCL/Levo 393 twist conditions. (b) Breaking strength of 28 μm PCL/Levo multifilament sutures at 1575 twists
with a range of Levo concentrations (0–40%), *p < 0.05, **p < 0.01. ##p < 0.01 compared to 0% Levo and 8% Levo conditions. (c) Breaking
strength of 28 μm multifilament sutures at 1575 twists composed of PCL and 8% of moxifloxacin hydrochloride, dexamethasone, rapamycin, or
bupivacaine hydrochloride. (d) Breaking strength of PCL/8% Levo multifilament sutures with 1575 twists at a range of diameters suitable for
ocular surgery (21–48 μm). **p < 0.01. Note that breaking strengths in all figures (a–d) were determined via straight pull. The dashed green line
indicates the minimum suture breaking strength for the listed suture gauge size (10-0 to 8-0), as defined by the U.S.P. for synthetic absorbable
sutures
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2.3 | Pharmacokinetics of levofloxacin delivered
from sutures

High-performance liquid chromatography (HPLC) analysis of dissolved

sutures immediately following manufacture revealed Levo loading of

80 and 161 μg/m, respectively, for 8% and 16% Levo sutures. In order

to determine the duration and concentration of Levo delivery from

sutures in vivo, we conducted a pharmacokinetic study by implanting

3 × 2 mm lengths of 28 μm PCL/8% Levo or PCL/16% Levo sutures

into rat corneas. Analysis of Levo concentration in harvested aqueous

humor and corneas revealed high levels of antibiotic as quickly as

15 min following suture implantation and for multiple hours afterward

(Figure 3). The overall Levo release profiles were similar in eyes

implanted with either 8% or 16% Levo sutures. Multifilament

nanofiber sutures maintained their location and macroscopic structure

throughout the course of the study (not shown), and in both 8% and

16% Levo conditions. Levo was detected in the cornea and aqueous

humor 30 days after implantation, although corneal concentrations

were below the limit of quantification at day 30, indicating values

<0.5 ng/g. Notably, the levels of Levo detected in the aqueous humor

was comparable at 14 and 30-day time points for both suture

formulations.

2.4 | In vivo prevention of ophthalmic infection

We next evaluated the capacity of PCL/Levo nanofiber sutures to

prevent infection following one or two consecutive inoculations of

Staphylococcus aureus (S. aureus). A bent 30 G needle was used to

make three parallel scratches across the surface of the cornea,

followed by implantation of three 2 mm lengths of 10-0 nylon, Vic-

ryl®, or PCL/Levo sutures into the cornea. Subsequently, 100 μL of

S. aureus was administered to the ocular surface. Rats receiving

implantation of nylon sutures were divided into three groups: (1) no

postoperative treatment, (2) topical administration of a single drop of

0.5% Levo immediately after inoculation, and (3) topical administration

of 0.5% Levo three times daily beginning immediately after inocula-

tion. Implantation of Vicryl® and nylon sutures without postoperative

treatment resulted in severe infections characterized by a bacterial

load 3.4–4.3 times higher than that of a healthy, control cornea

(Figure 4(a)) 2 days after suture implantation and bacterial inoculation.

The eyes were highly inflamed and red, with a whitish hue likely indi-

cating bacterial colonization and proliferation surrounding the sutures

themselves (Figure 4(b)). Healthy, control corneas contained a small

amount of endogenous bacteria, the amount of which was not signifi-

cantly different than corneas implanted with PCL/8% Levo sutures or

corneas implanted with nylon sutures receiving three daily drops of

Levo. A single drop of Levo following implantation of nylon sutures

significantly decreased the bacterial load in comparison to a nylon

suture alone (p < 0.05), but was not sufficient to prevent infection

(Figure 4(a)). These findings are further confirmed by histological and

bacterial culture analysis. Hematoxylin and eosin (H&E) staining rev-

ealed substantial inflammation and cellular infiltration within the cor-

neas of rats receiving implantation of Vicryl® or nylon sutures without

postoperative administration of Levo (Figure 4(c)). Notably, the den-

sity of immune cells was greatest within the immediate vicinity of

implanted sutures, providing another indication that the suture itself

may be the nidus of infection and location of bacterial adhesion.

Immune cells were also concentrated around nylon sutures implanted

in rat eyes receiving a single postoperative dose of Levo. However,

there was no sign of infection or inflammation in the corneal tissue

surrounding PCL/8% Levo nanofiber sutures or nylon sutures in rats

receiving three daily eye drop doses of Levo, and the tissue resembled

that of a healthy control. Culture of bacterial swabs on agar plates

similarly confirmed the presence of infection in rats with implantation

of Vicryl® or nylon sutures, or nylon sutures followed by a single dose

of Levo administered topically (Figure S2).

We also evaluated the capacity of 10-0 PCL/Levo multifilament

nanofiber sutures to continue to prevent ocular infection following

the immediate postoperative period. PCL/8% Levo and PCL/16%

Levo sutures were implanted into rat corneas followed by immediate

topical inoculation of S. aureus and a second inoculation 5 days after

F IGURE 3 Levofloxacin concentration in rat aqueous humor and corneal tissue over 30 days. Three 2 mm segments of either 10-0,
nanofiber-based PCL/8% Levo (n = 4–8) or PCL/16% Levo (n = 4-8) sutures, respectively, were implanted into rat corneas and removed prior to
evaluation of Levo concentration in the aqueous humor and cornea via LC/MS/MS. Eight percent and 16% Levo demonstrate similar
concentration profiles throughout the evaluation period. Levo concentrations in the cornea at day 30 were below the limit of quantification
(BLQ), indicating values <0.5 ng/g
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suture implantation. Eyes containing nylon sutures were only inocu-

lated once 5 days after implantation. In congruence with the results of

the short-term infection study, eyes containing PCL/8% Levo or

PCL/16% Levo sutures did not become infected after the initial

S. aureus inoculation. However, 7 days after implantation, 2 of 8 (25%)

animals with PCL/8% Levo sutures displayed a minor infection con-

firmed by bacterial swab and homogenization (Figure S3). Notably,

0 of 8 rat eyes containing 10-0 PCL/16% Levo sutures showed signs

of infection after the second inoculation (Figure 5(a)). These results

are significantly different (p < 0.01) than the outcomes observed for

eyes containing nylon sutures, of which 8 of 8 became infected after

a single bacterial inoculation 5 days after suture implantation. SEM

images of sutures removed from rat corneas 7 days after implantation

further confirmed these results (Figure 5(b)). High magnification

images revealed the presence of S. aureus on all nylon sutures with

biofilm formation. S. aureus was also detected on PCL/8% Levo

sutures collected from infected eyes, although biofilm formation was

less apparent. S. aureus colonization was not apparent on PCL/16%

Levo sutures collected 7 days after implantation, even after two con-

secutive bacterial inoculations.

3 | DISCUSSION

Commercially available sutures are known to be associated with

vision-threatening microbial keratitis and endophthalmitis.25,26,28,32-34

Suture-related complications are implicated in up to 50% of infections

following penetrating keratoplasty procedures.28,32-34 Although

sutures are employed in a lower percentage of cataract surgeries,

after 3 years, more than 65% of sutures have been reported to

become loose or broken. Upon removal, cultures reveal that almost

40% of such sutures demonstrate bacterial contamination.29 In addi-

tion, implantation of devices such as keratoprostheses in conjunction

with sutures has demonstrated postoperative infection rates of more

than 17%.61 An antibiotic-eluting suture offers an opportunity to

reduce or prevent suture-related postoperative infections, and to

reduce the risk of infection following ocular device implantation; how-

ever, there are currently no market offerings for drug-eluting sutures

in ophthalmology.

We designed a novel electrospinning system for manufacture of

nanostructured, drug-eluting sutures, and evaluated its potential for

development of antibiotic-eluting sutures for ocular surgery. The plat-

form enables facile fabrication and twisting of aligned, drug loaded

nanofibers into ultra-thin, multifilament sutures of specific diameters.

The system is both highly versatile and controlled, allowing for repro-

ducible manufacture of drug-eluting sutures from a wide range of for-

mulations, and specification of suture diameter via electrospinning

spray time and twist number. Notably, the described system enables

manufacture of commercial length sutures, which can be lengthened

by increasing the distance between the grounded, parallel collectors.

Degradable, multifilament nanofiber sutures fabricated using this

manufacturing platform met or exceeded U.S.P. specifications for size

F IGURE 4 Evaluation of ophthalmic infection 2 days after inoculation of S. aureus. (a) Concentration of bacteria in healthy control rat corneas

or inoculated corneas containing either Vicryl®, nylon, or nanofiber-based PCL/8% Levo sutures. Nylon sutures were evaluated alone, with
treatment of a single postoperative topical drop of 0.5% Levo, or with treatment of 3 daily drops of 0.5% Levo (n = 4, each), **p < 0.01. #p < 0.05,
##p < 0.01 compared to control. Representative images of (b) healthy control and experimental eyes 2 days after bacterial inoculation, and (c) H&E
stained tissue surrounding sutures 2 days after bacterial inoculation
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and strength suitable for ophthalmic use. The multifilament nanofiber

sutures demonstrated biocompatibility comparable to conventional

nylon sutures, retained 96% of breaking strength over 31 days, and

delivered Levo at detectable levels in rat eyes for at least 30 days.

Moreover, Levo-eluting, multifilament nanofiber sutures man-

ufactured utilizing this platform prevented ocular infection against

multiple bacterial challenges for a period of 1 week in vivo, and were

significantly more effective than a single postoperative antibiotic drop

at decreasing bacterial load within the eye. Further, multifilament

nanofiber sutures surpassed breaking strength specifications when

loaded with a wide range of small molecule drugs of different physico-

chemical properties, including antibiotics, steroids, immunosuppres-

sants, and analgesics, indicating broad potential to improve surgical

outcomes and alleviate concerns of patient compliance across oph-

thalmic subspecialty areas and in vascular, plastic, and reconstructive

procedures where the postoperative biological response to surgery

often leads to complications and reoperations.

To our knowledge, this is the first report of drug-loaded sutures

that surpass U.S.P. breaking strength specifications.4,8,9,13 Similar to

prior reports in the literature, micron-sized electrospun PCL monofila-

ment sutures lost more than 50% of their strength upon inclusion of

Levo. In contrast, twisted, multifilament nanofiber sutures did not lose

strength with inclusion of an equivalent amount of Levo. PCL is a

semicrystalline, hydrophobic, and biodegradable polymer.47 It has

been shown that the process of electrospinning alone can enhance

nanofiber molecular orientation and that PCL nanofibers increase in

tensile strength with reduced diameter due to molecular confine-

ment.62,63 This phenomenon is not observed in PCL fibers produced

via the melt flow extrusion process used to manufacture commercially

available sutures today.62 Further, PCL crystallinity increases along

with a decrease in molecular weight.47 We sought to maximize fiber

crystallinity, and consequently suture strength, by electrospinning

nanofibers composed of low molecular weight PCL. Moreover, twist-

ing of individual nanofibers into a multifilament suture provided addi-

tional structural reinforcement, resistance to breakage, and knot

security.6 The flat, ribbon-shaped morphology of the individual

nanofibers suggests that the twisting process led to stretching of

nanofibers, which has also been shown to improve polymer chain

alignment and tensile strength.64 Increased twisting also resulted in a

more compact nanofiber bundle, illustrated by the increased spray

time necessary to manufacture sutures of an equivalent diameter at a

higher number of twists. Thus, increasing the number of twists

allowed for incorporation of a greater number of nanofibers into a sin-

gle suture, thereby amplifying breaking strength and increasing drug

loading capacity. Collectively, these factors contributed to manufac-

ture of drug-loaded, multifilament nanofiber PCL sutures with unprec-

edented strength.

The highly aligned and hydrophobic nature of PCL nanofibers

manufactured through this process likely partitions the drug and poly-

mer.9,62 This may explain the almost equivalent strength of multi-

filament PCL sutures without drug and with inclusion of 8% Levo or

other therapeutic and prophylactic agents with disparate molecular

structures. This might also lead to the burst release of a fraction of the

encapsulated Levo observed following implantation of drug-loaded

sutures into rat eyes. We hypothesize that prior to PCL degradation,

the drug delivery profile of small molecules from multifilament PCL

sutures will depend primarily on the solubility and distribution of the

drug in the nanofibers. As such, we anticipate that more hydrophobic

drugs will have a slower overall release rate than Levo, but may also

provide for burst release in the immediate postoperative period.

F IGURE 5 Evaluation of ophthalmic infection following consecutive S. aureus inoculations over the period of 1 week. (a) Kaplan–Meier curve
indicating prevention of ophthalmic infection following inoculation of S. aureus on day 0 and day 5 of Sprague Dawley rat corneas implanted with
either nanofiber-based PCL/8% Levo or PCL/16% Levo sutures (n = 8, each). Arrows indicate timing of S. aureus inoculation. Note that all sutures
were implanted on day 0 and that corneas containing nylon sutures were only inoculated once, on day 5 (n = 8). **p < 0.01 compared to nylon
(day 5 inoculation), as determined via Mantel–Cox test. (b) High magnification SEM images of nylon (top), PCL/8% Levo (middle), or PCL/16%
Levo (bottom) sutures removed from rat corneas on day 7 following one or two consecutive bacterial inoculations
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Although a burst release of antibiotic is critical for the prevention

of immediate postoperative infection when wounds or surgical inci-

sions are healing and most vulnerable to bacterial infiltration, sutures

may be susceptible to bacterial colonization for as long as they remain

implanted.26-29,32,33,61,65-67 Given the small diameter of 10-0-sized

sutures utilized in ophthalmic procedures and the difficulty of

manufacturing and coating such sutures, it will be challenging for

sutures manufactured via conventional methods to provide sufficient

drug delivery over this duration.19,23 However, local antibiotic delivery

from the drug-loaded sutures reported here may preclude issues of

poor patient compliance with topical eye drops, prevent suture-

related infections that lead to treatment failure and reintervention,

reduce the need for oral antibiotic use, decrease the risk of infection

associated with implantable ocular devices, and serve as an alternative

to the more than 12 million nylon sutures used in ocular procedures

each year.24,28,32,36,61,68 In order to translate this technology platform

for patient use in ophthalmology and beyond, we plan to conduct

long-term studies to evaluate suture strength retention and degrada-

tion in vivo while also assessing late-stage wound sealing and tissue

healing.

4 | MATERIALS AND METHODS

4.1 | Suture manufacture

Polymer solutions were made via dissolution of 80 kDa PCL (Sigma-

Aldrich, St. Louis, Missouri) alone or with drug in HFIP (Sigma-Aldrich)

by shaking overnight at room temperature. PCL concentration was

maintained at 10% (w/w) in relation to solvent for multifilament

sutures. Levofloxacin (Sigma-Aldrich), moxifloxacin HCl (LKT Labora-

tories, St. Paul, Minnesota), dexamethasone (Carbosynth, San Diego,

California), rapamycin (LC Labs, Woburn, Massachusetts), and

bupivacaine (Carbosynth) were dissolved at either 8%, 16%, 24%, or

40% (w/w) in relation to polymer. Solutions were electrospun via

pumping at 450 μL/h through a 20 G blunt-tip needle with an applied

voltage of 17 kV, at a distance of 13 cm from a set of parallel

grounded collectors to form 17-cm-long parallel nanofibers. One col-

lector was then rotated clockwise 1575 times, unless otherwise speci-

fied, prior to removal of the suture from the collectors.

Electrospinning time was 30, 60, 90, and 135 seconds for 21, 28,

38, and 48 μm diameter multifilament sutures, respectively. Monofila-

ment sutures were manufactured via application of 5 kV to a 15%

PCL solution (w/w) in HFIP flowing at 1 mL/h toward a static,

grounded collector 15 cm away.

4.2 | Suture characterization

4.2.1 | Size

Suture diameter was determined via light microscopy using the 20×

objective of an Eclipse TS100 (Nikon Instruments, Melville, New York)

and calibrated Spot 5.2 Basic imaging software (Spot Imaging, Sterling

Heights, Michigan). Each suture was measured at three different loca-

tions at least 2 cm apart, and used in additional experimentation only

if the average diameter was within ±0.5 μm of the specified diameter.

4.2.2 | Morphology

Suture morphology was observed via SEM at 1 kV using a LEO Field

Emission SEM (Zeiss, Oberkochen, Germany). Prior to imaging, sam-

ples were desiccated and then sputter coated with 10 nm of Au/Pd

(Desk II, Denton Vacuum, Moorestown, New Jersey). Measurement of

individual nanofiber diameters (n = 9) was conducted using ImageJ

(US National Institutes of Health, Bethesda, Maryland, https://imagej.

nih.gov/ij/).

4.2.3 | Breaking strength

Sutures (n = 3–4 for each condition) were clamped vertically and then

pulled until breaking at a rate of 2.26 mm/min using a DMA 6800

(TA Instruments, Timonium, Maryland). Breaking strength is defined

as the load required (in N) to break the suture.

4.2.4 | Strength retention

PCL/8% Levo and PCL/16% Levo sutures (n = 5) were sectioned into

two halves. The breaking strength of one segment was measured as

described above, while the other segment was submerged in 1×

Dulbecco's Phosphate Buffered Saline (ATCC, Manassas, Virginia) and

shaken at 225 rpm at 37�C for 31 days. Sutures were then dried prior

to measuring breaking strength.

4.2.5 | Drug loading

Levo loading was determined by submerging 15 mm of suture in ace-

tonitrile and sonicating for 30 min prior to evaluation via HPLC

(Waters Corporation, Milford, Massachusetts). Samples were injected

into a SymmetryTM 300 C18 5 μm column (Waters Corporation) with

a mobile phase of 0.1% v/v trifluoroacetic acid (Sigma Aldrich) in

water:acetonitrile (75:25 v/v, Fisher Scientific) at a flow rate 1 mL/min.

Levo elution was detected at an excitation wavelength of 295 nm and

emission wavelength of 496 nm.

4.3 | 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, in accordance with the ARVO State-

ment for the Use of Animals in Ophthalmic and Vision Research, and
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in accordance with the NIH Guide for the Care and Use of Laboratory

Animals.

4.3.1 | In vivo biocompatibility

Three 2 mm long 10-0 nylon, Vicryl® (poly[lactic-co-glycolic acid];

PLGA) (Ethicon, Somerville, New Jersey) and PCL/Levo suture fila-

ments were implanted into the corneas of 6–8 week old, male

Sprague Dawley rats (n = 4 for each suture condition; Harlan Labora-

tories, Frederick, Maryland). Prior to implantation, rats were intraperi-

toneally anesthetized with a solution of ketamine:xylazine

(75:5 mg/kg, Sigma Aldrich) and a drop of 0.5% proparacaine hydro-

chloride ophthalmic solution (Bausch & Lomb Inc, Tampa, Florida) was

applied to the cornea. Following implantation, the rats were evaluated

daily for signs of infection, inflammation, or irritation. Two days after

implantation, the rats were euthanized and eyes enucleated, fixed in

formalin (Sigma Aldrich) for 24 h, embedded in paraffin, cross sec-

tioned, and stained with H&E for histological evaluation.

4.3.2 | Pharmacokinetic study

PCL/8% Levo and PCL/16% Levo sutures were implanted into rat cor-

neas as described above (n = 4 for each formulation at each time

point). At 15, 60, and 120 min, and at 1, 3, 7, 14, and 30 days, aque-

ous humor was collected from each eye, followed by removal of

implanted sutures and harvesting of the cornea. Tissue and aqueous

humor samples were weighed immediately after harvesting. Corneal

tissue samples were homogenized in 100 to 150 μL of PBS prior to

extraction. The standard curve and quality control samples were pre-

pared in PBS as a surrogate matrix for both aqueous humor and

homogenized tissue. Levo was extracted from 15 μL of aqueous

humor or tissue homogenate with 50 μL of acetonitrile containing

1 μg/mL of the internal standard, moxifloxacin-d4 (Toronto Research

Chemicals, Canada). After centrifugation, the supernatant was then

transferred into autosampler vials for LC/MS/MS analysis. Separation

was achieved with an Agilent Zorbax XDB-C18 (4.6 × 50 mm, 5 μm)

column with water/acetonitrile mobile phase (40:60, v:v) containing

0.1% formic acid using isocratic flow at 0.3 mL/min for 3 min. The col-

umn effluent was monitored using an AB Sciex triple quadrupole™

5500 mass-spectrometric detector (Sciex, Foster City, California)

using electrospray ionization operating in positive mode. The spec-

trometer was programmed to monitor the following MRM transitions:

362.0 ! 318.0 for Levo and 406.1 ! 108.0 for the internal standard,

moxifloxacin-d4. Calibration curves for Levo were computed using

the area ratio peak of the analysis to the internal standard by using a

quadratic equation with a 1/x2 weighting function using two different

calibration ranges of 0.25 to 500 ng/mL with dilutions up to 1:10 (v:v)

and 5 to 5000 ng/mL. Tissue samples volumes (ng/g) were deter-

mined via multiplication of the nominal concentration (ng/mL) and

dilution factor. The Grubbs' test was utilized to determine and remove

outliers at p < 0.01.

4.3.3 | Bacterial inoculation and evaluation

Sprague Dawley rats were anesthetized as described above. The oper-

ative eye was then scratched using a 20 G needle (Fisher Scientific)

prior to implantation of three 2 mm long nylon (n = 12), Vicryl®

(n = 4), or PCL/8% Levo (n = 4) suture filaments. Nylon sutures are

commonly used for corneal transplant and ocular trauma surgeries,

while Vicryl sutures are commonly used for cataract procedures. A

100 μL droplet containing 1 × 108 CFU/mL of S. aureus was then

applied to the ocular surface, left in place for 10 mins, and then

removed with a sterile wick without touching the eye. Ten microliter

of 0.5% Levo (w/v, the concentration in commercially available eye

drops) solution was administered topically either once postopera-

tively, as would be done by the surgeon, or three times daily, as would

be prescribed for prophylaxis, to rat eyes with nylon sutures (n = 4,

each). Two days after implantation, gross images were taken of each

eye, prior to swabbing the cornea with a cotton-tipped applicator

(Fisher Scientific), and streaking onto tryptic soy agar (Fisher Scien-

tific) plates. Plates were stored in an incubator at 37�C for 24 h and

then imaged. After swabbing the eye, eyes were enucleated and either

prepared for histological evaluation as described above (n = 3 for each

condition) or evaluated for bacterial load (n = 4 for each condition).

Briefly, each eye was placed in sterile tryptic soy broth (Fisher Scien-

tific) and homogenized using a Power Gen 125 homogenizer (Fisher

Scientific) for 4 min. Samples were then centrifuged at 300 rcf for

5 min, and optical density of the supernatant was measured at a

wavelength of 600 nm using a Synergy Mx microplate reader (Biotek,

Winooski, Vermont). The bacterial load was determined by subtracting

the optical density of fresh tryptic soy broth from experimental values

prior to applying a conversion of 0.1 OD to 108 CFU/mL. Infection

was confirmed by a positive swab culture and bacterial load signifi-

cantly higher than a nonoperated control eye.

Alternatively, nylon, PCL/8% Levo, and PCL/16% Levo sutures

(n = 8, each) were implanted into rat corneas on day 0, with inocula-

tion of S. aureus to only the PCL/Levo suture conditions, as described

above. On day 2, rat corneas were swabbed to evaluate infection. On

day 5, the corneas of all rats were scratched and inoculated with

S. aureus. On day 7, swabs were taken of each cornea followed by

either histological evaluation, bacterial homogenization, or removal of

sutures for examination via SEM (n = 4 for each condition). For the lat-

ter experiment, sutures were removed from the cornea and fixed in

formalin (Sigma-Aldrich) for 30 min prior to washing with PBS and

dehydration with increasing concentrations of ethanol (Fisher Scien-

tific). Sutures were then imaged by SEM as described above.

4.4 | Statistical analysis

Suture breaking strength, Levo concentration, and bacterial load are

presented as mean ± standard error. Statistical significance for break-

ing strength and bacterial load data was determined via one-way

ANOVA followed by Tukey test. Statistical significance for the

Kaplan–Meier curve of long-term infection prevention was
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determined via the Mantel-Cox test. Statistical significance is shown

as p < 0.05 (# or *), p < 0.01 (## or **), or ***p < 0.001. Outliers in phar-

macokinetics data were determined via Grubbs' test at p < 0.01,

resulting in removal of three outliers in the D7 data, one each in the

aqueous and cornea data in the PCL/Levo 8% group, and one in the

cornea data in the PCL/Levo 16% group.

5 | CONCLUSIONS

Implantation of sutures or other devices into the eye increases the

risk of potentially sight-threatening ophthalmic infection. The surfaces

of these devices are vulnerable to bacterial colonization and prolifera-

tion, and biofilm formation. We have developed nanostructured, mul-

tifilament sutures that can be loaded with high levels of small

molecule drugs, and yet, retain high breaking strength, as required by

U.S.P. standards. The platform is compatible with several ophthalmic

antibiotics of varying physicochemical properties, and surpasses clini-

cal strength requirements while delivering sufficient levels of antibi-

otic locally. Multifilament nanofiber sutures demonstrated

biocompatibility and prevention of ophthalmic infection following

multiple inoculations of S. aureus over a period of 1 week. This nano-

structured, drug-eluting suture platform holds potential to improve

clinical outcomes across a broad spectrum of surgical procedures.
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