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Abstract: This study describes novel biodegradable, drug-eluting nanofiber-loaded vascular 

prosthetic grafts that provide local and sustained delivery of vancomycin to surrounding tissues. 

Biodegradable nanofibers were prepared by first dissolving poly(D,L)-lactide-co-glycolide and 

vancomycin in 1,1,1,3,3,3-hexafluoro-2-propanol. The solution was then electrospun into nano-

fibers onto the surface of vascular prostheses. The in vitro release rates of the pharmaceutical 

from the nanofiber-loaded prostheses was characterized using an elution method and a high-

performance liquid chromatography assay. Experimental results indicated that the drug-eluting 

prosthetic grafts released high concentrations of vancomycin in vitro (well above the minimum 

inhibitory concentration) for more than 30 days. In addition, the in vivo release behavior of 

the drug-eluting grafts implanted in the subcutaneous pocket of rabbits was also documented. 

The drug-eluting grafts developed in this work have potential applications in assisting the 

treatment of vascular prosthesis infection and resisting reinfection when an infected graft is 

to be exchanged.
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Introduction
Prosthetic graft infection is a major challenging complication in vascular surgery. Treat-

ment of vascular prosthesis infection usually involves total or subtotal graft excision, 

radical debridement of the local infected tissue, and systemic antibiotics.1 However, 

the need for complete excision of an infected graft is sometimes counterbalanced by 

the more important need to provide vascular access for hemodialysis in a patient with 

limited access options. Replacing the infected graft with a new prosthesis carries a 

high risk of bacterial colonization and subsequent reinfection.

The systemic administration of antimicrobial medications by itself fails to treat 

vascular prosthesis infection, largely due to inadequate drug concentrations at the 

site of infection. Primary advantages of a drug-eluting graft are the higher local drug 

concentration and minimized systemic side effects. Therefore, we believe that the 

simultaneous combination of total or subtotal graft excision and a replacement with 

an antibiotic-eluting graft may provide a better possibility of infection control while 

maintaining the vascular access at the same time.

This study presents novel biodegradable, vancomycin-eluting nanofiber-loaded 

vascular prosthetic grafts for the local delivery of sustainable antibiotics. Biodegrad-

able nanofibers were prepared by first dissolving poly(D,L)-lactide-co-glycolide 

(PLGA) and vancomycin in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). The solutions 

were then electrospun onto the surface of commercially available vascular grafts. 
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After electrospinning, the morphology of electrospun nano-

fibers was characterized by a scanning electron microscope 

(SEM). The characteristics of the in vitro release of the phar-

maceutical from the nanofibers were studied. Additionally, 

the in vivo delivery of antimicrobial vancomycin at and near 

the implanted site of rabbits was investigated. The systemic 

drug concentration in blood was also examined.

Materials and method
Fabrication of drug-eluting grafts
The PLGA used is commercially available material (Resomer 

RG 503; Boehringer Ingelheim GmbH, Ingelheim, Germany) 

and has a lactide:glycolide ratio of 50:50, and a molecular 

weight of 33,000 Da, which was measured by a gel permeation 

chromatograph equipped with a Waters 2414 Refractive Index 

Detector (Waters Corp, Milford, MA, USA). Vancomycin and 

HFIP were purchased from Sigma-Aldrich Corp (St Louis, 

MO, USA).

Biodegradable drug-eluting nanofibers were coated onto 

the external surface of prosthetic grafts (IMPRA® 6 mm ×40 cm;  

Bard Peripheral Vascular, Inc., Tempe, AZ, USA), using an 

electrospinning process. The nanofibers were prepared by 

first dissolving PLGA and vancomycin (240 mg and 40 mg, 

respectively) into 1 mL of HFIP. The solution was then deliv-

ered and electrospun by a syringe pump with a volumetric 

flow rate of 3.6 mL/hr to create nanofibers, onto the prosthetic 

grafts. The electrospinning setup of this study consisted of a 

syringe and needle (internal diameter of 0.42 mm), a ground 

electrode, a prosthetic graft mounted on a motor, a collection 

plate, and a high-voltage supply, as shown schematically in 

Figure 1. The needle was connected to the high-voltage sup-

ply, which generated positive direct current (DC) voltages 

and currents, up to 35 kV and 4.16mA/125W, respectively. 

The rotational speed of the motor was 300 rpm. The distance 

between the needle tip and the ground electrode was 10 cm, 

and the positive voltage applied to the polymer solutions was 

17 kV. All electrospinning experiments were performed at 

room temperature. Figure 2 displays the electrospun nano-

fiber prosthetic grafts (top) and the bare grafts (bottom). All 

nanofiber-mounted prosthetic grafts were placed in a vacuum 

oven at 40°C for 72 hours for solvent evaporation.

standard curve of vancomycin
The standard curve of drug concentrations was determined 

using a high-performance liquid chromatography (HPLC) 

assay. The HPLC analyses were conducted on a Hitachi 

L-2200 Multisolvent Delivery System (Hitachi Ltd., Tokyo, 

Japan). A Symmetry C
8
, 3.9 cm ×150 mm HPLC column 

(Waters Corp) was used for the separation of vancomycin. 

The mobile phase contained 0.01 mol heptanesulfonic acid 

Figure 1 The electrospinning setup shown schematically.

Figure 2 Photograph of the vascular prosthetic grafts (top, loaded with nanofibers; 
bottom, bare graft).
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(Thermo Fisher Scientific Inc., Waltham, MA, USA) and 

acetonitrile (Mallinckrodt Pharmaceuticals, Dublin, Ireland) 

(85/15, v/v). The absorbency was monitored at a wavelength 

of 280 nm, and the flow rate was 1.4 mL/min. All experiments 

were undertaken in triplicate, and the sample dilutions were 

performed to bring the unknown concentrations into the range 

of the assay standard curve. A calibration curve was made 

for each set of measurements (correlation coefficient .0.99). 

The elution product was identified and quantified with a high 

degree of sensitivity, using the HPLC system.

In vitro release of pharmaceuticals
The release characteristics of vancomycin from the drug-

eluting grafts were determined by the in vitro elution method. 

The vascular graft was cut into 2 cm long segments, which 

were then placed into glass test tubes (one sample per test tube 

[n=3]) with 1 mL of phosphate buffer solution (0.15 mol/L,  

pH 7.4) in each test tube. The glass test tubes were then 

incubated at 37°C for 24 hours before the eluent was col-

lected and analyzed. Next, fresh phosphate buffer solution  

(1 mL) was added to each test tube for the next 24-hour 

period; this procedure was repeated for 35 days. Finally, the 

drug concentrations in the eluents were determined by the 

HPLC assay standard curve.

In vivo study
Fifteen New Zealand white rabbits with an average weight 

of 3.0 kg were used in the animal study. All animal proce-

dures received institutional approval, and all studied animals 

were cared for in line with the regulations of the Ministry of 

Health and Welfare of Taiwan and under the supervision of 

a licensed veterinarian. During the surgical procedure, the 

animals were anesthetized with an intramuscular injection of  

1 mL 2% Rompun® (Bayer HealthCare, Leverkusen, 

Germany) and 1 mL Zoletil® 50 (Virbac Laboratories, Carros, 

France). They maintained spontaneous breathing without intu-

bation. Following anesthetization, a 2 cm skin incision was 

made in each rabbit’s back. A subcutaneous pocket was made, 

into which the drug-eluting graft was inserted. The drug-

eluting graft was 2 cm in length. Inside the graft, a 5×5 mm  

plain prosthetic patch (IMPRA; Bard Peripheral Vascular, 

Inc.) was placed. Both ends of the drug-eluting graft were 

sewn closed, using 5-0 polypropylene sutures, before its 

insertion into the animal so that the drug released into the 

surrounding tissue would not move to the inside of the graft. 

The animals were evenly divided into five groups. The 

implanted vascular grafts were taken out from the animals at 

postoperative weeks 1, 2, 3, 4, and 5. Tissue samples were 

obtained for vancomycin concentration measurement from 

just beneath the graft, 1 cm from the graft, and 2 cm from the 

graft. The plain prosthetic patch was also retrieved for drug 

concentration measurement, as a sample of drug elution from 

the nanofibers to the inside of the graft. Blood concentrations 

of vancomycin were collected by syringes via puncture on the 

marginal ear vein on postoperative days 1, 2, 3, 7, 14, 21, 28, 

and 35. The animals received the same anesthetic protocol as 

for the surgical procedure before each venous sampling.

seM observation
The morphology of the electrospun nanofibers was observed 

on an SEM (Hitachi S-3000N; Hitachi Ltd.), after gold 

coating.

Results
In this study, by adopting appropriate process parameters 

(eg, solvent, polymer concentration, and flow rate), vanco-

mycin-loaded vascular prosthetic grafts were successfully 

fabricated using the electrospinning procedure (Figure 2). 

Figure 3 shows the SEM micrographs of the electrospun 

drug-eluting nanofibers (under a magnification of 3,000×). 

The diameters of the spun PLGA/vancomycin nanofibers 

ranged from 70 to 1,200 nm. Additionally, the pore size of 

the nanofiber surface was approximately 5–10 µm.

In vitro elution of vancomycin  
from drug-eluting grafts
Figure 4 plots the in vitro daily release curves of vancomycin. 

According to this graph, the drug-eluting grafts continuously 

released high concentrations of vancomycin (well above the 

90% minimum inhibitory concentration [MIC
90

]) for more 

×

Figure 3 SEM photograph of electrospun drug-eluting nanofibers.
Abbreviation: seM, scanning electron microscope.
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Figure 4 In vitro release of vancomycin from the drug-eluting grafts (n=3).
Notes: (A) Daily release, and (B) accumulated release.
Abbreviation: MIc90, 90% minimum inhibitory concentration.

Figure 5 The implantation of drug-eluting grafts into the subcutaneous pockets of rabbits.
Notes: (A) The drug-eluting graft was cut into 2 cm in length. (B) The implantation of drug-eluting grafts into the subcutaneous pockets of rabbits.

than 30 days, with an initial burst period of 2 days, followed 

by peaks of release from days 7 to 15, after which the con-

centration gradually decreased.

In vivo release characteristics
The vancomycin-eluting nanofiber-loaded graft was cut into 

grafts 2 cm in length. A subcutaneous pocket was made in 

each rabbit’s back, into which the drug-eluting graft was 

inserted (Figure 5). The in vivo release characteristic of 

vancomycin from the graft was investigated. The systemic 

drug concentration in blood was also examined. Figure 6 

shows the in vivo drug release at various days.

The drug concentrations right beneath the graft, 1 cm 

from the graft, and 2 cm from the graft all remained high 

for more than 5 weeks. Vancomycin concentration inside the 

graft was much lower than the concentration outside the graft. 

The graft itself seemed to act as a barrier so that the eluted 

vancomycin could not penetrate to the inside of the graft.  

The blood concentration of vancomycin was also low 

throughout the study period.

Discussion
Vancomycin is an antibiotic useful for the treatment of a num-

ber of bacterial infections. It is of the glycopeptide antibiotic 

class and is effective mostly against gram-positive bacteria. 

Vancomycin acts by inhibiting proper cell wall synthesis in 

gram-positive bacteria. Due to the different mechanism by 

which gram-negative bacteria produce their cell walls and 

the various factors related to entry to the outer membrane of 

gram-negative organisms, vancomycin is not active against 

gram-negative bacteria (except some nongonococcal spe-

cies of Neisseria). The pharmaceutical is primarily used for 

the treatment of serious infections caused by gram-positive 

bacteria known or suspected to be resistant to other antibi-

otics. The Infectious Disease Society of America recom-

mends vancomycin as a first-line treatment for complicated 
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skin infections, bloodstream infections, endocarditis, bone 

and joint infections, and meningitis infections caused by 

methicillin-resistant Staphylococcus aureus (MRSA).2

Infection is a common cause of arteriovenous (AV) graft 

loss.3,4 It has been found to account for about 35% of patients 

losing AV grafts.5 S. aureus is the leading cause of AV graft 

infection,6 and MRSA has emerged as the most prevalent 

pathogen.7 Evidence suggests that mortality associated 

with MRSA infection is much higher than mortality from 

methicillin-susceptible S. aureus infection.8–11 Vancomycin 

has been the mainstay of parenteral therapy for MRSA 

infections.2,12 However, the systemic use of vancomycin is 

associated with increased nephrotoxicity and high-frequency 

hearing loss in older patients.13–15 Previously, systemic medi-

cation therapy was limited by the fixed pharmacokinetics of 

specific drugs. Combining drugs with a controlled-release 

method to create flexible hybrid delivery platforms (thereby 

decoupling chemical and kinetic properties) has revolution-

ized systemic therapy. Finding a way to increase vancomycin 

concentrations at the local tissue without adding risks of 

systemic toxicity is thus highly desirable.

Antibiotic-loaded polymethyl methacrylate (PMMA) 

beads have been successfully used for the treatment of ext-

racavitary vascular site infections.7 However, the recurrent 

infection rate approached 20%, and additional operations 

were required for bead change and eventually, bead removal. 

PMMA beads do not degrade in the human body and may 

serve as a potential nidus for bacterial colonization, caus-

ing recurrent infection. There have been studies on the use 

of antibiotic-impregnated or antibiotic-soaked grafts, but 

these, as the sole source of antibiotics, are often insufficient 

to prevent graft infection.16,17 Prophylactic rifampicin-soaked 

gelatin-impregnated grafts have failed to reduce graft infection 

rates at 1 month or at 2 years in a systematic review.18 Glues 

have also been used as a drug carrier for antibiotics, but the 

release periods they offered were less than 72 hours,19,20 which 

was inadequate for treatment of vascular graft infection.

This current study has developed biodegradable drug-

eluting PLGA nanofiber-loaded vascular prosthetic grafts by 

using the electrospinning scheme. Drug-eluting nanofibers 

can provide a sustainable release of high concentrations of 

vancomycin for more than 30 days in vitro, exhibiting tripha-

sic release characteristics. After the electrospinning proce-

dure, most pharmaceuticals were dispersed in the bulk of the 

PLGA matrix; however, some drugs might have been located 

on the surface of the nanofibers, subsequently leading to the 

initial burst of drug release. The initial burst is an undesired 

effect for sustained release. Recent studies demonstrated 

that the coating of the nanofibers with a blank biodegradable 

material could completely eliminate the initial burst effect.21,22 

However, the initial antibiotic burst is favorable release 

kinetics for infection control because the exposure of bacte-

rial microorganisms to a high starting dosage of antibiotics 

is important for bacterial eradication.23 Following the initial 

burst, drug release was controlled solely by the degradation 

of the polymeric materials.24 The nanofibers thus exhibited a 

rather stable release of a high concentration of vancomycin 

well above the MIC
90

,25 of 2 µg/mL, for more than 30 days. 

In vivo results also indicated that at 35 days, the vancomycin 

concentration was still high at the tissues beneath the graft 

and at 1 cm and 2 cm from the graft, while the drug concen-

tration remained low at the graft itself and inside of the graft. 

This feature represents a significant advantage – achieving 

high vancomycin concentrations at the surrounding tissues 

of the graft while maintaining minimum systemic drug level, 

thus avoiding vancomycin-related adverse effects. Addition-

ally, while the nanofibers could release a high concentration 

of vancomycin for only 32 days in vitro, the in vivo results 

indicated that the released vancomycin remained high even 

after 35 days. For all pharmaceuticals, the in vivo environ-

ment appears to provide a slower metabolic rate than the in 

vitro environment does. This phenomenon may explain why 

the effective period of in vivo drug release is longer than the 

period of the in vitro drug release.

Biodegradable polymers are a potential material for drug 

delivery as they can exist safely in the human body and can 

be eventually absorbed without causing harm or adverse 

interactions. The ability to remain safe in the human body 

for controlled lengths of time makes biodegradable polymers 

an ideal material for medical applications, representing an 

alternative to traditional polymers. Developments of newer 

devices focus on attaining optimal antimicrobial efficacy with 

minimal systemic drug concentration and toxicity. Yu et al26  

has successfully coated polyacrylonitrile nanofibers with 

Figure 6 In vivo release behavior of the drug-eluting grafts.
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silver nanoparticles, using a modified coaxial electrospinning 

process, and demonstrated excellent antimicrobial activities 

against Bacillus subtilis and Escherichia coli. In the present 

study, we specifically selected vancomycin as the carried 

drug because vancomycin has been the mainstay for vascular 

prosthetic infection. Biodegradable polymers offer controlled  

elution of active drugs from the vascular prosthetic grafts 

through means of biocompatible polymer nanofibers. After 

completion of their useful function, the nanofibers degrade 

slowly to inert organic monomers, subsequently dissipating 

the risk associated with the long-term presence of durable 

polymers in the tissues. PLGA belongs to a class of synthe-

sized biodegradable and biocompatible copolymers, from 

which resorbable sutures, resorbable surgical clips, and 

controlled-release implants are made. PLGA also falls within 

the class of copolymers that have been used for implantable 

and injectable controlled-release, drug delivery systems. These 

copolymers, with a history of safe use, have been approved 

for human use. Following its introduction into the human 

body, PLGA material induces only a minimal inflammatory 

response and biodegrades through the hydrolysis of its ester 

linkages to yield biocompatible lactic and glycolic acids.27 

It has been shown that the time required for degradation of 

PLGA is related to the monomer ratio used in production: 

the higher the content of glycolide units, the lower the time 

required for degradation as compared with predominantly 

lactide materials. An exception to this rule is the copolymer 

with a 50:50 monomer ratio, which exhibits the faster deg-

radation (about 2 months). This unique characteristic makes 

PLGA an ideal material as a carrier for drug delivery.

Compared with other slow-release mechanisms, drug-

loaded nanofibers, due to their small diameter distributions, 

can provide short diffusion passage length. The high surface 

area also facilitates mass transfer and effective drug release. 

In addition, the drug-loaded nanofibers derived from elec-

trospinning have, not only one dimension at the microscopic 

scale, but another dimension in the macroscopic form. This 

unique characteristic endows the electrospun nanofibers with 

the merits possessed by the nanosized drug delivery system 

in altering the biopharmaceutic and pharmacokinetic proper-

ties of the drug molecule for favorable clinical outcomes, as 

well as the advantages of conventional solid dosage forms, 

such as easy processing, good drug stability, and ease of 

packaging and shipping.28 Previous studies reported that the 

electrospinning process might denature the biological and 

structural properties of a natural protein such as collagen.29 

The experimental results of this study demonstrate that the 

PLGA/vancomycin nanofibers remain intact during the 

processing procedure and can function as an excellent vehicle 

for drug delivery. Furthermore, the function of antimicrobial 

vancomycin remains high after the electrospinning process. 

The findings in this study suggest that electrospun drug-

eluting PLGA/vancomycin nanofibers may be a promising 

candidate for antibiotic release, to assist the treatment of 

vascular prosthesis infection and to prevent reinfection.

Despite its contributions, this study has several limitations. 

First, the assessment of sustained vancomycin elution via bio-

degradable nanofiber-loaded grafts was carried out in a nonin-

fected animal model. Whether or not the drug-eluting prosthetic 

grafts will perform differently in an infected space is unknown. 

Further evaluation of the antibiotic-loaded grafts in an infection 

model is necessary to answer this question. Second, the vascular 

grafts were implanted into the subcutaneous pocket but were not 

anastomosed to the blood vessels as in the clinical scenario. How 

blood flow might affect the results of this study is unknown. If a 

considerable amount of vancomycin were released to the graft 

or to the inside of the graft, the serum vancomycin level might 

be increased. Third, current animal models used in assessing the 

performance of drug-eluting grafts are limited with respect to 

the ability to replicate human conditions, although results with 

the rabbit model have been generally representative of human 

responses, with a different timeline of healing. These will be 

the topics of our future works.

Conclusion
This study developed biodegradable drug-eluting nanofibers 

from PLGA materials, produced by the electrospinning pro-

cess, for vascular prosthetic graft-related applications. The in 

vitro release rates of the pharmaceutical from the nanofibers 

was characterized using an elution method and an HPLC 

assay. Experimental results indicated that the biodegradable 

nanofibers released high concentrations of vancomycin in 

vitro for 32 days. Additionally, the animal study of the drug-

eluting grafts in the subcutaneous tissue of rabbits suggested 

that the nanofibers could have an in vivo release of high 

concentrations of vancomycin, well above the MIC
90

, for 

35 days. Most importantly, the drug-eluting grafts developed 

in this work have allowed us to achieve local and sustainable 

delivery of antimicrobial agents. The new drug-eluting graft 

has the potential to be of use to resist future infections when 

an infected graft is to be exchanged.
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