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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 sterile
implants to evaluate biocompatibility. Titanium or stainless steel implants were implanted without adverse effects over the
entire observation period of 5 days compared to controls and even up to the pupae and moth stage. Then, stainless steel
and titanium implants contaminated with Staphylococcus aureus were implanted into 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 sterile implants. Larvae could not be rescued by gentamicin, whereas gentamicin significantly improved the
survival of the larvae in case of planktonic infection with S. aureus without an implant, confirming the typical character-
istics of reduced antibiotic susceptibility of biofilm infections. Biofilm formation and various stages of biofilm maturation
were confirmed by surface electron microscopy and by measuring bacterial gene expression of biofilm-related genes on
contaminated implants, which confirmed biofilm formation and upregulation of autolysin (at/) and sarA genes. In con-
clusion, 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 has led to the development of a mul-
titude of implantable medical devices. Their extensive use in clin-
ical routine as metal or ceramic prostheses, catheters or heart
valves, to mention only a few, has strongly contributed to the suc-
cess story of modern medicine (Bechert et al., 2000; Waldvogel,
2000). However, colonization of medical devices with pathogens,
eventually forming biofilm on implant surfaces, is a common, crit-
ical problem. After a biofilm is formed, medical antibiotic or an-
timycotic treatment often 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 implant to achieve eradication of the infection. The impact of
such surgical procedures for removal and, often, reimplantation

after eradication of the infection is high, both for the individual pa-
tient and with respect to costs (Zimmerli et al., 2004).

Several in vitro and in vivo models have been developed to
study 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 assess the biocompatibility of orthopedic
implants as well as to test antimicrobial coatings and compounds
against biofilm formation caused by various microorganisms.

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

In recent decades, invertebrates such as Drosophila melano-
gaster, Caenorhabditis elegans and Galleria mellonella have
been widely used as infection models to study host-pathogen
interactions as well as virulence of bacterial and fungal patho-
gens (Mukherjee et al., 2010; Mannala et al., 2017a, 2018). In
addition, they have enabled testing of the antimicrobial activity
of drugs. These models are economical, have no ethical issues
and are easy to handle. Among them, the larva of the greater wax
moth, G. mellonella, has been used extensively to test the viru-
lence of bacterial pathogens. Recently, our group evaluated vir-
ulence levels of various clinically relevant Staphylococcus au-
reus strains isolated from implant-associated infections using
this model (Mannala et al., 2018). Earlier, G. mellonella also was
used to assess accumulation of bacterial pathogens on different
toothbrush bristles to mimic biofilm infections on a foreign body.
After piercing the larva proleg with the bristles, the signs of in-
fection were observed, bacteria enumerated and biofilm analyzed
by SEM (Benthall et al., 2015; Campos-Silva et al., 2019).

To our knowledge, orthopedic metallic implants have not yet
been used in G. mellonella to study implant-associated infections
and bacterial biofilm formation. The aim of the current study was
the establishment of this insect infection model for biofilm-asso-
ciated infections for stainless steel and titanium implants in order
to mimic biofilm infections following orthopedic surgery. For this
purpose, the biocompatibility of the implants was assessed first.
Then the effects of implants that had been contaminated with S.
aureus and the effects of treatment with gentamicin on G. mel-
lonella survival, as well as the changes in implant-associated bac-
terial gene expression and biofilm morphology were evaluated.

2 Animals, materials and methods

Larvae, bacteria, growth conditions and preparation of implants
G. mellonella larvae were obtained from Fauna Topics GmbH
(Rielingshausen, Germany) and maintained on an artificial diet
in an incubator at 30°C. For each experiment, 10 larvae in the last
instar stage weighing 200-250 mg were used. After infection, G.
mellonella were maintained at 37°C.

Staphylococcus aureus strain EDCC 5055 was used for infec-
tion experiments. This strain is known for its high biofilm for-
mation capacity and its whole genome sequence is available
(Mannala et al., 2017b, 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 1:50 and
grown to mid-exponential phase with an optical density of 1.0
at 600 nm. The culture was then washed twice with saline solu-
tion (0.9% NaCl). The bacterial concentration in colony forming
units (CFU) per mL was adjusted with saline solution based on
the optical density.
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Fig. 1: Preparation of larvae and implants and the implantation
process

(A) Stainless steel or titanium implants with a length of 4-5 mm

and 0.8 mm diameter with one sharp-edged side were implanted

in larvae weighing 200-250 mg. (B) The implants were inserted
inside the larvae with the help of tweezers. The larvae were

held by one person, and another person pierced the cuticle of

the 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'

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

Establishment of the G. mellonella implant model

The larvae were held by one person, and another person implant-
ed the K-wire using metal tweezers. The implants were placed in
the rear part of the larvae by piercing the cuticle with the sharp
edge of the implant material and pushing the K-wire inside. For
easy piercing and implantation, it is recommended to implant at
the segmented region where the cuticle is thinner (see supple-
mentary video!). Control larvae were injected with 10 pl saline
solution. After implantation, the larvae were placed in Petri dish-
es containing artificial diet at 30°C and observed for activity and
survival for 5 days or until the pupae and subsequent moth stag-
es. Metal toxicity would lead to reduced activity and death of the
larvae. Wound healing and melanization at the implantation site
were assessed based on the leaking of hemolymph or pus gener-
ation and the change of skin color. These parameters were used
to assess the implantation success and the biocompatibility of the
implants.

Micro-CT analysis

Cross-sectional imaging was performed using a SkyScan 1173
micro-CT system (Bruker microCT, Kontich, Belgium) equipped
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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 are described in Table S12.

Infection experiments with pre-incubated stainless steel and
titanium implants in bacterial suspension

Implants were pre-incubated with 1x10° CFU/mL S. aureus for
30 min under shaking at 150 rpm. Then, the implants were
washed with 10 mL PBS and implanted in the larvae as described
above. For the control groups, the same process was followed but
without bacterial contamination of the implants.

To determine the number of adherent bacteria before implan-
tation, implants were sonicated in PBS at 40 kHz, 0.1-1 W/cm?2
in a sonication bath for 1 min and vortexed for 1 min. The sus-
pension was plated on Luria-Bertani (LB) agar plates. Bacteri-
al colonies were counted after incubation of plates at 37°C for
16 h.

Ten larvae were used for each group, and each experiment was
repeated at least 3 times.

Planktonic infection without implants and effects

of gentamicin

In order to distinguish the S. aureus biofilm infection on the im-
plants from a planktonic infection with S. aureus without an
implant, larvae were injected with 4,000 CFUs S. aureus. This
bacterial load corresponded to that of the adherent bacteria de-
termined on the metallic surface of the stainless steel and titani-
um implants used for the biofilm infection model. Survival rates
were compared.

In order to determine the effect of gentamicin on survival in
the biofilm infection model using stainless steel implants and
in the planktonic infection model, the larvae were injected with
gentamicin (120 mg/kg) on day 1 after insertion of the S. aureus
contaminated implant or after planktonic infection. All experi-
ments were run 3 times.

Scanning electron microscopy

For SEM analysis, implants were extracted from larvae at speci-
fied time points, washed twice in PBS to remove planktonic cells,
and fixed with 1% sucrose and 2.5% glutaraldehyde at 4°C for
24 h. Thereafter, samples were washed 6 times with PBS and de-
hydrated with lower to higher ethanol concentrations (30%, 50%,
70%, 80%, and 96%) for 15 min each, then 3 times with 100%
ethanol for 30 min. Samples were dried in a critical point dryer
(Leica EM CPD300) and sputter-coated with gold and palladium
(Polaron Sputter Coater SC7640). Analysis was performed in a
LEO1530 at 15 kV. The biofilm formation on day 2 was analyzed
on both stainless steel and titanium implants. Biofilm maturation
was analyzed on the stainless steel implants on days 1-4. Four
samples of each setting were analyzed.
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ALTEX 38(2), 2021

RNA isolation and gRT-PCR analysis

RNA was extracted from 0.5 mL aliquots of the S. aureus cul-
ture grown extracellularly in BHI until mid-exponential phase
that was used for infection experiments. 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 bac-
terial pellets were stored at -80°C until use. For RNA extraction
from the biofilms, the implants were extracted from the larvae on
day 2, sonicated, pelleted 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 buf-
fer (50 mM NaCl, 5 mM EDTA and 30 mM Tris-HCI, pH 7.0)
by centrifugation at 16,000 g for 3 min. After wash steps, pel-
lets were resuspended in 0.1 mL Tris-HCI (pH 6.5) containing
50 mg/mL lysozyme (Sigma), 25 U mutanolysin (Sigma), 40 U
SUPERase (Ambion), and 0.2 mg proteinase K (Ambion). The
suspension was incubated for 30 min on a thermomixer at 37°C
under shaking at 350 rpm. Lysis of the cell suspension was per-
formed by addition of QIAzol (Qiagen) followed by mixing and
incubation for 3 min at room temperature. 0.2 volumes of chloro-
form were added to the suspension, mixed well and centrifuged
at 16,000 g at 4°C for 15 min. The upper aqueous phase contain-
ing RNA was collected into a new collection tube and 1.5 vol-
umes of 100% ethanol were added and mixed thoroughly. The
samples containing RNA were transferred into columns of the
miRNeasy Kit (Qiagen, Hilden, Germany) and underwent on-col-
umn DNase digestion (RNase-Free DNase, Qiagen). RNA was
eluted with RNase-free water and stored at -20°C until needed.
The RNA quantity was determined by absorbance at 260 nm and
280 nm, and the quality was assessed using Nano-chips on an Ag-
ilent 2100 Bioanalyzer.

Reverse transcription was performed by SuperScript II Reverse
Transcriptase (Invitrogen) using 1 pg RNA. The samples were pro-
cessed for quantitative real-time PCR in a final volume of 25 pL
using QuantiTect SYBR Green PCR kit (Qiagen) according to the
manufacturer’s instructions. A standard curve was generated for
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 an RNA sample that had not
undergone the reverse transcription reaction (for genomic DNA
contamination) were included as controls during cDNA quantifi-
cation. After real-time PCR, all samples were run on a 1.5% aga-
rose gel to confirm that only a single band was produced. The ex-
pression level of each gene was measured by normalizing to gyrB
for the same sample using the formula for relative quantification
in real-time PCR published by Pfaffl (2001).

Statistical analysis

Statistical analysis of the data was performed using Sigma-
Plot 10.0. For the survival analysis, two-way ANOVA was per-
formed. For the analysis of qRT-PCR, Student’s t-test was ap-
plied. The data is represented as means + standard deviation of
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Fig. 2: Micro-CT cross-sectional imaging of larvae

Typical G. mellonella anatomy (A-D). The larva shows a fully inserted implant in the rear part of its body (E-H).

three independent experiments. The data was considered signif-
icant if the p-value was < 0.05.

3 Results

3.1 Biocompatibility of G. mellonella implants

The implantation procedure was established successfully, and mi-
cro-CT demonstrated intra-body location of the implant inside the
larvae in all cases (Fig. 2). The larvae with implants were similarly
active to the control group, which had been saline-treated and their
survival rate was above 90% five days after implantation (Fig. 3).
The implantation of stainless steel or titanium implants did not cause
any adverse effects such as metal toxicity, wound healing distur-
bances or melanization at the site of implantation. No effects were
detected on the life stages of G. mellonella larvae, as the implanted
metals could be detected in pupae and moth stages (Fig. S12).

3.2 G. mellonella as implant-associated

S. aureus biofilm infection model

Determination of total adherent bacteria on contaminated im-
plants before implantation revealed comparable bacterial num-
bers 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 K-wires was 137/mm?2
and 130/mm?, respectively.

Fig. 4 shows the survival curves of the larvae implanted with
S. aureus contaminated stainless steel and titanium K-wires. The
larvae showed a significantly lower 5-day survival after implan-
tation of S. aureus contaminated stainless steel (5-day survival:
27 £+ 3.5%) or titanium implants (5-day survival: 47 £ 3.5%) com-
pared to respective controls (steel: 90 £ 0.0%, titanium: 95 + 7.0%)
(p<0.001).
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Fig. 3: Survival of G. mellonella with titanium or stainless
steel implants

No significant differences are seen between the survival rates

of saline-treated larvae and larvae implanted with sterile stainless
steel or titanium K-wires. Experiments were conducted with

10 larvae per group. The data is represented as means + standard
deviation from three independent experiments.

3.3 Comparison between implant-associated

biofilm infection and planktonic infection and rescue

by gentamicin

Larvae that were infected with planktonic S. aureus showed a
higher survival rate, particularly in the first 4 days, compared to
larvae infected with stainless steel implants contaminated with
the same number of bacteria. Gentamicin did not rescue larvae
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Fig. 4: Survival of G. mellonella with titanium and stainless steel implants that were contaminated with S. aureus

Larvae that received contaminated implants showed a significantly reduced survival rate compared to larvae with sterile implants,

both for titanium and for stainless steel implants (***p <0.001, two-way ANOVA). The data are presented as means + standard deviation
from three independent experiments; experiments were conducted with 10 larvae per group.
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Fig. 5: Comparison between biofilm infection and planktonic infection and rescue by gentamicin

Larvae that were infected with S. aureus without an implant (planktonic infection model) showed a higher survival rate, particularly in

the first 4 days, compared to the biofilm infection model with contaminated stainless steel implants. Gentamicin did not rescue

the larvae with contaminated implants, whereas gentamicin significantly improved survival in the planktonic infection model (***p <
0.001, two-way ANOVA). The data are presented as means + standard deviation from three independent experiments; experiments were

conducted with 10 larvae per group.

with implant-associated biofilm infection, whereas it significantly
improved survival of the planktonic infection (p < 0.001) (Fig. 5).

3.4 RNA isolation and qRT-PCR analysis

To study changes in biofilm-related gene expression, RNA was
isolated from the extracellular culture as well as the biofilm
formed 2 days after implantation of contaminated K-wires on
day 2. Among the tested genes, atl, sar4, and icad genes were
significantly upregulated whereas fib, fnbB and fnbA genes were
significantly downregulated in the biofilm versus extracellular
bacteria. No changes in the expression of c/fB and agrd genes
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were observed. Among the upregulated genes, autolysin (atl)
showed a 6-fold upregulation, sar4 a 3-fold and icaA a 2-fold up-
regulation (Fig. 6).

3.5 Biofilm visualization on implants with SEM analysis

Figure 7 shows the biofilm formation on the surface of both the
titanium and stainless steel implants with S. aureus bacteria on
day 2 after implantation. Cell-to-cell adherence and clump for-
mation features, which are typical features of biofilm, are clearly
visible. To follow the biofilm maturation over time, SEM analy-
sis was performed on stainless steel implants that were explanted
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Fig. 6: Biofilm-related gene expression analysis

To investigate key genes involved in biofilm formation, qRT-PCR
analysis was performed in samples from extracellular bacteria
and biofilms. Among these, autolysin (atl), sarA and icaA were
significantly upregulated (*p < 0.05; t-test), and fibrin (fib) and
fibronectin binding proteins (fnbA and fnbB) were significantly
downregulated (*p < 0.05, **p < 0.01; t-test). No changes in gene
expression levels were observed for c/fB and agrA genes.

The data are represented as means + standard deviation from
three independent experiments.

Fig. 7: Biofilm visualization on implants by SEM analysis
Two days after implantation, S. aureus-contaminated implants
were extracted and processed for SEM analysis. Representative
SEM images of biofilm formed on stainless steel (A+B) and on
titanium (C+D) implants show bacterial cell-to-cell attachments.
Images A and C were taken at a magnification of 2000X (scale
bar: 200 ym and scale bar: 100 ym, respectively); B and D were
taken at a magnification of 10,000X (scale bar: 1 ym). Four
samples were analyzed for each setting.

Fig. 8: Visualization of biofilm maturation stages with SEM

S. aureus-contaminated stainless steel implants were extracted on days 1 to 4 and processed for SEM analysis. Representative SEM
images of biofilm maturation with attachment of bacteria to surface on day 1 (A) (10,000X; scale bar: 1 ym), accumulation of bacteria on day
2 (B) (10,000X; scale bar: 3 ym), maturation of biofilm on day 3 (C) (10,000X; scale bar: 2 ym), and dispersal or removal of biofilm on day 4,
leaving empty lacunae on the implant surface (D) (10,000X; scale bar: 2 ym). Four samples were analyzed for each setting.

from larvae on days 1 to 4 after implantation. The images show
attachment of bacteria (Fig. 8A), accumulation (Fig. 8B), matu-
ration (Fig. 8C), and detachment or reduction of biofilm mass,
likely due to an immune response, leaving empty lacunae on the
implant surface (Fig. 8D).

4 Discussion
G. mellonella has been previously used to evaluate biofilm-relat-

ed infections with a foreign material using different tooth brush
bristles (Benthall et al., 2015; Campos-Silva et al., 2019). How-
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ever, to our knowledge, metallic implants were not studied in this
insect model before. The main aim of the current work was to
establish and to evaluate a G. mellonella biofilm infection mod-
el of stainless steel and titanium implants to model biofilm in-
fections after orthopedic surgery. Our results demonstrate that G.
mellonella is a suitable model to study biofilm infections with
stainless steel and titanium implants, as it shows the major char-
acteristics of biofilm infection on metallic surfaces.

Success of the implantation procedure and biocompatibility
of the metallic implants was shown. The implantation was per-
formed by piercing the cuticle without any adverse effects to the
larvae, such as hemolymph bleeding, toxic effects or melaniza-
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tion. The larvae tolerated the implanted metallic implants over
the entire observation period with only a slight reduction of sur-
vival rate compared to saline-treated larvae. The implants re-
mained integrated in the course of all stages of the G. mellonella
life cycle, including pupae and moth. These results indicate that
the metallic implants are well tolerated in the larvae system.

Implants contaminated with S. aureus caused a significant re-
duction in survival of the larvae compared to sterile implants.
The model exhibited typical characteristics of a biofilm infec-
tion, which is generally associated with reduced susceptibility to
antibiotics compared to a planktonic infection (Benthall et al.,
2015), as gentamicin did not rescue the biofilm infection model,
whereas it was highly effective in the planktonic model, signifi-
cantly improving survival.

Both titanium and stainless steel implants that were contam-
inated with bacteria exhibited characteristic biofilm formation
on their surface as shown by SEM analysis. All typical stages
of biofilm formation as described by others in previous stud-
ies (Joo and Otto, 2012; Nishitani et al., 2015; Khatoon et al.,
2018), including attachment, accumulation, maturation and dis-
persal of bacteria from biofilm, were found. In comparison to
results of biofilm studies in a mouse model described by Nishi-
tani et al. (2015), the biofilm was already dispersed on day 4 in
our model while this only occurred at day 14 post infection in
the mouse model. This might be due to the shorter life cycle of
the larvae or differences in the immune response between these
two species.

S. aureus biofilm formation is known to be mainly regulat-
ed by two genetic loci, namely sar4 (staphylococcal accesso-
ry regulator) and the agr quorum sensing system (Balamuru-
gan et al., 2017). Several in vitro and in vivo studies have re-
vealed that sarA4 is involved in biofilm formation by regulation
of several biofilm-related genes (Yarwood et al., 2004; Valle
et al., 2007). In line, sarA mutants are known to result in de-
fective biofilm formation (Beenken et al., 2003; Tsang et al.,
2008). The agr quorum sensing system functions by sensing S.
aureus growth through extracellular levels of autoinducing pep-
tides (AIPs) (Le and Otto, 2015) and is known for its role in the
initiation and regulation of biofilm formation and the dispersal
of biofilms (Paharik and Horswill, 2016). Several studies have
reported that clumping factor B (c/fB), 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). Autolysin (atl) is a key gene in the context of bacte-
rial attachment to foreign body surfaces (Dai et al., 2012; Kha-
toon et al., 2018).

In the current study, we analyzed the changes in gene expression
during biofilm formation in comparison to extracellularly grown
bacteria. As expected, at/ was shown to be relatively highly ex-
pressed in biofilm-associated bacteria in comparison to extracel-
lularly grown bacteria. The biofilm regulatory molecules sar4 and
intracellular adhesion protein (icad) were upregulated as well,
which is in line with similar findings in the literature (Khatoon et
al., 2018; Moriarty et al., 2019). The quorum sensing system gene
agrA did not show changes in gene expression levels. Interesting-
ly, fibrin coding gene (fib) and fibronectin binding protein coding
genes (fnbA and fnbB) were downregulated, whereas clumping
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factor B (clfB) was not modulated in the presented model. This
might be due to a lack of fibrin and fibronectin proteins in G. mel-
lonella and may be a limitation of the model.

The model is of relevance due to its low cost and its poten-
tial for high throughput analysis, e.g., for screening of antimicro-
bial materials, such as coatings or other anti-infective treatment
strategies. It avoids, application and decision processes of ani-
mal welfare committees, which are sometimes complicated and
time-consuming as well as most ethical issues in this relation,
while still representing an intact organism.

The model has some limitations, especially that Galleria lacks
an adaptive immune system and has a short life cycle that does
not allow the study of chronic infections. The absence of a skel-
etal system excludes typical bone-associated reactions and may
limit conclusions on orthopedic implants. Furthermore, although
the use of animals protected by legislation, i.e. vertebrates, can
be reduced by this model, it does also rely on a living organism.

Future studies can assess whether the application of this mod-
el can be expanded to include further relevant materials such
as polyethylene (PE) or polymethylmethacrylate (PMMA) and
different causative agents apart from S. aureus. In a next step,
a direct comparison between this model and a clinically rele-
vant orthopedic infection model, e.g., infected non-unions in
rats (Alt et al., 2011) or others (Moriarty et al., 2017), should
be conducted.

5 Conclusion

In conclusion, our results show that G. mellonella can be used
as an alternative in vivo model to study biofilm-associated infec-
tions on stainless steel and titanium implants and assess potential
treatment methods, which may help to reduce animal infection
experiments with vertebrates in the future.
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