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Abstract - Covering the surface of a bone implant with electrospun micro/nanofibers can substantially improve its biocompatibility.
Since these fibers are usually made of a biodegradable polymer, if they are loaded with a drug, the release rate can be easily controlled.
Therefore, loading the fibers with an antimicrobial drug will allow the slow release of the drug during the healing period and can
prevent implant-related infections. In this paper, the effectiveness of polycaprolactone (PCL) fibers loaded with ampicillin and silver
nanospheres against Escherichia coli growth is described. The results revealed that ampicillin-loaded fibers displayed significant
antibacterial activity whereas fibers containing silver nanospheres did not show any activity, possibly due to the low concentration of
silver used in this study. Additionally, the release rate of ampicillin was examined and the fibers were able to maintain the ampicillin
for a significantly longer time compared to when the sample was simply soaked in an ampicillin solution.
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1. Introduction

Implant related infections are one of the most important issues that may arise after implanting an artificial object
inside the body. They can cause severe pain and implant rejection and the only effective treatment is removing the implant
and redoing the surgery, which can be very problematic especially for people of advanced age [1]. The main cause of
implant infection is bacterial contamination, which can be substantially reduced by covering the surface of the implant with
a material containing antibiotics or other antibacterial agents [2]. Ideally, antimicrobial drugs should remain on the surface
for a relatively long period, until the fusion between the implant and bone is achieved. If the surface is simply covered with
antibiotics, they will be released into the body in just a few hours and infection may still occur. To overcome this issue,
antimicrobial drugs are usually incorporated into a biodegradable material to reduce the release rate. Adding vancomycin
to polylactide-co-glycolide polymer [3] and various antibiotics such as cephalothin, carbenicillin, amoxicillin, cefamandol,
tobramycin, gentamicin and vancomycin to hydroxyapatite [2,4] are some examples that have been previously studied.

Another strategy is to add the antimicrobial agents to electrospun polymeric fibers. In addition to controlling drug
release rate, these fibers can be beneficial to the osseointegration process, since they are highly biocompatible and provide
a porous structure for the bone cells to grow in [5]. Some previous studies have examined the effects of adding antibiotics
to fibers for implant fabrication purposes. Li et al. added gentamicin to PLGA/PEO fibers and the fibers showed significant
antibacterial activity [1]. Zhang et al. studied the effect of adding vancomycin to PLGA fibers. They showed that
vancomycin has a very slow release rate and the fibers were able to kill the bacteria even after 28 days [6]. Gilchrist et al.
showed the high antibacterial activity of fusidic acid and rifampicin loaded poly(D,L-lactic acid-co-glycolic acid) (PLGA)
fibers using both in-vitro and in-vivo tests [7]. Another study on PLGA fibers was conducted by Kim et al. where they
incorporated Mefoxin® and sodium cefoxitin to the fibers and these remained effective against bacteria for up to one week

[8].
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In this study, the effect of adding the water-soluble beta-lactam antibiotic ampicillin to polycaprolactone (PCL) fibers
was examined. In addition, as an alternative to antibiotics, the incorporation of silver nanospheres to PCL fibers was also
studied. Silver is a very strong bacteriostatic material, which means it can stop the bacteria from multiplying without
killing them. The main advantage of silver over antibiotics is that bacteria cannot develop resistance to this agent and
accordingly silver nanoparticles have recently been considered for clinical applications. One issue associated with silver is
the toxicity of the element. However, the high surface to volume ratio of silver nanoparticles allows them to effectively
stop the bacteria from reproducing even at very small doses that are not toxic to humans [9, 10].

2. Materials and methods
2.1. Materials

Polycaprolactone (PCL) was the polymer used in this study for the electrospinning process and was purchased from
Sigma-Aldrich (Polycaprolactone, average Mn 80,000). Acetone (Acetone, ACS reagent >99.5%, Sigma-Aldrich) served
as solvent to prepare the electrospinning solution. Silver nanospheres suspended in water at 0.02mg/ml with the average
sizes of 20, 40 and 80 nm were purchased from Sigma-Aldrich and Ampicillin (Na salt) was purchased from Fisher
Scientific. All the materials in this study were directly used as purchased.

2.2. Electrospinning process

The solution was prepared by dissolving PCL in acetone at 10 wt% using an ultrasonic cleaner and a thermocline for
about 2 hrs. The silver suspension or ampicillin powder was directly added to the electrospinning solution at different
concentrations (5 wt% for silver and 16 wt% for ampicillin). The electrospinning machine used in this study was YFlow®
StartUp Electrospinning Lab Device with a vertical setup. The voltage was set at 10 kV and the solution was pumped to the
needle at the flow rate of 1 ml/hr. Additionally, the distance between the needle and the collector was 20 cm. The fibers
were deposited on the surface of a thin titanium sheet.

2.3. Antibacterial test

The antibacterial activity of silver nanospheres and ampicillin was assessed using the agar diffusion test. In these tests,
wild type gram-negative E. coli strain DH5a and an ampicillin-resistant derivative carrying plasmid pET16b was cultured
overnight at 37 °C with shaking in LB (Lysogeny Broth). 5 ul of the overnight culture was added to 4 ml top agar (LB
supplemented with 0.8% agar), mixed by inversion, and overlaid upon a LB agar plate. After the top agar solidified, the
PCL samples were placed polymer side down on the surface of the top agar and were incubated for 24 hours at 37 °C. If a
circular clear zone (zone of inhibition) was formed around a sample, it means that the sample had antibacterial activity and
killed all the bacteria inside the zone.

2.4. Materials characterization
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX) analysis was performed using a JEOL
6400 Digital SEM.

3. Results and discussion

Table 1: Fiber sizes obtained through image processing of the SEM images.

PCL Without ampicillin

Ampicillin-loaded fibers

Average diameter (um)

1.36

1.31

Maximum diameter (um) 2.4 2.5
Minimum diameter (um) 0.5 0.5
Standard deviation (um) 0.43 0.49
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SEM images were produced of electrospun fibers generated with or without ampicillin (Figure 1). A beadles web of
fibers was generated in both cases which shows adding ampicillin did not affect the quality of fibers. The diameter of the
fibers was measured through image analysis using 50 random fibers from each picture and the results are tabulated at Table
1, which indicates that the presence of ampicillin did not have any noticeable effect on the size of fibers.

(k)

Fig. 1: SEM images of the electrospun fibers at two different magnifications: 1000X (left) and 5000X (right) for: (a) simple PCL fibers,
(b) ampicillin-loaded fibers.

EDX analysis was conducted on simple PCL fibers and ampicillin-loaded fibers (Figure 2). A trace of ampicillin can
be seen in the results where an obvious peak of sulfur, associated with the beta-lactam thiazolidine ring, can be seen at 2.3
keV. Moreover, a sodium peak is observed for the ampicillin-loaded fibers, which is expected since the sodium salt of

ampicillin was used in this study.
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Fig. 2: EDX analysis of ampicillin-loaded and unloaded fibers.
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To investigate silver as an antimicrobial agent, silver nanospheres with three different sizes (20, 40 and 80 nm) were
suspended in a water-based solution at a concentration of 0.02 mg/ml. The silver suspension was added to the
electrospinning solution at 5 wt%. It should be noted that, at higher concentrations, the solution was not electro-spinnable.
No zone of inhibition was observed for either wild type (Figure 3) or ampicillin resistant E. coli (not shown). We conclude
that the Ag nanoparticle concentrations still permitting effective fiber electrospinning were too low to inhibit bacterial
growth. We are currently investigating alternative strategies toward incorporating silver particles into the fibers.

Fig. 3: Antibacterial testing of the fibers containing silver nanospheres against wild type E. coli. The samples are labelled as L (control
sample), H (ampicillin-loaded fibers) and D (ampicillin soaked sample).

In testing ampicillin, we used the highest concentration (16%) that permitted effective electrospinning. In addition,
samples without ampicillin and another sample that was only soaked in an ampicillin solution (100 mg/ml) post-spinning
were used as controls. Ampicillin-resistant E. coli displayed no detectable zones of inhibition around any of the fiber
samples (not shown). In contrast, wt E. coli was strongly inhibited by the fibers with incorporated ampicillin and where the
fiber was soaked in an ampicillin solution post-spinning (Figure 4A).
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Fig. 4: Antibacterial testing of the ampicillin-loaded fibers (labeled as “H” in the images) and fibers soaked in ampicillin (labeled “D”
in the images) against wild type E. coli.
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To test whether incorporating ampicillin during the electrospinning process increased retention time of the drug,
ampicillin-incorporated and ampicillin-soaked fiber samples were soaked in phosphate-buffered saline (PBS) for different
times (8, 16 and 24 hours) and were tested to assess their inhibitory effects. As predicted no zone of inhibition was
observed when the dish was cultured with ampicillin resistant E. coli (nhot shown). Using wt E. coli however, a clear zone
of inhibition was visible around the ampicillin-loaded fibers after 8 (Figure 4B) and 16 (Figure 4C) hrs of soaking in PBS.
In contrast, no zone of inhibition was observed around the fiber samples that were merely soaked in an ampicillin solution.
This indicates that incorporating the drug into the electrospun fibers improves drug retention rate and increases the
effective time in which these fibers can mediate an antimicrobial effect. After soaking for 24 hrs in PBS (Figure 4D) even
the ampicillin-incorporated samples had lost antimicrobial activity. Figure 5 quantifies the zones of inhibition formed
around the samples prior soaking in PBS and after soaking in PBS for 8 and 16 hrs. The zones of inhibition gradually
decreased in size as PBS soaking time was increased for the ampicillin-incorporated sample.
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Fig. 5: Radius of zone of inhibition before and after 8 and 16 hours of soaking in PBS (Error bars: standard deviation; number of each
tests: 3 times).

4. Conclusion

The effect of incorporating silver nanospheres and ampicillin into PCL fibers was studied. the concentration of silver
in the suspension used in this study (0.02 mg/ml) was apparently too low to display antibacterial activity and higher
concentrations of silver impaired the electrospinning process. We are investigating whether alternative methods of
nanoparticle incorporation may allow for the use of higher concentrations in the future.

The results revealed that, even though PCL is hydrophobic and ampicillin is hydrophilic, it is possible to generate
electrospun fibers containing these two materials. Incorporating ampicillin during the electrospinning increased the
retention time of the drug relative to fibers merely soaked in an ampicillin solution post-spinning. Drug incorporation and
increased retention time indicate that this procedure should be considered for surface modification of bone implants to
increase their biocompatibility and reduce the chance of infection.

Acknowledgements
This research is partially supported by grants from the New Brunswick Innovation Foundation (NBIF), the National
Sciences and Engineering Research Council (NSERC) Discovery Grant program and the McCain Foundation.

TANN 126-5



References

[1]

(2]

3]

[4]

5]

[6]

[7]

(8]

9]

L. L. Li, L. M. Wang, Y. Xu, and L. X. Lv, “Preparation of gentamicin-loaded electrospun coating on titanium
implants and a study of their properties in vitro,” Archives of orthopaedic and trauma surgery, vol. 132, no. 6,
pp. 897-903, 2012.

M. Stigter, J. Bezemer, K. De Groot, and P. Layrolle, “Incorporation of different antibiotics into carbonated
hydroxyapatite coatings on titanium implants, release and antibiotic efficacy,” Journal of controlled release, vol. 99,
no. 1, pp. 127-137, 2004.

M. A. Benoit, B. Mousset, C. Delloye, R. Bouillet, and J. Gillard, “Antibiotic-loaded plaster of Paris implants coated
with poly lactide-co-glycolide as a controlled release delivery system for the treatment of bone
infections,” International orthopaedics, vol. 21, no. 6, pp. 403-408, 1998.

U. Brohede, J. Forsgren, S. Roos, A. Mihranyan, H. Engqgvist, and M. Stramme, “Multifunctional implant coatings
providing possibilities for fast antibiotics loading with subsequent slow release,” Journal of Materials Science:
Materials in Medicine, vol. 20, no. 9, pp. 1859-1867, 2009.

B. B. Naghshine, J. A. Cosman, and A. Kiani, “Synthesis of polycaprolactone-titanium oxide multilayer films by
nanosecond laser pulses and electrospinning technique for better implant fabrication,” Journal of Applied Physics,
vol. 120, no. 8, pp. 084304, 2016.

L. Zhang, J. Yan, Z. Yin, C. Tang, Y. Guo, D. Li, B. Wei, Y. Xu, Q. Gu, and L. Wang, “Electrospun vancomycin-
loaded coating on titanium implants for the prevention of implant-associated infections,” International journal of
nanomedicine, vol. 9, pp. 3027, 2014.

S. E. Gilchrist, D. Lange, K. Letchford, H. Bach, L. Fazli, and H. M. Burt, “Fusidic acid and rifampicin co-loaded
PLGA nanofibers for the prevention of orthopedic implant associated infections,” Journal of controlled release,
vol. 170, no. 1, pp. 64-73, 2013.

K. Kim, Y. K. Luu, C. Chang, D. Fang, B. S. Hsiao, B. Chu, and M. Hadjiargyrou, “Incorporation and controlled
release of a hydrophilic antibiotic using poly (lactide-co-glycolide)-based electrospun nanofibrous scaffolds,” Journal
of controlled release, vol. 98, no. 1, pp. 47-56, 2004.

C. Marambio-Jones, and E. M. Hoek, “A review of the antibacterial effects of silver nanomaterials and potential
implications for human health and the environment,” Journal of Nanoparticle Research, vol. 12, no. 5, pp. 1531-1551,
2010.

[10] J. R. Morones, J. L. Elechiguerra, A. Camacho, K. Holt, J. B. Kouri, J. T. Ramirez, and M. J. Yacaman, “The

bactericidal effect of silver nanoparticles,” Nanotechnology, vol. 16, no. 10, pp. 2346, 2005.

TANN 126-6



