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Effect of Vancomycin and Glucose on Biofilm Formation by Coagulase-negative
Staphylococci: Investigation of Standard Strains and Clinical Strains isolated
from Implant-related Infection
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[Objective] The objective of this study was to investigate the suppressive effect of antibiotics and presence or absence of
glucose on biofilm formation on metal surfaces by coagulase-negative Staphylococci.

[Materials and Methods] Bacterial strains included a standard biofilm-forming strain of Staphylococcus epidermidis, non-
biofilm-forming strain of Staphylococcus hominis, and two clinical strains of Staphylococcus epidermidis isolated from implant-
related infection (IRI). Vancomycin (VCM) was used as the antibiotic. Trypticase soy broth (TSB) and TSB without dextrose (TSB
w/o D) were used as growth media. Each strain was adhered to stainless steel washers and cultured in different growth media
with various VCM concentrations for different lengths of time. The degree of biofilm formation was measured as the biofilm
coverage rate (BCR).

[Results] BCR decreased with increasing VCM concentration and shorter incubation time; however, the degree of suppression
varied by strain. BCR was lower for strains cultured in TSB w/o D than for those in TSB. BCR for 8-h incubation group was
significantly reduced at lower VCM concentrations in TSB w/o D than in TSB.

[Conclusions] Biofilm formation was suppressed in absence of glucose environments, suggesting the importance of controlling
blood glucose levels during the perioperative period to prevent IRI.
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Introduction prevents antibiotics and immune system components from

reaching bacteria®”.

Metal implants are frequently used in orthopaedic surgery
and have substantially contributed to improving surgical
outcomes. Implant-related infection (IRI) is a serious complication
that might require repeated debridement or implant removal.
One reason that IRI can become difficult to control is biofilm
formation on the surface of implants. Once adhered, the
bacteria proliferate and produce extracellular polysaccharides
that can form a biofilm'. It has been reported that the biofilm

Staphylococci are the most common causal bacteria of
IRI, accounting for approximately 50% of cases*°. Among
members of this genus, coagulase-negative staphylococci
have especially high ability to adhere to implants and form
biofilms®. Biofilms have been reported to exhibit resistance
even toward vancomycin (VCMY)’, which is effective against
most Gram-positive bacteria including methicillin-resistant
Staphylococcus aureus®'°. Antibiotic concentrations greater
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than minimum inhibitory concentrations (MIC) are needed
to treat IRT!'2. Treatment of IRI is further complicated by
the fact that optimal antibiotic dose varies depending on the
bacterial species and strain.

Diabetes mellitus (DM) is one of the primary host factor
complicating IRI treatment. Persistent hyperglycemia due
to DM reduces the ability of neutrophils to migrate, adhere,
phagocytize bacteria, and kill bacteria, thereby increasing
the risk of infection'*!"*. Treatment of IRI in DM patients
become difficult by the fact that the immune systems are
prevented from reaching bacteria within biofilms?. No study
has investigated about the importance of blood glucose level
to biofilm formation on metal surfaces.

The objective of this study was to clarify the effect of
glucose and the suppressive effect of antibiotics on biofilm
formation. We investigated the effect of different concentrations
of VCM and the presence or absence of glucose in growth
media on biofilm formation using not only standard strains
but also clinical strains isolated from IRI cases.

Materials and Methods

The study was conducted following the method used in a
previous study by Sakimura et al.!. Bacterial strains
consisted of RP62A (ATCC 35984), a standard biofilm-
forming strain of Staphylococcus epidermidis, SP2 (ATCC
35982), a non-biofilm-forming strain of S. hominis, and two
clinical strains of S. epidermidis (Clinical strain 1 and 2)
from IRI cases treated at our institution (Table 1).

Table 1. The bacteria used in present experiment;
IRI: implant-related infection

Strain Bacterial Species Characteristics
RP62A (ATCC 35984)  S. epidermidis  Standard biofilm-forming strain
SP2 (ATCC 35982) S. hominis Non-biofilm-forming strain
Clinical strain 1 S. epidermidis Isolated from IRI patient
Clinical strain 2 S. epidermidis Isolated from IRI patient

Vancomycin hydrochloride (VCM, Wako, Osaka, Japan)
was used as the antibiotic. The MIC of VCM was 1 ug/mL
for all bacterial strains. Trypticase soy broth (TSB; Becton-
Dickinson, Sparks, MD, USA) and TSB without dextrose
(TSB w/o D; Becton-Dickinson) were used as liquid media
with different glucose concentrations. Glucose concentration
of TSB was 250 mg/dL. Stainless steel washers (diameter:
6.0 mm, thickness 0.5 mm; UW-0306-05; Wilico, Tokyo,
Japan) sterilized by ultrasonic cleaning followed by autoclaving
were used as the metal substrate for adherence of the bacterial
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strains.

After preculturing overnight in liquid medium (TSB or
TSB w/o D), bacterial suspensions of each strain in exponential
phase were prepared by creating 10-fold dilutions of each
preculture using fresh liquid medium. These suspensions
were incubated by shaking at 37°C until an ODgy, 0f 0.2 (2.0
X 107 colony forming unit/mL). The bacterial suspensions
(I mL) were then added to 24-well polystyrene microplates
(Iwaki, Funabashi, Japan) containing steel washers in each
well. After allowing bacteria to adhere to the washers for 5
min, the wells were rinsed twice with phosphate-buffered
saline (PBS).

The washers adhered with bacteria were placed in 1 mL
of fresh liquid medium and incubated for 2, 4, or 8 h to
allow biofilm formation on washer surfaces. The resulting
samples were divided into three incubation groups (2-h,
4-h, and 8-h). After biofilm formation, washers in each of
the three incubation groups were again rinsed twice with
PBS. The washers were then transferred to 1 mL of liquid
medium with VCM concentrations ranging from 0 to 1,024
ug/mL and incubated for 20 h at 37°C.

The quantity of biofilm formation on washers was evaluated
as biofilm coverage rate (BCR) following the method by
Kajiyama et al.". After fixing the washers with 95% ethanol
for 1 min, the washers were dried, stained with 0.5% crystal
violet for 5 min, and rinsed with distilled water. After drying
the washers, digital images were captured at eight arbitrarily-
selected locations on each washer at 450X magnification
using a digital microscope (VHX-1000; Keyence, Osaka,
Japan). BCR was calculated from the captured images using
image analysis software (Imagel; National Institutes of
Health, Bethesda, MD, USA). The experiment was repeated
five times.

BCR at each VCM concentration was compared with BCR at
the VCM concentration of 0 ug/mL for each strain, incubation
time, and presence or absence of glucose. We performed
two-way analysis of variance and multiple comparison tests
using the Bonferroni method on BCR results, with p < 0.05
considered as significant. SPSS version 22.0 for Windows
(IBM, North Castle, NY, USA) was used for statistical
analyses.

Results

As representatives of typical macro images, the photographs
of the stainless steel washers of 2-h incubation group are
shown in Figure 1. The washers of RP62 A (Standard biofilm-
forming strain) cultured in TSB were stained in blue (Figure
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la, 1b). BCR was 100% at VCM concentration 0 ug/mL and
was 79% at 8 ug/mL, indicating suppressive effect by VCM
against biofilm formation. The washers of RP62A cultured
in TSB w/o D were stained in blue (Figure 1c, 1d). BCR was
88% at VCM concentration 0 ug/mL, indicating suppressive
effect by absence of glucose against biofilm formation
(Figure 1c). BCR was 69% at VCM concentration 8 ug/mL,
indicating suppressive effect by both VCM and absence of
glucose against biofilm formation (Figure 1d). The washers
of SP2 (Non-biofilm-forming strain) cultured in TSB were
almost not stained in blue despite at VCM concentration 0
ug/mL (Figure le, 1f).

RP62A SP2

TSB TSBw/o D TSB

0 pug/ml

vCM

8 pg/ml

(%)

Figure 1. The photographs of the stainless steel washers of 2-h
incubation group as representatives of typical macro images are
shown. They indicated the effects of the absence of glucose (c,
d) and administration of VCM (b, d, f) on biofilm formation by
RP62A (a, b, ¢, d) and SP2 (e, f). The numbers on the images
represent BCR (%).VCM: vancomycin, BCR: biofilm coverage
rate, TSB: trypticase soy broth, TSB w/o D: trypticase soy
broth without dextrose.

BCR at different VCM concentrations of RP62A incubated
in TSB or TSB w/o D for 2, 4, or 8 h were examined (Figure
2). In both TSB and TSB w/o D, BCR tended to decrease
with increasing VCM concentration. The reduction of BCR
was especially evident for shorter incubation times. BCR of
TSB w/o D was lower than that of TSB at most VCM
concentrations.

The same experiment was examined using Clinical strain
1 (Figure 3). As with RP62A, BCR tended to decrease with
increasing VCM concentration in both TSB and TSB w/o D.
The reduction of BCR was especially evident for shorter
incubation times. BCR of TSB w/o D was lower than that of
TSB at most VCM concentrations. In 8-h incubation group
at high VCM concentration, BCRs in TSB w/o D of Clinical
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strain 1 were especially lower than those of RP62A (Figure
30).

BCR at different VCM concentrations using SP2 (Figure
4a) and Clinical strain 2 (Figure 4b) incubated in TSB for 2, 4,
or 8 h were examined. The BCRs of these two bacterial strains
were as low as about 15% or less at all VCM concentrations,
indicating that Clinical strain 2 was considered a non-biofilm-
forming strain.

Discussion

In this study, we demonstrated for the first time that biofilm
formation on metal surfaces is suppressed in absence of
glucose environments. In addition, we clarified this suppressive
effect using not only standard strains but also clinical strain
isolated from IRI. Our results indicated importance of
perioperative control of blood glucose levels for preventing
IRL.

It is believed that antibiotic-resistance mechanisms of
bacteria involve the expression of various genes and proteins'®!”.
The development of antibiotic resistance following exposure'®
and differences in resistance among bacterial species and
phenotypes'® have also been reported. In many cases, biofilm
formation plays a role in this antibiotic resistance'”'°. Numerous
studies have investigated the development of antibiotic
resistance of bacteria adhered to a surface and in biofilms.
Nishimura et al.’ reported that the antibiotic resistance of
bacteria in biofilms is 1,024-fold or greater than that of
bacteria in suspension using Staphylococcus strains isolated
from infected total hip arthroplasty cases. Sakimura et al.'’
used BCR and the viable cell count method to investigate
the onset timing of antibiotic resistance accompanying
biofilm development by RP62A adhered to stainless steel
washers. They found that VCM resistance develops immediately
after bacterial adherence and nearly plateaus at 8 h. The
MIC of vancomycin of RP62A and Clinical strain 1 were 1
ug/mL, however BCR was suppressed when the vancomycin
concentration was 4 pg/mL or more after formation of biofilm.
This results were consistent with the previous report by
Sakimura et al'°.

Regarding the regulation mechanism of biofilm formation
by glucose, You et al. reported the existence of GbaAB
(glucose induced biofilm accessory gene), a novel gene of
Staphylococcus aureus®. GbaAB regulates the formation
of PIA (polysaccharide intercellular adhesin) which is a
component of the biofilm through the ica operon in the presence
of glucose. They suggested that the GbaAB regulated biofilm
formation at the multicellular aggregation stage rather than
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Figure 2. BCR of RP62A treated with different concentrations of VCM. The culture media used were TSB (black) and
TSB w/o D (white). Measurements were conducted after incubating samples for 2 h (a), 4 h (b), and 8 h (c). Values
represent mean and error bars indicate SD (n=80). * p < 0.001 versus BCR at the VCM concentration of 0 ug/mL. BCR:
biofilm coverage rate, VCM: vancomycin, TSB: trypticase soy broth, TSB w/o D: trypticase soy broth without dextrose.
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Figure 3. BCR of Clinical strain 1 treated with different concentrations of VCM. The culture media used were TSB (black)
and TSB w/o D (white). Measurements were conducted after incubating samples for 2 h (a), 4 h (b), and 8 h (c). Values
represent mean and error bars indicate SD (n=80). * p < 0.001 versus BCR at the VCM concentration of 0 ug/mL. BCR:
biofilm coverage rate, VCM: vancomycin, TSB: trypticase soy broth, TSB w/o D: trypticase soy broth without dextrose.
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Figure 4. BCR of SP2 (a) and Clinical strain 2 (b) treated with different concentrations of VCM. The culture media used
was TSB. Measurements were conducted after incubating samples for 2 h, 4 h, and 8 h. BCR: biofilm coverage rate,

VCM: vancomycin, TSB: trypticase soy broth.

initial attachment stage. In our study, the VCM concentration
at which BCR were suppressed, were the same for TSB and
TSB w/o D in the 2-h and 4-h incubation groups. On the
other hand, BCR of TSB w/o D were suppressed at a lower
VCM concentration than that of TSB in the 8-h incubation
group. This result was consistent with the regulation mechanism
of biofilm formation via GbaAB reported by You et al. In
the 4-h incubation group of RP62A and the 8-h incubation
group of Clinical strain 1, the BCR of TSB w/o D was
markedly lower than that of TSB at high VCM concentration.
This indicates that the presence or absence of glucose in the
culture medium markedly regulated BCR in the long time
incubation group. The fact that the incubation time and
degree of BCR suppression differs between the two strains

may be due to the timing and level of expression of GbaAB.
Further investigation of GbaAB or genes with similar actions
in various bacterial species may lead to clarify the regulation
mechanism of biofilm formation by glucose.

Compromised immune function that is caused by DM is
the primary host factor complicating IRI treatment. DM
causes microangiopathy and alters cytokinin signaling
networks, increasing the risk of infection?’. DM is also
reported to reduce the ability of neutrophils to migrate,
adhere, phagocytize bacteria, and Kkill bacteria*!. In a
clinical study involving 2,316 spinal surgery cases, Olsen et
al.”2 found DM to be a risk factor for surgical site infection
(odds ratio of 3.5). Mraovic et al.”® investigated 1,948 cases
of total hip arthroplasty and total knee arthroplasty and
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found that the risk of post-operative infection doubled when
blood glucose was 200 mg/dL or greater. Efforts are
currently being made to advocate perioperative control of
blood glucose for preventing IRI. The Guideline for the
Prevention of Surgical Site Infection 2017* issued by the
United States Centers for Disease Control and Prevention
strongly advises that blood glucose be maintained under 200
mg/dL in the perioperative period. Our study demonstrated
that biofilm formation was suppressed in absence of glucose
environments. This suppression was already evident at short
incubation times and persisted even after longer incubation
times when the suppressive effect of antibiotics was reduced.
It suggests the importance to control blood glucose during
the perioperative period for preventing IRI.

The ability to form biofilms also differed among strains
within the same S. epidermidis species. Although the two
clinical strains used in this study were both S. epidermidis,
Clinical strain 1 formed biofilms while Clinical strain 2 had
the exact opposite characteristic and did not form biofilms.
Even among biofilm-forming strains, the pattern of suppression
of biofilm formation by VCM differed between RP62A and
Clinical strain 1. The suppressive effect in the absence of
glucose environment also differed between these two strains.
In particular, one characteristic of Clinical strain 1 was the
very evident suppression of biofilm formation after 8-h
incubation in TSB w/o D at high VCM concentration. When
IRI occurs, it is recommended that identification of the
causal bacteria be prioritized over administration of antibiotics.
In our study, the antibiotic dose at which antibiotic resistance
occurs differed between bacterial strains within the same
species. It suggests that assessing the ability to form biofilms
also important in the treatment of IRI. It will be useful for
decision making to preserve or remove infected implants.

The first limitation of this study is the small number of
strains tested. Only two biofilm-forming strains were tested,
leaving open the possibility of the existence of strains whose
ability to form biofilms is not reduced in absence of glucose
environments. The second limitation is that we did not
investigate the effect of different glucose concentrations.
The glucose concentration of TSB used in this study was
250 mg/dL, which reasonably reproduces high-glucose
levels in the clinical environment. In contrast, the glucose
concentration of TSB w/o D is 0, representing a profoundly
low-blood glucose environment. In this study, we focused
on biofilm formation and development over time. Investigating
the dependence of biofilm development on glucose concentration
may enable us to determine target blood glucose levels for
the perioperative period. The third limitation is that we did
not investigate the effect of antibiotics other than VCM.
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Raad et al. examined the inhibitory effect of VCM, Linezolid,
and Daptomycin on biofilm formation of catheter-related
infection. Antibiotics were exposed after adherence of MRSA
to silicone disks, followed by counting the number of bacteria
detached from the biofilm formed on the silicone disks. As
a result, Daptomycin suppressed biofilm formation significantly
more than VCM and Linezolid®. Although there is a difference
between silicone disk and metal surface of stainless steel,
different results might be obtained when using Daptomycin
or Linezolid. The fourth limitation is that the number of
viable cell count (VCC) in biofilm was not measured in this
study. Sakimura et al. reported the VCC of RP62A at VCM
concentration of 32 ug/mL or more in the 2-h incubation
group was almost zero. BCR before addition of VCM in the
2-h incubation group was reported to be 9.5%'". In this study,
BCR was lower than 9.5% when the VCM concentration
was 32 ug/mL or more. It was considered that BCR was
decreased by the decreasing of VCC in 2-h incubation group
of RP62A. Due to the different incubation time and bacteria
strains, it was unclear whether the decrease in BCR was due
to the suppression of biofilm formation or the decrease in
the number of viable bacteria in this study. The fifth
limitation has to do with the use of stainless steel as the only
metal substrate. Biofilm formation and suppression of
biofilm formation may differ depending on the type of metal
substrate. Given that various metals such as titanium and
cobalt chrome are currently being used for implants in
clinical settings, further investigation is expected.

Conclusion

This study demonstrated that biofilm formation on metal
surfaces is suppressed in absence of glucose environments.
The results of this study indicated importance of perioperative
control of blood glucose levels for preventing IRI.
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