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Abstract

Background: Infection remains among the main reasons for joint prosthesis failure. Preclinical reports
have suggested that antibacterial coatings of implants may prevent bacterial adhesion and biofilm
formation. This study presents the results of the first clinical trial on an antibiotic-loaded fast-resorbable
hydrogel coating (Defensive Antibacterial Coating, DAC®) in patients undergoing hip or knee
prosthesis.

Methods: In this multicenter, randomized prospective study, a total of 380 patients, scheduled to
undergo primary (n=270) or revision (n=110) total hip (N=298) or knee (N=82) joint replacement with
a cementless or a hybrid implant, were randomly assigned, in six European orthopedic centers, to
receive an implant either with the antibiotic-loaded DAC coating (treatment group) or without coating
(control group). Pre- and postoperative assessment of clinical scores, wound healing, laboratory tests,
and x-ray exams were performed at fixed time intervals.

Results: Overall, 373 patients were available at a mean follow-up of 14.5 £ 5.5 months (range 6 to 24).
On average, wound healing, laboratory and radiographic findings showed no significant difference
between the two groups. Eleven early surgical site infections were observed in the control group and
only one in the treatment group (6% vs. 0.6%; p=0.003). No local or systemic side effects related to the
DAC hydrogel coating were observed, and no detectable interference with implant osteointegration
was noted.

Conclusions: The use of a fast-resorbable, antibiotic-loaded hydrogel implant coating can reduce the
rate of early surgical site infections, without any detectable adverse events or side effects after hip or
knee joint replacement with a cementless or hybrid implant.

Key words: joint prosthesis, infection

Introduction

An estimated 157,500 surgical site infections
(SSIs) associated with inpatient surgeries occurred in

physical barriers, surgical techniques, and routine
systemic antimicrobial prophylaxis [2-5], SSIs remain

the United States in 2011 according to a prevalence
survey by the U.S. Centers for Disease Control and
Prevention (CDC) [1]. In spite of improvements in
operating room practices, sterilization methods,

the most common healthcare-associated infection [6],
with an incidence of up to 2.5% after primary hip and
knee arthroplasty and 10% following revision surgery
[7] and an increased relative risk of infection in
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high-risk patients [8-11]. These figures could be
underestimated, however, owing to the increasing
occurrence of multidrug-resistant pathogens [12, 13].
Periprosthetic ~ infection often necessitates
implant removal and is responsible for a
disproportionate burden of morbidity and mortality
[14] and elevated economic and social costs [15, 16].
Recognizing these problems, researchers from
Stanford University suggested that “coatings of
devices would be most useful in the prevention and
treatment of implant-associated infection” [17] and a
similar recommendation was delivered at a consensus
meeting on periprosthetic joint infections [18].
However, developing new antibacterial implant
coatings appears extremely challenging [19, 20].
Biocompatible hydrogels are able to deliver
pharmacological agents locally and may be designed
to meet the desired elution pattern [21]. Recently, a
fast-resorbable hydrogel coating that works as a
physical barrier to bacterial adhesion and that can be
intra-operatively loaded with various antibacterials
has been developed [22]. Based on the observation
that bacterial colonization, from microbial adhesion to
an established mature biofilm layer, only takes few
hours [23] and given the known efficacy of short-term
systemic antibiotic prophylaxis [24], a fast-resorbable
antibacterial coating may provide “short-term local
protection”, while limiting possible long-term
unwanted side effects [25]. This novel hydrogel
coating (Defensive Antibacterial Coating [DAC®],
Novagenit Srl, Mezzolombardo, Italy), composed of

covalently linked hyaluronan and poly-D,L-lactide, is
designed to undergo complete hydrolytic degradation
within 72 hours, during which it completely releases a
variety of antibacterials at concentrations ranging
from 2% to 10%. The hydrogel showed synergistic
activity with various antibiotics and antibiofilm
agents in vitro [26]. Also, it has been proven safe and
effective in wvivo in a rabbit model of highly
contaminated implant both with [27] and without
systemic antibiotic prophylaxis [28].

Following a brief previous report [29], we here
present the results of a multicenter European trial on
this novel technology applied to total hip and knee
joint prosthesis.

Patients and methods

From November 2013 to June 2015, 380 patients
were included in this prospective, observational
multicenter study (Fig. 1). The study protocol was
approved by the local Ethical Committees of the six
participating centers. All patients gave their informed
consent to the procedure. The study was performed
within the 7th European Framework Programme
(project # 277988) and funded by the European
Commission and the participating partners (clinical
institutions and the following private companies:
Novagenit SRL, Mezzolombardo, Italy, acting as
project leader; AdlerOrtho SRL, Bologna, Italy; Arcos
SARL, Brignoles, France; Belgafix SPRL, Drogenbos,
Belgium).

Assessed for eligibility (n=393)

Excluded (n=13)
+ Not meeting inclusion criteria (n=10)

» + Declined to participate (n=2)
+ Other reasons (n=1)

‘ Randomized (n=380) |

!

i l Allocation L

Allocated to treated (n=190)

« Received allocated intervention (n=189)

« Did not receive allocated intervention (n=1):
Refused to participate (N=1)

Allocated to controls (n=190)

+ Received allocated intervention (n=184)

Enrolled in two studies at the same time (n=2)

Refused to participate (n=2)

Not operated because of anesthesia problems
(n=2)

l l

Lost to follow-up (n=0)

Analyzed (n=189)
+ Excluded from analysis (n=0)

Figure 1. Consort flow diagram of patient enrollment.
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A

Lost to follow-up (n=0)
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+ Excluded from analysis (n=0)
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Treatment assignment at each study center was
generated by an electronic system; patients were
assigned to receive an implant either with the
antibiotic-loaded DAC (DAC®) coating (treatment
group) or without the coating (control group).

Inclusion criteria were: the need for a cementless
or hybrid (partially cemented) total hip or knee
prosthesis and age > 18 years. Exclusion criteria were:
pregnancy, breast-feeding or planning to become
pregnant during the study period, the presence of an
active infection at the site of surgery, severe
malignancies with a life expectancy of less than 3
months, previous diagnosis of immune depression or
immunosuppressive treatment for organ
transplantation, known allergy to the antibiotics or
the DAC hydrogel constituents, unwillingness or
inability to present for follow-up examinations or
refusal to sign the informed consent documents or
inability to do so.

Surgical treatment and DAC preparation

After routine pre-operative workup, all patients
underwent total joint replacement according to the
current practice of each participating center. The
surgical approach and type of implant was left to the
surgeon’s discretion; similarly, systemic antibiotic
prophylaxis was given according to each center’s
routine protocol [30]. All patients received
low-molecular-weight heparin for deep vein
thrombosis prophylaxis or oral anticoagulants for 4 to
6 weeks postoperatively. Patients undergoing hip
arthroplasty received prophylaxis with indomethacin
or celecoxib for 2 weeks after surgery to prevent
heterotopic bone formation.

Reconstitution of the DAC® hydrogel was
performed according to the manufacturer’s
instructions. Briefly, a prefilled syringe, containing
300 mg sterile DAC powder (Fig. 2), was filled at
surgery with a solution of 5 mL sterile water for
injection and the desired antibiotic to obtain in
approximately 3 to 5 minutes the antibiotic-loaded
hydrogel at a DAC concentration of 6% (w/v) and an
antibiotic concentration ranging from 20 mg/mL to 50
mg/mL, depending on the surgeon’s choice. The
surgeons could choose the antibiotic from among a
list of antibacterials previously tested as being
compatible with the hydrogel (Novagenit SRL, data
on file). A few minutes after reconstitution, the
hydrogel was directly spread onto the implant, which
was then inserted into the body in the usual way
(Figs. 3 and 4).

Figure 2. The “Defensive Antibacterial Coating ([DAC®] Novagenit Srl,
Mezzolombardo, Italy) is a fast-resorbable hydrogel coating composed of covalently
linked hyaluronan and poly-D,L-lactide. It is supplied in a prefilled syringe as a powder
that is reconstituted at the time of surgery with a solution composed of sterile water
for injection and antibiotic(s).

Figure 3. The antibiotic-loaded hydrogel coating is spread onto a stem (A) and an
acetabular cup (B and C), which may then be applied directly on the bone in the usual
way (D). More hydrogel can be spread on the extra-medullary part of the implant (E).

Figure 4. The hydrogel can be applied to modular parts, as shown here on the
polyethylene tibial insert of a revision knee prosthesis, to provide a complete surface
protection.
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Assessments

The main outcome was the absence of adverse
events and side effects related to the hydrogel coating,
as assessed by clinical, laboratory and radiographic
examinations. Another targeted main outcome was a
reduction in SSIs, as defined below, in the treatment
group as compared with the controls. Secondary
outcomes were a reduction in delayed wound healing
in the treatment versus the control group.

All patients underwent pre-operative clinical,
radiographic, and laboratory tests examinations. Host
type was classified according to McPherson et al. [31].
Wound healing was assessed at postoperative days 7
and 14 using the ASEPSIS scoring method [32]; serum
laboratory tests, x-ray and clinical evaluations were
scheduled at 6 + 4 weeks, 3 months * 4 weeks, 6, 12,
18, and 24 months + 8 weeks postoperatively. Clinical
evaluation was performed using the SF-12 Health
Survey score and the Harris Hip or the Knee Society
Scores as appropriate; any signs of early SSI,
including pain, redness, warmth, swelling, draining
wound, fistulas, etc., according to the CDC
Procedure-associated Module SSI (http://www.cdc.
gov/nhsn/PDFs/pscManual/9pscSSlcurrent.pdf)
were also recorded.

SSIs were defined as the presence of positive
local clinical signs of acute inflammation and/or a
draining sinus requiring further surgery, including
early debridement or implant removal and/or
unplanned antibiotic treatment with or without a
positive cultural examination. Delayed wound
healing was defined as an incomplete healing of the
wound at 4 weeks after surgery, including the
presence of wound dehiscence, necrosis or serum
leakage, that may need further medication, but that
did not require any additional surgical treatment.
Serious adverse events and complications or side
effects were also recorded whenever present at
follow-up. Radiographic examination, including
evaluation of osteolysis or progressive (> 2 mm)
radiolucent lines around the implant or signs of
implant loosening or sinking, was performed by an
independent radiologist unaware of assignment to
DAC treatment.

Statistical analysis

Descriptive statistics were used to summarize
the data. Categorical data were analyzed using
Fisher's exact test; continuous data were compared
using Student’s t test (http://graphpad.com/).
P-values of less than 0.05 were considered statistically
significant. Sample size was calculated assuming an
overall SSI incidence of 1% in the treatment group and
of 6% in the control group and a 10% dropout rate

(alpha error: 0.05, power 0.80; cf. https:/ /www.stat.
ubc.ca/~rollin/stats/ssize/b2.html).

Results

Seven patients dropped out of the study after
randomization (Fig. 1); a total of 373 patients (189
treated and 184 controls) were available at an average
follow-up of 14.5 * 5.5 months (range 6 to 24) (Table
1). There were no significant differences in age, sex,
site of surgery, and host type between the two groups.
Peri-operative data (Table 2) showed that the majority
of the patients required a primary hip joint
replacement and approximately 30% in both groups
underwent revision surgery. Revision surgery was
performed as a part of a two-stage procedure for
infection in 48 (92.3%) patients in the control group
and in 51 (94.4%) patients in the treatment group.
Primary hip and knee replacement was performed at
five centers; revision procedures were performed at
three centers. Cefazolin was the most often used
antibiotic for short-term prophylaxis in both groups;
combined systemic short-term prophylaxis was
administered in approximately half of the patients
(Table 2).

Table 1. Patient demographics and pre-operative data. Host type
is defined according to McPherson’s classification.

Controls % Treated % P
Male 74 40.2 81 429 0.67
Female 110 59.8 108 57.1
Total 184 100.0 189 100.0
Age (years) Mean+SD 71+10.6 69+12.6 0.09
Min - Max 36 - 96 39-88
Host Type A 43 234 45 23.8 1.00
B 127 69.0 124 65.6
C 14 7.6 20 10.6

Table 2. Peri-operative data.

Controls % Treated % P

Joint Hip 141 76.6 153 809 031
Knee 43 234 36 19.0

Type of surgery Primary 132 717 135 718 1
Revision 52 283 54 282

Systemic prophylaxis Cefazolin 76 413 69 48.2
Cefazolin+ 10 54 29 20.3
Glycopeptides
Cefazolin+ 51 277 46 383
Vancomicin
Vancomycin + 47 255 45 315
Meropenem

DAC volume (mL) Mean + SD N/A 83+27
Min - Max N/A 5-10

DAC + vancomycin N/A 100 529

5%

DAC + gentamicin N/A 70 37.0

3.2%

DAC + vancomycin N/A 15 7.9

2% + meropenem 2%

Other associations 4 2.1
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On average, a volume of 8.3 mL DAC hydrogel
was used to coat an implant. The most often used
antibiotics were vancomycin and gentamicin at a
concentration of 5% and 3.2%, respectively. Fifteen
patients received an implant with a combined
vancomycin and meropenem antibiotic coating; 4
patients received an implant coated with teicoplanin
5% or ceftazidime 5% or amphotericin B 5%, all in a
second-stage procedure for previous infection
(microorganism-targeted local antibiotic coating).

There was no difference in time to early wound
healing between the two groups: the mean ASEPSIS
score at 7 and 14 days was 2.6 £4.9 and 2.1 £ 6.1 in the
control group and 1.9 £ 42 and 1.9 = 53 in the
treatment group, respectively. Unplanned antibiotic
treatment during hospital stay, for reasons other than
SSI (mainly urinary or respiratory tract infections),
was recorded in 8 (4.3%) patients in the control group
and in 9 (4.7%) in the treatment group.

There were no significant differences in serum
laboratory values and average clinical scores between
the two groups at the first follow-up visit (Tables 3
and 4). At the 6-month control visit, C-reactive protein
values exceeded 10 mg/L in 12 (6.5%) patients in the
control group and in 5 (2.6%) patients in the treatment
group (P=0.08). Delayed wound healing was recorded
in 7 (3.8%) patients in the control group and in 2
(1.2%) in the treatment group (P=0.1).

Four SSIs were reported in the control group of
patients undergoing primary joint arthroplasty
(N=132; 3%) and one SSI in the treatment group
(N=135; 0.7%); the mean infection rate after primary
joint arthroplasty in the control group was 0% in two
centers and 2.5%, 3.7%, and 4.5% in the three other
centers, respectively. Seven post-surgical infections
were observed in the controls undergoing a revision
procedure (N=52; 13.4%) and none in the treatment
group (N=54). The mean infection rate after revision
joint arthroplasty in the control group was 10.3%,
16.7%, and 17.6% in three centers. Overall, 11 SSIs
were reported in the control group and only one in the
treatment group (6.0% vs. 0.6%; P=0.003). When only
patients with a minimum follow-up of 12 months
were included in the analysis, the overall incidence of
post-surgical infection was 6.4% in the controls
(8/125) and 0% (0/126) in the treatment arm
(P=0.003).

Table 5 presents details on septic complications,
treatment and outcome. The complications included:
hip prosthesis dislocation (n=1) treated with modular
parts exchange, knee stiffness (n=2), and deep vein
thrombosis after total knee replacement (n=2) in the
control group; hip revision prosthesis dislocation
(n=1) treated conservatively, deep vein thrombosis
after hip revision surgery (n=2), and stiff knee after

revision (n=1) in the treatment group. No allergic or
skin reactions or adverse events related to the
hydrogel coating were reported in either group.

Radiographic examination revealed no signs of
focal osteolysis around the implant in either group;
progressive (> 2 mm) radiolucent lines around the
implant were observed in 3 patients in the treatment
group and in 7 patients in the control group; no signs
of implant loosening or sinking were reported in
either group and no Brooker 3 or 4 heterotopic
ossifications were observed. (Fig. 5).

Table 3. Serum laboratory values at 6 months after index surgery.

Controls Treated

Mean+SD Mean+SD P
Erythrocyte Sedimentation Rate (mm/h) 28.0 £9.7 268+219 049
C-reactive Protein (mg/L) 10+17 75+12 0.1
Hemoglobin (g/100 mL) 13.0+1.1 132+14 011
White Blood Cells (cells/mL) 7023 +1057 6854 +1824 0.27
Polymorphonuclear leukocytes (%) 56.9 + 6.6 575+92 047
Creatinine (mg/dL) 08+0.1 08+0.2 1
SGOT (U/L) 19.8+98 188+57 0.28
SGPT (U/L) 18.5+14 181+87 0.74
GAMMA-GT (U/L) 335+461 274+341 0.15

Table 4. Postoperative data at the latest follow-up.

Controls % Treated % P

Follow-up Mean+SD 13927 13.3+5.0 0.6
(months)
Min - Max 8-24 6-24

SF-12 - Physical ~Mean * SD 45+14.7 477+155 0.11
score
SF-12 - Mental Mean+SD  49.7+15.9 522+15.5 0.12
score
SF-12 - Total Mean+SD  94.7+183 99.9+18.4 0.006
score
Harris Hip Mean+SD  83.4+16.7 86.4 %16 0.08
Score
Knee Society Mean+SD 794 +20.5 758 £21.7 0.1
Score
Complications  Surgical site 11 6.0 1 0.6 0.003

infection

Delayed 7 3.8 2 12 01

wound

healing

Other 5 2.7 4 21 07
complications

Discussion

This is the first clinical trial to report on the
safety and efficacy of a fast-resorbable
antibiotic-loaded hydrogel coating for total joint
replacement. Consistent with previous in vivo studies
[26, 28], our data show that use of the hydrogel
coating is clinically safe and devoid of any detectable
local or systemic side effects in the short-term
follow-up. The biocompatibility of the hydrogel basic
components and the short time to resorption [19, 22]
make the possible occurrence of delayed side effects
quite unlikely. Also, our results showed a ten-fold
reduction in the occurrence of early SSIs in the treated

http://wwwjbji.net



J. Bone Joint Infect. 2016, Vol. | 39

patients as compared with the controls. This confirms  prophylaxis may reduce post-surgical septic
prior in vivo studies [26, 28] and is the first complications after joint replacement.
demonstration of clinical efficacy that short-term local

Table 5. Demographic and clinical characteristics of patients receiving total hip or knee replacement.

Patient Age Sex Host Relevant co- Pre- Type of implant  Onset of Cultural Other Treatment Final outcome
initials type morbidities operative infection examination complications
diagnosis (months
from
surgery)

Control patients

SS 72 M C Previous PJI and 2" stage hip Cementless 2 MRSA Delayed wound Prolonged Suppressive antibiotic
multiple surgeries; 151 dul 151 healing antibiotic treatment
Diabetes; Depression hip prosthesis treatment
RF 76 M B Diabetes Knee Cementless knee 2 MRSE Debridement No local signs of
osteoarthritis prosthesis and wrrigation  infection, but painful
CF 7 F B Previous PJI 2" stage hip Cementless 1 MSSA Delayed wound  Debridement No local signs of
isi dul isi healing and irrigati infecti
hip prosthesis
DF 60 M B Previous PJI 24 stage hip Cementless 3 MRSA Prosthesis Awaiting further
revision modular revision removal and surgery
hip prosthesis spacer implant
SE 81 F A Hip Cementless hip 4 MSSE Two-stage No local signs of
osteoarthritis prosthesis TEVISION Surgery infection
VPM 61 M B Diabetes; Knee Cementless knee 6 MSSE Prosthesis Awaiting further
Nicotine abuse osteoarthritis prosthesis removal and surgery
spacer implant
MA 822 M B Previous PJI; Old age 2 stage Hybrid total knee <1 MRSA Debridement No further infection
knee revision  modular implant and irrigation recurrence
GA 4 F Cc Previous PJT and 2™ stage Hybrid total knee 5 E. coli; Delayed wound Knee No local signs of
multiple surgeries; knee revision  modular implant MRSA healing arthrodesis infection
Diabetes
PA 73 M B Previous PJT 2" stage Hybrid total knee 6 S. Skin necrosis Prosthesis Awaiting further
knee revision  modular implant epidermidis removal and surgery
spacer implant
MA 63 F B Diabetes; Previous Post- Hybrid total knee 4 MRSE Two-stage No further infection
surgeries traumatic modular implant reimplantation recurrence
knee
osteoarthritis
BA 62 F C Previous PIT; 2™ stage Hybrid total knee 2 MRSA Debridement  Suppressive antibiotic
Rheumatoid arthritis;  knee revision  modular implant and irrigation therapy
Corti 1d therapy

Treated patients

VN 71 F B Diabetes; BMI > 40 Hip Cementless hip <1 Negative Delayed wound  Debridement No further infection
hritis prosthesi cultures healing and 1rngation recurrence

PJI denotes prosthetic joint infection; MRSA methicillin-resistant Staphylococcus aureus; MSSE methicillin-sensitive Staphylococcus epidermidis; MRSE methicillin-resistant
Staphylococcus epidermidis; BMI body-weight index (weight in kg divided by height in meters squared)

Figure 5. Female, 56 years old. Severe rheumatoid arthritis. Cementless total hip arthroplasty, coated with vancomycin 5% loaded DAC hydrogel. A and B. Pre-operative x-ray.
Immediate (C and D) and (E and F) postoperative radiographic images at 18 months showing complete implant osteointegration at follow-up.
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Although still observed after primary joint
replacement, the protective effect was much more
evident in the patients undergoing revision surgery. It
should be noted that approximately 75% of the
patients in both groups were type B or C hosts and
that the majority of revision surgeries were performed
in previous infection.

Historically, local administration of antibiotics
has attracted much attention in orthopedics. Buchholz
et al. were the first to popularize the incorporation of
antibiotics into polymethylmethacrylate (PMMA)
bone cement for local antibiotic prophylaxis in
cemented total joint arthroplasty [33]. Clinical studies
have shown that antibiotic-loaded bone cement can
decrease deep infection rates of cemented total hip
arthroplasties and revision rates due to suspected
“aseptic” loosening when combined with systemic
antibiotic administration [34]. This solution has
proven both effective and economically sound,
especially in high-risk patients [35, 36]. However,
because PMMA was not designed as a local delivery
carrier of antibiotics it may have some limitations.
Antibiotic-loaded PMMA may not prevent biofilm
formation and may be associated with the
development of antibiotic-resistant “small-colony
variants” [37, 38]. Furthermore, the increasing use of
cementless implants worldwide, especially at the hip,
make this option possible for only a limited number of
patients.

Antibacterial coatings have been shown to be
clinically effective [19, 39]. Silver coating is probably
the most extensively studied [40], though concerns
have been raised about the possible toxicity of silver
ions [41]. To overcome this problem, research efforts
have recently focused on new silver coating
technologies [42, 43]. However, despite the
demonstrated clinical efficacy in two comparative
studies on a small series of patients [44, 45], the
routine use of silver-coated implants remains rather
limited. Excellent clinical efficacy was recently
demonstrated for iodine coating of titanium alloys in
a continuous, non-comparative series of patients
undergoing joint replacement [46]. However, the
unknown long-term, questionable large- scale
applicability, and the complex regulatory pathway
still limit this technology. Biodegradable polymers
and sol-gel coatings have been shown to provide
controlled antibiotic release on titanium [47, 48] or
hydroxyapatite implants [49], offering ease of use,
versatility, and possible large-scale application. In the
present application, the anti-adhesive ability of the
DAC hydrogel has been coupled to local antibiotic
administration, to reduce the chance for planktonic
bacteria to colonize the implant.

This study has some limitations. First, the
follow-up period was relatively short. Although the
minimum of 6 months monitoring appears adequate
to detect early post-surgical septic complications, as
defined by Infectious Diseases Society of America
(IDSA) guidelines [50], longer follow-up periods are
necessary to further investigate delayed or late
periprosthetic infections. In this regard, it should also
be noted that the analysis of the patient subgroups
observed for a minimum follow-up of 12 months did
confirm the difference between the treatment and the
control groups. Second, the study design deliberately
left the choice of systemic antibiotic used for
prophylaxis and the one added to the hydrogel locally
at the discretion of each study center. Indeed, there is
no scientific evidence showing the superiority of one
antibiotic prophylaxis over another after joint
prosthesis [51]. Other limitations are the exclusion of
infected joint prostheses and other potentially
challenging clinical situations in which an
antibacterial coating could be useful. This is will be
addressed in separate ongoing studies.
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