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Abstract 

Fiber-reinforced composite (FRC) implants have shown to 
be a favorable option as an implant material, compared to 
titanium, in terms of biocompatibility and mechanical 
properties. Furthermore, application of antibacterial coatings 
onto these implant material have been presented as a viable 
strategy to prevent biofilm formation. The purpose of this study 
was to analyse the biofilm prevention effect on gentamicin 
coated fiber-reinforced composite implants, by means of inkjet 
technology, when exposed to Staphylococcus aureus ATCC 
25923 bacteria.  Scanning white light interferometry and 
scanning electron microscopy were used to characterize the 
surface texture and surface roughness of the pure and printed 
implant material and titanium (control) specimens. 
Quantification of the deposited gentamicin amount was 
performed using a colorimetric assay. Statistically significant 
biofilm inhibition was seen for the gentamicin coated resin 
specimens and a more than 100-fold reduction in viable cells 
was determined. It was concluded that piezoelectric inkjet 
technology could be a viable technology to precisely deposit 
anti-biofilm coatings onto implant materials. The presented 
work is based on results of a master’s thesis by Anthoni et al., 
2016 conducted at Åbo Akademi University [1].  

Introduction 
Titanium has traditionally been used as material for 

orthopedic implants. Different plastics and ceramics have more 
recently been introduced to the field. Statistics show that 
implant related infections are the most prevalent nosocomial 
complications faced in hospitals [2]. The infections are usually 
cause by biofilm forming bacterial strains of Staphylococcus 
aureus and Staphylococcus epidermidis [3]. Biofilms are 
formed by initial bacterial adhesion onto a surface, followed by 
proliferation and eventually biofilm formation. The protective 
extracellular matrix formed by the bacteria, makes the colonies 
less susceptible to the immune response of the human and also 
to antibiotic treatment [4].  

 Research has been conducted aiming to decrease the 
prevalence of implant related infections. Strategies in 
modifying the implant material by local application [5,6] or 
incorporation [7,8] of antimicrobial agents or by modifying the 
surface properties of the implant, making the implants less 
viable for bacteria to adhere [9], have been reported. The most 
recent approaches also address factors within the coating that 
supports bone repair [10,11]. 

Bone is a composite material consisting of inorganic 
components such as calcium phosphates, magnesium, sodium, 

potassium, chlorine, iron and carbonate and organic collagens 
and non-collagen proteins [12,13]. Fiber-reinforced composites 
(FRC) have recently been introduced as an alternative implant 
material of low weight and with good biocompatibility [14]. 
Furthermore, the mechanical properties of the composites can 
be designed and modified [15,16]. 

 Gentamicin is an antibiotic belonging to the 
aminoglycoside group, which has an antibacterial activity 
against both gram-positive and negative bacteria. The 
antibacterial activity of the drug has been reported to be 
concentration dependent [17]. Gentamicin has shown toxicity 
and drop in renal function after oral administration of 2-3 
mg/kg doses [18]. However, local delivery of even higher doses 
of gentamicin did not result in systemic toxicity [5]. 
Previously, biodegradable polymeric coatings of gentamicin 
and poly-lactic-co-glycolic acid (PLGA) were applied onto 
coated stainless steel implants and controlled release of the 
drug was reported [6]. Application of a polymeric poly (D,L-
lactide) (PDLLA) gentamicin-loaded coating on titanium wires 
was also shown to decrease implant-related osteomyelitis in 
vivo [5]. Previously, an antibacterial effect was achieved when 
applying coatings of silver-polysaccharide onto similar resin 
fiber-reinforced composites implants [19] as in the present 
study. Furthermore, the use of thermal inkjet printing as a 
coating method to deposit ink consisting of immobilized silver 
nanoparticles in lactose modified chitosan onto implants was 
proven to be a viable technique [14]. 

The aim of this study was to evaluate the inhibitory 
effect of gentamicin coatings, deposited using inkjet printing 
technology on FRC, for the Staphylococcus aureus (S. Aureus 
ATCC 25923) strain according to the static biofilm method 
described by Oja et al. (2014) [20]. Further aim was to 
investigate the surface texture of the implant after printing. The 
different steps of the study are visualized in Figure 1.  

Materials and Methods 

Preparation of implants  
The implant material was prepared by mixing 

photopolymerizable monomers of bisphenol a glycidyl 
dimethacrylate (70% w/w, BisGMA) with triethyleneglycol 
dimethacrylate (30% w/w, TEGDMA). A photo initiator 
camphorquinone (0.7% w/w, CQ) and activator 2-
dimethylaminoethyl methacrylate (0.7% w/w, DMAEMA) 
were also added to the mixture, which was stirred for 48 hours. 
The homogenous mixture was poured into a teflon mould.and a 
three step photo-initiated polymerization reaction was carried 
out.  The blocks were initially pre-cured with a dental hand 
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curing device for 40 sec (3M ESPE EliparTM S10), followed by 
25 minutes of curing in a 95 °C light oven (Targis Power 
Ivoclar) and 15 minutes of post-curing in a room tempered 
vacuum light oven (Visio Beta Vario ESPE). The polymerized 
blocks were cut into pieces (7.7×7.7×1.8 mm) and polished 
with SiC paper grids (#2000 and #4000).  

Ink preparation and printing 
The broad spectrum antibiotic gentamicin sulphate salt 

(Sigma-Aldrich, China) was used as active pharmaceutical 
ingredient in this study. A gentamicin ink with a drug 
concentration of 15 mg/ml was prepared by dissolving the drug 
in a printable solvent mixture of distilled water (MQ) and 
propylene glycol (PG) (SAFC, Germany) (50/50-vol%). The 
ink was deposited onto the implants using a non-contact and 
drop-on-demand piezoelectric inkjet printer (PixDro LP 50, 
Roth & Rau, the Netherlands) and having the resolution set at 
400 × 400 droplets per inch (dpi). 

Viscosity and surface tension  
The viscosity of solvent mixtures of MQ and PG in different 
ratios was measured (n = 1) using a controlled stress rheometer 
(Physica MCR 300 Anton Paar, Germany) equipped with a 
double gap measuring geometry. A shear stress range of 0.1-
1000 s-1 was applied at 25, 30 and 50 °C on the sample (V = 4 
ml). The viscosity was determined at the highest shear rate. The 
surface tension (n = 3) was measured using a contact angle 
goniometer (CAM 200, KSV instruments) and the pendant drop 
method at 25 °C.  

 
Figure 1. Pictures of the different tasks done in the study 

Gentamicin quantification 
Quantification of the printed gentamicin amount was performed 
with ultraviolet-visible (UV-Vis) spectrophotometry (Lambda 
25, PerkinElmer, USA) using a validated colorimetric assay 
reported by Frutos et al., (2000) [21].This assay gave rise to a 
purple shade due to the ninhydrin reaction of the primary and 
secondary amines present in the drug molecule, when right 
conditions were applied. An aqueous 1.25% (w/v) ninhydrin 
solution and a phosphate buffer (pH 7.4) were prepared 

according to the method [21]. Implant specimens (n = 6) with 
one and two printed layers of the 15 mg/ml gentamicin ink and 
implants with only ink base (blank) were immersed in 1 ml of 
phosphate buffer (pH 7.4) for 24 hours. The ninhydrin reaction 
was altered as gentamicin immersed buffer solution was mixed 
with the ninhydrin solution (5:1.5 ratio) and put in a 95 °C pre-
heated oven for 30 min (Function Line Heraeus, Thermo 
Fischer Scientific Inc.). The samples were cooled down on an 
ice bath and the absorbance was measured at 400 nm.  

Biofilm inhibition 
Dose-response curve 

A dose-response curve of gentamicin was made to define 
the IC50 concentration of the antibiotic against S. aureus ATCC 
25923. The curve and the inhibitory percentage of gentamicin 
were performed according to the static biofilm assay described 
by Buckingham-Meyer et al. (2007) [22] and Oja et al. (2014) 
[20]. Gentamicin dilutions with different concentrations were 
prepared using Müeller-Hinton broth solution and pipetted onto 
borosilicate glass coupons (Biosurface Technologies 
Corporation, USA). The coupons were placed with the wetted 
side containing the antibiotic towards the bacterial preculture 
present on the Tryptic Soy Agar (TSA) plate. The TSA-plates 
were incubated for 24 hours at 37 °C. Biofilms formed on the 
coupon surfaces were collected by harvesting the coupons: the 
coupons were dipped in Tryptic Soy Borth (TSB), whereafter 
placed in a 0.5% w/v Tween-20 TSB solution and sonicated. 
Serial dilutions of the Tween-20 TSB solutions were made and 
the dilutions were plated on TSA plates and incubated for 20 
hours. Colonies formed on the TSA plates were calculated and 
the average number of colonies, as colony forming units 
(CFU/ml), were determined. The data was imported in 
GraphPad Prism v.5.00 (GraphPad Software, USA) and IC50 
concentration, using 95% confidence interval, was calculated 
with via non-linear regression analysis, applying sigmoidal 
dose-response with variable slope.  
 
Biofilm inhibition 

The biofilm inhibition was studied for the resin specimens 
printed with one and two layers of gentamicin ink, following 
the static biofilm method [20]. The coated specimens were 
placed, with the printed side towards the filter paper, onto the 
plates with suspended bacteria. The plates were inoculated at 
37 °C for 2, 24 or 48 hours. The 48 hour plates were 
moisturised after 24 hours of incubation with a 10 times diluted 
TSB solution. Specimens printed with one and two layers of 
placebo ink (solvent mixture, PG/DMSO) were used as 
controls. A titanium specimen, polished in the same manner as 
the resin specimens, was used as a control to evaluate the 
difference between the implant materials. The biofilms colonies 
were harvested as described in the section above. The colonies 
were calculated and data was analysed and presented as the 
average of log colony forming units/cm2 (CFU/cm2) and % 
inhibition of the samples. To evaluate the statistical 
significance of the results unpaired, two-tailed student’s t-tests 
were performed on the data.   

Surface texture analysis 
Scanning electron microscopy (SEM) and scanning white 

light interferometry (SWLI) measurements were performed to 
visualize and to characterize the surfaces of plain titanium 
reference specimen, plain implant surface as well as the 
surfaces of the resin specimens with one and two printed layers 
(only SWLI) of the 15 mg/ml gentamicin ink. The surface 
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topography characterization was done by calculation of the 
surface roughness (Sq, standard deviation of the height 
distribution of the surface) according to ISO 25178. 

SWLI measurements were done using an in-house built 
interferometer with a NIKON 10x MIRAU interferometry 
objective (NIKON IC Epi Plan DI, Japan) and a 100 μm 
piezoelectric z-scanner (Physik Instrumente P-721 PIFOC®, 
Karlsruhe, Germany). Data acquisition was done using a high-
resolution CCD camera (Hamamatsu Orka Flash 2.8 CMOS, 
Hamamatsu City, Japan). A standard halogen lamp was used as 
the white light source. With this setup a final 6.3× 
magnification of the surfaces was achieved. Scanning and data 
acquisition was controlled with an in-house built C++ based 
software. 3D-image construction and 3D-data analysis (surface 
roughness) were performed using the commercial 
MountainsMap® Imaging Topography 7.2-software (Digital 
Surf, Avencon, France).   

The scanning electron microscope used in this study (LEO 
Gemini 1530, Oberkochen, Germany) was equipped with a 
Thermo Scientific™  UltraDry™ silicon drift detector, 
secondary electron and backscattered electron detectors and in-
lens detector. The samples were prepared by applying a thin 
layer of carbon coating using a vacuum evaporator. The 
acceleration voltage used was 5000 V, the aperture size was 30 
µm and the working distance (WD) was 9 mm in every picture.  

Results and Discussion 

Ink formulation 
In order to prepare a printable ink and to achieve a stable 

droplet formation, the ink needs to possess certain physical 
properties. The most optimal range for the inks in terms of 
viscosity, surface tension and density might vary depending on 
the printer used and on the nozzle size of the chosen print head. 
The measured physical properties of the ink, without 
gentamicin addition, are shown in Table I.  

Table 1. Physical properties of the solvent mixture  

Temperature 
(°C) 

Viscosity 
(mPa·s) 

Surface 
tension 
(mN/m) 

Density 
(kg/l) 

25 6.5 44.0 1.04 

 
It is important to control the temperature of the print head 

during the printing task, as the viscosity of the ink changes with 
temperature. A change might give rise to unwanted droplet 
formation. Due to this the viscosity was determined at the 
printing temperature 25 and higher temperatures of 30 and 50 
°C. The viscosity values were measured to be 5.8 (30 °C) and 
3.2 mPa·s (50 °C). When printing drug containing inks, 
unfavourable droplet formation affects the patterning and 
consequently the content uniformity of the drug. The printed 
one-layer-samples showed good content uniformity (17.65 ± 
0.28 µg, n = 4). The printed dose deviated slightly more (28.30 
± 3.89 µg, n = 3) for the samples where two layers were printed 
on top of each other. The colorimetric quantification method 
was linear within the centration range of 2.5 to 100 µg/ml (R2 = 
0.9998). The relationship between the physical properties and 
the droplet formation was previously studied by Jang et al., 
(2009) [23]. Based on the physical properties and the nozzle 
diameter, the inverse of the Ohnesorge number, Z, can be 
calculated. The formula for calculating Z is shown in Equation 
1. and is based on the nozzle diameter (α), the density (ρ), the 

surface tension (γ) and the viscosity (η) of the ink. The 
printability range of inks was determined to be 4 ≤ Z ≤ 14 [23]. 
In the present study the calculated Z values were 7.3, 8.3 and 
14.9 for 25, 30 and 50 °C, respectively. The printing task was 
performed with the temperature of the print head set to 25 °C, 
but a slightly higher temperature (30 °C) would also have given 
rise to appropriate droplet ejection. 

        
 

                                                    (1.)  
 

Determination of gentamicin concentration in 
the ink  

A pre-exposure test of gentamicin against S. Aureus ATCC 
25923 was performed in order to determine the dose-response 
curve and the suitability of the gentamicin concentration in the 
ink. The results are presented in Figure 2. According to the 
results a 5.41 log ng/ml gentamicin concertation would result in 
a 50% biofilm inhibition (IC50). This value would correspond to 
a 2.6 µg gentamicin dose per implant specimen. A higher 
inhibitory effect around 90% would be achieved at 
concentrations of approximately 6 log ng/ml. Consequently, a 
dose of 10 µg of gentamicin per implant resin was determined 
to be optimal to determine the biofilm inhibition of the printed 
implants. 

 
Figure 2. Dose-response curve displaying the logarithmic gentamicin 
concentration (ng/ml) in Müeller-Hinton broth plotted against the biofilm 
inhibition percentage. The points represents the mean ±SD (n = 23)    

Biofilm inhibition 
The biofilm inhibition is presented as log CFU/cm2 in 

Figure 3. Statistically significant biofilm inhibition was seen at 
2 and 24 h for the specimens printed with one and two layers of 
gentamicin ink. The high inhibition percentage was explained 
by the printed gentamicin amounts (1 layer = 17.65 ± 0.28 µg, 
2 layers = 28.30 ± 3.89 µg). A concentration of 6.4 log ng/ml 
seen for the one and two layer gentamicin doses correlated well 
with the dose-response curve of 98-99% biofilm inhibition. 
Inhibition percentages of 39 (1 printed layer) and 0.5 (2 printed 
layers) were calculated after 48 hours of incubation. A possible 
reason for the low inhibition percentages was due to the 
protocol of the static biofilm method. Moisturizing of the 
samples was done after 24 hours and this might have caused 
diffusion of antibiotic allowing the biofilms to start growing 
again. Since no fluid shear is present in the static biofilm test it 
is most optimal for simulation of biofilm formation in the ear or 
on the skin. However, the method was used in this study due to 
its simplicity and cost-effectiveness.  No notable differences 
were detected in the biofilm inhibition between the printed 
placebo resins and the titanium specimens, indicating that the 
biofilm attachment was equal on both materials. As stated 
above, a 10 µg dose would have resulted in a smaller inhibition 
percentage, which in turn would have given more room to 
detect variations in the inhibitory activity of the applied 
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coating. According to the theoretical dose calculations the 
applied area (7.7×7.7 mm), the set resolution (400×400 dpi) 
and the chosen ink concentration (15 mg/ml) would have given 
rise to the intended dose of 10 µg. However, the dose 
calculations were based on the drop volume monitored and 
gained from a capture of the high-speed camera attached to the 
printer. These results highlight the need for proper calibration 
of the camera to be able to predict the printed dose.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Anti-biofilm effect of the gentamicin coated implants, printed 
controls and titanium specimens. *Inhibition of statistical significance (p-
value <0.05). 

Characterization of the surface texture by 
SEM 

Scanning electron microscopy images of polished resin 
specimen and a specimen with one layer of 15 mg/ml 
gentamicin ink are presented in Figure 4. A spatial, unaligned, 
droplet patterning was visualized. Due to polishing procedure 
and the ink properties, the spreading of the ink resulted in 
elongated drop patterning. After solvent evaporation and 
storage, dried flakes of gentamicin attached to the surface were 
observed (Figure 4C). The diameter of the deposited droplet 
after drying was 233.1 µm. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. SEM pictures of A) a polished resin specimen (50× 

magnification), B) resin specimen with one layer of 15 mg/ml gentamicin 

ink and C) a dried droplet (250 × magnification) of the 1 layer sample 

Characterization of surface roughness by SWLI 
The surface textures of the different resin specimens, 

unprinted and printed, and of the pure titanium reference 

specimen were characterized using the SWLI technique. 
Images obtained are presented in Figure 5.  

Although same polishing treatment was applied on the 
titanium and the resin specimens, a clear difference in the 
surface roughness between the materials was determined (Table 
2), 0.407 μm vs. 0.191 μm. The roughness differences were 
visualized in the SWLI images of these two treated materials 
(Figure 5A&B). Not only the roughness differed between these 
two surfaces, but also the topography was clearly seen to differ. 
Same stripes, originating from the polishing step, on the resin 
surface are observed in the SWLI image (Figure 5B) as in the 
SEM image (Figure 4A). The polished titanium surface did not 
show any stripe pattern, instead a random pattern originating 
from the polishing step was observed. In terms of biofilm 
formation, it has been shown that bacterial adhesion is more 
prevalent on rough surfaces compared to the smoother 
counterparts. Arnold and Bailey, (2000) [24] studied different 
techniques used for polishing of titanium specimens. All 
polished specimens showed less bacterial adhesion compared to 
the unpolished specimen. Furthermore, the biofilm formation 
was lowest for the technique resulting in the smoothest surface. 
Even though differences in the surface roughness were detected 
in this study, it did not seem to have a significant impact on the 
biofilm formation.  

Table 2. Surface roughness (Sq) values of the studied 
surfaces. Roughness values of the printed samples include 
both printed and non-printed resin surface 

Sample Titanium 
specimen 

Resin 
specimen 

Resin, 
1 layer 

Resin, 
2 

layers 
Sq in μm; 

mean±SD,n 
= 3 

0.407 
±  

0.006 

0.191 
±  

0.031 

0.772 
± 

0.224 

4.150 
± 

0.110 

Figure 5. SWLI images of A) polished titanium surface (reference 

surface), B) polished resin specimen, C) resin specimen with 1 layer of 15 

mg/ml gentamicin ink printed and D) resin specimen with 2 layers of 15 

mg/ml gentamicin ink printed. Colour scale bare range in images A)-C) is 

0-20 μm while colour scale bare range of image D) is 0-100 μm 

 
As assumed, an increased surface roughness was detected 

as a means of ink deposition (Table 2). The roughness (Sq-
value) was remarkably higher for the implants covered with 
two layers of ink compared to the roughness of both the resin 
reference sample and the resin with one layer gentamicin 
printed. The initial increase in Sq-value can be explained and is 
visualized in the SEM (Figure 4B) and the SWLI (Figure 5C) 

* 
* 

* 
* 

A                                                   B

C 
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images, by the flake formation, which is taking place in the 
printed area increasing the height deviation.  

The surface roughness, as well as the ink droplet release 
from the printer nozzle, plays an important role when 
considering the ink attachment to the surface. Too low surface 
roughness (Sq of resin specimen = 0.191 µm) together with the 
ink properties are possible reasons to the observed smearing 
effects on the printed specimens.  

Conclusions 
A printable gentamicin ink formulation and fiber-

reinforced composite implants were successfully prepared. A 
statistically significant biofilm inhibition was presented for the 
implants coated with gentamicin ink, showing more than a 100-
fold reduction in viable cells. The biofilm growth was similar 
on both control specimens and the reported surface roughness 
difference was not seen to impact the biofilm growth on the 
control specimens. The ink properties and the surface 
roughness resulted in the elongated-drop gentamicin patterning 
visualized on the implant specimens. Ink deposition contributed 
to higher roughness values determined using SWLI. In 
conclusion, fiber-reinforced composite implants coated with 
antibacterial formulations using inkjet technology could be a 
potential approach in preventing implant surface infections and 
problems related with metal implants. 
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