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In Vivo Efficacy of a “Smart” Antimicrobial
Implant Coating

Alexandra I. Stavrakis, MD*, Suwei Zhu, PhD*, Vishal Hegde, MD, Amanda H. Loftin, BS, Alyssa G. Ashbaugh, BA,
Jared A. Niska, MD, Lloyd S. Miller, MD, PhD, Tatiana Segura, PhD, and Nicholas M. Bernthal, MD

Investigation performed at the University of California, Los Angeles, Los Angeles, California

Background: Postoperative infection is a devastating complication following arthroplasty. The goals of this study were to
introduce a “smart” implant coating that combines passive elution of antibiotic with an active-release mechanism that
“targets” bacteria, and to use an established in vivo mouse model of post-arthroplasty infection to longitudinally evaluate
the efficacy of this polymer implant coating in decreasing bacterial burden.

Methods: A novel, biodegradable coating using branched poly(ethylene glycol)-poly(propylene sulfide) (PEG-PPS) polymer
was designed to deliver antibiotics both passively and actively. In vitro-release kinetics were studied using high-performance
liquid chromatography (HPLC) quantification in conditions representing both the physiologic environment and the more
oxidative, hyperinflammatory environment of periprosthetic infection. The in vivo efficacy of the PEG-PPS coating delivering
vancomycin and tigecycline was tested using an established mouse model of post-arthroplasty infection. Noninvasive
bioluminescence imaging was used to quantify the bacterial burden; radiography, to assess osseointegration and bone
resorption; and implant sonication, for colony counts.

Results: In vitro-release kinetics confirmed passive elution above the minimum inhibitory concentration (MIC). A rapid
release of antibiotic was noted when challenged with an oxidative environment (p < 0.05), confirming a “smart” active-
release mechanism. The PEG-PPS coating with tigecycline significantly lowered the infection burden on all days, whereas
PEG-PPS-vancomycin decreased infection on postoperative day (POD) 1, 3, 5, and 7 (p < 0.05). A mean of 0, 9, and 2.6 ·
102 colony-forming units (CFUs) grew on culture from the implants treated with tigecycline, vancomycin, and PEG-PPS
alone, respectively, and a mean of 1.2 · 102, 4.3 · 103, and 5.9 · 104 CFUs, respectively, on culture of the surrounding
tissue (p < 0.05).

Conclusions: The PEG-PPS coating provides a promising approach to preventing periprosthetic infection. This polymer
is novel in that it combines both passive and active antibiotic-release mechanisms. The tigecycline-based coating out-
performed the vancomycin-based coating in this study.

Clinical Relevance: PEG-PPS polymer provides a controlled, “smart” local delivery of antibiotics that could be used to
prevent postoperative implant-related infections.

P
eriprosthetic joint infection remains a devastating com-
plication of total joint arthroplasty. Despite advances
in sterile surgical technique and the use of periopera-

tive antibiotics, periprosthetic joint infection occurs in 1% of

primary and 3% to 7% of revision total joint arthroplasties1-7.
It leads to increased patient disability, morbidity, and even
mortality. Patients with periprosthetic joint infection of-
ten require prolonged intravenous antibiotics and multiple
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surgeries and often end up with diminished functional use of
the extremity8,9.

The concept of the local delivery of antimicrobial therapy
tomaximize efficacy while minimizing systemic effects has been
available for decades in the form of solutions, ointments, and
creams. In arthroplasty, local antimicrobial strategies have ranged
from adding antibiotics to irrigation fluid to the use of vanco-
mycin powder in the wound prior to closure10,11. However, the
presence of antibiotic levels in the soft tissue around the implant
is short-lived, and these approaches fail to create a protective
barrier on the implant that prevents bacterial colonization and
subsequent biofilm formation12. The concept of antimicrobial
implant coatings has been suggested as amethod to remedy these
concerns. Currently, antimicrobial coatings are clinically avail-
able as antibiotic-impregnated cement (polymethylmethacrylate
[PMMA]) in the U.S., iodine coating in Japan, and nanosilver
coating in Europe13. While these coatings have shown promise,
all 3 have poorly controlled release kinetics. Additionally, PMMA
is an inert, permanent vehicle (providing an additional surface for
colonization), and both iodine and nanosilver have questionable
toxicity profiles involving the release of halogen or metallic ions
in the bloodstream, respectively. All 3 act via passive release of
antimicrobial agents such that there is a nonspecific local effect
initiated on implantation, independent of the presence or ab-
sence of bacteria.

The aim of the current study was to devise a novel, non-
toxic, biodegradable poly(ethylene glycol)-poly(propylene sulfide)
(PEG-PPS) polymer coating that can be used as a vehicle to de-
liver antibiotics locally through both a passive and active mech-
anism. The active release is driven by the reactive oxygen cascade
initiated by the presence of bacteria, allowing the “smart” polymer
to release antibiotic where it is needed most. This coating there-
fore targets bacteria-rich environments and diffuses the antibiotic
down a gradient toward the bacterial challenge. Because the poly-
mer is completely biodegradable, no additional foreign ma-
terials are retained in the body once the antibiotic is eluted from
the implant. On the basis of previous work, we used vanco-
mycin and tigecycline as the antibiotics of choice in this study, as
they showed optimal efficacy against Staphylococcus aureus, the
causative organism in nearly half of arthroplasty infections14-21.
We endeavored to examine the in vitro release properties of this
novel coating, and used an established in vivo mouse model of
post-arthroplasty infection to test the efficacy of the coating as a
vehicle for the delivery of antibiotics to eradicate infection and
prevent biofilm formation.

Materials and Methods
Synthesis of PEG-PPS Polymer and Coating of the Implant

The synthesis of PEG-PPS polymer follows a 3-step chemical reaction. First,
4-armed PEG (10 g), molecular weight (MW) 20,000, was dissolved in

dried tetrahydrofuran (THF) and refluxed under argon gas at 90�C for 4 hours.
After cooling, sodium hydride (0.6 g) was slowly added, and the mixture was
stirred for 15 minutes under argon. Subsequently, allyl bromide (1.6 mL) was
added to the mixture, and the reaction was stirred overnight under argon gas.
Second, PEG-allyl (3.78 g) was combined with anhydrous toluene in a Schlenk
tube. The radical initiator 2,2’-azobis(2-methylpropionitrile) (AIBN) (1.5 g)
was freshly prepared via crystallization in methanol and added to the PEG-allyl

and toluene. The product of PEG-thiol acetate had a 93% yield and was con-
firmed with nuclear magnetic resonance (NMR) spectroscopy in CDCl3 to have
all allyl groups fully converted. Finally, sodiummethoxide (82mg) was added to
the PEG-thiol acetate and THF under argon and stirred for 30 minutes at room
temperature. Subsequently, PPS (5· molar equivalent of PEG-PPS arms) was
added under argon, and the reaction mixture was stirred for 1 hour. The end-
capping reagent 2,29-dithioldipyridine (10·molar equivalent) was later added,
and the reaction mixture was stirred under argon overnight. The mixture was
later dried via a rotary evaporator and dialyzed extensively against water in
regenerated cellulose dialysis tubing (molecular weight cut-off of 3,000 to
6,000). Lastly, the product of PEG-PPS was lyophilized and stored under argon
at 220�C.

Titanium Kirschner wires with a surface area of 44.2 mm2 (diameter,
0.8mm; length, 8mm) underwent oxygen plasma treatment at 200mTorr, 200W
for 15 minutes. Subsequently 1% (v/v) (3-mercaptopropyl) trimethoxysilane
was reacted with the Kirschner wires in toluene at 90�C with stirring, followed

Fig. 1

Schematics of the 4-armed PEG-PPS polymer coating on a metal implant

for passive elution or active release of antibiotics by reactive oxygen

species (ROS) (Figs. 1-A and 1-B) and visualization of the polymer coating

through use of a model molecule, rhodamine (Fig. 1-C; left, bare titanium

wirewith no coating;middle, rhodamineencapsulated in 3% (w/v) PEG-PPS

coating on a titanium wire; right, rhodamine in 6% (w/v) PEG-PPS on a

titanium wire).
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by sonication in chloroform (5 times), acetone (2 times), methanol (5 times),
and in Milli-Q water (Millipore) (5 times). The Kirschner wires were then
heated at 50�C for at least 30 minutes until dry. The PEG-PPS polymer was
then dissolved in phosphate-buffered saline (PBS) solution to make either a
3% or 6% (w/v) solution. Three hundred microliters of PEG-PPS solution
with dissolved tigecycline or vancomycin at 20 mg/mL was used to coat a

batch of 6 to 8 of the treated Kirschner wires for in vivo study. The Kirschner
wires were submerged in the antibiotic-encapsulated PEG-PPS solution or
PEG-PPS solution alone at 4�C and dried at 50�C. This wet-dry cycle was
repeated a total of 10 times. After the coating cycles, the remainder of the
coating solution (approximately a quarter of the original) was discarded.
To aid in visualization of the coating, rhodamine was also coated on the

Fig. 2

Figs. 2-A and 2-B In vitro passive and active release of

antibiotic from the PEG-PPS polymer (mean and SEM;

n=3).Fig. 2-A Themassof cumulatively released vancomycin

over days per pin showed that 6% (w/v) PEG-PPS had a

higher loading efficiency.Fig. 2-BDaily releaseof vancomycin

per pin, quantified via HPLC, showed a “burst” release

when challenged by an oxidative environment representative

of a bacterial infection compared with a sustained release

in a nonoxidative environment.

Fig. 3

Figs. 3-A through 3-D In vivo efficacy of the PEG-PPS coating in decreasing bacterial infection. Vanco = vancomycin, and tigec = tigecycline.

Error bars indicate the SEM. Fig. 3-A Representative in vivo S. aureus bioluminescence on a color scale overlaid on grayscale images of mice.

Fig. 3-B Postoperative in vivo S. aureus bioluminescence signals (mean maximum flux [photons/sec/cm2/sr] and SEM) (logarithmic scale).

*P < 0.01. The dashed line is the sensitivity limit of the assay for light. Fig. 3-C Quantification of colony-forming units (CFUs) cultured from

surrounding tissue on POD 21. *P = 0.01; yp < 0.05. Fig. 3-D Quantification of CFUs cultured from implants on POD 21. N.d. = none detected.

*P = 0.01; yp < 0.05.
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titanium pins via encapsulation in the PEG-PPS solution. Additionally, the
PEG-PPS coating was tagged with near-infrared (NIR) dye so that the
elution of the coating could be measured noninvasively in vivo. The mi-
crostructure and surface compositional changes of the implant resulting
from the polymer coating were examined using a scanning electron mi-
croscope (Nova NanoSEM 230; FEI) and energy dispersive spectroscopy
(EDS). Representative images were acquired under standard operation,
and EDS analysis was performed under 10.0 kV voltage and at a 35.3� take-
off angle.

In Vitro Release Kinetics
In vitro release of the coated antibiotics (coating solution at 10mg of antibiotic/mL
of PEG-PPS solution) was conducted by submerging the Kirschner wires in 150mL
of PBS solution and keeping them at 37�C. As a control, PEG-PPS-coated pins
without antibiotic were also assayed for release in PBS solution, as the coating is
bioresorbable in aqueous solution. The buffer was refreshed daily for at least
1 week, and the amount of released vancomycin and tigecycline was quantified
by high-performance liquid chromatography (HPLC) based on their ultraviolet
absorption at 280 or 245 nm, respectively, using 0.1% trifluoroacetic acid as the
flowing phase at a flow rate of 0.1 mL/min.

In Vivo Assessment of Coating
All procedures were approved by the institution’s animal research committee.
The bioluminescent S. aureus Xen36 strain contains a bioluminescent lux
operon construct integrated into a stable bacterial plasmid that naturally
produces a blue-green light emitted only by metabolically active bacteria

22
.

Xen36 previously was demonstrated to be optimal for use with the estab-
lished mouse model of post-arthroplasty infection selected for the current
study and was grown and cultured as previously described

23-26
. Twelve-week-

old, male C57BL/6 wild-type mice (Jackson Laboratory) were used in all ex-
periments. To model an orthopaedic implant infection, a medical-grade,
0.8-mm-diameter titanium Kirschner-wire implant, precoated with PEG-PPS,
PEG-PPS encapsulating vancomycin, or PEG-PPS encapsulating tigecycline,
was surgically placed into the distal aspect of the right femur of the mice, and
the joint was challenged with Xen36, as previously described

23-26
. Sustained-

release buprenorphine (2.5mg/kg) (Zoopharm) was administered at the time of
surgery and every 3 days postoperatively. Mice were anesthetized via inhalation
of isoflurane (2%), and in vivo bioluminescence imaging was performed by
using the IVIS Lumina II in vivo imaging system (PerkinElmer), as previously
described

23-27
. The bioluminescence signals were measured on postoperative day

(POD) 0, 1, 3, 5, 7, 10, 14, and 21. To confirm that the bioluminescence signals
corresponded to the bacterial burden in vivo, bacteria adherent to the implants
and surrounding tissue were quantified through sonication and colony-forming
unit (CFU) counting, as previously described

23-27
. High-resolution radiographs

were made on POD 0, 7, 14, 21, and 28 to qualitatively assess osseointegration
and bone resorption. All radiographs were made using a Quados Faxitron LX-60
Cabinet radiography system with a variable kV point projection x-ray source
and digital imaging system (Cross Technologies). Finally, to confirm that the
coating was completely resorbed by 14 days, NIR imaging was performed on
POD 0, 3, 7, and 14.

Statistical Analysis
Data for multiple comparisons were analyzed using a one-way ANOVA (analysis
of variance) followed by the Tukey test, and single comparisons were analyzed
using a Student t test (two-tailed). All data are expressed as the mean and the
standard error of the mean (SEM), where indicated. Values of p < 0.05 were
considered significant.

Results
PEG-PPS Implant Coating and In Vitro Release Kinetics

ThePEG-PPS coating consisted of a 4-armmolecule with the
ability to both passively shed antibiotic as well as actively

release it in a highly oxidative environment (Figs. 1-A and 1-B).
The coating was evaluated using both visualization through the
model molecule rhodamine and scanning electron microscopy,
which confirmed a uniform coating on the surface of the tita-
nium Kirschner wire (Fig. 1-C).

As the polymer concentration increased from 3% to 6%
(w/v), the amount of releasable antibiotic payload increased
(Fig. 2-A), cumulatively, to 10.2 ± 4.1 mg for 7 days per pin
coated in 3% (w/v) PEG-PPS and 22.8 ± 5.4 mg for 7 days per
pin coated in 6% (w/v) PEG-PPS. The daily release of vanco-
mycin and tigecycline from the PEG-PPS-coated titanium was
consistent and above the minimum inhibitory concentration
(MIC) (2mg/mL) for 7 days for the 3% (w/v) and 4 days for the
6% (w/v) coatings.

The release of payload antibiotics from the PEG-PPS
coating was enhanced in the presence of reactive oxygen species
(ROS), as would occur in the presence of a periprosthetic joint
infection. The vancomycin-loaded PEG-PPS coatings in PBS
solution slowly released vancomycin from POD 1 to 5, whereas

Fig. 4

Figs. 4-A, 4-B, and 4-C In vivo biodegradation of the coating.

Fig. 4-A Representative in vivo fluorescence on a color scale overlaid

on a grayscale image of a titanium implant (left) versus titanium

implant coated with PEG-PPS embedded with a near-infrared (NIR)

dye. Fig. 4-B Representative in vivo fluorescence showing a

diminishing NIR signal over 14 days from baseline, demonstrating

complete biodegradation of the coating. Fig. 4-C Postoperative

in vivo fluorescence signals (mean total radiant efficiency [(photons/

sec)/(mH/cm2)] and SEM) (logarithmic scale) quantifying this

biodegradation.
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identical coatings in 5% (v/v) H2O2 solution rapidly released
all vancomycin within 3 days (p < 0.05) (Fig. 2-B). This result
is indicative of the “smart” polymer design to actively release
payload in an oxidative environment.

In Vivo Efficacy of the Antibiotic-Loaded PEG-PPS Coatings
The bioluminescent signals were significantly lower (p < 0.05)
in the mice possessing the vancomycin implants (POD 1, 3, 5,
and 7) and tigecycline implants (all time points evaluated)
compared with those in the mice with implants treated with the
PEG-PPS coating alone (Figs. 3-A and 3-B). The tigecycline-
coated implants had a bioluminescence signal that was not
above baseline from POD 14 onward, suggesting eradication of
infection below the level of detection by noninvasive imaging.
The quantification of CFUs from the implants and surrounding
tissue on POD 21 showed a decreased number of CFUs cul-
tured from both the vancomycin and tigecycline groups com-
pared with the PEG-PPS group control (Figs. 3-C and 3-D).
While all implants from the PEG-PPS group grew out bacteria
(mean, 2.6 · 102 CFUs), only 60% of the implants in the
vancomycin group (mean, 9 CFUs) and 0% of the implants in
the tigecycline group had bacterial growth (p < 0.05). In the
surrounding bone and joint tissue, all specimens in both the
PEG-PPS and vancomycin groups had CFUgrowth (mean, 5.9 ·
104 and 4.3 · 103 CFUs, respectively), whereas only 60% of the
tigecycline group had any CFUs isolated in the surrounding

tissue (mean, 1.2 · 102 CFUs) (p < 0.05). In summary, a significant
reduction of CFUs from the implants and the surrounding bone
and joint tissue was observed in both the vancomycin and ti-
gecycline implant groups. However, the tigecycline-coated im-
plants were the most effective, as the bacteria were cleared from
implants in all cases, and CFUs were present in only 60% of
the surrounding bone and joint tissue. Finally, as a confir-
mation of safety and biodegradability of the PEG-PPS polymer,
NIR imaging showed a complete resorption of the polymer by
POD 14 (Fig. 4).

Implants coated with PEG-PPS alone showed a dramatic
degree of periprosthetic osteolysis that became evident by
POD 7 and progressed over time. In contrast, antibiotic-
encapsulated PEG-PPS implants showed no detectable ra-
diographic periprosthetic osteolysis (Fig. 5), consistent with
the high efficacy of these coatings in facilitating bacterial clear-
ance from the implants.

Discussion

Infection after total joint arthroplasty represents a clinically
devastating complication that is exceedingly difficult to

prevent and treat9,28,29. The difficulty is due to several host and
pathogen factors, including a high affinity of bacteria for the
foreign implant surface; the formation of biofilm, which blocks
the penetration of immune cells and systemic antibiotics; and
the emergence of antibiotic-resistant organisms8,9,28-36. Given this,

Fig. 5

Representative radiographs from the PEG-PPS, vancomycin (Vanc), and tigecycline (Tig) groups from POD 0 to 28. There was an observable increase

in condylar osteolysis and reactive bone formation in the PEG-PPS group compared with the tigecycline and vancomycin groups, which showed no

detectable radiographic evidence of osteolysis. This suggests clinical relevance of the decrease in bacterial burden in the antibiotic-encapsulated

coatings.
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novel strategies are needed tominimize the number of such cases
that develop infection.

The present study demonstrated that antibiotics—in
this case, vancomycin and tigecycline—can be loaded into
a PEG-PPS polymer coating covalently linked to metal im-
plants. These antibiotics can then be passively released over
the course of 1 week to maintain therapeutic levels during
the perioperative period, or actively induced to release
antibiotic more rapidly in the face of a bacterial challenge.
This is in stark contrast to the poorly controlled, erratic
antibiotic release from PMMA37. The local release of van-
comycin and tigecycline from the PEG-PPS coatings re-
sulted in a significantly lower bacterial burden as measured
by in vivo bioluminescence imaging, with confirmatory
quantification of CFUs isolated from the implants and
surrounding bone and joint tissue on POD 21. Interest-
ingly, the tigecycline-loaded PEG-PPS implants achieved a
more potent antibacterial effect than did the vancomycin-
loaded PEG-PPS and prevented bacterial colonization on
100% of the implants.

The PEG-PPS coating is unique, as it consists of an
inner layer of polymer covalently linked to the implant and
self-assembled outer layers that allow for an active release.
This release, triggered by the bacterially induced hyper-
inflammatory state, can drive the diffusion of antibiotic.
These unique properties have the potential to protect the
implant from bacterial adherence and biofilm formation
as can occur through direct contamination intraoperatively,
or seeding of the implant from transient bacteremia or
infected hematoma formation during the acute postoper-
ative period1,9,28,29,34-36.

In our study, the tigecycline-encapsulated PEG-PPS
coating was particularly effective in preventing any coloni-
zation of bacteria on the implant surface (as evidenced by 0
CFUs cultured from the implant) as well as significantly re-
ducing the CFUs isolated from the surrounding bone and joint
tissue. The enhanced efficacy of tigecycline versus vancomycin-
coated implants requires further investigation. However, a
possible explanation for the increased efficacy is that tige-
cycline has preferential uptake in rodent and human bone
compared with vancomycin38-40. Additional studies should
evaluate the efficacy of these antibiotic polymer coatings at
higher concentrations, of combinations of antibiotics (such as
the synergistic effect of adding rifampin, which has enhanced
therapeutic effect against periprosthetic joint infection in
cases of implant retention41-44), or of these antibiotic polymers
in combination with intravenous prophylactic perioperative
antibiotics.

An important limitation of this coating is that it is de-
signed to be short-acting and biodegradable and, therefore, will
only be effective in preventing infection seeded during surgery
or in the immediate postoperative period. It will not be present
for sources of infection due to hematogenous spread occurring
after the postoperative period at any point during the lifetime
of the implant. Its absorption is presumed to be advantageous,
as it does not impact osseointegration or provide an additional

surface for bacterial adherence, which are important for the
long-term biocompatibility of the implant. Additionally, this
coating was designed to completely elute from the implant by
14 days. As the coating is made by a layering technique, a
longer-duration PEG-PPS coating is easily achievable by add-
ing more layers.

There were several limitations of the study. First, only
the efficacy against S. aureus was evaluated. Additional studies
should include other organisms, such as S. epidermidis, Pro-
pionibacterium acnes, and methicillin-resistant S. aureus
(MRSA). Additionally, while small-animal models inher-
ently simplify the surgical procedure, lessen the cost of ex-
perimentation, provide options for immunomodulation, and
enable rapid feedback for improvements, the findings from
such studies cannot be assumed to be the same as those in
larger animals or humans. Further testing in large animals
and humans is needed. This subsequent work could also
better investigate the host immune response to such infec-
tions45, an avenue of study that was beyond the scope of this
project.

Despite these limitations, we believe that this novel
PEG-PPS implant coating is an effective tool to deliver various
antibiotics or even combinations of antibiotics locally during
the perioperative period. This coating is versatile in that it can
be loaded with many different antibiotics or antimicrobials,
has a passive-release mechanism to consistently ensure levels
above the desired MIC to prevent the development of anti-
biotic resistance, and has an active-release mechanism that
responds to the presence of bacteria with increased antibiotic
release. Additionally, the coating is completely biodegradable
and can be easily applied to implants of all shapes and sizes. In
summary, “smart” antimicrobial implant coatings, such as the
PEG-PPS coating described in this study, have great potential
to minimize the incidence of postoperative infection follow-
ing arthroplasty. n
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