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A B S T R A C T

Peri-implantitis, the major cause of implant failure, is an inflammatory destructive disease due to the dysbiotic
polymicrobial communities at the peri-implant sites. Therefore, it is highly warranted to develop the implant
materials with antimicrobial properties and investigate their effects on oral microbiota. However, most of the
relevant studies were performed in vitro, and insufficient to provide the comprehensive assessment of the anti-
microbial capacity of the implant materials in vivo. Herein, we introduce an innovative approach to evaluate the in
vivo antibacterial properties of the most commonly used implant materials, titanium with different nanostructured
surfaces, and investigate their antibacterial mechanism via the next-generation sequencing (NGS) technology. We
firstly prepared the titanium implants with three different surfaces, i) mechanical polishing (MP), ii) TiO2

nanotubes (NT) and iii) nanophase calcium phosphate embedded to TiO2 nanotubes (NTN), and then charac-
terized them using scanning electron microscopy (SEM), energy-dispersive X-ray spectrometer (EDS), X-ray
photoelectron spectroscopy (XPS), confocal laser scanning microscopy (CLSM) and surface hydrophilicity anal-
ysis. Afterwards, the implants were placed in the beagle dogs’ mouths to replace the pre-extracted premolar and
molar teeth for eight weeks through implant surgery. The supra- and sub-mucosal plaques were collected and
subjected to 16S rRNA gene/RNA sequencing and data analysis. It was found that the nanostructured surfaces in
NT and NTN groups showed significantly increased roughness and decreased water contact angles compared to
the MP group, while the XPS data further confirmed the successful modifications of TiO2 nanotubes and the
subsequent deposition of nanophase calcium phosphate. Notably, the nanostructured surfaces in NT and NTN
groups had limited impact on the diversity and community structure of oral microbiota according to the 16S rRNA
sequencing results, and the nanostructures in NTN group could down-regulate the genes associated with locali-
zation and locomotion based on Gene Ontology (GO) terms enrichment analysis. Moreover, the differentially
expressed genes (DEGs) were associated with microbial metabolism, protein synthesis and bacterial invasion of
epithelial cells. Taken together, this study provides a new strategy to evaluate the antibacterial properties of the
biomedical materials in vivo via the high-throughput sequencing and bioinformatic approaches, revealing the
differences of the composition and functional gene expressions in the supra- and sub-mucosal microbiome.
1. Introduction
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Abbreviations

MP Mechanical polishing
NT TiO2 nanotube
NTN Nanophase calcium phosphate embedded to TiO2

nanotubes

Table 1
The surface element compositions of the specimens in different groups (wt%).

Specimen Titanium Oxygen Calcium Phosphorus

MP 93.03 6.97 – –

NT 74.01 25.99 – –

NTN 78.08 21.50 0.25 0.17
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mean prevalence of peri-implant mucositis and peri-implantitis were
43% and 22%, respectively [2]. It is noted that peri-implantitis are the
biological complications of dental implantation mainly caused by bio-
films [3,4], with symptoms of inflammation in peri-implant mucosa and
subsequent progressive loss of supporting bone [5]. Therefore, it is
essential to develop dental implants with antibacterial properties to ar-
rest the progression of peri-implant diseases.

Titanium implants with nanostructured surfaces have attracted many
attentions on account of their remarkable versatility. It has been reported
that titanium nanostructures could increase the osseointegration by
promoting the adhesion and proliferation of osteoblasts [6,7], enhancing
the differentiation of stem cells [8], and increasing strength of osteoblasts
adhesion [9] and mineralization rate [10]. Notably, titanium oxide
(TiO2) nanotubes also showed favorable antimicrobial properties
[11–14]. Peng et al. found that TiO2 nanotubes coating significantly
decreased the initial adhesion and colonization of Staphylococcus epi-
dermidis compared to the acid-etched or polished Ti surfaces in vitro [11].
Moreover, additively manufactured porous titanium biomaterials
covered with nanotubular surfaces had less adherent Staphylococcus
aureus compared to the porous titanium surface on day one, suggesting
that nanotubes alone could be effective in preventing biofilm formation
within the first few hours to the first day after the implant surgery [12].
Moreover, antibacterial coatings are important to prevent biofilm
Fig. 1. Scanning electron microscopy (SEM) images of MP (A & B), NT (D & E) a
spectrometer (EDS) mapping results showed the elemental compositions of MP (C),
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formation and infectious diseases [15,16]. This property keeps in line
with the reported bactericidal capacity attributed to the high aspect ratio
nano-topographies [17,18].

Meanwhile, calcium phosphate coatings have also been applied to
promoted the bioactive and biocompatible properties of titanium im-
plants for many years [19], since they show good clinical performance
due to the superior osseointegration rate [20]. Moreover, the unique
topography, roughness and chemical compositions result in the inherent
and stable antibacterial properties of the calcium phosphate coatings
against Staphylococcus aureus and Porphyromonas gingivalis [21,22].
Therefore, the nano calcium phosphate together with the TiO2 nanotubes
coatings are the two most popular surface modifications on titanium
implants.

The selective laser melting (SLM)-processed titanium substrates
exhibit great clinical potential and flexibility of constructing titanium
implants for the biomedical application. It has been reported that SLM as
a manufacturing technique could benefit the clinical individual-based
treatments by quickly producing the titanium substrates with intricate
shapes [23]. Our previous study has developed a microrough selective
laser melting (SLM) titanium substrates with surface modification of
nanophase calcium phosphate embedded TiO2 nanotubes [24]. The
nanotubes with nanophase calcium phosphate on TiO2 nanotubes
showed fewer Streptococcus mutans and Streptococcus sanguinis bacteria
colonies after 8 h and 24 h cultivation compared with TiO2 nanotubes in
vitro [24]. In consistence with our study, a recent study reported that a
significant decrease of Staphylococcus aureus adhesion after 3 h and 22 h
nd NTN samples (G & H) at different magnifications. Energy-dispersive X-ray
NT (F) and NTN (I) samples.



Fig. 2. 3D confocal laser scanning microscopy (CLSM) images and water contact angle images of titanium surfaces from MP (A), NT (B), NTN (C) groups. Repre-
sentative water contact angle images of MP (D), NT (E), NTN (F) samples.

Table 2
Surface roughness of different specimens.

Specimen Sa (μm) Sq (μm)

MP 0.26 � 0.00 0.33 � 0.01
NT 2.69 � 0.04 3.30 � 0.06
NTN 2.83 � 0.01 3.50 � 0.09
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was detected on calcium phosphate-coated TiO2 nanotubes compared
with those on the TiO2 nanotubes, Ag-coated TiO2 nanotubes and
Ag/calcium phosphate-coated TiO2 nanotubes [25]. However, the anti-
bacterial activity of calcium phosphate deposited on TiO2 nanotubes has
not been fully exploited, while the investigations of the composition and
functional gene expression of oral microbiota presenting on the calcium
phosphate-coated TiO2 nanotubes versus TiO2 nanotubes in vivo may
facilitate the understanding of antibacterial surface coating and benefit
clinical outcome.

So far, the antibacterial properties of the biomaterials as oral implants
were usually evaluated by various in vitro experiments, yet the results
may solely reflect the influence of materials on specific tested pathogens.
These experiments were insufficient to reveal the actual biological effects
of the oral implant materials toward the whole oral microbiomes.
Moreover, the comprehensive assessment of their in vivo antimicrobial
activities remains challenging due to the oral biofilms with complex
compositions and structures alongside the host-biofilm interactions. As
such, it is urgent to develop an approach to address the aforementioned
research gaps.

The advancement of the next-generation sequencing (NGS) technol-
ogy makes it possible to rapidly generate sequences and provide exten-
sive information of the inhabitant microorganisms in oral cavity [26].
Metagenomics reveal the taxonomical profile of a microbial community,
whereas metatranscriptomics could inform us the functional profile of a
community [27]. The retrieved information can be used for detecting
microbiome-based biomarkers for early diagnosis of oral diseases [26].
Yet, neither metagenomic nor metatranscriptomic sequencing technol-
ogy has been utilized for in vivo evaluation of the effect of titanium
materials on the antibacterial properties.

Taken together, in this study, we innovatively applied the NGS
technology to investigate dental implant surface modification, aiming to
provide a new strategy to evaluate the antibacterial properties of
biomedical materials in vivo. Specifically, we evaluated the in vivo anti-
bacterial properties of titanium with the nanostructured surface from a
new perspective, and explored the antibacterial mechanism of the
nanostructure through metagenomic and metatranscriptomic sequencing
to characterize the diversity and community structure of oral microbiota.
3

2. Materials and methods

2.1. Specimen preparation and treatment

Specimen preparation and treatment of the mechanical polishing
group (MP) and TiO2 nanotube group (NT) have been reported in our
previous studies [24]. Briefly, screw-type titanium implants were
designed using SolidWorks® 12.0 (SolidWorks Corp, Concord, MA, USA)
and manufactured using a selective laser melting (SLM) machine
(SLM125HL, SLM solutions GmbH, Lubeck, Germany). A total of two
types of specimen shapes were prepared. Titanium round discs with a
thickness of 1 mm and a diameter of 10 mm were used for titanium
surface characterization. Titanium implant screws were fabricated for the
implant surgery in vivo. Each implant body was 13 mm in length and 4.5
mm in diameter as shown in Fig. S1. Then SLM-processed titanium
specimens were immersed in a cleaning solution (0.05 mol/L Na2SiO3,
0.1 mol/L Na3PO4 and 0.2 mol/L Na2CO3) for 15 min followed by son-
ication in deionized water for 15 min. A total of three groups of speci-
mens were fabricated in this study, which were 1) mechanical polishing
group (MP, n ¼ 5), specimens were mechanically polished successively
by P80, P220, P400, P600, P800, P1000 sandpapers; 2) TiO2 nanotube
group (NT), SLM-processed titanium specimens were first sandblasted
with 250 μm ZrO2 particles and then chemically polished in a solution of
5% hydrofluoric acid (HF) for 1 min TiO2 nanotube arrays was fabricated
on the SLM-processed titanium substrate using anodic oxidation methods
(voltage of 20 V in a 0.5 wt% HF electrolyte for 5 min) followed by
annealing at 500 �C for 120 min; 3) nanophase calcium phosphate
embedded to TiO2 nanotubes groups (NTN), calcium phosphate nano-
particles were in or between the TiO2 nanotubes by electrochemical
deposition. Nanotube samples were anchored onto a platinum cathode
and subjected to a constant voltage of �3V for 5 min with the
counter-electrode platinum using an electrochemical workstation
(CHI-660D, USA). The solution for electrochemical deposition contained
0.20 mmol/L of Ca(NO3)2, 0.12 mmol/L of (NH4)2HPO4 and 0.05 mol/L
NaNO3 in an 80 �C water bath environment. The duration of electro-
chemical deposit ion in this study was shortened compared with our
previous protocol [24] in order to maintain the topography of nanotubes.
2.2. Surface characterization

The surface topography and elemental compositions were analyzed
by field-emission scanning electron microscopy (FE-SEM; Hitachi, S-
4800, Tokyo, Japan) equipped with an energy-dispersive X-ray spec-
trometer (EDS), and X-ray photoelectron spectroscopy (XPS; Thermo
Scientific ESCALAB 250Xi, USA), respectively. The average pore di-
ameters and pore size distribution were identified based on SEM



Fig. 3. X-ray photoelectron spectroscopy (XPS) spectra (Ti 2p, O 1s, Ca 2p and P 2p) of MP (A), NT (B), and NTN (C).

Table 3
Clinical characteristics of titanium implants in three groups.

Clinical parameters MP NT NTN p
value

mPlI 1.67 �
0.58

1.60 �
0.89

1.75 �
0.50

0.953

PPD (mm) 2.33 �
0.58

2.20 �
0.57

1.88 �
0.48

0.525

mBI 2.33 �
0.58

2.00 �
1.41

1.00 �
1.16

0.326

BOP (% (frequency of
detection))

100 80 50 0.366
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micrographs by using Image-Pro Plus 6.0 (Rockville, MD, United States).
In addition, the average roughness (Sa) and root mean square
4

roughness (Sq) measurements were determined via confocal laser scan-
ning microscopy (CLSM; LSM 700, Carl Zeiss AG, Oberkochen, Ger-
many). For surface hydrophilicity analysis, water contact angle
measurements were investigated by using sessile drop method from an
optical contact angle measuring device (OCA Pro 15 Dataphysics,
Germany).
2.3. Animal experiment

This study was ethically approved by the Ethics Committee for Ani-
mal Experiments of Sun Yat-Sen University (No. SYSU-IACUC-2018-
000207). A total of 3 adult male beagle dogs weighing 11.5–13.5 kg
were used. All surgical procedures were performed under general anes-
thesia using pentobarbital sodium (30 mg/kg/i.m., Pelltobarbitalum,
Sigma, USA) and xylazine hydrochloride (0.10 mg/kg/i.m., Sumianxin,



Fig. 4. Venn diagrams of Operational Taxonomic Units (OTUs) on the titanium surfaces from three groups. Venn diagrams show the distributions of all 572 OTUs on
the titanium surfaces within the sub-mucosal plaque niches (A) and the supra-mucosal plaque niches (B).

Fig. 5. The relative abundance of sub-mucosal microbiota (A) and supra-mucosal microbiota (B) at the phylum level. The X-axis indicates different groups; the Y-axis
indicates the relative abundance of the phylum annotated. The phyla with the relative abundance of less than 0.5% in the samples are merged into “Others” item.
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Guilin Huamei, China). The third and fourth premolar and the first molar
teeth in both mandibular quadrants were extracted gently using a rota-
tional movement after hemi-sectioning. The sockets were curetted, and
then interrupted suturing was performed. After a 3-month healing
period, implant surgery was performed. A carbon blade no. 15 was used
to make a full-thickness crestal incision along the edentulous ridge, and
the mucoperiosteal flap was elevated. Three implant holes were drilled in
the edentulous alveolar ridge of each mandibular quadrant in No. 1 and
No. 2 beagles and of the left mandibular quadrant in No. 3 beagle. Pro-
fuse irrigationwith saline water was used for cooling during drilling. Five
titanium implants of each group were used in this experiment. A total of 6
implants (2 implants of each group) were placed in the implant holes of
No. 1 and No. 2 beagles respectively, and 3 implants (1 implant of each
group) were placed in the left edentulous alveolar ridge of No. 3 beagle.
Then interrupted suturing was performed. The animals received pro-
phylaxis penicillin administration (80,000 IU/kg/i.m., Reyoung, China)
during the first three days after surgery. After 8 weeks, clinical param-
eters were recorded, and supra-mucosal and sub-mucosal plaque were
collected. All the animals were euthanized by the administration of a
sodium pentobarbital overdose.

2.4. Clinical evaluation and sampling methods

All the residual implants were recruited in this experiment (MP ¼ 3,
NT ¼ 5, NTN ¼ 4). The following clinical parameters were examined to
characterize the status of peri-implant lesions: modified Plaque Index
(mPlI) [28], modified Bleeding Index (mBI) [28], bleeding on probing
(BOP) scores [29] and probing pocket depth (PPD) [30].

Prior to sampling, the clinical sites were firstly isolated and dried with
sterile cotton rolls. Supra-mucosal plaque samples were collected using
5

sterile Gracey or universal curettes and placed into labeled sterile
Eppendorf tubes with 1 mL phosphate buffered saline (PBS) (0.01 M
phosphate, 137 mM NaCl, 2.7 mM KCl; pH 7.4). After complete removal
of supra-mucosal plaque, sub-mucosal plaque was collected using the
same method as the supra-mucosal plaque collection. One supra-mucosal
sample and one sub-mucosal sample were collected from each implant
for the subsequent experiment. Supra-mucosal samples collected from
MP, NT and NTN groups were labeled as MPP, NTP and NTNP, respec-
tively. Sub-mucosal samples acquired fromMP, NT and NTN groups were
denoted as MPB, NTB and NTNB, respectively. In the laboratory, the
Eppendorf tubes were briefly vortexed before being centrifuged (5000 g,
10 min), and the PBS buffer was carefully discarded to obtain the washed
plaque samples. Then, all the samples were stored at�80 �C until further
analysis.

2.5. 16S rRNA gene sequencing and data analysis

Total bacterial genomic DNA was extracted using QIAamp DNA Mini
kits (Qiagen, CA, USA) according to the manufacturer's instructions. PCR
amplification of the hypervariable V3–V4 region of the 16S ribosomal
RNA (rRNA) genes was performed using the universal bacterial primer
pairs, 341F (50-ACTCCTACGGGAGGCAGCAG-30) and 806R (50-GGAC-
TACHVGGGTWTCTAAT-30). PCR amplification and library construction
were performed according to Illumina's standard protocol for 16S Met-
agenomic Sequencing Library Preparation (Part # 15044223 Rev. B).
Paired-end MiSeq sequencing was performed on the amplicon libraries
using an Illumina MiSeq system (300 PE) at the Beijing Genomics Insti-
tute (BGI Institute, Wuhan, China). The paired-end MiSeq sequences
were analyzed using the Quantitative Insights Into Microbial Ecology
(QIIME1) package [31] following the MiSeq SOP pipeline. Mothur [32]



Fig. 6. Boxplots showed the Alpha diversity metrics in the sub-mucosal samples among groups. The comparisons of the Alpha diversity metrics include Shannon (A),
Simpson (B), ACE (C), Chao1 (D), sobs (E) and coverage (F). The error bars show the respective minimum and maximum values; the thick line represents the median
value; the boxes demarcate the 1st to 3rd quartiles (Q1-Q3), and the abnormal value is shown as ‘o'.
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was also used in the downstream sequence analysis. Briefly, the paired
ca. 300-bp forward and reverse MiSeq sequence reads were assembled,
followed by the filtering of noisy sequences, chimera checking and
Operational Taxonomic Units (OTUs) picking based on 97% identity
using the usearch quality filtering script. Taxonomy assignments were
made against the RDP databases. The Venn plots in OTUs were plotted
with R package. The structure of different peri-implant microbial
6

communities, the relative abundance, alpha diversity and beta-diversity
were estimated using Mothur and Qiime. Beta-diversity comparisons
were performed by both the unweighted and weighted UniFrac analyses,
which were visualized in principal coordinate analysis (PCoA) plots. The
comparisons of the relative abundance among different groups were
determined by R package based on Kruskal-Test. The p value threshold
was set to 0.05.



Fig. 7. Boxplots showed the Alpha diversity metrics in the supra-mucosal samples among groups. The comparisons of the Alpha diversity metrics include Shannon (A),
Simpson (B), ACE (C), Chao1 (D), sobs (E) and coverage (F). The error bars show the respective minimum and maximum values; the thick line represents the median
value; the boxes demarcate the 1st to 3rd quartiles (Q1-Q3), and the abnormal value is shown as ‘o'.
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2.6. Metatranscriptomic sequencing and data analysis

Total RNA was extracted using Promega SV Total RNA Isolation
System kit (Promega, USA) following the manufacturer's protocol. After
rRNA was removed, mRNA was obtained by oligo dT. Then
7

fragmentation buffer was added to interrupt mRNA to short reads. Taking
these short reads as templates, Random hexamer-primer were used to
synthesize the first-strand cDNA. The second-strand cDNA was serially
synthesized using buffer, dATPs, dGTPs, dCTPs, dUTPs, RNase H and
DNA polymerase I after removing dNTPs. Short reads were purified with



Fig. 8. Principal coordinates analysis (PCoA) of the unweighted (A) and weighted (B) UniFrac distances for each of the single site samples. PCoA plots are colored
according to different titanium surface categories.
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QiaQuick PCR extraction kit and resolved with EB buffer for end repa-
ration and adding poly(A), then the short reads were connected with
sequencing adapters. After that, the UNG enzyme was used to degrade
the second-strand cDNA, and the product was purified by MiniElute PCR
Purification Kit before PCR amplification. Sequencing of mRNA was
carried out at the Beijing Genomics Institute (BGI Institute, Wuhan,
China) using an Illumina HiSeq2000 platform.

Clean data was obtained using SOAP2 software [33]. A detailed
method was shown below: 1) Remove reads with 10% N; 2) Remove
reads contaminated by adapter (default:15 bases overlapped by reads
and adapter); 3) Remove reads with 20% low quality (20) bases; 4)
Remove 16S rRNA, 18S rRNA contamination reads (consistency of 90%).
Short reads were assembled using Trinity software [34]. Based on NOIseq
package method [35], differentially expressed genes (DEGs) were
screened among groups. Gene Ontology (GO) enrichment analysis of
differentially expressed genes was implemented by the GOseq R package
[36]. KOBAS software [37] was used to test the statistical enrichment of
differential expression genes in Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathways. The p values were adjusted using the Benjamini
& Hochberg method. GO and KEGG terms with corrected p value less
than 0.05 were considered significantly enriched by differential
expressed genes.

2.7. Statistical analysis

Statistical analysis was conducted using SPSS software 25 (SPSS Inc.,
Chicago, IL, USA) and RStudio interface (Team, R., RStudio: Integrated
Development Environment for R. RStudio Inc., Boston, MA. In 2015)
[38]. One-way ANOVA test followed by a Bonferroni's test was used to
identify any clinical parameter between multiple groups.

2.8. Data depository

The sequences generated in this study were deposited in NCBI Bio-
Project: PRJNA776400 (Reviewer link: https://www.ncbi.nlm.nih.gov/s
ra/PRJNA776400) for 16S rRNA gene sequencing data; and
PRJNA776641 (https://www.ncbi.nlm.nih.gov/sra/PRJNA776641) for
RNA sequencing data.
8

3. Results

3.1. Surface characterization

The surface topographies of specimens were shown in Fig. 1. The
surface of the MP specimen was smooth with regular scratches resulting
from the polishing process (Fig. 1A and B). TiO2 nanotube structures
were observed on the surface of NT specimen (Fig. 1D and E). As shown
in Fig. 1G and H, the nanophase calcium phosphate was successfully
deposited into or between the TiO2 nanotubes on the surface of NTN
specimen. According to the pore size distribution in Fig. S2, the average
diameter of nanotube in NT group was 61.24 � 13.82 nm, while the size
decreased to 26.63 � 5.37 nm after the calcium phosphate deposited on
the TiO2 nanotubes.

The surface elemental compositions of specimens from different
groups were measured by EDS and the data are shown in Table 1 and
Fig. 1C, 1F and 1I. It was noted that titanium and oxygen were the major
elements in all specimens, while the oxygen proportion increased
dramatically in NT and NTN samples, indicating a significant surface
elemental change. For NTN specimens, calcium and phosphorus were
newly found, suggesting the successful deposition of calcium phosphate
nanoparticles.

3D images of MP, NT, NTN samples and the representative water
contact angle images were presented in Fig. 2. The MP surfaces showed
higher mean water contact angle (78.53�) than the NT surfaces (13.84�)
and NTN surfaces (7.94�). The surface roughness parameters of specimen
surfaces were shown in Table 2. The NT and NTN surfaces showed higher
average roughness values (Sa) (2.69 μm and 2.83 μm, respectively) than
the MP surfaces (0.26 μm).

The XPS spectra in Fig. 3 provide more information about the
elemental changes resulting from the surface modification. As Ti and O
were the major elements found in all the samples, we also analyzed these
two elements using XPS. It was found that the O 1s was mainly divided
into two bands in MP and NT samples, including Ti–O and –OH, while the
surface modification of TiO2 nanotube in NT accounted for the increased
intensity of Ti–O with the reference to that in MP samples. After the
deposition of calcium phosphate, two new elemental peaks of Ca and P
can be identified from the XPS survey spectrum of NTN. Moreover, the O
1s of NTN sample could be differentiated into three peaks, while the new
one represented the -PO band.

https://www.ncbi.nlm.nih.gov/sra/PRJNA776400
https://www.ncbi.nlm.nih.gov/sra/PRJNA776400
https://www.ncbi.nlm.nih.gov/sra/PRJNA776641


Fig. 9. The top 30 enriched Gene Ontology (GO) terms of the up-regulated (A) and down-regulated (B) differentially expressed genes (DEGs) between NTB and MPB;
the top 30 enriched GO terms of the up-regulated (C) and down-regulated (D) DEGs between NTNB and MPB; the top 30 enriched GO terms of the up-regulated (E) and
down-regulated (F) DEGs between NTB and NTNB. The Y-axis represents GO terms. The X-axis represents the number of differential genes. The color of the bar
represents the type of GO terms. The asterisk (*) indicates corrected p value < 0.05.
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3.2. Clinical evaluation

Because MP and NTN group lost 2 and 1 implants respectively during
the observation period, a total of 12 implants (MP¼ 3, NT¼ 5, NTN¼ 4)
were recruited in this study. The clinical characteristics of titanium im-
plants were summarized in Table 3. No significant differences of clinical
parameters were detected between the groups.
3.3. 16S rRNA gene sequencing results

A total of 648,953 assembled quality-filtered sequencing reads were
obtained, which were assigned to 572 operational taxonomic units
(OTUs) with the identity threshold set at 97%. For sub-mucosal plaque,
the three categories shared 290 OTUs in common (i.e. OTUs were
detected in all three MP, NT and NTN categories of titanium surfaces).
9

This accounted for nearly half of the total number of OTUs detected, as
shown in the Venn diagram (Fig. 4A). Within the supra-mucosal plaque
niches, MP, NT and NTN shared 226 OTUs in common (Fig. 4B). As
shown in Fig. S3, the rarefaction curves of observed OTUs appeared to
approach asymptotes, which indicated high levels of coverage and thus
sufficient sampling effort in each biofilm sample.
3.4. Bacterial community composition at different taxonomic levels

Diverse bacterial taxa were assigned to 14 phyla, 189 genera and 229
species from the clinical samples. As Fig. 5 showed, no significant dif-
ferences in terms of the relative abundance were detected in the sub-
mucosal or supra-mucosal samples at the phylum level. As tabulated in
Table S1, a total of 6 genera and 9 species showed significant differences
in the sub-mucosal samples among groups. There were no significant



Fig. 10. The top 20 enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) terms of the up-regulated (A) and down-regulated (B) differentially expressed genes
(DEGs) between NTB and MPB; the top 20 enriched KEGG terms of the up-regulated (C) and down-regulated (D) DEGs between NTNB and MPB; the top 20 enriched
KEGG terms of the up-regulated (E) and down-regulated (F) DEGs between NTB and NTNB.
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differences at the genus level but 3 species showed statistical differences
in supra-mucosal samples among groups.
3.5. Alpha-diversity comparisons

Based on results from alpha-diversity analysis (Fig. 6 and 7),
including the Shannon index, Simpson index, ACE index, Chao1 index,
sobs index and the coverage index in the sub-mucosal and supra-mucosal
samples, no statistically significant difference was found across the three
implant surface categories.
3.6. Beta-diversity comparisons

To compare the respective community structures within each tita-
nium surface, the overall bacterial community compositions in each
group were compared based on their unweighted and weighted UniFrac
distances, and visualized in a PCoA plot. As shown in Fig. 8, a PCoA plot
was generated with two principal axes (PCoA1 and PCoA2), which
respectively explained 26.85% and 14.71% of the variance based on the
unweighted UniFrac distances (32.25% and 15.95% weighted) amongst
the bacterial communities on each kind of titanium surface. No clear
patterns (clustering arrangements of different samples) were apparent in
the PCoA plots colored according to the three titanium surface categories
(Permutational multivariate analysis of variance (PERMANOVA): p ¼
0.31 for weighted UniFrac distances and p ¼ 0.06 for unweighted Uni-
Frac distances).
3.7. Differential gene expression

By applying comparative metatranscriptome analysis, we identified
major shifts in the overall community activities on different titanium
surfaces. Compared with the NTNB group, 10,401 genes were signifi-
cantly down-expressed and 9497 genes up-expressed in the NTB group
(Table S2). Compared with the MPB group, the NTB group showed 9640
up-regulated genes and 9797 down-regulated genes (Table S3). A total of
28,674 genes (14,121 down-regulated genes and 14,553 up-regulated
genes) significantly changed their expression levels in NTNB group
than in MPB group (Table S4).
3.8. GO functional enrichment analysis

As demonstrated in Fig. 9 and Table S5-S10, a total of 23 and 35 GO
terms significantly up-regulated in the NTB group and the NTNB group,
respectively, when compared with MPB groups. On the other hand, the
NTB group and the NTNB group presented a total of 3 and 16 signifi-
cantly down-regulated GO terms compared with MPB groups, respec-
tively. The NTB group showed 4 significantly down-regulated GO terms
but no significantly up-regulated GO terms when compared to the NTNB
group.
3.9. KEGG pathway enrichment analysis

Fig. 10 and Table S11-S16 showed the results of the KEGG pathway
enrichment analysis. When compared with the MPB groups, the differ-
entially expressed genes of the NTNB group were enriched in the path-
ways associated with ribosome, two-component system, Salmonella
infection, Shigellosis, bacterial invasion of epithelial cells, pathogenic
Escherichia coli infection, oxytocin signaling pathway and mRNA sur-
veillance pathway. The differentially expressed genes of the NTB group
compared with the MPB group were mostly enriched in the pathways of
glyoxylate and dicarboxylate metabolism, Salmonella infection and pro-
tein processing in endoplasmic reticulum. The differentially expressed
genes between the NTB group and the NTNB group were significantly
enriched in ribosome associated pathway.
11
4. Discussion

The results of this study, together with our previous in vitro experi-
ments [24], have demonstrated that the biological behavior of specific
and limited pathogens in the in vitro experiments cannot fully represent
the biological performance of the whole sophisticated microbiome
established as biofilm on the material surface. Although satisfying results
were showed in in vitro study, little is known regarding to the in vivo
antibacterial activities of the nanostructured titanium and how nano-
structures affected the profiles and functions of the microbial biofilms. In
this study, peri-implant microbiota on the different titanium surfaces in
the oral cavity of beagle dogs were systematically compared by
next-generation sequencing (NGS) technique. We not only described the
taxonomy of the oral bacteria sampled, but also profiled and compared
the expressed genes, and thus explored the bacterial functions on the
different nanostructured surfaces. To the best of our knowledge, it is the
first study that applied high-throughput DNA and RNA sequencing
technique to evaluate the antibacterial activity of the nanostructured
titanium surfaces in vivo.

Based on the results of the 16S rRNA gene sequencing, we found no
significant differences in the microbial diversity of the biofilms among
the three different titanium surfaces. The α-diversity parameters, indi-
cating both species richness and evenness, in the sub-gingival and supra-
gingival microbiota presented on the three kinds of titanium surface were
compared (p > 0.05). In addition, the overall composition of the sub-
gingival and supra-gingiva microbiota among the three groups was
detected by the weighted and unweighted UniFrac metrics. The PCoA
plots showed no significant clustering. Together, these results illustrated
that the nanostructured titanium had little effect on the community
composition of the sub-mucosal and supra-mucosal microbiota estab-
lished on implant surfaces. No significant difference of diversity and
species richness were found among all groups.

The dominant bacterial taxa identified in the sub-mucosal and supra-
mucosal niches in this study were in the phyla Bacteroidetes, Proteobac-
teria and Firmicutes, which were consistent with previous studies in
beagles [39,40]. However, a study in human has demonstrated that
peri-implantitis microbial communities were enriched with the phyla
Bacteroidetes, Spirochetes, and Synergistetes, while Actinobacteria prevailed
at healthy sites [41]. This might imply that different hosts or heteroge-
neity in the methods, such as different sampling techniques, sequencing
technique and analysis, may cause the differences of dominant bacterial
taxa [42,43].

Despite the fact that the bacterial community composition of peri-
implant niches did not show significant differences in our study, DEGs
were found between different groups, and were enriched in specific
pathways. These results of comparative metatranscriptomic analysis
might reveal the underlying mechanisms of antimicrobial effect of
implant surface modification. GO functional analysis showed that the
differentially expressed genes among the three groups were mainly
enriched in the GO terms of biological process and cellular component.

Hydrophilicity and higher surface roughness would promote bacterial
adherent and colonization [44]. Although samples of NTN group showed
the lowest water contact angle and highest roughness in the current
study, the differentially expressed genes were significantly enriched in
locomotion and localization in the NTNB group compared to MPB group.
Particularly, 231 genes were significantly down-regulated in the GO
terms of localization in NTNB group. Meanwhile, there was no significant
difference in the expression of genes terms of locomotion and localization
between NTB group and MPB group, implying that nanophase calcium
phosphate coatings could inhibit bacterial migration and colonization by
down-regulating the locomotion and localization-related genes.

Compared to NTB groups, GO terms of integral to membrane, cyto-
solic ribosome, intrinsic to membrane and cytosolic large ribosomal
subunit were significantly up-regulated in the NTNB groups. In our
previous study, dead bacteria with deformed and damaged membranes
observed by SEM on the surfaces of NTN samples suggested that the sharp
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nanophase calcium phosphate can affect the integrity of bacterial cell
membrane [24]. Taken together, we proposed that the destruction of
bacterial cellular membrane on the NTN surface could be one of the vital
mechanisms of antibacterial activities of nanostructured titanium
surfaces.

KEGG pathway enrichment analysis revealed that over 300 differ-
ently expressed genes (DEGs) enriched in the term of ribosome between
the NTNB group and MPB group, suggesting that the titanium surface
nanostructures affect the gene expression of the microbiota by down-
regulating the ribosome-associated pathway. It is noteworthy that
several DEGs enriched in the pathway of bacteria-invaded epithelial cells
imply that the titanium nanostructures regulated the invasiveness of
pathogens. Bacteria invasion into soft tissue is a vital event in the prog-
ress of periodontal disease [45,46]. The oral mucosal barrier is exposed
to oral commensal microbiome, and a subtle balance is kept through host
specific and unspecific immunity. Homeostasis disruption would lead to
the periodontal and peri-implant diseases [47]. Healthy peri-implant soft
tissue plays a crucial role in maintaining peri-implant health. Collagen
fibers in the connective tissue around the implant array in a parallel
orientation to the implants, while fibers around teeth perpendicularly
and tightly attached to the cementum. Besides, lower density of vascular
in the peri-implant connective tissues may make implants more suscep-
tible to peri-implant disease initiation and progression [48]. It can be
inferred that titanium nanostructured surface affect the progression of
peri-implant diseases through the pathway of bacterial invasion of
epithelial cells, whilst the exact mechanism entails further exploration.

From the results of GO functional enrichment analysis, we inferred
that the impact on bacterial locomotion and localization, and destruction
of cell membrane integrity may be the antimicrobial mechanisms of
nanomaterials. KEGG analysis also proved that the metabolic process of
bacteria and the ability of bacteria to infect soft tissue may be affected by
the nanostructure. In light of these findings, novel nanostructures can be
constructed more purposefully to enhance the antibacterial properties of
materials in future.

The results of antibacterial activity in vivo were affected by not only
the material characteristics but also the condition of the surrounding
tissue. Our previous study indicated that calcium phosphate nano-
particles deposited in TiO2 nanotube could enhance the adhesion and
proliferation of human gingival epithelial cells (HGECs) and human
gingival fibroblasts (HGFs), which indicated that nanostructured tita-
nium surfaces were beneficial to the mucosal barrier [49]. Besides, TiO2
nanotubes can modulate macrophage immune response [50]. Host im-
mune responses and inflammatory state may also influence the complex
host-biofilm interaction and therefore influence the composition of the
colonizing microbiota and their expressed functions [51].

Although no statistically significant differences in the microbiome
composition and diversity were found, differences in metatranscriptomic
analysis suggested that the changes in transcriptional level may be prior
to changes in the microbiome composition and diversity. The antibac-
terial mechanism of nanomaterials can be further studied and verified
through proteomics. This also suggests that the evaluation and estimation
of antibacterial properties of materials should be taken with a more
comprehensive examination.

By evaluating the effect of biomaterials on microbiome composition
and diversity, and bacterial gene transcription in vivo, this work provides
a new perspective of antibacterial feature study. This study estimated the
antibacterial abilities by exploring the differences in the bacterial com-
munity composition and their biological function within the oral
microbiome associated to 3 different surfaces using high-throughput
sequencing. Insignificant differences were observed in the microbiome
composition and diversity between the three groups; nevertheless,
differentially expressed genes of bacteria were detected, which may help
us interpret the underlying mechanisms of antibacterial effect of modi-
fied nanostructured titanium surfaces.

However, the empirical results of this study have some limitations.
The present investigation is a pilot study based on a relatively limited
12
sample size. Future study with a larger sample size is needed to validate
and generalize the findings. Meanwhile, there is also a known hetero-
geneity between different hosts (beagles and humans) of the oral
microbiomes. Thus, the results must be interpreted with caution, and
should not be directly transferred onto different hosts. Further studies in
the relevant hosts are required to establish the antibacterial properties of
biomaterials. Nonetheless, this study has important implications for
exploring the antibacterial abilities of biomaterials in future studies.
Particularly, it highlights the differences between the traditional in vitro
antibacterial experiments focusing on limited number of pathogens and
the full sequencing-based examination of the in vivo biofilm microbiome
established on the biomaterial surfaces.

5. Conclusion

In the current study, high-throughput sequencing analysis has shown
that TiO2 nanotube per se and calcium phosphate coating did not change
the diversity and community structure of oral microbiota but affected the
genes associated with microbial metabolism, protein synthesis, bacterial
locomotion, localization and the integrity of organism cellular mem-
branes. In addition, it may affect the antibacterial activity of nano-
structures in vivo by influencing the pathways related to bacterial
invasion of epithelial cells. Taken together, this study provided a new
strategy for evaluating the antibacterial properties of materials in vivo by
comparing the composition differences and differential expressed genes
of the supra-mucosal and sub-mucosal biofilm on different titanium
surfaces with high-throughput sequencing.
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