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Abstract To study the effect of bioactive glass bone
substitute granules (S53P4) on bacterial adhesion and
biofilm formation on other simultaneously used implant
materials and the role of the hypoxic conditions to the
adhesion. Bacterial and biofilm formation were studied on
materials used both in middle ear prostheses and in fracture
fixtures (titanium, polytetrafluoroethylene, polydimethyl-
siloxane and bioactive glass plates) in the presence or
absence of S53P4 granules. The experiments were done
either in normal atmosphere or in hypoxia simulating
atmospheric conditions of middle ear, mastoid cavity and
sinuses. We used two collection strains of Staphylococcus
aureus and Staphylococcus epidermidis. In the presence of
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bioglass and hypoxic conditions the adhesion of the
planktonic bacterial cells was decreased for most of the
materials. The biofilm formation was decreased for S.
epidermidis on titanium and polydimethylsiloxane in both
atmospheric conditions and on bioglass plates in normoxia.
For S. aureus the biofilm formation was decreased on
bioglass plates and polytetrafluoroethylene in normoxia.
Hypoxia produces a decrease in the biofilm formation only
for S. aureus on polytetrafluoroethylene and for S. epi-
dermidis on bioglass plates. However, in none of the cases
bioactive glass increased the bacterial or biofilm adhesion.
The presence of bioglass in normoxic and hypoxic condi-
tions prevents the bacterial and biofilm adhesion on sur-
faces of several typical prosthesis materials in vitro. This
may lead to diminishing postoperative infections, however,
further in vivo studies are needed.

1 Introduction

Highest possible sterility is the keystone of surgery when
implant materials are used. The presence of an implanted
device results in an increased susceptibility to postopera-
tive infection [1, 2] because the number of bacteria
required to produce an implant infection is reduced [3, 4].
This is due to the fact that bacteria adhere easier to an
inactive substratum, which is not incorporated to the host
defense system. Implant infection is one of the most scared
and devastating complications in surgery due to its recal-
citrant nature and implant removal is often the only way to
cure the infection [5—7]. The risk of an implant infection is
naturally higher in operations of a contaminated or infected
bone defect such as in chronic mastoiditis or sinusitis.
Furthermore, the infection risk is increased by the fact that

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-015-5569-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-015-5569-1&amp;domain=pdf

239 Page 2 of 10

J Mater Sci: Mater Med (2015) 26:239

the human bone cavities tend to be hypoxic even after the
successful revision surgery [8—10].

In obliteration of an infected bone sequester, the con-
taminated bone is revised and the resulting cavity is filled
using autologous material or bone substitutes such as
bioactive glass (BAG) [8, 11, 12]. Similar operation is
often performed in dislocated frontal sinus fractures. Usu-
ally rigid fixation materials are also needed to restore the
weight bearing properties of the bone, the facial contour or
conductive hearing in case of middle-ear surgery [11].

In general, bioactive materials are defined as materials
eliciting a specific biological response at the interface of
material and tissue, resulting in the formation of a bond
between them. The term refers to the ability of these
materials to form a bone mineral-like calcium phosphate
layer on their surfaces [13—15].

BAGsof different compositions have been studied for
decades for clinical use and there are several applications
in dentistry, orthopedic surgery and otorhinolaryngology
at present [13, 15]. First BAGwas introduced in the early
1970s by Hench and his co-workers, who discovered
BAG 4585, capable of forming direct chemical bonds
with both hard and soft tissue [16]. In vivo studies have
shown that BAGs bond with bone more rapidly than
other bioceramics, and in vitro studies indicate that their
osteogenic properties are due to their dissolution prod-
ucts stimulating osteoprogenitor cells at the genetic level
[14].

The BAG S53P4 has been used as a substitute for the
reconstruction of defected bones. It provides bone con-
ductive properties and serves as excellent reconstruction
material in osteomyelitis revision surgery, in craniofacial
defects and in sinus or mastoid cavity obliteration [10, 12,
17]. It has been shown that S53P4 has antimicrobial
properties [18-20] probably based on several factors,
including high pH and osmotic effects caused by the non
physiological concentration of the dissolved ions [9, 15]
and that the presence of S53P4 granules interfere with
bacterial biofilm production and decrease its adherence on
titanium surface [18, 21].

This study was conducted to investigate the effect of the
presence of S53P4 on the bacterial adhesion and biofilm
formation on implant materials such as titanium, polyte-
trafluoroethylene (PTFE) and polydimethylsiloxane
(PDMS). Furthermore, the test was conducted both in
normal atmospheric oxygen concentration and in hypoxic
conditions to mimic the effect of low oxygen level of
human bone cavities.
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2 Materials and methods
2.1 Materials
2.1.1 S53P4 bioactive glass

The standard sized S53P4 bioactive glass (BonAlive Bio-
materials Ltd., Turku, Finland) samples in form of granules
and bulk plates were used. The composition of the bioac-
tive glass in weight percentages is SiO, 53 %, Na,0 23 %,
CaO 20 % and P,Os 4 %. S53P4 plates were cut using a
low speed diamond saw by the Process Chemistry Centre
of Abo Akademi University in Turku, Finland. All glass
plates were manufactured in the same way and finally the
plates were tailored to average surface roughness (Ra) of
500-630 nm by using the same SiC abrasive papers as with
other materials (120 grit). The size of glass granules was
0.5-0.8 mm and the plate size was 5 x 5 x 1.5 mm’.

2.1.2 Titanium samples

Magnetron sputtering technique was used for deposition of
titanium samples. Titanium samples were coated on 2 mm
thick (8 x 10 cm? surface area) glass substrate. Ra of
300400 nm was applied on glass surface by using SiC
abrasive paper (120 grit). Before the deposition, sample
surfaces were cleaned with argon sputter (SAM-7 kV,
Minsk, Belarus) in vacuum. The initial vacuum chamber
pressure was 8 x 10~* Pa. The sputtering time was 2 times
5 min and the voltage and current used were 4 kV and
20 mA, respectively. During the argon sputtering the vac-
uum chamber pressure was 1072 Pa. The purity of argon
was 99.999 % (Instrument Argon 5.0, Oy AGA Ab, Espoo,
Finland). Deposition process was continued directly after
the argon sputtering without breaking the vacuum. Mag-
netron sputtering system (Stiletto Series ST20, AJA Inter-
national Inc., North Scituate, MA, USA) was used to
produce the titanium samples where a negative target
potential of 530 V with 1 A current was used to accelerate
the positively charged Ar ions to the high purity (+99.7 %)
elemental titanium target (Goodfellow Cambridge Ltd,
Huntingdon, England). In the deposition process the vac-
uum chamber pressure was 4 x 1072 Pa, current 1 A and
the deposition time was 4 times 1 min (with 2 min inter-
vals). After the coating process the titanium-coated glass
was cut to 9 x 9 mm? sample size by using EXAKT-cut-
ting grinding system (EXAKT-Apparatebau, Hamburg,
Germany).
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2.1.3 PDMS and PTFE samples

The bulk PTFE and PDMS polymers were obtained from a
commercial supplier of industrial polymers (ETRA, Hel-
sinki, Finland). PTFE samples were cut from 1 mm thick
polymer sheet and PDMS samples from 2 mm thick sheet
to size of 9 x 9 mm. Average surface roughness Ra was
approx. 300—400 nm for both materials.

2.2 pH study

S53P4 granules were added to a solution of phosphate
buffered saline (PBS) pH 7.4 in ratio 1/10 (100 mg/ml).
The pH of the solution was measured after 1, 2, and 24 h in
normoxia (0.035 % CO, and 20.9 % O,) and hypoxia at
37°C resembling the situation in the normal middle ear
(7 % CO, and 6 % O,) [22, 23]. The Invivo 2 Hypoxia
Workstation (Ruskinn Technologies, Ltd., Sanford, Maine,
USA) was used to produce the hypoxia. The pH studies
were done in triplicate.

2.3 Staphylococcal adhesion experiments

Bacterial adhesion was studied in four different conditions:
(1) In normoxia at the presence of PBS, (2) in normoxia at
the presence of S53P4 granules using PBS pretreated 2 h
with S53P4, (3) in hypoxia at the presence of PBS and 4) in
hypoxia at the presence of S53P4 granules using PBS
pretreated 2 h with S53P4.

Staphylococcal adhesion experiments were performed
in well culture plates (Thermo Scientific Nunc, Roskilde,
Denmark) as described by Kinnari et al. [24]. The bio-
film-forming collection strains of S. aureus 15981 [25]
and S. epidermidis ATCC 35984 were suspended and
diluted to 10® colony forming units (CFU/ml) using nor-
mal PBS or PBS pretreated 2 h with S53P4 in ratio 1/10
(100 mg/ml). The biomaterial discs were placed in the
wells in polycarbonate membrane (Thermo Scientific
Nunc, Goteborg, Sweden) inserts to keep the sample out
of direct contact to the S53P4 granules. The bacterial
suspension was added to the well and incubated for
90 min at 37 °C. Afterwards, the biomaterial plates were
rinsed three times with sterile PBS to remove any no
adherent bacteria. The dried plates were stained for
15 min with a rapid fluorescence staining method using
the Live/Dead BacLight™ Bacterial Viability Kit
(Molecular Probes Inc., Eugene, OR, USA) [26]. On each
plate, 10 fields were viewed and photographed with Nikon
Coolpix 8400 (Nikon, Melville, NY, USA) under a fluo-
rescence microscope at x40 magnification. The pho-
tographs were taken from identical locations according to
a premade plan. All experiments were performed in
triplicate. The surface area covered with adhered bacteria

was calculated using the ImageJ software (National
Institute of Health, Bethesda, MD, USA).

2.4 Static biofilm method

The experiment was performed in the same media, atmo-
spheric and temperature conditions as the bacterial adhe-
sion experiment. Biofilm was grown with no fluid shear
conditions according to static biofilm method described by
Buckingham-Meyer et al. [27]. Sterile filter paper (What-
man Qualitative Grade 2, GE Healthcare Life Sciences,
Little Chalfont, UK) was placed on top of a tryptic soy agar
(TSA) plate (Becton-Dickinson, Helsinki, Finland) and
inoculated with 1.5 ml of a bacterial solution of 10® CFU/
ml prepared in PBS or PBS pretreated 2 h with S53P4
granules. A sample of each four material was placed
symmetrically on top of the filter paper. The S53P4 gran-
ules recovered from the PBS solution were added at the
same distance from each material in a symmetric disposi-
tion on top of the inoculated filter paper as shown in Fig. 1.
Plates were incubated for 48 h at 37 °C. After 24 h, the
filter paper was remoistened with 1.5 ml of 3 g/l tryptic soy
broth (TSB). After 48 h incubation time, samples were
washed softly in order to remove the planktonic bacteria
and sonicated with an ultrasonic cleaning bath USC100T
(VWR, Leuven, Belgium) at 45 kHz with a power output
of 300 W for 5 min in 2.5 ml of PBS using the protocol of
Esteban et al. [28]. The 5 min sonication time was chosen
as Kobayashi et al. recommend that a sonication time of
1-5 min is ideal for dislodging biofilm bacteria without

Titanium

Fig. 1 Static biofilm method: The S53P4 granules were distributed in
a cross shape in the middle of the inoculated filter paper at the same
distance from samples of titanium, polytetrafluoroethylene (PTFE),
polydimethylsiloxane (PDMS) and S53P4 plate. The diameter of the
petri dish is 10 mm
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affecting bacterial viability [29]. The number of bacteria in
each sonication product was quantified by drop plate
method [30]. The experiments were carried out in triplicate
for each strain and for each atmospheric condition.

2.5 Statistical analysis

Statistical analysis was performed using the EPI-INFO
software version 3.5.1 (CDC, Atlanta, GA, USA). Kruskal—
Wallis analysis was performed for 3 or more samples. In
case of statistical difference, Mann—Whitney test was
performed. Non-parametric test was realized, in case data
followed non-normal distribution. Normality was tested by
Shapiro—Wilk test.

3 Results
3.1 pH study

The effect of S53P4 granules to the pH of PBS in normoxia
and hypoxia at different time points is shown in Fig. 2. The
pH increased during the first 2 h and there after remained
stable. The pH was lower in hypoxia compared to normoxia.

3.2 Bacterial adhesion

The bacterial adhesion test with both strains indicate sig-
nificantly less bacterial adhesion (P < 0.05) in presence of
S53P4 granules in both atmospheric conditions except for
S. aureus on titanium in normoxia (P = 0.061) and for S.
epidermidis on S53P4 plates in both atmospheric condi-
tions (P = 0.4918 and P = 0.0712). Also the hypoxic
conditions decreased bacterial adhesion except for S.

11
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Fig. 2 The pH of the PBS with S53P4 granules was measured in 1, 2

and 24 h both in normoxia and hypoxia. The error bars represent the
standard deviation
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epidermidis on S53P4 plates (P = 0.0992) (Fig. 3). In
none of the cases bacterial adhesion increased in presence
of S53P4 granules. Image of the adhesion of S. epidermidis
on titanium is shown in Fig. 4.

3.3 Percentage of dead bacteria on each surface

The proportion of dead bacteria on each biomaterial in dif-
ferent conditions is shown in Fig. 5. The presence of S53P4
granules causes mainly increase of the proportion of the dead
bacteria, however exceptions occur. For S. aureus in nor-
moxia the granules cause decrease of the proportion of dead
bacteria on PTFE and no difference on S53P4 plates and for
S. epidermidis no difference was found in titanium and in
PTFE in hypoxia and in S53P4 plates in normoxia. Fur-
thermore, hypoxia induced an increase in the percentage of
dead bacteria in case of S. aureus with PDMS (P < 0.0001)
and S. epidermidis with PTFE (P = 0.018).

3.4 Biofilm formation

In seven out of sixteen conditions the presence of S53P4
granules produced a statistically significant decrease in the
biofilm formation (Figs. 6, 7). In normoxic conditions the
decrease of biofilm formation was significant in all situa-
tions except for S. aureus on titanium and PDMS and for S.
epidermidis on PTFE (P = 0.5127 and P = 0.1266 for S.
aureus respectively and P = 0.1266 for S. epidermidis). In
hypoxic conditions the S53P4 granules had less significant
effect on biofilm formation. Decrease occurred in case of S.
epidermidis on titanium and PDMS (P = 0.0495 for both
materials), otherwise there was no statistically significant
effect (P > 0.05).

The biofilm reduction effect of S53P4 is presented in
Fig. 7. The tendency for reduction of biofilm formation by
S53P4 was seen in all materials in both atmospheric con-
ditions. The reduction was higher in hypoxia than in nor-
moxia for titanium with both bacteria and for PDMS with
S. epidermidis. For PTFE and S53P4 plates with S. aureus
the reduction was higher in normoxia.

The effect of hypoxic conditions on biofilm formation
produced a decrease only for S. aureus with PTFE
(P = 0.0495) and for S. epidermidis with S53P4 plates
(P = 0.0495). Hypoxia caused an increase of biofilm for-
mation on titanium for both bacteria (P = 0.0495) and on
PDMS for S. epidermidis (P = 0.0495) (Fig. 6).

4 Discussion
With infected and revised bone cavities there is an evident

hazard of implant infection that often impedes the use of a
prosthetic or filling materials in the first place and several
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Fig. 3 Bacterial adhesion: The
mean percentage of each
biomaterial surface covered
with a S. aureus and b S.
epidermidis. NP normoxic
conditions, NB normoxic
conditions with S53P4 granules,
HP hypoxic conditions, HB
hypoxic conditions with S53P4
granules. The error bars
represent the standard deviation.
Asterisk statistically significant
difference. Theta statistically
significant difference compared
to hypoxic conditions with
S53P4 granules
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operations may be needed. The impact of hypoxia on
bacterial adhesion and biofilm formation on biomaterials is
poorly understood. Hypoxia can influence the bacterial
adhesion in many ways such as by modifying the expres-
sion of virulence and antibiotic resistance genes [31].
High alkaline environment is not well tolerated by
micro-organisms [32]. The optimum pH for the staphylo-
cocci is between 7.0 and 7.5 [33]. The increase in the pH
during the time of incubation caused by release of alkali
ions from S53P4 particles is certainly a critical factor for
the antibacterial effects of bioactive glass as shown in other

S.aureus
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T

NP NB HP HB

NP NB HP HB

JIEY

NP NB HP HB

PTFE PDMS S53P4
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andNBvs HB

studies [33]. Other factors causing antibacterial properties
may be related to the increased osmotic pressure caused by
non-physiological concentration of ions of calcium and
alkalis released from the S53P4. This could cause pertur-
bations of the membrane potential of bacteria [10, 13, 15].
Nevertheless, S53P4 is well tolerated and seems to be a
good implant material. The advantage is that the con-
stituent chemicals are all found in the body, which may
decrease the possibility that bacteria develop resistance to
these materials [15]. A typical roughness of commercial
middle ear implants was chosen for this study. The
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Fig. 4 Fluorescent microscope images of the adhesion of S. epider-
midis on titanium surface in different conditions (x40 magnification):
NP normoxic conditions, NB normoxic conditions with S53P4
granules, HP hypoxic conditions, HB hypoxic conditions with

implants used with bone contact are preferably slightly
rough to provide a good attachment between the prosthesis
and the surrounding tissue [34].

The medium was pretreated with S53P4 granules for 2 h
due to the fact that the pH and alkaline effect of the
bioactive glass to the medium becomes quite slowly and no
real effect would be available during the two phases of the
bacterial adhesion and the biofilm maturation process. We
used PBS pretreated with 100 mg/ml of S53P4 because
previous studies [32] showed that the antibacterial effect is
dose-dependent at concentration of 50 mg/ml and below.
In clinical settings proteins of serum or extracellular fluid
rapidly coat the implant material surfaces and thus the
microbials encounter not a bulk biomaterial but a substra-
tum pretreated with a mixture of host proteins. This should
also be taken in consideration in in vitro experiments. We,
however, decided not to pretreat the samples for these
experiments as one of our main focuses was the mastoid
surgery where the titanium and other implants are used to
restore the conductive hearing in a dry middle ear mean-
while the infected mastoid cavity is revised and filled with
bioglass granules. In these circumstances perioperative
bacterial adhesion mainly happens on a bulk biomaterial
substratum.

In hypoxic conditions, the pH of the solution containing
S53P4 granules is lower compared to normoxic conditions.
This is possibly due to the fact that the high CO, level of
the hypoxia chamber (7 %) moves the pH of the solution
towards acidic via the formation of weak carbonic acid
from the diffused CO,. Carbonic acid will dissolve into two
carbonate forms HCOs™ and CO32_ which also contributes
to the pH change [15]. Furthermore, the adaptation of
staphylococci to hypoxic conditions may influence to their
adhesion characteristics. Cramton et al. have suggested a
mechanism whereby ica gene expression and increased
production of polysaccharides, the main component of
biofilm glycocalyx, may act as a virulence factor for
staphylococci in an anaerobic environment in vivo [35].
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S53P4 granules. The samples were stained with BacLight LiveDead
stain (Molecular Probes), a combination of propidium iodide and
SYTOO9 dyes. The white bar represents 10 pm length

However, the reduction in bacterial adhesion and per-
centage of dead bacteria by the effect of S53P4 was visible
also in lower pH value in hypoxic conditions. The mech-
anism implicated is a combination of antimicrobial activity
against planktonic cells and interference with bacterial
adhesion dynamics and consequent biofilm formation.
Because in the majority of cases by the presence of S53P4
there is a decrease of attached bacteria and increase in
number of dead bacteria we believe it is a consequence of
continuous antibacterial effect that influence also the bac-
teria adhered to the substrata. The percentage of dead
Staphylococcus aureus on PTFE was surprisingly
decreased by the presence of S53P4. There is no clear
explanation to this, however, it is possible that those weak
S. aureus cells, that die soon after they adhere on other
biomaterials, are not able to adhere on the repellent PTFE
surface in the first place. This phenomenon must be specific
to the species because similar effect was not visible in S.
epidermidis.

We conclude that the mechanisms of the antibacterial
effect of S53P4 may depend on several other aspects such
as:

— An increment of the ionic strength as the leaching of
ions occurs from the S53P4 [20].

— Antibacterial effect of the inert SiO, which is present in
the S53P4 composition and may produce a coating on
surrounding substrata [36].

— Physical damage to cell wall coming from S53P4
debris that could be related to its antibacterial effect
[31].

— The S53P4 could generate oxygen radicals that would
react with all biological molecules and cause an
antimicrobial effect [13].

The results show that the bioglass effect was more
evident on bacterial adhesion than on biofilm formation
and that the effect on adhesion was not always correlated to
the biofilm formation, same as found by Hu et al. [32]. The
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Fig. 5 The mean percentage of (a)
dead bacteria adhered on each 120

S.aureus

biomaterial in the different
conditions. The error bars
represent the standard deviation.
Asterisk statistically significant
difference. Plus sign the
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effect of S53P4 on the viability of the planktonic inoculum
could be the reason for the fact that less planktonic bacteria
attached on some materials. However, in some cases few
bacteria are enough to proliferate and develop a mature
biofilm due to the biofilm promoting effect of this sub-
stratum. The antibacterial effect of S53P4 was also studied
at 90 min and 2 days without presence of the biomaterial
substrata. A statistically significant reduction of CFU was
found in all the conditions except in hypoxic conditions for
S. epidermidis at 90 min and for S. aureus at 2 days. This
corroborates the findings that S53P4 has antibacterial

|NP NB HP HB

NP NB HP HB NP NB HP HB

PTFE PDMS ‘ S53P4
v=p<0,05 NPand NB 0=p<0,05 NPandHP  x=p<0,05 NBand
vs HP vs NBand HB HBvs HP

properties on clinically important bacteria [11, 14, 16, 19].
Further experiments should be performed to evaluate
whether S53P4 has a straight effect on the bacterial adhe-
sion mechanisms or only on the bacterial viability. Com-
pared to the case of normal surgical procedure the bacterial
concentrations used in this study were high.

We evaluated the adhesion of reference strains. Biofilm
formation should be studied also using clinical strains
isolated from patients with a diagnosis of prosthetic
infection, which can show different properties than strains
adapted to laboratory. These wild type strains, due to their
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Fig. 6 Biofilm formation in
colony forming units with
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different pathogenic properties might show more reliably
the effect of the presence of S53P4 and hypoxic conditions
in vivo.

Moreover, in vivo studies should be performed in the
future primarily to assess the effect of the host’s immune
system on the infection itself and the efficiency with which
the S53P4 produces a change in pH and osmolarity in an
animal model.

Finally, it may be discussed if this growth inhibitory
effect in bacterial cells could also be seen in eukaryotic

@ Springer

NP

o=p<0,05 NB vs HP

NB HP |HB NP | NB NP NB|HP HB

HP |HB

PTFE PDMS

S53P4

*=p<0,05
+=p<0,05 NP vs NB

*=p<0,05
»=p<0,05 NB vs HB

cells. However, the clinical experience and our first
experimental results using human cells are contrary to this.

Bioactive glass S53P4 has been used successfully as a
bone substitute. The aim of this study was to find out
whether simultaneous use of bioglass with other implant
materials would decrease the risk of implant infection
in vitro. It was revealed that the S53P4 has an inhibitory
effect on staphylococcal adhesion and biofilm formation.
The mechanism is probably based on a combination of
several factors, including high pH and osmotic effects
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Fig. 7 Biofilm reduction effect of S53P4 on each material and
atmospheric condition in percents. a Using S. aureus or b S.
epidermidis. The error bars represent the standard deviation. Asterisk
statistically significant difference between both atmospheric condition

caused by dissolution of the bioglass. Further in vivo
studies are needed to show if S53P4 is suitable filling
material in cases of contaminated cavities.
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