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Abstract

Background Infection is one of the main reasons for fail-
ure of orthopedic implants. Antibacterial coatings may
prevent bacterial adhesion and biofilm formation, accord-
ing to various preclinical studies. The aim of the present
study is to report the first clinical trial on an antibiotic-
loaded fast-resorbable hydrogel coating (Defensive
Antibacterial Coating, DAC®) to prevent surgical site
infection, in patients undergoing internal osteosynthesis for
closed fractures.

Materials and methods In this multicenter randomized
controlled prospective study, a total of 256 patients in five
European orthopedic centers who were scheduled to
receive osteosynthesis for a closed fracture, were randomly
assigned to receive antibiotic-loaded DAC or to a control
group (without coating). Pre- and postoperative assessment
of laboratory tests, wound healing, clinical scores and
X-rays were performed at fixed time intervals.

P4 Carlo Luca Romano
carlo.romano @ grupposandonato.it

Kostantinos Malizos
kmalizos @otenet.gr

Michael Blauth
michael.blauth@i-med.ac.at

Adrian Danita
adrian.danita @tirol-kliniken.at

Nicola Capuano
capuano.nicola62 @gmail.com

Riccardo Mezzoprete
riccardo.mezzoprete @tiscali.it

Nicola Logoluso
nicola.logoluso @gmail.com

Lorenzo Drago
lorenzo.drago @unimi.it

Results Overall, 253 patients were available with a mean
follow-up of 18.1 £ 4.5 months (range 12-30). On average,
wound healing, clinical scores, laboratory tests and radio-
graphic findings did not show any significant difference
between the two groups. Six surgical site infections (4.6%)
were observed in the control group compared to none in the
treated group (P < 0.03). No local or systemic side-effects
related to the DAC hydrogel product were observed and no
detectable interference with bone healing was noted.
Conclusions The use of a fast-resorbable antibiotic-loaded
hydrogel implant coating provides a reduced rate of post-
surgical site infections after internal osteosynthesis for
closed fractures, without any detectable adverse event or
side-effects.

Level of evidence 2.
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Introduction

The Centers for Disease Control (CDC) healthcare-asso-
ciated infection (HAI) prevalence survey estimated
157,500 surgical site infections (SSIs) associated with
inpatient surgeries in 2011 in the USA [1] (Table 1).

In spite of improved operating room, sterilization
methods, barriers, surgical technique and routine systemic
antimicrobial prophylaxis [2-5], SSIs are still considered to
be the most common and costly healthcare-associated
infection, accounting for 31% of all HAIs among hospi-
talized patients [6, 7].

After osteosynthesis for closed fractures, early SSI had a
reported incidence of 3.9% in a large multicenter trial, with
a median time to diagnosis of 30 days [8], while wound
healing problems, like those occurring in subcutaneous
osteosynthesis [9], and the presence of co-morbidities may
increase the risk of septic complications up to 10%
[10-12]. In a more recent retrospective study, the rates of
infection within 1 year from internal osteosynthesis after
closed and open fractures have been reported to be 4.2 and
14.7%, respectively [13]. Implant-related infections often
require implant removal, with high morbidity and possible
increased mortality [9] and elevated economic and social
costs [14].

In this context, antibacterial coatings of implants may
represent an attractive option to reduce post-surgical
infections [15]. A strong recommendation was delivered in
a recent international Consensus meeting on peri-prosthetic
joint infections, concerning the need for developing
effective antibacterial surfaces that prevent bacterial
adhesion and colonization of implants and proliferation
into the surrounding tissues [16]. However, only few anti-
bacterial coating technologies are currently available in
orthopedics and trauma and, for various reasons, they are
still far from large-scale application [17, 18].

Developing a new antibacterial coating appears chal-
lenging. Since bacterial colonization, from microbial
adhesion to an established mature biofilm layer, only takes
a few hours [19], any antibacterial protection should act at
the exact time of surgery and possibly only for a few hours
or days thereafter, to minimize the risk of long-term bac-
terial resistance induction. Moreover, any new technology
has to demonstrate safety and lack of interference with
bone healing and should prove to be effective as well as
sufficiently easy to manufacture and implement into the
current clinical practice. Finally, it should be available at
an affordable price, after having passed the scrutiny of the
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complex regulatory pathway [20]. Biocompatible hydro-
gels have been shown to be able to deliver pharmacological
agents locally and can be designed to meet the desired
elution pattern [21]. Recently, a fast-resorbable hydrogel
coating that can be loaded intra-operatively with various
antibacterials has been developed [22]. Based on the
observation that bacterial colonization occurs within the
first hours after implant and that short-term systemic pro-
phylaxis is equally effective as long-term to prevent post-
surgical infections [23], this coating technology introduced
for the first time the concept of ‘short-term local protec-
tion’ of the implant. In fact, a short-term local delivery
system may meet the requirements needed to win the ‘run
to the surface’, while limiting possible long-term unwanted
side-effects [24]. This novel fast-resorbable hydrogel
coating (Defensive Antibacterial Coating, DAC®; Nova-
genit Srl, Mezzolombardo, Italy) is composed of covalently
linked hyaluronan and poly-p,L-lactide and is designed to
undergo complete hydrolytic degradation in vivo within
48-72 h as well as being able to completely release a
variety of different antibacterials at concentrations ranging
from 2—10%. The hydrogel showed synergistic antibacte-
rial and antibiofilm activity with various antibiotics and
antibiofilm agents in vitro [25], while in vivo it has been
proven effective in a rabbit model of highly contaminated
implant both with [26] and without systemic prophylaxis,
without interfering with bone growth [27]. Following pre-
vious brief reports [28, 29], we present the clinical results
of a multicenter European trial comparing the SSI rate
between patients treated with DAC hydrogel-coated
osteosynthesis implants and patients treated with non-
coated implants.

Materials and methods

From January 2014 to June 2015, 256 patients (Fig. 1)
were included in this prospective multicenter randomized
study. The study protocol was approved by the local Eth-
ical Committees of the five 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 insti-
tutions 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).

The patients, in five European orthopedic centers, were
randomly assigned through electronic software to receive
antibiotic-loaded DAC or to a control group (without
coating).
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Table 1 Criteria for defining a surgical site infection (SSI), according to the CDC criteria (cf. https://www.cdc.gov/hicpac/SSI/table1-SSI.html)

Superficial incisional SSI'

Infection occurs within 30 days after the operation and infection involves only skin or subcutaneous tissue of the incision and at least one of
the following:

Purulent drainage, with or without laboratory confirmation, from the superficial incision
Organisms isolated from an aseptically obtained culture of fluid or tissue from the superficial incision

At least one of the following signs or symptoms of infection: pain or tenderness, localized swelling, redness, or heat and superficial incision
is deliberately opened by surgeon, unless incision is culture-negative

Diagnosis of superficial incisional SSI by the surgeon or attending physician
Do not report the following conditions as SSI
Stitch abscess (minimal inflammation and discharge confined to the points of suture penetration)
Infection of an episiotomy or newborn circumcision site
Infected burn wound
Incisional SSI that extends into the fascial and muscle layers (see deep incisional SSI)
Deep incisional SSI*

Infection occurs within 30 days after the operation if no implantf is left in place or within 1 year if implant is in place and the infection
appears to be related to the operation and infection involves deep soft tissues (e.g., fascial and muscle layers) of the incision and at least one
of the following:

Purulent drainage from the deep incision but not from the organ/space component of the surgical site

A deep incision spontaneously dehisces or is deliberately opened by a surgeon when the patient has at least one of the following signs or
symptoms: fever (>38 °C), localized pain, or tenderness, unless site is culture-negative

An abscess or other evidence of infection involving the deep incision is found on direct examination, during reoperation, or by
histopathologic or radiologic examination

Diagnosis of a deep incisional SSI by a surgeon or attending physician
Organ/space SSI*

Infection occurs within 30 days after the operation if no implantf is left in place or within 1 year if implant is in place and the infection
appears to be related to the operation and infection involves any part of the anatomy (e.g., organs or spaces), other than the incision, which

was opened or manipulated during an operation and at least one of the following:

Purulent drainage from a drain that is placed through a stab wound] into the organ/space

Organisms isolated from an aseptically obtained culture of fluid or tissue in the organ/space

An abscess or other evidence of infection involving the organ/space that is found on direct examination, during reoperation, or by

histopathologic or radiologic examination

Diagnosis of an organ/space SSI by a surgeon or attending physician

 Report infection that involves both superficial and deep incision sites as deep incisional SSI

i Report an organ/space SSI that drains through the incision as a deep incisional SSI

Inclusion criteria were the presence of a fresh
(<7 days) closed fracture requiring surgical reduction and
internal fixation with either a metal plate and/or screws
or with an intramedullary nail, in patients aged >18 -
years. Exclusion criteria were pregnancy, breast-feeding
or planning to become pregnant during the study, the
presence of a previous or active infection at site of
fracture, severe malignancies with a life expectancy of
<3 months, previous diagnosis of immune depression
(including HIV) or immune suppressive treatment for
organ transplantation, known allergy to the antibiotics or
to DAC hydrogel constituents, patient not willing or not
able to present for the follow-up consultations or if the
patient did not sign the informed consent documents or
was not able to do so.

Surgical treatment and DAC preparation

After routine preoperative work-out, all patients were
treated according to the current principles of fracture
reduction and internal osteosynthesis. The choice of the
surgical approach and the type of osteosynthesis was left to
each participating surgeon.

Systemic antibiotic prophylaxis was performed with
perioperative administration of a single dose of the
antibiotic chosen at each center [30]. All patients also
received low-weight heparin for deep vein thrombosis
prophylaxis starting on the day of surgery and for
4-6 weeks postoperatively.

Allowed fixation materials included plating, screw and
intramedullary nailing systems from Stryker Inc. (New

@ Springer


https://www.cdc.gov/hicpac/SSI/table1-SSI.html

162

J Orthop Traumatol (2017) 18:159-169

Assessed for eligibility (n=271)

Excluded (n=15)

+ Not meeting inclusion criteria (n=12)
"| « Declined to participate (n=2)

+ Other reasons (n=1)

Randomized (n=256)

!

A

—\

Allocation ]

A4

Allocated to treated (n=128)

+ Received allocated intervention (n=126)

+ Did not receive allocated intervention (n=2)
(fracture treated after 7 days)

Allocated to controls (n=128)

+ Received allocated intervention (n=127)

+ Enrolled in two studies at the same time
(n=1)

A

M

Follow-Up ] y

J

Lost to follow-up (n=0)

Lost to follow-up (n=0)

Analysis ] v

J

Analysed (n=126)
+ Excluded from analysis (n=0)

Fig. 1 ‘Consort flow diagram’ of enrolled patients

York, USA), Smith-Nephew (London, UK) and DePuy-
Synthes (Warsaw, IN, USA), respectively.

Reconstitution of the DAC hydrogel was performed
according to the manufacturer’s instructions. Briefly, the
prefilled syringe, containing 300 mg sterile DAC powder,
was filled at surgery with a solution of 5 mL sterile water
for injection and the desired antibiotic. This allowed the
antibiotic-loaded hydrogel with a DAC concentration of
6% (w/v) and an antibiotic concentration ranging from
20—50 mg/mL to be prepared in ~3-5 min, depending on
the choice of the surgeon. The surgeons could choose the
antibiotic from a list of antibacterials previously tested as
being compatible with the hydrogel, including gentamicin,
vancomycin, daptomycin, meropenem, rifampicin, and
ciprofloxacin [25] (Novagenit SRL, data on file).

According to previous studies showing the ability of the
hydrogel to resist press-fit insertion [25-27], the hydrogel
was directly spread onto the implant surface prior to its
insertion into the body, a few minutes after reconstitution.
Further hydrogel was eventually applied on the synthesis
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Analysed (n=127)
+ Excluded from analysis (n=0)

after its positioning on the bone and at the bone—synthesis
interface, in order to achieve complete coverage of the
implant surface. Similarly, the hydrogel was applied
directly on each pre-drilled screw hole and directly on the
screws, at the time of their insertion (Fig. 2). A similar
technique was used for coating intramedullary nails and
locking screws.

Assessments

All patients underwent preoperative clinical and radio-
graphic examinations and laboratory tests. Host type was
classified according to McPherson et al. [31]. Clinical
evaluations, serum laboratory tests and radiographic
examinations were also scheduled at 6 & 4 weeks,
3 months + 4 weeks, and at 6, 12, 18 and 24 month-
s £ 8 weeks postoperatively.

The primary outcome of the study was the reduction of
SSI at a minimum 12-month follow-up in the treated versus
the control group. SSI was defined as the presence of
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Fig. 2 The ‘Defensive Antibacterial Coating’ (DAC®) hydrogel
coating is spread onto a plate and a screw for osteosynthesis in an
ankle fracture

positive local clinical signs of inflammation, including
pain, redness, warmth, swelling, draining wound, fistulas,
etc., according to the CDC procedure-associated module
SSI (https://www.cdc.gov/hicpac/SSI/table1-SSI.html)
(Table 1), requiring unplanned antibiotic treatment and/or
surgery, e.g., early synthesis removal or debridement, with
or without a positive cultural examination.

Secondary outcomes were the absence of adverse events
and side-effects related to the hydrogel coating, as assessed
by clinical, laboratory and radiographic examinations.

To this aim, clinical evaluation was performed using the
SF-12 score at follow-up, while serious adverse events and
any complication or side-effects were recorded whenever
necessary at follow-up. Wound healing was assessed at 7
and 14 days using the ASEPSIS score, described by Wilson
et al. [32], while delayed wound healing was defined as
incomplete healing of the wound after 4 weeks from sur-
gery, including the presence of wound dehiscence, necrosis
or serum leakage that may need further medication but did
not require any additional surgical treatment.

Laboratory tests, including erythrocyte sedimentation
rate, C-reactive protein, hemocromocytometric, and liver
and kidney function markers, were performed at follow-up
until 6 months after surgery and whenever SSI was
suspected.

Radiographic examination was performed by an inde-
pendent radiologist not aware of the DAC treatment. Bone
healing was defined as the presence of visible bridging
between two cortices, while delayed union was defined as a
lack of bone healing 6 months after trauma. A non-union
was identified when a period of 9 months had elapsed with
no healing progress for 3 months.

Sample size calculation

The primary outcome of this trial was the rate of SSI at a
minimum of 12 months postoperation, defined as reported
above.

Two hundred and fifty-six patients listed for osteosyn-
thesis of fresh fractures were recruited to the intervention
arm or to the standard care arm. Assuming an average
expected rate of SSI after osteosynthesis of 6.0% in the
control group [8, 9, 13] and an SSI rate of 0.1% in the
treated group, a sample size of 122 patients in each arm is
sufficient to detect a clinically important difference
between the two groups with 80% power and 5% level of
significance, as calculated using a two-tailed z test of
proportions [33]. This significant expected effect size is
based upon the rate of post-surgical infection previously
investigated in animal models of implant-related infection,
using the DAC device [26]. The sample size of 256 patients
takes into account an expected drop-out rate of ~9%.

Statistical analysis

In order to detect a reduction in the rate of deep SSI from
6.0 to 1.0% for a two-sided 5% level of significance and
80% power, for the selected binary outcome we needed a
total of 244 participants, assuming a chi-squared test as the
definitive analysis.
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Baseline demographic and comorbidity data were sum-
marized to check comparability between treatment arms.
To assess whether there was any evidence of systematic
imbalance introduced by the randomization procedure, we
also undertook formal statistical testing of differences in
baseline characteristics between treatment arms using
independent samples ¢ tests and Fisher’s exact test or chi-
squared tests, with significance set at the 5% level.

Differences between the groups for other secondary
outcomes, including clinical and laboratory tests and
complications were assessed using chi-squared and Fish-
er’s exact tests as appropriate.

Results

Overall 253 patients (126 treated and 127 controls) were
available with an average follow-up of 18.1 £ 4.5 months
(range 12-30) and were considered for further analysis
(Fig. 1).

The two groups did not differ significantly regarding
age, sex and host type. In particular, approximately half of
the patients in both groups presented with one or more
relevant co-morbidities known to increase post-surgical
infection risk (Table 2).

Perioperative data (Table 3) show that the majority of
patients were treated with plate/screws and <10% in both
groups underwent nail fixation.

Cefazolin was the most used antibiotic for short-term
systemic prophylaxis in both groups, either alone or in
association with amikacin or vancomycin.

On average, 5.7 mL (range 1-10 mL) of DAC hydrogel
was needed to coat the implant. Gentamicin and van-
comycin were the most used antibiotics, at concentrations
of 4 or 2%, respectively.

Early wound healing did not show any difference
between groups, with an average ASEPSIS score at 7 and
14 days of 1.53 +3.94 and 1.93 £ 5.09 in the control
group and 1.51 £+ 4.14 and 1.33 £ 4.32 in the treated
group, respectively. Delayed wound healing occurred in 7
(5.5%) and 5 (3.9%) in the control and treated group,
respectively.

Unplanned antibiotic treatment during hospital stay, for
reasons other than SSI (mainly urinary or respiratory tract
infections), was reported in 12 (9.4%) and 10 (8%) patients
in the control and treated groups, respectively (P = 0.8).

At 6 months, average serum laboratory tests (hemato-
logical, renal and hepatic function) did not show any sig-
nificant difference between groups (Table 4).

At an average 12-month follow-up, average SF-12
clinical score did not differ significantly between groups
(Table 5).
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Table 2 Demographic and preoperative data of the patients included
in the study

Controls % Treated % P
Male 57 449 53 42.1  0.70
Female 70 55.1 73 57.9
Total 127 100.0 126 100.0
Age (years)
Mean + SD 58.6 £ 17.6 62.5 + 21.2 0.11
Min-max 20-95 21-99
Host type
A 70 55.1 60 47.6 025
B 53 41.7 61 48.4
C 4 3.1 5 4.0
Fracture site
Femur 32 252 47 373
Tibia/knee 11 8.7 16 12.7
Ankle/foot 29 228 32 254
Clavicle 11 8.7 10 7.9
Humerus 8 6.3 6 4.8
Forearm/wrist 29 22.8 14 11.1
Hand 7 5.5 1 0.8

Host type classified according to McPherson’s classification

Delayed union was observed in 5 (3.9%) patients in the
control group, compared to 2 (1.6%) in the treated group
(P =04).

No adverse events attributable to the DAC hydrogel
were reported. No detectable interaction was observed
between the hydrogel and bone healing. Six SSIs were
reported in the control group (4.7%), compared to none in
the treated group (P = 0.03). One patient in the control
group underwent early plate removal for plate intolerance,
without reported signs of infection. Detailed information
regarding septic complications, including treatment and
outcomes are provided in Table 6.

Discussion

This is the first clinical trial reporting on the efficacy and
safety of DAC coating for internal osteosynthesis.
Concerning efficacy, this study shows that the studied
antibiotic-loaded hydrogel coating is able to significantly
reduce early SSIs after osteosynthesis, at an average
18-month follow-up. This finding is in agreement with
earlier in vivo studies [26, 27] and with a recently pub-
lished multicenter clinical trial on the use of DAC coating
in total hip and knee cementless or hybrid total joint
replacement [34]. It is also the first clinical demonstration
that short-term local prophylaxis may significantly reduce
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Table 3 Perioperative data

Controls % Treated %

Type of fixation

Plate/screws 117 92.1 115 91.3

Intramedullary nail 10 7.9 11 8.7
Systemic prophylaxis

Cefazolin 70 55.1 69 54.8

Cefazolin + amikacin 37 29.1 31 24.6

Cefazolin + vancomicin 20 15.7 26 20.6
DAC volume (mL)

Mean + SD N/A 57+3.0

Min-max N/A 1-10
DAC + gentamicin N/A 78 61.9
DAC + vancomycin N/A 46 36.5
DAC + vancomicin + meropenem N/A 2 1.6

£2212t46 rizilutﬁls llil(l))sotfztlorfg};ry Controls (mean + SD) Treated (mean + SD) P

Erythrocyte sedimentation rate (mm/h) 143 £ 16 173 £ 17 0.32
C-reactive protein (mg/L) 4.1 £83 42 £ 4.6 0.93
Hemoglobin (g/100 mL) 146 £ 1.2 143 £ 1.7 0.26
White blood cells (cells/mL) 7538 + 2079 7352 + 1452 0.57
PMN (%) 59.2 £ 85 595+ 78 0.84
Creatinine (mg/dL) 0.9 £ 0.19 0.88 + 0.17 0.54
SGOT (U/L) 21 £ 14.6 228 £ 155 0.34
SGPT (U/L) 204 £ 20.7 239 £ 155 0.12
GAMMA-GT (U/L) 359 £ 335 425 £ 55 0.24

PMN polymorphonuclear leukocytes; SGOT Serum Glutamic Oxaloacetic Transaminase; SGPT Serum
Glutamic Pyruvic Transaminase; GAMMA-GT Gamma-Glutamyl Transferase

Table 5 Postoperative data at

the Tatest follow-up Controls (N = 127) % Treated (N = 126) %o P
Follow-up (months)
Mean + SD 18.1 £5.2 18.1 £ 3.5 1.0
Min-max 12-30 12-26
SF-12-physical score
Mean + SD 46 + 11.8 49.3 £ 9.7
SF-12-mental score
Mean + SD 544 £9.5 524 £ 10.6
SF-12-total score
Mean + SD 101.7 £ 154 100.5 + 14.2 0.51
Complications
Surgical site infection 6 4.7 0 0.0 0.03
Delayed wound healing 7 5.5 5 39 0.76
Delayed union 5 3.9 2 1.6 0.44
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Final
outcome

Treatment

complications

Other

Cultural
examination

Onset of
infection
(months from
surgery)

osteosynthesis

Type of

Relevant co-morbidities  Diagnosis

Sex Host
type

Age

Table 6 Data from patients with surgical site infection

Patient
no.
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Delayed Prolonged antibiotic No infection

Negative

Plate and

Weber C fibula

None

M A

47

recurrence

treatment

wound
healing

Delayed

SCrews

fracture

No infection

Early plate removal

Negative

Plate and

Clavicula fracture

Nicotine abuse

39

and debridement recurrence

wound
healing

Delayed

SCrews

No infection

Early plate removal

Corynebacterium

Plate and

Ankle fracture

Nicotine and alcohol

29

and debridement recurrence

wound
healing

sSpp.

SCrews

abuse

Infection

Early plate removal

Staph.

Plate and

Proximal femur

Diabetes, peripheral

C

88

persistence

epidermidis and debridement

SCrews
Plate and

fracture

vasculopathy, old age

No infection

Early plate removal

Escherichia coli

Proximal femur

Diabetes, old age

B

90

recurrence

and debridement

Screws
Plate and

fracture

No infection

Delayed- Plate removal and

MRSA

Peri-prosthetic

Severe rheumatoid

75

two-stage knee recurrence

union

SCrews

supracondilar

arthritis, old age,

revision prosthesis

femoral fracture

corticosteroid therapy

post-surgical septic complications in internal osteosynthe-
sis for closed fractures.

Clinical demonstration of safety is a basic requirement of
any novel coating technology [18, 35]. The reported combined
data from five European centers indicate that the device under
study can be considered clinically safe, when used in combi-
nation with internal osteosynthesis, without any
detectable local side-effects both concerning wound and bone
healing, at a medium-term follow-up. Moreover, no changes
in organ-specific serum markers or systemic unwanted effects
were recorded. This finding is in line with previous data from
in vivo and clinical studies [26, 27, 34]. The high biocom-
patibility of its basic constituents and the short time (<3 days)
needed for complete hydrogel resorption [22, 25] make the
possible occurrence of longer term side-effects unlikely.

In isolated reports, antibacterial coatings have previ-
ously been shown to be clinically effective in reducing
septic complications; however their application to
osteosynthesis is limited [18, 28].

Silver coating is among the most extensively studied
antibacterial agents. Dissolved silver ions are biochemi-
cally active agents, able to interfere with bacterial cell
membrane permeability and cellular metabolism. Silver
also contributes to the formation of reactive oxygen species
and to other mechanisms that potentially influence
prokaryotic cells [36]. There has been concern, however,
about the toxicity of silver ions [37] and to overcome this
issue, research efforts have recently focused on new silver-
coating technologies, that are reported to reduce or even
eliminate toxicity while maintaining antibacterial effects
[38, 39]. However, despite a demonstrated clinical efficacy
and safety in two comparative studies on a limited series of
patients treated with oncological endoprosthesis [40, 41],
the routine use of silver-coated implants remains limited
while, to the best of our knowledge, its application to
fracture fixation devices has never been investigated.

A different approach, consisting of the local adminis-
tration of antibiotics in order to protect an implant, his-
torically attracted much attention in orthopedics. Buchholz
et al. first popularized the incorporation of antibiotics into
polymethylmethacrylate (PMMA) bone cement for local
antibiotic prophylaxis in cemented total joint arthroplasty
[42] and, although the use of antibiotic-loaded PMMA
coating of nails is gaining increasing interest to treat
osteomyelitis, septic non-unions and contaminated frac-
tures [43], comparative clinical studies are lacking. More-
over, PMMA may not be used as a coating for plate
osteosynthesis or screws and antibiotic-loaded PMMA may
not overcome biofilm formation and has been found to be
associated with the development of antibiotic-resistant
‘small-colony variants’ [44, 45].

Other porous biodegradable materials for local antibiotic
delivery, like collagen sponges [46], cancellous bone [47],
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calcium phosphate [48, 49] and bioceramics [50], were not
specifically designed to protect implanted biomaterials and
their use for infection prevention in trauma is currently
limited.

Biodegradable polymers and sol-gel coatings have also
been investigated to provide a controlled antibiotic release
on titanium [51, 52] or hydroxyapatite implants [53].
However, the most known clinical applications of this
approach are probably antibiotic-loaded b-poly-lactate
acid/gentamycin intramedullary coated nails that, until
now, only showed some positive results in a limited series
of patients [17].

In this setting, an antibiotic-loaded fast-resorbable
hydrogel coating may offer ease of use, versatility and
large scale applications, opening the way to an affordable
wide application of antibacterial implant protection, as
recently shown in a multicenter trial focused on infection
prevention in total hip and knee replacement [34].

This study has some limitations. First, the follow-up is
relatively short. Although the minimum 12-month moni-
toring appears adequate to detect early post-surgical septic
complications, exceeding that defined in the IDSA
Guidelines [54], and appears adequate to detect the vast
majority of SSIs after osteosynthesis [8, 9], longer follow-
up could be useful to further investigate the ability of the
tested device to eventually prevent the occurrence of
delayed and late infections. Second, the designed study
deliberately left the participating centers free to choose the
systemic antibiotic used for prophylaxis, as well as the one
added to the hydrogel locally. To our knowledge, as there
is no clear evidence showing the superiority of one
antibiotic prophylaxis over another [55], it was decided to
leave each center free to decide the prophylaxis on the
basis of their experience and the regional microbiology,
instead of imposing a fixed arbitrary regimen. Moreover,
the main activity of the DAC hydrogel is thought to be its
anti-adhesive effect, as recently reported [56], while the
presence of the antibiotic in the hydrogel is intended to
eventually kill the remaining planktonic bacteria and is
ancillary to the main activity of the device. All things
considered, the choice to leave the centers free to choose
the type of antibiotic did finally provide homogeneous and
comparable data and may actually better simulate the real-
life possible clinical scenario once the DAC device will be
available to market. Other limitations of the study concern
the exclusion of exposed fractures or other potentially
challenging clinical situations, in which an antibacterial
coating could eventually be useful. This will be the object
of further planned studies.

Acknowledgements The study was performed and partially funded
under the iDAC, Collaborative Research Project Number 277988
within the 7th European Framework Programme.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Patient consent Informed consent was obtained from all individual
participants included in the study.

Ethical approval All patients gave the informed consent prior being
included into the study. All procedures involving human participants
were in accordance with the 1964 Helsinki declaration and its later
amendments. The study was approved by the responsible Research
Ethics Committee or Institutional Review Board.

Funding The study was performed within the 7th European Frame-
work 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).

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Magill SS et al (2014) Multistate point-prevalence survey of health
care-associated infections. N Engl J Med 370(13):1198-1208

2. An YH, Friedman RJ (1996) Prevention of sepsis in total joint
arthroplasty. J Hosp Infect 33:93-108

3. Humphreys H (2012) Surgical site infection, ultraclean ventilated
operating theatres and prosthetic joint surgery: where now?
J Hosp Infect 81:71-72

4. Jamsen E, Furnes O, Engesaeter LB, Konttinen YT, Odgaard A,
Stefansdottir A et al (2010) Prevention of deep infection in joint
replacement surgery. Acta Orthop 81:660-666

5. Ilingworth KD, Mihalko WM, Parvizi J, Sculco T, McArthur B,
el Bitar Y, Saleh KJ (2013) How to minimize infection and
thereby maximize patient outcomes in total joint arthroplasty: a
multicenter approach: AAOS exhibit selection. J Bone Jt Surg
Am 95:e50

6. Magill SS et al (2012) Prevalence of healthcare-associated
infections in acute care hospitals in Jacksonville, Florida. Infect
Control Hosp Epidemiol 33(3):283-291

7. Anderson DJ, Podgorny K, Berrios-Torres SI et al (2014)
Strategies to prevent surgical site infections in acute care hospi-
tals: 2014 Update. Infect Control Hosp Epidemiol 35(6):605-627

8. Merrer Jacques, Girou Emmanuelle, Lortat-Jacob Alain, Mon-
travers Philippe, Lucet Jean-Christophe, Groupe de Recherche
sur 1’Antibioprophylaxie en Chirurgie (2007) Surgical site
infection after surgery to repair femoral neck fracture: a French
multicenter retrospective study. Infect Control Hosp Epidemiol
8(10):1169-1174

9. Bonnevialle P, Bonnomet F, Philippe R, Loubignac F, Rubens-
Duval B, Talbi A, Le Gall C, Adam P, SOFCOT (2012) Early
surgical site infection in adult appendicular skeleton trauma
surgery: a multicenter prospective series. Orthop Traumatol Surg
Res 98(6):684-689

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

168

J Orthop Traumatol (2017) 18:159-169

10.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Berbari EF, Osmon DR, Lahr B, Eckel-Passow JE, Tsaras G,
Hanssen AD, Mabry T, Steckelberg J, Thompson R (2012) The
Mayo prosthetic joint infection risk score: implication for surgi-
cal site infection reporting and risk stratification. Infect Control
Hosp Epidemiol 33:774-781

. Heppert V (2012) Acute infection after osteosynthesis. European

instructional lectures: 13th EFORT Congress, vol 12. Springer
Science and Business Media, Berlin, pp 25-31. ISBN
3642272932, 9783642272936

. Keene DJ, Mistry D, Nam J, Tutton E, Handley R, Morgan L,

Roberts E, Gray B, Briggs A, Lall R, Chesser TJ, Pallister I,
Lamb SE, Willett K (2016) The ankle injury management (AIM)
trial: a pragmatic, multicentre, equivalence randomised con-
trolled trial and economic evaluation comparing close contact
casting with open surgical reduction and internal fixation in the
treatment of unstable ankle fractures in patients aged over 60
years. Health Technol Assess 20(75):1-158

Oliveira PR, Carvalho VC, da Silva Felix C, de Paula AP, Santos-
Silva J, Lima AL (2016) The incidence and microbiological
profile of surgical site infections following internal fixation of
closed and open fractures. Rev Bras Ortop 51(4):396-399
Poultsides LA, Liaropoulos LL (2010) Malizos KN The socioe-
conomic impact of musculoskeletal infections. J Bone Jt Surg Am
92:e13

Montali A (2006) Antibacterial coating systems. Injury 37(Suppl
2):S81-S86

Cats-Baril W, Gehrke T, Huff K, Kendoff D, Maltenfort M,
Parvizi J (2013) International consensus on periprosthetic joint
infection: description of the consensus process. Clin Orthop Relat
Res 471:4065-4075

Fuchs T, Stange R, Shmidmaier S, Raschke MJ (2011) The use of
gentamicin-coated nails in the tibia: preliminary results of a
prospective study. Arch Orthop Trauma Surg 131(10):1419-1425
Romano CL, Scarponi S, Gallazzi E, Romano D (2015) Drago L
(2015) Antibacterial coating of implants in orthopaedics and
trauma: a classification proposal in an evolving panorama.
J Orthop Surg Res 10:157

Hold V, Ruzicka F, Votava M (2006) The dynamics of staphy-
lococcus epidermis biofilm formation in relation to nutrition,
temperature, and time. Scr Med 79:169-174

Romano CL, Logoluso N, Drago L (2015) Antibiofilm strategies
in orthopedics: where are we? In: Baldini A, Caldora P (eds) Peri-
operative medical management for total joint arthroplasty. How
to Control Hemostasis, Pain and Infection. Springer, Switzerland,
pp 269-286

Overstreet D, McLaren A, Calara F, Vernon B, McLemore R
(2015) Local gentamicin delivery from resorbable viscous
hydrogels is therapeutically effective. Clin Orthop Relat Res
473(1):337-347

Pitarresi G, Palumbo FS, Calascibetta F, Fiorica C, Di Stefano M,
Giammona G (2013) Medicated hydrogels of hyaluronic acid
derivatives for use in orthopedic field. Int J Pharm 449(1-2):84-94
Heydemann JS, Nelson CL (1986) Short-term preventive antibi-
otics. Clin Orthop Relat Res 205:184-187

Antoci V Jr, Adams CS, Hickok NIJ, Shapiro IM, Parvizi J (2007)
Antibiotics for local delivery systems cause skeletal cell toxicity
in vitro. Clin Orthop Relat Res 462:200-206

Drago L, Boot W, Dimas K, Malizos K, Hansch GM, Stuyck J,
Gawlitta D, Romano CL (2014) Does implant coating with antibac-
terial-loaded hydrogel reduce bacterial colonization and biofilm for-
mation in vitro? Clin Orthop Relat Res 472(11):3311-3323
Giavaresi G, Meani E, Sartori M, Ferrari A, Bellini D, Sacchetta
AC, Meraner J, Sambri A, Vocale C, Sambri V, Fini M, Romano
CL (2014) Efficacy of antibacterial-loaded coating in an in vivo
model of acutely highly contaminated implant. Int Orthop
38(7):1505-1512

@ Springer

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Boot W, Vogely HCh, Nikkels PGJ, Pouran B, van Rijen M,
Dhert WJA (2015) Gawlitta D local prophylaxis of implant-re-
lated infections using a hydrogel as carrier. Eur Cells Mater
30(2):19

Logoluso N, Malizos K, Blauth M, Danita A, Simon K, Romano
C (2015) Anti-bacterial hydrogel coating of osteosynthesis
implants: early clinical results from a multi-center prospective
trial. Eur Cells Mater 30(2):35

Malizos K, Scarponi S, Simon K, Blauth M, Romano C (2015)
Clinical results of an anti-bacterial hydrogel coating of implants:
a multi-centre, prospective, comparative study. Bone Jt J
97-B(16):138

Slobogean GP, Kennedy SA, Davidson D, O’Brien PJ (2008)
Single- versus multiple-dose antibiotic prophylaxis in the surgical
treatment of closed fractures: a meta-analysis. J Orthop Trauma
22(4):264-269

McPherson EJ, Woodson C, Holtom P, Roidis N, Shufelt C,
Patzakis M (2002) Periprosthetic total hip infection. Outcomes
using a staging system. Clin Orthop Relat Res 403:8-15

Wilson AP, Treasure T, Sturridge MF et al (1986) A scoring
method (ASEPSIS) for postoperative wound infections for use in
clinical trials of antibiotic prophylaxis. Lancet 1:311-313
Tushar, Sakpal Vijay (2010) Sample size estimation in clinical
trial. Perspect Clin Res 1(2):67-69

Romano CL, Malizos K, Capuano N, Mezzoprete R, D’ Arienzo
M, Van Der Straeten C, Scarponi S, Drago L (2016) Does an
antibiotic-loaded hydrogel coating reduce early post-surgical
infection after joint arthroplasty? J Bone Jt Infect 1:34-41
Gallo J, Holinka M, Moucha CS (2014) Antibacterial surface
treatment for orthopaedic implants. Int J Mol Sci
15(8):13849-13880

Chernousova S, Epple M (2013) Silver as antibacterial agent: ion,
nanoparticle, and metal. Angew Chem Int Ed Engl 52:1636-1653
Mijnendonckx K, Leys N, Mahillon J, Silver S, van Houdt R
(2013) Antimicrobial silver: uses, toxicity and potential for
resistance. Biometals 26:609-621

Noda I, Miyaji F, Ando Y, Miyamoto H, Shimazaki T, Yonekura
Y et al (2009) Development of novel thermal sprayed antibac-
terial coating and evaluation of release properties of silver ions.
J Biomed Mater Res B Appl Biomater 89:456-465

Panacek A, Kolar M, Vecerova R, Prucek R, Soukupova J,
Krystof V et al (2009) Antifungal activity of silver nanoparticles
against Candida spp. Biomaterials 30:6333-6340

Wafa H, Grimer RJ, Reddy K, Jeys L, Abudu A, Carter SR et al
(2015) Retrospective evaluation of the incidence of early
periprosthetic infection with silver-treated endoprostheses in
high-risk patients: case—control study. Bone Jt J 97-B(2):252-257
Hardes J, von Eiff C, Streitbuerger A, Balke M, Budny T, Hen-
richs MP et al (2010) Reduction of periprosthetic infection with
silver-coated megaprostheses in patients with bone sarcoma.
J Surg Oncol 101(5):389-395

Buchholz HW, Engelbrecht H (1970) Depot effects of various
antibiotics mixed with Palacos resins. Chirurg 41(11):511-515
[Article in German]

Burns PR, Lowery NJ, Woods JB (2012) Permanent antibiotic
impregnated intramedullary nail in diabetic limb salvage: a case
report and literature review. Diabet Foot Ankle 3:10

van de Belt H, Neut D, Schenk W, van Horn JR, van Der Mei HC,
Busscher HJ (2001) Staphylococcus aureus biofilm formation on
different gentamicin-loaded polymethylmethacrylate bone
cements. Biomaterials 22(12):1607-1611

Neut D, Hendriks JG, van Horn JR, van der Mei HC, Busscher HJ
(2005) Pseudomonas aeruginosa biofilm formation and slime excre-
tion on antibiotic-loaded bone cement. Acta Orthop 76(1):109-114
De Grood MP (1951) Pathology, diagnosis and treatment of
subdural empyema. Arch Chir Neerl 3(2):128-138



J Orthop Traumatol (2017) 18:159-169

169

47.

48.

49.

50.

51.

52.

Buttaro MA, Pusso R, Piccaluga F (2005) Vancomycin-supple-
mented impacted bone allografts in infected hip arthroplasty.
Two-stage revision results. J Bone Jt Surg Br 87(3):314-319
Gautier H, Merle C, Auget JL, Daculsi G (2000) Isostatic com-
pression, a new process for incorporating vancomycin into
biphasic calcium phosphate: comparison with a classical method.
Biomaterials 21(3):243-249

Yamamura K, Iwata H, Yotsuyanagi T (1992) Synthesis of
antibiotic-loaded hydroxyapatite beads and in vitro drug release
testing. J Biomed Mater Res 26(8):1053-1064

Romano CL, Gallazzi E, Logoluso N, De Vecchi E, Drago L
(2015) Antibiotic-loaded regenoss for the treatment of septic
bone defects: in vitro study and preliminary clinical experience.
J Biol Regul Homeost Agents 29(4):103-110

Guillaume O, Garric X, Lavigne JP, Van Den Berghe H, Coudane
J (2012) Multilayer, degradable coating as a carrier for the sus-
tained release of antibiotics: preparation and antimicrobial effi-
cacy in vitro. J Control Release 162:492-501

Tang Y, Zhao Y, Wang H, Gao Y, Liu X, Wang X et al (2012)
Layer-by-layer assembly of antibacterial coating on interbonded

53.

54.

55.

56.

3D fibrous scaffolds and its cytocompatibility assessment.
J Biomed Mater Res A 100:2071-2078

Neut D, Dijkstra RJ, Thompson JI, Kavanagh C, van der Mei HC,
Busscher HJ (2015) A biodegradable gentamicin-hydroxyapatite-
coating for infection prophylaxis in cementless hip prostheses.
Eur Cell Mater 2(29):42-55

Osmon DR, Berbari EF, Berendt AR, Lew D, Zimmerli W,
Steckelberg JM, Rao N, Hanssen A, Wilson AR (2013) Infectious
diseases society of America. Executive summary: diagnosis and
management of prosthetic joint infection: clinical practice
guidelines by the Infectious diseases society of America. Clin
Infect Dis 56(1):1-10

Bratzler DW, Dellinger EP, Olsen KM et al (2013) Clinical
practice guidelines for antimicrobial prophylaxis in surgery. Am J
Health Syst Pharm 70:195-283

Romano CL, De Vecchi E, Bortolin M, Morelli I, Drago L (2017)
Hyaluronic acid and its composites as a local antimicrobial/an-
tiadhesive barrier. J Bone Jt Infect 2(1):63-72

@ Springer



	Fast-resorbable antibiotic-loaded hydrogel coating to reduce post-surgical infection after internal osteosynthesis: a multicenter randomized controlled trial
	Abstract
	Background
	Materials and methods
	Results
	Conclusions
	Level of evidence

	Introduction 
	Materials and methods
	Surgical treatment and DAC preparation
	Assessments
	Sample size calculation
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References




