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Abstract

The purpose of this study was to establish an infection model of Galleria mellonella larvae as an alternative in
vivo model for biofilm-associated infections on stainless steel and titanium implants. First, the model was
established with bacteria-free implants to evaluate the biocompatibility of implants in the larvae. Titanium or
stainless steel implants were implanted without any adverse effects over the entire observation period of 5 days
compared to controls. Then, stainless steel and titanium implants pre-incubated with Staphylococcus aureus
were implanted into the larvae to mimic biofilm-associated infection. For both materials, pre-incubation of the
implant with S. aureus led to significantly reduced survival of the larvae compared to bacteria-free implants.
Survival rates of the larvae could not be improved in this biofilm infection situation by the addition of gentamicin,
whereas gentamicin could significantly improve the survival of the larvae in case of planktonic infection of the
larvae with S. aureus without an implant, confirming the typical characteristics of reduced antibiotic susceptibility
of biofilm infections. Additionally, biofilm formation and various stages of biofilm maturation were confirmed by
surface electron microscopy and by measuring gene expression of biofilm-related genes with the pre-incubated
implant, which showed strong biofilm formation and upregulation of autolysin (atl) and sarA genes. In conclusion,
G. mellonella can be used as an alternative in vivo model to study biofilm-associated infections on stainless steel
and titanium implants, which may help to reduce animal infection experiments with vertebrates in the future.

1 Introduction

Progress in medical research led to implementation of a multitude of implantable medical devices. Their extensive use in the
clinical routine as metal or ceramic prostheses, catheters or heart valves, only to mention a few, is strongly connected to the
success story of modern medicine (Bechert et al., 2000; Waldvogel, 2000). However, colonization of medical devices with
pathogens finally forming biofilm on implant surfaces is a critical problem in clinical routine. After formation of a biofilm,
medical antibiotic or antimycotic treatment in general fails due to manifold bacterial defense mechanisms (Zimmerli et al.,
2004; Ribeiro et al., 2012). Hence, biofilms established on medical devices often require removal of the entire implant to
achieve infect eradication. The impact of such surgical procedures for removal and often reimplantation after infect
eradication is high, not only for the individual patient but also with respect to costs (Zimmerli et al., 2004).

Several in vitro and in vivo models have been developed to uncover the process of biofilm formation (Lebeaux et
al., 2013). In translational research, in vivo models such as rat, rabbit, dog and sheep are widely used to check the
compatibility of orthopedic implants as well as to screen antimicrobial coatings and compounds against biofilm formation
from various microorganisms.

In general, vertebrate models are restricted to use due to animal welfare and ethical reasons. This is particularly
true for infection experiments as inoculation of bacteria or other microorganisms often results in a high burden of the disease
in the animals (Moriarty et al., 2019). Therefore, ethical approval is usually restricted. To provide best possible protection of
research animals, each research project should follow the 3R (replacement, reduction, refinement) principles introduced for
animal welfare by Russel and Burch in 1959 (Russell and Burch, 1959).

In recent decades, invertebrates such as Drosophila, Caenorhabditis elegans, Zebrafish and G. mellonella have
been widely used as infection models to study host-pathogen interactions as well as virulence of bacterial and fungal
pathogens (Mukherjee et al., 2010; Mannala et al., 2017a; Mannala et al., 2018). In addition, those models enabled testing of
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antimicrobial activity and drugs. These models are economical, ethically legitimate and easy to handle. Among those, the
larva of the greater wax moth, G. mellonella, has been extensively used to test virulence of bacterial pathogens. Recently our
group evaluated virulence levels of various clinical relevant Staphylococcus aureus strains isolated from implant-associated
infections using this model (Mannala et al., 2018). Earlier, G. mellonella model was used to assess accumulation of bacterial
pathogens on different tooth brush bristles to mimic biofilm infections on a foreign body. After piercing of tooth bristles in
the larvae proleg, infection signs observation, bacterial enumeration and biofilm analysis by SEM have been done
subsequently in this model (Benthall et al., 2015; Campos-Silva et al., 2019).

However, to our best knowledge, orthopedic metallic implants have not been yet tested in G. mellonella to study
implant associated infections and bacterial biofilm formation. Therefore, the aim of the current study was the establishment
of this insect infection model for biofilm-associated infections for stainless steel and titanium implants in order to mimic
biofilm-infections in orthopedic surgery. For this purpose, the compatibility of the injected implants without bacterial
loading as well as effects of pre-incubated implants with S. aureus and the additional use of gentamicin, including survival
analysis, SEM and gene expression analysis, were evaluated.

2 Materials and Methods

The study was carried out in a 2-stage manner. First, establishment of the model with bacteria-free implants was performed
to evaluate the biocompatibility of the inoculation of the implants into the larvae. After successful establishment of the
model, the second stage of the work was conducted with inoculation of pre-incubated stainless steel and titanium implants
with S. aureus into the larvae to mimic biofilm-associated infection on the implants.

2.1 G. mellonella, bacterial strain, growth conditions and preparation of stainless steel and titanium
implants

G. mellonella larvae were ordered from Fauna Topics GmbH (Rielingshausen, Germany) and maintained on artificial diet in
an incubator at 30°C. For each experiment, ten larvae weighing around 200-250 mg and present in the last instar stage were
used. After infection, G. mellonella were maintained at 37°C.

In this study, Staphylococcus aureus EDCC 5055 strain was used. This strain is known for its high biofilm
formation capacity and its whole genome sequence is available (Mannala et al., 2017b; Mannala et al., 2018). Brain-Heart-
Infusion (BHI) broth was used to maintain S. aureus aerobically at 37°C by constant shaking at 180 rpm. An overnight
culture was diluted to 1:50 and grown to mid-exponential phase containing an optical density of 1.0 at 600nm. This bacteria
culture was then washed twice with 0.9% NaCl. Thereafter, the bacterial number was measured with the help of optical
density, adjusted to required cell number and used for the experimental purpose.

Sterile stainless steel and titanium K-wires with a diameter of 0.8mm (Synthes, Zuchwil, Switzerland) were used
as implant materials. Small pieces with a length of 4-5mm were cut with a cable cutter and one edge of each K-wire was
sharpened with help of a sharpener (Fig.1).

Fig. 1: Preparation of larvae, implants and implantation process

(A) For the implantation, larvae with weight between 200-250 mg were purchased. Stainless steel or titanium implants with a
length of 4-5mm and 0.8mm diameter with one side sharp edged were used. (B) The implants were inoculated inside the larvae
with the help of a forceps. The larvae were held by one person and another person pierced the cuticle of the larvae segmented
region (rear part of the larvae) with the sharp edged part and pushed it completely into the body of the larvae. Further details
can be seen in the supplementary video.

2.2 Establishment of the G. mellonella implant model

For the implantation of implant materials inside the G. mellonella, the larvae were held by one person and another person
performed the implantation with the help of a metal tweezer. The implants were placed in the rear part of the larvae through
piercing the cuticle of the larvae with the sharp edge of implant material and was pushed inside the larvae simultaneously.
For easy piercing and implantation, it is recommended to implant the implant at the segment region due to less cuticle
thickness (see supplementary video?). After implantation, the larvae were placed in petri dishes containing G. mellonella
artificial diet at 30° C and observed for their survival for 5 days. Further, the observation of the implanted larvae and control
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larvae was performed until the pupae and subsequently moth stages. Presence of any metal toxicity leads to sickness and
death of the larvae. Observation of the larvae activeness and survival were considered as parameters of metal toxicity.
Wound healing and melanization at the implantation site were measured based on the leaking of hemolymph or pus
generation and color of the skin changes. Hence, we tested the biocompatibility of the implantation procedure and toxicity of
stainless steel and titanium implants in G. mellonella with this setting.

2.3 Micro-CT analysis

Cross-sectional imaging was performed using a SkyScan 1173 micro-CT system (Bruker microCT, Kontich, Belgium). The
system is equipped with a high voltage tube for imaging of dense materials. Larvae were wrapped in parafilm and mounted
on a rotational stage for ex-vivo scanning. Cross sectional images were reconstructed by filtered back projection using the
NRecon software (Version: 1.7.1.0, Bruker microCT, Kontich, Belgium). Image acquisition and reconstruction parameters
were described in Table S12.

2.4 Infection experiments with pre-incubated stainless steel and titanium implants in bacterial
suspension
After confirmation of the biocompatibility of the metallic implants inside the G. mellonella, this model was evaluated to
study implant-associated biofilm infections. For the infection process, implants were pre-incubated in specified bacterial
growth culture with the above mentioned S. aureus EDCC 5055 at 1x108 CFU/ml for 30 min at 150 rpm shaking conditions.
Later, these implants were washed with 10ml PBS and implanted in the larvae as mentioned before. For the control group,
the same process was applied but without bacterial contamination of the implants.

To determine the number of adherent bacteria before implantation, implants were sonicated in PBS at 40 kHz, 0.1-
1 W/cm2 in sonication bath for one minute and followed by the vortex of the samples for one minute. Later, the suspension
was plated out on the LB agar plates. The bacterial colonies were counted after incubation of plates at 37° C for 16 hours.

After implantation, the larvae were maintained at 37° C for five days and observed for the survival each day.
Comparison of larval survival with infective implants (stainless steel, titanium), biofilm formation, biofilm maturation stages
and gene expression analysis were done after the infection process. We used ten larvae for each group of the experimental
setup and each experiment was repeated for a least three times.

2.5 Planktonic infection experiments without implants and effects of gentamicin

In order to determine the impact of the biofilm formed by S. aureus on the pre-incubated implants and to distinguish this
effect from planktonic infection with S. aureus without an implant, larvae were injected with 4,000 CFUs of S. aureus
without an implant. This bacterial load corresponded to the one of the adhering bacteria on the metallic surface of the
stainless steel and titanium implants in the biofilm infection model. Survival rates of this experiment were compared to
survival rates from the biofilm infection model with inoculation of pre-incubated stainless steel implants with S. aureus as
described above.

In order to determine the effect of gentamicin on the survival in the biofilm infection model on stainless steel
implants and in the planktonic infection model, the larvae were injected on day 1 with gentamicin (120mg/kg) after infection
with the S. aureus preincubated implant in the biofilm model and after planktonic infection in the planktonic infection model
as described before. All experiments were run for three times.

2.6 Scanning electron microscopy

For the observation of biofilm on day 2 and its maturation from day 1-4, scanning electron microscopy (SEM) was used. For
the SEM analysis of the implants, the larvae were dissected at specified time points, implants were taken out and placed in
PBS. These implants were washed twice with PBS to remove planktonic cells and then fixed with 1% sucrose and 2.5%
glutaraldehyde at 4°C for 24 hours. Thereafter, the fixative reagents 1% sucrose and 2.5% glutaraldehyde were removed by
washing six times with PBS and dehydrated with lower to higher ethanol concentrations (30%, 50%, 70%, 80%, and 96%)
for 15 min, then finally three times with 100% ethanol for 30 min. Samples were dried in a critical point dryer (Leica EM
CPD300) auto and sputter coated with gold and palladium (Polaron Sputter Coater SC7640). SEM analysis was performed
with a LEO1530 at 15kV. The biofilm formation was analyzed on both stainless steel and titanium implants. The biofilm
maturation was analyzed on the stainless steel implant on day 1-4. For each setting, four samples were analyzed for SEM
analysis.

2.7 RNA isolation and qRT-PCR analysis

For RNA extraction from S. aureus grown extracellularly in BHI, we applied aliquots of 0.5 ml from the same S. aureus
culture grown until mid-exponential phase used to infect G. mellonella. The bacterial cells were treated with 1.0 ml RNA
protect (Qiagen) for 5 min and were collected by centrifugation for 10 min (8000 g). The bacterial pellets were stored at
—80°C until use. For RNA extraction from the biofilms formed on implants in G. mellonella, the implants were taken out of
the larvae on day 2, sonicated, pelleted down by centrifugation and stored at -80°C. Total RNA was isolated using miRNeasy
kit (Qiagen, Hilden, Germany) with some modifications. The collected bacterial pellets were washed with SET buffer
(50mM NaCl, 5mM EDTA and 30mM Tris-HCI (pH 7.0) by centrifugation at 16000g for 3 min. After wash steps, pellets
were resuspended into 0.1ml Tris-HCI (pH 6.5) containing 50 mg/ml lysozyme (Sigma), 25U of mutanolysin (Sigma), 40U
of SUPERase (Ambion), 0.2mg of proteinase K (Ambion). The suspension was incubated for 30min on a thermomixer at
37°C and with shaking (350 rpm). Lysis of the cell suspension with performed with addition of QIAzol (Qiagen) followed
by mixing and incubation for 3min at room temperature. To the suspension, 0.2 volumes of chloroform was added, mixed
well and centrifuged at 16000g at 4°C for 15 min. From the vial, upper aqueous phase containing RNA was collected into a
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new collection tube and 1.5 volumes of 100% ethanol was added and mixed thoroughly. The samples containing RNA were
transferred into columns of miRNeasy Kit (Qiagen, Hilden, Germany) and treated on-column DNase digestion (RNase-Free
DNase, Qiagen). RNA was eluted with RNase-free water and stored at —20°C until needed. The quantity of the RNA was
determined by absorbance at 260nm and 280nm and the quality was assessed using Nano-chips on Agilent 2100
Bioanalyzer.

Reverse transcription was performed by SuperScript II Reverse Transcriptase (Invitrogen) using 1pug RNA. The
samples were processed to quantitative real-time PCR in a final volume of 25pul using QuantiTect SYBR Green PCR kit
(Qiagen) as stated in the manufacturers instruction. A standard curve was generated for the all used primer pairs (see Tab.
S22) using different copy numbers of genomic DNA from S. aureus EDCC 5055. For each primer pair a negative control
(water) and RNA sample without reverse transcription reaction (for genomic DNA contamination) were included as controls
during cDNA quantification. After real-time PCR, all samples were tested on a 1.5% agarose gel to check that only a single
band was produced. The expression level of each gene was measured by normalizing its mMRNA quantity to the quantity of
the mRNA of gyrB for the same sample using a formula for relative quantification in real-time PCR published by Pfaffl
(2001).

2.8 Statistical analysis

Statistical analysis of the data was performed using sigma plot 10.0. For the analysis of gRT-PCR Student’s t-test was
applied. For the survival analysis two-way ANOVA was performed. The data was represented from means * standard
deviation from three independent experiments. The data was considered significant if the p-value was < 0.05.

3 Results

3.1 Implantation of G. mellonella with implants

To determine the biocompatibility of the inoculation procedure and of the stainless steel and titanium implants in this model,
the larvae were implanted with each type of the implant. The inoculation procedure could successfully be established and
micro-CT demonstrated intra-body location of the implantation inside the larvae in all cases (Fig. 2). The implanted larvae
were active and similar to the control group, which were injected with 0.9% NaCl. The survival rates of the larvae with the
tested implants were above 90% from the observation for five days after the implantation and almost as high as the 100%
survival rate of the NaCl control (Fig. 3). The implantation of stainless steel as well as titanium implants did not show any
adverse effects such as metal toxicity, wound healing disturbances or melanization at the site of implantation. There were no
effects detected on the life stages of G. mellonella larvae as the implanted metals could be detected in pupae and moth stages
(Fig.S1?).

Overall, the model can be deemed biocompatible for the implantation of stainless steel and titanium K-wires.

3.2 G. mellonella as implant-associated biofilm infection model with S. aureus on titanium and stainless
steel K-wires

Determination of the total adherent bacteria on the implant before implantation into the larvae revealed comparable bacterial
adherence between stainless steel (4,000 + 700 CFUs) and titanium (3,800 + 500 CFUs) implants. The number of adherent
bacteria per area on the stainless steel and titanium were calculated as 137/mm2 and 130/mm2, respectively.

Fig. 2: Micro-CT cross-sectional imaging of larvae
The control larva that was not inoculated with an implant shows typical G. mellonella anatomy in all scans (A-D). The implant
treated larvae shows a completely inoculated implant in the rear part of body of the larvae (E-H).
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Fig. 4 shows the survival curves of the larvae with infection of S. aureus with stainless steel and titanium implants
after implantation process with the pre-incubated implants. The larvae showed significant reduction of survival rates 5 days
after the implantation of S. aureus contaminated stainless steel (survival rate: 27+3.5%) and titanium implants (survival rate:
47+3.5%) compared to controls (steel: 90+0.0%, titanium: 95+7.0%) (p<0.001).

3.3. Comparison between biofilm infections on the metallic K-wires and planktonic infections and the
effects of gentamicin
The larvae with the planktonic infection that were infected with S. aureus only without an implant showed a different
survival behavior compared to the biofilm infection model with the preincubated stainless steel K-wire implants. Planktonic
infection resulted in a higher survival rate of the larvae, particularly in the first 4 days, compared to the biofilm infection
situation.

There was a clear difference in the susceptibility against gentamicin in the larvae between the two infection
models. Gentamicin had no effects on the survival of the larvae with implants mimicking a biofilm infection, whereas
gentamicin could significantly improve survival rates in the planktonic infection model (p<0.001) (Fig. 5).

3.4 RNA isolation and qRT-PCR analysis

To study the biofilm related gene expression, the RNA was isolated from the planktonic cells as well as the biofilm formed
on implants inside the larvae on day 2. Among these genes atl, sarA, and icaA genes are upregulated whereas fib, fnbB and
fnbA genes are down regulated. No changes in the gene expression levels of clfB and agrA genes were observed. Among the
upregulated genes, autolysin (atl) showed 6 fold upregulation followed by sarA 2 fold and icaA gene one fold upregulation

(Fig. 6).

3.5 Biofilm visualization on implants with SEM analysis

Fig. 7 shows clearly the biofilm formation on the surface of both the titanium and stainless steel implants with S. aureus
bacteria cell to cell adherence and clump formation features. Further to visualize the biofilm maturation over time, SEM
analysis was performed on stainless steel implants that were explanted from the larvae on each day till fourth day. Our
results revealed attachment of bacteria (Fig. 8A), accumulation (Fig. 8B), maturation (Fig. 8C) and detachment or reduction
of biofilm mass due to effect immune response on the biofilm (Fig. 8D) or by leaving with empty lacunae on the surface of
the implant.
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Fig. 7: Biofilm
visualization on
implants with SEM
analysis

After 2 days of
infection, the larvae
were dissected and the
implant was explanted
and fixed for the SEM
analysis.
Representative SEM
images of biofilm
formed on stainless
steel (A+B) and on
Titanium (C+D)
implants with bacterial
cell to cell attachments.
The SEM images A
and C were taken at
maghnification of 2000X
( scale bar: 200pm &
scale bar: 100um)) and
B and D were taken at
maghnification of
10,000X (scale bar:
1pm). For each setting
four samples were
analyzed for SEM
analysis.

4 Discussion

To the best of our knowledge G. mellonella was already used with different tooth brush bristles to evaluate biofilm-related
infections with a foreign material (Benthall et al., 2015; Campos-Silva et al., 2019). However, metallic implants were not
studied in this insect model before. Therefore, the main aim of the current work was to establish and to evaluate a G.
mellonella infection model with implantation of stainless steel and titanium implants to mimic biofilm infections for
orthopedic purposes.

Our results of the presented G. mellonella model demonstrate that this is a suitable model to study biofilm
infections with stainless and titanium implants as it shows major characteristics of a biofilm infection on metallic surfaces.

First, biocompatibility of the implantation procedure and of the metallic implants was shown. The implantation
could be performed easily by piercing the cuticle without any adverse effects to the larvae, such as hemolymph bleeding,
toxic effects, wound or melanization formation. In addition, the larvae well tolerated the implanted metallic implants over
the entire observation period with only a slight reduction of survival rate compared to NaCl treated larvae. The implants even
kept integrated in the course of all stages of G. mellonella life cycle, including pupae and moth. All these results indicate that
the metallic implants are well tolerated in the larvae system.

Second, the infection part of the study with S. aureus pre-incubated implants with S. aureus revealed significant
reduction of survival rates of the infected larvae compared to uninfected controls. Further, this model exhibited typical



ALTEX preprint
published October 21, 2020
doi:10.14573/altex.2003211

The stainless steel implants were explanted from day 1 through day 4, fixed and processed for SEM analysis. The figure shows
representative SEM images of biofilm maturation with attachment of bacteria to surface on day 1 (8A) (10,000X; scale bar:
1pm) , accumulation of bacteria on day 2 (8B) (10,000X; scale bar: 3um) , maturation of biofilm on day 3 (8C) (10,000X; scale
bar: 2um) and dispersal or removal of biofilm of biofilm on day 4 by leaving with empty lacunae on the implant surface of
implant (8D) (10,000X; scale bar: 2um) For each setting, four samples were analyzed for SEM analysis.

characteristics of a biofilm infection, which is in general associated with a reduced susceptibility against antibiotics of the
bacteria embedded in the biofilm compared to a planktonic infection (Benthall et al., 2015). We could clearly demonstrate
this phenomenon in our experiments as gentamicin did not show any effect on the survival rates in the biofilm-infection
model with the pre-incubated metallic implants, whereas gentamicin was highly effective in the planktonic model with a
significant improvement of survival rates.

Furthermore, both titanium and stainless steel contaminated implants were shown to exhibit characteristic biofilm
formation on their surface that could be evaluated by SEM analysis, which we have evaluated on day 1 - 4 in our model. All
typical stages of biofilm formation with attachment, accumulation, maturation and dispersal of bacteria from biofilm were
found as evident in previous studies (Joo and Otto, 2012; Nishitani et al., 2015; Khatoon et al., 2018). When comparing these
results with biofilm study using a mouse model, it should be considered that biofilm was dispersed on the 14th day post
infection in mouse model, whereas in our model the dispersal of biofilm was achieved on the 4th day, which might be due to
the short life cycle of the larvae. Besides, reduced biofilm mass might be also due to the impact of the larvae innate immune
system on the biofilm (Nishitani et al., 2015).

S. aureus biofilm formation is majorly regulated by two genetic loci namely sarA (staphylococcal accessory
regulator) and quorum sensing system (agr) (Balamurugan et al., 2017). Several in vitro and in vivo studies revealed that
sarA gene is involved in biofilm formation with regulation of several biofilm related genes (Yarwood et al., 2004; Valle et
al., 2007). In addition, sarA mutants are known to result in defect of biofilm formation (Beenken et al., 2003; Tsang et al.,
2008). The agr quorum sensing system (QS) functions with sensing of S. aureus growth through extracellular levels of
autoinducing peptides (AIPs) (Le and Otto, 2015) and is known for its role and regulation in initiation of biofilm formation
and the dispersal of the biofilms (Paharik and Horswill, 2016). In the current study, we used this new model further to
analyze the gene expression in biofilm formation. Autolysin (atl), a key gene in the context of bacterial attachment to foreign
body surfaces (Dai et al., 2012; Khatoon et al., 2018), was shown to be relatively highly expressed. Biofilm regulatory
molecules sarA and intracellular adhesion protein (icaA) were upregulated as well, which is in line with similar findings in
the literature with in vivo biofilm formation (Khatoon et al., 2018; Moriarty et al., 2019). The quorum sensing system gene
agrA did not show any changes in gene expression levels, which is dependent on the various stages of biofilm formation.
Several studies demonstrated that clumping factor B (clfB) fibrin coding gene (fib) and fibronectin binding protein coding
genes (fnbA and fnbB) are upregulated in S. aureus biofilms (Kot et al., 2018; Azmi et al., 2019). Interestingly, fibrin coding
gene (fib) and fibronectin binding protein coding genes (fnbA and fnbB) were down regulated, whereas clumping factor B
(cIfB) was not down regulated in the presented model. This might be due to lack of fibrin and fibronectin proteins in G.
mellonella and a limitation of the model.

The model is of relevance due to its low costs and its potential for high throughput analysis, e.g. for screening of
antimicrobial materials, such as coatings or other anti-infective treatment strategies. Furthermore, application and decision
processes with animal welfare committees, which are sometimes complicated and time-consuming, can be avoided by the
use of the presented model. Also, different materials than titanium and stainless steel can be inoculated, which broaden the
interest of material for other medical disciplines.

Despite these positive aspects, there are several further limitations to the model and this study. The major
drawbacks of this models are the lack of an adaptive immune system of Galleria and its short life cycle that does not allow
to study chronic infections. The absence of a skeletal system prevents typical bone-associated reactions and limits the
conclusion of these results for orthopedic implants. Furthermore, although the use of animals can be reduced by the current
alternative, this model also relies on a living organism, which remains questionable from an ethical point of view. The study
itself has only used S. aureus strain and must be confirmed by other causative agents. Other relevant materials in
orthopedics, such as polyethylene (PE) or polymethylmethacrylate (PMMA) have not been tested. In a next step, a direct
comparison between this model and a clinically relevant orthopedic infection model, e.g. for infected non-unions in rats (Alt
etal., 2011) or others (Moriarty et al., 2017) for the orthopedic setting, should be conducted.

5 Conclusion
In conclusion, our results show that Galleria mellonella can be used as an alternative in vivo model to study biofilm-

associated infections on stainless steel and titanium implants and potential new treatment methods, which may help to reduce
animal infection experiments with vertebrates in the future.
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