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Abstract
Ti-6Al-4V (TC4) is extensively utilized for oral implants due to its excellent mechanical properties and
biocompatibility. In the oral environment, microbiologically influenced corrosion (MIC) is typically driven
by multispecies biofilms. Here, electrochemical, surface, and corrosion product analyses were used to
investigate the MIC of selective laser melted (SLM) TC4 induced by mono- or dual-species biofilms of
Streptococcus mutans (S. mutans) and Veillonella dispar (V. dispar). The dual-species biofilm was thicker,
denser, and produced more extracellular polymeric substances (EPS) than mono-species biofilms,
resulting in higher corrosion current density and lower charge transfer resistance. Although S. mutans
dominated the interaction, V. dispar alone accelerated corrosion mainly via extracellular electron transfer
(EET), as confirmed by riboflavin addition. The co-culture system's overall pH increased, ruling out acid-
induced corrosion as the main mechanism. Instead, their synergy promoted EET-MIC, further enhanced
by riboflavin as an electron shuttle. Corrosion product analysis showed that under dual-species
conditions, TiO₂ in the passive film decreased significantly, while Ti, Al, and V ion release increased,
indicating lower corrosion resistance. Cytotoxicity and cytoskeletal staining revealed that the dual-
species biofilm corrosion solution more strongly stimulated cell growth and proliferation. Our findings
offer new insights into oral MIC mechanisms and strategies for developing corrosion-resistant oral
materials.

1. Introduction
Dental implants are widely adopted for tooth loss restoration and aesthetic reconstruction. TC4 exhibits
excellent mechanical properties, biocompatibility, corrosion resistance, and a low elastic modulus,
rendering it a standard material for dental implant fabrication 1. Compared to traditional manufacturing,
which suffers from complex procedures and material waste, SLM, as an additive manufacturing
technology, enables the direct fabrication of dental implants with customized morphology, good
mechanical strength, and biocompatibility 2–6. Modern medicine has made great progress in surgical
implant restoration. However, postoperative implant infection remains a key factor causing failure in oral
and orthopedic implant therapy 7. Reports show that the incidence of peri-implantitis is 22%-43% in
different patient groups 5–10 years after implantation 8,9. The warm, moist, and nutrient-rich oral
environment has aerobic, microaerophilic, and anaerobic microenvironments, which support the growth
of corrosive microorganisms 10. Biofilms with diverse microorganisms colonize oral surfaces (oral
epithelium, gingival sulcus, tongue, soft and hard palate, tooth surfaces) and dental devices
(restorations, dentures, orthodontic brackets, archwires) 11. These biofilms consist of EPS,
microorganisms, and their metabolites, leading to localized changes in pH, dissolved oxygen levels, ion
concentrations, and organic content 12. These factors together accelerate the corrosion and degradation

of dental metallic materials, producing toxic byproducts and releasing metal ions 13. This further disrupts
cellular metabolism and proliferation, causing local tissue edema, infection, and even necrosis, and may
lead to systemic adverse reactions, which is a critical clinical challenge 14.
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MIC is a biofilm-mediated bioelectrochemical process that occurs in nearly all environments containing
microorganisms, including marine settings, oil-water interfaces, soil, medical implants, and even space
stations 15–17. Biofilms are the main cause of degradation of various metals and alloys 18.
Microorganisms in biofilms induce or accelerate corrosion through two main mechanisms: Metabolite-
MIC (M-MIC), caused by microbial corrosive byproducts like organic acids, and Extracellular Electron
Transfer-MIC (EET-MIC), from electroactive microorganisms extracting electrons from metals 19,20.
Previous studies investigated the effects of single strains (S. mutans, Actinobacillus, Candida albicans,
Porphyromonas gingivalis, Streptococcus sobrinus type g) on corrosion, surface tarnish, discoloration, and
microbial adhesion of traditional-process oral metals (pure Ti, Ti75 alloy, 316L stainless steel, cobalt-
chromium alloy, nickel-chromium alloy) 21–24. However, in-situ oral biofilms are symbiotic, synergistic
multi-species communities, with physicochemical properties and corrosion behaviors significantly
different from single-strain biofilms. Current single-strain-based research on metabolism-mediated
microbial corrosion cannot fully reflect the actual corrosion kinetics of implant metals, often leading to
limited and one-sided interpretation of corrosion mechanisms 25. Additionally, due to limited prior
discussion on electroactive oral biofilms, the possibility of EET-MIC occurring in the oral environment has
been largely overlooked.

The oral cavity harbors a vast number of microorganisms, among which S. mutans is an early colonizer
and a typical acid-producing bacterium 26. The primary virulence factor of S. mutans is its ability to
adhere to tooth surfaces and form polysaccharide-encapsulated biofilms, characterized by causing
localized demineralization and decay of teeth 27. Previous studies confirmed that S. mutans can produce
acidic microenvironments through metabolic acid production, change implant surface morphology and
chemical composition, and thus damage the surface oxide film of titanium-based implants 28. Using 16S
rRNA sequencing, Wang et al. identified multiple electroactive microorganisms (Veillonella, Actinomyces,
Staphylococcus) in supragingival plaque samples from healthy volunteers 10. Furthermore, Veillonella is
abundant in implant infection-related biofilms, possibly due to its interactions with some oral bacteria
29,30. Research suggests V. dispar forms a potential “criminal consortium” through interactions with S.
mutans 31,32. Veillonella promotes Streptococcus growth and its biofilm resistance, and Streptococcus
provides it with adhesion sites and nutrients 33. V. dispar has a weak adherence ability to tooth surfaces

and requires co-aggregation with streptococci for initial colonization 34,35. The two genera exhibit
interdependent relationships in spatial distribution, adhesion, nutrient utilization, and interspecific signal
communication 36. Liu found that in dual-species biofilms, Veillonella parvula promoted S. mutans growth
and extracellular polysaccharide synthesis 37.

Currently, research on the MIC of metallic dental implants mediated by symbiotic bacteria remains
extremely limited, with no studies focused on additively manufactured implants. This study investigates
the MIC of TC4 alloy by mixed bacterial communities of V. dispar and S. mutans, using single-strain
controls for comparison. Through electrochemical testing, surface analysis, and characterization
techniques, biofilm and corrosion products were examined. Cytotoxicity assays evaluated material
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biosafety. This work provides an in-depth analysis of the mechanistic roles of these two bacterial strains
in the MIC of TC4.

2. Materials and methods

2.1 Materials preparation
The SLM TC4 alloy employed in this study had the following nominal composition (wt. %): Ti 90.71, Al
5.51, V 3.78. The specimens were prepared as square blocks measuring 10 mm × 10 mm × 3 mm. Prior
to testing, all samples were mechanically ground using successive grades of 400 #, 600 #, 800 #, 1000
#, and 1200 # SiC sandpapers to remove surface oxide layers and attain a uniform surface finish.
Subsequently, specimens were ultrasonically cleaned in absolute ethanol and distilled water for 15 min
each, and then sterilized by exposure to ultraviolet radiation for 30 min with the test surface oriented
upwards. The specimens for electrochemical experiments were embedded in epoxy resin, exposing a 10
mm × 10 mm surface area for testing.

In this study, V. dispar (DSM 20735) and S. mutans (ATCC 25175) were utilized establish a biofilm
consortium. V. dispar and S. mutans were cultured in 136 medium and BHI medium, respectively. The
composition of the 136 medium consisted of: 5 g/L tryptone, 3 g/L yeast extract, 7.5 g/L Na-(DL)-lactate,
0.75 g/L sodium thioglycolate, 1 mL/L Tween 80, 1 g/L glucose, 0.003 g/L putrescine, and 0.001 g/L
resazurin. All media were autoclaved at 121°C for 30 min, and the pH was adjusted to 7.5 ± 0.1 with
potassium carbonate after cooling. Prior to use, the media were placed in an anaerobic chamber for 48 h
to eliminate dissolved oxygen. All biocorrosion tests were conducted in an anaerobic chamber under a
nitrogen atmosphere. The initial cell concentration was adjusted to 106 cells/mL. Electrochemical tests
were performed in 500 mL glass cells containing 250 mL of medium under anaerobic conditions at 37°C
for 14 days.

2.2 Biofilm and coupons surface morphologies
The viability and thickness of biofilms on the sample surfaces were assessed using a confocal laser
scanning microscope (CLSM, C2 Plus, Nikon, Japan). Prior to CLSM observation, the samples were
incubated in culture medium for 7 and 14 days. Subsequently, the biofilms were stained in the dark for
20 minutes with a fluorescent dye (BacLight Bacterial Viability Kit, Invitrogen, Thermo Fisher Scientific,
USA), followed by rinsing with sterile water to remove unbound dye. The biofilm thickness was
determined by scanning the three-dimensional images obtained via CLSM at an excitation wavelength of
483 nm and an emission wavelength of 503 nm.

Additionally, CLSM was utilized to evaluate the surface coverage of cells and EPS. Biofilm samples were
prepared as described above. After 7 and 14 days of incubation, samples were collected from different
experimental conditions, rinsed with sterile water to remove planktonic cells, and subsequently treated
with 0.1% Triton X-100 solution for 30 min to permeabilize cell membranes. The samples were then
incubated sequentially in the dark with undiluted DAPI (4,6-diamidino-2-phenylindole), Alexa 633-
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conjugated concanavalin A, and SYPRO tangerine for 15 min each. All procedures were performed under
dark conditions.

2.3 Corrosion pit morphology and surface corrosion
product detection
Field emission scanning electron microscopy (FESEM, Ultra-Plus, Zeiss, Germany) was employed to
examine the morphology of biofilms on the coupon surfaces. After immersion in the culture medium for
7 and 14 days, the samples were rinsed with phosphate-buffered saline (PBS) to remove loosely
attached biofilms and planktonic cells, then fixed in 2.5% (v/v) glutaraldehyde solution for 4 h, followed
by dehydration using a graded ethanol series. Prior to SEM observation, the coupons were sputter-
coated with gold to enhance electrical conductivity.

The distribution and depth of corrosion pits were examined using laser scanning confocal microscopy
(CLSM, LSM 710, Zeiss, Germany). After 14 days of immersion, the specimens were retrieved and
subjected to the ASTM G1-03 standard chemical cleaning procedure to remove residual biofilms and
corrosion products the pits.

The corrosion products after immersion were analyzed by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250, Thermo Fisher, MA, USA). Following 14 days of co-culturing, samples from the mono-
species, dual-species, and sterile control groups were collected, rinsed with deionized water, dried, and
prepared for XPS analysis. The XPS analysis was performed using a monochromatic Al Kα X-ray source
(1486.6 eV) operated at 1500 eV. High-resolution spectra were acquired with a pass energy of 50 eV and
an energy step size of 0.1 eV over a binding energy range of 0–1350 eV. All collected spectra were
calibrated by referencing the C 1s peak at 284.8 eV for charge correction.

2.4 Electrochemical tests
To investigate the corrosion behavior of TC4 alloy induced by S. mutans, V. dispar, and their co-culture,
electrochemical measurements were conducted over 14 days under anaerobic conditions at 37°C using
an electrochemical workstation (Reference 600, Gamry Instruments, Inc., USA). A conventional three-
electrode system was employed, with a saturated calomel electrode (SCE) as the reference electrode, a
platinum sheet as the counter electrode, and the TC4 specimen as the working electrode. Open circuit
potential (OCP), linear polarization resistance (LPR), electrochemical impedance spectroscopy (EIS), and
potentiodynamic polarization tests were performed. After stabilization of the OCP, LPR measurements
were carried out within a potential range of ± 10 mV vs. EOCP at a scan rate of 0.125 mV/s. Subsequently,

EIS was conducted over a frequency range of 10⁵ Hz to 0.01 Hz with an AC voltage amplitude of 5 mV
(vs. SCE). On day 14, potentiodynamic polarization tests were performed by scanning from − 500 mV to
1500 mV vs. EOCP at a sweep rate of 0.166 mV/s. The corrosion current densities (icorr) and corrosion
potentials (Ecorr) were obtained through Tafel extrapolation.

Page 6/31



2.5 Analysis of dissolved metal ion concentrations and
Cytotoxicity
Metallic ions released from coupons immersed in media containing mono-species, dual-species, and
sterile control groups for 7 and 14 days were analyzed. The solutions were transferred to 50 mL tubes
and vortexed for 1 min to ensure homogeneous distribution of metallic ions. Subsequently, the solutions
were filtered through 0.22 µm sterile membranes to remove bacterial cells and impurities. Dissolved
metal ions in the filtrate were quantitatively analyzed using flame atomic absorption spectroscopy
(FAAS, Model Z-2000, Hitachi, Japan), with an instrumental detection limit of 1 µg/L. The measured
metal ion concentrations were normalized to the specimen's surface area for comparative assessment.

L-929 cells (Cat No. FH0534) purchased from Shanghai Fuheng Biotechnology, were cultured in cell
culture flasks until they reached over 80% confluence. The cells were then digested with 0.25% trypsin
and counted using a cell counting plate. After 14 days of co-culture in the presence or absence of
microbial groups, the extracts were filtered and sterilized using a 0.22 µm syringe filter. The filtrate was
added to L-929 complete culture medium at a ratio of 1:10 to prepare a 10% stock solution. The sample
pieces were placed in 24-well plates, and 5,000 cells were seeded into each well. According to ISO
10993-12 38, the culture medium was added at an extraction ratio of 3 cm²/mL and incubated at 37°C for
24 and 72 hours. Then, 10% CCK-8 working solution was added, and the plates were incubated in the
dark for 1.5 hours. The supernatant was transferred to a 96-well plate, and the optical density (OD) value
was measured at a wavelength of 450 nm. The cell relative growth rate (RGR) was calculated according
to formula (1).

RGR(%) = OD2 / OD1 × 100% (1)

Where RGR is the cell proliferation rate, and OD2 and OD1 are the absorbance values of the experimental
and control groups at 450 nm, respectively.

Three replicates were set up for each experiment, and the experiment was repeated three times.
Additionally, two parallel samples per group were placed in 24-well plates, and 2 mL of 10% stock
solution was added to each well. Each well was seeded with 5,000 cells. After 1 and 3 days of culture,
the cells were fixed with 4% paraformaldehyde for 30 minutes, permeabilized with 0.5% Triton X-100 for 5
minutes, stained with rhodamine-phalloidin in the dark for 50 minutes, and counterstained with DAPI for
10 minutes. Cell adhesion morphology was observed using a fluorescence microscope (Ti-U, Nikon,
Japan).

3. Results

3.1 Formation and structure of biofilms on TC4 coupon
surfaces
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After 7 and 14 days of co-culture with V. dispar and S. mutans, observations were made using CLSM.
Three-dimensional CLSM images revealed significant differences in biofilm thickness and viability
among the different biofilms. As shown in Fig. 1 (a, b), green, red, and yellow signals correspond to live
cells, dead cells, and partially damaged/dead cells, respectively. On day 7 of cultivation, the measured
biofilm thicknesses were: V. dispar 16.3 ± 1.2 µm, S. mutans 33.7 ± 2.3 µm, and the mixed-species 36.5 ± 
2.3 µm. The results indicate that, compared to mono-species biofilms, the mixed-species biofilm was
thicker, denser, and contained a higher number of sessile cells. Subsequently, due to cell apoptosis and
nutrient depletion, the number of sessile cells in the biofilms decreased rapidly, accompanied by a
corresponding increase in the proportion of dead cells. By day 14, the biofilm thickness measurements
were: V. dispar 12.2 ± 2.6 µm, S. mutans 21.9 ± 1.1 µm, and the mixed-species 31.2 ± 4.1 µm

Under the same culture conditions, sequential staining techniques were employed to label cells, proteins,
and polysaccharides on the sample surfaces, followed by evaluation using CLSM to assess the
differences in cellular, protein, and polysaccharide composition among the different biofilms. Figure 1 (c,
d) illustrates the biofilm architecture by merged fluorescence channels of cells (blue), proteins (red), and
polysaccharides (green), indicating that these three components are widely distributed within the biofilm
matrix. On day 7, the mixed-species biofilm exhibited higher cell density, protein concentration, and
polysaccharide content compared to mono-species biofilms, suggesting increased biofilm thickness,
elevated metabolite production, and enhanced EPS secretion on the metal surface. Figure 1 (d) shows
that after 14 days of co-culture with the mixed species, the surface content of cells, proteins, and
polysaccharides on the samples decreased compared to day 7, likely due to nutrient depletion leading to
a reduction in bacterial EPS synthesis capacity. In this study, V. dispar exhibited relatively limited EPS
production due to its inability to ferment sugars. S. mutans catalyzes glucosyl transfer through one or
more glucosyltransferases (GTFs), which participate in the synthesis of extracellular polysaccharides by
this organism 27. Under mixed-species conditions, lactate consumption by V. dispar alleviates
microenvironmental acidosis, thereby promoting EPS production by S. mutans and ultimately driving the
formation of thicker biofilms 37. Furthermore, consistent with the live/dead staining results, on day 7 of
co-culture, S. mutans and V. dispar exhibited interbacterial co-aggregation, with the formation of
extensive viscous EPS encapsulating the bacterial cells, thereby contributing to increased biofilm
thickness. By day 14, the overall biofilm activity showed a declining trend, the structure became looser,
and EPS coverage was significantly reduced in localized areas.

3.2 Morphology of biofilms and pitting observation
The adhesion morphologies of V. dispar, S. mutans, and the V. dispar-S. mutans co-culture on TC4
surfaces after 7 and 14 days of incubation are shown in Fig. 2 (a, b). After 7 days, V. dispar cells,
predominantly existing as diplococci, were dispersed across the sample surface. The metal surface co-
cultured with S. mutans for 7 days exhibited intermittent biofilms with round chains of sessile bacterial
cells. In the dual-species culture, S. mutans initially adhered to the metal surface, followed by the
attachment of V. dispar onto the pre-formed streptococcal layer, resulting in the development of mound-
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shaped, synergistic biofilms with significantly increased microbial density and thickness. In contrast, the
density of both mono- and dual-species biofilms had decreased after 14 days. These findings
demonstrate that the biofilm architecture and adhesive capacity under mixed-species conditions differ
markedly from those under mono-species conditions.

To evaluate the pitting corrosion, after removing corrosion products and biofilms, the morphology of TC4
specimens immersed for 14 days in sterile, single-species, and mixed dual-species culture media was
observed using CLSM. The pitting depth and cross-sectional area under sterile, single-species, and
mixed dual-species co-culture conditions were measured using CLSM. As shown in Fig. 2 (c-f), the
maximum pit depths caused by V. dispar, S. mutans, and the V. dispar-S. mutans co-culture biofilms were
4.2 µm, 6.4 µm, and 9.4 µm, respectively. Samples soaked in sterile medium exhibited only the mildest
irregular pitting, with an average depth of 1.4 ± 0.3 µm, whereas the average pit depths caused by V.
dispar, S. mutans, and the mixed consortium biofilms were 3.1 ± 0.9 µm, 4.9 ± 2.2 µm, and 5.5 ± 1.5 µm,
respectively. Compared with biofilms formed by a single strain, the presence of the mixed consortium led
to more severe pitting corrosion on the TC4 samples.

3.3 Electrochemical measurements and Acid production by
microbiota

3.3.1 OCP, corrosion rate versus time, and
Potentiodynamic polarization curves
Figure 3 (a)illustrates the variation of open circuit potential (EOCP) over time during a 14-day continuous
culture for the sterile control group and the bacterial experimental group. In the sterile medium, the EOCP

of the TC4 specimen increased significantly from − 259 mV vs. SCE on the first day to − 175 mV by the
third day, and then remained relatively stable thereafter, maintaining a level around − 160 mV. In contrast,
in media containing V. dispar and S. mutans, the EOCP exhibited a continuous negative shift during the

first three days of incubation, reaching approximately − 499 mV and − 552 mV, respectively. Furthermore,
in the medium containing the mixed dual-species consortium, the EOCP values (approximately − 596 mV)
were more negative than those observed under single-species conditions. The observed variations in
EOCP can be attributed to differences in the biofilm structures formed on the specimen surfaces 39.

As shown in Fig. 3 (b), LPR tests were conducted over a 14-day period in both sterile control and
inoculated media to analyze corrosion rate variations under different conditions. Overall, the corrosion
rates under all conditions fluctuated after one day of inoculation and subsequently stabilized at relatively
constant values. Compared with the sterile medium (6.0 Ω·cm²), the lower polarization resistance (Rp)
values observed in the presence of V. dispar (2.8 Ω·cm²) and S. mutans (2.3 Ω·cm²) indicate that both
bacterial strains are corrosive. The lowest Rp value (1.7 Ω·cm²), detected in the mixed microbial

consortium medium, suggests the existence of synergistic MIC. These results corroborate the
conclusions drawn from the aforementioned surface analysis.
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Figure 3 (c) displays the potentiodynamic polarization curves of TC4 specimens after 14-day exposure to
sterile medium, V. dispar, S. mutans, and mixed consortium cultures. The corresponding electrochemical
parameters extracted from the potentiodynamic polarization curves are presented in Fig. 3 (d).
Compared with the sterile medium, the corrosion potentials shifted negatively in the presence of oral
microbiota, which is consistent with the open-circuit potential monitoring results. The corrosion current
density (icorr) in the sterile medium (7.7 ± 1.0 nA·cm− 2) was significantly lower than that in the V. dispar

inoculated medium (17.5 ± 1.2 nA·cm− 2), the S. mutans inoculated medium (24.2 ± 2.7 nA·cm− 2), and the
mixed consortium inoculated medium (40.7 ± 2.0 nA·cm− 2). The corrosion potential and corrosion
current density data (Fig. 3 (d)) further confirm that the mixed consortium biofilm induced a significantly
higher corrosion rate compared to the single-species biofilms, which may be attributed to enhanced
charge transfer between the TC4 surface and the mixed biofilm.

3.3.2 EIS measurements
Under stable OCP conditions, EIS tests were performed on samples incubated in abiotic and biotic media
at days 1, 4, 7, 10, and 14. The corresponding Nyquist plots are presented in Fig. 4 (a-d), and the Bode
plots (phase angle vs. log frequency) are shown in Fig. 4 (e-h). In general, the diameter of the capacitive
arc in a Nyquist plot reflects the charge transfer resistance at the interface between the specimen and
the electrolyte, a value that is negatively correlated with the material's corrosion susceptibility 40. In the
sterile medium (Fig. 4 (a)), the capacitive arc diameter was the largest and showed minimal variation
over time. However, in media inoculated with V. dispar (Fig. 4 (b)) and S. mutans (Fig. 4 (c)), the observed
incomplete capacitive arcs exhibited diameters smaller than those of the sterile group and continued to
decrease with incubation time. Under the presence of mixed bacterial species, the capacitive arc
diameter was the smallest, indicating the lowest corrosion resistance, which suggests that the corrosion
rate in the presence of biofilms was significantly higher than that in the sterile control group.

The corresponding Bode plots (phase angle vs. logarithm of frequency) are shown in Fig. 4 (e-h). In the
very high-frequency region, the impedance modulus represents the solution resistance. Based on the
results, it can be inferred that the solution resistances of the four groups did not change significantly,
indicating that the environmental conditions remained essentially consistent across groups during the
immersion period. In the presence of microbes, both the maximum phase angle and the maximum phase
angle amplitude were slightly reduced and narrowed. At low frequencies, a dual-phase film was formed
on the alloy surface, consisting of an inner barrier layer and an outer porous layer. Therefore, the
decrease in phase angle at low frequencies suggested a reduced contribution of surface film resistance
to impedance 40. The impedance modulus in the very low-frequency region represents the polarization
resistance of the electrode. Significant differences in the low-frequency impedance modulus were
observed among the four groups over time, suggesting that the structure of the passive layer under
biofilm conditions differed markedly from that in the sterile medium.
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The impedance spectra of specimens in different culture media were fitted using the equivalent
electrical circuits (EEC) model illustrated in Fig. 4 (a-d). The impedance spectra under both sterile and
bacteria-containing conditions showed good agreement with the circuit model. The equivalent circuit
parameters obtained from electrochemical impedance spectroscopy measurements are listed in
Table 1. Here, Rs represents the solution resistance, Rb denotes the resistance of the passive layer on the
metal specimen, and Rct stands for the charge transfer resistance. Rct is an important parameter for the

evaluation of MIC, which is inversely proportional to the corrosion rate 41. Under all conditions, the
passive layer resistance fluctuated over time and was significantly lower than the charge transfer
resistance. According to the quantitative fitting data in Table 1, the Rct of the mixed consortium on day 7

was only 4.5 × 104 ± 1.1 × 104 Ω·cm², which is one order of magnitude lower than that of the V. dispar
monoculture group (3.1 × 105 ± 8.0 × 104 Ω·cm2) and the S. mutans monoculture group (2.6 × 105 ± 4.7 ×

106 Ω·cm2), suggesting that the mixed bacterial community exhibits stronger corrosivity. The highest Rct

values were obtained in the abiotic medium, implying the excellent corrosion resistance of TC4 in the
absence of biofilms. Under the condition of V. dispar, the Rct values increased to 4.2 × 105 ± 3.6 ×

104Ω·cm2 on day 14. In the presence of S. mutans, the Rct values decreased to 1.7 × 105 ± 4.5 × 106

Ω·cm² on day 14. In the mixed-species culture medium, the Rct values on day 14 were (1.0 × 104 ± 2.5 ×

105) Ω·cm2, which remained lower than those in both monoculture groups.
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Table 1
EIS parameters extracted from EIS measurements during 14 days of incubation.

Duration/day Rs Qf Rb Qdl Rct

(Ω cm2) (F cm− 2) (Ω cm2) (F cm− 2) (Ω cm2)

TC4 in the sterile medium

1 29.0 ± 
0.8

3.3 × 10− 5 ± 4.0 ×
10− 6

- - 9.6 × 105 ± 1.1 ×
105

4 24.4 ± 
0.7

3.5 × 10− 5 ± 6.0 ×
10− 6

- - 3.1 × 106 ± 8.7 ×
107

7 33.0 ± 
2.5

3.4 × 10− 5 ± 2.1 ×
10− 6

- - 3.8 × 106 ± 4.0 ×
107

10 23.3 ± 
0.9

3.4 × 10− 5 ± 4.0 ×
10− 6

- - 5.8 × 106 ± 5.5 ×
107

14 28.2 ± 
0.8

2.1 × 10− 5 ± 4.9 ×
10− 6

- - 2.3 × 106 ± 4.5 ×
107

TC4 in the presence of V. dispar

1 13.4 ± 
0.7

1.5 × 10− 5 ± 3.5 ×
10− 6

43.4 ± 
0.5

1.3 × 10− 5 ± 5.8 ×
10− 7

5.3 × 105 ± 1.4 ×
105

4 26.3 ± 
0.9

2.5 × 10− 5 ± 2.5 ×
10− 6

37.3 ± 
0.8

3.4 × 10− 5 ± 2.0 ×
10− 6

4.9 × 105 ± 6.7 ×
104

7 28.4 ± 
0.5

2.9 × 10− 5 ± 1.7 ×
10− 6

40.6 ± 
1.6

1.7 × 10− 5 ± 4.0 ×
10− 6

3.1 × 105 ± 8.0 ×
104

10 24.0 ± 
0.8

3.9 × 10− 5 ± 3.1 ×
10− 6

45.3 ± 
0.9

1.6 × 10− 5 ± 2.6 ×
10− 6

3.2 × 105 ± 2.7 ×
104

14 24.2 ± 
0.7

2.9 × 10− 5 ± 7.6 ×
10− 6

77.2 ± 
1.2

2.4 × 10− 5 ± 8.7 ×
10− 6

4.2 × 105 ± 3.6 ×
104

TC4 in the presence of S. mutans

1 24.2 ± 
0.8

8.3 × 10− 5 ± 3.7 ×
10− 6

30.5 ± 
1.4

4.4 × 10− 5 ± 1.0 ×
10− 6

4.7 × 105 ± 8.3 ×
104

4 23.1 ± 
0.9

5.7 × 10− 5 ± 6.0 ×
10− 6

30.4 ± 
1.4

4.6 × 10− 5 ± 6.0 ×
10− 6

2.7 × 105 ± 4.0 ×
106
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Duration/day Rs Qf Rb Qdl Rct

(Ω cm2) (F cm− 2) (Ω cm2) (F cm− 2) (Ω cm2)

7 29.0 ± 
2.2

3.3 × 10− 5 ± 8.6 ×
10− 5

29.5 ± 
0.5

3.7 × 10− 5 ± 3.2 ×
10− 6

2.6 × 105 ± 4.7 ×
106

10 30.4 ± 
0.6

3.2 × 10− 5 ± 4.8 ×
10− 6

31.3 ± 
0.5

1.4 × 10− 5 ± 2.6 ×
10− 6

2.2 × 105 ± 3.2 ×
104

14 10.0 ± 
0.8

9.1 × 10− 5 ± 8.7 ×
10− 6

19.4 ± 
0.6

2.6 × 10− 5 ± 3.5 ×
10− 6

1.7 × 105 ± 4.5 ×
106

TC4 in the presence of V. dispar + S. mutans

1 24.8 ± 
0.9

2.2 × 10− 5 ± 6.4 ×
10− 6

8.9 ± 1.0 4.7 × 10− 5 ± 5.0 ×
10− 6

8.3 × 104 ± 1.2 ×
104

4 25.6 ± 
0.8

3.7 × 10− 5 ± 6.1 ×
10− 6

13.2 ± 
0.6

1.9 × 10− 5 ± 7.9 ×
10− 6

7.6 × 104 ± 6.5 ×
105

7 10.1 ± 
0.8

2.1 × 10− 5 ± 7.2 ×
10− 6

14.5 ± 
2.1

4.5 × 10− 5 ± 3.1 ×
10− 6

4.5 × 104 ± 1.1 ×
104

10 33.1 ± 
0.9

3.1 × 10− 5 ± 5.3 ×
10− 6

11.4 ± 
1.3

1.9 × 10− 5 ± 2.0 ×
10− 6

0.7 × 104 ± 1.4 ×
105

14 24.2 ± 
0.8

5.7 × 10− 5 ± 6.0 ×
10− 6

7.4 ± 1.5 2.5 × 10− 5 ± 8.0 ×
10− 6

1.0 × 104 ± 2.5 ×
105

3.3.3 Riboflavin concentration and pH measurements
To further investigate the fermentation behavior of S. mutans and V. dispar under co-culture conditions in
the presence of titanium (Ti) alloy specimens, this study monitored the dynamic changes in the pH of the
culture medium over 14 days, using sterile medium as a control. As shown in Fig. 5 (a), the pH in the
abiotic medium exhibited minor fluctuations over time. In the medium inoculated with S. mutans, the pH
decreased significantly to 5.7 on the first day and remained relatively stable thereafter. In the media
inoculated with V. dispar and the dual-species consortium, the pH decreased to 6.4 and 6.3, respectively,
on the first day, with no significant difference observed between the two.

Microbial communities can achieve more efficient utilization of energy from surrounding substances and
better adapt to their living environment through electron exchange functions, a process that can also
lead to increased corrosion. Riboflavin serves as an electron shuttle in the extracellular electron transfer
process of various microorganisms 42. In microbial fuel cells, riboflavin enhances current output by
improving the efficiency of extracellular electron transfer. To validate this hypothesis, riboflavin at a final
concentration of 10 µg/mL was added to the V. dispar culture medium. As shown in Fig. 5 (b), riboflavin
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itself exhibited no corrosive effect under abiotic control conditions. On day 7, the Rct of the V. dispar + 10

µg/mL riboflavin group was 2.1 × 105 ± 4.4 × 104 Ω·cm², lower than that of the V. dispar alone group (3.1

× 105 ± 8.0 × 104 Ω·cm²). After 7 days, the difference in charge transfer resistance between the groups
with and without riboflavin gradually diminished, although the final Rct value in the riboflavin-
supplemented group remained slightly lower. Potentiodynamic polarization curves and corresponding
electrochemical parameters obtained on day 14 Fig. 5 (c, d) further corroborated the EIS data, indicating
that riboflavin addition accelerated both the anodic reaction and corrosion rate of V. dispar-induced
microbiologically influenced corrosion.

3.4 XPS analysis of passive film
To gain deeper insight into the corrosion products formed on TC4 surfaces under mono-species, dual-
species, and sterile conditions, high-resolution XPS spectra of the Ti 2p, Al 2p, and V 2p regions were
analyzed after 14 days of co-culture. The XPS survey scans (Table 2) detected Ti and O elements under
all conditions, indicating that the passive film was primarily composed of titanium oxides. Further
narrow-scan analysis of the Ti region identified specific titanium oxide species, and the relative
percentages of these oxides were calculated based on the integrated peak areas 43. Quantitative
analysis of the Ti 2p spectra after etching to 3 nm, 7 nm, and 10 nm depths is shown in Fig. 6. In the
sterile control, the proportion of Ti metal oxides was significantly higher than that of the metallic phase.
The relative content of TiO₂ in the passive film plays a decisive role in the corrosion resistance of Ti
alloys 30. A higher proportion of TiO₂ corresponds to improved passive film stability and enhanced
corrosion resistance 44. In the presence of V. dispar, S. mutans, and their co-culture, the relative content
of TiO₂ in the passive film was significantly lower. It can be concluded that both S. mutans and V. dispar,
individually and in combination, accelerate the corrosion process by degrading the passive film,
specifically through the reduction of TiO₂ content.
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Table 2
Main compositions of the passive film at each XPS recording depth after 14 days of

immersion under abiotic and biotic conditions
  Composition Ti Al V

Sterile medium 0 nm TiO2 Al2O3 /

3 nm TiO2/Ti2O3/TiO Al2O3/Al /

7 nm TiO/Ti0 Al V

10 nm Ti0 Al V

18 nm Ti0 Al V

V. dispar 0 nm TiO2 Al2O3 /

3 nm TiO2/Ti2O3/TiO Al2O3 /

7 nm TiO2/Ti2O3/TiO/Ti0 Al2O3/Al V/V2O5

10 nm TiO/Ti0 Al V

18 nm Ti0 Al V

S. mutans 0 nm TiO2 Al2O3 /

3 nm TiO2/Ti2O3/TiO Al2O3 /

7 nm TiO2/Ti2O3/TiO/Ti0 Al2O3/Al V/V2O5

10 nm TiO/Ti0 Al V

18 nm Ti0 Al V

V. dispar + S. mutans 0 nm TiO2 Al2O3 /

3 nm TiO2/Ti2O3/TiO Al2O3 /

7 nm TiO2/Ti2O3/TiO/Ti0 Al2O3/Al V/V2O5

10 nm TiO/Ti0 Al2O3/Al V/V2O5

18 nm Ti0 Al V

3.5 Metal ions release and Cytotoxicity
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In eukaryotic cells, an intricate fiber network called the cytoskeleton can reflect morphological changes
of the cell 45. According to different diameters, these fibers can be categorized into microfilaments,
microtubules, and intermediate filaments. After staining the nucleus and cytoplasm with two dyes, the
cytoskeleton morphology was examined under a fluorescence microscope. As shown in Fig. 7 (a), on the
first day of culture, the cells appeared curled, with most cells not yet spread out and a relatively small
number of cells. By the third day, the cell number increased significantly, most cells extended
pseudopodia, the nuclei were intact with uniformly distributed chromatin, and the cells were close to
each other, while no dead or lysed cells were observed, as shown in Fig. 7 (b). In the above results,
differences in cell adhesion number and cytoskeleton morphology between the sterile group and the
microbe-containing group indicate that the amount of ion release in the solution affects the
biocompatibility of TC4. To directly assess the biosafety of the materials, CCK-8 assays were performed
under co-culture conditions. Figure 7 (c) and (d) show the measured OD values and the calculated RGR
for the sterile group and the microbe-containing group, respectively. According to ISO 10993-5, a material
can be considered non‑toxic if the RGR exceeds 75% 38. In Fig. 7 (d), the RGR values calculated after 1
and 3 days of co‑culture were all above 75%, indicating that the samples were non‑toxic.

Figure 7 (e, f) shows the release concentrations of Ti, Al, and V ions from samples immersed in S.
mutans, V. dispar, dual-species, and sterile corrosion systems for 7 and 14 days. The results indicate that
the dissolved Ti ion concentration in the bacterial-containing groups at day 14 approximately tenfold
higher than that at day 7, whereas no significant change was observed in the sterile control. The
dissolution of metal ions reflects passive film degradation on the sample surface, leading to accelerated
corrosion of TC4. Higher concentrations of metal ions in the solution correspond to more severe
corrosion; the dual-species group exhibited the highest corrosion rate.

4. Discussion
Oral biofilms are a complex structure formed by synergistic interactions of various oral bacteria. Multi-
species biofilms exhibit characteristics distinct from those of single-species biofilms. To accurately
assess bacterial corrosion, this study explored MIC of oral implant material SLM TC4 under a dual-
species model of V. dispar and S. mutans. FE-SEM and CLSM results indicated that dual-species biofilms
with complex structures readily colonized on the metal surface. Biofilms from different strains differed
significantly in composition and adhesion. Electrochemical tests showed the Ti alloy had maximum
corrosion current density and minimum charge transfer resistance under dual-species infection. The
dual-species biofilm induced pronounced corrosion of the Ti alloy. XPS indicated TiO₂ was partially
reduced to Ti₂O₃ and TiO in SLM TC4 passive films, indicating damaged, incomplete passive films,
consistent with the correlation between higher metal oxide content and denser passive films 46. Surface
elemental peaks of Ti⁰, Al⁰, and V⁰ were found on dual-species-infected SLM TC4. These results can be
attributed to the relatively thinner passive film formed on TC4 in the mixed dual-species medium.
Adequate dissolved oxygen is crucial for the formation and repassivation of the passive film on TC4;
however, the anaerobic environment within the biofilm on the metal surface inhibits passivation, thereby
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reducing the corrosion resistance of the metal specimens. ICP-OES further showed that oral microbiota
accelerated the dissolution of Ti, Al, and V ions from SLM TC4. From thermodynamic and kinetic
perspectives, systematic investigations have been performed on metal pitting corrosion and ion
dissolution 47–49. The mechanisms of MIC have also been comprehensively reviewed recently 50.
Corrosion increases implant surface roughness, decreases wettability, and impairs mechanical
properties, biocompatibility, and implantation stability. The results of in vitro cytotoxicity assays showed
that the solutions co-cultured with different bacterial strains exerted differential effects on the
stimulation of cell proliferation and adhesion. Elevated concentrations of Ti particles have been detected
in dental implants affected by peri-implantitis 51. Ti particles exhibit cytotoxicity toward peri-implant

cells, including osteoblasts, fibroblasts, and lymphocytes 52,53. Based on this observation, the present
study raises a noteworthy concern: metallic materials used in the oral environment may undergo
accelerated corrosion due to microbial activity, leading to increased release of metal ions and posing
potential carcinogenic risks—a phenomenon that has been largely overlooked in previous research.

Figure 8 shows a schematic of the interdependent growth of S. mutans and V. dispar that jointly
promotes biofilm maturation. Microorganisms colonize material surfaces and form biofilms via synergy,
eventually establishing stable microbial communities. When coexisting with S. mutans, V. dispar utilizes
its metabolic products to enhance its biofilm formation. In turn, V. dispar within the biofilm further
promotes the accumulation and formation of S. mutans microcolonies, thereby facilitating mutual
growth. SEM and CLSM evidence strongly supports these findings. S. mutans secretes
glucosyltransferase B (GtfB), which synthesizes water-soluble (l-glucan) and alkali-soluble glucan
polysaccharides 54. GtfB can be part of the salivary pellicle and adsorb to other oral microbial surfaces.
Although V. dispar cannot adhere to the acquired pellicle on its own, its cell surface possesses receptors
that specifically recognize and bind to the alkali-soluble glucan produced by S. mutans. This increases
biofilm thickness and structural complexity (Fig. 1) and enhances microbial adhesion and accumulation
on dental implant materials 55. Beyond mediating enhanced adhesion, Veillonella species are incapable
of catabolizing sugars. They rely on short-chain organic acids derived from the catabolic activities of S.
mutans as carbon and energy sources, thereby promoting the growth and maturation of Veillonella 36.
Moreover, V. dispar–S. mutans interaction enhances EPS expression 56. EPS are critical for biofilm
formation and virulence, restricting bidirectional substance diffusion in and out of biofilms. This causes
accumulation of acidic compounds capable of dissolving metal ions 57, creating a highly protected and
concentrated pathogenic microenvironment within the biofilm. The stable and structurally complex
biofilm matrix protects the bacteria from variations in pH, temperature, pressure, mechanical forces, host
immune attacks, and antibiotics, thereby enhancing the biofilm’s destructive potential.

Ti alloy corrosion in microbial environments is an electrochemical process initiated or accelerated by
biofilms. MIC has two main types: EET-MIC and M-MIC 58–60. EET-MIC features anaerobic respiration and
intracellular oxidant reduction, while M-MIC features anaerobic fermentation or respiration with
extracellular oxidant reduction 58. Biofilm formation alters the metal interface microenvironment,
resulting in much lower pH beneath the biofilm than in the bulk solution. In acidic environments, the
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passive film dissolution forms hydrated oxides, accelerating Ti alloy surface corrosion. S. mutans uses
sucrose, controlled by GtfB/C and Ftf genes, to produce water-insoluble extracellular polysaccharides;
ScrA and ScrB genes regulate sucrose metabolism to produce lactic acid 61. This creates a low-pH
environment under the biofilm, exacerbating microbiologically induced corrosion. In this study, the
overall pH of the system even increased after the interaction between S. mutans and V. dispar. This pH
change trend is inconsistent with electrochemical results, indicating metabolic product-induced acid
corrosion is not the only mechanism by which S. mutans–V. dispar accelerates SLM TC4 corrosion; other
mechanisms must exist. We hypothesize that EET-MIC may play a significant role in this process.

Many studies confirm that pathogens with EET ability exist in the human gut 62,63, but research on oral
microbial EET remains insufficient. Veillonella is identified as an electroactive, corrosive nitrate-reducing
bacterium (NRB). Such electroactive microbes and NRBs can transfer electrons extracellularly,
potentially causing severe corrosion 64. Previous research shows nitrate-reducing bacteria can directly
take electrons from steel surfaces for energy and metabolism 65. These processes are enhanced in
biofilms because electrons cannot move freely in solution, making their corrosion potential even higher
than that of sulfate-reducing bacteria. Adding riboflavin to V. dispar inoculated culture medium
significantly reduced TC4 samples' charge transfer resistance (Rct) and increased their corrosion rate.

This confirms that Veillonella uses exogenous riboflavin to boost EET efficiency, thus accelerating
microbiologically influenced corrosion. As shown in Fig. 8, reduced riboflavin carries electrons from the
TC4 surface to outer-membrane c-type cytochromes (c-Cyts), releases them, and then oxidized riboflavin
diffuses back to the metal surface to regain electrons 66. In this repeated redox cycle within the mixed
dual-species biofilm, bacteria use riboflavin to transfer electrons from the metal surface to the cell
membrane, driving intracellular biocatalytic nitrate reduction.

5. Conclusions
This study investigated the MIC of SLM TC4 induced by mono- or dual-species biofilms of V. dispar and
S. mutans. Their syntrophic interaction promoted biofilm maturation, structural complexity, and EPS
production, causing the most severe pitting on TC4. Furthermore, in the presence of the mixed
consortium, the corrosion current density was at least four times higher than that in the abiotic control
group, indicating that the microbial community accelerated the release of metal ions. All these results
demonstrate that oral microbial communities can accelerate the corrosion rate of TC4. EET-MIC likely
played a key role, as exogenous riboflavin enhanced V. dispar corrosivity. Using interdisciplinary
methods, we established an integrated in vitro corrosion-cytotoxicity model to elucidate oral MIC
mechanisms. This model predicts long-term clinical performance and biocompatibility of medical
metals, guiding material selection for high-risk patients. Given the complex interactions among
materials, microbes, and the oral environment, further in-depth research on oral MIC mechanisms is
urgently needed.
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Figure 1

3D CLSM images of different biofilms after 7 days (a, c) and 14 days (b, d) of cultivation. Panels (a, b)
show CLSM images of biofilms stained with live/dead viability dye. Panels (c, d) display merged images
depicting cells (blue), proteins (red), and polysaccharides (green). The biofilms correspond to S. mutans,
V. dispar, and the mixed consortium of S. mutans and V. dispar.
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Figure 2

SEM images of TC4 coupons after immersion in the culture media of V. dispar, S. mutans, and the
microbial mixture of V. dispar and S. mutans for 7 days (a) and 14 days (b). CLSM images of pits on the
TC4 surface after removal of biofilms and corrosion products following 14 days of immersion: (c) sterile
culture medium, (d) V. dispar culture medium, (e) S. mutansculture medium, (f) mixed microbial culture
medium.
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Figure 3

Electrochemical analyses of TC4 coupons after immersion in different media for 14 days: (a) open circuit
potential over time; (b) polarization resistance over time; (c) potentiodynamic polarization curves of TC4
after exposure to different media; (d) fitted corrosion parameters obtained from potentiodynamic
polarization curves.
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Figure 4

Variations of Nyquist (a-d) and Bode plots (e-h) of the coupons exposed to different culture media for
different times: (a, e) abiotic medium, (b, f) V. dispar, (c, g) S.mutans, and (d, h) the microbial mixture of V.
dispar and S.mutans
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Figure 5

Variations in pH values of TC4 specimens during 14-day exposure to S. mutans, V. dispar, and their dual-
species co-culture are shown(a). Electrochemical analyses of TC4 coupons after 14 days of immersion
in abiotic and V. dispar-inoculated media with and without the addition of riboflavin: (b) Time-dependent
variation of charge transfer resistance (Rct) obtained from fitted EIS data; (c) Potentiodynamic

polarization curves of TC4 after exposure to different media; (d) Fitted corrosion parameters obtained
from potentiodynamic polarization curves.
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Figure 6

Detailed high-resolution XPS spectra of Ti 2p at depths of 3 nm, 7 nm, and 10 nm for TC4 after 14 days
of immersion under different culture conditions, and the cation percentages of Ti 2p peaks: (a) Sterile
medium, (b) V. dispar, (c) S. mutans, and (d) microbial consortium of V. dispar and S. mutans.
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Figure 7

After 1 (a) and 3 days (b) of co-culture, the cytoskeleton staining results of the sterile group and the
microbe-containing group, as well as the cytotoxicity of the sterile group and the microbe-containing
group (c, d); the dissolution of Ti, Al, and V ions from TC4 samples after 7 days (e) and 14 days (f) of
immersion.
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Figure 8

Illustration of the MIC mechanism in the microbial mixture of V. dispar and S. mutans.
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