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Abstract: Implant-associated infections are caused by surface-

adhering microorganisms persisting as biofilms, resistant to

host defense and antimicrobial agents. Given the limited effi-

cacy of traditional antibiotics, novel strategies may rely on the

prevention of such infections through the design of new bio-

materials. In this work, two antimicrobial agents applied to

nanohydroxyapatite materials—namely, chlorhexidine digluc-

onate (CHX) and zinc oxide (ZnO) nanoparticles—were com-

pared concerning their ability to avoid single- or dual-species

biofilms of Staphylococcus aureus and Escherichia coli. The

resulting biofilms were quantified by the enumeration of

colony-forming units and examined by confocal microscopy

using both Live/Dead staining and bacterial-specific fluorescent

in situ hybridization. The sessile population arrangement

was also observed by scanning electron microscopy. Both

biomaterials showed to be effective in impairing bacterial

adhesion and proliferation for either single- or dual-species

biofilms. Furthermore, a competitive interaction was observed

for dual-species biofilms wherein E. coli exhibited higher prolif-

erative capacity than S. aureus, an inverse behavior from the

one observed in single-species biofilms. Therefore, either

nanoHA-CHX or nanoHA-ZnO surfaces appear as promising

alternatives to antibiotics for the prevention of devices-related

infections avoiding the critical risk of antibiotic-resistant strains

emergence. VC 2016 Wiley Periodicals, Inc. J Biomed Mater Res Part A:

105A: 491–497, 2017.
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INTRODUCTION

Medical implants are highly susceptible to infection, either
because of a locally acquired host defense defect or because
implants offer a ready interface to which individual microor-
ganisms may attach and rapidly form a biofilm.1,2 The estab-
lishment of a biofilm thus includes initial microbial adhesion to
a surface, followed by multiplication, resulting in microcolonies
of single or multispecies of microorganisms (bacteria and/or
fungi). Further maturity results in organized and complex

functional communities with numerous microorganisms
embedded in a self-produced matrix composed of extracellular
polymeric substances (EPS).3–5 This heterogeneous structure
provides several advantages to sessile microorganisms, com-
pared to those living as planktonic or free-floating cells, such as
the ability to evade both antibiotic agents and the human
immune responses.4–6 Additionally, focal areas of biofilm can
detach into surrounding tissues and in the circulatory system
giving rise to septicemia, or spread to another location where
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new biofilms can be formed.7 Although the incidence of
implant-related infections has been drastically reduced due to
the modern medical facilities and the aseptic measures, they
still pose a serious problem as the number of implanted
devices continues to rise, followed by high morbidity and
substantial medical and social costs.1,8,9

The majority of implant-associated infections are caused
by staphylococci, especially coagulase-negative staphylococci
(e.g., Staphylococcus epidermidis) and Staphylococcus aureus,
followed by streptococci, enterococci, Gram-negative bacilli
(e.g., Escherichia coli and Pseudomonas aeruginosa), and
yeasts.8,10–12 Polymicrobial infections are reported in about
10–11% of the cases, depending on the quality of the diagnos-
tic procedure and preceding antimicrobial therapy.2,11 In con-
trast to most other infections, implant-associated infections
are highly resistant to antibiotherapy and they tend to persist
until the device is surgically removed.2 Owing to this recog-
nized difficulty in eradicating antibiotic-resistant biofilms, the
prevention of infection following device implantation contin-
ues to be the focus of intense research in the biomedical field.
In orthopedic surgery, embedding or loading antimicrobial
substances into nanophased ceramics is a promising
new approach.13 The local delivery of bioactive agents
has several advantages as it maximizes their effect where they
are required, for prolonged periods of time, to produce the
desired outcomes, with reduced potential systemic toxicity
and cost efficiency.14 Among the biomaterials used for bone-
related applications, nanohydroxyapatite (nanoHA) possesses
exceptional bioactive and osteoconductive properties due to
its biomimetic chemistry and morphology when compared to
mineral bone phase. NanoHA bonds to bone and enhances
bone tissue formation justifying its use as a coating material
or as a bone substitute.15–17 In this context, and to avoid the
use of common antibiotics and minimize the antibiotic-
resistant rate, different approaches may be designed with
different organic and inorganic antimicrobial agents. In this
work, chlorhexidine digluconate (CHX), an organic agent, was
compared to zinc oxide (ZnO) nanoparticles, an inorganic
metal oxide, when they were added to nanoHA substrate.
The materials’ antibiofilm properties against single- and
dual-species biofilms of S. aureus and E. coli were assessed
and compared.

MATERIALS AND METHODS

Preparation of nanoHA-based materials
NanoHA disc samples, 5 mm diameter and 1 mm height, were
prepared as previously described.18 Briefly, nanoHA powder
(nanoXIM�HAp202; Fluidinova S.A.) was pressed as cylindrical
samples in an uniaxial press and thereafter sintered at 8308C
with a 15 min plateau and applying a heating rate of 208C
min21. The sintering cycle was completed with a natural cool-
ing process inside the furnace. The discs were sterilized by dry
heat (1808C, 2 h). The adsorption of CHX onto nanoHA discs
(nanoHA-CHX) was performed as described elsewhere.19

Shortly, nanoHA discs were aseptically incubated with 5 mL of
0.05 mg mL21 CHX (Sigma-Aldrich) for 24 h at 378C and
60 rpm. NanoHA discs incubated with sterile deionized water
were used as control. Regarding nanoHA-ZnO composite discs,

they were prepared as formerly described.20 Briefly, the com-
posite powder was prepared by mixing as-received ZnO nano-
particles (<50 nm particle size, Sigma-Aldrich) with nanoHA
powder at weight percentages (wt %) of 2, and subsequently
pressed as cylindrical samples. The discs were sintered and
sterilized as aforementioned.

Microorganisms and culture conditions
The reference strains S. aureus ATCC 25923 and E. coli ATCC
25922 were used. Prior to each experiment, bacteria were
cultured in Tryptic Soy Broth (TSB, Merck Millipore) for 24 h
at 378C and 150 rpm. Standardized bacterial suspensions for
single- and dual-biofilms formation were then prepared in
TSB in the required concentrations, detailed below.

Biofilm formation on nanoHA-based materials
For single-species biofilms, 200 lL of S. aureus or E. coli cultures
at 1.25 3 108 cells mL21 were used, while for dual-species bio-
films, 100 lL cultures of each bacteria at an initial concentration
of 2.5 3 108 cells mL21 were used. Bacterial suspensions were
transferred into wells of a 96-well treated culture plate (Falcon)
containing the nanoHA-based materials namely nanoHA-CHX,
nanoHA-ZnO, and pure nanoHA, as control. Plates were incu-
bated at 378C and 150 rpm during 24 h to allow biofilm forma-
tion. After incubation, the medium was removed and nanoHA-
based materials were rinsed twice with sterile saline (0.9%
NaCl, J.T.Baker) to remove nonadherent and weakly adherent
bacteria. Biofilm growth was quantified by the enumeration
of colony-forming units (CFUs), and qualitatively analyzed by
confocal microscopy, using both Live/Dead staining and in situ
hybridization, and by scanning electron microscopy (SEM), as
detailed below.

Cultivable cell number
Prewashed discs were aseptically transferred to tubes contain-
ing 5 mL sterile saline and sonicated in an ultrasonic bath
(Transsonic 420, 70 W, 35 kHz, ELMA) for 10 min to dislodge
sessile bacteria. The resulting suspensions were serially
diluted, and inoculated onto agar plates, specifically Plate
Count Agar (PCA, Liofilchem) to quantify the total number of
cultivable cells; Manitol Salt Agar (MSA, Liofilchem) and
MacConkey Agar (MCA, Liofilchem) to isolate and selectively
quantify S. aureus and E. coli, respectively. After 24 h incubation
at 378C, the CFUs were counted and expressed as CFU cm22.

Live/Dead biofilm staining
Prewashed discs of each nanoHA-based material were stained
using the Live/DeadVR BacLight viability kit (Invitrogen), for
10 min in the dark at room temperature. The biofilm structure
was imaged using Spectral Confocal Microscopy (Leica TCS
SP5), wherein the living biofilm bacteria appeared as green
in color (due to SYTO 9), while bacteria with compromised
membranes were red (due to propidium iodide, PI).

Fluorescent in situ hybridization (FISH)
FISH was used to visualize and discriminate detached bacte-
ria species from nanoHA-based materials, after samples son-
ication, as described above. Specific DNA probes were used.
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The probe Sau 16S69 (50–Alexa 546–GAAGCAAGCTTCTCGTC
CG–30) detects specifically S. aureus as previously described
by Poppert et al. (2010) and Lawson et al. (2011).21,22

E. coli-specific probe Col23S1502 (50–Alexa 488–CACGCCTC
AGCCTTGATT–30) was designed based on Azevedo et al.’s
(2015) study.23 Both probes were purchased from Thermo
Fisher Scientific. Single-species biofilms were used as control.

The hybridization process was based on procedures
described by Fontenete et al. (2015),24 with few modifica-
tions. After detachment, bacterial cells were centrifuged at
14,000 rpm for 15 min. After supernatant discharge, the bac-
teria were resuspended in 400 mL of 4% (v/v) paraformalde-
hyde (Sigma-Aldrich) for 1 h, followed by centrifugation at
14,000 rpm for 5 min. The fixed cells were resuspended in
500 mL of 70% ethanol and incubated at 2208C for at least 30
min. Permeabilization was conducted by adding 30 mL of lyso-
zyme (2 mg mL21; Sigma-Aldrich) in Tris/HCl (pH 8) and
incubated at 378C for 1 h. Afterward, 100 mL of fixed cells
were resuspended in 100 mL of hybridization solution con-
taining 30% (v/v) formamide (Sigma-Aldrich), 0.9 mol mL21

NaCl, 50 mM Tris–HCl, 0.01% (w/v) SDS, and 25 nM of each
probe and incubated at 488C for 3 h. For each experiment, a
negative control was performed simultaneously following all
the steps but without the addition of the probe to the hybrid-
ization solution. After hybridization, the samples were centri-
fuged at 14,000 rpm for 5 min, resuspended in 500 mL of
washing solution (0.64 mL L21 NaCl, 5 mM Tris–HCl, 0.01%
(w/v) SDS) and incubated at 488C for 20 min. The cells were
lastly centrifuged at 14,000 rpm for 5 min and resuspended
in 500 mL of saline. The bacterial suspensions were filtered in
a black Nucleopore polycarbonate membrane (Ø 25 mm) with
a pore size of 0.2 lm (Whatman) and observed by Spectral
Confocal Microscopy (Leica TCS SP5).

Scanning electron microscopy (SEM)
SEM analyses were held to directly observe sessile bacteria on
nanoHA-based materials surface, for either single- or dual-
species biofilms. Prewashed samples were initially fixed for 30
min with 3% glutaraldehyde (Sigma-Aldrich) and then slowly
dehydrated in a gradient ethanol series for 10 min each.
Samples were subsequently dried in a gradient series of
hexamethyldisilazane (HMDS, Sigma-Aldrich) solutions for 10
min each. NanoHA samples were fixed on sample holders with
double-sided carbon tape and sputter-coated (SPI-Module)
with a conductive gold–palladium film. Biofilms were imaged
using a FEI Quanta 400 FEG/ESEM microscope (FEI, USA)
operated at 15 kV.

Statistical analysis
All experiments were performed in triplicate and repeated in three
independent assays. Statistical analysis was performed using SPSS
software (IBMVR version 20.0). The number of adherent bacteria on
nanoHA-modified materials was compared to control, pure
nanoHA, using one-way analysis of variance (ANOVA) and Tukey
HSD multiple comparison post hoc test. Comparative analyses
between nanoHA-modified materials and between bacteria were
also performed using independent-samples t test. Differences
were considered statistically significant at a p value of<0.05.

RESULTS

Antibiofilm effect of nanoHA-based materials
Cultivable cell number. After 24 h incubation, the total
number of cultivable sessile cells on nanoHA-based materi-
als for either single- or dual-species biofilms was quantified
(Fig. 1). Regarding single-species biofilms assays, S. aureus
showed higher ability to adhere on pure nanoHA materials
(3.5 3 103 CFUs cm22) than E. coli (2.3 3 103 CFUs cm22).
A strong and significant decrease in the number of adherent
bacterial cells was observed for both nanoHA-modified
materials, particularly for S. aureus biofilm, compared with
pure nanoHA. Wherein, a reduction over 80% was observed
for nanoHA-CHX and over 90% for nanoHA-ZnO. Regarding
E. coli biofilm, it was also observed that nanoHA-modified
materials showed a significant reduction, which was higher
than 60% and 90% for nanoHA-CHX and nanoHA-ZnO,
respectively. However, between nanoHA-modified materials
and both bacteria did not observe significant differences.
Concerning dual-species biofilms, the number of sessile
cells increased in one log for all nanoHA-based materials,
as compared to single-species biofilms (Fig. 1). Still,
nanoHA-modified materials exhibited a strong and signifi-
cant decrease in the number of adherent cells, around 97%,
comparatively to pure nanoHA.

To further discriminate and quantify E. coli and S. aureus
within dual-species biofilm, selective growth media were used
(Fig. 2). The number of sessile E. coli on materials surface was
statistically higher than that obtained for S. aureus, regardless
of the materials used.

Live/Dead biofilm staining
Bacterial viability was also evaluated through direct obser-
vation of sessile cells on nanoHA-based materials surface
after Live/Dead staining (Fig. 3.1). The recorded observa-
tions were rather similar to those obtained by cultivable cell
techniques. For instance, on pure nanoHA, most of the cells
were alive for either S. aureus or E. coli biofilms, while on
nanoHA-modified materials, the amount of living bacterial
cells was considerably lower, that is, the modifications were
effective in preventing biofilm formation (Fig. 3.1). The
recorded observations also confirmed the higher ability of
S. aureus to form biofilm on nanoHA, comparatively to

FIGURE 1. Sessile population for single- and dual-species biofilms

experiments, on nanoHA-based materials, after 24 h incubation

(*p< 0.05, significant differences compared to pure nanoHA).
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E. coli. Concerning dual-species biofilms, all nanoHA-based
materials exhibited the spread of living biofilms, which was
higher than those in single-species biofilms. Still, nanoHA-
modified materials showed to be efficient against dual-
species biofilm, where the amount of bacterial cells was
significantly lower than that on pure nanoHA materials
(Fig. 3.1).

FISH
FISH methodology was used to qualitatively discriminate
detached bacterial cells from single- and dual-species biofilms
formed on nanoHA-based materials. For that purpose, two
probes that specifically detected regions of S. aureus 16S
rRNA and E. coli 23S rRNA were used. The hybridization
conditions were optimized for the target microorganisms, and

probes specificity was confirmed on pure cultures. Both
probes provided a strong fluorescent signal at 488C and no
cross-hybridization was observed between probes (data not
shown).

The number of dislodged cells from pure nanoHA mate-
rials was higher for S. aureus than for E. coli (Fig. 3.2).
Regarding dual-species biofilm on pure nanoHA materials,
the confocal images showed that most of the detached
bacterial cells emitted green fluorescence, that is, E. coli was
the predominant species detached from dual-species biofilm
structure (Fig. 3.2), which is in accordance with CFU data.
Additionally, some aggregates appeared as yellow/orange,
due to the overlapping of green and red fluorescence that
indicates the aggregation of E. coli and S. aureus (Fig. 3.2).
For single- and dual-species biofilms on nanoHA-modified
materials, no fluorescence signal was detected.

SEM
SEM observations are overall consistent with the results
previously described. For instance, in single-species biofilm,
either S. aureus or E. coli cells were spread throughout
the surface of pure nanoHA (Fig. 3.3). In contrast, on
nanoHA-modified materials, low cell density was observed,
regardless the antimicrobial agent used, for either single- or
dual-species biofilms (data not shown). SEM provided fur-
ther relevant data regarding sessile population arrangement
on pure nanoHA surfaces for dual-species biofilm assays,
namely a stratified growth, wherein E. coli was directly laid
up on the nanoHA surfaces and S. aureus appeared on the
top layer (Fig. 3.3).

FIGURE 2. Bacterial discrimination within dual-species biofilms, for each

nanoHA-based material, after 24 h incubation (*p< 0.05, significant

differences compared to pure nanoHA).

FIGURE 3. Single- and dual-species biofilms on nanoHA-based materials obtained by confocal microscopy after Live/Dead staining. Scale bar 10

lm (1); and after FISH performed in detached bacterial cells: (2a) S. aureus biofilm (red fluorescence); (2b) E. coli biofilm (green fluorescence);

(2c) dual-species biofilm; (d) negative control without probes. Scale bar 10 lm. SEM images of single-species biofilms of (3a) S. aureus and (3b)

E. coli and (3c) dual-species biofilms on pure nanoHA substrates. Scale bar 2 lm.
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DISCUSSION

Currently, efforts have been put on the development of
novel materials to produce medical devices able to provide
an adequate interface with living tissues and display poten-
tial for drug delivery to fight infections. Among them,
nanoHA biomaterials are widely used in orthopedic and
dental applications, given its unique surface properties as
high surface area, porosity, and densification, which improve
its mechanical properties under load, solubility in vivo, and
the capacity to penetrate cell membranes. Its nanoscale
topography has also a positive effect on osteoblastic prolif-
eration and differentiation, resulting in improved biocom-
patibility and osteointegration. Additionally, nanoHA has the
capacity to be a vehicle for the transport of biochemical fac-
tors or drugs. Some authors have addressed the capacity of
blending nanoHA with antimicrobial agents (e.g., amoxicillin,
erythromycin, minocycline, cobalt) or materials (e.g., chito-
san), either by loading them on the biomaterial surface or
by mixing with the bulk material.15,25–27 These strategies
possess significant advantages over systemic drug delivery
therapy, namely, the applicability of lower doses, long-term
effect, and reduced systemic toxicity.14

In this work, both approaches were tested with two differ-
ent antimicrobial agents: CHX was adsorbed on nanoHA surfa-
ces, while ZnO nanoparticles were integrated into nanoHA
substrates. Antibiofilm properties of both approaches against
single- and dual-species biofilms of S. aureus and E. coli were
assessed. These bacteria are the most common etiological
agents of medical devices-related infections, which can
produce single or mixed species-biofilms on implant surfaces.

NanoHA-modified materials revealed to have a strong anti-
biofilm effect against single-species biofilm of S. aureus and
E. coli, which is in accordance with previous studies.19,20,28

Both antimicrobial agents (CHX and ZnO nanoparticles) have a
large broad spectrum of antimicrobial activity comprising
Gram-positive and Gram-negative bacteria as well as yeasts.
Through different mechanisms of action, both antimicrobial
agents interfere with cellular metabolic processes and osmotic
control that, subsequently, lead to irreversible damage to the
microorganisms.29–31 In this work, it was also observed that S.
aureus was more sensitive to nanoHA-modified materials than
E. coli, as obtained by other authors.19,20

Concerning dual-species biofilms, an increase in biofilm
density was observed for all materials assessed, still nanoHA-
modified materials showed strong antibiofilm activity. These
results indicate that both approaches can be applied in the
treatment of single- and dual-species biofilms. Additionally,
dual-species biofilms experiments showed a competition
between bacteria, where E. coliwas the outcompeting species.
E. coli showed higher proliferative capacity, whereas S. aureus
growth was inhibited by E. coli presence. Competition
between bacterial species has also been reported by other
authors. Stoodly et al. (2012) showed that in the case of a
mixed S. aureus and Enterococcus faecalis biofilm, the relative
abundances of the two bacteria changed dramatically over
time, proving that biofilm composition and physiology are
by no means static.32 In another study, uropathogenic and
commensal E. coli strains were shown to release a soluble

polysaccharide that modulates bacterial adhesion and pre-
vents biofilm formation by other Gram-negative or Gram-
positive bacteria.33 A step ahead, Rendueles et al. (2011)
showed that E. coli Ec300 biofilms produced the Ec300
polysaccharide (Ec300p) that provided rapid exclusion of
S. aureus from mixed E. coli and S. aureus biofilms. This study
clearly shows that the release of antiadhesion polysaccha-
rides, as Ec300p, confers a competitive advantage with
respect to the producing strain, at the initial colonization
stage, and it could significantly contribute to colonization
resistance against strong colonizers.34 This colonization
resistance could also involve other mechanisms. Surface
motility mediated by motility organelles represents indeed
another important parameter that not only shapes the spatial
distribution within a mixed biofilm but can also enable one
species to outcompete the others. Experiments conducted by
Wood et al. (2006) revealed that the best E. coli biofilm-
former strains displayed the highest motility, linking the
phenomena of motility and biofilm development.35 The flag-
ella that are used for swimming motility can also act as initial
adhesion points. This rapid and efficient occupancy of all
available adhesion sites, referred to as “surface blanketing,”
can be one of the simplest strategies to avoid initial coloniza-
tion of competing strains.36 Similar evidences were observed
in this study. The visualization of bacterial communities from
dual-species biofilms through SEM revealed that bacteria
were arranged in layers, where on nanoHA surfaces, E. coli
was the most prevalent species directly attached to the mate-
rial surface while S. aureus appeared at the top layer of the
biofilm. Moreover, FISH technique confirmed the overlapping
of bacteria, proven by the fluorescence overlapping. Such spa-
tial arrangement could be related with E. coli motility, which
is playing a crucial role to first reach the surface.

In fact, different mechanisms may be involved in the
observed interaction between bacterial species within polymi-
crobial biofilms and such interactions can dictate the selection
and colonization of the best-adapted microorganisms.36–38 As
a consequence, the medical community is increasingly recog-
nizing the significance of polymicrobial interactions associ-
ated with human health and diseases.39 Polymicrobial biofilm
infections have already been implicated in oral cavity dis-
eases, otitis media, diabetic foot wound infections, cystic
fibrosis, and infected implants.40–42 In such cases, the compo-
sition of microbial populations predicts disease severity and
treatment outcome.43 Thereby, studies involving different
bacterial species on biofilm formation are required to better
understand polymicrobial biofilm infections and, thus to
choose the best therapeutic approaches.

CONCLUSION

Biofilms play an important role in nature, in industry, and in
medical ecosystems. They are harmful by inducing resilient
infections. As with any infection, prevention is the preferred
control option, but when there is a risk of biofilm formation,
prevention becomes even more critical. In this work, the anti-
biofilm properties of nanoHA-CHX and nanoHA-ZnO materials
against single- and dual-species biofilms of S. aureus and
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E. coli were assessed. The preventive strategies explored in
this work revealed to be successful to minimize single- and
dual-species biofilms. Interesting competitions for two-
species community were observed, where E. coli was the out-
competing species. Either adsorbed CHX or integrated ZnO
nanoparticles have several interesting features such as low
doses application, long-term effect, and reduced systemic tox-
icity. These strategies have the additional advantage of not
inducing microbial resistance, often associated to the use of
antibiotic-loaded biomaterials.
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