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The in-situ formation of silver nanoparticles (AgNPs) via dopamine-reduction of Ag+ has been widely uti-
lized for titanium implants to introduce antibacterial properties. In previous studies, the preparation of
AgNPs has focused on controlling the feeding concentrations, while the pH of the reaction solution
was ignored. Herein, we systematically determined the influence of various pH (4, 7, 10) and Ag+ concen-
trations (0.01, 0.1 mg/mL) on the AgNPs formation, followed by the evaluation of the antibacterial prop-
erties in vitro and in vivo. The results revealed that an alkaline environment was favourable for AgNP
formation and resulted in more particles. Although the AgNPs bearing Ti had lower biocompatibilities,
it was significantly improved after 7 days of mineralization in simulated body fluid. The outstanding
antibacterial property of the AgNPs was well maintained after one day and seven days of implantation.
Moreover, 3D micro-CT modelling showed that the pH 10/0.1 group exhibited remarkable osteogenesis,
which may be due to their strong antibacterial properties and ability to promote mineralization.
Therefore, we have demonstrated that the solution pH was as important as the feeding Ag+ concentration
in determining AgNP formation, and it has paved the way for developing various AgNP-loaded surfaces
that could meet different antibacterial needs.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Biocompatible titanium (Ti) and its alloys are widely used in the
repair of hard tissues due to their desirable mechanical and
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biomedical properties [1]. However, a major limitation of these
implants is the possibility of failure due to infections, which often
cause serious harm and may require re-hospitalization, re-
operations and high economic costs and can even lead to death
[2–4]. Moreover, a tenacious microbe biofilm can form on the sur-
face and cause serious postoperative implant-associated infections,
which are very resistant to therapeutic approaches [5–7]. It has
been reported that 0.5–3.0% and up to 8% of primary and total
hip replacements, respectively, have failed due to bacterial infec-
tion [8]. Therefore, considering the interaction between bacteria
and biological materials is imperative when designing and manu-
facturing the next generation of implants.

Clinically treating infections relies on antibiotics, which are lim-
ited by the increase in antibiotic-resistant strains (e.g., methicillin-
resistant Staphylococcus aureus, MRSA) and their narrow-spectrum
activity [9–11]. Surface modifications, which give the implant
antibacterial properties, have emerged as candidates to exert
antibacterial effects in situ, and they may reduce the use of antibi-
otics [12–15]. The use of silver nanoparticles (AgNPs), which have
outstanding antimicrobial and anti-biofilm properties, has been
noted as an alternative strategy to combat bacterial biofilms [16].
They have received extensive attention due to their broad-
spectrum antibacterial activity and favourable stability that occurs
without the development of drug resistance [17–19]. Various
methods have been developed to incorporate Ag nanoparticles
onto Ti implants, such as sputter deposition [20], photoreduction
[21], plasma immersion ion implantation [22], and reduction by
polyphenols or catecholamines [23,24].

Dopamine (DA) has attracted enormous interest in recent years
due to the formation of mussel-inspired adhesive coatings [25–27].
DA forms a stable coating on various substrates and serves as a ver-
satile secondary reaction platform through a simple self-
polymerization to poly-dopamine (pDA) in a one-pot approach
[28,29]. Among the various secondary reactions initiated by pDA,
the reaction that reduces and immobilizes metal ions in situ is able
to facilitate the formation of surfaces with metal nanoparticles
[30,31]. Many researchers, including our group, have attempted
to utilize the pDA coating for in situ generation of AgNPs to yield
antibacterial bioimplants [32,33]. In 2011, Messersmith’s group
fabricated an AgNP-loaded pDA coating on polycarbonate, which
showed durable antibacterial activity and 7 days of sustained silver
release [34]. Yajie Xie et al. clarified that the chelation between
pDA and Ag+ is the critical factor for Ag stability and its continuous
antibacterial properties [35]. However, although AgNPs possess
outstanding antibacterial properties, their toxicity cannot be
ignored [36].

To date, considerable effort has been made to balance antibacte-
rial properties and toxicity by controlling the feedingAg+ concentra-
tion [37,38]. However, the pH of the Ag+-containing solution,
another key factor in AgNP generation, has not receive further atten-
tion. pH plays a significant role in AgNP formation and influences
the particle amount and size. It has been reported that smaller Ag
particles with larger specific areas exert better bactericidal effects
[39]. Additionally, morphology and size are closely related to pH
and influence the release rate of Ag+ and its activity against biofilms.
These propertiesmay synthetically impact the equilibriumbetween
toxicity and cytocompatibility [40,41]. As previous work showed,
there is an optimal amount and size of AgNPs, which lessens its tox-
icity to cells and tissue [42]. Therefore, regulating the pH and feed-
ing concentration of Ag+ is critical for optimizing the properties of
AgNP-bearing surfaces, but only a few studies have comprehen-
sively analysed both the pH and Ag+ feeding concentrations in the
AgNP formation system. Evaluating the biology combined with
the underlying mechanisms would also be indispensable.

Antibacterial demands vary among different patients and differ-
ent stages of implant integration; therefore, the adaptation of a
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bioimplant to meet physiological demands is essential [43–46].
For the initial implant stage, stronger antibacterial activity is
needed, and in the later post-implantation period, tissue repair is
more important. Hence, to adapt the antibacterial requirements
of different cases, AgNP-loaded surfaces with diverse amounts
and sizes of AgNPs are needed, and these variables depends on
the reaction conditions, which include the pH and Ag+ feeding
concentration.

In this study, different AgNP-loaded surfaces were prepared on
pDA-modified porous titanium by altering the concentration and
pH of the silver nitrate solution. After systematic in vitro and
in vivo evaluations, we confirmed that the solution pH was another
vital factor which is as important as the Ag+ feeding concentration
in determining AgNP formation and that various AgNP-loaded sur-
faces were fabricated successfully to meet different antibacterial
demands different implant stage.
2. Results and discussion

2.1. Characterization of AgNPs loaded coatings

AgNP-loaded coatings were characterized on the widely used
osteosynthesis material titanium. Titanium was alkali-treated to
prepare porous titanium (pTi) to improve cell adhesion. The porous
titanium was immersed for 24 h in a 0.25 mg/mL alkaline dopa-
mine solution for surface functionalization. Finally, AgNPs were
prepared on pDA-functionalized porous titanium by reducing Ag+

in silver nitrate. To investigate the influence of pH and the feeding
concentration of silver nitrate on AgNP generation, different pH
and feeding concentrations were applied, which included pH
4/0.01, pH 4/0.1, pH 7/0.01, pH 7/0.1, pH 10/0.01, and pH 10/0.1.

Water contact angles (WCAs) were determined to check the
wettability of different samples. As Fig. 1(A) shows, the WCA of
pTi was significantly reduced from 64.7� to 10.0 ± 0.5� compared
to that of polished Ti since the alkali treatment made the surface
porous and rich in hydroxyl groups. It increased to 33.7 ± 7.2� after
undergoing functionalization with polydopamine. With the load-
ing of AgNPs, the hydrophilicity of each group increased, which
may be due to the change in surface energy and morphology dur-
ing AgNP formation.

As AgNPs are the main functional unit in these coatings, and the
amount and state of Ag on the surface are important. To determine
the chemical states and elemental depth profiles of the AgNPs
formed on pTi-DA, these coatings were analysed by XPS, and the
results are presented in Fig. 1(B) and Fig. S1. The Ag doublet at
368.2 eV corresponds to Ag and Ag2O, and the peak at 374.2 corre-
sponds to Ag 3d3, and these both indicate AgNP formation. As
shown in Fig. 1(B), both the pH and the feeding concentration of
the silver nitrate solution significantly influenced AgNP formation
on the surface. More AgNPs were formed as the pH and feeding
concentration of silver nitrate increased, which suggests that the
antimicrobial activity of these coatings may also be modified by
these parameters. To further determine the type of Ag on the sur-
face, surface plasmon resonance spectroscopy was performed,
which is a standard tool for measuring the adsorption type of
nanoparticles. SPR peaks (Fig. S2) at kmax = 400 and 460 nm were
observed, indicating that AgNPs had formed [47]. The absorbance
intensity of AgNP solutions increased with increasing pH, which
indicated that there were increasing numbers of AgNPs. XPS and
SPR revealed the generation of AgNPs, and QCM-D was used to
determine the mode of AgNP formation. Once silver nitrate was
added, the resonance frequency for the pH 10/0.01 and pH 10/0.1
solutions rapidly dropped, while the other groups began to oscil-
late. The drop and oscillation may be attributed to the stability of
the newly synthesised AgNPs, which confirms that the reaction



Fig. 1. Characterization of AgNPs loaded coatings. (A) Water contact angles of Ti, porous Ti, pDA-coated porous Ti and AgNP-modified porous Ti. (B) Atom composition of Ag
on Ti, porous Ti, pDA-coated porous Ti and AgNP-modified porous Ti determined by XPS. (C) The result of QCM-D, which shows the frequency and amount change of AgNPs
formed on pDA-coated porous Ti. (D) SEM images of the surfaces.
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was stable under alkaline conditions, and more AgNPs were
formed when the pH increased to 10.

The surface morphologies of the Ti, pTi, pTi-DA, pH 4/0.01, pH
4/0.1, pH 7/0.01, pH 7/0.1, pH 10/0.01, and pH 10/0.1 samples
are shown in Fig. 1(D). Compared to the bare Ti, the NaOH-
treated Ti presented a uniformmicroporous morphology with mul-
tiple struts. Some of these pores were filled or bridged by the pDA
coating. Treatment with silver nitrate at different concentrations
and pH values caused major changes in the surface morphology.
As Fig. 1(D) shows, no obvious difference was observed on the sur-
face of pH 4/0.01 and pH 4/0.1 compared to pTi-DA. With the
increased pH of the silver nitrate solution (pH 7/0.01, pH 7/0.1),
evenly distributed nano-silver was observed. As the pH increased
to 10, the particles displayed spherical and irregular shapes and
were evenly dispersed on the surface. It can be concluded that
nano-silver particles successfully form on pDA-modified pTi, and
their amount and shape can be adjusted by the pH and feed con-
centration of the silver nitrate solution.

2.2. Antibacterial assessment

To evaluate the antibacterial properties of the AgNP-loaded
coatings, bacterial counting, inhibition zone, and live and dead bac-
terial assays were carried out. Bacterial counting and the zone inhi-
bition test showed that bacteria could not proliferate on the AgNP-
loaded coatings. Live/dead staining and replating showed that bac-
3

teria were killed rather than just having their proliferation inhib-
ited [6,48].

First, we placed various samples in inoculum with graded bac-
terial concentrations. As shown in supplementary Fig. S3, after co-
incubation for 6 h, the AgNP-loaded coatings significantly inhibited
bacterial proliferation and maintained a clear inoculum. The
antibacterial activity, determined as the clarity of the inoculum,
was dependent on the amount of AgNPs in the samples of the pH
7/0.1, pH 10/0.01, and pH 10/0.1 groups that showed the best
antibacterial properties.

Antibacterial activity is essential for an implant and can be
investigated via zone of inhibition (ZOI) tests and optical density
measurements. The samples were incubated with bacterial sus-
pensions for 24 h, and the quantity of bacteria was monitored by
measuring the optical density at 660 nm (OD 660). As shown in
Fig. S4, the Ag-free samples Ti, pTi, and pTi-DA did not present
antibacterial activity against S. aureuswhen the OD value exceeded
0.5 after 24 h of culture. Clear and translucent inhibition zones
(black circles) of different sizes (white numbers) were observed
around all nanosilver-modified samples except for pH 4/0.01, indi-
cating that they can inhibit growth or directly kill microbes around
them to varying degrees. The antibacterial properties increased
with increasing pH during the coating preparation, confirming
the results of the local antibacterial tests.

To simulate the physiological process after implants are placed
within the body, samples were immersed in simulated body fluid
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(SBF) for certain periods of time, and the mineralized surfaces were
again tested in bacterial suspensions and ZOI tests. After two days
of immersion in SBF, the mineralized M2-pH 7/0.01 and M2-pH
4/0.1 samples did not completely inhibit the growth of S. aureus,
as the OD of one of their inoculums exceeded 0.2 (Fig. 2(A)). How-
ever, the M2-pH 10/0.01, M2-pH 7/0.1, and M2-pH 10/0.1 samples
maintained good antibacterial activity. At the same time, the inhi-
bition zones around M2-pH 10/0.01, M2-pH 7/0.1, and M2-pH
10/0.1 were still clearly visible, although the sizes were reduced
(Fig. S4). For M4-pH 10/0.01 and M4-pH 7/0.1, the OD values of
the inoculums increased, while M4-pH 10/0.1 presented the best
antibacterial property. In addition, the ZOI experiment showed
that only M4-pH 10/0.1 produced an inhibition zone around the
sample, while the zones around the other samples disappeared,
indicating that mineralization inevitably reduced the antibacterial
activity of the AgNP-loaded coatings and that only the pH 10/0.1
group maintained sufficient activity after four days of immersion
in SBF.
Fig. 2. Evaluation of the antibacterial activity of AgNP-loaded coatings. (A) Bacterial qua
AgNP-modified porous Ti for 6 h. (B) The diameter of the inhibition zone around Ti, pore
and 4 days. (C) Antibacterial properties of Ti, porous Ti, pDA-coated porous Ti, and AgN
plating.
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To further investigate the antibacterial activity of these sur-
faces, spread plate assays were performed. S. aureus at a concentra-
tion of 105 CFU/mL was cultured on the specimens for 12 h and
spread on agar for colony counting. The results in Fig. 2(C) indicate
that bacteria substantially accumulated on Ti, pTi, and pTi-DA.
Conversely, the S. aureus colonies on AgNPs evidently declined;
only a few colonies formed on the plates of pH 10/0.01 and pH
7/0.1, and the pH 10/0.1 contained nothing, which agreed well
with the results of the ZOI assay. After 2 or 4 days of mineraliza-
tion, the antibacterial properties of all groups significantly
decreased, with the exception of the pH 10/0.1 group.

The live/dead assay allows the living and dead bacteria to be
visualized based on the colour change during the experiment. In
this assay, SYTO 9 and PI were used to stain living and dead cells,
respectively; SYTO 9 penetrates the cell membrane of both living
and dead bacteria and presents green fluorescence, while PI can
only penetrate the cell membrane of dead bacteria and emits red
fluorescence. Therefore, samples without antibacterial properties
ntity in the inoculum after incubation on Ti-, pore Ti-, pDA-coated porous Ti-, and
Ti, pDA-coated porous Ti, AgNP-modified porous Ti and sample mineralization for 2
P-modified porous Ti after mineralization for 0, 2, and 4 days determined by agar
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should be covered with green (live) bacteria, those with moderate
antibacterial properties should be covered with green and red
(dead) bacteria, and samples with potent antibacterial properties
should have neither since the powerful antibacterial specimens
kills the microbe at the first encounter and prevents adhesion [49].

As shown in Fig. S5, the antibacterial properties of these AgNPs
display a positive correlation trend with the amount of AgNPs in
the samples. Specifically, rapid and extensive adhesion of S. aureus
occurred on the surfaces of Ti, pTi, and pTi-DA. Few bacteria
Fig. 3. In vivo antibacterial assay of AgNP-loaded coatings. (A) Scheme of the in vivo a
cultures of samples after 1 day and 7 days implantation. (D) S. aureus re-cultures on ag
7 days.
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adhered to the AgNP-loaded surface, and the percentage of dead
cells was higher than that on the control. Microbial adhesion on
the surfaces of pH 7/0.01 and pH 4/0.1 was suppressed to 20%
and 15%, respectively, compared to that of Ti. Few bacteria were
observed on the surfaces of pH 10/0.01, pH 7/0.1, and pH 10/0.1,
which exhibited the highest antibacterial ability of these coatings.
After mineralization for 2 days, biofilms and an increased quantity
of bacteria were observed on the M2-pH 4/0.01, M2-pH 4/0.1, and
M2-pH 7/0.01 surfaces, while few bacteria were seen on the sur-
ntibacterial assay. (B) X-ray images of the femurs with the implants. (C) Roll-over
ar after dissociation from the embedded samples after implantation for 1 day and
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faces of M2-pH 10/0.01 and M2-pH 10/0.1, which illustrates that
the samples with more AgNPs possess better antibacterial activity.
After 4 days of mineralization, all samples except M4-pH 10/0.1
displayed general antibacterial properties, as their surfaces were
covered by dead bacteria, whereas nothing was seen on the M4-
pH 10/0.1 surface, indicating a long-term antibacterial ability.

To further study how long the antibacterial effect persists, fur-
ther antibacterial tests with the spread plate method and live/dead
staining of group pH 10/0.1 were performed after 5 and 7 days of
SBF immersion. Fig. S6(A) shows that almost no bacteria were on
the surface of M5-pH 10/0.1 compared with the widely adhered
live (stained green) bacteria on the pTi-DA surface, while a large
number of bacteria was observed on the surface of M7-pH
Fig. 4. Rhodamine 123 staining of MC 3 T
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10/0.1, but most of them lost vitality. In the bacterial re-culture
results (Fig. S6(B)), active bacteria on the surface of pTi-DA were
densely distributed on the plate. Few viable bacteria were
observed on the M5-pH 10/0.1 plate, while the number of vital bac-
teria on the surface of M7-pH 10/0.1 was increased compared to
that of M5-pH 10/0.1. Therefore, as the results showed, the pH
10/0.1 group has acceptable antibacterial activity in simulated
body fluids that can be maintained for at least 7 days.

2.3. In vivo antibacterial assay of AgNPs loaded coatings

To further determine the antibacterial ability of these AgNP-
loaded coatings in vivo, a rat model was developed with bacterial
3-E1 fibroblasts on various samples.
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injection in the femoral medullary cavity (Fig. 3(A)). X-ray images
of the animal model are depicted in Fig. 3(B) Specimens were
inserted in the medullary cavity after the injection of an S. aureus
suspension. After 1 and 7 days of implantation, the samples were
removed for further analysis. Roll-over cultures were conducted,
and the results are shown in Fig. 3(C): Massive bacteria were
observed on the Ti rod, whereas the bacteria on the AgNP-
modified rod were inhibited or killed, and the S. aureus colonies
were sporadic compared to those of pTi. AgNP-modified Ti rods
maintained their antibacterial ability after implantation for 1 and
7 days. To further verify the roll-over result, bacteria were
detached from the rod and re-cultured on an agar plate. As shown
in Fig. 3(D), massive bacterial colonies were observed on the agar
plate of the pTi group, while colonies of the AgNP-loaded groups
were significantly less than those on pTi, indicating that these
AgNP-modified coatings possessed in vivo antibacterial activity.
The antibacterial ability can be characterized by the number of
colonies on the agar plate, as shown in Fig. 3(D). Obviously, the
pH 10/0.1 sample possessed the strongest antibacterial activity,
followed by pH 10/0.01, whereas pH 7/0.1 was the worst. As
expected, the number of bacteria was reduced after 7 days of
implantation in contrast to the 1 day of implantation that occurs
due to tissue repair and the immune response.
Fig. 5. Co-culture of bacterial and cell or tissue. (A) Live/dead staining of fibroblasts and S
around different samples after 1 month of subcutaneous implantation.
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2.4. Biocompatibility of AgNPs loaded coatings

Since the pH 10/0.01, pH 7/0.1, and pH 10/0.1 samples dis-
played better antibacterial effects in the antibacterial evaluations,
we selected these three groups to assess osteoblast compatibility.
As shown in the fluorescence images in Fig. 4, after one day of cul-
ture, the quantities and spreading behaviour of cells was better on
the Ti, pTi, and pTi-DA than the AgNP-modified surfaces. After
3 days of culture, fewer cells adhered to the pH 10/0.01, pH
7/0.1, and pH 10/0.1 coatings than to the Ti, pTi, and pTi-DA coat-
ings, but the number of cells increased, which confirmed their bio-
safety to some extent. After 7 days of mineralization, the M7-pH
10/0.1 group showed better cytocompatibility than the pH 10/0.1
group. This corresponds to the physiological requirements in the
early implantation stage, where anti-infection is more important,
and tissue repair holds a more significant position in the later per-
iod. Similar phenomena were observed in the 5-day cell culture,
and the cells on mineralized samples had the best growth beha-
viour and were similar to the control. The amount and even growth
rate of cells on pH 10/0.1 increased, further confirming the biosaf-
ety of these AgNP-loaded surfaces. The results of the MTT assay
(Fig. S7) were in accordance with the fluorescence results, which
verified the exceptional biocompatibility of pH 10/0.1.
. aureus on various surfaces. (B) HE staining of local tissue (pretreated with S. aureus)
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2.5. Co-culture of bacterial with cell and tissue

Dental implants are used in a physiological environment where
cells and microbes coexist, and they require antibacterial proper-
ties [50]. Therefore, the co-culture of bacteria with cells was per-
Fig. 6. 3D micro-CT modelling of porous various samples. (Ai–Aiii) Quantitative assessm
tissue volume (BV/TV), Tb. N and Tb. SP value and A-iV) 3D micro-CT reconstructed im
expressed as the mean ± SD, n = 3. Statistically significant differences are indicated by *
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formed to evaluate the biological effect of antibacterial implants
in complex environments. As the fluorescence images show in
Fig. 5(A), massive bacterial colonies adhered to the Ti, pTi, and
pDA implants, while only a few MC3T3-E1 cells were observed
due to the overgrowth of bacteria. In contrast, more live cells
ent of new bone surrounding the implant according to the percentage of bone to
ages. (B) Schematic illustration of the induced osteogenesis supposal. Data were
p < 0.05, **p < 0.01 or *** p < 0.001 compared with porous Ti.
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adhered to samples that possessed moderate antibacterial beha-
viour, since antibacterial samples inhibit the proliferation of
microbes, which favours cell growth. It is well known that the
antibacterial property of these AgNP-loaded surfaces is associated
with cytotoxicity, so the cell viability in the bacterial infection
environment is determined by a balance of antibacterial activity
and cytotoxicity. As displayed in Fig. 5(A), two- and seven-day
mineralization of pH 10/0.01 and pH 7/0.1 (M2 and M7) caused a
decrease in live 3 T3 fibroblasts on the surfaces since the AgNPs
were partly covered by the mineralized layer. For the pH 10/0.1
group, even though the antibacterial ability was diminished as
mineralization proceeded, the inhibitory effect of AgNPs on the
cells was also decreased. As shown in Fig. 5, no bacteria were
observed on pH 10/0.01 after 7 days of mineralization; moreover,
the cells spread well, which indicates that the M7-pH 10/0.1 group
possesses the proper antibacterial capacity to maintain the balance
of the cell/bacteria co-exit environment.

Furthermore, the tissue response of pTi, 10/0.01, and pH 7/0.1,
10/0.01 samples with bacterial injections was determined after
subcutaneous implantation in SD rats. After implantation for
1 month, the tissue around the implants was harvested and HE
was stained for histological analysis. As shown in Fig. 5(B), fibrous
capsules, which are signs of tissue inflammation, were formed.
Therein, the capsule around pTi was thickest, whereas the AgNP-
loaded samples tended to prevent capsule formation. Since the
implantation-induced capsule was associated with tissue response,
the results revealed that the AgNPs did not cause severe inflamma-
tion. Moreover, their antibacterial properties could inhibit the ini-
tial inflammation caused by microorganisms, which makes these
AgNP-loaded coatings promising candidates for implants used in
infection sites.

After systemically evaluating the biological security of these
AgNP-loaded surfaces, 3D micro-CT analysis was carried out to
investigate bone regeneration under bacterial infection conditions.
Prior to implantation, S. aureus inoculum was injected, and then Ti
rods were implanted into the infected marrow cavity. According to
the results of Fig. 6(A-i), Ti rods modified with pH 10/0.1 and pH
10/0.01 presented the highest percentage of bone to tissue volume
(BV/TV), which may be due to their strongest antibacterial proper-
ties. Moreover, consistent with the BV/TV results, the increased
trabecular number (Tb. N) and lower trabecular separation (Tb.
SP) also demonstrated that pH 10/0.1 exhibited exceptional osteo-
genesis capacity. In contrast, as the 3D model of Fig. 6(A-iii) shows,
serious bone loss occurred around the porous Ti- and pDA-
modified Ti, which was incapable of antibacterial properties.

The gap between biomaterials and bone is a complex environ-
ment where bacteria, immunocytes and osteocytes intermingle
[51,52]. The crosstalk signalling between the skeletal system and
immune system has also been proven to dramatically influence
the whole bone repair process [53]. Once biomaterials are
implanted into bone, an immune response induced by foreign bod-
ies and bacteria occurs immediately, which is an early-stage event
associated with the inflammation and wound healing process [43].
Not considering the response induced by the foreign body, bacteria
are the main factor that influences the local immune response. The
inflammatory response caused by bacterial infection is initiated
with groups of pathogens and bacterial lipopolysaccharides, and
the uncontrollable inflammatory response leads to implant failure
by a systemic defence reaction [54]. The S. aureus that was chosen
to be injected into the marrow cavity is the most common patho-
gen in periprosthetic joint infections and stimulates immune cells,
especially macrophages, to secrete inflammatory cytokines such as
IL-1b, TNF-a, IFN-c secretion and iNOS production, ultimately lead-
ing to a decrease in bone tissue regeneration [55–57]. Thus,
implants with strong antibacterial ability can reduce the incidence
rate of infection-related inflammation, which favours bone regen-
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eration in some manners. AgNPs are recognized as important
antibacterial materials due to their effective and broad inhibition
of bacterial infection. Polydopamine with metal-binding and
reduction abilities can induce Ag+ to form AgNP coatings on vari-
ous substrates and trigger mineralization.

Mineralization is a spontaneous process that occurs in pDA-
modified implants in vivo, and it inevitably decreases the antibac-
terial property while increasing the cytocompatibility to a certain
degree. As such, when an implant is first inserted, these AgNP-
exposed surfaces play the main role of bacterial killing and inhibit-
ing bacteria-induced inflammation. As mineralization proceeds,
the antibacterial effect reduces, and the cytocompatibility of these
surfaces simultaneously improves. At this period, approximately
one week after implantation, the main demands of the issue
change. Tissue regeneration is the most important factor; thus,
phenolic hydroxyl groups that can chelate Ca2+ to trigger mineral-
ization are the main factors [58]. Therefore, it can be concluded
that the pDA-induced AgNPs could function throughout the whole
implantation stage. The antimicrobial activity of AgNPs is most
important aspect in the first stage of implantation, whereas the
phenolic hydroxyl groups that can trigger mineralization promote
tissue repair in the later stages of implantation.
3. Conclusions

AgNPs with a uniform distribution were successfully prepared
on porous Ti surfaces by pDA-induced reduction. We proposed
and proved that the amount and morphology of AgNPs can be con-
trolled by adjusting the feeding concentration and pH of the silver
nitrate solution. An alkaline environment and a high concentration
of silver nitrate were more conducive to generating AgNPs and
endowed Ti with better antibacterial properties. The AgNP-
loaded surface formed at pH 10 and a feeding concentration of sil-
ver nitrate 0.1 mg/mL possessed the most potent antibacterial
activity. Mineralization of the samples was carried out by immer-
sion in SBF for up to one week; after mineralization, the antibacte-
rial activity of these coatings decreased, while their
cytocompatibility was remarkably improved. Implantation experi-
ments revealed that these AgNP-loaded coatings function well
in vivo, and the tissue response in a bacteria-exposed environment
shows that the AgNPs on these coatings significantly prevent the
inflammation caused by microbes.

In conclusion, AgNP-loaded coatings with various antibacterial
abilities can be obtained by adjusting pH and feeding concentra-
tion of the silver nitrate solution; in vitro and in vivo study showed
the favourable cell- and tissue-compatibility by subsequent miner-
alization after implantation. The combined antibacterial property
and well biocompatibility endowed this strategy with great signif-
icance for clinical applications.
4. Experimental

4.1. Materials

Commercial pure titanium (Ti) was purchased from Baoji Non-
ferrous Metal Co., Ltd. (Shanxi Province, China). Dopamine, silver
nitrate, CaCl2 � 2 H2O, KH2PO4, NaCl, NaOH, Tris base, MTT, and
rhodamine 123 were purchased from Sigma-Aldrich. Foetal bovine
serum and a-minimum Eagle’s medium were purchased from
Gibco. Staphylococcus aureus (S. aureus) and the murine fibroblast
cell line MC3T3-E1 were obtained from ATCC. Other reagents were
purchased from Sinopharm Chemical Reagent Co., Ltd.

Four-week-old SD rats (male, approximately 200 g) were
obtained from the Experimental Animal Department of Anhui
Medical University (AHMU). All animal experimental methods
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were approved by the ethical committee of the AHMU, and all ani-
mal experiments were performed in accordance with the guideli-
nes of the AHMU.

4.2. Preparation of the AgNPs loaded coatings

Pure titanium discs were mechanically polished up to 2000 grit
and then ultrasonically cleaned with acetone, ethanol, and deion-
ized water sequentially. After soaking for 12 h in 5 M NaOH solu-
tion at 60℃, the titanium pieces were boiled with 100℃ deionized
water for 2 h and denoted as pTi (porous titanium). These titanium
discs were immersed in a 2 mg/mL dopamine solution (pH 8.5) for
24 h at room temperature and designated pTi-DA. Then, the pTi-DA
was immersed in silver nitrate (0.01 mg/ml, 0.1 mg/ml) solutions
of pH 4, 7 and 10 for 1 h at room temperature, which were denoted
as pH 4/0.01, pH 7/0.01, pH 10/0.01, pH 4/0.1, pH 7/0.1 and pH
10/0.1, respectively.

4.3. Characterization of the AgNPs loaded coatings

The surfacemorphologies of pTi andmodified Ti were character-
ized by scanning electron microscopy (SEM), and the surface com-
position was determined by X-ray photoelectron spectroscopy
(XPS). Water contact angle (WCA) analysis was performed with
deionized water at room temperature using a drop shape analysis
system (DSA 100), and five samples in each group were measured
twice. For mineralization, each specimen was soaked for two
months at 37℃ in phosphate buffered saline (PBS), which was col-
lected at predetermined intervals and replaced with a fresh sample
for mineralization. To further investigate the reaction mechanism,
surface plasmon resonance spectroscopy (SPR) was performed.
Twenty microlitres of dopamine solution (2 mg/mL) was added to
2 mL of silver nitrate (0.01 mg/ml, 0.1 mg/ml) solution at pH 4, 7
and10, and the SPRwasmonitored via aUV–Vis spectrophotometer.

The synthesis of the nano-silver process on the gold-plated chip
with a pre-deposited polydopamine film was determined by QCM-
D technology in real time. The QCM-D wafer was immersed in a
2 mg/mL dopamine solution at 37 �C for 24 h, and then the
QCM-D chip with the polydopamine film was cleaned and installed
in the QCM instrument. During the test, deionized water with the
same pH of the test solution was introduced until the frequency F
reached a constant value. Then, a silver nitrate solution with a cer-
tain concentration and pH value was continuously injected, AgNPs
were formed with decreasing frequency, and deionized water with
the same pH was injected when the solution reached a plateau to
remove the weakly bonded AgNPs. The change in resonance fre-
quency before and after the experiment is proportional to the
change in the mass of the coating.

4.4. Mineralization of the coating in simulated body fluid (SBF)

Mineralization is a natural behaviour on pDA-modified surfaces
after implantation; here, we use SBF as a substitute for interstitial
fluid and to simulate the in vivo environment. The SBF (pH 7.4) was
composed of 160 mM sodium chloride (NaCl), 4.22 mM sodium
bicarbonate (NaHCO3), 3.02 mM potassium chloride (KCl),
1.01 mM dipotassium hydrogen phosphate trihydrate (K2HPO4-
�3H2O), 1.52 mM magnesium chloride hexahydrate (MgCl2�6H2O),
2.63 mM calcium chloride (CaCl2), and 0.5 mM sodium sulfate
(Na2SO4), and was buffered by 50 mM Tris. The samples were
placed in 24-well plates and incubated with 1 mL SBF at 37 �C,
and the solution was replenished daily. The samples were removed
after one to seven days and rinsed with deionized water for 10 min.
The samples were denoted Mn-Ti, Mn-pTi, Mn-pTi-DA, Mn-pH
4/0.01, Mn-pH 7/0.01, Mn-pH 10/0.01, Mn-pH 4/0.1, Mn-pH
7/0.1, and Mn-pH 10/0.1, with n representing the incubation days.
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4.5. Antibacterial assay

S. aureuswas selected for the following bacterial evaluation as it
is the main pathogenic bacteria of metallic implants. S. aureus was
precultured in a brain heart infusion (BHI) for 24 h, and then it was
adjusted to a concentration of 105 CFU/mL for the antibacterial
assay. To simulate the early antibacterial properties of the coating
to further study the antibacterial effect, the samples were
immersed in SBF for 1, 2, 5, and 7 days. All samples were UV ster-
ilized prior to the antibacterial experiments.

4.5.1. Inhibition of biofilm formation
The surface biofilms were analysed by the spread plate method.

All samples were placed in 24-well plates after sterilization, and
1 mL of the bacterial suspension was added. After 12 h of static cul-
ture at 37 �C, the surviving bacteria on the samples were collected
into a new Petri dish by three washes with PBS. Then, the eluted
bacteria were diluted 105 times and cultured for 24 h on agar to
count the colonies.

Live and dead bacteria were fluorescently stained to evaluate
their viability. Samples were placed in a new 24-well plate and
then immersed in the bacterial suspension at a concentration of
105 CFU/mL. After 24 h incubation, samples were stained with acri-
dine orange and ethidium bromide, washed with sodium chloride
and observed by fluorescence microscopy. Viable bacteria with
intact cell membranes were stained green, whereas nonviable bac-
teria with damaged membranes were stained red.

The antibacterial rates (Ra) of adhered bacteria on the samples
were calculated based on the following formulas:

Rað Þð%Þ ¼ A� Bð Þ=A� 100%

where A indicating the average number of viable bacteria on Ti, pTi
and pTi-DA, and B is the average number of viable bacteria on other
specimens.

4.5.2. Antibacterial evaluation of the surrounding environment
The antibacterial activity on the surrounding environment was

tested by the following methods: 1) 1 mL 105 CFU/mL bacterial
solution was added to each well. After incubation at 37 �C for
24 h, 150 lL of bacterial suspension from each well was removed
for optical density measurements at 660 nm (OD 660) using a
microplate reader. 2) The bacterial solution was diluted with PBS
at different multiples according to the turbidity. One hundred
microlitres of the diluted solution was applied to each plate and
cultured at 37 �C for 24 h. Then, the colonies were counted, and
the original concentration was calculated. 3) The antibacterial
effect of the samples on S. aureus in the surrounding system was
determined by zone of inhibition (ZOI) tests. A 20 lL sample of
the test strain solution with a bacterial density of 107 CFU/mL
was uniformly spread onto an agar plate. The samples were placed
face down on agar medium and cultured at 37 �C for 24 h, followed
by measuring the ZOI diameters.

4.6. Cell morphology

The mouse osteoblastic cell line MC3T3-E1 was employed to
assess cytotoxicity. Cells were cultured in a-MEM containing 10%
foetal bovine serum (FBS) in a humidified atmosphere of 5% CO2

at 37 �C. The sterilized samples were placed in 24-well plates on
which the cells were seeded at a density of 1 � 105 cells/mL. A
600 lL cell suspension was added to each well, and the medium
was refreshed every 2 days. After incubation for 1, 3, and 5 days
in a cell incubator, loosely adherent cells were removed by gently
rinsing three times with sterile PBS, and then the samples were
transferred into 2.5% glutaraldehyde for 4 h for fixation. Subse-
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quently, these specimens were stained with rhodamine 123 for
15 min and observed with a fluorescence microscope.

4.7. Evaluation of competitive bacterial-cell adhesion

As widely reported, a sort of ‘‘race for the surface” between cells
and bacteria starts promptly after implantation [59]. Therefore, the
competitive adhesion between bacterial and mammalian cells was
evaluated to mimic the infection conditions. Eighty microlitres of
bacterial suspension with a density of 106 CFU/mL was added to
the surfaces of the samples and incubated at 37 �C for 4 h. Then,
MC3T3-E1 cells at a density of 1 � 105 cells/mL were added to each
well and cultured at 37 �C and 5% CO2. After 24 h, live-dead bacte-
rial staining was performed. The morphology and quantity of bac-
teria and cells were observed under a fluorescence microscope.

4.8. In vivo experiments

4.8.1. Subcutaneous implantation
Four-week-old SD rats were used in this study to evaluate the

biological responses of the surrounding tissues towards Ti plates
and AgNP-loaded samples. Briefly, 10 lL S. aureus suspensions
standardized to 0.5 McFarland standards (108 CFU/mL) were added
to the surfaces of the sterilized samples. The rats were anaes-
thetized by intraperitoneal injection of 1% pentobarbital prior to
surgery; their backs were shaved, depilated, and disinfected with
iodine. Then, a 10-mm longitudinal skin incision was made to
expose the superficial layer of the deep fascia. Blunt dissection
was performed with scissors to form a pocket in which the implant
was inserted with the modified surface towards the skin. Finally,
each subcutaneous pocket was sutured using a surgical thread.
After 1 month, the animals were euthanized, and the plates with
the surrounding tissues were harvested for further histological
analysis.

4.8.2. Marrow cavity implantation
SD rats were anaesthetized by intraperitoneal injection of 1%

pentobarbital. Both hind legs were shaved, depilated, and disin-
fected with iodine. After bonding to the operating table, the
femoral condyles of both hind legs were exposed by skin incision,
and a Kirschner wire (1.5 mm diameter) was used to drill a hole
through the cortical and cancellous bone. A volume of 20 lL S. aur-
eus suspension with a concentration of 103 cfu/mL was injected
into the cavity, and sterile implants (2 mm in diameter and
8 mm in length) were inserted. After implantation, the hole was
blocked by bone wax, and the wound was closed with a suture.
After 1 and 7 days, the samples were explanted, rolled on nutrient
agar plates, and immersed in 2.5 mL of BHI before being re-
cultured on agar. After one day of culture on agar, photos of the
re-cultured agar plate were taken.

4.9. Statistical analysis

Each test was repeated three times, and the results are
expressed as the mean ± standard deviation. The data were tested
for homogeneity and then assessed statistically using one-way
ANOVA and a Student-Newman-Keuls (SNK) post hoc test. In the
figures, statistically significant differences (p < 0.05) are denoted
with an asterisk (*).
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