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ARTICLE INFO ABSTRACT

Keywords: 316L stainless steel (SS) is widely applied as microimplant anchorage (MIA) due to its excellent mechanical

Oral subgingival microbiota properties. However, the risk that the oral microorganisms can corrode 316L SS is fully neglected. Microbio-

216]“ S,S logically influenced corrosion (MIC) of 316L SS is essential to the health and safety of all patients because the
01rosion

accelerated corrosion caused by the oral microbiota can trigger the release of Cr and Ni ions. This study
investigated the corrosion behavior and mechanism of subgingival microbiota on 316L SS by 16S rRNA and
metagenome sequencing, electrochemical measurements, and surface characterization techniques. Multispecies
biofilms were formed by the oral subgingival microbiota in the simulated oral anaerobic environment on 316L SS
surfaces, significantly accelerating the corrosion in the form of pitting. The microbiota samples collected from the
subjects differed in biofilm compositions, corrosion behaviors, and mechanisms. The oral subgingival microbiota
contributed to the accelerated corrosion of 316L SS via acidic metabolites and extracellular electron transfer. Our
findings provide a new insight into the underlying mechanisms of oral microbial corrosion and guide the design
of oral microbial corrosion-resistant materials.

Extracellular electron transfer
Acid metabolites

1. Introduction materials are widely used in orthodontics, prosthodontics, and implan-

tology [6]. In recent, with the widespread application of dental metal

Microbiologically influenced corrosion (MIC) is a bioelectrochemical
process, which is initiated and facilitated by biofilms, resulting from
complex interactions among microorganisms, environments, and ma-
terials [1,2]. As a result of breathing and swallowing, the oral cavity
environment is exposed to a vast array of microbes, including more than
700 species of bacteria, fungi, archaea, viruses, and protozoa [3-5].
With the continuous development of oral science and technology, metal
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materials, oral MIC has become an emerging hot topic for scholars in
material science and dentistry [7-11].

At present, orthodontic treatment has been commonly used clinically
for dental malformation, while the efficacy depends on anchorage
reinforcement [12]. Anchorage in the orthodontic process is to with-
stand the reaction force caused by the movement of the orthodontic
teeth to firmly pull the teeth that need to be moved to the appropriate
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position. Microimplant anchorage (MIA), as a novel class of anchorage,
has been rapidly developed and increasingly common for clinical
application due to its essential characteristics for stable and reliable
operation and low compliance requirements for adolescents [13]. The
application of MIA has simplified the treatment of many complicated
cases, such as mass retraction, occlusal plane correction, tooth intrusion
or uprighting [14]. Generally, two commonly utilized materials for MIA
in clinical practice are titanium alloy and 316L SS. While titanium alloy
exhibits favorable biocompatibility and corrosion resistance, its draw-
backs lie in its relatively lower hardness and comparatively higher cost
[12-14]. Conversely, 316L SS is extensively employed in clinical due to
its balance of mechanical properties, corrosion resistance, and cost
[12-14]. When the MIA is implanted clinically, a part of the MIA is
exposed in the oral cavity to facilitate orthodontic force application, and
the other part is implanted through periodontal tissue to the alveolar
bone to maintain anchorage. This implantation method leads to a large
area of contact with the oral microbial flora and the MIA material,
especially the neck of the MIA, which enriches a large amount of sub-
gingival flora. It is well known that the attached biofilms mainly
contribute to MIC. However, the potential concern that subgingival
microbial flora can corrode MIA made of 316L SS is fully neglected.
Currently, limited research has been done in the field of MIC caused by
oral microorganisms, of which most existing studies focused mainly on
individual bacterial strains [8,10,11]. The MIC caused by real oral
microbiota has been rarely reported in the past decade [15]. MIA-MIC
caused by the subgingival microbial flora is still in the blank stage.

According to bioenergetics, MIC is divided into extracellular electron
transfer MIC (EET-MIC) and metabolite MIC (M-MIC) [16-19]. EET-MIC
requires biocatalysis by the biofilms, which uptake the electrons
released from the metal matrix and transfer them into the cells via direct
and/or mediated pathways, resulting in the occurrence of corrosion [1].
M-MIC occurs outside the cell without required bioactivation and is
triggered by acidic or corrosive metabolites secreted by bacteria [1].
EET-MIC is more likely to cause pitting corrosion, while M-MIC appears
to have uniform corrosion [1,7-11,16-19]. Corrosion in the oral envi-
ronment will cause a large amount of metal ions to dissolve and affect
local oral health and then enter the body with swallowing, resulting in
potential systemic health risks [11,17]. 316 L SS has become the
mainstream material for MIA due to its excellent mechanical properties
and great resistance to breakage and penetration capability [14].
Therefore, the corrosivity of 316L SS caused by the subgingival micro-
bial flora should be evaluated and the underlying MIC mechanisms are
desired.

This study aims to investigate the behaviors and mechanisms of oral
subgingival microbiota on the corrosion of 316L SS in a simulated oral
environment in vitro. Surface characterization and electrochemical
measurements were used to examine the biofilm’s corrosivity. 16S rRNA
and metagenome sequencing analyses provided insights into the sub-
gingival microbial community and the underlying MIC mechanisms.
Herein, we found that multispecies biofilms formed and attached onto
316L SS surfaces, significantly accelerated the corrosion of 316L SS via
acidic metabolites and extracellular electron transfer.

2. Materials and methods
2.1. Material

The chemical composition of 316L SS is shown in Table S1. 316L SS
was cut into square coupons of 10 mm x 10 mm x 2 mm, and the surface
was abraded with 240#, 400#, 600#, 800#, and 1000# SiC sand pa-
pers, respectively. The coupons for electrochemical experiments and
metallic ions release detection were embedded in epoxy resin, leaving
only an exposed surface area of 10 mm x 10 mm.
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2.2. Preparation of biofilms

Microbiota samples were randomly collected from the patients who
needed MIAs for orthodontic treatment at China Medical University
Stomatological Hospital. This study was approved by the Local Com-
mittee for Bioethics (approval number 2021-17), and informed consent
was obtained from all subjects. All patients were informed of the need
for MIAs combined with fixed appliances during the pretreatment
planning stage. All MIAs were implanted in the buccal maxillary molar
region. When clinical treatment was finished, MIAs were removed by the
sterile MIA screwdriver and placed into a 100 mL brain-heart infusion
(BHI) broth medium. After anaerobic culture at 37 °C for 1 day, the
microbiota was preserved as the initial inoculation.

The artificial saliva used in this work was composed of (mg/L) NaCl
125.6, KCl 963.9, KH,PO4 654.5, NapSO4 336.6, NH4Cl 178, urea 200,
NaHCO3 630.8 and CaCl, 172. To simulate the natural oral environ-
ment, 4 g/L yeast and 2 g/L glucose were added into the simulated saliva
as carbon source, organic nitrogen, and growth factors. The final pH
value of the medium was adjusted to 6.8 + 0.1 with sterile phosphoric
acid. High purity nitrogen was sparged into the medium for 40 min to
remove dissolved oxygen.

The immersion test was conducted in a 50 mL conical flask with 40
mL artificial saliva, following incubation to an optical density (OD) 0.4
at A600 nm- Electrochemical experiments were carried out anaerobically
in a 500 mL glass cell with 300 mL medium at 37 °C for 7 days.

2.3. Biofilm and coupon surface morphologies

After 7 days of immersion, the planktonic bacteria were removed by
PBS washing, and biofilms on coupons were fixed in 2.5 % glutaralde-
hyde for 4 h and then dehydrated in a gradient of ethanol solutions.
Then, the samples were sputter-coated with gold and observed by field
emission scanning electron microscopy (FESEM, Ultra-Plus, Zeiss,
Germany).

After incubation for 7 days, the planktonic bacterial cells were
washed with PBS, and the biofilm was stained with SYTO9 and propi-
dium iodide (PI) for 20 min. Six fields were randomly selected to observe
the biofilms by confocal scanning microscopy (CLSM, C2 Plus, Nikon,
Japan).

According to the American Society for Testing and Materials (ASTM)
standard (G1-03), chemical cleaning procedures were performed to
remove surface corrosion products. The pitting morphologies were
visualized under another CLSM (LEXT OLS4100, Olympus, Japan).

2.4. Electrochemical tests

To evaluate the corrosion behavior of oral microbiota on 316L SS, an
electrochemical workstation (Reference 600, Gamry Instruments, Inc.,
USA) was used to perform the electrochemical tests. 316L SS electrode
served as the working electrode, the counter electrode was platinum,
and the reference electrode was a saturated calomel electrode. The open
circuit potential (OCP), linear polarization resistance (LPR), and po-
tential dynamic polarization data were measured. LPR measurements
were run at a potential scan rate of 0.125 mV/s and a potential range of
—10 to 10 mV versus the Egcp. The corrosion potential and current
density were determined by potentiodynamic polarization scanning on
day 7, which was performed at a scan rate of 0.333 mV/s from —500 mV
to 800 mV vs. Egcp. All the electrochemical tests were at least repeated
thrice to guarantee the reproducibility.

2.5. pH, riboflavin, organic acid concentrations, detection of metal ions
and Griess assay

Throughout the experiment, the values of pH (Five Easy plus, Mettler
Toledo, Switzerland) were recorded daily. Concentrations of extracel-
lular riboflavin and organic acids (propionic acid, succinic acid, citric
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acid, acetic acid, lactic acid, malonic acid, malic acid, formic acid, tar-
taric acid, oxalic acid) were measured by HPLC (UltiMate 3000, Thermo
Scientific, USA) after 7 days of immersion. The concentrations of metal
ions (Fe, Ni, Cr, Mo) were measured by atomic absorption spectrometry
(Z-2000, Hitachi, Japan), and then the results were converted to con-
centration per unit area (ng cm2). Anions (including NO3, Cl°, SO?{,
and PO3") were quantified from the medium using an ion chromato-
graph (ICS-5000, Thermo Scientific Dionex, USA). After microbiota
samples were co-cultured with 316L SS for 7 days, 10 g/L KNOs was
added for another 1 h of culture. Media were mixed with Griess reagent,
and OD was measured at As49 nm for the Griess assay.

2.6. XPS and AES measurements

The coupons were removed from the vials in the anaerobic chamber

Ten largest pit depth (um;

Pit density (pits mm-2
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after 7 days of coculture, washed with deionized water and dried. The X-
ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy
(AES) experiments were conducted using an XPS microprobe (Esca-
Lab250Xi, Thermo, USA) and a scanning Auger microscope (PHI 710,
ULVAC-PHI, Japanese), respectively. For XPS measurement, a mono-
chromatic AI Ka X-ray source (1500 eV energy and 150 W power) was
used within 50 eV pass energy with a step size of 0.2 eV.

2.7. FIB-SEM/TEM analysis

Coupons with attached biofilms for FIB-SEM and transmission elec-
tron microscopy (TEM) observation were prepared as described in the
above section. After observation by FESEM with a focused ion beam
system (FIB, Helios NanoLab 460HP, FEI), the location of the FIB-TEM
slice was determined. High-angle annular dark-field (HAADF) imaging

20 pm

Fig. 1. SEM and CLSM images of biofilm and pit morphology on 316L SS surface. Biofilm formation after 7 days: (A) subject A; (B) subject B; (C) subject C. CLSM
images of biofilms with live/dead stain: (D) subject A; (E) subject B; (F) subject C. SEM analysis on the 316 L SS surfaces after removing the biofilms and corrosion
products: (G) subject A; (H) subject B; (I) subject C; (J) sterile medium. CLSM images of pits on 316L SS surfaces: (K) subject A; (L) subject B; (M) subject C; (N) sterile

medium. Analyses of pit depth (O) and pit density (P).
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and energy dispersive spectrometer (EDS) mapping were acquired by a
TEM (FEI Talos F200X).

2.8. 16S rRNA and metagenome sequencing

The planktonic and sessile bacterial cells after 7 days of incubation
with 316 L SS coupons were analyzed by 16S rRNA sequencing. The
hypervariable region V3-V4 of the bacterial 16S rRNA gene was
amplified with primer pairs 338F (5-ACTCCTACGGGAGGCAGCAG-3")
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and 806R (5-GGACTACHVGGGTWTCTAAT-3') by an ABI GeneAmp®
9700 PCR thermocycler (ABI, CA, USA). After PCR amplification and
purification, the 16S rRNA gene was sequenced on an Illumina MiSeq
PE300 platform (Illumina, San Diego, USA). Raw 16S rRNA gene
sequencing reads were demultiplexed, quality-filtered by fastp (v
0.20.0), and merged by FLASH (v 1.2.7). Operational taxonomic units
(OTUs) were clustered with a 97 % similarity cutoff using UPARSE (v
7.1), and chimeric sequences were identified and deleted. The taxonomy
of each OTU representative sequence was analyzed by RDP Classifier (V
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Fig. 2. Electrochemical analyses and concentrations of metallic ions released from the 316L SS coupons after immersion in the different media for 7 days: (A) open
circuit potential over time; (B) 1/Rp over time; (C) the potentiodynamic polarization curves of 316L SS after exposure to different media; (D) fitted corrosion pa-

rameters obtained from potentiodynamic polarization curves. Concentrations of metallic ions release: (E) Fe; (F) Cr; (G) Ni; (H) Mo. *

versus to subject A, p < 0.05; ": versus to subject B, p < 0.05.
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2.2) against the silval38/16s_bacteria database (70 % cutoff).

Total genomic DNA was extracted from the three biofilm samples.
For paired-end library construction, the DNA extract was fragmented to
an average size of approximately 400 bp using Covaris M220 (Gene
Company Limited, China). A paired-end library was constructed using
NEXTFLEX® Rapid DNA-Seq (Bioo Scientific, Austin, TX, USA), and
paired-end sequencing was performed on Illumina NovaSeq (Illumina
Inc., San Diego, CA, USA).

3. Results
3.1. Morphology of biofilms and pitting observation

We observed the biofilm formation of sessile cells on the 316 L SS
surface after 7 days of coculture (Fig. 1A-C). From the SEM images,
complex and tunable multilayered microstructures can be observed in
the biofilms from three subjects. A loose biofilm composed of rod-shaped
and streptococcal bacteria was observed in subject A. In contrast, a thick
and dense bacterial consortium derived from the shaped and globule
bacteria was embedded in the biofilm of subject B. The microbial flora
containing globular, short rod-shaped, double globular, and ball-shaped
bacteria appeared as clusters on the surface of subject C. We used CLSM
to observe the biofilm thickness and different survival states of bacteria
in the same environment among different subjects (Fig. 1D-F). The dead
bacteria exhibited a diffuse distribution with a punctate pattern in the
biofilm of subject A but aggregated into clumps on the 316L SS surfaces
collected from subjects B and C. The thickest biofilm was 44.8 £+ 2.4 ym
for subject B, followed by 37.6 + 3.6 pm for subject C. Subject A showed
the thinnest and most evenly distributed biofilm with the thickness of
35.0 £ 0.5 pm.

After removing the biofilm and corrosion products, pits on the
coupon surface were examined under SEM (Fig. 1G-J) and CLSM
(Fig. 1K-N). No obvious corrosion was detected in the sterile system,
whereas extensive pitting corrosion was found on the surface of coupons
in the presence of microbiota collected from subjects A, B, and C, indi-
cating that 316 L SS suffered a more severe pitting in the presence of oral
microbiota than the abiotic sterile control. The statistics of pit depth and
density in Fig. 10 and P directly reflected that the 316L SS were sus-
ceptible to pitting corrosion caused by the oral biofilm. The biofilm of
subject A caused the most severe pitting corrosion, with an average pit
density of 89.2 pits mm 2 and the largest pit depth of 4.28 pm. The
average pit depth of subject A (3.02 £ 0.72 pm) was also larger than that
of subject B (2.55 + 0.71 pm) and subject C (2.38 + 0.26 pm).

3.2. Analyses of electrochemical measurements, metal ions release, and
corrosion products

As shown in Fig. 2A and B, Eocp and 1/R;, of samples in the sterile
medium showed no evident change over time, demonstrating that 316L
SS was almost not corroded in the anaerobic abiotic medium. Egcp in the
presence of oral microbiota all shifted negatively, and subject A reached
the lowest Eocp value of —540 mV. 1/R;, values in the presence of
microbiota increased significantly after 1 day of immersion. The po-
tential dynamic polarization curves and obtained corresponding corro-
sion parameters of different culture media after 7 days were outlined in
Fig. 2C and D. Compared with the sterile medium, oral microbiota
consistently reduced the corrosion potential E.o, and increased the
corrosion current density icor of all the samples. The i o values reached
8.13 + 0.9 pA cm 2, 6.03 + 1.1 pA cm ™2, 6.70 + 0.6 pA cm ™2 for sub-
jects A, B, and C, which were all two orders of magnitude larger than
that of abiotic control (0.06 + 0.02 pA cm™2). The average Epit value in
the sterile medium was 626.6 + 15.0 mV, whereas there was a signifi-
cant decrease in Epit values of subject A (549.8 + 62.3 mV), subject B
(541.0 £+ 80.0 mV), and subject C (560.0 + 31.0 mV). However, no
statistical difference was observed among the three groups in the pres-
ence of microbiota. The electrochemical data demonstrated again that
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the microbiota from all three subjects accelerated the corrosion of 316L
SS. The different corrosivity of different microbiota was evident at
almost all time points of electrochemical analyses and morphology
observed by SEM and CLSM in Fig. 1. It was reasonable to speculate that
these variations might be ascribed to the differences in the species
composition of biofilms formed on the coupon surfaces. Fig. 2E-H shows
the amount of metal ions (Fe, Cr, Ni, Mo) released by 316 L SS.
Compared with the sterile group, although there was slight variation
between subjects, the oral microbiota significantly increased the release
of various metal ions. There was approximately 5-6 times Fe and 5-9
times Mo released in the presence of oral microbiota compared with the
abiotic control. It was worth noting that the Cr ion released increased
more than five folds and the Ni ion even reached 13-22 times more
induced by the oral microbiota than the abiotic control, triggering a
potential carcinogenic risk. Fig. S1 shows that in the presence of oral
microbiota, the metal oxide composition of all elements on the coupon
surface decreased, although slightly different in each group, the trends
were consistent. This change supported the ion released data above.

3.3. 16S rRNA and metagenomic results

The oral microbiota compositions of original plankton and biofilm on
316 L SS after 7 days of co-culture from subjects A, B, and C were shown
in the heatmap in Fig. 3A. The results of microbial diversity concurred
with the morphological structure of the aforementioned SEM images of
biofilm. Changes in the dominant genera were also observed among the
groups. For subject A, Streptococcus, Enterobacter, and Klebsiella were
prevalent, and Lactobacillus and Rhodococcus were the major species for
subject B, while Alcaligenaceae, Rhodococcus, Streptococcus, Bacillus,
Devosia, and Stenotrophomonas were abundant for subject C.

The PCoA analysis depicted in Fig. 3B illustrated that the spatial
separation of samples along the coordinate axis corresponded to the
diversity of flora between plankton and the biofilm on the coupon sur-
face, demonstrating a significant divergence in the microbial commu-
nity structures between those colonizing the material surface and those
in the surrounding environment. Notably, the microbial community
structure variations on the material surface were more pronounced than
those among the planktonic microbial samples. For instance, subjects B
and C were more similar in their biofilm microbial compositions, which
were significantly different from subject A, which may lead to signifi-
cantly different corrosion behaviors via a distinct microbial community
structure because it was well known that biofilm was mainly responsible
for MIC [20,21]. This suggested that the compositional differences in
surface-attached biofilm rather than the planktonic in bulk might be a
key factor influencing corrosion.

It has been reported [22] that corrosive microorganisms under
anaerobic conditions usually contain acid-producing bacteria,
sulfate-reducing bacteria, nitrate-reducing bacteria, and methanogenic
archaea. Nitrogen, phosphorus, sulfur, and methane metabolic path-
ways were provided to identify the corrosion-related subgingival
microbiota. As summarized from the metagenome results in Fig. 3C,
nitrogen, and sulfur were endowed with the highest abundance of
metabolism-related genes in subject A. Specifically, subject C had the
highest phosphorus metabolism-related gene abundance. There were
also significant differences in the abundance of sulfur and methane
metabolism genes among the three groups. The initial exploration of the
metagenome led us to further extract pathways related to ATP synthesis,
carbon fixation, methane, nitrogen, and sulfur metabolism (Fig. S2). The
results showed that the abundance of ATP synthesis pathways in subjects
A and C was generally higher than that in subject B, except that the
dominant pathways of the electron transport chain in subjects A and C
were NADH/NADPH pathways and cytochrome-related pathways,
respectively. Exploration of carbon fixation and methane metabolism
pathways was closely related to the corrosion caused by the metha-
nogens, and the results showed that subjects B and C possessed higher
pathway abundance than subject A. The assimilating and disintegrating
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effects of nitrate were higher in subject A than in subjects B and C, and
we focused more on nitrate dissimilation, which could acquire electrons
from metals and cause corrosion. Additionally, the dissimilation of
sulfate also attracted attention; although relative abundance expression
was slightly higher in subject A, absolute abundance was not prominent
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in the copy number. These results suggested that all three groups might
contain different proportions of sulfate-reducing bacteria, while these
sulfate-reducing bacteria were only accounted for a low proportion in
the whole community and did not play a dominant role in the corrosion
process. All the results above indicated that there were divergences in
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the corrosion mechanisms for the three groups.

To explore the underlying MIC mechanisms among the three bacte-
rial communities, we used the TCDB database to predict the expression
of transmembrane electron carriers based on the metagenome (Fig. 3E),
providing clues that help us to understand the potential corrosion
mechanisms. The PMO family gene abundances in subjects A and B were
high, while the gene abundance of the F-EET family in subject C was
absolutely dominant. It has been reported that the PMO family can
generate a proton motive force and transfer electrons across the
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membrane during anaerobic respiration, thereby having nitrate reduc-
tion ability [23].

The pore-forming toxins predicted by TCDB database in Fig. 3D
indicated that different microbiota compositions might exert cytotoxic
or genotoxic effects on human cells. The protein families with high
expression abundance in the three groups included the clostridial
cytotoxin (CCT) family (11.7 % relative abundance), pore-forming
amphipathic helical peptide (HP2-20) family (14.7 % relative abun-
dance), bacterial hemolysin A (B-Hemolysin A) family (11.5 % relative
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Fig. 4. Riboflavin accelerated corrosion of 316L SS in the presence of microbiota from subject C. Riboflavin biosynthesis and metabolic pathways related gene
abundances in the metagenome (A). Concentrations of riboflavin after 7-day incubation (B). *: versus to sterile, p < 0.05; &: versus to subject A, p < 0.05; ": versus to
subject B, p < 0.05. Electrochemical analysis of 316L SS in different microflorae inoculated media with and without addition of riboflavin: the potentiodynamic
polarization curves of subjects A (C), B (E) and C (G); fitted potentiodynamic polarization curves parameters of subjects A (D), B (F) and C (H). *: versus to without
addition of riboflavin, p < 0.05. FIB-SEM/TEM characterization of 316L SS in the culture medium inoculated with microflorae from subject C with and without the
addition of riboflavin. Subject C (I, J); subject C + 10 ppm riboflavin (K, L); sterile medium (M, N); sterile medium + 10 ppm riboflavin (O, P). The SEM morphology

of the selected area (I, K, M, O); TEM observation of the passive film (J, L, N, P).
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abundance), and hemolysin III (Hly III) family (12.9 % relative abun-
dance). Meanwhile, in the expression of the cytotoxic major fimbrial
subunit (MrxA) family, bacterial-type pore-forming toxin (B-PFT) fam-
ily, and hemolysin (HlyC) family, the abundance displayed high-level of
expression both in subjects A and B, while subject C group showed a
lower level of expression. MrxA Family had the highest relative abun-
dance among all pore-forming toxins families and reached nearly 25 %.

Our results confirmed that the oral microbiota significantly increased
the release of various metal ions, which could affect the growth and
metabolism of bacteria [24]. Bacteria could develop tolerance or resis-
tance to heavy metal toxicity through self-regulation in response to
environmental changes [24]. Fig. S3 showed the distinction of metal
resistance gene abundance in the three bacterial communities. In gen-
eral, subjects A and B shared similarities in the uniform abundance
distribution. However, it showed a high concentration of distribution in
individual genes in subject C. The results suggested that species diversity
determined their functional properties.

3.4. Exogenous addition of riboflavin to verify EET-MIC

Flavins are potential electron shuttles, facilitating the EET-MIC of
electroactive microbes [22]. The EET-MIC reactions of iron mediated by
riboflavin [25] are as follows:

FeO+F1avinoxidich—»Fez++FIaVinrcduccd

Flavingeguceq + Microbe Electron Carrieryidized— Flavingyidized + Microbe
Electron Carrieryequced

The biochemical source of flavin is riboflavin. According to the data
of the metagenomic biosynthesis and metabolic pathways of riboflavin
for three subjects (Fig. 4A), the gene abundance of the riboflavin syn-
thesis pathway from high to low was represented by subjects A, B, and C,
while the riboflavin metabolism pathway was just reversed. We
observed a noticeable distinction in the metabolic and synthetic path-
ways for subjects A, B, and C, which was in accordance with the diverse
riboflavin concentrations in the culture medium after 7 days (Fig. 4B).
Subject A showed the highest riboflavin level of 0.36 pg/mL. The ribo-
flavin concentrations in subjects B and C were 0.33 pg/mL and 0.32 pg/
mL, respectively. Electrochemical experiments with the exogenous
addition of 10 ppm riboflavin to the three groups were designed to verify
whether the tested groups were electroactive. As shown in Fig. 4C-H and
Fig. S4, riboflavin did not accelerate the abiotic corrosion of 316L SS,
however, a significant accelerated corrosion was only observed when 10
ppm exogenous riboflavin was added to subject C. For subjects A and B,
the corrosion current density showed no significant change after the
addition of riboflavin. This result was consistent with the aforemen-
tioned predicted metabolic pathways of riboflavin, confirming that the
microbiota from subject C was electroactive with the help of riboflavin.

As shown in Fig. S5, AES experiments with exogenous addition of
riboflavin showed the changes of passive film on the surface of 316L SS
in each group. The depth of the passive film was generally calculated
according to the half of the sputtering depth change of O. Thus, the
thickness of the passive film in subjects A, B, and C was reduced by 42 %,
23 %, and 20 %, respectively, compared with that in the sterile medium.
When the exogenous addition of riboflavin was added to each group, no
apparent differences in the thickness of passive film were observed in
subjects A, B, and sterile medium. While in subject C, the passive film
thickness of 316L SS was obviously thinned by exogenous riboflavin,
about 29 %.

FIB-SEM/TEM was further employed to evaluate the passive film
cocultured with microbiota from subject C with and without riboflavin
(Fig. 41-P). There was almost no change in the structure and thickness of
the passive films before and after adding riboflavin to the sterile medium
(Fig. 4M-P), supporting the electrochemical test data above. The 316 L
SS in the presence of bacteria presented a clear and regular lattice phase
without any amorphous-like microstructure between the matrix and
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biofilm, which intuitively explained that the passive film under the
biofilm was destroyed (Fig. 4I-L). Specifically, more and deeper pit
initiations appeared on the surface of 316 L SS with riboflavin addition
in subject C (Fig. 4J and L).

3.5. Acids production from the microbiota to confirm M-MIC

Acids secreted from the microbiota can be another main contributor
to the corrosion of 316L SS. Therefore, the concentrations of different
acids were detected in each group. As shown in Fig. 5A, after 7 days of
coculture, PO3~, CI™ and SO3~ inorganic ions in the bacterial media
were significantly increased compared with those in the sterile medium.
Among them, the concentration of PO3~ in subject C reached 1017 pg/
mlL, significantly higher than those in subject A (849 pg/mL) and B (889
pg/mL), which echoed the results of the phosphorus metabolism gene
abundance in the metagenome. Fig. 5B shows the results of the con-
centrations of the secreted organic acids. As the main product of
anaerobic fermentation, the lactic acid concentration was significantly
higher than the other organic acids in each group. Subjects B and C had
similar concentrations (3733 pg/mL and 3682 pg/mlL, respectively),
roughly four times more than that of subject A (833 pg/mL). There was
no change in the pH of the sterile medium over time (Fig. 5C). Subjects B
and C showed a similar pattern, a sharp decrease to 4.4 on the first day
and then a nearly stable value afterward. The pH of subject A decreased
to 5.9 on the first day and then gradually increased to 6.7 on the seventh
day, which was close to the sterile medium.

4. Discussion

The formation of biofilms is a highly spontaneous process that al-
ternates growth and extinction and changes continuously with the
environment. The species and abundance of the initial planktonic mi-
croorganisms showed similarities with the common dominant bacterial
genera in the oral cavity. For example, common constituents of the oral
microbiome, such as Veillonococcus, Streptococcus, and Enterobacter,
could be detected in all groups. The microecological environment of
diverse microorganisms may greatly alter their physiological charac-
teristics, as manifested from several previous studies, such as given the
ability of anaerobic bacteria to survive in the aerobic environment [26],
and the metabolites of the same microorganism within different envi-
ronments may change significantly [27]. Then, the exploration of the
target physiology of microbiota requires a thorough understanding of
the specific environment as well as the coexisting surrounding neigh-
bors. We made a multifaceted comparison of the biofilms of different
subjects, and the changes in planktonic bacteria and biofilm on the
coupon surface in the same subject were observed. The microbiota of
each subject presented a diverse and unique microecological environ-
ment, and the planktonic bacteria and biofilm on the coupon surface in
the same subject were also significantly different.

From the pH results, we found that the changes in pH value were not
consistent with the electrochemical results. One possible explanation
might be the pH value we obtained was that in the bulk media rather
than the pH underneath the biofilm. The dense biofilm formed on the
coupon surface might impede the diffusion of acidic metabolites, leading
to a lower localized pH value underneath the biofilm than that in the
bulk media, which needed further validation [28]. In our previous
report, we found that the corrosivity of 316L SS in the abiotic medium at
pH 3.3 was slightly stronger than those at pH 4.3 and 5.3, but signifi-
cantly smaller than those in the presence of Streptococcus mutans bio-
films, confirming again that biofilm was the key contributor to corrosion
rather than the bulk pH [11]. The results indicated that the acidic
environment produced by the metabolites of oral subgingival microbiota
might be one of the reasons for corrosion, confirming the existence of
M-MIC. However, it was reasonable to speculate that EET-MIC may
contribute more to the whole corrosion process because subject A caused
the most severe corrosion without the lowest pH.



Y. Zheng et al.

A B

so> ° o °
Concertration (ng/mL)
al e @
o O .
®
PO> °® . ‘ ‘ . 900
Sterile  Subject A Subject B Subject C
: 6 —=— Steril di
erile medium
= —e— Subject A
—a— Subject B
5t —v— Subject C
4t

Time (Days)

Bioactive Materials 35 (2024) 56-66

Propionic acid ® *
Succinic acid L ]
Citric acid @
Acetic acid . : ¢
Lactic acid [ ] o . .
Malonic acid @ * ‘ . Concertration (pg/mL)
Malic acid L] . 1000
Formic acid . ° ° ° . 2000
Tartaric acid ° .
3000
Oxalic acid
Sterile Subject A Subject B Subject C
16 v 9
Subject A Subject B Subject C
1.2
0.8 *
[
s
st
s
0.4 ososes0s,
s
ez
]
] #&
PR
o 5 NN
Subject A Subject B Subject C

Fig. 5. The concentrations of major inorganic acid ions (A), the concentrations of organic acids (B) and pH values (C) in the different media, the absorbance value at
538 nm in Griess nitrate reduction test (D). *: versus to subject A, p < 0.05; &: versus subject B, p < 0.05.

The predicted metagenomic data with the TCDB database found that
transmembrane electron carriers existed in all three bacterial commu-
nities. However, the types of electron transfer carriers were different.
The PMO family gene abundance in subjects A and B was high, while the
gene abundance of the F-EET family in subject C was absolutely domi-
nant. The high expression of the F-EET family in subject C proved that
this microbiota had the ability of extracellular electron transfer based on
flavin. Flavin mononucleotide (FMN) and flavin adenine dinucleotide
(FAD) are collectively referred to as flavins [29]. For electron trans-
porters of flavins, it was believed in early studies that they could be
secreted using an efflux-type transporter by bacteria and shuttled back
and forth between electrodes and bacteria through diffusion in the form
of a free state, thus promoting the EET process [30-32]. A recent study
has shown that flavin molecules secreted by Shewanella oneidensis MR-1
can enhance the ability of outer-surface c-type cytochrome to transport
electrons as redox cofactors and accelerate EET processes in the form of
complexes [33]. Light et al. [34] observed that EET activation correlated
with cellular NADPH dehydrogenase and NAD" levels, which was
consistent with our finding as shown in Fig. S2 that subject C was highly
expressed in the NADPH dehydrogenase pathway. FMN was also injec-
ted into an L. monocytogenes-inoculated electrochemical chamber,
resulting in a pronounced increase in electric current [33]. The
biochemical source of flavin is riboflavin [29], and the results in Fig. 4A
and B revealed that the highest riboflavin concentration in the medium
of subject A was due to the highest abundance of the synthetic pathway
and the lowest gene abundance of the metabolic pathway of riboflavin.
Contrary to the result of subject A, the lowest riboflavin synthesis
pathway gene abundance and the highest riboflavin metabolism
pathway gene abundance in subject C resulted in the lowest riboflavin
concentration in the medium of subject C among the three groups.
Riboflavin synthesis and metabolism occurred intracellularly, and sub-
ject C might consume most of the produced riboflavin within the cells
because of its strong riboflavin consumption ability. Only riboflavin
secreted extracellularly played an important role in improving the

64

electron transfer efficiency, thus increased corrosion current density
after the exogenous addition of riboflavin to subject C indicated that
subject C did not secret a sufficient amount of riboflavin extracellularly.
This result corresponded to the characteristic flavin-based extracellular
electron transfer ability of subject C in Fig. 3E. Of course, riboflavin can
also be the growth factor or the nutrient source for other
microorganisms.

Nitrate concentration is another important indicator for EET-MIC,
because nitrate reducing bacteria can couple iron oxidation with ni-
trate reduction, thus accelerating MIC [35]. The reduction reactions are
listed as follows:

2NO3 + 10e”™ + 12H" - N, + 6H,0;
NOj + 8¢~ + 10H" — NHf + 3H,0

Previous studies on nitrate-reducing bacteria showed that they could
directly uptake electrons from the steel surface, and the corrosivity was
even greater than that of sulfate-reducing bacteria [36]. It is well known
that nitrate commonly appears in oral saliva. Therefore a Griess assay
was performed to verify whether the microbiota had nitrate reduction
ability. As shown in Fig. 5D, a visible color change was observed, and the
absorbance value at 538 nm indicated statistically significant differences
in pairwise comparisons of the three groups. The OD values of subjects
A, B, and C from high to low showed that subjects A and B released a
large amount of nitrite. In contrast, only a small amount of nitrite was
produced by subject C. The POM family (Fig. 3E) can generate a proton
motive force and transfer electrons across the membrane during
anaerobic respiration, thereby having nitrate reduction ability. Our
result was consistent with the higher nitrate reduction pathway abun-
dance obtained in Fig. S2. It was proven that subjects A and B displayed
high nitrate reduction capacity, which may also contribute to EET-MIC.

When oral subgingival bacteria colonized the surface of 316 L SS, a
large amount of metal ions were released due to microbial corrosion.
Affected by environmental influences, microbiota inevitably produces
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corresponding feedback [25]. When environmental metal ions were
essential metal trace elements for bacterial growth and metabolism, the
initial response of bacteria was to increase the intake of metal ions,
which was conducive to the bioactivities of bacteria and as ion reserves
[37,38]. For example, highly expressed ModABC in subjects A and B
(Fig. S3D) was reported to be a critical membrane-bound transporter for
molybdenum ion intake, molybdenum took part in the formation of
active sites of various enzymes, molybdoenzymes catalyzed various
oxidation/reduction reactions, and participated in the metabolism of
nitrogen, carbon, and sulfur [38]. The highly expressed corA family of
subject C in Fig. S3C was a substantial membrane uptake or transport
system of nickel in bacteria [39]. If the heavy metal ion concentration
exceeds a certain threshold, deleterious or pleiotropic effects may be
observed [25,40]. Microbial flora would have developed numerous
mechanisms for maintaining the dynamic balance of metal ions required
through a range of physiological processes, thus producing tolerance or
resistance to the influence of heavy metal ions [25,41]. Such as NfsA in
Fig. S3B could reduce chromate to soluble and hypotoxic Cr(III) to
attenuate cell damage [42]. It was worth noting that in Fig. S3C, ArsA
and ArsB, which were highly abundant in subjects A and B, together
formed a two-component membrane system. ArsA functioned as an
ATPase, and ArsB was a transmembrane protein, which collectively
formed a transmembrane channel for the transport of metal ions from
the cytoplasm [43]. Likewise, ArsR was a metalloregulatory transcrip-
tional repressor that sensed various heavy metal ions in cells and then
removed them from the cytoplasm [44]. The metal resistance genes
showed a divergent expression pattern among the three groups in
Fig. S3, which indicated that the sensitivity and response ability to
heavy metal ions was different due to the varied corrosion behaviors and
mechanisms of each group.

Dynamic changes in the microbiota would be closely associated with
the surrounding tissue physiological state of the host [45]. According to
the etiology of peri-implantitis, we analyzed pore-forming toxins (pro-
teins and peptides) in metagenomes. Pore-forming toxins were synthe-
sized and secreted by pathogenic bacteria, usually destroyed the host
cell membrane and formed transmembrane pores, which allowed for the
passage of electrolytes and other small molecules, even pathogenic mi-
croorganisms, directly and freely, leading to the degradation and demise
of the target cell via necrotic and apoptotic mechanisms [45-48].
Studies have shown that the dissolution of nickel and chromium ions
caused by metal corrosion might induce undesirable effects such as
induced allergic reactions, oxidative stress, cytotoxicity, and genotox-
icity [25,39,40]. It was reasonable to speculate that the immune barrier
of the host was destroyed by pore-forming toxins, which further
amplified the adverse health effects of ion release caused by corrosion.
Therefore, our findings suggested that more forward-looking options
[49-51], including corrosion-resistant biofunctional materials and effi-
cient therapeutic methods, could be chosen clinically to prevent the
potential negative effect caused by oral microbial corrosion.

5. Conclusion

Multispecies biofilms with complex structures were formed by the
oral subgingival microbiota on 316L SS surfaces in the simulated oral
anaerobic environment, significantly accelerating the corrosion of 316L
SS in the form of pitting. There were obvious disparities in biofilm
composition, corrosion behaviors, and mechanisms among microbiota
samples collected from the subjects. A significant divergence in the
microbial community structures between biofilms and planktons from
three subjects was observed. Subject A’s biofilm composition was
significantly different from those of subjects B and C, leading to their
different corrosion rates and mechanisms. M-MIC by acidic metabolites
contributed to the MIC process, and EET-MIC played an essential role in
accelerating corrosion via electron shuttle riboflavin and nitrate
reduction pathways. Exogenous addition considerably facilitated the
corrosion of subject C, while nitrate reduction was more favorable for
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the MIC of subjects A and B. Our findings obtained via interdisciplinary
techniques of material science and bioinformatics shed light on the
understanding of the underlying mechanisms of oral microbial corro-
sion. Because of the complexity of the interactions among materials,
microorganisms, and the oral environment, further in-depth oral mi-
crobial corrosion mechanism investigations are desired.
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