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Abstract

Background and aims. Despite the fact that implants are sterilized, antiseptic 
techniques are applied and systemic antibiotics are routinely administered prior to 
and after craniofacial surgery, infection rates between 3% and 40% are still reported 
for alloplastic implants, urging for implant removal. The present study focuses 
on the development of a fiber-reinforced composite (FRC) implant for craniofacial 
reconstruction with antimicrobial properties. 

Methods. A new fiber-reinforced composite coated with gentamicin was 
developed and tested for bacterial adherence and antibacterial efficiency, using two 
of the most involved bacterial strains in the postoperative infections: Staphylococcus 
aureus and Pseudomonas aeruginosa.

Results. Bacteria were efficiently inactivated in direct contact with gentamicin 
coatings (p<0.05). The inhibition zone for Staphylococcus aureus ranged from 17.21 
mm to 20.13 mm and for Pseudomonas aeruginosa ranged from 12.93 mm to 15.33 
mm. Although no significant statistical results were found for bacterial adhesion 
and gentamicin concentration, (Staphylococcus aureus: β= -0.974; p=0.144>0.05 
and Pseudomonas aeruginosa: β = -0.921; p=0.255>0.05), a negative relation was 
observed, indicating the reversed relation between the antibiotic dosage and the 
bacterial adherence.

Conclusion. The results of the two applied microbiological protocols used in 
the study suggested that gentamicin eluting coating inhibited not only the bacterial 
growth, but also led to a lower initial bacterial adhesion to the surface of the implant. 
Thus, antibiotic coating of craniofacial implants may reduce the infection rate related 
to reconstructive surgery.
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Background and aims
The morphological and functional deficits produced 

by the alteration of the cranial vault and facial bones impair 
an individual’s life quality. In spite of the developments in 
the field of microsurgery and tissue engineering, alloplastic 
materials for cranio-facial reconstruction are still widely 
used. Being seen as a lower cost alternative readily 
available on the market, their benefits include resistance to 
functional and external forces, no resorption, easy handling 
during surgery and favorable cosmetic results due to the 
possibility of being prefabricated as custom-made implants 
using additive manufacturing techniques [1-3].

Infection rates between 3% and 40% are still 
reported for alloplastic implants based on titanium alloys, 
porous polyethylene, polymethylmetacrylate (PMMA), 
carbon fiber-reinforced polymer (CFRP) or hydroxyapatite 
placed during reconstructive surgery, requiring implant 
removal [4-7]. 

Despite the fact that implants are sterilized, antiseptic 
surgical techniques are applied and systemic antibiotics are 
routinely administered prior to and after surgery, infection 
rates do not decrease significantly. As a result, research 
was conducted on local antimicrobial strategies in order 
to prevent implant-associated infections and to reduce the 
need for revision surgeries. One prophylactic strategy refers 
to “the race for the surface”, a concept described about 
30 years ago [8]. The fate of an alloplastic implant was 
considered a race between bacterial adhesion and biofilm 
formation on an implant surface versus tissue integration, 
ensured by bone ingrowth or soft-tissue ongrowth. In order 
to exhibit antimicrobial behavior, the surface of the implant 
should inhibit biofilm formation and satisfy the following 
requests: anti-adhesive properties, biocide activity and 
antimicrobial actions after contact. Generally two of these 
strategies are combined to overcome limitations of having 
just one property [9]. 

In relation to this, the present study focuses on 
the development of a fiber-reinforced composite (FRC) 
implant for craniofacial reconstruction with antimicrobial 
properties, by incorporating gentamicin as an external layer 
of the implant. 

Materials and method
Samples, on which surfaces gentamicin was 

deposited, were made of monomer mixture (Bis-GMA: 
UEDMA: TEGDMA=1:6:3) and chopped fiber glass 
(organic phase 35% and inorganic phase 65%). They were 
achieved from teflon moulds and presented a diameter of 6 
mm and a height of 1 mm. Each sample was weighted using 
an analytical balance and placed in a divided box. In this 
manner, a sample confusing bias was avoided. 

The same samples without gentamicin coating were 
used as controls.

Gentamicin submission
The samples obtained were placed in the moulds, 

separated by 0.5 mm thick teflon dividers. A mixture 
comprising of polymethylmethacrylate (88.25%), 
gentamicin sulphate (3.75%) and zirconium oxide (10%) 
was made. The resulting powder was sieved in order to be 
homogenized and an amount of methylmethacrylat was 
placed over it (MMA: powder mixture in a proportion of 
1:19). The resulting paste was introduced in a 1 ml syringe. 
Afterwards, one drop of the paste was placed on each 
sample. The moulds were then covered and pressured with 
a glass slide that weighted 100 grams. After half an hour, 
the samples were removed, trimmed and placed with the 
coating on the lower part of the mould. The 0.5 mm thick 
teflon divider was removed and replaced with a 1 mm thick 
one, thus the final sample thickness became 2 mm. The 
same procedures described above were repeated for the 
other part of the sample.

Bacterial strains and culture conditions
Two strains were used in this study: Staphylococcus 

aureus ATCC-25923 and Pseudomonas aeruginosa ATCC-
27853. The cultures were maintained on Mueller Hinton 
agar (bioMérieux, Marcy l’Etoile, France). The bacteria 
were cultured overnight in 5 ml Mueller Hinton broth 
(bioMérieux, Marcy l’Etoile, France) in a shaker incubator 
(Heidolph Inkubator 1000 coupled with Heidolph Unimax 
1010, Schawbach, Germany) at 37°C, 150 rpm until 
the culture was formed. An inoculation loop was first 
sterilized by passing it through a flame. When the loop 
was cool, it was dipped into the Mueller Hinton broth. 
The inoculation loop was then dragged across the surface 
of Petri dishes containing the agar (Muller Hinton agar) 
using the three-phase streaking pattern, known as the 
T-Streak. The technique was used to isolate a pure strain 
from a single species of microorganism. The dishes were 
incubated at 37ºC for 18 h. A sufficient number of colonies 
were removed and placed into 9 ml of sterile saline. The 
bacterial concentration corresponding to 107CFU ml-1 was 
established using the Nanodrop Spectrophotometer ND-
1000 (Delaware, USA). Successive dilutions up to 105CFU 
ml-1 were obtained.

Antibacterial efficiency tests 
For each of the bacterial strain studied, discs of 6 

mm diameter, with different concentration of gentamicin, 
were used. The Muller Hinton agar was inoculated with 
100 µl bacterial suspension with 105CFU ml-1 dilution. 
The bacterial suspension was uniformly distributed on the 
surface of the Petri dish using a Drigalski loop. Two discs 
of FRC were exposed on the surface of each agar dish. 
The dishes were incubated 24 h at 37ºC and the inhibition 
diameters measured afterwards. 

Bacterial adherence
The bacterial adherence was tested to simulate 

the affinity of microorganisms to the implant surface, 
directly after implantation. A protocol adapted from Tanner 
and Nganga [10] was applied for the microorganisms 
(Staphylococcus aureus ATCC-25923 and Pseudomonas 
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aeruginosa ATCC-27853) on uncoated and coated 
specimens.

The bacteria were precultured from a frozen glycerol 
preparation and inoculated in 45 mL Tryptic Soy Broth 
(Liofilchem, Roseto Degli Abruzzi, Italy) of 16 h at 37°C. 
After harvesting the bacteria by centrifugation (4 000 rpm, 
+ 4°C, 10 min, Centrifuge 5804R, Eppendorf, Hamburg, 
Germany), they were washed once with physiological 
sterile saline. Then cells were resuspended in physiological 
saline at a concentration of ~ 0.035 at A550, which 
corresponded to ~ 1×107 colony-forming units (CFU) 
(Nanodrop Spectrophotometer ND 1000, Delaware, USA). 
The suspension was gently sonicated and vortexed to 
homogenize the solution. Then the specimens were placed 
in 15 ml test tubes with 5 ml of bacterial suspension. After 
shaking (Heidolph Unimax 1010, Schwabach, Germany) at 
room temperature for 30 min, the specimens were washed 
three times in abundant physiological saline and gently 
dried without touching the surface. Thereafter, the bacterial 
samples from the specimen surfaces were collected for 
analysis of viability (three replicates).

The bacteria attached to the surface of the specimens 
were collected with micro brushes into 2 ml microtubes 
containing 900 μL of Tryptic Soy Broth (Liofilchem, Roseto 
Degli Abruzzi, Italy) with 10% glycerol. Thereafter, the 
bacteria were homogenized (Eppendorf 5804 R, Hamburg, 
Germany), serially diluted in physiological saline (10 μL 
of 1:10, 1:100, and 1:1000) and cultured on Muller Hinton 
agar plates. CFU measurements were done after 24 h of 
culturing at 37°C. 

Data analysis
Data analysis was performed with IBM SPSS 20. 

Descriptive statistics and linear regression were applied in 
order to investigate the effects of antibiotic dosage on the 
bacterial adhesion. ANOVA test was applied to investigate 
the statistical significance of the data between test groups.

Results
Antimicrobial efficacy test 
In the test for antimicrobial activity the coatings 

were highly effective against both bacteria strains (Figure 
1, Figure 2).

Figure 1. Antimicrobial efficacy test for Staphylococcus aureus showing inhibition zone 
around gentamicin coated FRC discs.

Figure 2. Antimicrobial efficacy test for Pseudomonas aeruginosa showing inhibition zone around gentamicin coated 
FRC discs.
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Bacteria were efficiently inactivated with direct 
contact to gentamicin coatings. The results showed a 
diameter of inhibition zone for Staphylococcus aureus 
ranging from 17.21 mm to 20.13 mm (Table I). Regarding 
the diameter of inhibition zone for Pseudomonas 
aeruginosa, the results showed values ranging from 12.93 
mm to 15.33 mm (Table II).

All the test groups showed a statistically significant 
difference when compared to the control group (p<0.05)

Bacterial adherence
In the adherence test, the initial adhesion, which is 

the interaction between the cell surface and the material 
surface, was measured.

Less Staphylococcus aureus and Pseudomonas 
aeruginosa were found attached to the gentamicin coated 
specimens than to the control discs (Table III and Table 

IV). Although, no significant statistical results were found 
for bacterial adhesion and gentamicin concentration, 
(Staphylococcus aureus: β= -0.974; p=0.144>0.05) and 
Pseudomonas aeruginosa: β= -0.921; p=0.255>0.050), 
a negative relation was observed, indicating the reversed 
relation between the antibiotic dosage and the bacterial 
adherence.

Discussion
Biomaterial-associated infection is a feared 

complication of reconstructive surgery, often leading 
to prolonged patient hospitalization, functional and 
morphological impairment. Perioperative antibiotic 
prophylaxis showed a lower rate of implant-associated 
infections but did not eradicate it [11]. Furthermore, 
implantation of a biomaterial impairs the innate local host 
response and may raise the risk of infection [12,13]. As a 
result, there is a strong need for an antibacterial implant 
surface that can overcome implant-induced defects in the 
local immune response.

Antibiotic eluting coatings represent one of the 
numerous approaches that had been proposed and tested for 
antibacterial features. Common antibiotics locally released 
from implant surfaces against potential bacterial infection 
are gentamicin, tobramycin, vancomycin, rifampicin, 
cefuroxime and ciprofloxacin. Due to the changes in 
oral and maxillofacial flora and bacterial resistance to 
antibiotics, nowadays, recommended therapies are based 
on ciprofloxacin and gentamicin [14]. Gentamicin has 
already proved to be an optimal choice due to its activity 
against both Gram-positive and Gram-negative bacteria. It 
is known to exhibit a low rate of allergy, free solubility in 
water and a rare resistance to it [15].

Group Count Gentamicin 
dosage (g)

CFU

Mean Standard deviation (+/-)

Control 3 0 11x105 100

FRC-G 18 3 0.0016 25x103 707

FRC-G 19 3 0.0031 5x 103 707

FRC-G 20 3 0.0018 15x103 707

Table IV. Adherence of Pseudomonas aeruginosa ATCC-27853 
to gentamicin coated fiber reinforced composite (FRC-G) discs.

Group Count Inhibition zone (mm)

Mean Standard deviation (+/-)

Control 6 0.13 0.015

FRC-G 1 6 20.13 0.019

FRC-G 2 6 17.21 0.022

FRC-G 3 6 19.73 0.027

FRC-G 4 6 19.11 0.035

FRC-G 5 6 18.31 0.021

FRC-G 6 6 17.47 0.022

FRC-G 7 6 18.05 0.025

Table I. Antimicrobial efficacy test: diameters of inhibition 
zone (mean and standard deviation) for Staphylococcus 
aureus ATCC-25923 around gentamicin coated fiber 
reinforced composite (FRC-G) discs.

Group Count Inhibition zone (mm)

Mean Standard deviation (+/-)

Control 6 0.904 0.048

FRC-G 8 6 13.97 0.015

FRC-G 9 6 13.85 0.022

FRC-G 10 6 14.18 0.025

FRC-G 11 6 13.426 0.024

FRC-G 12 6 15.33 0.022

FRC-G 13 6 12.93 0.017

FRC-G 14 6 12.98 0.015

Table II. Antimicrobial efficacy test: diameters of 
inhibition zone (mean and standard deviation) for 
Pseudomonas aeruginosa ATCC-27853 around gentamicin 
coated fiber reinforced composite (FRC-G) discs.

Group Count Gentamicin 
dosage (g)

CFU
Mean Standard deviation (+/-)

Control 3 0 21x103 707
FRC-G 15 3 0.0026 10x 103 707
FRC-G 16 3 0.0019 11x 103 100
FRC-G 17 3 0.0016 12x 103 707

Table III. Adherence of Staphylococcus aureus ATCC-25923 to 
gentamicin coated fiber reinforced composite (FRC-G) discs.
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Two aspects are critical when designing an 
antimicrobial coating: obtaining anti-adhesive surface for 
the bacteria and inducing bacterial inhibition.

In reconstructive surgery, a strong anti-adhesive 
layer on implants cannot be used because it could also 
prevent osseointegration and can lead to early mechanical 
failure. The solution lies in a coating that retains required 
host cell interactions while selectively inhibiting bacterial 
adhesion. 

In our study, the results of bacterial adherence test 
were not statistically significant. This may be related not only 
to the extent of the sample group, but also to the incubation 
medium which may affect the affinity of the bacteria to test 
surfaces. In pure growth medium (TSB), Barton and co-
workers [16] reported the amount of adhering bacteria to 
be halved compared to adherent bacteria cultured in PBS. 
In the present adhesion test, gentamicin dissolution led 
to a reduction of its concentration on the sample surface 
with consecutive reduction of contact bactericidal activity. 
Compared to the clinical situation, the liquid volume and 
flow are overrated. Thus the material antimicrobial efficacy 
is underestimated.

The antimicrobial efficacy test showed good results 
on both bacteria strains, being related to the elution of 
antibiotic from the implant coating. The material efficacy 
may still be slightly overestimated as body fluids, at the 
implant site, are exchanged continuously [17].

The coating obtained in this study succeeds in 
inhibiting bacterial adhesion and growth, while gentamicin 
is one of the well-tolerated antibiotics in terms of cytotoxicity 
on human osteoblasts [18], fibroblasts and keratinocytes 
[15,19]. This aspect is critical, taking into account that 
antibiotic elution from the implant is time-limited and 
by the moment its antimicrobial properties decrease, the 
implant should be integrated in the surrounding tissues.

Conclusions
The results of the two applied microbiological 

protocols used in the present study suggest that gentamicin 
eluting coating inhibited not only the bacterial growth, but 
also led to a lower grade of initial bacterial adhesion to the 
surface of the fiber-reinforced composite implant. Thus, 
antibiotic coating of cranio-facial implants may reduce the 
infection rate related to reconstructive surgery of the skull.
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