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Background: Inadequate intrapleural drug concentrations caused by poor penetration of 

systemic antibiotics into the pleural cavity is a major cause of treatment failure in empyema. 

Herein, we describe a novel antibiotic-eluting pigtail catheter coated with electrospun nanofibers 

used for the sustained release of bactericidal concentrations of penicillin in the pleural space.

Methods: Electrospun nanofibers prepared using polylactide-polyglycolide copolymer and 

penicillin G sodium dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol were used to coat the sur-

face of an Fr6 pigtail catheter. The in vitro patterns of drug release were tested by placing the 

catheter in phosphate-buffered saline. In vivo studies were performed using rabbits treated with 

penicillin either intrapleurally (Group 1, 20 mg delivered through the catheter) or systemically 

(Group 2, intramuscular injection, 10 mg/kg). Penicillin concentrations in the serum and pleural 

fluid were then measured and compared.

Results: In vitro studies revealed a burst release of penicillin (10% of the total dose) occurring 

in the first 24 hours, followed by a sustained release in the subsequent 30 days. Intrapleural drug 

levels were significantly higher in Group 1 than in Group 2 (P,0.001). In the former, penicillin 

concentrations remained above the minimum inhibitory concentration breakpoint throughout 

the entire study period. In contrast, serum penicillin levels were significantly higher in Group 

2 than in Group 1 (P,0.001). Notably, all Group 2 rabbits showed signs of systemic toxicity 

(paralytic ileus and weight loss).

Conclusion: We conclude that our antibiotic-eluting catheter may serve as a novel therapeutic 

option to treat empyema.

Keywords: pleural space infections, pleural drainage, drug-eluting catheter, nanofibers, peni-

cillin, sustained release

Introduction
Empyema is a common medical problem, and more than 65,000 new cases are 

diagnosed in the UK and USA each year.1,2 Despite advances in medical management, 

mortality from empyema remains high (10% to 20%).3,4 Approximately 15% of patients 

fail to respond to standard treatments, ultimately requiring surgery.2,3

Inadequate intrapleural drug concentrations resulting from poor penetration of 

systemic antibiotics into the pleural cavity is a major cause of treatment failure in 

empyema. Although antibiotics are generally believed to be present in pleural fluid 

at levels that are comparable to those attained in serum after intravenous administra-

tion, clinically sound evidence remains limited. Most human studies supporting this 

conclusion were performed in patients with diseases other than empyema.5,6 Notably, 
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the diffusion of antimicrobial agents in the pleural space in 

patients with empyema may be hindered by pleural thick-

ening and a low pleural fluid pH. In this regard, rifampin 

concentrations in the pleural fluid have been reported to be 

less than 4% of those measured in the sera of patients with 

chronic tuberculous empyema.7 Similar results have been 

observed for aminoglycosides.5 Importantly, insufficient 

local concentrations of antimicrobial drugs could contribute 

to failure of antibiotic treatment and the development of 

antimicrobial resistance.8 To increase intrapleural antibiotic 

levels, repeated high-dose systemic administration is gener-

ally required. Unfortunately, such an approach can increase 

the likelihood of adverse drug reactions. In this scenario, 

intrapleural drug delivery may provide a useful means of 

achieving high therapeutic concentrations of antibiotics in the 

pleural space while maintaining a low systemic exposure.

To circumvent this issue, we have previously developed 

a novel local antibiotic drug delivery system based on bio-

degradable beads for the treatment of empyema.9 In vivo 

experiments demonstrated that this strategy ensured a fairly 

steady release of antimicrobial drugs in the pleural space for 

at least 2 weeks with minimal systemic toxicity. However, 

the clinical use of biodegradable beads may be limited by the 

requirement of a surgical implant procedure. Because most 

patients with pleural infections undergo drainage procedures, 

the local delivery of antimicrobial agents via a drainage tube 

may represent an ideal therapeutic strategy. Therefore, the 

aim of our study was to develop an antibiotic-eluting pigtail 

catheter coated with electrospun nanofibers for the sustained 

release of antibiotics in the pleural space. Electrospun nano-

fibers prepared using polylactide-polyglycolide (PLGA) 

copolymer and penicillin G sodium dissolved in 1,1,1,3,3,3-

hexafluoro-2-propanol were used to coat the surface of an Fr6 

pigtail catheter. An elution method in combination with high-

performance liquid chromatography (HPLC) was used to 

investigate the in vitro release pattern of penicillin from the 

catheter. In vivo studies were performed using rabbits treated 

either locally (Group 1, penicillin delivered through the 

antibiotic-eluting catheter) or systemically (Group 2, peni-

cillin administered via intramuscular injection). Penicillin 

concentrations in serum and pleural fluid were then serially 

measured and compared. Histological examination of lung 

specimens was also performed.

Materials and methods
Penicillin-coated catheter fabrication
An Fr6 pigtail catheter was coated with electrospun penicillin-

loaded nanofibers. To this aim, PLGA (50:50, Resomer 

RG 03, Boehringer Ingelheim, Ingelheim, Germany) and 

penicillin G sodium (Y F Chemical Corp., Taipei, Taiwan) 

in the amounts of 240 mg and 40 mg, respectively, were 

initially dissolved in 1 mL 1,1,1,3,3,3-hexafluoro-2-propanol. 

The solution was then delivered and electrospun through a 

syringe pump (volumetric flow rate, 3.6 mL/h) to coat the 

pigtail catheter with nanofibers. The laboratory setup of 

electrospinning for this study consisted of a syringe and 

needle (internal diameter, 0.42 mm), a ground electrode,  

a pigtail catheter mounted on a motor, a collection plate, 

and a high-voltage supply. The needle was connected to the 

high-voltage supply for generating positive DC voltages (up 

to 35 kV) and currents (up to 4.16 mA/125 W). The rotational 

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

needle tip and the ground electrode was 10 cm, and the posi-

tive voltage applied to the polymer solution was 17 kV. All 

of the electrospinning experiments were performed at room 

temperature. After electrospinning, all nanofiber-mounted 

pigtail catheters were placed in a vacuum oven at 40°C for 

72 hours to let the solvents evaporate. A penicillin G dose 

of 20 mg was used for each catheter. The amount of antibi-

otics coated on the catheter was determined as previously 

described.9

scanning electron microscopy
The morphology of the electrospun nanofibers was analyzed 

using a Hitachi S3000N scanning electron microscope (SEM; 

Hitachi Ltd., Tokyo, Japan) after gold coating. Determination 

of the average nanofiber diameter and size distribution was 

performed from SEM images.

standard curve of antibiotic 
concentrations
The antibiotic standard curve concentrations were determined 

using HPLC on a Waters 600 multisolvent delivery system 

(Waters Corporation, Milford, MA, USA). Penicillin was 

separated using a Phenomenex HPLC column (Waters). 

The mobile phase contained 0.01 M potassium dihydrogen 

phosphate, acetonitrile (Mallinckrodt Pharmaceuticals, 

Hazelwood, MO, USA), and methanol in a volume ratio 

of 72:18:10. The flow rate was 1.0 mL/min, and the absor-

bance was monitored at 225 nm. Penicillin solutions at five 

concentrations (0.1, 1, 10, 100, and 1,000 mg/mL) were 

analyzed by HPLC, and the peak areas were used to plot the 

standard curve.

In vitro penicillin release
The pattern of penicillin release from the antibiotic-

loaded catheter was investigated in vitro using the elu-

tion method. Segments measuring 1 cm in length of the 
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antibiotic/polymer-coated catheter were placed in glass 

test tubes containing 1 mL phosphate-buffered saline 

(0.15 mol/L, pH 7.4). The test tubes were incubated at 37°C 

for 24 hours and the eluent was then collected and analyzed. 

Fresh phosphate-buffered saline (1 mL) was added, and 

the tubes were incubated for another 24 hours. This pro-

cedure was repeated for a total of 30 days. The penicillin 

concentration in the eluent was calculated from the HPLC 

standard curve.

In vivo penicillin release
Eight healthy New Zealand White rabbits with an average 

weight of 2.5 kg were used for in vivo experiments. All 

animal procedures were reviewed and approved by the Insti-

tutional Animal Case and Use Committee of the Chang Gung 

University (IACUC approval number: CGU12-071). Rabbits 

were divided into two groups (n=4 each); Group 1 was treated 

with the penicillin-eluting catheter (20 mg/catheter), and 

Group 2 received systemic intramuscular administration of 

penicillin (10 mg/kg every 2 days with a non-drug eluting 

catheter). In brief, all rabbits were anesthetized using an intra-

peritoneal injection of ketamine (75 mg/kg) and acepromaz-

ine (2.5 mg/kg). Additional intraperitoneal injections were 

given to maintain or re-induce general anesthesia throughout 

the entire procedure. The rabbits breathed spontaneously and 

their body temperatures were maintained with blankets and 

heat lamps. A single 5 mm incision was made on the back 

of each rabbit to allow the insertion of a 5 mm Thoracoport 

(Covidien, Mansfield, MA, USA). A 3 mm flexible fiberoptic 

bronchoscope was placed into the pleural space through one 

port to confirm the presence of pneumothorax and to moni-

tor the entire procedure. A 3 mm incision was subsequently 

made lateral to the first for guide wire insertion (Seldinger 

technique).10 The dilator and peel-away sheath were then 

inserted over the guide wire into the pleural space. Upon 

removal of the dilator, the catheter was promptly inserted 

through the peel-away sheath (Figure 1A). The sheath was 

peeled away (Figure 1B), and proper catheter placement 

Figure 1 Photographically, the deployment process of the drug-eluting catheter (A) Upon removal of the dilator, the catheter was promptly inserted through the peel-away 
sheath. (B) The sheath was peeled away. (C) Confirmation of the proper catheter placement by fiberoptic bronchoscopy.
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was confirmed using fiberoptic bronchoscopy (Figure 1C). 

The incision was sutured with 2–0 Prolene, and the external 

end of the catheter was connected to a collecting bag, which 

was changed on a daily basis. Venous blood samples drawn 

from the rabbits’ ears were collected for analysis. Penicillin 

concentrations in both the pleural fluid (collected daily from 

day 0 to day 21) and venous blood (collected on days 0, 1, 2, 

3, 7, 14, and 21) were determined using HPLC.

histopathology
On day 21, all rabbits were sacrificed. Lungs were removed, 

fixed in 20% formalin, sectioned into blocks, dehydrated 

in graded concentrations of ethanol, and finally embedded 

in paraffin. Serial sections were cut at 2 mm, stained with 

hematoxylin–eosin, and examined using light microscopy. 

An experienced pathologist blinded to the treatment protocol 

performed all morphometric examinations of the lungs. The 

presence and extent of lung injury were determined using 

a scoring system as previously described.11 The following 

four pathological processes were scored on a 5-point (0–4) 

scale: a) alveolar congestion, b) hemorrhage, c) leukocyte 

infiltration or aggregation of neutrophils in the airspace or 

vessel wall, and d) thickness of the alveolar wall. A score of 0  

indicated a normal finding; 1, mild (,25%) lung involve-

ment; 2, moderate (25%–50%) lung involvement; 3, severe 

(50%–75%) lung involvement; and 4, very severe (.75%) 

lung involvement. A global lung injury score was obtained by 

summing all these scores. Finally, a mean (± standard devia-

tion) score was generated from all the analyzed lungs.

statistical analysis
Penicillin concentrations in pleural fluid and serum of 

Group 1 and Group 2 rabbits were compared using a 

repeated measures analysis of variance (ANOVA) with the 

Greenhouse–Geisser correction (because of the small sample 

size). Lung injury scores were compared using the Student’s 

t-test. All calculations were performed using SPSS statisti-

cal software (SPSS Inc., Chicago, IL, USA). Two-tailed 

P-values ,0.05 were considered statistically significant.

Results
Antibiotic-eluting pigtail catheters coated with electrospun 

nanofibers were successfully fabricated with the electro-

spinning technique (Figure 2A). Figure 2B shows the SEM 

images of the drug-eluting PLGA nanofibers (20,000× 

magnification). The electrospun nanofibers had high porosity 

and their diameters ranged from 80 to 630 nm.

In vitro antibiotic release
Figure 3 shows the release curve of penicillin from the 

catheter according to in vitro experiments. There was a 

burst release of penicillin (10% of the total dose) in the first 

24 hours, followed by a sustained release of a 60% dose in 

the subsequent 30 days. Antibiotic concentrations remained 

above the minimum inhibitory concentration (MIC) break-

point for pneumococcal pneumonia (2 µg/mL) throughout 

the entire study period.12 Furthermore, penicillin levels were 

higher than the resistance breakpoint (8 µg/mL).12 These 

results suggest that the antibiotic-eluting pigtail catheter 

coated with electrospun nanofibers was capable of delivering 

a penicillin dose sufficient for eradicating both susceptible 

and resistant strains.

In vivo antibiotic release
Figure 4 shows the patterns of in vivo release. Penicil-

lin levels in the pleural fluid were significantly higher in 

Figure 2 appearance of the pigtail catheter.
Notes: (A) gross appearance of the catheter. (B) Scanning electron microscopy findings of the drug-eluting PLGA nanofibers (20,000× magnification).
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Figure 3 In vitro release curve of the penicillin-eluting catheter.
Notes: (A) Daily release curve. (B) sustained release curve.

Figure 4 In vivo release curve of penicillin (A) in the pleural fluid and (B) in the blood. group 1 was treated with the penicillin-eluting catheter (20 mg/catheter), and group 
2 received systemic intramuscular administration of penicillin (10 mg/kg every 2 days with a non-drug eluting catheter).
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Group 1 than in Group 2, with concentrations being mark-

edly above the MIC in both cases (Figure 4A, P,0.001). 

Drug concentrations abruptly dropped after 14 days because 

of a tube obstruction by a fibrin clot. The severity of the 

systemic toxicity (as reflected by serum penicillin levels) 

was higher in Group 2 and barely detectable in Group 1 

(Figure 4B, P,0.001). Consequently, Group 2 rabbits 

showed paralytic ileus. The systemic antibiotic dosage was 

reduced to 5 mg/kg on day 10 because of significant weight 

loss (Figure 5, P,0.05). No animals died during the study 

period. Figure 6A and B show the lung histological find-

ings in Group 1 and Group 2, respectively. No significant 

intergroup difference was observed in terms of lung injury 

scores (P.0.05).

Discussion
It has been several years since the idea of using chest tubes 

for delivering antibiotics into the pleural space of patients 

with empyema was proposed.13–15 Unfortunately, the need 

for repeated injections is technically demanding, ultimately 

limiting its widespread adoption in routine practice. In this 

scenario, a drug-eluting tube that can allow both pleural 

drainage and the simultaneous delivery of therapeutic agents 

would represent an ideal alternative. Accordingly, the idea 

of using antibiotic-impregnated catheters is not novel and 

Figure 5 Body weight change in the experimental groups. group 1 was treated with the penicillin-eluting catheter (20 mg/catheter), and group 2 received systemic 
intramuscular administration of penicillin (10 mg/kg every 2 days with a non-drug eluting catheter).

several antibiotic-eluting devices are currently commercially 

available.16,17 However, the primary goal of such products 

is to deliver low-dose antimicrobial drugs for preventing 

catheter-related infections rather than to treat regional infec-

tious processes. We presented herewith the development of 

an antibiotic-eluting pigtail catheter coated with electrospun 

nanofibers capable of ensuring a steady delivery of bacteri-

cidal penicillin in the pleural cavity for at least 2 weeks with 

minimal systemic exposure. We believe that this novel drug 

delivery system may represent a potential treatment option 

for empyema.

Compared with conventional coating methods (eg, dip 

coating or spray coating), electrospinning is a remarkably 

simple method that allows effective coating with few, if 

any, limitations to the substrate materials.18,19 Electrospin-

ning allows modifying the morphology of the electrospun 

nanofiber matrix as well as the structure surface, ultimately 

enabling a number of different modifications.20 Conse-

quently, the described technique can be used for encapsu-

lating various nanoparticles or nanofillers into a nanofiber 

matrix.21 Different types of molecules (including small 

interfering ribonucleic acid [siRNA] and proteins) can be 

easily coated onto the catheter surface by using sheath-core 

structured nanofibers, without significantly affecting the 

bioactivity of these drugs.22 During the electrospinning 
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Figure 6 Pathological examination of lung tissues.
Notes: (A) Group 1 rabbits showed interstitial inflammatory cell infiltrates and pneumocyte hyperplasia (hematoxylin–eosin staining, 100× magnification). (B) group 2 
rabbits showed a pattern very similar to that observed in group 1 (hematoxylin–eosin staining, 100× magnification). Group 1 was treated with the penicillin-eluting catheter 
(20 mg/catheter), and group 2 received systemic intramuscular administration of penicillin (10 mg/kg every 2 days with a non-drug eluting catheter).

process, a polymeric solution placed inside a syringe was 

driven out from a metal capillary connected to a high-voltage 

power supply. After solvent evaporation, nanofibers were 

collected in the form of a non-woven matrix on the catheter. 

Continuous pharmaceutical nanofibers were then obtained 

when their concentrations were sufficient to generate sig-

nificant chain entanglements in the polymers. Notably, the 

cellular uptake of nanoscale fibers (particularly with a size  

of ~100 nm) is 15 to 250 times faster than that of micrometer-

sized fibers.23 The payload can be fine-tuned using different 

PLGA/penicillin molar ratios. Notably, drug loading had a 

significant impact on the drug release pattern. All of these 

features ensured a high and sustained penicillin release 

from the catheter (significantly above the MIC breakpoint 

both in vivo and in vitro). We have previously shown that 

the diameter distribution of drug-eluting nanofibers can 

be modulated through various processing parameters (eg, 

solvent, polymer concentration, ratio of drug loading, and 

flow rate). However, the role played by nanofiber diameters 

on drug release was limited.24

Compared to the systemic administration of antimicro-

bial drugs, highly localized administration of intrapleural 

antibiotics may be associated with a lower incidence of 

adverse systemic effects (as shown in our in vivo experi-

ments, Figure 5) and a reduced likelihood of developing 

antimicrobial resistance. Our catheter for antibiotic delivery 

may also have additional advantages. First, its antimicrobial 

coating may be tailored for optimal efficacy based on culture 

and antibiogram of the pleural fluid. In this regard, the high 

degrees of biocompatibility, safety, and versatility of PLGA 

allow successful coating of many different water-soluble 

antibiotics. Second, electrospun nanofibers do not cause major 

conformational changes in the catheter, allowing its safe and 

reproducible image-guided insertion into the pleural cavity.

In general, the release kinetics of drugs from biodegrad-

able devices comprises three phases consisting of an initial 

burst, a diffusion-controlled release, and a degradation-

controlled phase. During the manufacturing process, most 

drugs are dispersed into the bulk of the PLGA matrix; 

however, some pharmaceutical compounds may be located 

on the nanofiber surface (ultimately causing the initial 

burst of drug release). An initial burst of drug release from 

antibiotic-eluting devices is desirable to mimic the high 

loading doses used in systemic antibiotic therapy. Notably, 

in vitro experiments confirmed such a release pattern for our 

antibiotic-eluting pigtail catheter (Figure 3). However, no 

obvious initial burst release was observed in animal experi-

ments. This observation may be explained by the fact that 

metabolic rates for all pharmaceuticals are invariably lower 

in vivo than in vitro. In addition, binding of penicillin to 

proteins may result in different in vivo pharmacokinetics as 

compared to in vitro findings.

Some caveats of our study merit comment. First, the 

in vivo assessment of sustained penicillin release from the 

catheter into the pleural cavity was performed in healthy 

rabbits. The question as to whether pleural infections could 

have an impact on the observed pharmacokinetics remains 

open. Second, current animal models used for assessing the 

performance of drug-eluting catheters are limited in their 

ability to replicate human conditions. Specifically, future 

studies are needed to clarify whether our results obtained 

in the rabbit can be extrapolated to humans, because rabbits 

are a species with thin visceral pleura, whereas humans have 

thick visceral pleura.
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Conclusion
In summary, we presented herewith an antibiotic-eluting 

pigtail catheter coated with electrospun nanofibers that ensure 

a steady delivery of penicillin in the pleural space for at least 

2 weeks with minimal systemic exposure. We conclude that 

this novel drug delivery system may be an option for treat-

ment of empyema.
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