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Background: Endosseous implants are widely used as a treatment for tooth loss, but gaps in the implant-abutment interface, and
the cavity inside the implant, can cause inflammation of the tissue surrounding the implant. Currently available filling materi-
als, however, cannot solve these problems. Therefore, the development of new antibacterial materials is key. In this study, we
synthesized Ag nanoparticle-coated polytetrafluoroethylene (PTFE), analyzed the effect of Ag ion concentration, and estimated
the antibacterial effects against oral pathogens in vitro.
Method: The Ag nanoparticles (AgNPs)-modified PTFE was achieved using self-polymerized dopamine in an alkaline solution
(2 mg/mL) and reduction reaction of Ag ions (0.01 mol/L and 0.05 mol/L). The surface features, chemical components, and wet-
tability were characterized by scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), X-ray photoelectron
spectroscopy (XPS) and contact angle measurement. The antibacterial effect against Streptococcus mutans and Porphyromonas
gingivalis was evaluated by counting colony-forming units on agar media and the visualization of bacteria present on the speci-
mens by SEM and confocal laser scanning microscope (CLSM).
Results: The surface characterization results indicated that a polydopamine film was successfully formed on the PTFE mem-
brane, and spherical AgNPs were successfully reduced. With increasing concentration of the Ag precursor, the contents of the
AgNPs increased (p < 0.05). The antibacterial ratio of AgNP-coated PTFE against Streptococcus mutans and Porphyromonas
gingivalis reached 94.2% and 80.6%, respectively. The results of antibacterial testing analyzed via SEM and CLSM also demon-
strated the robust antibacterial ability of AgNPs-modified PTFE (p < 0.05).
Conclusions: AgNPs-modified PTFE has great potential to function as an implant filling material with enhanced antibacterial
properties, and has the potential to be a novel antimicrobial material for the prevention of peri-implantitis in the clinic.
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Introduction

Although endosseous implants are extensively used as
a reliable treatment for tooth loss with high long-term suc-
cess rates, they are also challenged by peri-implant mucosi-
tis and peri-implantitis [1]. These inflammatory conditions
are caused by bacterial biofilms that affect the soft and hard
tissues around implants [2]. Many studies have shown that
gaps at implant-abutment interfaces, and the internal cavity
of the implant, serve as channels and reservoirs for bacterial
spreading and proliferation, which may cause inflammation
of the peri-implant tissues [3]. Different materials such as
cotton pellet, gutta-percha, polyvinyl siloxane impression
materials, polytetrafluoroethylene (PTFE) tape, and com-
posite resin are used to fill the abutment screw access chan-
nels [4]. Other methods andmaterials such as chlorhexidine

gel, GapSeal gel, Oxysafe gel, and Flow.sil are applied to
prevent the bacterial leakage. However, a complete her-
metic seal cannot be achieved with any of the available seal-
ing agents [5,6]. Thus, there is an urgent need to develop
novel antibacterial materials to help solve this problem.

As an implant filling material, PTFE membranes are
flexible, minimizing the potential bacterial leakage and cre-
ating a better long-term seal. However, the leakage from
the abutment-implant interface and the abutment screw ac-
cess channel cannot be eliminated, and the penetration
and colonization of bacteria cannot be prevented entirely
[7]. Hence, new dental implant filling materials with an-
tibacterial properties are needed to inhibit microbial at-
tacks. Due to the stable physical and chemical proper-
ties and high biocompatibility, PTFE is extensively used
in modern implant dentistry [8]. In recent years, many ef-
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Fig. 1. The schematic of the preparation of AgNPs-PTFEmembranes. PTFE, polytetrafluoroethylene; PDA, polydopamine; AgNPs,
Ag nanoparticles.

forts have been made to modify the PTFE to inhibit bac-
terial colonization. Nattharika successfully attached peni-
cillin to expanded PTFE by a series of microwave plasma
reactions and esterification reactions [9]. Young grafted
a biomembrane-mimic polymer by partial defluorination
followed by ultraviolet (UV)-induced polymerization with
cross-linkers on the expanded PTFE surface [10]. How-
ever, complex methods and expensive equipment are re-
quired due to the hydrophobic and chemically inert PTFE
surface [11]. Moreover, due to the excessive usage of an-
tibiotics, several pathogens have developed resistance un-
der evolutionary pressure. Thus, the development of an-
timicrobial compounds to improve antibacterial potential is
a priority research area in this modern era.

Recently, Ag nanoparticles (AgNPs) have been high-
lighted as a promising approach for developing an antibac-
terial system owing to their effective antibacterial activity
and their resilience in developing resistant strains [12–15].
However, the practical applications of AgNPs are hampered
by the problem of easy aggregation; the aggregation of the
AgNPs will diminish their antibacterial activity. Thus, a
synthetic strategy to prepare AgNPs on substrates with ex-
cellent antibacterial activity is highly desired. Dopamine, a
small molecule with amine and catechol functional groups,
can self-polymerize into polydopamine in alkaline pH envi-
ronments and adhere to any composition [16]. This sponta-
neous deposition can generate AgNPs in situ without other
reducing agents [17,18]. Many types of research have
proved that an AgNPs layer formed by this method has a
promising antibacterial property [19]. However, studies of
AgNPs decorated on PTFE against oral pathogens are rare.

In this study, we presented an efficient and straightfor-
ward process to induce AgNPs on PTFE. A polydopamine

layer was constructed on the hydrophobic PTFE membrane
by self-polymerization of dopamine. With abundant amine
and catechol groups, the surface of the polydopamine layer
reduced the [Ag(NH3)2]+ ions in situ and fixed the formed
AgNPs. The relationship between the concentration of
[Ag(NH3)2]+ ions and the content of the AgNPs was in-
vestigated. Meanwhile, the antibacterial property activ-
ity against Streptococcus mutans (S. mutans) and Porphy-
romonas gingivalis (P. gingivalis) was studied on the PTFE
membranes. We expect this functional material incorporat-
ing AgNPs to have potential in biomedical and clinical ap-
plications.

Materials and Methods

Materials
PTFE membranes were kindly provided by College

of Materials Science and Technology, Nanjing University
of Aeronautics and Astronautics. Dopamine hydrochloride
was purchased from Sigma-Aldrich (St. Louis, MO, USA)
and used as received. Ag nitrate and aqueous ammonia
were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).

Methods
Preparation of AgNPs Coated PTFE

The schematic diagram of the AgNPs-coated PTFE
preparation procedure is shown in Fig. 1. PTFEmembranes
(10 × 10 mm2) were cleansed with ethanol and deion-
ized water twice for 15 minutes in an ultrasonic washer.
Subsequently, the clean PTFE was submerged in alkaline
dopamine solution (2 mg/mL) for 24 hours. The pH was
adjusted to 8.5 using a Tris buffer. After rinsing with deion-
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ized water, the polydopamine (PDA)-modified PTFEmem-
branes were immersed into [Ag(NH3)2]+ ion aqueous so-
lutions for 2 hours. The [Ag(NH3)2]+ ion aqueous solu-
tion was achieved by adding ammonia dropwise into Ag
nitrate solution (0.01 mol/L and 0.05 mol/L). The samples
of pristine PTFE, dopamine treated PTFE, 0.01 mol/L and
0.05mol/L treated PTFE are coded as follows: PTFE, PDA-
PTFE, Ag1-PTFE, and Ag5-PTFE, respectively. All spec-
imens were washed in distilled water and kept dry at room
temperature until subsequent analysis.

Surface Characterization

Scanning electron microscopy (SEM, Hitachi
SU3500, Tokyo, Japan) was employed to evaluate the
surface morphology at an accelerating voltage of 15 kV.
The samples were dried and sputter-coated with gold for
30 s prior to SEM examination. The SEM facility was
also equipped with an energy-dispersive spectrometer
(EDS) for chemical analysis. The diameter of AgNPs was
measured in two fields selected from three SEM images
using ImageJ software (version: 1.8.0, U. S. National
Institutes of Health, Bethesda, MD, USA). The EDS was
employed for elemental analysis. Surface chemical com-
positions were also detected using an X-ray photoelectron
spectrometer (XPS, ESCALAB 250Xi, Thermo Fisher
Scientific, Waltham, MA, USA).

Surface Wettability

Thewater contact angles of all samples weremeasured
by the sessile drop method using 5 µL water droplet in a
contact angle meter (Biolin Theta Flex) at different posi-
tions. The average of the three contact angle measurements
was calculated for statistical analysis.

Ag Ion Release Test

The total Ag contents of Ag1-PTFE and Ag5-PTFE
were measured by sampling (n = 3) in 4% dilute nitric acid.
The Ag5-PTFE membranes (n = 3) were immersed in 6 mL
of phosphate buffered saline (PBS) at 37 °C to investigate
the release behavior of Ag ions every 2 days. The leaching
medium was harvested and freshly added at predetermined
times (2, 4, 6, and 8 days). Analysis was performed by
inductively coupled plasma optical emission spectrometer
(ICP-OES, Agilent7500) (Table 1).

Table 1. Surface chemical composition (atom%) of different
samples.

Atomic% C F N O Ag

PTFE 28.28 71.72 - - -
PDA-PTFE 58.05 18.50 6.03 17.43 -
Ag1-PTFE 35.68 16.88 26.48 18.58 2.37
Ag5-PTFE 52.15 14.98 9.09 18.20 5.57
C, Carbon; F, Fluorine; N, Nitrogen; O, Oxygen; Ag, Argentum.

Antibacterial Test in Vitro
Gram-positive Streptococcus mutans (S. mutans,

ATCC35668) and Gram-negative Porphyromonas gingi-
valis (P. gingivalis, ATCC33277) were used to test antibac-
terial activity. The bacteria were anaerobically cultured on
brain heart infusion (CM1135B, Oxoid, Basingstoke, UK)
agar plates supplemented with blood at 37 °C. Colonies
from the BHI agar plates were diluted in sterile nutrient
broth medium. After 12 h incubation in a constant temper-
ature vibrator at 37 °C with a speed of 200 rpm, both bacte-
rial species at the exponential growth phase were harvested.
The bacterial concentrations were adjusted to 106 colony-
forming units (CFUs)/mL. Then, the specimens (n = 3) were
separately incubated with 0.5 mL of the bacteria-containing
medium under standard anaerobic conditions. Before bac-
teria incubation, the specimens were sterilized in an auto-
clave at 121 °C for 20 minutes.

After being co-cultured for 24 hours, 1 mL of PBSwas
added and the bacteria on the various specimens were ul-
trasonically detached for 10 minutes. The bacteria suspen-
sions were serially diluted and re-cultivated on agar plates
for colony counting. In this study, bacterial solution co-
cultured with PTFE served as the control group. The an-
tibacterial rates were determined by the following relation-
ship: Antibacterial rate (%) = (A – B) / A ×100%, where
A is the average CFU count for viable bacteria from PTFE,
and B is the CFU count for PDA-PTFE and Ag5-PTFE.

In addition, the bacterial adhesion and morphology
were observed by SEM. Briefly, the specimens were gen-
tly rinsed with PBS to remove the floating bacteria on the
surface, fixed with 3% glutaraldehyde at room temperature
overnight, and dehydrated sequentially in a series of ethanol
solutions for 10 minutes each. Prior to SEM observation,
the specimens were air dried and sputter-coated with gold.

Fluorescence staining was also utilized to distinguish
viable/dead bacteria cells, as well as to visualize biofilm
formation on the samples after they were co-cultured for
48 hours, using Live/Dead® BacLightTM bacterial viability
kits (Invitrogen, ThermoFisher Scientific, Waltham, MA,
USA). 500 mL of SYTO (6 µM) and PI (30 µM) staining
reagent mixture were added to each sample for 15 minutes
in darkness and then examined under confocal laser scan-
ning microscope (CLSM) at XYZ mode.

Statistical Analysis
The quantitative data were presented as means± stan-

dard deviations. One-way analysis of variance was used to
compare differences between groups. p values< 0.05 were
considered statistically significant.

Results

Surface Characterization
The surface chemical composition of PTFE mem-

branes from different samples is shown in Table 1. The re-
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Fig. 2. Morphological characterization and elemental compositions of the different samples. Scanning electron microscopy (SEM)
observation for the morphologies of the polytetrafluoroethylene (PTFE) (a,e), polydopamine (PDA)-PTFE (b,f), Ag1-PTFE (c,g) and
Ag5-PTFE (d,h). The red arrow showed spherical AgNPs were formed on the surface. The energy-dispersive spectroscopy (EDS)
spectra showed the elemental compositions of the PTFE (i), PDA-PTFE (j), Ag1-PTFE (k) and Ag5-PTFE (l) (n = 3).

sults showed that F was the main component of PTFE. The
main components of PDA-PTFEwere Carbon (C), Fluorine
(F), and Oxygen (O). The main components of Ag1-PTFE
were C and Nitrogen (N), and a small amount of Ag was
also included. The main components of Ag5-PTFE were
C, F, and O, with a small amount of Ag.

The surface morphologies of PTFE membranes are
shown in Fig. 2. The pristine PTFE membrane presented
as a rough surface with a porous structure (Fig. 2a,e), but a
thin polydopamine layer was observed on the PDA-PTFE
membrane (Fig. 2b,f). In addition, polydopamine parti-
cles were randomly deposited on the layer. After immer-
sion into [Ag(NH3)2]+ solution, spherical AgNPs cover-
ing the polydopamine layer had a diameter of 64.7 ± 14.2
nm (Fig. 2c,g). When the [Ag(NH3)2]+ increased to 0.05
mol/L, as shown in Fig. 2d,h, the deposited AgNPs were
larger in size (89.1± 22.8 nm), and the surface was rougher.
The EDS spectra showed the elemental compositions of the
PTFE, PDA-PTFE, Ag1-PTFE, and Ag5-PTFE (Fig. 2i–l).
Carbon and fluorine peakswere detected on the PTFEmem-
brane (Fig. 2i); whereas carbon, oxygen, and fluorine peaks
were detected on the PDA-PTFEmembrane (Fig. 2j). In ad-
dition to carbon, oxygen, and fluorine peaks, Ag peaks were
also detected on the Ag1-PTFE and Ag5-PTFE membranes
(Fig. 2k,l).

XPS spectroscopy was employed to analyze the sur-
face chemical composition of the membranes. On the wide-
scan XPS spectrum of PTFE, C1s and F1s bands are ob-
served (Fig. 3a). On the wide-scanning XPS spectrum, new
bands of N1s and O1s attributed to polydopamine were ob-
served for PDA-PTFE (Fig. 3b). In addition, the PDA-
PTFE membrane surface displayed a decrease in fluorine
atom percentage from 71.72% to 18.50%, and an increase
in carbon atom percentage from 28.28% to 58.05% (Ta-
ble 1), which indicated that more carbon atoms were de-
rived from the polydopamine on the surface. As for Ag5-
PTFE, the new signals including Ag3d, Ag3p (Ag3p5/2,
Ag3p3/2), and Ag3s were detected in addition to C1s, F1s,
N1s, O1s (Fig. 3c). Notably, the XPS core peaks of C1s
and Ag3d for Ag5-PTFE were well-fitted. For C1s, the sig-
nals at 284.6, 286.0, 287.4, and 292.2 eV were assigned to
C–C, C–O, C=O, and CF2 groups, respectively (Fig. 3d).
During the polymerization process of dopamine, catechol
groups were oxidized into quinone groups (C=O) [20]. For
Ag3d, two individual peaks occurred (Fig. 3e). These two
characteristic peaks at 367.9 eV and 373.9 eV correspond to
the binding energy of Ag 3d5/2 and Ag 3d3/2, respectively.
The Ag1-PTFE was also analyzed by XPS, and the results
are consistent with Ag5-PTFE. The well-fitted XPS core
peaks of Ag3d for Ag1-PTFE were similar to Ag5-PTFE.
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Fig. 3. XPS spectroscopy was employed to analyze the surface chemical composition of the membranes. X-ray photoelectron
spectrometer (XPS) spectrum of PTFE (a), PDA-PTFE (b), Ag5-PTFE (c). C1s core level spectra (d) and Ag3d core level spectra (e) of
Ag5-PTFE (n = 3).

The split of the doublet in the XPS spectrum of Ag3d is
6.0 eV, indicating that the synthesized Ags were zerova-
lent. The surface chemical composition (atom%) result de-
tected by XPS is shown in Table 1. Based on these results,
we focused on the antibacterial effect of Ag5-PTFE in the
follow-up experiment.

Surface Wettability Analysis
The measurement of water contact angle is a common

method to characterize the surface wettability. As shown in
Fig. 4, the pristine PTFE membrane displayed a hydropho-
bic property with a contact angle of 127.8 ± 0.7. After be-
ing modified by polydopamine, the contact angle decreased
to 90.5 ± 1.4 (p < 0.05). Subsequently, in situ formation
of AgNPs on the PTFE surface further improved the hy-
drophilicity, and the contact angle decreased to 63.8 ± 6.9
(Ag1-PTFE) and 66.1 ± 5.4 (Ag5-PTFE) (p < 0.05).

Ag Ion Release Test
The total Ag contents of Ag1-PTFE and Ag5-PTFE

were 16.16 ± 1.42 µg/cm2 and 22.72 ± 1.46 µg/cm2, re-
spectively. Ag ions released fromAg5-PTFE were detected
at days 2, 4, 6, and 8 in PBS by ICP-OES. In the initial 2
days, a burst release of Ag ions was observed about 6.35
µg/cm2 (24.2% of total). The liberation of the Ag slowed
down with time. The accumulated release amounts were
about 14.03 µg/cm2 (53.5% of total) at 8 days (Fig. 5).

Fig. 4. Surface wettability analysis. * Significantly different
from unmodified PTFE, p < 0.05; # significantly different from
unmodified PDA-PTFE, p < 0.05 (n = 3).

Antibacterial Effect

The antibacterial effect of the membranes against S.
mutans and P. gingivalis was examined in vitro by incu-
bating them together for 24 hours. The antibacterial prop-
erty of Ag5-PTFE membrane was quantitatively investi-
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Fig. 5. The total Ag content of Ag1-PTFE and Ag5-PTFE was
determined by inductively coupled plasma optical emission
spectrometer (ICP-OES) method. (a) Non-cumulative and (b)
cumulative release curves of silver ions after immersion at 37 °C
at day 2, 4, 6 and 8 (n = 3).

gated through agar plate counting by comparing the aver-
age CFU counts of PTFE membranes. As shown in Fig. 6,
there were considerably fewer bacterial colonies on the BHI
agar plates after a re-culture for the Ag5-PTFE membrane
(p < 0.05). The antibacterial rate of Ag5-PTFE membrane
against S. mutans and P. gingivalis was 94.2% and 81.8%,
respectively. In contrast, both S. mutans and P. gingivalis
colonies were found on the BHI agar plates for PTFE and
PDA-PTFE membranes. No obvious decline was seen in
the antibacterial rate of PDA-PTFE (p > 0.05).

The bacterial adhesion and morphology were ob-
served by SEM. As shown in Fig. 7, there were significant
differences between the AgNPs and PTFE. S. mutans bac-
teria on the surface of PTFE and PDA-PTFE membranes
were typically rod-shaped, with long chains or large clus-
ters. By contrast, a smaller number of cells adhered to Ag5-
PTFE membrane. A similar result was obtained with P.
gingivalis. In terms of cell morphology, cells on Ag5-PTFE
membrane (Fig. 7c,f) displayed an abnormal shape and pos-
sible leakage of the intracellular components causing cell
damage (the red arrow indicates the fractured cells). In con-
trast, cells on PTFE and PDA-PTFEmembranes (Fig. 7a–e)
showed continuous and complete cell membranes.

The live/dead staining of S. mutans and P. gingivalis
was performed to evaluate the antibacterial property of
these surfaces. Living and dead bacteria can be distin-
guished by green and red fluorescence, respectively. As
shown in Fig. 8, the surfaces of PTFE and PDA-PTFE
membranes supported extensive adherence of S. mutans and
P. gingivalis. Most of the microbial cells on the surfaces
were viable (stained green). For the Ag5-PTFE surfaces,
a large quantity of dead microbial cells (stained red) was
observed, indicating the high efficiency of AgNPs in de-
stroying microbes.

Disccusion

At present, PTFE is widely used in artificial heart
valves, vascular grafts, and tissue regeneration patches for
its excellent biocompatibility and high physical and chem-
ical stability. Due to the stable surface of PTFE, the ma-
terials physically absorbed onto the surface can be easily
removed by mechanical shear forces. Moreover, it is chal-
lenging to functionalize the C-F bond with other reactive
groups [21]. In this research, we introduce a facile, bioin-
spired route for the functionalization of PTFE membranes.
First, the surface of PTFE was modified by mussel-inspired
dopamine. It is known that dopamine can self-polymerize
and form a multifunctional adhesive layer on various sur-
faces in aqueous solution. After a multistep reaction of cy-
clization, oxidation, and rearrangement, a mass of PDA par-
ticles was generated in the solution, and a PDA layer was
formed on the surface of the substrates [22]. This was con-
firmed by the appearances of O1s and N1s peaks with high
intensities in the XPS scan. Moreover, the C/N mole ra-
tio of PDA-PTFE was 9.6, close to the C/N value of pure
dopamine (9.0). These findings indicated that a layer of
PDA had been successfully coated on PTFE [23]. Second,
taking the polydopamine layer as a powerful platform, Ag
nanoparticles were immobilized on the surface. As men-
tioned, the polydopamine layer has abundant catechol and
amine groups. These active groups of polydopamine can
chelate with Ag and reduce Ag ions to Ag0. The split of
the doublet in the XPS spectrum of Ag3d was 6.0 eV, indi-
cating that the synthesized Ags were zerovalent. The Ag0
was able to bond to the N-site and O-site in polydopamine
as a seed precursor. With the continuous reduction of Ag
ions, the seed Ags grew to nanoparticles through the addi-
tion of atoms [24,25].

The diameter of Ag nanoparticles on the surface in-
creases with the increase in Ag ion concentration. This is
similar to the results of Wu [26]. Wu [26] found that when
the concentration of [Ag(NH3)2]+ ions was low (1.18 ×
10−2 mol/L), the Ag nanoparticles on the surface of the
material were smaller, with a diameter of 52 nm. With
the increase in [Ag(NH3)2]+ concentration to 1.96× 10−2

mol/L, the Ag nanoparticles became larger, with a diameter
of about 83 nm. Wang et al. [27] also found that the de-
posited AgNPs were larger and packed more densely with
the increasing concentration of Ag ions.

The high contact angle of PTFE may be due to the
surface’s nonpolar nature, whereas the decreased contact
angle indicates the membrane’s enhanced hydrophilicity.
This result can be explained by the changes in both chemi-
cal structure and surface morphology. Massive hydrophilic
carboxyl and hydroxyl groups in PDA molecules, in accor-
dance with XPS analysis, can interact with water through
Van derWaals’ force and hydrogen bonds [28]. The contact
angle of AgNPs-modified PTFE was further reduced. Ac-
cording to the aforementioned author’s research, the in-situ
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Fig. 6. The detection of viable bacteria suspension from PTFE, PDA-PTFE, and Ag5-PTFE. The antibacterial rate against Gram-
positive Streptococcus mutans (S. mutans) and Gram-negative Porphyromonas gingivalis (P. gingivalis). (a–c) The effects of PTFE (a),
PDA-PTFE (b), and Ag5-PTFE (c) membranes on the bacterial colony of S. mutans were observed on the BHI agar plate. (d) The
bacterial colony inhibition rate of S. mutans was statistically analyzed. (e–g) The effects of PTFE (e), PDA-PTFE (f), and Ag5-PTFE (g)
membranes on the bacterial colony of P. gingivalis were observed on the brain heart infusion (BHI) agar plate. (h) The bacterial colony
inhibition rate of P. gingivalis was statistically analyzed. * Significantly different from unmodified PTFE, p < 0.05; # Significantly
different from unmodified PDA-PTFE, p < 0.05 (n = 3).

Fig. 7. The attachment and morphological characterization of S. mutans and P.gingivalis on the different samples. SEM images
of S. mutans and P.gingivalis on PTFE (a,d), PDA-PTFE (b,e), Ag5-PTFE (c,f) (n = 3). The red arrow indicates the fractured cells on the
surface.

immobilization of AgNPs can improve the wettability of a
membrane surface, due to their hydrophilic nature [29,30].

The AgNPs prepared at the [Ag(NH3)2]+ concentra-
tion at 0.5 mol/L, which loaded a greater quantity of the

Ag ions, were selected to test the antibacterial property.
The bacterial strains used in this study were S. mutans and
P. gingivalis. Most other studies have mainly chosen Es-
cherichia coli and Staphylococcus aureus to test the an-
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Fig. 8. The 3D confocal laser scanning microscope (CLSM) images of strains grown on specimens, the fluorescence of which
includes SYTO (green) for dead cells and PI (red) for live cells.

tibacterial properties of Ag nanoparticles [31,32]. There
are relatively few studies on the antibacterial properties of
Ag nanoparticles against pathogens for peri-implant mu-
cositis and peri-implantitis. The S. mutans and P. gingi-
valis we used in this study are two typical oral pathogens
which can be easily detected in the dental implant cavity
and play an important role in the etiology and pathogen-
esis of peri-implant inflammation [33]. It is important to
reduce the adhesion and aggregation of pathogens on den-
tal materials. Bacterial adhesion and colonization on the
surface play an important role in the antibacterial prop-
erty of materials. The bacterial adhesion is affected by
surface roughness, surface energy and hydrophobicity. It
has been demonstrated that the hydrophobic surface facili-
tates the antibacterial effect. The greater the hydrophobic-
ity is, the more difficult it is to adhere for bacteria. Sev-
eral studies have reported that bacterial adhesion and colo-
nization greatly reduce on hydrophobic PTFE surfaces [34].
However, other investigations showed that an initial biofilm
rapidly accumulates on PTFE surfaces. After being placed
in the molar region for 48 hours, Carolina found that the
biofilm that formed on the surface of polytetrafluoroethy-
lene was thicker than that of stainless steel [35]. This indi-
cated that relying on the high hydrophobicity of PTFE is not
sufficient for antibacterial properties. In this study, numer-
ous bacteria colonizes the hydrophobic surface of the PTFE
membrane, whereas the Ag5-PTFE exhibits a contrary re-
sult, suggesting that the decoration with AgNPs may be the
key reason for the antibacterial effect.

It is well known that Ag and Ag-based nanomaterials
have strong antibacterial ability against a variety of bacte-
ria. The exact antibacterial mechanism of AgNPs is still not
fully understood. The free Ag ions released from the Ag-
NPs can interact with thiol-containing proteins in the cell
wall, inhibiting its function [36,37]. The Ag ions then pen-
etrate through the bacterial wall, leading the DNAmolecule
to lose its replication ability, which subsequently leads to
cell death [38]. Moreover, compared to other salts, the Ag-
NPs display more efficient antibacterial activity due to their
large surface-to-volume ratio. The extremely large surface
area provides better contact with bacteria, which may al-
low the particles to attach to the cell membrane and easily
penetrate into the microorganisms. In addition, the reactive
oxygen species (ROS) generated by Ag ions and AgNPs
inhibit the respiratory chain complex enzymes in the bacte-
rial mitochondria, resulting in disruption of ATP production
[32,39]. As AgNPs are widely considered a highly-efficient
antibacterial agent, its application on the PTFE membrane
as an implant filling material appears promising in prevent-
ing clinical infection.

However, in order to further develop related products
and applications, we still need to conduct in vivo research
to verify the efficiency and safety of AgNPs-coated PTFE.

Conclusions

In this study, PTFE coated with Ag nanostructures was
successfully prepared by a facile method by using poly-

https://www.discovmed.com/


1112

dopamine as a reducing agent. The wettability of the sur-
face significantly improves after polydopamine and Ag-
NPs are coated onto the membrane. Moreover, the AgNPs-
coated PTFE membrane exhibits a robust antibacterial ac-
tivity against oral pathogens S. mutans and P. gingivalis,
an effect attributed to the AgNPs fabricated on the surface.
In summary, our findings provide preliminary insights into
the development of antibacterial strategies of dental implant
filling materials. This study may be helpful for the use of
AgNPs to prevent dental implant infection in the future.
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