
d e n t a l m a t e r i a l s 3 5 ( 2 0 1 9 ) 156–168

Available  online  at  www.sciencedirect.com

ScienceDirect

jo ur nal ho me  pag e: www.int l .e lsev ierhea l th .com/ journa ls /dema

Antibacterial  effects  of  polymeric  PolymP-n  Active
nanoparticles. An in  vitro  biofilm  study

M.C. Sáncheza, M. Toledano-Osoriob, J. Buenoa, E. Figueroa, M. Toledanob,
A.L.  Medina-Castillo c, R. Osoriob,∗, D. Herreraa, M. Sanza

a ETEP (Etiology and Therapy of Periodontal Diseases) Research Group, University Complutense, Madrid, Spain
b Biomaterials in Dentistry Research Group, University of Granada, Spain
c NanoMyP. Spin-Off Enterprise from University of Granada, Edificio BIC-Granada, Av. Innovación 1, 18016 Armilla,
Granada, Spain

a  r  t  i  c  l  e  i  n  f  o

Article history:

Received 7 September 2018

Received in revised form

8  November 2018

Accepted 9 November 2018

Keywords:

Oral biofilm

Nanoparticles

Doxycycline

Calcium

Zinc

Silver

a  b  s  t  r  a  c  t

Objective. to study the antibacterial effect of polymeric PolymP-n Active nanoparticles using

an  in vitro subgingival biofilm model.

Methods. Hydroxyapatite discs coated with five modalities of nanoparticles (NPs): NPs, NPs

doped  with zinc, calcium, silver and doxycycline, PBS as control, and Streptococcus oralis,

Actinomyces naeslundii, Veillonella parvula, Fusobacterium nucleatum, Porphyromonas gingivalis

and  Aggregatibacter actinomycetemcomitans were studied in a static in vitro biofilm model (12,

24,  48, and 72 h). Nano-roughness of the different disc surfaces (SRa, in nm) and morpho-

logical  characteristic of the biofilms (thickness (�m) and bacterial viability) were studied

by  different microscopy modalities. Quantitative Polymerase Chain Reaction was  used to

assess the effect of the nanoparticles on the bacterial load (colony forming unit per milliliter)

(CFU  mL−1). Analysis of variance and post-hoc testing with T3 Dunnett´s, and Student New-

man Keuls correction was used. Results were considered statistically significant at p < 0.05.

Results. Surfaces containing the different nanoparticles showed significant increments in

roughness when compared to controls (p < 0.05). A similar biofilm formation and dynamics

was  observed, although reductions in bacterial viability were detected in biofilms in con-

tact with the different nanoparticles, more pronounced with silver and doxycycline NPs.

Doxycycline-NPs biofilms resulted in unstructured biofilm formation and significantly lower

number of the six species when compared with the other nanoparticles specimens and

controls (p < 0.001 in all cases).
Significance. Polymeric PolymP-n Active nanoparticles when combined with silver and doxy-

cycline showed a significant antibacterial effect when tested in an in vitro subgingival biofilm

model.
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.  Introduction

eriodontitis is a chronic inflammatory disease characterized
y destruction of the tooth supporting structures (cementum,
eriodontal ligament and bone) and if untreated may lead to
ooth loss. Periodontal therapy is mainly aimed to the reduce
r eliminate the subgingival biofilm in order to arrest the

nflammatory condition and, in specific periodontal lesions
r defects different regenerative surgical interventions, have
emonstrated a high degree of predictability in the regenera-
ion of the lost periodontal structures within the confines of
he lesion [1].

Periodontal regeneration, however, require a complex
nteraction of biological events occurring during postoper-
tive healing. These factors include the availability of the
dequate cell source, molecular mediators and appropriate
caffold for space maintenance, in an environment with an
dequate blood supply and absence of inflammation [2]. Since
ound healing of periodontal regenerative surgical interven-

ions will occur in a transmucosal environment, infection
ontrol will become a key factor in inflammation control and
n the achievement of the regenerative outcomes [3,4].

While mechanical plaque control is hampered during the
arly postoperative period, the use of local and systemic
ntibiotics, together with the application of topical antisep-
ics, mainly in the form of mouth rinses, has been the main
herapy for infection control, demonstrating heterogeneous
esults [4–7]. These variable outcomes may be due to different
actors, such as the quality of the surgical intervention, the
iomaterials used, the capacity of the antimicrobial product
o reach the area, its bioavailability and concentration at the
egenerative site, etc. [1].

One possible alternative for infection control has been
he design and development of biocompatible and non-
eabsorbable nanoparticles, which may achieve high local
ioactivity and slowly release antibacterial effects [8,9]. This
echnology has been recently used in periodontal regeneration
10,11], dental re-naturalization, local anesthesia or treatment
f dentin hypersensitivity [12,13]. In this field, a novel type of
olymeric nanoparticles, PolymP-n Active nanoparticles (NPs)
as been recently developed by Osorio et al., with potential for
eriodontal regeneration [11,14,15]. Due to the surface chem-

stry of the NPs, containing functional groups with sequences
f anionic carboxylate (i.e. COO-), it was possible to dope metal
ations (in this case calcium, zinc and silver) and antibiotics
doxycycline), with potential antibacterial activity. The use
f metals, such as silver and zinc, complexed on nanopar-
icles have demonstrated anti-infective properties and have
een used in commercial products with different applica-
ions [16–19]. Doxycycline is a well-known broad-spectrum
ntibiotic, which has been formulated for controlled deliv-
ry, demonstrating long-term inhibition of bacterial growth
20–22].

It was, therefore, the aim of this investigation to study
he possible antibacterial effect of polymeric PolymP-n Active
anoparticles (NPs) doped with different substances: zinc, cal-

ium, silver and doxycycline, on a validated in vitro oral biofilm
odel [23].
( 2 0 1 9 ) 156–168 157

2.  Material  and  methods

2.1.  Bacterial  strains  and  culture  conditions

Reference strains Streptococcus oralis CECT 907T, Veillonella
parvula NCTC 11810, Actinomyces naeslundii ATCC 19039,
Fusobacterium nucleatum DMSZ 20482, Aggregatibacter actino-
mycetemcomitans DSMZ 8324 and Porphyromonas gingivalis ATCC
33277 were used. Bacteria were grown on blood agar plates
(Blood Agar Oxoid N◦ 2; Oxoid, Basingstoke, UK), supple-
mented with 5% (v/v) sterile horse blood (Oxoid), 5.0 mg L−1

hemin (Sigma, St. Louis, MO, USA) and 1.0 mg  L−1 menadione
(Merck, Darmstadt, Germany) in anaerobic conditions (10% H2,
10% CO2, and balance N2) at 37 ◦C for 24–72 h.

2.2.  Nanoparticles  fabrication

Five different nanoparticles have been subjected to study: (a)
PolymP-n Active nanoparticles (NPs) developed as previously
described by Osorio et al. [11]; (b) NPs doped with zinc (Zn-
NPs); (c) with calcium (Ca-NPs); (d) with silver (Ag-NPs); and (e)
with doxycycline (Doxy-NPs). These PolymP-n Active nanopar-
ticles with a diameter of 100 nm were fabricated through
a polymerization/precipitation process with a composition
of 2-hydroxyethyl methacrylate (backbone monomer), ethy-
lene glycol dimethacrylate (cross-linker) and methacrylic acid
(functional monomer). For the doping process with zinc, cal-
cium and silver, 30 mg  of NPs were immersed during 3 days
at room temperature, and under continuous agitation, in an
aqueous solution of ZnCl2, CaCl2 or NO3Ag (containing zinc,
calcium and silver at 40 ppm at pH 6.5) until reaching the
adsorption equilibrium of metal ions [11]. Then, by centrifuga-
tion (20 min, 4 ◦C, 8,000xg), the particles were separated from
the supernatant and suspended in phosphate buffered saline
(PBS). For doping NPs with doxycycline, 30 mg  of NPs were
immersed in a 40 mg  ml−1 aqueous solution of doxycycline
hyclate, during 4 hours at room temperature and under con-
tinuous shaking [24]. Then, the suspensions were centrifuged
(20 min, 4 ◦C, 8,000xg), the particles separated from the super-
natant and suspended in PBS. Doxy-NPs were used 7 days after
loading, in order to avoid the initial burst of doxycycline liber-
ation [24].

2.3.  Saliva  preparation

Unstimulated saliva was obtained from healthy volunteers in
10 mL  aliquots at least 1.5 h after eating, drinking or tooth
brushing. Each saliva sample was treated with 2.5 mmol  L−1

DL-Dithiothreitol (Sigma) for 10 min  with continuous stirring
in order to reduce salivary protein aggregation. It was then
centrifuged (10 min, 4 ◦C, 9,000xg) and the obtained super-
natant diluted (1:1) with PBS. The sample was then filtered and
sterilized through a 0.22 �m pore size Millex GV low-protein-
binding filter X50 (Millipore, Millipore Corporation Bedford,
USA) and stored at −20 ◦C. The efficacy of this protocol was

assessed by plating processed saliva samples onto supple-
mented blood agar plates for 72 h at 37 ◦C and confirming the
lack of any bacterial growth on either aerobically or anaerobi-
cally incubated plates.

https://doi.org/10.1016/j.dental.2018.11.015
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2.4.  Preparation  of  the  specimens

Sterile calcium hydroxyapatite (HA) discs with a 7 mm of
diameter and a thickness 1.8 mm (standard deviation, SD = 0.2)
(Clarkson Chromatography Products, Williamsport, PA, USA)
were immersed in the treated saliva for 4 h at 37 ◦C in sterile
plastic tubes. Then, HA discs were coated on their surfaces
with one of the five types of NPs, depositing 50 �L of each
nanoparticle suspension (10 mg  mL−1) [24], in a laminar flow
chamber under sterile condition at room temperature. The HA
discs were considered as coated with the nanoparticles on the
surface when the evaporation of the suspension was com-
plete (1 h approximately). Discs coated with PBS were used as
controls.

2.5.  Nano-roughness  analysis  of  surfaces

Three specimens of each NPs-coated HA discs and negative
controls were observed under Atomic Force Microscopy (AFM)
to evaluate their topography and nano-roughness. The AFM
imaging process (Nanoscope V, Digital Instruments, Veeco
Metrology group, Santa Barbara, CA, USA) was used in the tap-
ping mode, with a calibrated vertical-engaged piezo-scanner.
A 10-nm-radius silicon nitride tip was attached to the end of an
oscillating cantilever put in intermittent contact with the sur-
face at the lowest point of the oscillation. Changes in vertical
position of the AFM tip at resonance frequencies near 330 kHz
provided the height of the images registered as bright and dark
regions. Three 10 × 10 �m digital images were recorded from
each surface, with a slow scan rate (0.1 Hz). Measurements
were performed in a wet cell, under hydrated conditions. For
each image,  five randomized boxes (2 �m × 2 �m)  were created
to determine surface nano-roughness (SRa, in nm).

2.6.  Biofilm  development

The HA discs loaded with the nanoparticles and the con-
trols were used to develop a multispecies oral biofilm, as
previously described by Sánchez et al. [23]. In brief, pure
cultures of each bacterium were grown anaerobically in a
protein-rich medium containing brain-heart infusion (BHI)
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA)
supplemented with 2.5 g L−1 mucin (Oxoid), 1.0 g L−1 yeast
extract (Oxoid), 0.1 g L−1 cysteine (Sigma), 2.0 g L−1 sodium
bicarbonate (Merck), 5.0 mg  L−1 hemin (Sigma, St. Louis, MO,
USA) and 1.0 mg  L−1 menadione (Merck, Darmstadt, Germany)
and 0.25% (v/v) glutamic acid (Sigma). The bacterial growth
was harvested at mid-exponential phase (measured by spec-
trophotometry), and a mixed bacteria suspension in modified
BHI medium containing 103 colony forming units (CFU) mL−1

for S. oralis, 105 CFU mL−1 for V. parvula and A. naeslundii,  and
106 CFU mL−1 for F. nucleatum, A. actinomycetemcomitans and P.
gingivalis was prepared.

HA discs coated with PBS or with the different NPs were
then placed in the wells of a 24-well tissue culture plate

(Greiner Bio-one, Frickenhausen, Germany). Each well was
then inoculated with 1.5 mL  mixed bacteria suspension pre-
pared, and incubated in anaerobic conditions (10% H2, 10%
CO2, and balance N2) at 37 ◦C for 12, 24, 48 and 72 h. Plates con-
5 ( 2 0 1 9 ) 156–168

taining only culture medium will be also incubated to check
for sterility.

2.7.  Morphological  analysis  of  the  biofilms

Biofilms from 12 to 72 h of evolution were observed by
Scanning Electron Microscopy (SEM). For this analysis, the
specimens were fixed in a solution at 4% paraformaldehyde
and 2.5% glutaraldehyde for 4 h at 4 ◦C. The discs were washed
once in PBS, then in sterile water for 10 min  and then dehy-
drated through a series of graded ethanol solutions (30, 50,
70, 80, 90 and 100%; immersion time per series 10 min). After
that, specimens were critical point dried, sputter-coated with
gold and analysed by electron microscopy using a JSM 6400
(JSM6400; JEOL, Tokyo, Japan), with a back-scattered elec-
tron detector and an image  resolution of 25 kV. Also, selected
specimens were carbon-coated and observed by Field Emis-
sion Electron Microscopy (FESEM) (GEMINI, Carl Zeiss SMT,
Germany) at 3 kV.

2.8.  Biofilm  Vitality

Vitality of mature biofilms (72 h) was studied by Confocal
Laser Scanning Microscopy (CLSM). Non-invasive confocal
imaging of fully hydrated biofilms was obtained by means
of a fixed-stage Ix83 Olympus inverted microscope coupled
to an Olympus FV1200 confocal system (Olympus; Shinjuku,
Tokio, Japan). The objective lens was a × 63 water-immersion
lens (Olympus). Specimens were stained with LIVE/DEAD

®

BacLightTM Bacterial Viability Kit solution (Molecular Probes
B. V., Leiden, The Netherlands) at room temperature. A 1:1 flu-
orocromes ratio and 9 ± 1 min  of staining time was used to
obtain the optimum fluorescence signal at the corresponding
wave  lengths (Syto9: 515–530 nm;  PI: >600 nm). The CLSM con-
trol software was set to take a z-series of scans (xyz) of 0.5 �m
thickness (8 bits, 1024 × 1024 pixels). Three specimens were
analyzed and representative locations on the HA discs covered
with biofilm, which contained stacks (or “towers”) that could
be isolated within the confocal view field, were selected for
these measurements. Within each area, the thickest point was
measured by determination of the upper and lower bound-
aries of the biofilm. Image  stacks were analyzed using the
microscope dedicated software (Olympus

®
). To quantify the

biomass and cell viability within the biofilm, total fluorescent
staining of the confocal micrographs was analyzed using an
image  analysis software (Imaris

®
Biteplane, Belfast, UK), by

measuring voxel intensities from two-channel images, and
thus calculating the percentage of the biomass and cell viabil-
ity within the stacks. Fluorescence intensity thresholds were
manually set for each of the fluorescent color.

2.9.  Biofilm  biomass  and  quantitative  evaluation  of
bacteria

Biofilm DNA, of 12, 24, 48 and 72 h of growth was isolated using
a commercial kit (MolYsis Complete5; Molzym GmgH & CoKG,

Bremen, Germany), following manufacturer’s instructions (the
protocol for bacterial DNA extraction was followed from step 6,
avoiding preliminary steps). The hydrolysis probe 5′nuclease
assay PCR method was used for detecting and quantifying

https://doi.org/10.1016/j.dental.2018.11.015
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he bacterial DNA. Primers and probes were obtained by Life
echnologies Invitrogen (Carlsbad, CA, USA), Applied Biosys-
ems (Carlsbad, CA, USA) and Roche (Roche Diagnostic GmbH;
annheim, Germany) and were targeted against 16S rRNA

ene [25]. The quantitative Polymerase Chain Reaction (qPCR)
mplification was performed in a total reaction mixture vol-
me  of 10 �L. The reaction mixtures contained 5 �L of 2x
aster mixture (LC 480 Probes Master; Roche), optimal con-

entrations of primers and probe (900, 900 and 300 nM for S.
ralis; 300, 300 and 300 nM for A. naeslundii;  750, 750 and 400 nM
or V. parvula; 300, 300 and 200 nM for A. actinomycetemcomitans;
00, 300 and 300 nM,  for P. gingivalis and 600, 600 and 300 nM
or F. nucleatum),  and 2 �L of DNA from samples. The negative
ontrol was 2 �L of sterile water [no template control (NTC)]
Water PCR grade, Roche). The samples were subjected to an
nitial amplification cycle of 95 ◦C for 10 min, followed by 45
ycles at 95 ◦C for 15 s and 60 ◦C for 1 min. Analyses were per-
ormed with a LightCycler

®
480 II thermocycler (Roche). The

lates used in the study was FramStar 480 of natural frame
nd white wells (4titude; The North Barn; Damphurst Lane,
K), sealed by QPCR Adhesive Clear Seals (4titude).

Each DNA sample was analyzed in duplicate. Quantifica-
ion cycle (Cq) was determined using the provided software
ackage (LC 480 Software 1.5; Roche). Quantification of cells
y qPCR was based on standard curves. The correlation
etween Cq values and CFU mL−1 were automatically gener-
ted through the software (LC 480 Software 1.5; Roche).

.10.  Statistical  analysis

he outcome variable to assess the effect of the nanoparticles
n HA discs was the nano-roughness (SRa, in nm). The out-
ome variables to assess biofilms formed on different surfaces
ere micrometres (�m) of height, number of each bacterium

CFU mL−1) and bacterial viability.
An experiment-level analysis was performed for each study

arameter (n = 3 for each parameter studied). Shapiro–Wilk
oodness-of-fit tests and distribution of data were used to
ssess normality. Data were expressed as means and Standard
eviation (SD). SRa, micrometres (�m)  of height and bacte-

ial viability data were compared through ANOVA and Student
ewman Keuls (p < 0.05). To compare the effects of the mate-

ial surface at different exposure times on CFU mL−1, analysis
f variance and post-hoc testing with T3 Dunnett´s correction
as used.

Results were considered statistically significant at p < 0.05.
 software package (IBM SPSS Statistics 22.0; IBM Corporation,
rmonk, NY, USA) was used for all data analysis.

.  Results

.1.  Nano-roughness  analysis  of  surfaces

urface modifications by nanoparticles coating may be

bserved at Fig. 1A and B. Mean surface roughness was aug-
ented after nanoparticles coating in all cases (Table 1). All

urfaces loaded with the different nanoparticles showed sig-
ificant increased roughness values when compared to HA
( 2 0 1 9 ) 156–168 159

controls (p < 0.05 in all cases), which ranged between 11 and
15 times higher after deposition of nanoparticles (Table 1).

3.2.  Morphological  analysis  of  biofilms

All five types of NPs onto the HA discs demonstrated a uni-
form covering (Fig. 1B). Fig. 2 depict the multispecies biofilm
formation over each specimen at different times (12, 24, 48
and 72 h). During the first hours of development (12 h), test
and control discs reveled individual bacterial cells and multi-
cellular aggregates spread across the surface, with a structural
organization based primarily on bacterial cell-to-cell binding
(co-aggregation) (Fig. 2). Spindle-shaped rods, suggestive of F.
nucleatum could be recognized forming a network that seemed
to start the formation of the three-dimensional structure of
a biofilm (Fig. 2). The only relevant differences among the
specimens occurred with the Doxy-NPs discs, where very few
bacteria could be recognized at their surface. The different NPs
were evenly distributed onto the whole disc surface (Fig. 2).

After 24 h, higher quantities of bacteria were observed on
all the discs, irrespective of their treatment, forming a thick
layer of bacteria, with initial characteristics of a structured
biofilm. Microbial communities interspersed with channels
could be observed, suggesting that bacteria may have reached
the exponential phase of growth (Fig. 2). No significant dif-
ferences among the specimen discs were found in regards to
the structure of the biofilm, except with biofilms on Doxy-NPs
discs, which lacked an organized structure (Fig. 2). An inti-
mate interaction between bacteria and nanoparticles could be
observed (Fig. 2).

After 48 h of biofilm development, the complexity of
bacterial communities increased. Biofilms over HA surfaces
covered the entire disc combining a thick basal layer of cells
with bacterial stacks (Fig. 2). F. nucleatum seemed to play
a key structural role, forming the backbone network with
multispecies-microcolonies adhered (Fig. 2). In Doxy-NPs discs
it was not possible to detect structured biofilms (Fig. 2).

After 72 h biofilms reached the mature, stationary phase
and processes of bacterial detachment could be observed in
the biofilms grown onto nanoparticles covered discs (Fig. 2).
In these discs few individual cells or small bacterial colonies
appeared dispersed onto their surface (Fig. 2). These detached
biofilms showed a similar structure to those formed onto the
control discs (Fig. 3A-B), and also depicted an intimate associ-
ation between bacteria and nanoparticles in particular at the
bottom area of the biofilm, where coco and coco-bacilli bacte-
ria predominate (Fig. 3A, white arrows). NPs were intimately
associated to cells membranes. A higher number of NPs were
found around bacteria when NPs were loaded with calcium,
zinc or silver than when NPs were unloaded (Fig. 3C–H).

3.3.  Biofilm  vitality

After 72 h of development, CLSM analysis showed mature
biofilms, with a similar structure irrespective of the character-

istic of the discs (control and NPs coated discs) characterized
by an irregular architecture, that combines a thick and discon-
tinuous basal layer of bacterial cells with stacks of bacterial
aggregations (Fig. 4A–F).

https://doi.org/10.1016/j.dental.2018.11.015
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Fig. 1 – Atomic force microscopy (AFM) micrographs (10 × 10 �m),  on tapping mode, of hydroxyapatite (HA) surfaces,
previously treated with saliva, (A) non-coated and (B) coated with nanoparticles (NPs) doped with doxycycline. A drastic
increase in roughness may be observed. Homogeneous distribution of the NPs onto the HA surface is evidenced.

https://doi.org/10.1016/j.dental.2018.11.015
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Fig. 2 – Scanning electron microscopy (SEM) of biofilms up to 72 h of development on hydroxyapatite discs (HA), previously
treated with saliva, and coated with Phosphate buffer saline (PBS) as control; Nanoparticles (NPs); NPs doped with zinc; NPs
doped with calcium; NPs doped with silver; and NPs doped with doxycycline. At 12 h, in all cases, bacteria appeared
dispersed as individual or grouped cells, excepted in HA discs loaded with doxycycline-NPs, where very few bacteria could
be recognized in the surface. Between 24 and 48 h of growth, a denser bacterial population could be observed on HA  discs in
all cases (treated or not with NPs) formed discontinuous layers of bacteria adhered to the studied specimens, excepted for
biofilms on Doxycycline-NPs discs, where biofilm was destructed. At 72 h, while a highest density of bacteria could be
observed on control discs, at NPs-coated HA discs it was not possible to find this bacterial consortium adhered to the
surfaces. Solely few individual cells or small bacterial colonies appeared dispersed onto the surfaces. During the whole
incubation it could be observed the different NPs homogeneously covering the HA surface and the interaction between
bacteria and NPs.

https://doi.org/10.1016/j.dental.2018.11.015
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Fig. 3 – Scanning Electron Microscopy (A,B) and Field Emission Scanning Electron Microscopy (C-H) images from mature
bacterial biofilms (72 h) detached from the hydroxyapatite (HA) discs. (A,B): Bacterial biofilms were  detached from the HA
discs and could be observed from the bottom by SEM. In all detached biofilms a dense cell community is observed, where
bacteria and NPs are intimately associated, mainly in the deepest or lower zone of the biofilm, where coccoid and
coco-bacillary bacteria predominate (white arrows). (C-H): 72 h detached biofilms, developed on HA surfaces coated with (C)
nanoparticles (NPs); (D,E) calcium-doped NPs; (F) zinc-doped NPs and (G,H) silver-doped NPs. Bacterial biofilms were
detached from the HA discs but isolated groups of bacteria may still be observed onto the surfaces. NPs are intimately
associated to cells membranes. A higher number of NPs may be found around bacteria when NPs are loaded with calcium,
zinc or silver NPs (white arrows). Zinc-NPs seem to induce deep changes in cells membranes, which appeared rougher and
exhibit formations with different morphologies (F).

https://doi.org/10.1016/j.dental.2018.11.015
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Fig. 4 – Confocal micrographs that represented a 2D maximum projection of the series along fixed axis of the biofilms after
72 h of growth on hydroxyapatite discs (HA), previously treated with saliva, and coated with (A) Phosphate buffer saline
(PBS) as control; (B) Nanoparticles (NPs); (C) NPs doped with zinc; (D) NPs doped with calcium; (E) NPs doped with silver; and
(F) NPs doped with doxycycline. LIVE/DEAD

®
BacLightTM Bacterial Viability Kit was used to assess the vitality of cells.

Nanoparticles coated discs showed a decrease in cell vitality in their developed biofilms when compared to control discs
(live cells in green and dead cells in red). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

https://doi.org/10.1016/j.dental.2018.11.015
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Table 1 – Mean and standard deviation (SD) of surface roughness (N = 3, measured by AFM) and biofilm thickness (N = 3,
measured by CLSM) for the different experimental groups. Hydroxiapatite (HA) discs treated with Posphate Buffer Saline
as control, and doped with five modalities of biocompatible PolymP-n Active nanoparticles (NPs): NPs, NPs doped with
calcium, zinc, silver and doxycycline.

HA disc
HA disc HA disc HA disc HA disc HA disc
NPs Ca-NPs Zn-NPs Ag-NPs Doxy-NPs

Mean and SD of surface
roughness [nm]

11.21 171.32* 188.25* 168.9* 158.9* 169.5*

(4.2) (17.2) (21.3) (19.9) (18.5) (17.7)
Mean and SD of biofilm 22.8 35.3 38.3 41.5 23.8 28.2

9.7) 
thickness [�m] (7.5) (1

∗ Significant differences compared to control HA disc (p < 0.05).

Nanoparticles coated discs, however, showed a decrease in
cell vitality in their developed biofilms when compared to con-
trol discs. The highest percentage of dead cells was located in
the deepest zone of the biofilms, in contact with the differ-
ent types of NPs. The measured death rates corresponded to
91.68% for Ca-NPs, 91.27% for Zn-NPs, 97.63% Ag-NPs, in com-
parison with control HA discs 45.77%. In the specimens coated
with Doxy-NPs it was difficult to measure since the formed
biofilms were unstructured.

3.4.  Biofilm  biomass  and  quantitative  evaluation  of
bacteria

Table 2 depicts the bacterial counts (CFU mL−1) for the six
species at the different incubation times in the tested spec-
imens. With time, the dynamics of bacterial growth were
similar independent from the specimen.  After 12 h of incu-
bation, biofilms on HA discs treated with NPs, Zn-NPs, Ca-NPs
and Ag-NPs accumulated higher number of bacteria compared
with control HA discs (Table 2). These differences resulted
statistically significant for S. oralis (p = 0.013) and A. actino-
mycetemcomitans (p = 0.010). In contrast biofilms on HA discs
coated with Doxy-NPs reached a lower numbers of bacte-
ria, when compared with the control (p < 0.001) (Table 2). At
24 h, all bacterial species on biofilms on HA discs treated
with Doxy-NPs had significantly lower number compared with
the rest of the specimens and control biofilms (p < 0.001)
(Table 2). After 48 h of development, biofilms on NPs specimens
demonstrated significant higher numbers of V. parvula and
A. actinomycetemcomitans when compared to control (p = 0.045
and 0.017, respectively). Also, Ca-NPs related biofilms showed
significant higher number for V. parvula (p < 0.001), A. acti-
nomycetemcomitans (p = 0.006),  F. nucleatum and P. gingivalis
(p = 0.005 in both cases) compared to control biofilms. After
72 h of incubation only S. oralis reduced their presence on
biofilms on HA discs treated with the different NPs (Table 2).
Again, biofilms on HA discs coated with Doxy-NPs demon-
strated significantly lower number of the six bacteria, when
compared with the rest of the specimens (p < 0.001) (Table 2).

Derived of the analysis of specimens by CLSM, it was
observed that on biofilms of 72 h of development, the area
occupied by bacteria was 4.4 higher on the discs covered with
NPs compared to the control HA discs. In the case of the discs

covered with Zn-NPs or Ca-NPs, the increases were about 8.0
and 11.0 times respectively. Discs with Ag-NPs attained 3.1
times more  biofilm than those control discs. In the case of
HA discs coated with Doxy-NPs the analysis was not possi-
(18.9) (11.8) (3.8) (21.9)

ble due to the unstructured architecture. Measured biofilm
thicknesses are shown in Table 1.

4.  Discussion

This in vitro investigation has shown that coating HA  discs with
the five modalities of PolymP-n Active nanoparticles signifi-
cantly increased the surface nano-roughness when compared
with controls. Biofilms developed on the discs coated with
nanoparticles demonstrated a similar biofilm formation and
dynamics, although with decreased bacterial vitality, which
was  more  pronounced when silver and doxycycline were used.
These biofilms contained a higher number of bacteria but
were more  susceptible to detachment when compared with
biofilms formed on control discs. Doxy-NPs biofilms resulted
in unstructured biofilm formation and significantly lower
number of bacteria (all six species) when compared with the
other nanoparticles specimens and controls.

The fact that higher number of cell counts (determined
by CLSM and qPCR) were measured on nanoparticles speci-
mens (with the exception of Doxy-NPs discs) may be explained
by their increased nano-roughness facilitates initial bacterial
adhesion. This process is determined by the physical interac-
tion and the triboscopic and thermodynamic properties of the
surfaces [26] and therefore, the application of nanoparticles
to HA discs seems to provide a favorable environment for the
initial growth of the bacterial community.

After the initial stage of biofilm formation, the subse-
quent exponential bacterial growth seems to depend more
on biological than physical or chemical processes [27]. The
formation of extracellular polysaccharides provides not only
intercellular adhesion but nutrients and environmental con-
ditions for differential bacterial growth [27,28]. In this stage,
biofilms in contact to the different nanoparticles demon-
strated decreased vitality than biofilms on control discs,
probably due to the antiseptic potential of metal cations. Silver
is the most effective antibacterial metal at low concentrations
and against both gram-positive and gram-negative bacteria
[18,19]. Several other metal ions (e.g. copper, magnesium,
calcium, titanium, and zinc) have also displayed important
antibacterial activity against a wide variety of microorgan-
isms [29–33]. Moreover, inorganic ions and metallic oxides

have extensively demonstrated antibacterial properties when
being doped on nanoparticles [16–19]. In the present study, cal-
cium release from NPs was estimated as 0.08 and 0.1 �g mL−1

(per mg  of NPs) from 12 h up to 7 days, while the release of
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Table 2 – Number of bacteria [CFU/biofilm mean (standard deviation)] of S. oralis,  A. naeslundii,  V. parvula, F. nucleatum,  A.
actinomycetemcomitans and P. gingivalis grown as multi-species biofilm in vitro at different times of incubation, measured
by quantitative real-time polymerase chain reaction (qPCR) (N = 3 for each incubation time). Hydroxyapatite (HA) discs,
previously treated with saliva, doped with Posphate Buffer Saline as control, and doped with five modalities of
biocompatible PolymP-n Active nanoparticles (NPs): NPs, NPs doped with calcium, zinc, silver and doxycycline.

Bacteria
Time of biofilm
incubation (h)

Number of bacteria [CFU/biofilm mean (standard deviation)]

HA disc HA disc
NPs

HA disc
Ca-NPs

HA disc
Zn-NPs

HA disc
Ag-NPs

HA disc
Doxy-NPs

So 12 5.1E + 07
(9.6E + 06)

1.6E + 08*

(4.0E + 07)
1.0E + 08
(1.9E + 07)

6.7E + 07
(1.1E + 07)

1.3E + 08
(8.0E + 07)

7.0E + 04*

(5.6E + 04)
24 2.3E + 08

(4.8E + 07)
1.7E + 08
(6.5E + 07)

1.5E + 08
(8.7E + 07)

1.2E + 08
(9.8E + 07)

1.2E + 08
(7.2E + 07)

3.2E + 04*

(2.7E + 04)
48 8.5E + 07

(9.7E + 07)
1.5E + 08
(9.1E + 07)

2.0E + 08
(1.3E + 08)

1.7E + 08
(1.0E + 08)

1.3E + 08
(6.3E + 07)

1.4E + 04*

(6.7E + 03)
72 6.8E + 07

(1.6E + 07)
4.7E + 07
(5.2E + 06)

8.0E + 07
(9.9E + 06)

7.6E + 07
(2.3E + 07)

7.6E + 07
(5.8E + 07)

1.7E + 04*

(8.9E + 03)

An 12 5.9E + 06
(4.5E + 06)

4.9E + 06
(3.7E + 06)

8.9E + 06
(3.6E + 06)

7.0E + 06
(4.0E + 06)

6.5E + 06
(4.0E + 06)

4.4E + 04*

(8.5E + 03)
24 1.7E + 07

(5.3E + 06)
1.9E + 07
(1.1E + 06)

1.0E + 07
(3.8E + 06)

8.8E + 06
(4.1E + 06)

9.8E + 06
(1.4E + 06)

5.4E + 04*

(1.3E + 04)
48 2.2E + 07

(6.6E + 06)
2.2E + 07
(9.1E + 05)

2.1E + 07
(1.7E + 06)

2.1E + 07
(2.3E + 06)

2.4E + 07
(5.1E + 06)

4.5E + 04*

(3.4E + 03)
72 7.8E + 06

(6.0E + 05)
5.4E + 06
(1.1E + 06)

7.7E + 06
(2.9E + 06)

9.9E + 06
(3.5E + 06)

9.2E + 06
(5.6E + 06)

3.7E + 04*

(1.5E + 04)

Vp 12 3.8E + 07
(2.2E + 07)

5.8E + 07
(1.1E + 07)

3.5E + 07
(1.3E + 07)

3.6E + 07
(2.0E + 06)

4.3E + 07
(2.5E + 07)

4.1E + 04*

(3.1E + 04)
24 8.2E + 07

(4.2E + 07)
1.1E + 08
(1.1E + 07)

1.3E + 08
(5.3E + 07)

5.2E + 07
(2.9E + 07)

5.6E + 07
(1.4E + 07)

1.8E + 04*

(3.7E + 03)
48 4.1E + 07

(3.0E + 07)
9.5E + 07*

(3.0E + 07)
1.4E + 08*

(2.4E + 07)
9.1E + 07
(2.2E + 07)

6.7E + 07
(9.2E + 06)

3.4E + 04*

(2.0E + 04)
72 4.7E + 07

(1.9E + 07)
2.1E + 07
(1.4E + 07)

4.5E + 07
(1.6E + 07)

4.1E + 07
(2.0E + 07)

1.9E + 07
(1.3E + 07)

1.8E + 04*

(1.1E + 04)

Fn 12 8.1E + 06
(6.0E + 06)

1.3E + 07
(3.5E + 06)

1.3E + 07
(6.5E + 06)

1.3E + 07
(3.7E + 06)

1.6E + 07
(8.5E + 06)

1.4E + 05*

(3.2E + 04)
24 4.4E + 07

(2.8E + 07)
3.6E + 07
(1.2E + 06)

4.1E + 07
(1.8E + 07)

3.4E + 07
(7.6E + 06)

3.0E + 07
(1.3E + 07)

2.2E + 05*

(6.9E + 04)
48 2.1E + 07

(1.4E + 07)
4.9E + 07
(1.4E + 07)

6.3E + 07*

(1.8E + 07)
4.2E + 07
(1.3E + 07)

2.5E + 07
(5.8E + 06)

1.0E + 05*

(3.5E + 04)
72 1.9E + 07

(2.1E + 06)
1.7E + 07
(3.0E + 06)

2.4E + 07
(2.7E + 07)

3.5E + 07
(1.1E + 07)

2.6E + 07
(2.1E + 07)

4.4E + 04*

(1.2E + 04)

Aa 12 5.7E + 06
(1.8E + 06)

1.7E + 07*

(2.8E + 06)
8.9E + 06
(2.8E + 06)

9.2E + 06
(1.7E + 06)

1.2E + 07
(4.8E + 06)

3.3E + 05*

(1.8E + 05)
24 1.3E + 07

(4.2E + 06)
2.6E + 07
(4.6E + 06)

3.9E + 07
(1.6E + 07)

2.4E + 07
(4.8E + 06)

2.0E + 07
(7.6E + 06)

5.5E + 05*

(8.9E + 04)
48 1.1E + 07

(3.6E + 06)
3.5E + 07*

(8.4E + 06)
3.9E + 07*

(3.3E + 07)
2.3E + 07
(6.4E + 06)

2.8E + 07
(1.7E + 07)

9.9E + 04*

(8.4E + 04)
72 1.7E + 07

(4.0E + 06)
1.5E + 07
(2.5E + 05)

2.5E + 07
(2.0E + 06)

2.4E + 07 (5.2E
+06)

2.2E + 07
(1.5E + 07)

1.4E + 05*

(4.3E + 04)

Pg 12 4.6E + 07
(3.3E + 07)

7.6E + 07
(1.9E + 07)

7.5E + 07
(3.6E + 07)

7.4E + 07
(2.0E + 07)

9.1E + 07
(4.6E + 07)

9.1E + 05*

(2.0E + 05)
24 2.4E + 08

(1.5E + 08)
2.0E + 08
(6.4E + 06)

2.2E + 08
(9.6E + 07)

1.9E + 08
(4.0 + 07)

1.7E + 08
(6.6E + 07)

1.4E + 06*

(4.3E + 05)
48 1.2E + 08

(7.5E + 07)
2.6E + 08
(7.1E + 07)

3.4E + 08*

(9.4E + 07)
2.3E + 08
(6.8 + 07)

1.4E + 08
(3.1E + 07)

6.6E + 05*

(2.3E + 05)
72 1.0E + 08 7.3E + 07 1.3E + 08

(1.4
1.9E + 08 1.4E + 08 3.0E + 05*

z
C
0
Z

(1.1E + 07) (3.9 E + 07)

∗ Significant differences compared to control HA disc (p < 0.05).

−1
inc was 0.02 �g mL (per mg of NPs) at the same time-points.
umulative liberation of both ions was 30% for calcium and
.3% for zinc after 48 h [24]. FESEM observations revealed that
inc-NPs induced deep changes in cells membranes, being
E + 07) (5.6E + 07) (1.1E + 08) (7.7E + 04)

thicker and adopting different morphologies (Fig. 3F). Zinc

ions also markedly enhanced the adhesion and accumulation
of salivary and serum proteins on bacteria membranes and
inhibited their coaggregation when growing on biofilms, as it
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has been described previously [34]. The FESEM images also
depicted a stronger interaction between loaded NPs and bac-
teria membranes when compared to non-loaded NPs (Fig. 3).
Fig. 3D–H (loaded NPs) show increased number of NPs adhered
to bacteria membranes compared to non-loaded NPs (Fig. 3C).
These findings can be explained by the different attraction
between NPs to bacteria membranes dependent on the sur-
faces charges. NPs doped with cationic groups (calcium, zinc
or silver) will interact easily with bacterial cell membranes
exhibiting anionic charges (zeta potential around −20 mV at
pH = 7) [35]. On the contrary, since non-loaded NPs are anionic
(potential zeta is −41 ± 5 mV at pH = 7) [11] will not be attracted
to bacterial cell membranes.

At the stationary phase, in nanoparticles specimen biofilms
contained a higher number of bacteria, although demonstrat-
ing higher rates of mortality, and were more  susceptible to
detachment when compared with biofilms formed on con-
trol discs. One possible explanation for this increased growth
may be related to the presence of functional groups in the
nanoparticles, which facilitate protein binding and there-
fore, decrease the sites available for quorum sensing molecules
[36,37]. It is well studied that the oral bacteria used in this
in vitro biofilm system produce and release to the external
environment a series of molecules called autoinducers [38–40],
proteins containing amino groups (i.e. NH2) that will form
covalent peptide bonds with carboxylate (i.e. COO−) sites
in the nanoparticles, thus facilitating protein binding and
preventing bacteria to sense when a quorum is reached, and
hence, quorum sensing-controlled genes will not be activated.
Increased protein binding affinity of tested nanoparticles has
been previously demonstrated with dentin collagen and fib-
rin [15,41]. Rasmussen and Givskov has also reported that
uncontrolled growth of bacteria will lead to thick biofilms
more  prone to detachment [36]. This effect of detachment was
clearly observed in the 72 h biofilms associated with the dif-
ferent types of nanoparticles. The detachment was produced
at the bottom of the biofilms, between the substrate and the
first colonizers layer. So, it is possible that nanoparticles at
the conditioning layer moreover act as a weak link interposed
between the HA surface and the bacteria, promoting also the
bacterial death at the bottom (observed by CLSM) the break-
down of the biofilm.

Ag-NPs have been used extensively as anti-bacterial agents
in a number of healthcare applications, although there are
few reports on their use against oral bacteria, and in partic-
ular periodontal pathogens [42–45]. In the present study, NPs
doped with silver demonstrated an effective biocide activ-
ity against the bacterial biofilm, displaying a broad-spectrum
antibacterial effect that included both Gram-negative and
Gram-positive bacteria [43,46,47]. However, only the discs
doped with Doxy-NPs resulted in a significant reduction in
viable bacterial counts cells and vitality. Although doxycycline
has a clear bactericidal activity through the inhibition of the
microbial protein synthesis [20–22], high doses are needed to
penetrate the biofilm, with reported concentrations of approx-
imately 250 times greater than what may be to destroy the

same strains grown planktonically [39]. The tested Doxy-NPs
discs exhibited a controlled release of doxycycline at least over
28 days. For each mg  of NPs 121, 106 and 46 �g ml−1 of doxycy-
cline was liberated at 12, 24 and 48 h respectively, with the
5 ( 2 0 1 9 ) 156–168

antibiotic release maintained above 20 �g ml−1 until 7 days
[24]. Since bacterial susceptibility to doxycycline is around 0.1
a 0.2 �g ml−1 [21], the released concentrations of doxycycline
from NPs was above to the antibacterial effective dose. Doxy-
NPs have been previously shown to exert antibacterial activity
in planktonic cultures against P. gingivalis [24]. Doxycycline
at a concentration between 0.5 and 1 �g ml−1 is bactericidal
against different P. gingivalis strains [48], and between 0.1 and
6.0 �g ml−1 is effective against P. gingivalis and other puta-
tive periodontal pathogens [49,50]. Furthermore, this release
occurred from the bottom of the biofilm, thus being bac-
tericidal for the early colonizers responsible for the biofilm
anchorage [21], what may explain the lack of structure in these
biofilms formed on Doxy-NPs discs.

The results reported in this study should be interpreted
with caution due to the in vitro nature of this investigation.
Future research in animal models and other relevant in vivo
settings should test the real impact of this biocompatible
PolymP-n Active nanoparticles could as an effective antibac-
terial therapy for the treatment of periodontitis. Furthermore,
the use of these nanoparticles should be tested as coatings
of biomaterials currently use in periodontal regeneration to
assess their adjunctive effect to improve regenerative out-
comes.

5.  Conclusion

This in vitro investigation has demonstrated that coating sur-
faces with nanoparticles and metallic ions will have an impact
on biofilm formation by reducing its vitality and by weakening
the attachment between the matrix and the first colonizers,
thus being more  susceptible to detachment.
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