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Abstract Streptococcus mutans (S. mutans) is the most
common cariogenic bacteria and causes caries by forming
biofilms. A novel gradient Cu-bearing titanium alloy (TC4-
5Cu/TC4) was manufactured using selective laser melting
(SLM) technology for dental applications, which is antic-
ipated to inhibit the formation of biofilm. In this study, the
released concentration of copper ions in both minimum
inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) was tested in order to assess the
antibacterial property of the alloy against planktonic S.
mutans, and the antibacterial and antibiofilm efficiencies of
TC4-5Cu/TC4 alloy against sessile S. mutans were evalu-
ated via quantitative antibacterial tests and biofilm deter-
mination. Reverse transcription polymerase chain reaction
(RT-PCR) was performed to analyze the expression of
biofilm-related genes (gt/B, gtfC, gtfD, fif and gbpB) and
acid production-related gene (Idh). The results suggested
that the MIC and MBC of Cu®" were much higher than the
release concentration of copper ions of the alloy, which
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was consistent with the lack of antibacterial effect against
planktonic bacteria. On the contrary, TC4-5Cu/TC4 alloy
exhibited significant bactericidal property against the ses-
sile bacteria and efficient biofilm-restrained ability, and all
genes detected in this research were down-regulated. The
results indicated that the TC4-5Cu/TC4 alloy suppressed
biofilm formation and the sessile bacterial viability by
down-regulating biofilm-related genes.

Keywords Copper; Titanium alloys; Biofilm;
Antibacterial property; Streptococcus mutans

1 Introduction

Dental caries is a common oral disease, which is listed as
one of the three key human diseases for prevention and
treatment by the World Health Organization. Streptococcus
mutans (S. mutans) is the most important cariogenic bac-
teria, which causes caries by forming dental plaque biofilm
on the tooth surface [1]. The formation process of dental
plaque biofilm includes saliva acquired membrane forma-
tion, bacterial adhesion and coaggregation, and biofilm
maturation [2]. The biofilm is a stable and nutrient-rich
system, and the bacteria in the biofilm are wrapped and
protected by extracellular polysaccharides (EPS) [3].
Therefore, the resistance and pathogenicity of sessile bac-
teria are enhanced, compared with planktonic bacteria
[4, 5]. The EPS of S. mutans mainly consist of glucan and
fructan, which are synthesized compounds catalyzed by
glucosyltransferase (GTF) and fructosyltransferase (FTF)
[6]. Based upon the role of the synthesized dextran, GTF
encoded by the g#f gene is divided into 3 types, including
GTFB, GTFC, and GTFD. GTFB catalyzes the synthesis of
water-insoluble glucan by sucrose, which facilitates mutual


http://orcid.org/0000-0003-3091-5503
http://orcid.org/0000-0001-5875-5391
https://doi.org/10.1007/s12598-021-01826-w
http://crossmark.crossref.org/dialog/?doi=10.1007/s12598-021-01826-w&amp;domain=pdf

Antibacterial property of a gradient Cu-bearing titanium alloy by laser additive manufacturing 581

adhere between S. mutans cells and contributes to stabi-
lizing the biofilm [7]. GTFC is capable of catalyzing the
formation of water-insoluble and alkali-soluble glucans,
which are responsible for the adhesion of S. mutans to the
saliva acquired membrane and improve the acid resistance
of bacteria [8, 9]. The water-soluble glucan is synthesized
by GTFD and is also required for the adhesion of S. mutans
to the saliva acquired membrane [10, 11]. FTF, the product
of the fif gene, plays a significant role in catalyzing fructose
into fructan, which can provide energy reserves and
maintain biofilm stability during periods of nutrient defi-
ciency [12, 13]. Furthermore, glucan-binding proteins
(GbpB) encoded by the gbpB gene are also closely related
to the formation and stability of biofilm. They can enhance
the affinity of S. mutans and glucan, maintain the structure
of the bacterial cell wall, and promote the connection of S.
mutans cells into chains [14, 15]. In addition to the for-
mation of biofilms, aciduricity is also an integral factor in
the pathogenicity of S. mutans. Lactic acid synthesized by
lactate dehydrogenase (LDH) is the main acidic metabolite
of S. mutans, which directly leads to tooth demineralization
[13, 16].

Bacterial adhesion is the critical stage of biofilm for-
mation and tooth demineralization, especially the dental
tissues around the oral treatment appliance are more likely
to attach to bacteria [17]. At present, the main clinical
strategies for removing biofilm are mechanical methods
and mouthwashes. However, mechanical methods are dif-
ficult to clean sufficiently due to the obstacles of appli-
ances. In addition, mouthwashes may cause mucosa
discoloration, impaired taste perception, and mucosal
burning sensation [18, 19]. Therefore, it is essential to
develop antibacterial materials in order to solve the prob-
lem in a fundamental level.

Titanium alloys have been widely used in the field of
stomatology due to their excellent biocompatibility and
mechanical properties. However, it cannot inhibit the
adhesion of bacteria and the formation of biofilms. Copper
and silver are widely applied in antibacterial fields due to
well-known for their antibacterial property [20-22]. How-
ever, heavy metals like silver are toxic, while copper is an
essential trace element in human body. Therefore, copper is
more suitable for medical materials [23]. Moreover, copper
has been registered as a metal antibacterial material by the
U.S. Environmental Protection Agency [24, 25]. Previous
studies have shown that the addition of copper into tita-
nium alloys provided good antibacterial properties against
Staphylococcus aureus (S. aureus) and Escherichia coli
(E. coli) [26, 27].

At present, the common methods of adding copper
content to titanium alloys include surface modification to
prepare Cu-bearing coatings and overall modification to
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manufacture cast Cu-bearing titanium alloys [28-30].
Typical surface modification techniques generally have the
shortcomings of coating falling off easily and cumbersome
production process [31-33]. Meanwhile, the cast Cu-
bearing titanium alloy cannot guarantee completely
unchanged mechanical properties, and the casting pro-
cessing also increases the manufacturing time cost and
labor error [34]. Thus, in order to overcome the above
shortcomings, a novel Cu-bearing titanium alloy was
designed and fabricated using selective laser melting
(SLM) with computer-aided design data (CAD) modeling.

S. mutans is one of the most common pathogens in the
oral cavity, for its strongest ability of acid production and
biofilm formation in oral streptococcus [35, 36]. For
exploring whether the new Cu-bearing titanium alloy is
suitable for dental appliance, it is necessary to investigate
the antibacterial activity of the alloy against S. mutans. In
this research, the alloy was based on commercial Ti6Al4V
powder and prepared with SLM, and for the last 80 pm, the
powder was replaced by commercial Ti6Al4V5Cu powder,
resulting in a gradient copper-bearing titanium alloy TC4-
5Cu/TC4. The SLM processed TC4-5Cu/TC4 alloy was
evaluated for its antibiofilm ability against S. mutans,
through quantitative antibacterial test, biofilm detection
and PCR assay. In addition, the contact angle, roughness,
and Cu”" release concentration of the alloy were tested to
evaluate its physical and chemical properties.

2 Experimental
2.1 Sample preparation

The preparation parameters of SLMed TC4-5Cu/TC4 alloy
are displayed in Table 1, which were consistent with pre-
vious study [37]. At first, commercial Ti6Al4V powder
(Fig. 1a) was fabricated into TC4 alloy (Fig. Ic) with
dimension of 10 mm x 10 mm x 2 mm using SLM.
Then, it was replaced with Ti6Al4V5Cu powder (Fig. 1b)
to further produce a 80-pum-thick TC4-5Cu alloy, resulting
in a gradient TC4-5Cu/TC4 alloy (Fig. 1d). Figure Ic, d
exhibits the elemental composition of Ti6Al4V powder and
Ti6Al4V5Cu powder, tested by energy dispersive spec-
troscopy (EDS, Zeiss Merlin Compact, Zeiss, Germany).
Before the test, each sample was ultrasonically cleaned in
acetone, distilled water, and ethanol for about 15 min,
followed by drying at room temperature to prepare for the
experiment. The surface topography and components of
TC4-5Cu/TC4 alloys mounted in epoxy resin were mea-
sured by scanning electron microscope (SEM, Zeiss Merlin
Compact, Zeiss, Germany) and EDS (Zeiss Merlin Com-
pact, Zeiss, Germany).
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Table 1 Preparation parameters of TC4-5Cu/TC4 alloy

Scanning speed/ Laser power/
(mm-s~") W pm

Spot diameter/

Scanning interval/ Layer thickness/
pm pum
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Fig. 1 SEM images of a Ti6Al4V powder and b Ti6Al4V5Cu powder; EDS mappings of ¢ Ti6Al4V powder and d Ti6Al4V5Cu powder
(insets being schematic diagrams of TC4 and TC4-5Cu/TC4 alloys)

2.2 Surface characterization

The contact angles of samples were measured with a
pendant drop method using a contact angle instrument
(TBU 95, DataPhysics, Germany). At room temperature,
0.2 pl deionized water was dropped onto the surface of
specimens. After the drop stabilizes, the contact angle was
detected and the image was recorded. The roughness of the
alloys was tested by a roughness meter (SJ-210, Surftest,
Japan). The measurements of samples were conducted in
triplicate, respectively.

2.3 Cu?* release

According to ISO standard 10993-12, the TC4-5Cu/TC4
samples were immersed in normal saline at 37 °C (1.25
cm?ml™"). The concentration of copper ions was measured
by an inductively coupled plasma mass spectrometry (7800

f
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ICP-MS, Agilent, USA) at 1, 3, 7, 14 and 28 days. At least
three samples were tested at each time point.

2.4 Bacterial strain and medium

The bacteria used for antibacterial experiments were S.
mutans (ATCC 25175). First of all, the strain was trans-
ferred from the frozen glycerol to a sterile brain—heart
infusion (BHI, pH = 7.0) ager (Meilun, China) plate. After
cultured anaerobically (90% N, and 10% CO,) for 72 h at
37 °C, the S. mutans colonies were transferred to 50 ml
sterile BHI liquid medium and incubated under the same
conditions for 20 h [38].

2.5 MIC and MBC concentrations determination
The improved broth dilution method approved by Clinical and

Laboratory Standards Institute (CLSI) was performed to
determine the MIC and MBC of Cu®". The equal volume
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(500 pl) of S. mutans suspension and CuCl, BHI medium
solution were mixed together in a 24-well plate (n = 3, i.e. three
parallel experimental groups were set up for each ion concen-
tration). The diluted Cu?" concentration was 0, 3.5, 7.0, 14.0,
28.0, 56.0, 112.0, 224.0, 448.0 mgoL_l, and the bacterial con-
centration was 3 x 10° CFU-mI~". The well plate was incu-
bated anaerobically for 24 h at 37 °C and observed to confirm
the MIC value. MIC was recognized as the lowest Cu*" con-
centration without visible bacteria occurred. After that, the
bacterial suspension was transferred to a 1.5 ml Eppendorf (EP)
tube and vortexed. Each 100 pl the mixed solution was inoc-
ulated on the BHI ager plate, with further incubation for 72 h.
MBC was described as the lowest concentration of Cu®"
without macroscopic colonies on the culture plate.

2.6 Antibacterial efficacy of TC4-5Cu/TC4

The antibacterial efficacy of TC4-5Cu/TC4 against S.
mutans was investigated by the visual plate counting
method, and the schematic representation of the experi-
mental process is shown in Fig. 2. TC4-5Cu/TC4 and TC4
alloys (10 mm x 10 mm x 2 mm) were immersed in
1 ml bacterial suspension (3 x 10° CFUml™") in a
24-well plate and cultured at 37 °C for 1 and 3 days,
respectively. The bacterial suspension without sample
served as blank control.

2.6.1 Antibacterial effect on planktonic S. mutans

At predetermined time intervals, the bacterial suspension
was collected into a 1.5 ml Eppendorf tube and vortexed

@y Planktonic bacteria

Sessile bacteria

Fig. 2 Schematic diagram of visual plate counting method
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BHI liquid medium

BHI ager plate

for 1 min. The pH of each suspension was determined by a
pH meter (FE28-FiveEasy Plus™, METTLER TOLEDO).
Then, after continuous dilution in phosphate buffered sal-
ine (PBS, pH = 7.0), 100 pl suspension from each tube was
inoculated on the BHI agar plate. After further incubation
anaerobically at 37 °C for 48 h, the viable bacterial colo-
nies were counted.

2.6.2 Antibacterial effect on sessile S. mutans

At the scheduled time, the samples were transferred to
sterile PBS and lightly rinsed to remove the planktonic
bacteria on the surface. Next, the coupons were put into
5 ml EP tubes containing 1 ml PBS. The suspension was
vortexed for 1 min and gradually diluted with PBS. Sub-
sequently, 100 pl bacterial suspension from each tube was
spread on the plate and incubated at 37 °C for 48 h. The
bacterial colonies on the plate were counted and analyzed.
Finally, the antibacterial rate was calculated with Eq. (1):

Ry = (Ntc4 — Nrca—scu/rca) /Ntcs X 100% (1)

where R; is antibacterial rate, and N is the number of
bacteria colonies.

2.7 SEM observation of biofilm

The morphology of sessile bacteria in the biofilm was
observed by SEM. At first, the sterile samples (10 mm x
10 mm x 2 mm) were soaked in the liquid medium
containing S. mutans according to the above manner. After
cultured for 1 and 3 days, the samples were washed gently

& o
g TC4-5Cu/TC4
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with PBS to remove planktonic bacteria and then immersed
in 2.5% glutaraldehyde at 4 °C for 4 h. Next, the specimens
were dehydrated for 10 min in a series of ethanol solutions
(50%, 60%, 70%, 80%, 90%, 95% and 100%; v/v) and
dried at room temperature. Finally, the samples were
observed by SEM after spraying with a gold layer [39].

2.8 Live/dead biofilm staining assay

The biofilm and bacterial viability of S. mutans on the
coupons were studied by a confocal laser scanning
microscopy (CLSM, Olympus FV3000, Japan). Bacteria
and samples were prepared according to the previously
mentioned methods. After 1 and 3 days, the coupons were
rinsed lightly with PBS to remove unattached bacteria.
Next, the bacterial biofilms were stained for 20 min in the
dark, using the LIVE/DEAD BacLight bacterial viability
kit (Invitrogen-Eugene, USA), which contains SYTO-9 dye
and PI dye. SYTO-9 labeled live bacteria with intact
membranes fluorescent green, while PI marked dead bac-
teria with damaged membranes in fluorescent red [40].
Then, the ImageJ software was used to analyze the pro-
portion of dead cells in the images. After that, the stained
bacteria were investigated by the CLSM, and the biofilms
thickness was measured with the Z-axis scanning. Equa-
tion (2) was used to determine the antibiofilm rate:

Ry = (frcs — trea—scu/tea) /tres X 100% (2)

where R, is antibiofilm rate, and ¢ is thickness.

2.9 Biofilm detection by crystal violet staining

The antibiofilm effects of samples were researched by
crystal violet staining [41]. After incubated for 1 and
3 days, the samples were submerged in PBS to remove
free-floating bacteria. Then, the coupons were immobilized
in methanol for 15 min and dried at room temperature for
30 min. The sessile bacteria were stained with 0.1% crystal
violet for 10 min. After that, the samples were washed with
distilled water to remove excess crystal violet and dried at
room temperature. Absolute ethyl alcohol was used to elute
the dye bound to the biofilm, and then the absorbance was
recorded at 600 nm with a microplate reader (Tecan,
Salzburg, Austria). The antibiofilm rate was calculated
with Eq. (3):

R3 = (ODrcs — ODrca—scu/rcs) /ODres x 100% (3)

2.9.1 RT-PCR analysis

The RT-PCR assay was used to analyze the effect of TC4-
5Cu/TC4 on S. mutans genes expression. The samples were
soaked  in 1 ml culture  media  containing

aQ

3 x 10® CFU-ml™" bacteria for 1 and 3 days. Followed by
washing away the planktonic bacteria with PBS, and the
sessile bacteria were collected in 1 ml RNAprotect bacteria
reagent (Qiagen GmbH, Hilden, Germany). After cen-
trifugation at 4 °C, the total RNA of sessile bacteria was
extracted using RNAiso Plus (TaKaRa, Japan), and cDNA
was synthesized using Hifair® II 1st Strand cDNA Syn-
thesis Kit (Yeasen, Shanghai, China). The reverse tran-
scription conditions were 5 min at 25 °C, 30 min at 42 °C,
and 5 min at 85 °C. The RT-PCR was implemented with
Hieff® qPCR SYBR green master mix (Yeasen, Shanghai,
China) in a QuantStudio 3 real-time PCR system (Applied
Biosystems, Thermo Fisher, Singapore). The amplification
conditions were 95 °C for 5 min followed by 40 cycles at
95 °C for 10 s and 60 °C for 30 s. The genes expression
levels of g#fB, gtfC, gtfD, gbpB, fif, and ldh were tested, and
the 16S rRNA gene was internal control.

2.9.2 Statistical analysis

The obtained data were analyzed by the t test and one-way
analysis of variance (ANOVA) via GraphPad Prism (ver-
sion 7.00) software (GraphPad Software, San Diego, Cal-
ifornia, USA) to assess statistical differences. All
experiments were performed at least three times indepen-
dently, and the results were described as the mean val-
ues £ standard deviation (SD), respectively. The statistical
significance level was set as 95%.

3 Results
3.1 Characterization studies

Figure 3 and Table 2 demonstrate the surface morphology
and elemental composition percentage, exhibiting that the
alloy surface was mainly composed of Ti, Al, V and Cu,
and all the constituent elements were evenly distributed.
Cross-sectional morphology of TC4-5Cu/TC4 in Fig. 4
shows that there was no obvious boundary between the
TC4-5Cu alloy on the surface and the TC4 alloy on the
bottom. According to EDS mapping, the distribution of
copper element on the alloy surface was within about
80 um, confirming that the samples used were TC4-5Cu/
TC4 alloys.

Figure 5 identifies that the hydrophilicity and roughness
of TC4 and TC4-5Cu/TC4 were basically the same, and the
contact angles of TC4 and TC4-5Cu/TC4 alloys were
78.07° £ 1.34° and 81.77° £ 1.22° (Fig. 5a), while the
roughness values were (1.69 £ 0.06) pum and
(1.66 & 0.03) um (Fig. 5b). The difference between the
two groups of data was not statistically significant. In order
to research the biological safety of TC4-5Cu/TC4 alloy, the

Rare Met. (2022) 41(2):580-593
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Fig. 3 a Surface morphology and b—f EDS elemental mappings of TC4-5Cu/TC4 alloy

Table 2 Elemental composition percentage of TC4-5Cu/TC4
alloy

Element Ti Al \Y Cu
wiwt% 84.82 5.14 4.04 6.01
xlat% 82.94 8.92 3.72 4.43

Cu”" release concentration and rate of TC4-5Cu/TC4 alloy
in normal saline were analyzed. As shown in Fig. 5c, Cu
ions were constantly released within 28 days, and the
highest concentration was (18.73 + 0.87) pg-L™'. The
maximum release rate of copper ions was about
2.53 pg-L™'-day™" on the first day, and then the rate
gradually decreased to 0.44 pg-L™~'-day ™' on the 28th day.

3.2 MIC and MBC values

The purpose of this experiment was to investigate whether
the Cu®" released concentration by TC4-5Cu/TC4 alloy
reached MIC and MBC of Cu®". Figure 6a presents that
the 28.0 mg-L™" was the minimum Cu?" concentration
free of macroscopic bacteria in the solution, and Fig. 6b
exhibits that 56.0 mg-L™' was the lowest Cu®" concen-
tration without visible colonies occurred on the BHI ager
plate. It indicated that the MIC and MBC of Cu®" against
S. mutans were 28.0 and 56.0 mg-L™" (Fig. 6a).

3.3 Antibacterial activities against planktonic
bacteria and sessile bacteria

Figure 7 exhibits the planktonic and sessile S. mutans
colonies and pH value of liquid medium incubated for 1
and 3 days. In Fig. 7a, the abundant of bacterial colonies
were observed on the BHI ager medium of all groups.

Rare Met. (2022) 41(2):580-593

Figure 7b presents that the number of planktonic bacteria
in three groups was similar. In addition, the pH values of
solutions were basically the same whether there was a
sample or not (Fig. 7c). The antibacterial test of planktonic
bacteria confirmed that TC4-5Cu/TC4 alloy had little
antibacterial effect on unattached bacteria. Based on plate
images in Fig. 7d, the number of colonies on TC4-5Cu/
TC4 alloy was significantly less than that on TC4 alloy.
Figure 7e demonstrates that the average antibacterial rate
of the TC4-5Cu/TC4 alloy against sessile S. mutans for 1
and 3 days was ~ 46.17% and 74.39%, respectively. The
above results show that the fabricated TC4-5Cu/TC4 alloys
had satisfactory antibacterial effect against sessile bacteria
in biofilm, but limited antibacterial activity against plank-
tonic bacteria.

3.4 SEM observation of sessile bacteria

In order to investigate the morphology of sessile bacteria in
biofilm, SEM observation was carried out. Figure 8 reveals
that when compared with TC4 alloy, the number and chain
length of sessile S. mutans on TC4-5Cu/TC4 alloy were
significantly inhibited. Multitudinous bacteria were
observed on TC4 alloy. Furthermore, compared with the
first day, the number of bacteria on the third day was
similar, but the bacterial chain was much longer. The
results support the idea that TC4 alloy had little antibac-
terial property. On the contrary, the number of bacteria on
TC4-5Cu/TC4 alloy was less than that on TC4 alloy.
Furthermore, most of the bacteria existed as short chains or
single cells, and the bacterial chains on the third day were
obviously shorter than those on the first day. Based on
SEM observation, it was suggested that TC4-5Cu/TC4
alloy restrained biofilm formation and hindered the adhe-
sion between S. mutans.
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Fig. 6 a Macroscopic images of bacteria in liquid culture medium with different Cu?* concentrations; b visible colonies on BHI ager
plates (numbers (mg-L~") in images representing concentration of copper ions)
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Fig. 7 Antibacterial activities of TC4-5Cu/TC4 alloy against planktonic and sessile bacteria: a planktonic S. mutans colonies after
incubation for 1 and 3 days; b statistics of number of planktonic S. mutans colonies; ¢ pH values of different liquid mediums after
incubation for 1 and 3 days; d sessile S. mutans colonies on TC4 and TC4-5Cu/TC4 samples; e number of sessile S. mutans colonies
from two groups of samples, and antibacterial rate of TC4-5Cu/TC4 alloy (***p < 0.001, NS: not statistically significant)

3.5 Sessile bacteria viability

Figure 9 shows live and dead staining of sessile bacteria on
the samples. Figure 9a presents that numerous live bacteria
stained as green adhered to the TC4 alloy. In contrast, the
bacteria attached on the TC4-5Cu/TC4 alloy were mainly

Rare Met. (2022) 41(2):580-593

red-stained dead bacteria. The number of dead bacteria in
the CLSM images was quantitatively analyzed by Imagel]
software. The data in Fig. 9b indicated that the proportions
of dead bacteria on TC4 alloy at 1 and 3 days were
3.97% + 1.49% and 9.43% =+ 1.76%, while those on TC4-
5Cu/TC4 alloy were 67.67% + 3.79% and
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1 day

TC4

TC4-5Cu/TC4

3 days

Fig. 8 SEM images and number of sessile S. mutans observation on a, b TC4 and ¢, d TC4-5Cu/TC4 alloys after culturing for 1 and

3 days

87.3% =+ 5.62%, respectively. This result is consistent with
the antibacterial trend of CLSM images.

The structure of biofilm was measured by Z-axis scan-
ning of CLSM. Figure 9a clearly distinguishes the differ-
ence of biofilm thickness and the proportion of dead
bacteria between the two samples. The average biofilm
thicknesses of TC4 alloy on 1 and 3 days were
(39.27 £ 1.71) pm and (32.83 £ 1.93) um, respectively.
However, the values of TC4-5Cu/TC4 alloy were
(19.97 £ 0.92) pm and (13.16 + 1.06) pum, respectively,
which were much lower than the biofilm thickness on TC4
alloy (Fig. 9c). In addition, the average antibiofilm rates on
the first day and third day were 41.48% =+ 8.97% and
59.93% =+ 2.03%, respectively. These results illustrate that
TC4-5Cu/TC4 alloy could greatly suppress the activity of
S. mutans and reduce the formation of bacterial biofilm.

3.6 Quantitative detection of biofilm

Crystal violet staining was performed to quantify bacteria
biofilm formation. Figure 10a shows the absolute ethanol
that dissolved the crystal violet bound to the biofilm. It was
found that the solution color from TC4-5Cu/TC4 was more
transparent. Consistently, the absorbance of stained S.
mutans biofilm on the TC4-5Cu/TC4 alloy was much lower
than that of TC4 alloy (Fig. 10b). Furthermore, the average
antibiofilm rate on the first day and third day was
38.09% + 441% and 63.58% =+ 1.54%, respectively.

f
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Namely, the biofilm decrease degree on the third day was
greater than that on the first day. This is similar to the trend
in biofilm observed by CLSM, clarifying that TC4-5Cu/
TC4 alloys restrain the formation of biofilms.

3.7 Effect on gene expression of sessile S. mutans

To study the effect of TC4-5Cu/TC4 alloy on the gene
expression of S. mutans, PCR assay was carried out. The
tested genes were mainly related to EPS synthesis and
sucrose-dependent adhesion (gtfB, gtfC, gifD, fif, and
gbpB). In addition, the gene Ildh related to bacterial aci-
dogenicity was also analyzed. Figure 10 clarifies that
compared with TC4 alloy, TC4-5Cu/TC4 alloy signifi-
cantly down-regulated the expression level of tested genes
in sessile bacteria. Figure 10c presents that on the first day,
the expression values of gtfB, gifC, gtfD, fif, gbpB and Idh
genes of TC4-5Cu/TC4 alloy were about 40.02%, 37.44%,
66.37%, 90.99%, 38.26% and 48.87% that with TC4 alloy,
respectively, while the values of the third day were ~
31.52%, 22.03%, 45.79%, 30.93%, 28.31% and 44.05%,
respectively (Fig. 10d). The relative fold expression of all
genes on the third day of TC4-5Cu/TC4 alloy, especially fif
gene, was significantly lower than that on the first day. It is
deduced that TC4-5Cu/TC4 alloy inhibits the expression of
adhesion and aciduricity genes in S. mutans pathogenic
genes, prevents bacterial biofilm formation at the genetic
level, and reduces cariogenicity.
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4 Discussion

Caries is the most common oral chronic infectious disease
mediated by dental plaque biofilm [2]. The biofilm is ini-
tially formed by the adhesion and aggregation of bacteria,
which erode the tooth tissue [42]. In general, tooth tissues
with a treatment device are more likely to adhere to bac-
teria and then form dental plaque biofilms. In recent years,
the development of antibacterial alloys has received more
and more attention in order to solve the problem of dental
bacterial infection. The copper element has become an
attractive component in antibacterial alloys production, due
to its strong antibacterial properties and the role of essential
trace elements in the human body [23]. However, whether
the alloy added with copper element is suitable for fabri-
cating antibacterial dental appliance, it is necessary to
study the antibacterial effect of the alloy against S. mutans,
the most common cariogenic bacteria. In previous studies,
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titanium alloys with different copper contents (3 wt%, 5
wt% and 7 wt%) were fabricated, and the antibacterial
properties and biocompatibility were analyzed. The results
demonstrated that the 5 wt% Cu addition presented satis-
factory antibacterial effect and biocompatibility [43]. Thus,
in this research, 5 wt% copper was added to the TC4 alloy
which is widely used in clinic, to product SLMed TC4-
5Cu/TC4 alloy, and a series of antibacterial properties
against S. mutans were analyzed.

The results of material characterization show that the
copper element in the TC4-5Cu/TC4 alloy was uniformly
distributed within 80 pm of the alloy surface. Meanwhile,
the addition of copper had no noticeable effect on the
roughness and contact angle of the alloy, which are phys-
ical indicator that play an important role in bacterial
adhesion [44]. The maximum release concentration of
Cu®t in TC4-5Cu/TC4 alloy was 18.73 pg-L™" within
30 days, which is far lower than the recommended daily
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intake of copper 2-3 mg [45], showcasing that the bio-
safety of the TC4-5Cu/TC4 alloy is reassuring. However,
the MIC and MBC of copper ions were 28.0 and
56.0 mg-L~'. The value much higher than the release
concentration of Cu®" is in line with the result that the
alloy did not show antibacterial activity against planktonic
bacteria. In addition, it is well known that S. mutans pro-
duces lactic acid during proliferation and reduces the pH
value of the surrounding environment [46]. There was no
statistical difference in the pH value of the medium
immersed in the two groups of alloys. It was further proved
that the TC4-5Cu/TC4 alloy in present work has little
antibacterial effect on planktonic bacteria. In contrast, the
TC4-5Cu/TC4 alloy exhibits a significant antibacterial
effect against sessile bacteria, after incubation for 1 and
3 days. It is speculated that in this research, the Cu®"
dissolved in the solution may not be the component that
exerts the main antibacterial effect. The contacting steril-
ization produced by Ti,Cu phase reported by Liu et al. [39]
may be the main antibacterial mechanism of TC4-5Cu/TC4
alloy in this study. The antibacterial experimental data of
sessile bacteria also reflected the inhibitory effect of the
alloy on the sessile bacteria. The following tests were
performed to further understand this effect.

In order to comprehensively evaluate the antibiofilm
effect of TC4-5Cu/TC4 alloy against S. mutans, SEM
observation, CLSM detection and crystal violet measure-
ment were conducted. The observations by SEM and
CLSM present that the number of bacteria attached to the
TC4-5Cu/TC4 alloy and the proportion of live bacteria
were significantly less than those of the TC4 alloy, and the
bacterial chain became shorter. It is intuitively reflected the
bactericidal effect of the alloy on sessile bacteria and the
suppression of the mutual adhesion between S. mutans. The
measurement of the biofilm thickness by CLSM and the
quantitative detection of biofilm by crystal violet clarify
that TC4-5Cu/TC4 alloy reduces the formation of biofilm,
and the average antibiofilm rates at 1 and 3 days were
38.09% and 63.58%, respectively. It is consistent with the
reported results of TC4-5Cu inhibiting the S. aureus bio-
film formation, verifying the fact that Cu-bearing titanium
alloys have broad-spectrum antibacterial and antibiofilm
functions [47].

Bacterial biofilm is a three-dimensional structure initial
formed by bacteria attached to the material and then coated
with EPS [48], and its formation process is regulated by
related genes. PCR detection was carried out in order to
assess the effects of TC4-5Cu/TC4 alloy on the expression
of genes related to S. mutans biofilm formation. It was
verified that all detected genes were down-regulated, in the
TC4-5Cu/TC4 group. Adhesion, aciduricity and acid
resistance are the three major virulence factors of S. mutans
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cariogenicity [49]. Bacterial adhesion is the initial stage of
biofilm formation and the critical stage of caries develop-
ment [50]. EPS, especially GTF and FTF, play a significant
role in bacterial adhesion and biofilm formation. GTF
decomposes sucrose into glucose and fructose and then
catalyzes the synthesis of dextran from glucose, while
fructose is catalyzed by FTF to fructan [51]. Glucan mainly
promotes the formation of biofilm by enhancing the mutual
adhesion of bacteria and the attachment of bacteria to the
saliva acquired membrane. Studies have shown that the
biofilm formation ability and cariogenicity of S. mutans
lacking the gff gene are significantly reduced [52]. In
addition to the ability to assist in the formation of biofilms,
fructans are also responsible for storing nutrients for bac-
teria to prevent death in the sucrose deficiency stage [12].
Except for the above-mentioned genes, the biofilm for-
mation is also affected by GbpB, the product of the gpbB
gene. Based on reports, S. mutans with gbpB gene defect
grows slowly down and is less likely to form long chains
[15, 53]. Combining with the above evaluation of anti-
biofilm, it is speculated that the reduction of sessile bac-
teria and biofilm thickness are inseparably related to the
down-regulation of corresponding gene expression. In
addition to genes that regulate biofilm formation, the
expression of the acid production gene Idh was also tested.
Lactic acid produced by S. mutans is a key component of
its destruction of tooth tissue [16, 54]. The down-regulation
of Idh gene indicates that TC4-5Cu/TC4 alloy can not only
inhibit the formation of biofilm of S. mutans, but also
reduce the ability of acid production and the damage to
teeth.

5 Conclusion

In this work, a gradient TC4-5Cu/TC4 alloy was success-
fully manufactured using SLM technology. Experimental
results showed that the Cu addition had little effect on the
roughness and contact angle of the alloy. The TC4-5Cu/
TC4 alloy exhibited significant antibiofilm property against
S. mutans. Namely, the alloy showed outstanding antibac-
terial efficacy against sessile bacteria, but almost no
antibacterial activity against planktonic bacteria. This
observation can be explained by the fact that the Cu®"
leakage was much lower than the MIC and MBC of Cu?*.
The result of RT-PCR demonstrates that TC4-5Cu/TC4
alloy reduced the pathogenicity of S. mutans by down-
regulating the expression of genes related to bacterial
adhesion and acid production. Based on the above results
and discussion, TC4-5Cu/TC4 alloy has brighter prospects
in the development of dental device materials for pre-
venting dental caries.
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