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Abstract

Background Implant-related infections are associated
with impaired bone healing and osseointegration. In vitro
antiadhesive and antibacterial properties and in vivo anti-
inflammatory effects protecting against bone loss of vari-
ous formulations of vitamin E have been demonstrated in
animal models. However, to the best of our knowledge, no
in vivo studies have demonstrated the synergistic activity
of vitamin E in preventing bacterial adhesion to ortho-
paedic implants, thus supporting the bone-implant
integration.

Questions/purposes The purpose of this study was to test
whether a vitamin E phosphate coating on titanium
implants may be able to reduce (1) the bacterial coloniza-
tion of prosthetic implants and (2) bone resorption and
osteomyelitis in a rat model of Staphylococcus aureus-
induced implant-related infection.

Methods Twelve rats were bilaterally injected in the fe-
murs with S aureus UAMS-1-Xen40 and implanted with
uncoated or vitamin E phosphate-coated titanium Kirsch-
ner wires without local or systemic antibiotic prophylaxis.
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Eight rats represented the uninfected control group. A few
hours after surgery, two control and three infected animals
died as a result of unexpected complications. With the
remaining rats, we assessed the presence of bacterial con-
tamination with qualitative bioluminescence imaging and
Gram-positive staining and with quantitative bacterial
count. Bone changes in terms of resorption and osteomy-
elitis were quantitatively analyzed through micro-CT (bone
mineral density) and semiquantitatively through histologic
scoring systems.

Results Six weeks after implantation, we found only
amild decrease in bacterial count in coated versus uncoated
implants (Ti versus controls: mean difference [MD],
-3.705; 95% confidence interval [CI], -4.416 to -2.994; p <
0.001; TiVE versus controls: MD, -3.063; 95% CI, -3.672
to -2.454; p < 0.001), whereas micro-CT analysis showed
a higher bone mineral density at the knee and femoral
metaphysis in the vitamin E-treated group compared with
uncoated implants (knee joint: MD, -11.88; 95% CI,
-16.100 to -7.664; p < 0.001 and femoral metaphysis: MD,
-19.87; 95% CI, -28.82 to -10.93; p < 0.001). We found
decreased osteonecrosis (difference between medians, 1.5;
95% CI, 1-2; p <0.002) in the infected group receiving the
vitamin E-coated nails compared with the uncoated nails.
Conclusions These preliminary findings indicate that vi-
tamin E phosphate implant coatings can exert a protective
effect on bone deposition in a highly contaminated animal
model of implant-related infection.

Clinical Relevance The use of vitamin E coatings may
open new perspectives for developing coatings that can
limit septic loosening of infected implants with bacterial
contamination. However, a deeper insight into the mech-
anism of action and the local release of vitamin E as
a coating for orthopaedic implants is required to be used in
clinics in the near future. Although this study cannot sup-
port the antimicrobial properties of vitamin E, promising
results were obtained for bone-implant osseointegration.
These preliminary results will require further in vivo
investigations to optimize the host response in the presence
of antibiotic prophylaxis.

Introduction

Periprosthetic joint infections (PJIs) represent a severe
complication and a clinical burden after total arthroplasty,
occurring in some series in as many as 3% of primary knee
and hip implant procedures [45] and up to 15.4% of hip and
25% of knee implant revisions [19]. The PJI risk may be as
high as 36% when associated with the use of mega-
prostheses for large bone removal or tumor surgery [17].
These infections are biofilm-related and are mainly caused
by Staphylococcus species [29, 43]. To reduce the risk of

PJI and implant-related infections, several antibacterial
coatings have been studied during the last decade [15, 38].
Although research has focused on the development of ef-
fective antimicrobial surfaces to prevent bacterial adhesion
and proliferation on prosthetic implants, no effective
strategy has been developed to reduce the impact of bac-
teria on the surrounding tissues, including inflammation
and bone loss, which are the main results of bacterial col-
onization of biomaterials. This is particularly important in
orthopaedics, in which maintaining functional activity of
resident cells is mandatory for good osseointegration of the
prosthesis [8].

Recent studies have investigated the immunomodula-
tory and antibacterial properties of vitamin E (a-tocoph-
erol) and of its acetate and phosphate esters against
Gram-positive and Gram-negative bacteria [2, 6, 7]. Our
group found differences in antimicrobial activity among
various forms of vitamin E, in which the water-soluble
phosphate ester form showed a direct in vitro antimicrobial
effect on antiadhesion and antibiofilm activities [6]. These
findings were similar to previous investigations that
reported how vitamin E may reduce bacterial adhesion as
a result of its antioxidant property through inhibition of
bacterial exopolymer-producing enzymes and through the
modulation of the immune function, thus reducing the
bacterial colonization [3, 4, 14, 20]. Moreover, the study by
Bidossi et al. [6] demonstrated in vitro that the vitamin E
phosphate form was consistently absorbed into the titanium
surface without diffusing into the surrounding environ-
ment. Other studies focused on both the immunomodula-
tory and anabolic capabilities of vitamin E [12, 27, 33]; in
human subjects and animal models, high doses of vitamin
E exhibited antiinflammatory effects by decreasing C-
reactive protein and inhibiting the release of proin-
flammatory cytokines [13, 41]. Because vitamin E also
inhibited cyclooxygenase-2 activity, it was thought to exert
antiinflammatory and anticarcinogenic activities [18]. This
was demonstrated by Yang and colleagues [46], who found
that vitamin E lowered the colon inflammation index and
reduced the number of colon adenomas in mice. More re-
cently, various vitamin E formulations have been shown to
suppress bone resorption cytokines [32].

Based on these findings, we investigated whether a vi-
tamin E phosphate coating on titanium implants may re-
duce (1) bacterial colonization of prosthetic implants and
(2) bone resorption and osteomyelitis in a rat model of
Staphylococcus aureus-induced implant-related infection.

Materials and Methods

Twenty 12-week-old Wistar male rats (Envigo RMS Srl,
San Pietro al Natisone, Udine, Italy) were randomly
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assigned to the control (Control) group, which were
injected with 5 wL of phosphate-buffered saline (PBS; n =
8) or to the infected group (Xen40; n = 12), which were
injected with 5 wL of a PBS suspension containing 3 x 10*
colony-forming units (CFU) of the bioluminescent strain S
aureus UAMS-1Xend40 (No. 119244; Perkin Elmer Inc,
Waltham, MA, USA). The control group was included to
assess infection development in the Xen40 group as well as
the host and tissue responses toward the vitamin E-coated
implants. All animals bilaterally received smooth titanium
Kirschner wires that were coated with vitamin E (TiVE) or
left uncoated (Ti) within the femoral canal to generate an
internal control, as described in Shiels et al. [39].

To assess animal welfare and the development of the
infections, we monitored both control and Xen40-infected
rats for body weight and neutrophil count compared with
the baseline at Day 0. The bacterial colonization of the
Xen40 group was evaluated through qualitative analyses
(bioluminescence imaging and Gram-positive staining)
and quantitative microbiologic tests (Day 42) by compar-
ing Ti- and TiVE-implanted limbs. Quantitative micro-CT
and semiquantitative histologic analyses were performed to
evaluate bone resorption and osteomyelitis between groups
(Table 1).

The Mario Negri Institute for Pharmacological Re-
search (IRFMN) Animal Care and Use Committee ap-
proved the entire study (Permit No. 1079/2016-PR). The
animals were housed at the institute’s animal care facilities
according to international standards. The IRFMN adheres
to the principles set out in the following laws, regulations,
and policies governing the care and use of laboratory ani-
mals: D.lgs 26/2014; Authorization n.19/2008-A issued
March 6, 2008, by the Ministry of Health. The animals

Table 1. Number of animals per group and investigation

were regularly checked by a certified veterinarian re-
sponsible for animal welfare. All surgeries were performed
under general anesthesia, and all efforts were made to
minimize suffering according to the experimental design.
In this study, the use of laboratory animals was necessary to
assess the host response and the complex mechanisms in-
volved in the case of an implant-related infection that is not
possible to test in vitro. The choice of the rat as the model
for this study follows the principles of the lowest neural
development with appropriate limb dimensions for the
implant technique and resembling human responses.

Preparation of S aureus Xen40 Inocula

We streaked bacteria onto tryptic soy agar plates (Bio-
Meérieux, Marcy-l’Etoile, France) and incubated them
overnight at 37° C under aerobic conditions. Then, the
culture was diluted with PBS to a 0.5 McFarland standard
to a final bacterial load of 3 x 10* CFU/5 wL, confirmed by
viable plate count as we previously described [24, 26].

Preparation of Titanium Implants and Vitamin E-
based Compound

Titanium Kirschner wires (Ti-6Al-4V, 1.25 mm in di-
ameter) were coated with the vitamin E-based compound
(TiVE) or left uncoated (Ti).

Stock solutions of a-tocopherol phosphate (Sigma-
Aldrich, St Louis, MO, USA) were prepared by dissolving
a-tocopherol phosphate into sterile dH,O at a concentra-
tion of 20% (w/v) and kept at 4° C until use.

Analyses Uninfected control group

Total animals (N) and samples (n)
Lost animals (N) and samples (n)
Body weight (weekly)

Blood tests (Day 42)
Bioluminescence (Days 0, 3, 42)

Xen40-infected group (Xen40)
N=8 N=12
Ti (n=8); TiVE (n = 8) Ti(n=12); TIVE (n=12)
N=2 N=3
Ti(n=2); TIVE (n=2) Ti (n = 3); TiVE (n = 3)
N=6 N=9
N=6 N=9
none N=9
Ti(n=9); TIVE(n=9)
Micro-CT (Day 42) N=6 N=9
Ti (n = 6); TIVE (n = 6) Ti(n=9); TIVE(n=9)
Microbiologic test (Day 42) N=4 N=5
Ti(n=4); TIVE (n=4) Ti(n=5); TiIVE (n =5)
Histology (Day 42) N=2 N=4
Ti (n=2); TiVE (n = 2) Ti (n = 4); TiVE (n = 4)

Xen40 = Staphylococcus aureus bioluminescent strain; Ti = titanium implants; TiVE = titanium implants coated with vitamin E.
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To obtain a compound with a viscous, antisliding, and
hydrophobic consistency for the Kirschner wire coating,
the stock solution of a-tocopherol phosphate was dissolved
into sterile glycerol (VWR International, Milan, Italy) to
obtain a final concentration of vitamin E equal to 5%
weight/volume (w/v), as reported by Bidossi et al. [6]. We
chose glycerol because it is a nontoxic polyol that is widely
used as a solvent in several pharmaceutical formulations
[28] and has good biocompatibility [1, 9, 42]. Before im-
plantation, we manually coated the Kirschner wires by
immersing the nail directly in the a-tocopherol phosphate.
Specifically, 5 mg/cm? vitamin E solution formed a thin,
viscous lining of approximately 2 mm on the surface of
Kirschner wires that were immediately implanted within
the femoral canals.

Surgical Procedures

Twenty Wistar rats (male, 8 weeks old, mean body weight,
334.6 + 9.8 g) were maintained under specific pathogen-
free conditions. Under general anesthesia induced with
isoflurane (3%; Isoflurane Vet, Merial; Boehringer Ingel-
heim, Ingelheim, Germany), maintained with an in-
traperitoneal injection of ketamine hydrochloride (80 mg/
kg; Imalgene, Merial; Boehringer Ingelheim) and mede-
tomidine hydrochloride (1 mg/kg; Domitor; Pfizer Italia
Srl, Milan, Italy), an incision was made over the knee and
a medial parapatellar arthrotomy was created to expose the
femoral intercondylar notch. Using 22- and 18-gauge
needles, we progressively reamed the medullary canal and
then inoculated it with 5 WL of PBS (control group) or with
3 x 10* CFU/5 uL of S aureus Xen40 (Xend0 group)
suspended in PBS by means of a micropipette. We ran-
domly inserted coated or uncoated Kirschner wires into the
femoral medullary canal. The correct placement of the
Kirschner wires was assessed by fluoroscopic examination
(Fig. 1). All animals were treated with carprofen (5 mg/kg;

Fig. 1 The fluoroscopic examination that assesses the correct
position of Kirschner wires in the femurs is shown.

Rimadyl; Pfizer Italia Srl, Milan, Italy). Pain was controlled
with buprenorphine (0.1 mg/kg subcutaneous; Temgesic;
Schering-Plough SpA, Segrate, Milan, Italy). No local or
systemic antibiotics were administered to avoid masking
the antimicrobial effects of the tested coating. Rats were
caged paired until the end of the study. We monitored the
rats daily for general status, clinical signs of infection,
lameness, swelling, exudate, hematoma, and pain. On Day
42, the rats were euthanized by CO, inhalation and bones/
tissues were aseptically retrieved.

Body Weight and Blood Analyses

We measured body weight before surgery and weekly
thereafter. Under general anesthesia, we collected blood
samples from the tail vein to determine the peripheral
neutrophil count by using an automatic cell counter (Sys-
mex XT-1800i, Dasit; Cornaredo, Milan, Italy) [24, 26].
Body weight measurements are reported as raw data and
normalized to the basal values at Day 0 (Control, n = 6;
Xen40, n = 9); the neutrophil count is reported as raw data
at Day 42 (Control, n = 6; Xen40, n = 9).

In Vivo Bioluminescence Imaging

On Days 0, 3, and 42, we used bioluminescence imaging to
monitor infection progression in the presence of bio-
luminescent S aureus in the Xen40 group (n = 9). Under
general anesthesia, we scanned the rats with optical
imaging (eXplore Optix MX2; Advanced Research Tech-
nologies Inc, Saint-Laurent, Canada) using a photo-
multiplier tube to detect optical photos of 450 nm to 900
nm in wavelength. Image acquisition was performed using
a raster scan model with a resolution of 1.5 mm by ana-
lyzing a fixed region of interest centered on the operated
limb. Images were analyzed using Optix OptiView soft-
ware (Version 2.01; Advanced Research Technologies Inc)
and the bacterial burden was expressed as photon counts.
Data were normalized to the brightness of the signal on
Day 0 and presented on a color scale overlaid on grayscale
photographs of the rats.

Microbiologic Analyses

On Day 42, microbiologic tests were carried out to quantify
viable bacteria within the explanted samples. Specifically,
after euthanizing animals, samples consisting of the entire
knee, the Kirschner wire implant, and the periimplant soft
tissues were collected from each group (Control, n = 4;
Xen40, n=5), then weighed and treated with dithiothreitol
(DTT) to retrieve viable bacteria within the biofilm instead
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of by conventional sonication [24, 26]. A solution of 0.1%
w/v DTT in PBS (Sigma-Aldrich) was added to the sam-
ples and stirred for 15 minutes at room temperature to
detach bacteria from the biofilm. After centrifuging, bac-
terial pellets were suspended in 1 mL of the DTT eluate.
Then, 100 nL was plated onto blood agar plates and in-
oculated into the brain heart infusion broth, according to
the clinical laboratory testing and in vitro diagnostic test
systems by the International Organization for Standardi-
zation (ISO) Technical Committee 212 (ISO/TC 212).
Plates were incubated for 48 hours at 37° C, while broth
cultures were incubated for 15 days. Then, 10 pL of each
turbid broth culture was plated onto blood agar plates and
incubated for 24 hours at 37° C. Formed colonies were
Gram-stained and assessed for catalase, coagulase, and for
growth on Mannitol salt agar. Mannitol-positive,
coagulase-positive, golden yellow, smooth colonies were
counted. The log (CFU)/g explant was determined by di-
viding the log CFU number by the initial total weight of the
sample. Nondetectable values (nd) = logarithm of odds
(LOD) was set at 0.18 log (CFU)/g explant.

Micro-CT Imaging and Data Analysis

To evaluate bone reaction in terms of bone resorption
and osteomyelitis, micro-CT analysis was performed on
all rats with a scanner (Explore Locus; GE Healthcare,
Little Chalfont, Buckinghamshire, UK) using 80-kV
voltage, 400-wA current with 400-msec exposure time
per projection and 400 projections over 360°, a total scan
time of 10 minutes, and an isotropic resolution 0f 93 pum.
We analyzed the three-dimensional reconstructed
images with MicroView version 2.1.2 software (GE
Healthcare). After scan calibration, we created two box
volumes of interest: the first sized 440 mm® (X: 15; Y:
15; Z: 20) between the femoral and tibial metaphysis,
including the knee and the femoral and tibial epiphysis;
and the second sized 200 mm® (X: 8; Y: 8; Z: 8) in-
cluding the femoral metaphysis. The bone mineral den-
sity (BMD, mg/cc) within these two volumes of interest
was quantitatively measured and reported as the per-
centage of relative decrease in the Control group.
Histogram-based isosurface renderings were performed
on the knee and femoral metaphysis to obtain a qualita-
tive assessment of the bone and periimplant tissues to
better appreciate the gross changes.

Histologic Analyses

Histologic analyses were carried out to assess the tissue
morphology with particular attention toward signs of in-
flammation, bone necrosis, and osteomyelitis as well as to
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verify the presence or absence of bacteria in the samples.
After euthanasia, excised entire knees (Control, n = 2;
Xen40, n=4) were fixed in 10% formalin for 48 hours, then
decalcified in disodium EDTA/acid buffer (Osteodec; Bio-
Optica, Milan, Italy) under agitation for 5 days. The
specimens were dehydrated, embedded in paraffin, and cut
into 3.5-pm sections. Tissue morphology was evaluated by
hematoxylin and eosin staining, and the presence or ab-
sence of bacteria was confirmed by Gram staining as
a qualitative analysis to support the microbiologic tests.
Photomicrographs were captured using a light microscope
and a camera (Olympus IX71 and Olympus XC10). Three
blinded observers (ABL, MB, CLR) evaluated signs of
femoral metaphysis osteomyelitis according to the modi-
fied Petty’s score, as we previously described [25, 26].
Specifically, this semiquantitative score from 0 to 3 indi-
cates: 0 = absence of bone reaction and inflammatory cells;
1 =layered periosteum, presence of occasional polymorph
nucleated leukocytes; 2 = sunburst periosteum, granulation
tissue, fragmented polymorph nucleated leukocytes and
osteoclasts, several microabscesses in the medullary canal;
3 = florid periosteum, subperiosteal, endosteal and intra-
cortical resorption, and several micro- and great abscesses
with diffuse polymorph nucleated leukocytes within the
medullary canal.

Signs of osteomyelitis were also assessed at the knee
level according to the Histopathological Osteomyelitis
Evaluation Score (HOES) reported by Tiemann et al. [44].

The HOES score assesses patterns of acute and chronic
osteomyelitis specifically related to infections of both soft
tissue and osseous fractions. In particular, the HOES score
distinguishes osteomyelitis as acute, chronically active,
chronic, or calmed ranging from 0 to 3, and it is based on
the evaluation of these main osseous changes (osteonec-
rosis and bone neogenesis), soft tissue changes (necrosis),
and inflammatory infiltration.

Statistical Analysis

Data were analyzed for normal distribution by means of
Kolmogorov-Smirnov test. Body weight comparisons be-
tween groups and time points were analyzed using two-
way analysis of variance (ANOVA) (GraphPad Prism
v6.00; GraphPad Software, Inc, La Jolla, CA, USA) cou-
pled with Bonferroni’s post hoc test and reported as mean
* SD. Microbiologic data were analyzed using one-way
ANOVA coupled with Tukey’s post hoc and reported as
mean * SD. Neutrophil counts and histologic scores were
analyzed using the two-tailed Mann-Whitney test and
reported as median * difference between medians. Micro-
CT quantitative data were analyzed with unpaired t-test and
reported as mean * SD. The interrater reliability of the
examiners’ scores was calculated using the intraclass
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correlation coefficient (ICC). The obtained interrater re-
liability of blind scoring was rated excellent (ICC = 0.930).
Values of p < 0.050 were considered significant. The
sample size provided 80% power to detect a difference for
the presence or absence of osteolysis of the tested coatings
using a two-sided t-test with @ = 0.050 (G*Power 3.1,
Diisseldorf, Germany).

Results

Clinical Examination

Approximately 4 to 6 hours after surgery, five animals in
the Control (n = 2) and Xen40 groups (n = 3) were eu-
thanized as a result of surgical complications consisting of
swelling and congestion of both the operated limbs as-
sociated with extensive caudal necrosis. Histologically,
these complications were caused by deep venous fat
embolism secondary to the lower extremity surgery (data
not shown), described by Mueller et al. [30] as a rare
occurrence after intramedullary nailing. None of the
remaining animals died during the followup period, al-
though we observed a more aggressive attitude in some
animals. The analyses were thus performed on the
remaining samples.

Body weight decreased in all rats 10 days after surgery
with a larger decrease in the Xen40 group compared with
the control group (Fig. 2A; see Table 1, Supplemental
Digital Content). After Day 10, relative body weight in
the control group increased and returned to a normal
growth curve (Fig. 2B). Starting on Day 35, body weight
began to increase in the Xen40 group but remained lower
overall compared with the control group (see Table 2,
Supplemental Digital Content).

On Day 42, blood tests indicated a neutrophil count
increase in the Xen40 group compared with the control

450

Control
Xen40

Body weight (grams)
&
o

250-— T T T T T T T

ek

group (difference between medians, -0.855; 95% confi-
dence interval [CI], -1.450 to 0.030; p = 0.042).

Effects of Vitamin E Coating on Bacterial Colonization

On Days 0 and 3, bioluminescence images qualitatively
showed the presence of metabolically active bio-
luminescent bacteria at the injection site. By Day 42, the
bioluminescence signal diminished to undetectable levels
(Fig. 3). However, in most cases, a different intensity of
bioluminescence signal was found in the infected limbs,
despite having been inoculated with the same bacterial load
(3 x 10* CFU) (Fig. 3).

We observed no bacteria growth in the control group
(Ti,n=4; TiVE,n=4;nd = LOD set at 0.18 log [CFU]/g
explant). In the Xen40 group, bacterial counts were 3.8 *
0.4 and 3.2 = 0.5 log (CFU)/g explant, respectively, for the
Ti (n=5) and TiVE (n = 5) groups with a difference with
the control group that resulted as nondetectable values (Ti
versus controls: mean difference [MD], -3.705; 95% CI,
-4.416 to -2.994; p < 0.001; TiVE versus controls: MD,
-3.063; 95% CI, -3.672 to -2.454; p <0.001). There was no
difference between the Xen40 groups treated with Ti or
TiVE with the numbers available (MD, 0.642; 95% CI,
-0.092 to 1.377; p = 0.088).

Effects of Vitamin E Coating on Bone Resorption
and Osteomyelitis

Micro-CT analysis gave both qualitative and quantitative
results. Specifically, micro-CT qualitatively showed
complete preservation of the normal knee and femoral
metaphysis in the control group, regardless of the coat-
ing type (Ti, n = 6; TiVE, n = 6); thus, data obtained
from these animals were grouped. The quantitative

p = 0.042
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Fig. 2 A-C Clinical data report the raw data of body weight (grams) over time as the mean = SD (A) as well as the percentage of
relative body weight increase normalized to the baseline at Day 0 as the mean = SD (B). The blood neutrophil count on Day 42 is
reported in the histogram as the median with 95% Cl (C). Data are referred to the Control group (Control, n = 6) and to the infected
group (Xen40, n = 9). *p < 0.05, "p < 0.01, ""p < 0.001.
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Fig.3 The figure depicts a representative panel of bioluminescence imaging analysis in the
infected Xen40 group. Rats receiving the femoral canal injection of 3 x 10* CFU S aureus
Xen40 showed the signal of the bioluminescent bacteria with differences between the
injected limbs on Days 0 and 3. On Day 42, no bioluminescent signal was detected. Data at
Days 3 and 42 are reported as normalized to the bioluminescence signal on Day 0. The
intensity of the bioluminescence signal is measured as normalized photon counts (NC).

assessment of BMD showed a large BMD decrease both
inTi(n=9) and TiVE (n=9) in the Xen40 group (Fig. 4).
However, the analysis of the whole knee showed
a greater BMD with TiVE compared with Ti (MD,
-11.88; 95% CI, -16.100 to -7.664; p < 0.001). At the
femoral metaphysis level, where the coating can be
expected to exert maximum implant protection, we
measured a BMD reduction in Ti implants compared
with TiVE implants (MD, -19.87; 95% CI, -28.82 to
-10.93;p<0.001), in which BMD was unchanged. These
results were consistent with thinned bone and peri-
articular tissue fragments suggestive of an active in-
fection destroying the articular surfaces and the

Knee joint
p = 0.0006
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subchondral bone in Ti knees in the Xen40 group (Fig.
5). Similarly, multifocal zones of osteolysis, cortical
bone enlargement, and severe subperiosteal reaction
were also found in the femoral metaphysis of these rats.
We saw fewer signs of infection in the Xen40 group
treated with TiVE, and we found only a subperiosteal
reaction at the femoral metaphysis. We identified more
bone deposition in the TiVE group compared with Ti, as
supported by the higher BMD detected in this group. The
isosurface reconstruction on Day 42 (Fig. 6) showed that
the control group presents a smooth bone surface both in
the knee and femoral metaphysis. The Xen40 group
treated with Ti shows an appreciable rough bone texture

Femoral metaphysis

p = 0.0004

CI==

04 T

n
T

BMD relative decrease (%)

Ti TiVE

Fig. 4 The figure reports the micro-CT-based quantitative analysis of the entire knee and
metaphysis of femurs. BMD is reported as the percentage of relative decrease in the Xen40
group with respect to the control group on Day 42 and data are expressed as mean * SD.
Data are referred to the Xen40 group (Ti, n = 9; TiVE, n = 9); "p < 0.01, ""p < 0.001.
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Fig. 5 The representative panel shows qualitative micro-CT images of Day 42 samples in the
uninfected control (Control) and infected groups (Xen40) implanted with Ti and TiVE. The sagittal
and coronal planes include the entire knee; the axial plane reports information of the femoral
metaphysis. The control group presents complete integrity of the bone structure both in the
knee and femoral metaphysis. Severe signs of osteomyelitis are represented by a wide or mild
bone rarefaction in the Xen40 group receiving Ti or TIVE treatment, respectively.

as a sign of osteomyelitis. The Xen40 group treated with Qualitative histology (Fig. 7) indicated that physio-
TiVE shows a denser bone surface compared with Ti as logical findings were independent of the coating in the
a sign of bone deposition. control group (Ti, n = 2; TiVE, n = 2) with an intact
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Fig. 6 The representative panel shows Day 42 three-dimensional isosurface reconstructions.
Images are presented for the uninfected control (Control) and infected group (Xen40)
implanted with Ti and TiVE. The sagittal and coronal planes include the entire knee, whereas
the axial plane includes the femoral metaphysis. The control group presents a smooth bone
surface both in the knee and femoral metaphysis. The Xen40 group treated with Ti shows an
appreciable rough bone texture as a sign of osteomyelitis. The Xen40 group treated with TiVE
shows a denser bone surface compared with Ti as a sign of bone deposition.

appearance of the knee, the cortical bone, and the peri-
osteum of the femoral metaphysis. We found no signs of
inflammatory infiltrates or granulation tissue in the
control group. The Xen40 samples (Ti,n=4; TiVE,n=
4) showed irregular contours of the knee in which several
micro- and macroabscesses were present in the peri-
articular soft tissues of Ti-implanted joints. In Ti-
implanted joints, we detected abscesses within the
medullary space at the femoral metaphysis. In the Xen40
group, clear cortical bone enlargement and two to three
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laminated periosteal reactions were found in the
metaphysis.

We mainly found signs of osteomyelitis such as
intramedullary abscesses, necrotic bone sequestra, and
osteoclasts (Fig. 8A-B) in the Xen40 group implanted
with Ti. Soft tissue abscesses and plasma cells were
found in the joint space of Ti (Fig. 8C). The formation of
granulation tissue within the medullary trabeculae and
several osteoblasts were found in all samples of the
Xen40 group (Fig. 8D) as well as enhancement of the
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Fig. 7 The representative panel shows the histologic analysis (hematoxylin and eosin) of the
control (Control) and the infected groups (Xen40) implanted with Ti and TiVE Kirschner wires.
The control group shows an intact appearance of bone and articular cartilage of the knee as
well as well-preserved cortical bone in terms of structure and thickness of the femoral
metaphysis. The Xen40 group treated with Ti shows irregular contours of the joint with the
presence of abscesses; abscesses are also present at the level of the femoral metaphysis
characterized by enlargement of the medullary space together with a periosteal reaction.
Despite the irregular contour of the joint, the Xen40 group treated with TiVE does not show
any presence of abscesses; a similar periosteal reaction of Ti is depicted at the femoral
metaphysis of TiIVE. F = femur; T = tibia; P = patella; Ab = abscesses; Pe = periosteum. In the
small boxes are depicted: (a) articular joint, original magnification, x 2, scale bar 1000 pm; (b)
metaphyseal cortex, original magnification, x 4, scale bar 500 pm.

vascular invasion within bone and soft tissues (Fig. 8E-
F). As signs of bone neogenesis, a reactive bone network
represented by the presence of new woven bone along
with lamellar bone was found in the Xen40 group

implanted with TiVE-coated implants (Fig. 8G). In the
Xen40 group treated both with Ti or TiVE, the presence
of cocci within abscesses was detected by the Gram-
positive staining (Fig. 8H).
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Fig. 8 A-H This panel reports the following histopathologic details: (A) endomedullary ab-
scess with necrotic bone sequestrum (Sq); (B) endomedullary abscess (Ab) with necrotic
bone sequestrum (Sq) and osteoclasts (black arrow); (C) soft tissue abscess, infected tissue
(blue arrow) and plasma cells (small box); (D) granulation tissue (GT) and several osteoblasts
(green arrow) within the bone marrow (BM) and bone trabeculae (Bo); (E) hyper-
vascularization within the bone tissue (Bo); (F) hypervascularization of the soft tissues (ST);
(G) bone neogenesis with formation of woven bone (WB) alongside lamellar bone (LB) and
osteoblasts (green arrow); and (H) Gram-positive staining of S aureus Xen40. Panel (A)
original magnification, x 2, scale bar 1000 pwm; Panels (B-G) original magnification, x 10, scale
bar 200 wm; Panel (H) original magnification, x 100, scales bar 20 pwm.
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Overall, the semiquantitative Petty’s scale for the fem-
oral metaphysis showed a higher score in the Xen40 group
compared with the control group (Ti versus controls: dif-
ference between medians, -2; 95% CI, -2 to -0.5; p <0.001
and TiVE versus controls: difference between medians, -2;
95% CI, -2 to -1; p <0.001), but no differences were found
between Ti and TiVE implants (difference between
medians, 0.0; 95% CI, -1 to -1; p = 0.860) (Fig. 9A).

The HOES score measured that osteonecrosis was
higher in the Xen40 group compared with the control
group (Ti versus controls: difference between medians,
-3; 95% CI, -3 to -2.8; p < 0.001 and TiVE versus
controls: difference between medians, -1.5; 95% CI,
-1.8to-1;p<0.001), but osteonecrosis was lower in the
TiVE group compared with the Ti group (difference
between medians, 1.5; 95% CI, 1-2; p < 0.002) (Fig.
9B). The inflammatory pattern of HOES score measured
a difference between the Xen40 group and controls (Ti
versus controls: difference between medians, -3; 95%
CI, -3 to -2.5; p < 0.001 and TiVE versus controls:
difference between medians, -3; 95% CI, -3 to -3; p <
0.001), whereas no differences were measured between
Tiand TiVE (difference between medians, 0.0; 95% CI,
0.0-0.0; p = 0.203) (Fig. 9C). Finally, the bone neo-
genesis by HOES score measured a greater trend both in
Ti- and TiVE-treated Xen40 groups compared with the
controls (Ti versus controls: difference between
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medians, 0.0; 95% CI, -0.80 to -0; p = 0.002 and TiVE
versus controls: difference between medians, -0.5; 95%
CI, -1 to -0.0; p < 0.001); no differences were found
between Ti and TiVE in the Xen40 group (difference
between medians, -0.5; 95% CI, -0.5 to 0.0; p = 0.675)
(Fig. 9D).

Discussion

To reduce the risk of progressive bone loss and implant
loosening in the case of PJIs and osteomyelitis, several
antibacterial coatings have been studied during the last
decade [15, 29, 38, 43]. In vitro antiadhesive and anti-
bacterial properties and in vivo antiinflammatory effects
protecting against bone loss of various formulations of
vitamin E have been demonstrated in animal models.
However, to the best of our knowledge, no in vivo studies
have demonstrated the synergistic activity of vitamin E in
the form of a coating in preventing the bacterial adhesion to
orthopaedic implants, thus supporting bone-implant in-
tegration. To our knowledge, the present study shows for
the first time that a vitamin E-based coating can reduce the
detrimental effects of bacterial colonization of a prosthetic
implant on bone tissue. We evaluated the impact of this
coating on bone response in the presence of osteomyelitis

Osteonecrosis
e

L}
Control Ti TiVE

p <0.001
0.8 p =0.002

Bone neogenesis
(=] =]
> o
1 1

y
Control Ti TiVE
D

Fig. 9 A-D Petty’s scale is reported as the total score comparing the Control group (Control)
with the infected group (Xen40) differently treated with Ti or TiVE on Day 42 (A). The HOES
scale measurements of the femoral metaphysis and joint are reported separated for the three
main features analyzed such as osteonecrosis (B), inflammatory pattern (C), and bone
neogenesis (D) on Day 42. Data are reported as median with 95% Cl.”p < 0.001 with respect

to the Control (Control) group.
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at the articular joint and metaphysis in a rat model of highly
contaminated S aureus implant-related infection.

This study had limitations. This study used a very
simple rat model and a small sample size in terms of
number of animals used. However, the good re-
producibility of our infection model-demonstrated by
comparing with a control group and the choice to implant
each animal bilaterally in the femurs—allowed us to answer
the questions of this study. The sample size was also lim-
ited by the mortality of some rats resulting from un-
expected surgical complications. This suggests that
bilateral implant placement can be at higher risk compared
with a monolateral approach. Another limitation of this
study is that the high bacterial load model may not neces-
sarily reflect the clinical conditions. However, although the
high bacterial load (3 x 10* CFU Xen40) used and the
absence of systemic or local antibiotic prophylaxis do not
exactly mimic clinical conditions in elective surgery, we
considered that smaller loads could fail to develop a high
number of infected animals as a result of high-level rat
immunity against bacteria, as demonstrated by Lovati et al.
and Shimazaki et al. [23, 26, 40]. Hence, the high bacterial
load used in rats was necessary to have good re-
producibility in the model. Moreover, other micro-
organisms than S aureus and their toxic effects should be
investigated because their consequences on bone may not
be the same. In our experimental condition, we demon-
strated the positive activity on bone of the vitamin E
coating in bone damage (osteomyelitis) caused by a S au-
reus strain. The coating supported bone deposition in the
presence of a high virulence pathogen, thus supposing that
vitamin E coating can work also in the presence of lower
virulent strains such as Staphylococcus epidermidis. Also,
the mechanisms of action of vitamin E phosphate, its
pharmacokinetics, and degradation were not elucidated in
the present study and must be further assessed.

Bioluminescence imaging analysis revealed in all
groups the presence of metabolically active bacteria from
Day 0 to Day 3 followed by a bioluminescence signal de-
crease suggesting a reduction of the metabolic rate of
bacteria embedded within the biofilm as a result of a qui-
escent state. This finding is also in line with other studies
using bioluminescent bacteria for similar purposes in mice
[21, 35]. However, the differences detected in the bio-
luminescence signal in both limbs injected with the same
bacterial load may represent a limitation of this qualitative
analysis. Thus, to confirm the presence of bacteria, we
performed microbiologic tests on the explants. Microbio-
logic findings (1) could not confirm the expected vitamin E
coating’s antimicrobial activity based on its antiadhesive
properties demonstrated in vitro [6, 20, 22], probably as
aresult of the high bacterial inoculum and the absence of an
antibiotic prophylaxis used in the present in vivo study.
The present study better supports the promising potential of
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vitamin E in diminishing bone signs of infection by en-
hancing the local bone response in the presence of a con-
taminated implant. Indeed, (2) the present model
demonstrated that the vitamin E phosphate coating in-
creased new bone deposition hypothesizing stimulation of
bone precursor cells and osteoblasts to depose newly bone
matrix also in the case of bacterial-induced chronic oste-
omyelitis. In fact, TIVE demonstrated enhanced new bone
deposition, even in the presence of a chronic bacterial in-
fection, when compared with Ti. Similarly, osteonecrosis
was clearly reduced in TiVE compared with Ti. Concern-
ing the mechanism of action, we speculate that the pro-
tective effect of vitamin E phosphate on bone changes with
infection is related to the antioxidant properties of vitamin
E. Indeed, our findings can be in line with the ability of
vitamin E-loaded polyethylene to protect against osteolysis
associated with wear debris in arthroplasty [5, 11, 34]. The
beneficial effect on bone deposition could probably be
better executed with local delivery rather than with sys-
temic supplementation. In fact, other reviews have shown
that systemic administration of vitamin E supplements may
have complex and contradictory effects on bone formation
[10, 16, 31], but not clear activity in bone deposition as we
obtained by local delivery of vitamin E. No cytotoxic or
inflammatory effects of the vitamin E coating were found
on bone cells and periarticular tissue effects, thus sup-
porting the good biocompatibility of this coating.

The findings of this preliminary in vivo rat study in-
dicate that the vitamin E phosphate-coated implants can
exert a protective effect on bone deposition in a highly
contaminated model of implant-related infection. The
present study shows that it is possible to distinguish be-
tween an antibacterial effect and a protective effect on bone
healing and osseointegration in an induced implant-related
infection. On the basis of our data, we may not fully an-
ticipate what the clinical applications of this observation
will be. However, we may speculate that at least three
possible scenarios can be feasible. In the first one, a vitamin
E-based protective coating may be designed to simply al-
low better bone healing and osseointegration in the pres-
ence of bacterial contamination reducing implant
malfunction resulting from prosthetic loosening [37]. A
second possible application concerns the possibility of
coupling the protective effect of vitamin E on bone healing
with one or more antibiotics, as already done with other
antimicrobial delivery systems [36]. A third scenario
relates to a long-lasting vitamin E composition that may
allow longer term protection in the case of an established
infection or in the presence of late contamination of the
implant. All of these applications are currently under in-
vestigation. The use of vitamin E may thus open new
avenues for developing coatings that can limit infection-
related loosening of infected implants in bacterial con-
tamination. Future research must investigate the effect of
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the vitamin E coating with lower bacterial inocula or in
combination with standard antimicrobial prophylaxis.
Also, it may be of interest to evaluate the behavior of vi-
tamin E as an antibiotic carrier to eventually control
implant-related infection while stimulating bone healing
and prosthetic osseointegration.
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