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Summary. Surfaces of medical implants are generally designed to encourage soft- and/or hard-tissue adherence, eventually
leading to tissue- or osseo-integration. Unfortunately, this feature may also encourage bacterial adhesion and biofilm formation.
To understand the mechanisms of bone tissue infection associated with contaminated biomaterials, a detailed understanding of
bacterial adhesion and subsequent biofilm formation on biomaterial surfaces is needed. In this study, a continuous-flow modular
reactor composed of several modular units placed in parallel was designed to evaluate the activity of circulating bacterial
suspensions and thus their predilection for biofilm formation during 72 h of incubation. Hydroxyapatite discs were placed in
each modular unit and then removed at fixed times to quantify biofilm accumulation. Biofilm formation on each replicate of
material, unchanged in structure, morphology, or cell density, was reproducibly observed. The modular reactor therefore proved
to be a useful tool for following mature biofilm formation on different surfaces and under conditions similar to those prevailing
near human-bone implants. [Int Microbiol 2013; 16(3):191-198]
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Introduction

Biofilm-related infections associated with indwelling medical
devices, such as orthopedic implants and prostheses, have be-
come a major clinical concern and reflect the failed attempts
to prevent their formation and to treat affected patients [31].
In fact, bone-tissue and prosthetic-joint infections are among
the worst complications in orthopedic surgery and traumatol-
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ogy and may lead to the complete failure of the arthroplasty,
amputation, prolonged hospitalization, and even death
[4,9,27].

Bacterial attachment to biomaterial surfaces is an impor-
tant step in the pathogenesis of these infections. Their exact
mechanism remains unclear but several studies have been di-
rected at better understanding the development, structure, and
impact of bacterial biofilms associated with indwelling medi-
cal devices. A large proportion of implant-related infections is
caused by Staphylococcus aureus, S. epidermidis, and Esch-
erichia coli [1,18,27]. The pathogenicity of biofilm-dwelling
S. epidermidis has at least in part been attributed to the devel-
opment of extracellular polymeric substances (EPS) [18,27,
30] that protect the bacterial population against host defense
mechanisms and antimicrobial agents [1,27].



192 INT. MicrosioL. Vol. 16, 2013

BARROS ET AL.

Hydroxyapatite (HA) has exceptional biocompatibility and
bioactivity with respect to bone cells and tissues, probably be-
cause of its similarity to the hard tissues of the body [11]. It has
therefore been extensively used as a coating for orthopedic im-
plants or as a bone substitute. Bone contains natural HA crys-
tals with needle-like and rod-likes shapes well-arranged within
a polymeric matrix of collagen type I. Nanophased HA is able
to bind bone and to interact with macromolecules that partici-
pate in the preliminary events leading to bone bonding and
tissue regeneration [10]. However, the introduction of nano-
phased HA materials into the body is always associated with
the risk of microbial infection, particularly in the fixation of
open-fractures and in joint-revision surgeries [27]. Conse-
quently, these implanted materials represent sites of weakness
for host defenses such that they allow the attachment even of
bacteria with a low level of virulence [16].

The most promising strategies for preventing orthopedic
infections seek to inhibit bacterial adhesion prior to biofilm
formation, especially during the initial 6 h following im-
plantation [9,10], the critical phase in the ocurrence of device-
associated infections [9]. To achieve this goal requires a de-
tailed understanding and quantification of the events that oc-
cur during initial bacterial adhesion and subsequent biofilm
formation on biomaterial surfaces.

One way to reproducibly study and visualize biofilms and
cellular attachment is to use biofilm reactors [6]. During the
last several decades, attempts have been made to develop
laboratory biofilm reactors that minimize the heterogeneity of
experimental conditions in order to simplify the analysis and
validation of biofilm data and to enable direct and real-time
assessment of the bacterial colonization of submerged sur-
faces [6,13,14,22,23,30]. Biofilm reactors present several ad-
vantages with respect to the definition and control of hydrody-
namic parameters such as flow velocity, Reynolds number,
and shear stress [22]. Moreover, properly designed biofilm
reactors contribute to minimizing experimental problems as-
sociated with inconsistent and ill-defined rinsing of “revers-
ibly” bound cells, the variability of culture media, radiola-
beled substrates, or vital stains, and the exposure of biofilm to
medium-air interfacial forces [22]. Two of the best known
types of reactors for the open continuous culture of biofilms
are annular reactors (Rototorque) and the Robbins device
[14,23]. However, while both operate as continuous-flow sys-
tems and contain fixed biofilm supports that can be easily re-
moved for sampling, removal is only possible after the flow
has been stopped, with the flow restarted by again closing the
system [15,21]. Thus, the hydrodynamics are, in general, not
similar to the conditions found near human bones in the body.

Additionally, in the Rototorque reactor, fluid dynamics are not
uniform throughout the system, leading to non-ideal mixing
and non-uniform biofilm formation [17].

In this work, an in vitro model modular reactor was de-
signed that replicates the conditions in the vicinity of living
bone, including low flow rates, physiological body tempera-
ture, darkness, and low oxygen and nutrient levels. It also al-
lows visual surveillance of bacterial adhesion and biofilm for-
mation on biomaterial surfaces, easy manipulation and control
of the environmental conditions, and periodic sampling and
analysis with minimal disturbance of the biofilm samples.

Materials and methods

Preparation of nanohydroxyapatite and microhydroxy-
apatite samples. Commercial nanohydroxyapatite (nanoHA) and micro-
hydroxyapatite (microHA) provided as powders were kindly supplied by
Fluidinova SA-Portugal (nanoXIM HAp202) and Plasma Biotal-UK (P218),
respectively. The samples consisted of cylindrical nanoHA and microHA
discs 10 mm in diameter that were prepared from 0.150 g of dry powder un-
der a uniaxial compression stress of 8§ MPa (Mestra Snow P3). All experimen-
tal conditions related to the compression and sintering procedure were previ-
ously published [2,20,24]. Briefly, three different sintering temperatures were
used according to the material: 830 °C (nanoHA830) and 1000 °C (nano-
HA1000), with a 15-min plateau and applying a heating rate of 20 °C/min,
and 1300 °C (microHA1300), with a 1-h plateau and applying a heating rate
of 20 °C/min followed by cooling to room temperature inside the oven. The
samples were sterilized by two passages in 70 % ethanol during 15 min fol-
lowed by a double washing in sterile physiological saline (0.9 % NacCl).

Modular reactor set-up. A transparent Perspex (polymethylmethacrylate),
modular reactor containing 27 sampling discs (nanoHA830, nanoHA 1000, and
microHA 1300) was randomly placed in each well (Figs. 1,2). This reactor was
connected to a closed Pyrex vessel containing the bacterial culture, which
was supplied to the reactor at a continuous flow rate of 1.54 x 10®*m?/s and
an internal velocity of 2.19 x 10~ m/s by means of a peristaltic pump (RS
Amidata) working at 8 rpm. The complete experimental set-up was com-
posed of modular units, a bacterial suspension vessel, a stir plate and mag-
netic stirrer, a waste vessel, and the circulation tubes (Fig. 1). Three modular
units were used in parallel, one for each incubation time (24, 48, and 72 h),
and the same conditions were maintained in all of the modular units. This
system was operated as “once-through”, i.e., discarding the effluent. The en-
tire reactor was placed inside an incubator to achieve and maintain a tem-
perature of approximately 37 °C, with agitation of the suspension vessel
throughout the experiment. All components of the modular reactor were ster-
ilized in an autoclave except for the modular reactor itself, which was steril-
ized in a 15 % sodium hypochlorite solution and then rinsed with sterilized
water under aseptic conditions.

Bacterial strain and culture conditions. Staphylococcus epider-
midis strain RP62A (ATCC 35984), a slime producer [3,6], was used to pro-
duce a monospecies biofilm in all experiments in this report. A plate count
agar culture of the test strain not older than 2 days was incubated in 15 ml of
tryptic soy broth (TSB) for 24 (+2) h at 37 °C with agitation at 150 rpm by an
orbital shaker (Certomat HK, B. Braun Biotech, Géttingen, Germany). An
aliquot of 200 pul was transferred to 600 ml of fresh TSB, and the cells were
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Fig. 1. Scheme of the experimental system used to obtain biofilm formation in the modular reactors. (A) Bacterial suspension vessel (5 1).
(B) Magnetic stirrer. (C) Peristaltic pumps, 8 rpm. (D) Modular reactors to collect samples at 24, 48, and 72 h. A scheme of the HA discs
randomly positioned in the reactor is also given; each color represents a different surface biomaterial. (E) Waste vessel.

allowed to grow for 18 (£2) h, at 37 °C and 150 rpm, until they reached the
exponential phase of growth. The inoculum was then transferred to the reac-
tor suspension vessel in a volume of 10 % of the reactor’s useful volume
(bacterial suspension containing approximately 1 x 10® cells/ml).

Biofilm formation on nanohydroxyapatite and microhydro-
xyapatite discs. Staphylococcus epidermidis RP62A biofilm formation
on the biomaterial discs was assessed over time. The sterile material samples
were placed inside the modular reactor, which was operated under the above-
described conditions. At 24, 48, and 72 h of incubation, the respective modu-
lar reactor was closed and the discs were collected, gently washed with sterile
physiological saline (0.9 % NaCl), immersed in a flask containing 25 ml of
sterile 0.9 % NaCl, and sonicated for 45 min in an ultrasonic bath (70 W, 35
kHz, Transsonic 420 ELMA) to release the attached bacteria into the suspen-
sion. The sonication time had been properly optimized in a preliminary study

(data not shown). The total numbers of metabolically active and cultivable
cells were determined to assess biofilm formation. The structure of the bio-
film was visualized by scanning electron microscopy (SEM). Nine discs of
each biomaterial were used and all experiments were performed in triplicate.

Total cell numbers. The total number of cells in the diluted biofilm
suspensions was determined by staining with 4’,6-diamidino-2-phenylindole
(DAPI, Merck, D9542), closely following a previously reported method [2].
The averages and standard deviations of the density of the biofilm samples
were adjusted to the disc area.

Metabolically active cell numbers. The redox dye 5-cyano-2,3-
ditolyl tetrazolium chloride (CTC) was used for direct epifluorescence mi-
croscopy counting of metabolically active bacteria [7] in dispersed biofilm
samples. A 50 mM stock solution of CTC was prepared, filtered through a

Fig. 2. Scheme and image of the modular reactor. (L) length (0.127 m); (H) height (0.018 m), (W) width (0.039 m).
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0.22-um membrane, and stored in the dark at 4 °C. For each sample, 200 pl
of the biofilm suspension was collected and incubated in 4 mM CTC for 2 h
in the dark at 37 °C with shaking at 130 rpm. The stained suspension was then
filtered through a 0.22-pum black polycarbonate membrane and the metaboli-
cally active bacteria were examined using an epifluorescence microscope
with filter cube N2.1, since CTC excitation and emission occur at 450 and
630 nm, respectively. The averages and standard deviations of the biofilm
density were calculated per unit surface area of the disc.

Cultivable cell numbers. The heterotrophic plate count is a procedure
for estimating the number of colony-forming units (CFU) corresponding to
cultivable bacteria. The method used in this study closely followed one previ-
ously reported [2]. The averages and standard deviations of the biofilm sam-
ples density were adjusted to the disc area.

Scanning electron microscopy (SEM). The methods for SEM ob-
servation and sample preparation closely followed those previously reported
[2]. Five fields for each sample were randomly chosen to eliminate the pos-
sible uneven distribution of bacteria. Magnification was between 1000 and
15,000%; when required, higher magnifications were used to assess bacterial
biofilm morphology and the interactions between the bacteria and the mate-
rial surfaces.

Statistical analysis. The results of all the biofilm assays were compared
using one-way analysis of variance (ANOVA), followed by post-hoc com-
parisons for all possible combinations of group means by applying the Tukey
HSD multiple comparison test using SPSSV Statistics (vs.19.0, Chicago). In
all cases, P < 0.05 denoted significance.

Results

The modular reactor and experimental set up described in Ma-
terials and methods (Figs. 1,2) was tested in several experi-
ments to confirm use of this system to monitor changes in the
growth and accumulation of a biofilm under conditions of a
laminar flow rate (1.54 x 107® m?/s), low shear stress (2.26 x
10! N/m?), and low velocity (2.19 x 10~ m/s). The reactor
internal dimensions were L=0.127 m, H=0.018 m, and W =
0.039 m (Fig. 2). The hydrodynamic variables were the hy-
draulic diameter (2.46 x 102 m) and the cross-sectional area
of the reactor (7.02 x 10* m?). The hydrodynamic flow near
the biofilm samplings was positioned after the inlet stabiliza-
tion zone (2.0 x 102 m).

To verify whether the data obtained with the modular re-
actor were reproducible and therefore suitable for biofilm
formation assays, the ability of S. epidermidis RP62A to form
biofilms on different ceramic biomaterial discs (nanoHA830,
nanoHA 1000, and microHA 1300) during up to 72 h of incu-
bation was assessed. The results are shown in terms of total
cell density (Fig. 3A), metabolically active cell density (Fig.
3B), and cultivable cell density (Fig. 3C). Biofilm structure
and morphology were assessed by SEM at 72 h of incubation
(Fig. 4).
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Fig. 3. Attached cells per unit surface area: total (A), metabolically active (B),
and cultivable cells (C). The biofilms were grown on nanoHA and microHA
discs in the modular reactor operated for 72 h. Different lowercase letters in-
dicate significant differences (P < 0.05) according to a Tukey HSD test. In
black, 24 h; light grey, 48 h; and dark grey, 72 h
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Fig. 4. SEM micrographs of biofilm growth on nanoHA and microHA discs at 72 h of incubation. The circles indicate the water channels.

Replicates of each biomaterial were placed in randomly
chosen locations inside the reactor at 24, 48, and 72 h in order
to check reproducibility. Since no significant differences were
found among replicates of each biomaterial (P> 0.07), it was
concluded that the location of the sample inside the modular

unit, for each incubation time, did not affect the structure or
the morphology of the biofilm nor the cell density.

In the S. epidermidis biofilms, similar profiles were ob-
tained for total (Fig. 3A) and cultivable (Fig. 3C) cell density,
with an increasing number of bacteria attaching to the bioma-
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terials for up to 48 h. After this time point, the cell density of
the biofilm decreased (Fig. 3A,B) except on microHA1300
discs, where the number of total adhered bacteria remained
similar between 48 and 72 h of incubation (P > 0.05) (Fig.
3A). The nanoHA830 discs had the highest and the micro-
HA1300 discs the lowest total cell density up to 48 h [(3.01 £
0.65) x 107 total cells/mm? and (1.33 £ 0.15) x 107 total cells/mm?,
respectively] (Fig. 3A). After 48 h, the biofilms that had formed
on the three biomaterials were similar (P> 0.05) (Fig. 3A).

The data obtained for cultivable Staphyloccus epidermidis
were also similar, nor were there significant differences (P> 0.05)
between the three biomaterials at 48 h (Fig. 3C). As with total
cell numbers, after 48 h the highest number of cultivable
cells occurred on the nanoHAS830 discs [(1.61 = 0.22) x 10°
CFU/mm?] and the lowest number on the microHA 1300 discs
[(1.06 + 0.13) x 10° CFU/mm?] (Fig. 3C).

The number of metabolically active cells (CTC-positive)
decreased during 72 h of incubation (Fig. 2B). Again, the
highest number of metabolically active cells was found on the
nanoHA830 discs and the lowest number of on the micro-
HA1300 discs (Fig. 3B).

As seen in the SEM images, mature biofilms had formed
on the biomaterial surfaces after 72 h (Fig. 4) and their mor-
phology and structure evidenced the production of extracel-
lular polymeric substance (EPS) (Fig. 4A), three dimensional
mushroom-like or pillar-like structures (Fig. 4C,D), and pos-
sibly water channels (Fig. 4B). In addition, the biofilms were
seen to include multiple layers of bacterial cells (Fig. 4C,D)
embedded in EPS (Fig. 4A).

Discussion

A variety of laboratory-based model systems are available for
the cultivation and study of biofilm communities. An impor-
tant prerequisite of these systems is that they should simulate
both the architecture and the spatial heterogeneity of the mi-
crobial community [19]. If the hydrodynamic pattern around
the biofilm is overlooked, interpretations of the attachment
and growth of microbial layers may be biased, because hydro-
dynamics directly affect shear stress and substrate mass trans-
fer, and thus, in turn, biofilm development and architecture
[28]. In this work, conditions closely mimicking those sur-
rounding human bone, including hydrodynamic parameters
such as flow rate and shear stress, were established to grow
biofilms in the laboratory. Several studies [6,14,15,28] have
shown that the hydrodynamic conditions determine the rate of
bacterial transport as well as oxygen and nutrient diffusion to

the surface of the biofilm, thereby determining its structure.
While developing the modular reactor, particular attention
was paid to the hydrodynamic entry length, which is an im-
portant determinant in stabilizing the hydrodynamic flow and
allowed comparisons between data obtained from different
locations in the reactor. For rectangular ducts of aspect ratio
(width/height) > 2, the entry length in laminar flow can be
estimated by the following expression, adapted from Schetz
and Fuhs [25]:

L =D,(025+0.015R)

where L, is the entry length, D, is the hydraulic diameter of
the duct, and R  the Reynolds number based on the hydraulic
diameter [25]. In the present work, the entry length given by
the above equation was around 0.001 m. Since the inlet condi-
tions of the modular reactor did not exactly replicate those
indicated by Schetz and Fuhs [25], the real entry length may
have been somewhat higher but it was always less than a few
millimeters, clearly within the reactor’s inlet stabilization
zone (0.02 m). In addition, others aspects were taken into con-
sideration in the reactor’s design, such as easy removal of the
colonized substrata (the discs) without disturbing the biofilm
formed in other zones of the modular reactors; the use of high-
quality materials with high corrosion resistance, easy cleaning
and sterilization; and the possibility of continuous macro- and
microscopic monitoring. Given that one modular reactor was
used for each period of incubation (24, 48, and 72 h), the col-
onization substrata were easily collected without disturbing
the biofilm formed on the biomaterial surfaces of the other
modular reactors. This kind of system is particularly suited for
low flow rate experiments, namely, laminar flow (uniform and
rectilinear stream lines), which better simulate orthopedic
situations. Moreover it substantially reduces the cost of cul-
ture media preparation [29].

The results obtained with this reactor system are compa-
rable to those already described by different authors using
other experimental set ups. For example, similar total cell
densities on different materials after 48 h were reported by
Huang et al. [17], who grew E. coli biofilms in a parallel-plate
flow cell reactor. The experiments of Shapiro et al. [26] were
aimed at obtaining reproducible S. epidermidis RP62A bio-
films on glass slides with the DFR system (Drip Flow Bio-
film) and they established very low flow velocities such as in
the present work. Those authors found that the mean number
of viable bacteria in the biofilms increased until 48 h, with no
significant differences occurring after this time among the dif-
ferent conditions. In another study, by Pereira et al. [23], in
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which a flow cell reactor was used, the bacterial density on
Perspex plates increased over time and the cultivable and total
cell densities followed a similar pattern as in our system. Thus,
although different morphological and chemical surface proper-
ties may affect the initial attachment, in the long term they do
not seem to greatly affect the final build-up of the biofilm.

A decrease over time in the number of metabolically ac-
tive cells (assessed in this study by CTC) was also recorded
by Créach et al. [7], in their study of the growth of E. coli on
M63 + 0.01 % p-glucose. One possible explanation for this
reduction in cell numbers is the effect of EPS (see below),
which in significant amounts tends to limit substrate penetra-
tion through the biological matrix.

Figure 4 shows the architecture of the relatively mature
biofilm and substantial EPS production. The same indicators
of a mature biofilm were noted by Williams et al. [31], who
used a modified CDC (Center for Disease Control and Pre-
vention, USA) biofilm reactor to develop mature biofilms of
S. aureus on the surface of polyetheretherketone (PEEK).
Well-established, mature biofilms reinforce bacterial resis-
tance to antibiotics and influence the rate of genetic material
exchange between microorganisms organized in these struc-
tures [5,8]. Thus, the reproduction of these biofilms in in vitro
reactor models is clinically relevant in studying biofilm-relat-
ed infections [15].

Molecular biology has allowed many new insights into
biofilm development. Thus, it is now known that the icad DBC
operon in S. epidermidis controls the production of polysac-
charide intercellular adhesin (PIA) [12] and that this operon
may in turn be controlled by oxygen levels [6]. Cotter et al.
[6] reported that higher oxygen levels reduce biofilm forma-
tion via repression of the ica4DBC operon and consequently
reduce the production of PIA. In our study, the low oxygen
levels may have contributed to the high production of PIA in
the biofilms formed on all of the biomaterial surfaces. In the
micrographs, the cracks observed in the biofilms may have
formed because of shrinkage during dehydration processing.
Similar artifacts were observed by Williams et al. [30] in the
biofilm matrix of S. epidermidis ATCC 35984 grown using
the CDC biofilm reactor.

The prevention of medical device contamination by bio-
film formation remains a challenge. A promising strategy is
the development of new surfaces containing two or more an-
tibacterial agents differentially targeting the different micror-
ganisms present in biofilms. The screening and assessment of
this and other technical solutions require reliable laboratory-
based systems that closely simulate physiological conditions
and are easy to operate.

The modular reactor developed for this study proved to be
useful in monitoring reproducible biofilm development under
laboratory-controlled conditions. It allowed for periodic sam-
pling by the removal of colonized discs without the need to
stop the flow, thus minimizing the contamination risk and the
disturbance of the biofilms forming on the other discs. In ad-
dition, together with off-line SEM observations, our reactor
system provided information on the build-up of a mature bio-
film (EPS production and the formation of three dimensional
mushroom-like or pillar-like structures as well as water chan-
nels) on different biomaterials, under conditions similar to
those that prevail in the vicinity of human-bone implants.
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