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Abstract— This study evaluated the efficacy of ultrasound-

triggered drug delivery devices against bacterial infection in an ex 
vivo cadaveric rabbit spine model. Polylactic acid (PLA)-coated, 
vancomycin (VAN)-loaded polyether ether ketone (PEEK) devices 
(1 cm3) with a drug-loading reservoir (0.785 cm3) were 3D printed. 
Two device designs were evaluated: 1 large hole for drug release 
vs 2 smaller holes. Clips were implanted medial to the spinal 
midline in mature (~6 months, 3 kg) female White New Zealand 
cadaveric rabbits (n=4) under an IACUC-approved protocol. To 
simulate infection, 104 CFU of Staphylococcus aureus were added 
to 2 of the 4 sites; the other 2 sites were left clean. Two of the 4 sites 
(1 inoculated, 1 clean) were insonated for 20 minutes with a Logiq 
E9 ultrasound scanner (GE Healthcare, Waukesha, WI, USA) 
equipped with a C1-6 curvilinear probe, using power Doppler 
imaging (1.7 MHz frequency, 6.4 kHz PRF, 100% acoustic output 
power) to induce rupture of the PLA coating for VAN release. 
Infected sites showed marked reduction in bacterial colonization 
following ultrasound-triggered VAN release, while uninsonated 
sites exhibited little reduction in bacterial colonization. At 48 
hours, there was significantly greater VAN release from the 
insonated clips compared to the uninsonated clips (p < 0.04). There 
was significantly greater ultrasound-triggered total VAN release 
from the 1-hole device design than from the 2-hole design (7420 ± 
2992 µg vs. 3500 ± 954 µg, p < 0.0001). These levels are sufficient 
to prevent adhesion of S. aureus to implant materials. This study 
demonstrated the feasibility of an ultrasound-mediated antibiotic 
delivery device, which could become a potent weapon against 
spinal surgical site infections.  
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I. INTRODUCTION 
 Bacterial infection following spinal fusion surgery is a 
major clinical concern, with up to 10% of patients developing 
infection despite aggressive peri-operative antibiotic treatments 
[1]. Currently, the clinical standard of prophylactic care in 
spinal fusion surgery is to sterilize the surgical site with 1-2 g 
of powered vancomycin (VAN) during wound closure [2]. 
However, this method has variable outcomes due to several 
factors, including wound drainage, patient health, and the 
presence of Gram-negative bacteria. Additionally, pathogens 
that were not initially treated or eradicated by the powdered 

VAN may overgrow and develop into a post-operative 
infection. Research suggests that these infections persist due to 
bacterial colonization and biofilm formation on the spinal 
instrumentation (e.g., metal screws and rods, as well as cages 
made from polyetheretherketone (PEEK)) [3, 4]. In the spine, 
the instrumentation exists at the bone/muscle interface, and is 
bathed in post-operative wound fluid that influences bacterial 
formation of biofilms [5-7]. Biofilms exhibit reduced response 
to antibiotics, complicating treatment of post-operative 
infection [8]. Once such a recalcitrant infection develops, 
treatment often requires reopening the surgical site, and in 
extreme cases removal of the spinal fusion hardware followed 
by additional revision surgeries. With only partially effective 
peri-operative antibiotic treatments, development of more 
effective means to prevent infection is both an economic and 
clinical imperative. 
 

 
Fig. 1. Representative image of 1-hole PEEK clip for US-triggered drug 
delivery (not to scale). 

 To combat this problem, we have designed an ultrasound 
(US) activated drug release system to deliver prophylactic 
antibiotics to combat post-surgical bacterial survival (Figure 1) 
[9]. Our hypothesis is that maintaining supra-therapeutic 
concentrations of prophylactic antibiotics at the hardware site 
following spinal fusion surgery will lower post-operative 
infection rates. To evaluate this hypothesis, we have developed 
a polyether ether ketone (PEEK) spacer clip that is mounted 
onto the spinal fusion rod, and is sealed with polylactic acid 
(PLA) to serve as a non-eluting reservoir of combination 
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antibiotics (Figure 1) [9]. The goal of this study was to quantify 
antibiotic release from these devices and to evaluate their 
efficacy against bacterial infection in an ex vivo rabbit model. 

II. MATERIALS AND METHODS 

A. Device Preparation and Evaluation  
 PLA-coated, VAN-loaded PEEK clips (1 cm3) with a drug-
loading reservoir (0.785 cm3) were created in our labs. Briefly, 
the PEEK clips were designed using Solidworks 2016 (Dassault 
Systemes, Vélizy-Villacoublay, France), exported as a 
stereolithography (STL) code, converted to a G-code 
(Simplify3D, Cincinnati, OH, USA), and printed using a 
PEEKMed filament on an Indmatec HPP 155/Gen 2 3D printer 
(Apium Additive Technologies, Karlsruhe, Germany). Two 
designs were evaluated: (1) a semi-circular clip with one 4 mm 
diameter opening to the reservoir for loading/release (1-hole), 
and (2) a semi-circular clip with two 2 mm openings (2-hole). 
Clips were loaded until filled with a VAN solution (50 mg 
VAN/device, Athenex, Buffalo, NY, USA) and then painted 
with a solution of PLA (Resomer Select 100 DL 7E, Evonik 
Industries, Essen, Germany) and dried overnight to create a thin 
coating to seal the reservoir.  
 
 US-triggered antibiotic release was quantified following 
insonation with a Logiq E9 ultrasound scanner (GE Healthcare, 
Waukesha, WI, USA) equipped with a C1-6 curvilinear probe, 
using power Doppler imaging (1.7 MHz frequency, 6.4 kHz 
PRF, 100% acoustic output power). Coated, antibiotic-loaded 
pucks were submerged in 5 ml trypticase soy broth (TSB) 
containing 105 CFU/ml Staphylococcus aureus. Individual clips 
were insonated for 10 minutes. At both 1 and 24 hours after 
insonation, antibiotic release was determined by sampling 50 
µL from each well, followed by spotting and drying onto a BD 
BBL blank Sensi-DiskTM (Becton Dickinson, Franklin Lakes, 
NJ, USA). The disc was then placed onto a TSB agar plate 
containing a lawn of S. aureus, and, after overnight incubation 
at 37˚C, the zone of inhibition due to VAN diffusion measured 
[10]. VAN amounts were estimated by comparison to a 
standard curve of VAN concentrations as well as to a 
commercial 30 mg VAN standard disc [11, 12]. Clip-adherent 
bacteria were measured at 24 hours Controls included (1) 
coated, loaded pucks that were not insonated, (2) loaded, 
uncoated pucks with and without insonation, and (3) bacteria 
only with and without insonation. Results were collected in 
triplicate and experiments repeated at least three times. 
 
 For ex vivo testing, clips were implanted medial to the spinal 
midline in cadaveric, mature (~6 months, 3 kg), female White 
New Zealand rabbits (Covance, Princeton, NJ, USA, n = 4) 
under an IACUC approved protocol. 104 CFU S. aureus were 
added to 2 of the 4 sites, and 2 sites were left as was. Wounds 
were closed with Proline 2.0 suture (Ethicon, Somerville, NJ, 
USA). Two of the 4 sites were insonated for 20 minutes. In 
parallel, positive and negative bacterial controls were 
evaluated, where the surgical procedure was performed without 
implantation of PEEK clips. All implanted devices and control 
sites were incubated for 2 hours post-insonation, then retrieved 

for analysis. Results were collected in duplicate for each 
evaluated device and condition.  

B. Statistical Analysis  
Statistical analysis was performed with GraphPad Prism 7 

(GraphPad Software, La Jolla, CA, USA), with p-values below 
0.05 indicating statistical significance. Comparisons between 
clip designs and groups were performed using a one-way 
ANOVA with Bonferroni correction for multiple comparisons 
and Tukey’s multiple comparison post-test when appropriate. 
Differences were evaluated across all groups, and also within 
each group for more robust analysis. Error bars represent 
standard deviation (SD).  

III. RESULTS AND DISCUSSION 
In both the in vitro and ex vivo evaluations, the two device 

designs released VAN levels sufficient to prevent adhesion of 
S. aureus to implant materials. During the in vitro evaluations 
for US-triggered VAN release (Figure 2), the PLA membrane 
on the 1-hole design appeared to be more stable and responsive 
to insonation than with the 2-hole design.  

 

 
Fig. 2. In vitro characterization of VAN release from 1-hole and 2-hole PEEK 
clip designs, represented as average ± SD. A) Elution of VAN from the 1-hole 
clip, *p = 0.0002, **p < 0.0001. B) Elution of VAN from the 2-hole clip. 

Background VAN release from the PLA-coated, 
uninsonated 1-hole clip was 5.43 ± 5.77 µg after submersion 
for 1 hour, while the 2-hole clip released 20.13 ± 5.00 µg over 
the same time (p = 0.015). This trend was also observed at 24 
hours, where the uninsonated 1-hole clip released significantly 
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less VAN than the uninsonated 2-hole clip (169.41 ± 2.89 µg 
vs. 452.84 ± 2.89 µg, p < 0.0001). Additionally, there was no 
significant difference between the insonated and uninsonated 2-
hole clips at any of the time points (p > 0.83, Fig. 2B).  

On the other hand, the 1-hole clip exhibited markedly 
increased VAN release with time (p < 0.0001, Fig. 2A). At 1 
hour post-insonation, 74.66 ± 5.77 µg of VAN was released (p 
= 0.0023 compared to uninsonated). The total cumulative VAN 
release from the insonated 1-hole clips was 527.50 ± 32.27 µg 
(p < 0.0001 compared to uninsonated). Interestingly, there was 
no significant difference in cumulative US-triggered VAN 
release between the 1-hole and the 2-hole design (527.50 ± 
32.27 µg for 1-hole vs. 485.75 ± 107.04 µg for 2-hole, p = 0.28). 
Therefore, we continued to evaluate both the one-hole and two-
hole clip designs in the ex vivo experiments. 

 
Both clip designs exhibited background release of VAN 

consistent with levels that would be considered antimicrobial. 
Based on our findings in these experiments, more tuning of the 
coating process is necessary to improve consistency of innate 
and US-triggered VAN release.  

 
In the ex vivo study, infected sites showed up to 10-fold 

reduction in bacterial colonization following US-triggered VAN 
release, while uninsonated sites exhibited at most a 2-fold 
reduction in bacterial colonization (data not shown). Negative 
controls indicated no surgical site contamination, and positive 
controls confirmed that the added S. aureus survived in the 
wound environment. A representative US image of an implanted 
clip is shown in Figure 3. VAN release in the rabbit model was 
dependent on both design and time (Figure 4). There was 
significantly greater US-triggered total VAN release from the 1-
hole clip design than from the 2-hole design (7420 ± 2992 µg 
vs. 3500 ± 954 µg, p < 0.0001). Additionally, at 48 hours, there 
was significantly greater VAN release from the insonated clips 
compared to the uninsonated clips for both the 1-hole (Fig. 4A) 
and the 2-hole (Fig. 4B) clip design (p < 0.04).  

 
Fig. 3. Representative US image of PEEK clip implanted in the ex vivo rabbit 
spine model.  

Additional studies in a living animal spinal surgery model 
will be necessary to fully characterize the antibiotic release and 
subsequent bacterial eradication with these devices. Studies are 
also ongoing to refine the PLA coating process, as the PLA 
membrane thickness and susceptibility to US-triggered rupture 

for release are tunable [13, 14]. Variations to the concentration 
of the PLA solution as well as the number of coating layers are 
being investigated. Study limitations include a limited sample 
size in vitro and ex vivo, lack of fluid flow during the VAN 
elution experiments resulting in saturated solutions of VAN, as 
well as the variability in applying and determining coating 
thicknesses. Finally, complete independence between sites in the 
ex vivo model was assumed but cannot be guaranteed. Overall, 
VAN release was visibly achieved from both device designs. We 
found that PLA coating of the PEEK devices is susceptible to 
US disruption both in vitro and within tissue ex vivo, with up to 
7.4 mg of VAN delivered within 48 hr. Our result was a viable 
prototype (i.e., the 1-hole clip) for US mediated localized 
prophylactic delivery to the spinal surgical site.  

 
Fig. 4. Ex vivo characterization of VAN release from 1-hole and 2-hole PEEK 
clip designs, represented as average ± SD. A) Elution of VAN from the 1-hole 
clip, **p < 0.0001. B) Elution of VAN from the 2-hole clip, *p = 0.03. 

IV. CONCLUSION 
Existing methods for preventing infection following spinal 

fusion surgery are only partially successful. To combat this 
clinical problem, we have designed an US-activated drug release 
system that can release prophylactic antibiotics. The feasibility 
of our US-sensitive antimicrobial platform for delivering a bolus 
of antibiotics to a spinal wound site has been demonstrated in 
tissue ex vivo, representing an important proof of principle for 
continued development of this drug delivery system.  
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