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This work was focused on study of anti-infection ability and its underlying mechanism of a novel dental implant
made of titanium-copper (TiCu) alloy. In general, most studies on antibacterial implants have used a single
pathogen to test their anti-infection ability using infectious animal models. However, dental implant-associated
infections are polymicrobial diseases. We innovatively combine the classic ligature model in dogs with sucrose-
rich diets to induce oral infections via the canine native oral bacteria. The anti-infection ability, biocompatibility
and underlying mechanism of TiCu implant were systematically investigated in comparison with pure Ti implant
via general inspection, hematology, imageology (micro-CT), microbiology (16S rDNA and metagenome), his-
tology, and Cu ion detections. Compared with Ti implant, TiCu implant demonstrated remarkable anti-infection
potentials with excellent biocompatibility. Additionally, the underlying anti-infection mechanism of TiCu
implant was considered to involve maintaining the oral microbiota homeostasis. It was found that the carbo-
hydrates in the plaques formed on the surface of TiCu implant were metabolized through the tricarboxylic acid
cycle (TCA) cycles, which prevented the formation of an acidic microenvironment and inhibited the accumu-
lation of acidogens and pathogens, thereby maintaining the microflora balance between aerobic and anaerobic
bacteria.

1. Introduction

Dental implants are a popular option for replacing the missing teeth
[1]. Globally, 10 million dental implants are used annually for clinical
treatments [2]. However, implant-associated infections remain critical
challenges clinically. Approximately 80% of patients with implants were
reported to experience peri-implant mucositis, and peri-implantitis
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occurred in 28-77% of patients [3]. The major causes for these in-
fections are the faster microbial biofilm formation compared to the tis-
sue integrations on the surface of the implants [4]. In the oral
environment, microorganisms from oral fluids easily attach to the
implant surfaces, including saliva and gingival crevicular fluid. Then a
firm layer of bacteria accumulates together with the secreted glyco-
proteins and polysaccharides, known as biofilms [5]. Biofilms,
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especially those containing pathogens, may lead to persistent
peri-implant infections [6]. Hence, one ideal strategy to combat
implant-associated infections would be the introduction of antibacterial
actions to implant design and fabrication, including delivery of antibi-
otics or metal ions through implant surfaces [7,8] or antibacterial alloys
[9,10]. Previously, we developed a multi-functional titanium copper
(TiCu) alloy with both osteogenic and antibacterial potentials [11]. TiCu
alloy effectively inhibited biofilm formation in vitro, showing 99.5% and
90.0% antibacterial rates against S. aureus, a known orthopedic path-
ogen [12], and S. mutans, an oral pathogen [13], respectively. Another
preliminary in vivo study also confirmed that the surfaces of TiCu im-
plants possessed excellent anti-infective and osteogenic abilities [14].

Considerable number of researchers have been focusing on exploring
the anti-infective functions of the implants in animal models. The anti-
infection ability of Zn-Cu nails immersed with methicillin-resistant
Staphylococcus aureus was evaluated in rat femurs [10].
Ciprofloxacin-containing coatings on the porous titanium was implanted
with P. aeruginosa in murine subcutaneous tissues to examine the
infection [15]. Zhou et al. used tubercle bacilli to induce osteoarticular
tuberculosis disease in New Zealand rabbits and tested the therapeutic
efficacy of the drug-releasing hydroxyapatite scaffolds [16]. However,
these single-pathogen models were in vain to reveal the effect of diverse
oral microbiome on peri-implant infections. Especially, oral cavity
contains over 700 bacterial species [17], and peri-implant infections are
polymicrobial diseases, closely associated with the homeostasis of the
oral microbiota [18]. Additionally, the dysbiosis of oral microbiota may
induce not only diseases in the mouth, such as oral squamous cell car-
cinoma [19], but also systemic diseases, including diabetes and car-
diovascular diseases [20]. Thus, it is highly desirable or more
meaningful to establish a native oral infective environment in order to
evaluate the effect of anti-infective implants on the oral microbiota [21].

16S rRNA gene sequencing and metagenomic analysis have been
widely used to analyze the bacterial composition, diversity, and meta-
bolism of oral microbiota. A previous study demonstrated that byl6S
rRNA gene sequencing the diversity of oral bacterial communities
increased with the progression of peri-implant diseases [22]. Meta-
genomic analysis [23] was used to confirm that caries should be a pol-
ymicrobial disease related to interactions among Parvibaculum,
Syntrophus and Treponema. The ligature-induced peri-implant lesions
model has been a classic animal model to explore the effect of biofilm
accumulations on clinical measures, such as bleeding and bone re-
sorptions [24]. Moreover, increasing dietary sugars also threatens both
oral and systemic health [25]. Among them, frequent consumptions of
sucrose dramatically influence the biofilm development by the pro-
ductions of extracellular polymeric substances, which are key compo-
nents in biofilms [5]. For instance, sucrose can be fermented by
Streptococcus mutans to acidify the biofilms [26]. To sum up, with the
help of these advanced sequencing technologies, the combination of
sucrose-rich diets and the ligature model makes it possible to objectively
disclose the anti-infection mechanism of TiCu implant in the oral
infective animals.

In this study, we creatively establish an oral infectious environment
to investigate the anti-infection ability of TiCu implants through the
bacteria endogenous in canine oral, the ligature model, and sucrose-rich
diets, then 16S rRNA gene sequencing and metagenomics were per-
formed to explore the anti-infection mechanism and the biosafety of
TiCu implants. The results of this study provided a new knowledge to
understand the anti-infection mechanism of the antibacterial metal
implants.

2. Materials and methods
2.1. Preparation of TiCu implant

TiCu alloy was melted in a vacuum consumable furnace with a
nominal composition of Ti-5 wt.% Cu, and the ingot was deformed into a
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bar with diameter of 4 mm at 850 °C and annealed at 740 °C. Under this
processing, TiCu alloy with microstructure of a-Ti 4 TioCu assessed the
best superior strength and plasticity as well as good corrosion resistance
and antibacterial activity reported recently by our group [11,27], whose
elongation of can reach up to 26%, and the tensile strength of Ti-5 wt.%
Cu alloy with 740 °C heat treatment is up to 600 MPa, both far higher
than pure titanium at TA2 level according to GB/T 13810-2017. The bar
was machined into 24 implants (¢$3.6 mm x 8 mm) and achieved by
sandblasted with large grift and acid etching (SLA) treatment. Finally,
TiCu implants were cleaned with ethanol and sterilized with ethylene
oxide. The same size clinical implants made of commercial pure tita-
mium were chosen as a control group (Dentium, Korea) in all the ex-
periments, named as Ti implant. The surface morphologies and
roughness of the Ti and TiCu implants were measured by a scanning
electron microscope (SEM, SHIMADZU SSX-550, Japan) and the pro-
filometer (Micro XAM, KLA-Tencor, USA), respectively. The diameters
of the holes on the implant surfaces were analyzed from the SEM images
by Image J software, then the mean values are determined as the hole
diameters.

2.2. Surgical procedure

The animal protocol was approved by the Animal Ethics Committee
of Shenzhen Advanced Animal Study Service Center (Shenzhen, China,
Accreditation ID: AAS190105D-01 and AAS190106D-01). Twelve male
beagles (1 year old, 13-15 kg) with healthy oral cavities were randomly
divided into four groups (each group with 3 dogs). Therein, two groups
of animals were respectively implanted with Ti implants and TiCu im-
plants in the ligature and sucrose-rich diet model (i.e., infection model).
The infection model was used to assess the anti-infection abilities of
TiCu implants associated with the microbiology of plaque microbiota,
which was the focus of this work. The other two groups of animals were
respectively utilized to further verify the biosafety of Ti and TiCu im-
plants and their effects on the saliva microbiome in the normal im-
plantation model.

Briefly, all the animals underwent extractions of first to fourth pre-
molars in the bilateral mandibular, and three months later, implantation
surgeries were performed. All the surgical procedures were proceeded
under inhalation anesthesia with a mix of oxygen, nitrous oxide and
isoflurane.

Fig. laj presents the implantation diagram in the infection model,
each dog had 2 implants placed in the healed extraction sites on the
unilateral mandible (Fig. 1ap), the neck of implants was 1.5-mm-depth
below the bone crest. Subsequently, healing abutments (Dentium,
Korea) were screwed to the implants (Fig. lag) and cotton floss was
ligatured around the abutments, one floss end was exposed in the oral
and the other end was sheltered under the flaps. The flaps were sutured
and the abutments were exposed (Fig. 1a4). These animals were fed with
the soft diets containing sucrose (500 g per day). Two weeks after im-
plantations the sutures were removed. All the animals were routinely
monitored for swelling, dehiscence, and infection, supragingival and
subgingival plaques were collected monthly.

Fig. 1b; shows the implantation diagram in the normal implantation
model, after the same implantation method as described in the infection
model, implants were sealed by cover screws (Dentium, Korea) to avoid
peri-implant infections (Fig. 1 by and bs). The soft tissues were sutured
over the screws and implants (Fig. 1bs). These animals were fed with
normal soft food. Saliva was obtained after three months as the screws
were below the tissues.

Three months after implantations, all animals were sacrificed, the
mandibles and main organs were harvested and immersed in 10%
formalin for subsequent analysis, including brain, lung, heart, liver,
spleen, and kidney.
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Fig. 1. Implantation surgical procedures and surface characters of implants. (a) For the animals in ligature and sucrose-rich diet-induced peri-implant infection
model, four same implants were inserted into the dog mandible (a; and a,, two implants/side), the healing abutments were applied with ligatures (a3), and then the
flaps sutured through the abutments(as), these animals were then fed on sucrose-rich diets. (b) In normal implantation model, four same implants were also inserted
into the mandible (b, and b,, two implants/side), cover screws were used after implantations(bs), the flaps were sutured over the screws and implants(b,), and these
animals were fed normal diets. (c;) and (d;) Surface morphologies of Ti and TiCu implants, green rings indicate the holes formed by sandblasting treatment and the
yellow rings show the holes formed by acid etching treatment. (c2) and (d,) EDS surface scanning images of Ti and TiCu implants, respectively. (e) Diameters of holes

on the implant surfaces. (n = 3 per group) [Data are mean =+ s.d.].

2.3. Micro-computed tomography analysis

To visualize the peri-implant bone tissues in the infection model and
the normal implantation model, the harvested mandible specimen un-
derwent micro-computed tomography analysis (micro-CT, Aartselaar,
Belgium) with a resolution of 18 pm at 65 kV and 385 pA. Magnified
images of implants were obtained by selecting region of interest (ROI)
around the tissues. The ROI region was defined as a cylinder with a
radius of 360 pm from the implant surface and a height of 6 mm.
Qualitative analysis of the trabecular thickness (Tb. Th), trabecular
number (Tb. N), trabecular separation (Tb. Sp), bone volume/tissue
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volume (BV/TV), and bone surface/bone volume (BS/BV) was per-
formed using built-in software.

2.4. Histopathological analysis

In the infection model, the formalin-fixed mandibles were dissected
using a diamond saw (Buehler, USA) and processed for ground
sectioning [13], then these mandibles were embedded in Technovit
4000 VLC-resin (Kulzer, Friedrichsdorf, Germany) and cut in a
buccal-lingual direction using a cutting grinding unit (Exakt, Appara-
tebau, Norderstedt, Germany). From each block, two buccal-lingual
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sections including the implant were prepared. All the sections were
reduced to a thickness of 10 pm by micro-grinding and polishing using a
micro-grinding unit (Buehler, USA). The formalin-fixed main organs
were dehydrated and embedded in paraffin, including brain, lung, heart,
liver, spleen, and kidney, which were then sectioned by a microtome
(Buehler, USA) with thickness of 8 pm. Organs and mandibles sections
were all stained with hematoxylin and eosin (H&E) (Sbjbio, China) for
general observation and analysis. Briefly, sections were treated with
hematoxylin for 20 min and eosin solution for 20 min and then visual-
ized on an optical microscope (ZEISS, Germany). Evaluations focused on
the following aspects, including chronic intraosseous inflammation,
acute intraosseous inflammation, bone resorption and bone destruction,
with regards to TiCu implants on the peri-implant tissues. Analysis was
conducted in a blinded manner based on an established scoring system
with identical modifications [28,29]. Briefly, two experienced exam-
iners independently performed the histopathologic evaluation including
the above four factors, each factor was scored from 0 to 4 points, and the
histological score was calculated by adding four scores. Higher score
indicated a more severe peri-implant infection. When consensus be-
tween the two examiners was not achieved, an independent examiner
reviewed the histological findings to reach a final decision, the exam-
iners masked with regard to the implantation rendered to the extent
possible.

For the osseointegration assay, mandibles specimens were sequen-
tially immersed in methylene blue and acid fuchsin (Sbjbio, China) for
10 min. The images were observed on the optical microscope (ZEISS,
Germany). Bone-implant contact (BIC, %) rate was calculated as the
ratio of the length of the implant profile in direct contact with the bone
surface to the total length of the implant profile [13].

2.5. Blood collection and cytokine assay

In the infection model, 50 mL blood was collected monthly from the
forelimb veins of beagles and stored in serum gel tubes. Some fresh
blood samples were directly used to assess the level of leukocytes by a
blood cell count analyzer (Erba Msnnheim, UK). Other samples were
centrifuged for 10 min at 3000 rpm at 4 °C in order to collect the serum
for analysis of copper ions and cytokines, including interleukin (IL)-6,
tumor necrosis factor-a (TNF-a) and procalcitonin (PCT). IL-6 and TNF-«
were tested in a multiplex analyzer (Bio-Rad Laboratories, USA), and
PCT was analyzed via the immune analyzer (Roche, Germany) according
to the manufacturer’s instructions.

2.6. Copper distribution in blood and peri-implant tissues

The copper concentrations in the serum and organs in the two group
animals were measured by atomic absorption spectrometry (AAS, Agi-
lent, USA) for evaluating distribution of released copper ions from TiCu
implant in vivo. Furthermore, in the normal implantation model, the
copper content in the peri-implant bones was also measured to further
analyze the effect of TiCu implant on the bone tissues. 3-mm width of
bone tissues surrounding the implants were harvested to measure the
copper content by AAS.

2.7. Effects of TiCu implant on the oral microbiota

To reveal the effects of TiCu implant on the oral microbiome in
different models, 16S rRNA gene sequence technology was used to
analyze the microbiota compositions, and metagenomic analysis was
chosen to study the metabolism of oral microbiota. In consideration of
the implantation difference in two models, dental plaques were
collected in the infection model to further explore the anti-infection
mechanism of TiCu implant, and saliva was collected in the normal
implantation model to evaluate the biosafety of TiCu implant for oral
applications.
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2.7.1. Oral sample collection and microbial DNA extraction

Collection of oral samples followed the standard collection proced-
ures as set forth by the Human Microbiome Project [30] with proper
adjustments under general anesthesia. In the normal implantation
model, saliva was collected by natural discharge into a centrifuge tube
(5 mL per dog) three months after implantations. For the dogs in the
infection model, plaques around the ligatures of the healing abutment
and subgingival plaques were collected monthly using plastic loops to
avoid blood contaminations. All oral samples were stored at —80 °C until
the DNA extractions in BGI Research (BGI, Shenzhen, China). Microbial
genomic DNA was extracted by the epicentre masterpure gram positive
DNA purification kit (Epicentre, USA). The quantity of genomic DNA
was measured by qubit dsDNA BR assay kit (Invitrogen, USA), and the
quality was verified on 1% agarose gel.

2.7.2. 16S rRNA gene sequence and data analysis

The V4 region of 16S rRNA gene was amplified from the DNA ex-
tractions with degenerate PCR primers 515F (5'-
GTGCCAGCMGCCGCGGTAA-3") and 806R (5'-GGAC-
TACHVGGGTWTCTAAT-3'), and each primer was modified with Illu-
mina adapter, pad, and linker sequences. PCR enrichment was
performed in a total reaction volume of 50 pL containing: 30 ng DNA,
fusion PCR primer and PCR master mix (Applied Bioscience, USA),
which was incubated at 98 °C for 30 s, followed by 30 cycles of 98 °C (15
s), 58 °C (15 s), 72 °C (15 s) and a final elongation at 72 °C (60 s). The
16S amplicons were purified with agencourt AMPure XP-Medium kits
(Beckman, USA). Finally, 2 x 250 bp paired-end reads were generated
by sequencing on an Illumina HiSeq 2500 platform (Illumina, USA).

Following sequencing, raw reads shorter than 300 bp and any
remnant primer sequences were trimmed away, and then high-quality
paired-end reads were clustered into the operational taxonomic units
(OTUs) at a similarity level of 97%. The taxonomic classification of
OTUs was performed using Greengenes database (version 201305) on
Ribosomal Database Project (RDP, version 2.2) Classifier. Species com-
positions were created using GraPhlAn (http://www.graphpad.com),
heatmap analysis at phylum level was plotted with R software (https://
www.r-project.org/). Alpha diversity was estimated by MOTHUR [31].
Linear discriminant analysis Effect Size (LEfSe, https://huttenhower.
sph.harvard.edu/galaxy/) was used to identify the significant differ-
ence of species associated with Ti or TiCu implants, and spearman cor-
relations of those different species were also analysis using R software.

2.7.3. Metagenomic sequences and data analysis

Genomic DNA was randomly fragmented by a focused-ultrasonicator
(Covaris, USA). DNA fragments, 200-400 bp in size on average, were
selected by magnetic beads, then end-repaired, 3’ adenylated, and
ligated to adapters. After PCR amplification and purification, single
strand circle DNA was obtained by heat denaturing and formatted as the
final library. The qualified libraries were sequenced on BGISEQ-500
(BGI, China). High-quality reads were trimmed by SOAPnuke [32] and
assembled de-novo using Megahit software (https://github.com/voutc
n/megahit). Genes were predicted over contigs by using MetaGene-
Mark (version 2.10), and redundant genes were removed using CD-HIT
[33]. The gene sequences were aligned against the Kyoto Encyclopedia
of Genes and Genomes database (KEGG, version 89.1) by DIAMOND
with an E value cutoff of 1e-5. The different KEGG pathways in the
microflora associated with Ti or TiCu implants were identified according
to reporter scores (Ti: scores < —1.65, TiCu: scores > 1.65). Meanwhile,
the sequences were aligned against the Antibacterial Biocide & Metal
Resistance Genes Database.

2.8. Data and materials availability
All the data needed to evaluate the conclusions were present in the

study. Illumina paired-end raw reads of 16S rRNA gene sequences and
BIGSEQ paired-end raw reads of metagenomic sequences analyzed for
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this study were deposited in the NCBI's Sequence Read Archive (SRA)
database under accession number (SUB8712988 and SUB8713343) and
BioProject (PRINA684049 and PRINA684764), respectively.

2.9. Statistical analysis

All the morphological, physiological, micro-CT and histomorpho-
metric results were analyzed using Student’s t-test in the SPSS software
(SPSS Inc., USA). Three dogs were allocated to each group in the ex-
periments for statistical analysis. The results were presented as the
mean + standard deviation. Additional statistical analysis was done
using R software (version 3.4.1), and Wilcoxon rank-sum test and
various packages were used to value the effects of Ti and TiCu implants
on the plaque and saliva microbiology. The results were considered
statistically significant at * P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results
3.1. Surface characterizations

As shown in Fig. 1c and d, both commercial Ti and TiCu implants
showed typical SLA topographies with honeycomb-like holes. The di-
ameters of sandblasting holes and etching cavities on both implants
were similar, ranging in 10-20 pm and 1-3 pm, respectively (Fig. le).
The Cu element centralized around the etching cavities on the surface of
TiCu implant (marked by the blue points in Fig. 1dg). The surface
roughness of Ti and TiCu implants was respectively 1.57 + 0.82 pm and
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2.01 + 0.18 pm without significant differences, which were optimum
roughness of implants with strong bone responses [34].

3.2. Ligature and sucrose-rich diet-induced infection model

In this work, we induce peri-implant infection by native oral
microbiota in order to assess the anti-infective ability and biosafety of
TiCu implants, including visual observations, histopathological analysis,
blood leukocyte analysis, cytokine analysis, and released Cu content
evaluation. Moreover, the effect of TiCu implants on the plaque micro-
biology was explored by 16S rDNA and metagenomic sequencings to
study the underlying anti-infective mechanism.

3.2.1. Visual inspection

Visual inspection was designed to analyze the inflammatory re-
sponses of the peri-implant soft tissues (Fig. 2a). Gingival tissues around
Ti implants were infected by swelling at 1 month (1 M), and bleeding on
probing (BOP) at 2 month (2 M) and 3 month (3 M) as marked by the
yellow arrows. In contrast, the tissues surrounding the TiCu implants
were healthy with normal appearance and no BOP. All implants adhered
firmly with the bones.

3.2.2. H&E staining

To further reveal the anti-infection ability of TiCu implant, H&E
staining was used to observe the peri-implant tissues. Histological score
of TiCu group was significantly lower than that of Ti group (Fig. 2b),
which indicated the excellent anti-infection ability of TiCu implant.

Fig. 2. Anti-inflammatory analysis of Ti and TiCu implants in the infection model. (a) Visual inspections of gingival tissues surrounding Ti or TiCu implants, yellow

arrows showing swelling and bleeding of the gums. (b) Statistical analysis of histological scores,

P < 0.001. (c) and (d) H&E staining analysis of mandibles tissues

around Ti or TiCu implants at 3 months. (¢, ¢a, d1, and d,) Local images of tissues surrounding the Ti or TiCu implants, yellow stars showing the inflammatory cells,
and green stars showing the osteoblasts (n = 3 per group) [Data are mean + s.d. and ***p < 0.001 compared with the pure Ti implant].
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Besides, it was shown that apparent inflammatory cells and thick fibrous
layers gathered in the soft tissues around Ti implant (yellow stars,
Fig. 2cy), and the fibrous tissues rather than bone tissues directly
covered the neck of Ti implant (yellow lines, Fig. 2¢). In contrast, slight
inflammatory response (Fig. 2d;) and more osteoblasts (green stars in
Fig. 2dp) distributed around TiCu implant. Meanwhile, the bone tissues
completely covered the TiCu implant (yellow line in Fig. 2d), which also
confirmed that TiCu implant could effectively inhibit the inflammatory
reactions in the gingival tissues.

3.2.3. Micro-CT analysis

Micro-CT analysis is the most basic and intuitive method to assess
peri-implant bone tissues, where bone is indicated by green color.
Slightly bone resorption with depth of 1 mm was detected around the Ti
implant (Fig. 3a;). Furthermore, dense bone tissues surrounded the
bodies of both types of implants. In the enlarged views (Fig. 3ag and 3by)
where bone tissue was marked in red and implants were shown in grey,
numerous bone tissues evenly covered the thread profiles of the TiCu
implant, while fewer bone tissues heterogeneously distributed around
the Ti implant, which indicated TiCu implant had a tendency to improve
osseointegration. Quantitative analyses of micro-CT also confirmed the
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above detections, both Tb. N and BV/TV values of TiCu group showed a
higher trend than those of Ti group (Fig. 3c and e), yet without signif-
icant differences (P > 0.05), indicating that both Ti and TiCu implants
had similar osseointegration in the infection model.

3.2.4. Methylene blue and acid fuchsin staining

To observe the osseointegration of the bone-implant interface,
methylene blue and acid fuchsin were performed. In Fig. 3g, newly
formed bones (NB) intensively distributed on the grooves of Ti implant,
while NB evenly surrounded the TiCu implant profiles and more obvious
hydroxyapatite layers appeared at the implant/bone interface (orange
arrows in Fig. 3h), besides TiCu implant had a higher BIC rate than Ti
implants in Fig. 3i. These results also indicated TiCu implants had a
tendency to improve osseointegration compared with clinical pure Ti
implants.

Based on the above results, dogs inserted with Ti implants were
diagnosed for peri-implant mucositis with BOP and severe inflammatory
responses with less than 2 mm depth of bone resorption, and the
continual development of peri-implant mucositis could eventually lead
to failures of implantation [18,35]. In contrast, animals with TiCu im-
plants were still healthy in the infection model. To explore the

Fig. 3. Osseointegration analysis of Ti and TiCu implants in the infection model. (a;) and (b;) micro-CT images in the buccal-glossal direction, green color reflecting
bone density. (a,) and (b,) enlarged images of Ti and TiCu groups, grey representing the implant, and red representing the bone tissues. Quantitative analysis of (c)
trabecular number, (d) trabecular separation, (e) bone volume/tissue volume. (g) and (h)histological observations of the bone tissues around Ti and TiCu implants.
OB: original bone; NB: newly formed bone marked by red arrows; yellow arrows show the hydroxyapatite layers, and green arrows show the Haversian system. (i)
Bone implant contact rate (n = 3 per group) [Data are mean =+ s.d. and *p < 0.05 compared with the pure Ti implant].
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anti-infective mechanism of TiCu implants, the plaque microbiota was
further analyzed, including species compositions and metabolic
pathways.

3.2.5. Plaque microbial composition

In the infection model, 2,552,014 high-quality paired-end reads were
obtained by 16S rRNA gene sequences and assigned to 631 OTUs. Based
on the phylogenetic tree of seed sequences in Fig. 4a, the plaque
microbiota on Ti and TiCu implant surfaces can be classified into 23
phyla, 42 classes, 61 orders, 92 families, and 150 genera. The dominant
phyla (relative abundance >1%, Fig. 4b) included Bacteroidetes
(50.5%), Firmicutes (15.5%), Proteobacteria (14.6%), Spirochaetes
(3.5%), Synergistetes (3.3%), Actinobacteria (2.1%), and Chlorobi
(1.9%) from 1 M to 3 M. However, Euryarchaeota and SR1 were only
enriched in the plaque on the Ti implant. Plaque samples of Ti and TiCu
groups at 1 M and 3 M were clustered together (Fig. 4b), indicating their
similar microbial compositions. Therefore, the samples of 2 M and 3 M
were selected to further analyze the significantly different genera.

Alpha diversity was also analyzed to reveal the effect of TiCu implant
on plaque microbiome. In Fig. 4c and d, both observed species and
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Shannon indices revealed that TiCu implant had no effect on the di-
versity and richness of the oral microbiota.

3.2.6. Significant difference of genera in plaques attached on Ti and TiCu
implant surfaces

In order to detect the microbial composition differences of Ti and
TiCu groups, LEfSe analysis of microbiome profiles up to the genus level
was performed. The endogenous genera in the Ti group at 2 M contained
VadinCA11, Oscillospira, Phascolarctobacterium, Oxalobacter, Bilophila
and Sphaerochaeta (green nodes, Fig. 4e). The plaque from the TiCu
implant enriched Filifactor and Bergeyella, which were presented in red
nodes. At 3 M, Ti implants accumulated more endogenous genera,
including VadinCA11, Blvii28, Lactobacillus, Streptococcus, Desulfobulbus,
Campylobacter and Pasteurella (Fig. 4f). Prevotella, Catonella and p-75-a5
were the significant genera in the TiCu group.

Correlation analysis of the endogenous genera attached to Ti and
TiCu implants was also performed in Fig. 5a and b, which was calculated
via the relative abundances of those genera in all the samples. Positive
correlations were observed among the genera in each group and were
indicated with red circles. However, negative correlations were found

Fig. 4. Dental plaque microbiome compositions in the infection model. (a) Species composition tree, colorful circles showing the richest phyla in all samples and
colorful peripheral rings representing the relative abundance of taxonomic microflora of Ti and TiCu groups from 1 M to 3 M. (b) Heatmap analysis at the phylum
level, “Others” representing the sum of species whose abundance was less than 0.5% in all samples. Alpha diversity analyses of (c) Observed species and (d) Shannon
indexes. (e) and (f) LEfSe analysis of microbiome profiles up to the genus level at 2 M and 3 M, respectively (n = 3 per group) [Data are mean =+ s.d.].
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Fig. 5. Metagenomics analysis in the infection model. (a) and (b) correlation analysis of different genera at 2 M and 3 M, red circles showing positive correlations,
and blue circles showing negative relationships. (c¢) and (f) Different metabolisms at 2 M and 3 M, pink and blue bars representing metabolism from the plaque on the
Ti (scores < —1.65) and TiCu implants (scores > 1.65). (e) Heatmap analysis of metal resistance genes (top 10). (f) Relative abundance of Cu resistance gene (n = 3
per group) [Data are mean =+ s.d.].
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between the endogenous genera in the plaque of Ti and TiCu implants
and were marked with blue circles, indicating that the endogenous
genera of TiCu group were competitive against those of Ti group in all
plaques.

3.2.7. Metabolism and resistant genes analysis

Metagenomic sequencing was used to study the effect of TiCu
implant on the bacterial metabolism in the plaque microflora. At 2 M
(Fig. 5c¢), among the amino acid metabolic pathways, phenylalanine
metabolism was abundant in the microflora from the Ti group, while
alanine, aspartate and glutamate metabolism were enriched in the
microflora on the TiCu implant. Among the carbohydrate metabolic
pathways, the citrate cycle, which only exists in aerobic respiration, was
enriched in the plaque on TiCu implant. The plaque microflora on TiCu
implant had an enrichment of cofactors and vitamin metabolic path-
ways, while membrane transport and translation pathways were
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abundant in the plaque on Ti implant.

As compared with 2 M, more metabolisms were detected in the
microflora on Ti implant at the 3 M (Fig. 5d). For the amino acid
metabolism, the microflora from Ti group were enriched in the glycine,
serine, threonine, valine, leucine, isoleucine, phenylalanine, tyrosine
and tryptophan biosynthesis pathways. For the carbohydrate metabo-
lisms, starch and sucrose metabolism were abundant in the microflora
from the Ti group, while the microflora from the TiCu group were
enriched with pentose and glucuronate interconversions pathway,
which are connected to the TCA cycle.

Finally, the metal resistance genes in the plaques were also analyzed
in Fig. 5e, the abundances of Mn, Zn and Fe resistant genes were the
highest among all the samples and there was also no significant differ-
ence in Cu resistance genes within the microflora from the Ti and TiCu
groups at each month in Fig. 5f, which revealed that TiCu implant have
no effect on the Cu resistance genes in the plaque.

Fig. 6. Biosafety analysis in the infection model. (a) and (b) Histopathological analysis of major organs in animals with the Ti and TiCu implants, respectively. (c)
Copper content in the major organs. (d) Copper content in the serum at each month. (e) Leukocytes. (f-h) Quantitative analysis of cytokines, including interleukin-6,
tumor necrosis factor-o, and procalcitonin (n = 3 per group) [Data are mean =+ s.d. and *p < 0.05 compared with the pure Ti implant].
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3.2.8. Biosafety analysis of TiCu implant

Histopathological analyses on major organs in Ti and TiCu groups
were performed by H&E staining (Fig. 6a and b), including brain, lung,
heart, liver, spleen, and kidney. Except for the local inflammatory cell
infiltration in the lungs of animals with Ti implants (yellow circle), the
other organs were healthy in both groups, indicating good biosafety of
TiCu implant.

Fig. 6¢c and d show the copper contents of the organs and serum. The
copper content in the serum of animals with Ti implants was higher than
that of animals with TiCu implants at 2 M. There were no significant
differences among the organs or serum copper concentration during the
other time periods. More than 90% of the copper in serum was in the
ceruloplasmin, which is an acute-phase protein (APP). The level of APP
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was shown to increase with the development of infections [36,37]. The
serum copper concentration was increased in the animals with Ti im-
plants due to the peri-implant mucositis. The copper content in the
major organs was highest in liver, followed by kidney, brain and heart,
and then spleen and lung. These results were consistent with a previous
study [36]. There were no significant differences in the copper content
in the major organs between the two groups. Additionally, the number
of leukocytes and cytokines in animals with Ti and TiCu implants were
in the normal range at each time (Fig. 6e-h). These results indicated that
both Ti and TiCu implants had good biosafety.

Fig. 7. Analysis in the normal implantation model. (a) and (b) Visual study and micro-CT images in animals with Ti and TiCu implants. (c) Quantitative analysis of
BIC ratio. (d) Copper content in peri-implant bones. (e) Observed species analysis. (f) Shannon analysis. (g) Species composition tree of saliva samples. (h) LEfSe
analysis of saliva microbiome profiles up to the genus level (n = 3 per group) [Data are mean + s.d.].
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3.3. Normal implantation model

In order to further value the biosafety of TiCu implant, the normal
implantation model was developed, and general observations, micro-CT
analysis, copper content evaluation and saliva microbiota were per-
formed. The gums of the animals with Ti and TiCu implants were healthy
with normal color, without bleeding or festers (Fig. 7a and b). The
micro-CT images showed that numerous dense bone tissues spread
around both Ti and TiCu implants without significant differences in the
BIC rates between the two implants (Fig. 7c). The copper concentrations
in the peri-implant bones were 0.45 pg/g and 0.55 pg/g for animals with
Ti and TiCu implants, respectively (Fig. 7d). All these results indicated
that both Ti and TiCu implants demonstrated suitable osseointegration
and biosafety.

In the normal implantation model, saliva samples were harvested to
explore the effect of TiCu implant on the oral microbiome. The taxo-
nomic compositions of saliva samples included 11 phyla, 16 classes, 22
orders, 52 families, and 67 genera. Herein, Firmicutes, Proteobacteria,
Bacteroidetes, Fusobacteria, and Actinobacteria were the most abundant
phyla in all the samples (Fig. 7g). The alpha diversities of the saliva
microflora from animals with Ti and TiCu implants were also no sig-
nificant differences (P > 0.05, Fig. 7e and f), which further revealed the
similarity between the saliva microbial compositions of animals with Ti
and TiCu implants in the normal implantation model. Significantly
different species between the two groups were also analyzed (Fig. 7h).
The saliva microflora from the animals with Ti implants enriched
Micriobacteriaceae, Weeksellaceae, Streptococcaceae and Mogibacter-
iaceae, while the abundance of Burkholderiales was higher in the
microflora of animals with TiCu implants.

4. Discussion

With widely applications of dental implants, good osteointegration
and sufficiently anti-infection ability are most desired to combat the
implant-associated infections in clinic. While most researchers used
single-pathogen induced infection models to assess the anti-infective
implants [38,39], which neglected the effect of oral microbiome on
the peri-implant infections. In this study, we combined the classical
ligature induced peri-implant infection model with the sucrose-rich diet
to explore the anti-infection mechanism and the biosafety of TiCu
implant from the oral microbiology to peri-implant and organ tissues.

4.1. Anti-infection mechanism of TiCu alloy implant from the oral
microbiology in the infection model

In the infection model, the visual assessment and histopathological
analysis (Figs. 2 and 3) suggested that animals with Ti implants pre-
sented peri-implant mucositis. In contrast, animals with TiCu implants
had healthy peri-implant tissues, which proved the anti-infective ability
of TiCu implant in the oral infectious environment. Then we investigated
the anti-infective mechanism of TiCu implant based on the plaque
microbiology.

At the genus level of plaque microflora, only anaerobic bacteria were
enriched in Ti implant surface at 2 M (Fig. 4e), including acidogenic
bacteria and methanogens with obvious symbiotic relationships
(Fig. 5a). Among them, both Sphaerochaeta and Synergistaceae were
reported to be abundant in the plaque of patients with peri-implant
mucositis and peri-implantitis [40]. At 3 M (Fig. 4f), pathogens,
including Pasteurella and Campylobacter, acidogenic bacteria, and
methanogens were obviously abundant in Ti group, where Lactobacillus
and Streptococcus have been reported to generate lactic acid, which can
be utilized by Desulfobulbus [41]. Blvii28 has been demonstrated to
metabolize sugars into hydrogen under anaerobic conditions, and
vadinCA11 utilizes hydrogen as an electron donor to produce methane
[42]. These symbiotic bacteria could cooperatively acidify the plaque
environment on Ti implant, and these disrupted microflora in the
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animals with Ti implants caused peri-implant mucositis to occur. In
contrast, the endogenous microbiota on the TiCu implant surface at 2 M
included Bergeyella, an aerobic bacterium and a dominant group in the
healthy canine mouths [43], as well as Filifactor, an anaerobic bacterium
that commonly colonizes the healthy periodontium [44]. At 3 M, the
endogenous bacteria in animals with TiCu implants included Prevotella,
a core group in gingival sulcus [45], Catonella, an anaerobe, and p_75_a5,
a facultative anaerobe. These results suggested that TiCu implant can
still maintain the oral microbiota balance in the infection model.

Except for the analysis of the dental plaque microflora, this work also
investigated the effect of TiCu implant on the metabolisms at the gene
level, thereby revealing the anti-infective mechanism of TiCu implant.
The metabolism supports the growth and survival of microbiota [46],
and carbohydrate metabolism fuels cellular activities with carbon and
energy. The starch, sucrose and galactose metabolic pathways, whose
products can be utilized by the endogenous anaerobes to acidify the
plaque, were plentiful in the microflora attached to Ti implant (Fig. 5¢c
and d). For instance, p-glyceraldehyde 3-phosphate and alpha-p-glucose
6-phosphate participate in the pentose phosphate pathway (HMP) and
glycolytic pathway (EMP), and generate the acidic by-products [47].
However, the microflora formed on TiCu implant surface metabolized
carbohydrates via the TCA cycle and generated plenty of ATP, and the
citrate cycle is the well-known pathway in aerobic respiration [47],
which is consistent with the aerobic microflora on the surface of TiCu
implant.

In addition to the carbohydrate metabolism, some anaerobic and
acidogenic bacteria can also ferment the amino acid via the gluconeo-
genic pathway to produce acids. For instance, the acid-producing
capability of the microbiota isolated from dental caries increased with
the content of several amino acids, including valine, leucine, isoleucine,
phenylalanine, tyrosine, and tryptophan [48]. Notably, these amino
acids significantly accumulated in the microflora from Ti implant
(Fig. 5c¢ and d), which acidified the plaques. Moreover, phospho-
transferase system [49] is a vital acid-producing pathway of Strepto-
coccus found in the plaque on Ti implant as well. The flagellar assembly
pathway is associated with motile bacteria, such as Sphaerochaeta, and
flagella are involved in not only the motility and chemotaxis, but also
the secretion of virulence proteins [50]. Similarly, the protein export
pathway is probably related to Pasteurella [51], which can release toxins
into the plaque on the Ti implant. In contrast, TiCu implant sustained the
metabolic balance of the microflora, including the metabolism of
methane, cofactors and vitamins. Copper ions released from TiCu
implant can boost Proteobacteria and Verrucomicrobia to utilize the
methane, which prevents the formation of complete anaerobic plaque
[52]. Moreover, the microbiota attached on TiCu implant was able to
biosynthesize the folate, which is a methyl donor and nucleotide syn-
thesis source for both the microbiota and the host [53]. Additionally,
copper is an essential element for complex IV of the electron transport
chain, as it forms Cu-porphyrin [54], we also found that TiCu implant
enriched the metabolism of porphyrin and chlorophyll to promote the
aerobic respiration in the microflora, as shown in Fig. 5¢ and d.

Based on the above analysis, we summarized the underlying anti-
infection mechanism of TiCu implants, which was shown in Fig. 8. In
the infection model, the endogenous species in the microflora on the
surface of Ti and TiCu implants led to significant differences in the
carbohydrate metabolism, as the results of the sucrose-rich diets. In the
plaque on Ti implant, anaerobes produced acids to acidify the micro-
environments, which was also advantageous for the accumulations of
acidogenic bacteria and pathogens. As dysbiosis occurred, the bacteria
eventually colonized and infected in the peri-implant tissues, causing
peri-implant disease in animals. In contrast, TiCu implant maintained
the metabolic balance and prevented the formation of the acidic envi-
ronment, and at the microflora level, TiCu implant preserved the bal-
ance of anaerobes and aerobes, thus maintaining the health of the peri-
implant tissues and preventing the formation of the peri-implant
diseases.
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Fig. 8. Schematic representation for anti-infective mechanism of TiCu implant in the ligature and sucrose-rich diet-induced model. The microflora in animals with Ti
implant metabolized the sucrose to acidify the environment and disturb the plaque microflora, and this microdysbiosis resulted in the peri-implant mucositis to occur.
While the microflora on the TiCu implant sustained a metabolic balance, avoiding the acid plaque and maintaining the microflora balance of aerobic and anaerobic
bacteria. TiCu implant preserved healthy peri-implant tissues. This diagram was created with BioRender.com.

4.2. Effect of TiCu implant on the saliva microflora in the normal
implantation model

The effect of TiCu implant on the saliva microbiome was examined in
the normal implantation model due to the local environment in the
mouth communicated with one another via saliva [55]. The core
microbiota and diversity of the saliva microflora were similar between
the animals with Ti and TiCu implants (Fig. 7). Among the endogenous
species in the saliva of animals with Ti implants, Mogibacteriaceae was
previously related with an extraoral abscess [56], Streptococcaceae was
an acidogenic bacteria, and both Micriobacteriaceae and Weeksellaceae
were identified in the mouth of healthy dogs [57]. Additionally, salvia
from animals with TiCu implants was enriched with Burkholderiales,
whose member, Burkholderia cepacian, is a pathogen associated with skin
infections [58]. All animals in the normal model were healthy without
skin and peri-implant diseases. Based on the analyses of the histology
and the saliva microbiome, both Ti and TiCu implants kept the balance
of the saliva microbiota, maintained the health of the peri-implant tis-
sues, and promoted good osseointegrations between the bone and
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implant.
4.3. Biosafety analysis of TiCu implant

Titanium implants have been commonly used due to their excellent
biocompatibility, good mechanical properties, and high corrosion
resistance. For instance, a 5-year retrospective clinical study showed
that the Dentium implants have a cumulative survival rate of up to
97.37% [59]. Therefore, Dentium implants were chosen as the control
group in this study. A previous study demonstrated that TiCu alloy
possessed higher strength and better corrosion resistance [27], which is
a predominant factor for long-term service in the human body. Biosafety
is a critical factor for future clinical applications. As following, the
biosafety of TiCu implant was comprehensively discussed on the
compatibility and the health of the peri-implant tissues, as well as the
blood markers and major organ histology, the systemic distribution of
copper content, and the influence of metal resistance genes.
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(1) Compeatibility of peri-implant tissues: BIC is an indicator for sta-
bility and osseointegration of a bone implant [18]. BIC of the
TiCu implant was higher than that of the Ti implant in both
models, without significantly differences. These results demon-
strated that TiCu implant possessed the same osseointegration
ability as the clinically used implant. Furthermore, TiCu implant
was able to inhibit peri-implant mucositis in the infection model.
TiCu implant also maintained the balance of the saliva micro-
biome in the normal implantation model, and thus maintained
the health of the peri-implant tissue. Taken together, the excel-
lent compatibility of the TiCu implant could be confirmed.
Biosafety of the implant in the blood and major organs: Histo-
logical analyses of the brain, lung, heart, liver, spleen, and kidney
in animals with TiCu implants showed that all the organs were
healthy without inflammatory cell infiltrations. Additionally,
both leukocytes and cytokine levels were in the normal range,
which suggested that the animals did not become infected with
systemic diseases. These results demonstrated a suitable biosafety
of TiCu implant.

Copper content distribution: Several researchers have shown that
Cu-containing biomaterials have excellent antibacterial activity,
as well as vascularization and osseointegration effects [60].
Meanwhile, concerns about the effect of Cu-containing bio-
materials on the copper distribution in the tissues have also been
attracted. In this study, the copper content in the bone tissues
around the TiCu implant was slightly higher than that around the
Ti implant in the normal implantation model, which was
contributed to the osteogenic effect of the TiCu implant [13].
Moreover, in the infection model, the copper contents in major
organs were similar between animals with Ti and TiCu implants,
respectively, and the copper distribution was consistent with a
study showing the copper distribution sequence in human organs
[36], revealing that the copper released from the TiCu implant
was safe to the hosts.

Influence of metal resistance genes: In the infection model, the
microflora from the plaque on TiCu implant had similar level of
metal resistance gene abundances (including copper) as
compared to the microflora from animals with Ti implants. This
demonstrated that TiCu implant did not disturb the balance of
resistance genes or affect the generation and transmission of
copper resistance genes among oral microflora.

(2

—

(3)

(4

—

Dental implants with anti-infection functions have been increasingly
investigated in recent years, however, the widely used single-pathogen
induced infection animal models take no consideration into the effect
of oral microflora. In this study, we made considerable progress to create
an infective environment using the native oral bacteria to determine the
anti-infective mechanism of the TiCu implant. The results showed that
the TiCu implant could maintain the oral microbiota homeostasis to
suppress peri-implant inflammatory response, and also possessed good
biosafety. In the further work, we will try much more effort to explore
the effect of Cu ions on the TCA cycle using molecular biotechnology, in
order to further understand the mechanism of TiCu implant on the
microflora balance of aerobic and anaerobic bacteria in oral
environment.

5. Conclusion

This work created an infective environment by native oral bacteria in
a ligature and sucrose-rich diets induced dog model. Further we
explored the anti-infection mechanism of TiCu implants by 16S rRNA
gene and metagenomic sequences to estimate the effect of TiCu implant
on the oral microecology. The results revealed that TiCu implants pro-
moted carbohydrate metabolism via the TCA cycle in the oral micro-
biota, which avoided the formation of acidic plaque. TiCu implants also
maintained the balance of anaerobes and aerobes, as such, the peri-
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implant tissues remained healthy. In the normal implantation model,
TiCu implants also maintained the balance of the saliva microbiome to
preserve peri-implant health. Additionally, the biosafety of TiCu im-
plants was demonstrated via the analysis of tissue compatibility and
released copper content, as well as the analysis of copper resistance
genes. Thereby this study provided a novel insight into the development
of antibacterial metal implants.
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