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ABSTRACT
Periprosthetic joint infection (PJI) is a leading cause and major complication of joint replacement failure. As opposed to

standard‐of‐care systemic antibiotic prophylaxis for PJI, we developed and tested titanium femoral intramedullary implants

with titania nanotubes (TNTs) coated with the antibiotic gentamicin and slow‐release agent chitosan through electrophoretic

deposition (EPD) in a mouse model of PJI. We hypothesized that these implants would enable local gentamicin delivery to the

implant surface and surgical site, effectively preventing bacterial colonization. In the mouse PJI model, C57BL/6 mice received

implants with TNTs coated with chitosan (chitosan group; control group) or with TNTs coated with chitosan and gentamicin

(chitosan + gentamicin group; experimental group). Following implant placement, the surgical site was inoculated with 1 × 103

CFUs of Xen36 bioluminescent Staphylococcus aureus. All the mice in the chitosan group and none in the chitosan +

gentamicin group had evidence of infection based on CFU analysis and bioluminescence imaging through the 14‐day assess-

ment postsurgery. Correspondingly, scanning electron microscopy analysis at the implant surface demonstrated bacterial

biofilm only in the chitosan group. Furthermore, periosteal reaction and peri‐implant bone loss at the femur were significantly

reduced in the chitosan + gentamicin group. The chitosan + gentamicin group had reduced pain behavior, improved weight‐
bearing, and increased weight compared to the chitosan‐control group. This study provides preclinical evidence supporting the

efficacy of implants with TNTs coated with chitosan and gentamicin through EPD for preventing bacterial colonization and

biofilm formation in a mouse model of PJI.

1 | Introduction

Periprosthetic joint infection (PJI) refers to infection occurring on
and around a joint replacement implant; bacterial infections com-
prise the vast majority of cases, of which Staphylococcus aureus is
one of the most common causative organisms identified [1–6]. PJI is
the leading cause of modern joint replacement failure [7] and

occurs in approximately 1%–2% of primary total joint arthroplasties
[6, 8, 9], and reported rates can eclipse 9% in revision total joint
arthroplasties [10–12]. Furthermore, PJI is a devastating complica-
tion that is difficult to treat and is associated with significant mor-
bidity and mortality [13–15]. The 5‐year mortality of patients with
PJI is approximately 20%, similar to many common cancers [14, 15].
By 2030, in the United States alone, the total number of annual
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cases of PJI with total hip and knee arthroplasty is projected to be
over 65,000, with an estimated annual hospital cost of $1.85 bil-
lion [16].

There is a crucial need for improved strategies to prevent PJI.
Clinically used peri‐operative systemic antibiotics are limited by low
local bioavailability at the implant and surgical site—this limitation
could be overcome by utilizing an implant antimicrobial coating. To
date, different clinically used orthopedic implant coatings have
included gentamicin poly (D, L‐lactide), silver, and povidone‐iodine
coatings [17]. However, among these technologies, there is limited
clinical development for an implant antimicrobial coating for PJI
prevention. We developed and tested a modified implant with an
antimicrobial coating for PJI prevention. Specifically, we created
titanium (Ti) implants featuring a titania nanotube (TNT) surface
that was coated with the antibiotic gentamicin and the slow‐release
agent chitosan through electrophoretic deposition (EPD) [18].

Ti and its alloys are recognized as implant materials due to their
superb biocompatibility, suitable elasticity, and high corrosion
resistance [19]. Ti can spontaneously form a stable and inert layer of
titanium oxide [20]. When the oxide layer is manipulated at the
nanoscale, nanotubes can be created [21]. TNTs can increase the
surface area and create pockets for drug loading and delivery [18,
22]. Additionally, the enhanced surface area and nanotubular
architecture generated by TNTs can lead to increased titanium‐bone
contact across a larger area, promoting enhanced osseointegra-
tion [23–26].

We previously demonstrated that applying a cathodic potential to
Ti implants with TNTs can effectively create a coating of the
antibiotic gentamicin and the slow‐release agent chitosan on the
implant surface [18]. EPD enables the deposition of a therapeutic
agent onto the implant surface within a few minutes [18]. Coating
the implant with an antibiotic serves two primary functions: (i)
preventing colonization and bacterial biofilm formation on the
implant surface and (ii) allowing the implant to act as an anti-
microbial drug delivery device to the surrounding tissue.

In this investigation, we assessed Ti implants with TNTs coated
with gentamicin and chitosan in a well‐established mouse
model of PJI [27–34] using inoculation with S. aureus at the
time of implant surgery. We monitored for bacterial presence
and secondary markers associated with infection over 14 days
post‐surgery. We hypothesized that Ti implants with TNTs
coated with gentamicin and chitosan would prevent bacterial
colonization at the implant and surgical site over 14 days.

2 | Methods

2.1 | Creation of TNTs on the Implant Surface

Medical grade titanium (Ti‐6Al‐4V) wires (0.6 mm diameter and
30mm length) were obtained from Custom Wire Technologies.
The creation of TNTs on the Ti wire surface was performed
using an anodization process in the presence of ammonium‐
fluoride, as previously described [18]. In brief, a two‐step ano-
dization procedure—1 h at 70 volts (V), followed by 15min
sonication in methanol, and an additional 30 min at 70 V—was
used to create TNTs; this process creates TNTs of approximately

100 nm diameter and 7 μm length [18]. The morphology of the
nanotubes was imaged using a JEOL JSM‐IT500HR Scanning
Electron Microscope (SEM).

2.2 | EPD of Gentamicin and Chitosan Onto the
Implant TNT Surface

Ti wires with TNTs were coated with either chitosan alone or a
combination of chitosan and gentamicin using EPD, as previ-
ously described [18]. Briefly, an Interface 1010E potentiostat
(Gamry Instruments) in a two‐electrode setup was employed,
with the Ti wire serving as the cathode and a spiral‐shaped
platinum wire as the anode. For the EPD of chitosan onto the Ti
wire surface, a one‐step process was conducted by applying a
potential difference of −5 V for 5 min in a solution of 2 mg/mL
chitosan (Sigma‐Aldrich; 448869) [18]. Before EPD, the chitosan
was crosslinked with sodium tripolyphosphate [18].

For the EPD of chitosan and gentamicin onto the Ti wire sur-
face, a two‐step process was utilized. In the first step, a solution
containing both 100mg/mL of gentamicin sulfate (Sigma‐
Aldrich; G1914) and crosslinked chitosan (2 mg/mL) was used
with a potential difference of −5 V for 5 min. In the second step,
2 mg/mL of crosslinked chitosan was applied with a potential
difference of −5 V for 5 min. This two‐step EPD process yields a
mean of 501.5 μg of gentamicin coating on the implant surface
[18]. In prior in vitro studies, EPD of chitosan and gentamicin
produced a cumulative gentamicin release of 400–550 μg from
the implant, as determined through fractional volume sampling
over 3 days. Drug release was primarily diffusion‐driven, ex-
hibiting an initial burst phase followed by a sustained, slower
release of gentamicin over a 3‐day assessment period [18].

2.3 | Mouse Model of PJI

This research received approval from the Rush University Medical
Center Institutional Animal Care and Use Committee (IACUC No:
23‐012). All procedures adhered to the standards outlined in the
Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, National Academy of Sciences, Be-
thesda, MD, USA). A well‐established mouse PJI model was used,
as previously detailed [27–34]. Before surgery, the right hindlimb of
12‐week‐old C57BL/6J male mice (Jackson Laboratories) under-
went hair removal with the aid of an electric hair clipper and Nair
hair removal cream. Baseline measurements were taken for bio-
luminescence imaging (BLI), pain behavior, and weight‐bearing.

On the day of surgery, mice were provided subcutaneous (SC)
buprenorphine (0.1mg/kg) analgesic, anesthetized using 2% iso-
flurane, and weighed. Surgery was performed using aseptic meth-
ods with the aid of a stereomicroscope (Zeiss, Stemi 508), as
previously described [27]. An incision was made on the skin above
the right knee. A medial parapatellar arthrotomy was performed.
The quadriceps‐patellar complex was laterally displaced to expose
the femoral condyles and intercondylar notch. A 25‐gauge syringe
needle was utilized to create a hole in the trochlear groove and
ream the distal intramedullary canal of the femur. Prepared Ti
implants with TNTs coated with chitosan or chitosan+ gentamicin
that were cut to a length of 7mm were inserted retrogradely into
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the intramedullary canal of the femur using a pin holder (Fine
Science Tools, 26018‐17), leaving 1mm exposed outside of the bone.

Following implant placement and with the knee joint surgical site
exposed, 1 × 103 CFUs of Xen36 S. aureus in a 2 μL solution was
administered dropwise, using a 5 μL Hamilton microliter syringe,
directly on top of the exposed distal implant [27]. Inoculation with
1 × 103 CFUs of Xen36 S. aureus has consistently provided chronic
infection in this mouse PJI model [27, 30, 34, 35], for as long
as a 42‐day assessment [34]. The quadriceps‐patellar complex was
repositioned to the midline. The knee joint capsule was closed
with 6‐0 VICRYL sutures (Ethicon), and 6‐0 PROLENE sutures
(Ethicon) were used for skin closure. An X‐ray was performed for
each mouse to confirm femoral implant placement.

Post‐surgery, specific outcome assessments included BLI on
Days 1, 3, 5, 7, 10, and 14, X‐ray (Day 14), pain behavior (Days 3
and 14), weight‐bearing (Days 3 and 14), and weight change
between Day 0 and Day 14. Mice were killed on Day 3 for
colony‐forming unit (CFU) analysis at the implant and tissue, as
well as on Day 14 for CFU analysis at the implant and tissue,
SEM at the implant, and histological analysis at the tissue.
Additionally, mice were monitored daily for signs of general
pain and distress, as outlined in Supplementary Methods S1. Per
our IACUC protocol, euthanasia was planned at any time point
for any mouse exhibiting severe pain or distress.

All mice received inoculation at the open surgical site with Xen36 S.
aureus. The control implant group had implants with TNTs coated
with chitosan through EPD, which were labeled as the chitosan
group. The experimental implant group received implants with
TNTs coated with gentamicin and chitosan through EPD, which
were termed the chitosan+ gentamicin group. A total of 30 mice
underwent implant placement: n=15 chitosan group, n=15 chit-
osan+ gentamicin group. On Day 3, n=6 mice from each of the
two groups were harvested for CFU analysis, having received BLI
up to Day 3. The remaining mice (n=9 chitosan group and n=9
chitosan+ gentamicin group) were assessed with BLI up to Day 14,
as well as pain behavior and weight‐bearing (Days 3 and 14), X‐ray
(Day 14), and weight change (Day 14). These mice were then
harvested on Day 14 for CFU analysis (n=6 per group), as well as
SEM analysis at the implant and histologic analysis at the tissue
(n=3) per group.

For all studies, the primary outcome was the evaluation of bacteria
at the tissue and implant by CFU analysis on Day 3 and Day 14. The
remaining assessments were secondary experimental outcomes.
Studies were reported in adherence to the ARRIVE guidelines
(Animal Research: Reporting of In Vivo Experiments) [36].

2.4 | Preparation of Bacteria

This study utilized bioluminescent Xen36 S. aureus (Perkin Elmer),
as previously utilized in the mouse model of PJI [27, 29–31, 33, 34].
Bacterial cultures of Xen36 S. aureus were grown overnight in
tryptic soy broth (TSB) the day before surgery. Directly before sur-
gery, S. aureus was diluted in TSB to achieve an optical density of
0.5 at 600 nm, as measured with a spectrophotometer against a TSB
blank; this corresponds to approximately 1.0 × 108 CFU/mL. This
bacterial suspension was then further diluted to 5× 105 CFU/mL in

PBS. During the surgical procedure, following implant placement,
2 μL of the 5 × 105 CFU/mL of bacterial solution was inoculated at
the surgical site with a 5 μL Hamilton syringe, delivering a total of
1 × 103 CFUs to the knee joint surgical site.

2.5 | BLI

BLI was conducted using the IVIS Lumina II In Vivo Imaging
System (Perkin Elmer), as previously described [27]. The
intensity of the S. aureus bioluminescent signal directly corre-
lates with the bacterial burden quantified by CFU count in the
mouse PJI model [28]. For BLI, a 5‐min exposure time was
utilized. For quantitative assessment of the bioluminescent
signal, a standard circular region of interest (ROI) was used,
covering the distal 1/4th of the femur and the proximal 1/4th of
the tibia/fibula, and quantification was performed by assessing
average radiance (photons/s/cm²/sr) at the ROI [27]. Imaging
was performed under 2% isoflurane anesthesia.

2.6 | CFU Assay

The distal 1/4th of the femur and the proximal 1/4th of the tibia/
fibula were cut from the right hindlimb to harvest the knee joint
[27]. The bone and soft tissue of the knee joint, excluding the skin,
were utilized for CFU analysis. The implant was carefully removed
from the femur. The knee joint bone and soft tissue and implant
were placed in separate Eppendorf tubes in 6mg/mL collagenase
D solution. Using sterile, straight, fine‐tipped scissors, the tissue
was dissected into pieces of approximately 1mm directly within
the tubes. The tissue and implants underwent a 30‐second cycle of
high‐speed vortexing, followed by a 15‐min incubation at 37°C.
This process was repeated with an additional 30‐s vortex cycle and
a 15‐min incubation at 37°C. CFU counts from processed tissues
and implants were measured using serial dilution and plating
techniques, as detailed previously [27, 37–41]. Serial dilutions in
PBS that ranged from 10−1 to 10−5 in 96‐well microplates were
performed. Aliquots (10 μL) were spot‐plated on tryptic soy agar
plates and incubated at 37°C overnight. The following day, CFU
counts were quantified. Bacterial burden was expressed as CFU
per gram (g) of tissue and CFU per implant [27].

2.7 | Histology

Preparation of femur tissue for histologic analysis was per-
formed as previously described [27].

The tissue was harvested and fixed in 4% formaldehyde for 3
days at 4°C, followed by storage in 70% ethanol at 4°C. The
tissue underwent decalcification in 0.5M EDTA (pH 8.0) at 4°C
for 14–21 days, followed by embedding in paraffin. Serial 5 μm
sagittal sections were prepared and stained with hematoxylin
and eosin (H&E). These sections were imaged using an Olym-
pus BX43 light microscope.

2.8 | Weight‐Bearing

Mice were recorded for weight‐bearing at the implant leg using
slow‐motion video software on an iPhone 14 [27, 42]. The
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grading system for the right hindlimb is the following: full
weight‐bearing (three points), partial weight‐bearing (two
points), toe‐touch (one point), and nonweight‐bearing (0 points).
Scoring was conducted by two blinded observers, yielding a high
intraclass correlation coefficient (ICC) of 0.98 with a 95% confi-
dence interval (CI) of 0.96–0.99. The mean score between two
blinded observers was used for each mouse.

2.9 | Pain Behavior

To evaluate pain behavior at the implant leg, mechanical allo-
dynia was evaluated using von Frey filament testing [27, 43, 44].
Mice were positioned on an IITC mesh stand (part# 408) inside
a small plastic enclosure. Calibrated von Frey monofilaments
(Stoelting Touch Test Sensory Evaluator Kit), ranging from fil-
ament forces of 2.44–4.74 grams‐force, were used to assess the
response. The monofilaments were gently pressed against the
plantar surface of the right hind paw with sufficient force to
bend the monofilament for 3 s or until a pain response was
observed. A modified up‐down method was utilized to quantify
the paw withdrawal threshold force in g [27, 43, 44].

2.10 | Weight

Mice were weighed directly before surgery and again on Day 14
postsurgery. Weight was measured in g using an electronic
balance (Ohaus, Scout SPX). Change in weight from baseline to
Day 14 was assessed between groups.

2.11 | Radiography

Mice underwent X‐ray imaging under 2% isoflurane anesthesia
using a KUBTEC PARAMETER X‐ray Cabinet directly after
implant placement and on Day 14. Radiographic scoring criteria
were modified based on what we have previously described [27]
and discussed by others [42, 45]. Scores for periosteal reaction
and peri‐implant bone loss were determined on a scale of 0–2. A
score of 2 represented the worst or most severe score, and 0
represented no or minimal pathology. Further details on scoring
criteria for a score of 0–2 are provided in Supporting Informa-
tion S2: Tables S1 and S2. Scoring was performed by two blin-
ded observers. There was a high ICC between the two blinded
observers for periosteal reaction (ICC= 0.98; 95% CI of
0.95–0.99) and peri‐implant bone loss (ICC= 0.94; 95% CI
0.84–0.98). The mean score between the two blinded observers
was used for each radiographic assessment. The mean score for
periosteal reaction and peri‐implant bone loss was added
together to calculate a total radiographic PJI score.

2.12 | SEM

The preparation of implants for SEM was adapted from previous
investigations [46–48]. Implants were harvested and rinsed in
phosphate‐buffered saline (PBS) and underwent fixation with 2%
glutaraldehyde/PBS at 4°C for 2 h, rinsed in PBS, and then
treated with 1% osmium tetroxide/PBS for 1 h. Implants were

then rinsed in PBS, followed by dehydration in an ethanol series,
and were then placed in hexamethyldisilazane for 10min. Im-
plants were stored in a desiccator overnight, prepared with gold
sputtering, and imaged using a JEOL JSM‐IT500HR SEM.

2.13 | Statistical Analysis

For longitudinal BLI data that combined data from mice har-
vested from both Day 3 and Day 14, a mixed effects analysis with
Bonferroni's correction for multiple comparisons was performed.
For longitudinal pain‐behavior and weight‐bearing data that
evaluated only the mice harvested at Day 14, repeated measures
two‐way analysis of variance (ANOVA) with Bonferroni's cor-
rection for multiple comparisons was performed. To assess the
presence or absence of bacteria, a chi‐square test was planned
unless an expected cell count was less than 5, in which a Fisher's
exact test was performed. For the remaining assessments, tests
for normality were performed with a Shapiro–Wilk test. Nor-
mally distributed data was evaluated using an unpaired t‐test.
Non‐normally distributed data was analyzed using a
Mann–Whitney U test. For pain behavior, weight‐bearing, and x‐
ray scoring using two blinded observers, statistical analysis for
the ICC was conducted using SPSS Statistics software version 29.
Prism software version 10 was used to perform the remaining
analyses. Data are presented as mean± SD. A p≤ 0.05 was set as
the threshold for statistical significance.

3 | Results

The presence of TNTs, as well as the successful deposition of
chitosan or chitosan + gentamicin on the implants following
the EPD coating procedure, was confirmed with SEM (Fig-
ure 1A–C). The placement of the femoral intramedullary
implant is illustrated in Figure 1D. An overview of the eva-
luation of bacterial presence and secondary infection markers in
the mouse PJI model is provided in Figure 1E–L. No deaths or
indications of severe pain or distress necessitating euthanasia,
as outlined in Supplementary Methods S1, were observed in
either group. Correspondingly, no animals were excluded from
the study, and the assessments were conducted as outlined.

3.1 | Implants With TNTs Coated With Chitosan
and Gentamicin Prevent Evidence of Infection on
BLI and CFU Analysis

In the chitosan group, an increase in bioluminescent signal from
Xen36 S. aureus was observed at the surgical implant and inocu-
lation site from Days 1 to 14, peaking on Day 3 (Figure 2A,B).
Conversely, the chitosan+ gentamicin group exhibited no increase
in bioluminescence signal above baseline throughout the 14‐day
period (Figure 2A,B). Quantitative analysis of bioluminescence
signal intensity revealed significant differences between the chit-
osan and the chitosan+ gentamicin groups on Days 1, 3, and 5
(Figure 2B).

At Day 3, the chitosan + gentamicin group, as compared to the
chitosan group, exhibited lower CFU counts in both the tissue
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(0.00 ± 0.00 CFUs vs. 2.93 × 10⁵± 1.72 × 105 CFUs; p< 0.01)
(Figure 2C) and on the implant (0.00 ± 0.00 CFUs vs. 1.12 × 10³
± 1.08 × 103 CFUs; p< 0.01) (Figure 2D). At Day 3, the presence
of any bacteria was lower in the chitosan + gentamicin group as
compared to the chitosan group, both in tissue (0/6 vs. 6/6;
p< 0.01) and on the implant (0/6 vs. 6/6; p< 0.01) (Figure 2E).
At Day 14, these findings continued with the chitosan +
gentamicin group showing lower CFU counts compared to the
chitosan group, both in tissue (0.00 ± 0.00 CFUs vs.
8.43 × 10⁴± 1.96 × 105 CFUs; p< 0.01) (Figure 2F) and on the
implant (0.00 ± 0.00 CFUs vs. 3.48 × 10² ± 3.25 × 102 CFUs;
p= 0.016) (Figure 2G). Furthermore, the presence of any bacteria
remained markedly lower in the chitosan+ gentamicin group
compared to the chitosan group, both in tissue (0/6 vs. 6/6;
p< 0.01) and on the implant (0/6 vs. 6/6; p< 0.01) (Figure 2H).

3.2 | Implants With TNTs Coated With Chitosan
and Gentamicin Prevent Bone Pathology on
Radiography and Histology

The chitosan‐control group exhibited an increased presence and
severity of periosteal reaction and peri‐implant bone loss at the

distal femur implant site on X‐ray imaging on Day 14
(Figure 3A). Radiographic scoring, with scores ranging up to
two for the most severe cases, indicated that the severity of
periosteal reaction was significantly higher in the chitosan‐
control group as compared to the chitosan + gentamicin group
(1.39 ± 0.86 vs. 0.22 ± 0.44; p< 0.01). Additionally, radiographic
scoring for peri‐implant bone loss was higher in the chitosan
group (0.83 ± 0.79 vs. 0.06 ± 0.17; p= 0.016) (Figure 3B). The
combined PJI score was also higher in the chitosan‐control
group than in the chitosan + gentamicin group (2.22 ± 1.56 vs.
0.28 ± 0.44; p= 0.012) (Figure 3B). On histologic analysis, at
Day 14, severe bone loss and corresponding severe inflamma-
tory infiltrate at the distal femur were evident in the chitosan
group (Figure 4A left, marked by *), which was not present in
the chitosan + gentamicin group (Figure 4A right).

3.3 | Implants With TNTs Coated With Chitosan
and Gentamicin Prevent Evidence of Biofilm on the
Implant Surface

In the chitosan group, SEM imaging of the distal implant
revealed distinct areas of ~0.5–1.5 μm spheres covered and

FIGURE 1 | Study overview: (A) Implant with TNTs without coating; (B) Implant with TNTs and electrophoretic deposition (EPD) of chitosan;

(C) Implant with TNTs and EPD of chitosan + gentamicin; (D) Illustration of mouse with surgically placed femoral intramedullary implant;

(E) Control group received implants with TNTs and EPD of chitosan, while the experimental group received implants with TNTs and EPD of

chitosan + gentamicin; (F) Implants were surgically placed in the femoral intramedullary canal, and the surgical site was inoculated with 1 × 103

CFU of Xen36 S. aureus; (G) CFU analysis of the tissue and implant was performed at Days 3 and 14; (H) SEM analysis for implant biofilm was

conducted at Day 14; (I) Bioluminescence imaging for bioluminescent Xen36 S. aureus was performed at baseline and on Days 1, 3, 5, 7, 10, and 14.

*There were n= 15 mice available per group for bioluminescence imaging until Day 3 harvest for CFU analysis, which was reduced to n= 9 available

mice per group thereafter; (J) Pain behavior and weight‐bearing tests were conducted at baseline, Day 3, and Day 14; (K) Weight was measured at

baseline and Day 14; (L) X‐ray imaging of the femoral implant and surrounding tissue was performed following implant placement at baseline and at

Day 14. White scale bar = 0.5 μm; black scale bars = 2 μm.

675 of 714

 1554527x, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jor.26029 by <

Shibboleth>
-m

em
ber@

rush.edu, W
iley O

nline L
ibrary on [14/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



connected by an extracellular matrix characteristic of S. aureus
biofilm at Day 14. The highest amount of biofilm was identified
covering the exposed TNT surface (Figure 4B). Regions of
residual chitosan coating were also observed on the distal

implant surface (Figure 4B). In contrast, in the chitosan +
gentamicin group, characteristic bacterial biofilm was not
identified on the distal implant surface, neither on the TNT
surface nor on the residual chitosan layer (Figure 4B).

FIGURE 2 | Implants with TNTs Coated with Chitosan and Gentamicin Prevent Evidence of Infection on BLI and CFU Analysis. (A) BLI for

bioluminescent Xen36 Staphylococcus aureus. Orange dashed circles represent the region of interest at the knee joint used for quantification of the

bioluminescent signal. (B) Quantification of bioluminescent signal at the region of interest at the knee joint. (C, D) CFU quantification at the tissue

and implant at Day 3. Values of 0 were represented as 1 × 10⁰ to conform to the log scale axis. (E) Presence or absence of bacterial CFUs at the tissue

or implant at Day 3. (F, G) CFU quantification at the tissue and implant at Day 14. Values of 0 were represented as 1 × 10⁰ to conform to the log scale

axis. (H) Presence or absence of bacterial CFUs at the tissue or implant at Day 14. Data are represented as mean ± SD; *p< 0.05, **p< 0.01,

***p< 0.001, ****p< 0.0001.

FIGURE 3 | Implants with TNTs coated with chitosan and gentamicin prevent bone‐infection associated pathology on radiography: (A) X‐ray of

the femur and femoral implant at Day 0 and Day 14. The orange arrow highlights the periosteal reaction, and the blue arrow highlights peri‐implant

bone loss; (B) Radiographic scoring at Day 14 for periosteal reaction, peri‐implant bone loss, and combined PJI score (combined periosteal reaction

and peri‐implant bone loss score). White scale bar = 1.5 mm. Data are represented as mean ± SD; *p< 0.05, **p< 0.01.
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3.4 | Implants With TNTs Coated With Chitosan
and Gentamicin Reduced Pain Behavior and
Increased Weight‐Bearing

The chitosan group exhibited greater pain behavior
(mechanical allodynia) compared to the chitosan + gentamicin
group, as evidenced by lower withdrawal force thresholds on

von Frey filament testing at both Day 3 (0.58 ± 0.48 g vs.
3.91 ± 2.16 g; p< 0.01) and Day 14 (0.11 ± 0.09 g vs.
4.84 ± 1.85 g; p< 0.001) (Figure 5A). The chitosan group ex-
hibited significantly worse (lower) weight‐bearing scores
compared to the chitosan + gentamicin group at both Day 3
(0.44 ± 0.46 vs. 2.50 ± 0.50; p< 0.0001) and Day 14 (1.44 ± 0.77
vs. 3.00 ± 0.00; p< 0.0001). At Day 14, all mice in the

FIGURE 4 | Implants with TNTs coated with chitosan and gentamicin prevent bone‐infection associated pathology on histology and prevent

evidence of biofilm on the implant surface on SEM: (A) Representative images of paraffin‐embedded distal femurs with implants removed and H&E

staining. *Regions of substantial inflammatory infiltrate into the bone surrounding the implant, which were present in the chitosan group but not

seen in the chitosan + gentamicin group. (B) Representative SEM images of the distal implants with magnified views of a region with bare titanium

nanotubes (1) and residual chitosan coating (2). Bacterial biofilms were identified in the chitosan group implants as ~0.5–1.5 μm spheres representing

Staphylococcus aureus and extracellular matrix connecting and covering the bacteria, which was not identified in the chitosan + gentamicin group

implants. Black scale bars = 500 μm; white scale bars = 100 μm; orange scale bars = 2 μm.

FIGURE 5 | Implants with TNTs coated with chitosan and gentamicin reduced pain behavior, increased weight‐bearing, and reduced weight

loss: (A) Pain behavior (mechanical allodynia) assessed with von Frey filament testing; (B) Weight‐bearing score at the implant leg; (C) Change in

weight between Day 0 (baseline) and Day 14; Data represented by mean ± SD; *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001.
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chitosan + gentamicin group had a score of 3, representing full
weight‐bearing (Figure 5B).

3.5 | Implants With TNTs Coated With Chitosan
and Gentamicin Reduced Weight Loss

At baseline, directly before surgery, the chitosan group weighed
similarly to the chitosan + gentamicin group (27.54 ± 1.31 g vs.
28.10 ± 1.55 g; p= 0.42). By Day 14 postsurgery, the chitosan
group lost 0.61 ± 1.07 g, and the chitosan + gentamicin group
gained 0.40 ± 0.77 g. The difference in weight change between
the groups was statistically significant (p= 0.035) (Figure 5C).

4 | Discussion

About half of hospital‐acquired infections in the United States
are associated with indwelling devices, with surgical implant
infections, such as joint prostheses, being particularly chal-
lenging to manage [49]. PJI is now the leading cause of joint
replacement failure [7]. Biofilm formation, which protects
bacteria from antimicrobial agents and the immune response,
contributes to persistent infections around surgical implants
[49, 50]. In this study, implants with TNTs coated with chitosan
and gentamicin via EPD prevented bacterial colonization and
biofilm formation at the implant and surgical site in a mouse
PJI model with S. aureus inoculation at the surgical site. Our
findings demonstrate an implant and coating technology in an
animal model that may effectively prevent peri‐operative
infection. This approach has the potential to reduce hospital‐
acquired infections associated with surgical implants, such as
joint prostheses.

Based on the CFU assays on Days 3 and 14, mice receiving
implants with TNTs coated with chitosan and gentamicin
showed no CFUs cultured from the implant or surrounding
tissue. Yang et al. demonstrated, using a rat femoral implant‐
associated infection model with S. aureus, that implants with
TNTs coated with gentamicin via a lyophilization method
reduced CFU counts in tissue and on implants compared to
control groups; however, CFUs were still detected [51]. In this
investigation, the absence of CFUs detected in tissue and on
implants may be attributed to the enhanced drug loading of
gentamicin achieved through EPD as opposed to the lyophili-
zation method.

Yang et al. utilized implants in vivo with TNTs measuring
80 nm in diameter [51]. In their prior in vitro studies, lyophi-
lization was used to load gentamicin on one side of a disc with a
10mm diameter (surface area: 78.5 mm²), achieving a cumu-
lative gentamicin release of 91.45 μg over 57 h [52], which
corresponds to 1.2 μg/mm² of gentamicin release relative to
surface area. In contrast, our protocol produces TNTs with a
diameter of 100 nm and enhances gentamicin localization above
and within the TNT surface by combining chitosan with gen-
tamicin via EPD [18]. In previous in vitro studies, this EPD
coating method on the surface of cylindrical TNT implants with
a 0.6 mm diameter and a coated length of 11mm (surface area:
21.3 mm²) achieved gentamicin release rates of 486.0 μg over
54 h and 501.5 μg over 72 h [18], equating to 22.8–23.5 μg/mm²

of release. Thus, compared to the lyophilization approach by
Yang et al. our TNT implants loaded via EPD with chitosan and
gentamicin may have an estimated 19‐fold increase in genta-
micin release per surface area over time.

Other factors, such as inoculation dose, strain of S. aureus, or
location of inoculation, may also have contributed to the dif-
ferences in CFU counts observed between Yang et al. and this
current study at the implant and tissue at the study endpoints.
In this study, consistent with the absence of CFUs detected in
tissue and on implants, the chitosan + gentamicin group ex-
hibited substantially reduced or absent secondary markers
associated with infection, which included bacterial BLI signal,
implant biofilm, periosteal reaction, peri‐implant bone loss,
bone inflammatory infiltrate, weight‐loss, as well as pain
behavior and weight‐bearing assessments.

Bernthal et al. demonstrated a strong correlation between BLI
signal intensity around the knee joint implant site and total ex
vivo CFUs harvested from tissue and implants in a mouse PJI
model using bioluminescent S. aureus (R² = 0.9873) [28]. In the
present study, the chitosan + gentamicin group maintained BLI
signal intensity at or below baseline levels at all evaluated time
points (Days 1, 3, 5, 7, 10, and 14) following surgery and
inoculation. The baseline BLI signal was recorded before sur-
gery and inoculation with bioluminescent Xen36 S. aureus. The
lack of increase in BLI signal above baseline across these time
points in the chitosan + gentamicin group supports the anti-
microbial efficacy of the implants, further corroborated by the
absence of detectable biofilm on the implant surface as observed
by SEM imaging.

While there was an absence of detection of bacteria and biofilm,
it is noteworthy that a mild‐to‐moderate periosteal reaction was
observed in a few mice on Day 14 in the chitosan + gentamicin
group on radiography. In a previous study using the same
animal model, we found that mice receiving control uncoated
femoral implants without bacterial inoculation often exhibited
evidence of mild periosteal reaction on microcomputed
tomography [27]. These findings indicate that trauma, a well‐
known mediator of periosteal reaction [53], from implant sur-
gery itself induced an inflammatory response, leading to peri-
osteal reaction. While this finding was evident on plain X‐ray in
a few mice in the chitosan + gentamicin group, periosteal
reaction in this group was dramatically lower as compared to
the chitosan group.

Pain, as well as joint dysfunction, are frequent symptoms in
patients with PJI [54–56]. We evaluated these symptoms
through assessments of mechanical allodynia and weight‐
bearing on the implant leg, both of which were improved in the
chitosan + gentamicin group. By Day 14, all mice in the chit-
osan + gentamicin group exhibited full weight‐bearing on the
implant leg, and this group had no significant change in
mechanical allodynia between baseline (Day 0) and Day 14.

A strength of this study is the use of a well‐established mouse
model of PJI [27–34] and the use of S. aureus, one of the most
common pathogens isolated in patients with PJI [1–6]. A limi-
tation is that only gentamicin was tested as an antimicrobial
drug. Other antibiotics, such as vancomycin, could also be
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utilized for EPD coating, which has previously been performed
[57]. The implants in this study were not assessed for osseoin-
tegration capabilities. Our previous research indicated that a
24‐h incubation period of these TNT implants coated with
chitosan + gentamicin in culture did not negatively impact
osteoblast viability in vitro [18]. In the present study, mice
inoculated with S. aureus with TNT implants coated with
chitosan + gentamicin showed minimal peri‐implant bone loss
and inflammatory infiltration around the implant site in the
distal femur, as observed in H&E‐stained sections at Day 14.
This observation was consistent with our previous findings in
the control group of the mouse model without bacterial inoc-
ulation using stainless steel femoral implants [27].

Prior animal studies have demonstrated that implants with TNTs
can enhance osseointegration [23–26]. Given the EPD coating
applied to the TNT surface in this study, it is crucial to evaluate
the osseointegration potential of these implants in vivo. We are
currently conducting such evaluations and plan to extend these
investigations in future studies. Furthermore, the capability of
the implant surface and coating to withstand higher impact and
abrasion forces, as seen in the clinical setting as opposed to a
mouse surgical model, requires further exploration.

Another limitation is that we did not conduct an in‐depth
evaluation of adverse side effects from the implants. Mice were
monitored daily and, based on our IACUC protocol, exhibited
no physical or behavioral signs of pain or distress, as outlined in
Supplementary Methods S1, necessitating euthanasia. Chitosan
has an FDA generally recognized as safe (GRAS) status and is
commonly used in dietary supplements and medical devices,
such as wound dressings and gels [58]. The primary concerns
regarding gentamicin‐related adverse effects are nephrotoxicity
and ototoxicity [59], which were not assessed in this study. In
the clinical studies of gentamicin poly (D, L‐lactide) orthopedic
implant coatings have reported the benefit of delivering local-
ized high concentrations of gentamicin directly to the target
site, avoiding high systemic doses and systemic side effects,
such as nephrotoxicity and ototoxicity [60, 61].

Another potential concern is local toxicity of the implant coating.
Our previous studies showed no adverse effects on osteoblast
viability with our coated implants in vitro [18]. Additionally, in
this study, the surrounding bone tissue of mice with TNT‐coated
implants loaded with chitosan and gentamicin and inoculated
with Xen36 S. aureus at surgery did not exhibit substantial bone
pathology on histologic and X‐ray analysis and was similar to
what we observed in mice with bare stainless steel femoral im-
plants without infection [27]. However, the present study offers a
limited analysis of local adverse effects, an area we are actively
investigating. This includes studies conducted in the absence of
infection, using implants coated with the same gentamicin con-
centration as in the current investigation, as well as coatings with
a tenfold lower gentamicin dose achieved by adjusting the volt-
age and duration in the EPD process.

5 | Conclusion

The application of Ti implants with TNTs coated with chitosan
and gentamicin via EPD effectively prevented bacterial

colonization on the implant and peri‐implant tissue in a mouse
model of PJI. This study presents preclinical evidence sup-
porting the efficacy of a novel implant coating and localized
antimicrobial delivery system for PJI prevention. Further
research is needed to assess how implants with TNTs coated
with chitosan and gentamicin via EPD would translate to
clinical applications, particularly regarding their impact on os-
seointegration and overall performance as prosthetic devices.
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