
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
1/

9/
20

25
 1

2:
33

:3
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
In vitro corrosion
Department of Mechanical Engineering,

Saskatchewan, 57 Campus Drive, Saskato

E-mail: ubong.eduok@usask.ca; Fax: +1 (30

† Electronic supplementary informa
10.1039/d0ra05500j

Cite this: RSC Adv., 2020, 10, 31280

Received 23rd June 2020
Accepted 19th August 2020

DOI: 10.1039/d0ra05500j

rsc.li/rsc-advances

31280 | RSC Adv., 2020, 10, 31280–3
studies of stainless-steel dental
substrates during Porphyromonas gingivalis biofilm
growth in artificial saliva solutions: providing
insights into the role of resident oral bacterium†

Ubong Eduok * and Jerzy Szpunar

Stainless-steel AISI 321 is an effective material for fabricating dental crowns and other implants utilized

dental restorative protocols for elderly and pediatric populations. This unique clinical application is

possible through the mechanical stability and corrosion-resistance properties of this metallic material.

However, stainless-steel dental implants eventually fail, leading to the creation of surface cavities and

cracks within their microstructures during persistent mechanical stresses and biocorrosion. In this study,

the in vitro corrosion behaviour of a medical-grade stainless-steel dental substrate was investigated

during Porphyromonas gingivalis biofilm growth process in artificial saliva culture suspension (ASCS).

Among the causative bioagents of corrosion, P. gingivalis was chosen for this study since it is also

responsible for oral periodontitis and a major contributing factor to corrosion in most dental implants.

Increased P. gingivalis growth was observed within the incubation period under study as compact

cellular clusters fouled the metal surfaces in ASCS media. This led to the corrosion of steel substrates

after bacterial growth maturity within 90 days. Corrosion rate increased with higher CFU and bacterial

incubation period for all test substrates due to biocorrosion incited by the volatile sulphide products of

P. gingivalis metabolism. The presence of some of these volatile compounds has been observed from

experimental evidences. Significant anodic degradation in the forms of localized pitting were also

recorded by surface analytical techniques. Residual fluorinated ions within the ASCS media also

increased the rate of anodic dissolution due to media acidity. This study has provided extensive insights

into the fate of stainless-steel dental crown in oral environments infected by a resident oral bacterium.

Influences of oral conditions similar to fluoride-enriched mouthwashes were reflected in a view to

understanding the corrosion patterns of stainless-steel dental substrates.
1. Introduction

Corrosion of iron is a combination of dual and rather complex
oxidation–reduction processes involving cascades of electron
releases. Its oxidation half-reaction dominates the anodic
process in acidic solutions, and in some cases, the better
understanding of the net corrosion mechanism and associated
kinetics may be determined by iron oxidation.1 The rate of iron
dissolution in this medium may depend mostly on its metallic
content (e.g. the presence of alloying elements in stainless steel)
and its electrochemical behavior at dened potentials as well as
pH values. Iron dissolution within the corrosive acid solution
(eqn (1)) may also be accompanied by cathodic oxygen reduc-
tion and/or hydrogen evolution reaction (eqn (2) and (3)),
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depending on the media pH.2 At passive regions, the formation
of a protective oxide lms delays corrosion since the rate of
passivation exceeds corrosion; this is common in stainless steel
metal substrates.1,2

Fe / Fe2+ + 2e� (1)

O2 + 4H+ + 4e� / 2H2O (2)

O2 + 2H2O + 4e� / 4H+ (3)

Corrosion is a huge problem in dental hygiene and mainte-
nance of the mechanical integrity of metallic implants. The use
of stainless-steel metallic crowns in clinical restorative proto-
cols has been popular in dental care since the 1950's. This is
could be heavily linked with the invaluable stainless-steels
component materials utilized in fabrication of dental tools for
degrading primary teeth.3 The unique mechanical properties of
stainless steels coupled with their heat and corrosion-resistance
and their low maintenance have made them durable and
This journal is © The Royal Society of Chemistry 2020
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superior crown materials over amalgam and other common
dental crown restorative materials.4 Independent of the global
widespread of stainless-steel crown usage, there are also some
recorded quality failures,5 e.g. in the forms of defective
margins,6,7 and when there are compromises in oral health due
to gingivitis.8,9 However, the success rate for stainless-steel
crowns far exceeds those of Class II amalgam llers, and their
failure rates are also lower than those of amalgam restorative
materials (e.g. Cu, Hg, Ag and Sn).10 The dental stainless-steel
crowns may be needed to protect and restore weak teeth and
implants, cover installed llings, support dental bridges in
place, etc. Typical stainless-steel crowns utilized in restorative
dental care are presented in Fig. 1(a) and (b);11,12 both perma-
nent and temporary crowns could be made from stainless-steel
alloys such as AISI 305, 316, 321, etc.13

Stainless-steel dental implants have also been an effective
option for lost teeth restoration,14 and recorded clinical
successes are linked with their mechanical integrity (e.g. fatigue
and tensile strengths, corrosion and fracture resistances).15–17

Despite their remarkable properties, these implants still
Fig. 1 Typical stainless-steel crowns after cementation; authors in this
veneered and stainless-steel crowns (a). The intercuspation image from
according to the Hall technique; the stainless-steels crowns cover the p
utilized within this study: (c) band contrast and twin, (d) KAM and (e) EB
permission. Apart from titanium, niobium and vanadium are also strong c
substrates to prevent depleting chromium as chromium carbides precipi
corrosion and intergranular corrosion stress corrosion cracking (a, b
respectively).

This journal is © The Royal Society of Chemistry 2020
eventually fail and those removed from oral cavities bear surface
cracks within their microstructures due to persistent mechan-
ical stresses and microbiologically induced corrosion (MIC).
The prevalence of periodontitis may be another contributing
source identier for implant failure.18,19 Rodrigues et al.20 have
recorded evidence of surface pitting on retrieved dental
implants. Implant failures are the consequences of inherent
metallic corrosion and are also a direct contribution of some
resident oral bacteria within the gum lines. Among the causa-
tive bioagents of corrosion, Porphyromonas gingivalis (P. gingi-
valis), a periodontitis pathogen, has become a key factor in the
corrosion of most dental implants.21 Like most oral bacteria, P.
gingivalis initiates corrosion in a mechanism linked with the
biological activities within its biolm and inherent metabolic
product releases, notably, volatile sulfur compounds.22 These
volatile compounds (e.g. hydrogen sulde (H2S), methyl
mercaptan (CH3SH) and dimethyl sulde ((CH3)2S)) alter
metallic microstructures and may also contribute to tensile
stresses and/or sulde stress corrosion cracking. Their presence
impacts adversely on material integrity of metals while also
study11 were investigating the effects of microbial adhesion of pre-
a patient's post-treatment (b) procedure on a bite wound treated

remolars.12 Collective EBSD maps of the stainless-steel similar to those
SD orientation/inverse pole figure (IPF);41 images are reproduced with
arbon-form elements incorporated with AISI 321 stainless-steel dental
tates from around the grain boundaries, in turn, inhibiting intergranular
and c–e are reproduced with permissions from ref. 11,12 and 41,
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contributing to their corrosion by reducing the pH of their
environments.23–25 In patients suffering from periodontal
diseases, metallic release during corrosion may change the pH
around dental tissues while inammatory tissue ailments
involving peri-implantitis due to oral bacterial infections may
also lead to loss of metallic implant materials, fatigue and
subsequently, fractures.26,27 These biolm-led biological
processes contribute to the creation of corrosive concentration
cells on these metallic surfaces, thereby increasing the kinetics
of anodic reactions, hence, accelerating the rate of corrosion.
This P. gingivalis bacterial pathogen has led to the sufferings of
47% US periodontitis adult patients and 538 infected people
worldwide (of which 276 have lost their teeth already).28 P. gin-
givalis is a biolm forming bacterium, especially on solid
surfaces (e.g. teeth surfaces and those of dental implants). Since
P. gingivalis is a common oral bacterium29 whose counts would
normally increase during peri-implantitis,30 there is a need to
investigate its growth effects on medical-grade stainless steel
used in fabricating dental crown implants.

Stainless steel is commonly used as dental crown and other
forms of implants within oral environments with varying
temperatures and pHs. In oral uids, these steel-based dental
crown attachments have the potential to corrode due to the
presence of inherent biological and chemical agents. Corrosion
may proceed, leading to continuous degradation during elec-
trochemical processes leading to corrosion attacks within
hostile electrolytic oral environments close to the teeth.31 A
number of authors have studied the corrosion of stainless steel
in the presence of oral biolm-forming bacteria in dentistry.32–34

Laurent et al.32 have investigated the degradation of two dental
alloys, Ni–Cr and Au-based alloys, in the presence of Actinomyces
viscosus cultured in modied Fusayama articial saliva. Authors
observed an absence of oxygen contributed to increase in
polarization resistance of the Ni–Cr. However, they also
observed a steady decrease for the Au alloy due to inherent
metabolites released by bacterium within the culture media.
Another research group33 also studied the same effect on
stainless steel using Lactobacillus and Leuconostoc lactic acid
bacteria (LAB) isolates. In all, authors observed these LAB
strains inhibited L. monocytogenes biolm formation and
growth on the metallic substrate hence altering its corrosion
rate. A similar trend was also observed for lettuce and on
a MBEC Assay®'s Biolm Inoculator. The extent corrosion of
orthodontic archwires in articial saliva culturing Lactobacillus
reuteri has also been investigated by Trolic et al.34 The bacterial
growth on the metallic substrate inuenced the corrosion rate
by contributing to surface pitting. Fatani et al.35 have reported
an in vitro assessment of the antibacterial properties of Ag/TiO2

coated stainless-steel orthodontic brackets against P. gingivalis
and Streptococcus mutans growths. Authors observed that the
TiO2–Ag lm on the steel brackets prevented against bacterial
surface adhesion and biolm formation due to its antibacterial
properties and resistance toward plaque accumulation.
Papaioannou et al.36 also studied the corrosion of orthodontic
stainless-steel brackets in P. gingivalis culture medium incu-
bated at 37 �C for 3 days under anaerobic conditions in saliva
solutions of healthy adults. They observed that the salivary
31282 | RSC Adv., 2020, 10, 31280–31294
pellicle facilitated the adhesion and formation of P. gingivalis
biolms on orthodontic brackets.

The biocorrosion effects of a specic oral bacterium, P. gin-
givalis, on titanium surfaces have also been extensively re-
ported.29,37–39 Corrosion related to titanium alloys has effects on
the health of peri-implant tissues as well as long term survival of
these metal dental implants. Inherent long-term and contin-
uous corrosion leads to the release of ions into the peri-implant
tissues and subsequent disintegration of the implants. These
events contribute to material fatigue and fractures.40 The effects
of corrosion on titanium alloys must have been extensively
investigated, however, there are only a few reports on medical-
grade stainless-steel dental substrates involving the inuences
of its metabolic products on corrosion within any know oral
medium.35,36 This is the rst featured study designed to deter-
mine the inuence of P. gingivalis's metabolic products with its
culture medium on the corrosion behaviour of stainless steel.
Beyond corrosion electrochemistry, the composition of
adhering bacterial biolms on steel is investigated in a view to
establishing its contribution to reduced corrosion resistance of
this dental substrate in articial saliva with NaF. Corrosion
investigations in acidic oral conditions containing uoride ions
was necessary in order to depict uoride-containing oral envi-
ronments during mouthwash and when the mouth is gargle
with toothpastes and prophylactic gels to avoid dental cavity
and surface sensitivity. These dental products are also known to
reduce oral pH,31 and the accelerated corrosion-causing effects
on their halide ions components on a typical stainless-steel
dental substrate is investigated within this study.
2. Materials and methods
2.1. Reagents and chemicals

Sulfuric acid (99.999%) and phosphoric acid (85 wt% in H2O)
were utilized in metal polishing and were purchased from
Sigma Aldrich. Hemin (from porcine, $97%), 2-methyl-1,4-
naphthoquinone sodium bisulte ($95%), L-cysteine hydro-
chloride monohydrate ($98%) and yeast were also purchased
from Sigma Aldrich and added to the bacterial culture medium,
BHI (Brain Heart Infusion) broth. Hydrochloric acid (ACS
reagent, 37%) and sodium uoride (NaF, $99%) were also
purchased from the same outlet. The chemicals used in
preparing the articial saliva medium for this study are Sigma
Aldrich products and are presented in Table 1.
2.2. Preparation procedure for steel substrate

An AISI 321 austenitic stainless steel was utilized as the metallic
dental substrate in this study. It was used as received without
further deformation with its initial microstructure similar to
those presented in Fig. 1(c)–(e). The chemical composition
(wt%) of this metallic substrate is presented in Table 2. Smaller
round-disk shaped (with 1 cm diameter and 1 cm height)
coupons were cut out of a bigger metallic mass. These coupons
were not made into the engineered-shaped dental crowns in
order to allow for sufficient unimpacted surface area for
corrosion test while also avoiding premature corrosion on
This journal is © The Royal Society of Chemistry 2020
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Table 1 Chemical composition of artificial saliva utilized within this
study (*except otherwise stated, contents weremeasured in mM); with
slight variation from those reported in ref. 43

Major
constituents Contents

Concentration
(mM*)

Salts Potassium chloride 15.6
Monopotassium phosphate 2.6
Sodium dihydrogen
phosphate

2.6

Sodium chloride 16.0
Calcium chloride 1.4

Basal amino acids Alanine 0.04
Cysteine 0.05
Glycine 0.119
Leucine 0.022
Lysine 0.019
Phenylalanine 0.018
Tyrosine 0.012
Valine 0.016

Vitamins Ascorbic acid 0.01
Thiamine 0.00002
Riboavin 0.00013

Other additives Albumin 0.0004
Mucin 8 g L�1

Urea 2.9

Table 2 Chemical composition (wt%) of stainless steel utilized as
dental substrate material within this study

Cr Ni Mn Mo Si Ti Cu Co C Fe

17.61 9.17 1.56 0.42 0.40 0.36 0.30 0.15 0.044 Balance
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stressed edges. These coupons were then electrolytically pol-
ished using a suspension consisting of 35% H2SO4, 45% H3PO4

and 20% de-ionized water, degreased in 50 : 50 acetone/ethanol
suspension by ultrasonication (Branson M1800 Ultrasonic
Cleaner) before drying them in pure liquid N2.41 The nal
cleaning step involved sterilization using an autoclave prior to
corrosion test in bacterial culture. Only the metallic coupons
used for the electrochemical tests were sealed in epoxy mate-
rials. The microstructure of this metal is similar to those
recorded using an electron backscatter diffraction (EBSD)
technique in ref. 41. Its microstructural maps reveal the
formation of annealing twin boundaries (a), reducedmagnitude
of Kernel average misorientation (KAM), hence low strain (b), as
well as uneven and rather randomized orientations (c). KAM
values are a measure of misorientation of localized grains in
terms of strain distribution; they also quantify these misorien-
tations as averages frommeasured reference points with respect
to their respective neighboring points.
2.3. Bacterial growth and cultivation conditions

P. gingivalis ATCC 33277 was used as the test bacterium in this
biocorrosion study. It was cultured in an anaerobic chamber
with a nutrient-rich BHI broth with the following components
This journal is © The Royal Society of Chemistry 2020
per litre (L) of sterile water: 5 g hemin, 5 g 2-methyl-1,4-
naphthoquinone sodium bisulte, 1 g L-cysteine hydrochlo-
ride monohydrate and 10 g yeast supplements.29 This chamber
was rst sparged with pure N2 gas to remove dissolved oxygen
before the culturing; the pH of the culture-media content was
maintained at 7 (S220-B Mettler Toledo). Prior to bacterial
culture, P. gingivalis cells were preactivated with their culture
plate at 38 �C for 18 h within an incubator. Aer the culture
duration, the bacterial cells were separated from themedium by
ultracentrifugation (10 000 rpm, 5 min, Beckman Ultracentri-
fuge) at 6 �C. The separated cellular suspension was then
diluted to a 0.5 optical density at 600 nm (Agilent 8453 UV-
visible spectrophotometer). The corresponding cellular
concentration was then computed before quantitatively trans-
ferring to 10 mL BHI culture medium.42 Aer this preculture,
individual sterile stainless-steel disk-shaped coupons were then
completely immersed in 1 L articial salivary culture suspen-
sion (ASCS)43 in Culture Multiwell Plates (Sigma Aldrich), cap-
ped inside sealed small glass chambers utilized as lab-made
bioreactors, and further sealed in transparent bags before
placing them in an incubated anaerobic chamber at 38 �C for
dened culture duration. Each well was inoculated with 107

cells per mL of viable 3 day old inoculum of P. gingivalis at
complete 100% deoxygenated medium at pH 7. The needed
electrochemical corrosion tests were conducted as well as the
SEM imaging of adhering biolms on the surface of the
stainless-steel coupons. Prior to these tests, the biolms were
deactivated by placing all retrieved coupons in 2% glutaralde-
hyde in PBS xation buffer followed by anhydrous-ethanol
dehydration and N2 gas drying.42 This later rinsing procedures
were conducted on each dental substrate, one at a time. The
ow chart showing the study design, type and number of test
samples utilized in the present study are presented in Fig. 2.
2.4. Analyses of colonized bacterial biolms on stainless
steel

In order to view the morphologies of adhering P. gingivalis
biolms on the metal surfaces in line with bacterial growth,
these dental substrate coupons were sequentially treated to
a xation buffer for 3 h. They were then dehydrated in ethanolic
solutions stepwisely, from 50 to 100% at 20 min each step
before freeze-drying them with liquid N2. Aer thin-layer Au
coating on each metallic coupon, the adhering bacterial bio-
lms as well as the aer-corrosion changes (in the form of
surface pits) were then imaged using scanning electron
microscopy (SEM Hitachi SU6600 scanning electron micro-
scope, Hitachi High-Tech.) at appropriate accelerating voltage.
In cases were distinct surface images were difficult to observed
due to overcrowding, these substrates were repeatedly washed
using a solution of trypsin in sterile water for 12 h in order to
further to remove some adhering P. gingivalis biolms. The
chemical composition of these biolms was also determined
using X-ray photoelectron spectroscopy XPS Kratos AXIS Supra
system equipped with a 500 mm Rowland circle mono-
chromated Al Ka (1486.6 eV) source and combined hemi-
spherical and spherical-mirror analyzers. A spot size of hybrid
RSC Adv., 2020, 10, 31280–31294 | 31283
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Fig. 2 A flow chart showing the study design, type and number of test samples utilized in the present study.
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slot (300 � 700 microns) was used. All survey scan spectra were
collected in the 0–1200 binding energy range in 1 eV steps with
a pass energy of 160 eV.44 High resolution scans of multiple
regions were also conducted using 0.05 eV steps with a pass
energy of 20 eV. An accelerating voltage of 15 keV and an
emission current of 15 mA was used for analyses.44 Inherent pH
changes within the bacterial culture media were also monitored
periodically. The rates of evolution of volatile sulfur compounds
in the presence of these substrates within the culture media
were also determined using series of gas sampling pump kits
and accessories (GV-100S, Gastec) coupled to detector tubes.
The chemistry of adhering uoride complex thin lms on
impacted stainless-steel substrates in the culture media con-
taining varying concentrations of NaF was also carried out by
means of X-ray diffractometry (Bruker D8 Discover XRD
Diffractometer) at 40 mA and 40 kV with CuKa radiation. All
spectra were recorded at 0.02 step size.

2.5. Biological staining and CLSM imaging

These metal-surface adhering bacterial biolms were also
imaged using confocal laser scanning microscopy (CLSM) but
clearer images were collected using transparent microscope
coverslips. Biolm-bound and stained glass-slide substrates
were incubated for 10 min in the dark and xated using diluted
glycerol/PBS solution before imaging with the aid of a Nikon
31284 | RSC Adv., 2020, 10, 31280–31294
TE2000-U uorescence microscope. The P. gingivalis biolm
stained were exposed to the Filmtracer™ LIVE/DEAD® Biolm
Viability Kit (Thermo Fisher Scientic).45 This kit was used
based on the efficiency of its two-color uorescence assay for
determining bacterial viability. For visual data collection, the
bacterial cells were close enough to the surface, so there was no
need to view stack images within the biolm depth using the
ZEN lite Digital Imaging Soware.

2.6. Weight loss and electrochemical corrosion
measurements

The rates of corrosion of stainless-steel coupons in the articial
salivary culture media (chemical composition are presented in
Table 1) were determined by weight loss experiments using (eqn
(4)).42 This was done aer weighing (Sartorius, �0.01 mg)
individual metallic substrates, in triplicate, prior to and aer
the incubation period. The standard practice for preparing,
cleaning, and evaluating corrosion test specimens, including all
pre-weighing procedures were conducted in line with the
protocol enlisted within ASTM G1-03 standard.46 Electro-
chemical measurements were also conducted on each substrate
at different culture durations. These tests were conducted using
a three-electrode cell system composing of a platinum auxiliary
electrode and Ag/AgCl (sat. KCl) reference electrode (in a Luggin
capillary) connected to Potentiostat/Galvanostat/ZRA (Interface
This journal is © The Royal Society of Chemistry 2020
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1000, Gamry Instruments). The corrosion-impacted stainless-
steel dental substrates were utilized as working electrodes
within articial saliva at pH 6.5 at 38 �C. Tafel polarization
experiment was conducted by applying from�0.5 up to 0.5 V vs.
(Ag/AgCl (sat. KCl)) at a sweep rate of 0.5 mV s�1. Both anodic
and cathodic polarization measurements were conducted in the
same experimental run at the end of the 90 days. EIS
measurements were measured at Open Circuit Potential (OCP)
with respect to the reference electrode within 0.1 to 10 000 Hz
frequency range. EIS spectra were recorded aer applying an AC
signal of 10 mV (rms) using the single sine technique. An
equivalent circuit simulation program with EChem Analyst was
utilized for all data analyses, creating of equivalent circuit
models and tting of experimental data. Before the theoretical
data tting to the circuit models, their linearity was determined
using Kramers–Kronig transformation. The amounts of
elements released from the bulk metal substrates as ions into
the culture medium per surface area was also measured in ppm
using inductively coupled plasma mass spectrometer (ICP-MS,
Thermo Fisher Scientic). Before determining the concentra-
tions of ions within these media, the test solutions were
appropriately diluted with 1 M HCl in vortex mixer for 1 min.

Corrosion rate of stainless steel coupon
�
mm y�1

�

¼ weight loss ðgÞ � 8:76� 104

incubtion periodðhÞ � area ðcm2Þ � density ðg cm�3Þ (4)
3. Results and discussion
3.1. Bacterial colonization and uorescence imaging

Articial salivary culture suspension (ASCS) was the test media
in this study containing varying concentrations of P. gingivalis
seeds; 5 � 106 CFU (S0.5), 107 CFU (S1) and 2 � 107 CFU (S2).
The control system was a full uninoculated ASCS medium. The
bacterial culture media were incubated for 90 days, and their
inherent cellular concentration increased substantially to 1 �
107 CFU in S0.5, 3.8 � 107 CFU in S2 and 2 � 107 CFU (S1),
respectively, due to the formation of P. gingivalis biolm. This is
depicted in the viable bacterial cell clusters presented in Fig. 3
from the adhering biolm growths on solid substrates. The
isolated viable cells in these images are illuminated green.
There may be no district changes in the observed uorescence
imaging, however, more cell counts were recorded for S2
compared to S1 and S0.5. The observed bacterial cells were close
enough to the surface, so there was no need to view stack
images within the biolm depths. The presence of these
bacterial biolms revealed inherent cellular colonization, and
this is consistent with the onset of dental periodontitis
disease.45
3.2. Biolm analyses by SEM and XPS

The abundance of green-stained bacterial cells in Fig. 3 (upper
row) depicts viability, and their visual SEM images were also
recorded by means of SEM (lower row). The presented SEM
micrographs show large bacterial colonies within adhering
This journal is © The Royal Society of Chemistry 2020
bacterial biolms on the surfaces of steel substrates. The bio-
lms are densely packed cellular clusters fused within secreted
extracellular polymeric substances (EPS) matrix that aid in cell–
metal anchorage.25 The presented biolm architecture reveals
unique monospecies and aggregated colonies with randomized
layered distributions.45 The distribution of bacterial cells within
these biolms between S1 and S0.5 is entirely randomized and
also consistent with earlier reports in ref. 45–47. These biolms
are made of Gram-negative cellular colonies with short rod-
shapes still capable of cell–cell quorum sensing within them.
The XPS wide-scans spectra are presented in Fig. 4(a). The
chemistry of adhering P. gingivalis biolm on the stainless-steel
substrates from XPS evidence are comparatively similar. The Fe,
Ni and Cr contents are consistent with the base stainless-steel
substrate while peaks of other elements could be linked with
the bacterial biolms. P. gingivalis is a biolm-forming bacte-
rium also known to release volatile sulfur compounds during its
metabolic process.22 The presence of S2p peaks are related to
these biolm-bound volatile compounds; it should be noted
that there are no S-related peaks on the control system. Fig. 4
also presents a collection of valency peaks of S2p spectra (b) of
adhering biolms on stainless steel substrates immersed in test
ASCS media. Except for the control system, the shapes of sp2

valence peaks are similar with distinct triple peaks at 162 eV
(sulphide), 167 eV (sulphite) and 169 eV (sulphate) due to these
volatile compounds. Other authors have reported peaks corre-
sponding to corrosion products frommetal-based elements (e.g.
FeS and MnS) in biolm aggregates from other bacteria.24
3.3. Examining the extent of corrosion of stainless-steel
substrates in ASCS media by SEM

At the end of the 90 day incubation period, all stainless-steel
substrates within the bioactive ASCS media were deactivated
by immersing them in 2% glutaraldehyde in PBS xation solu-
tion. This was closely followed by dehydration in anhydrous-
ethanol solution before drying with N2 gas.42 These xating
and cleaning steps signicantly removed adhering P. gingivalis
colonies from the metallic surfaces before analyzing for
evidences of surface pits using SEM imaging. As presented in
Fig. 5, except for S2, there were no changes in the surface
morphologies at the end of Day 30 due to the corrosion-resistant
features within this metallic substrate, including its titanium-
stabilized, metastable chromium phases and twins, stable-end
orientations within its austenitic stainless-steel microstruc-
ture.41 For this duration of test, the rate of passivation of
stainless steel by far exceeds its corrosion rate, even within
a bacterial-inoculated media. This stainless-steel dental
substrate is highly resistant to anodic dissolution; it is capable
of forming martensite phases, if deformed. This was clearly
consistent with the crystallographic orientation of the substrate
in Fig. 1(c). These microstructural phases are known to resist
corrosion,41 and there has been several reported studies in
regarding these assertions, in both undeformed and deformed
systems.41,48–50 The observed surface pits in the steel substrate
incubated in the ASCS media containing 2 � 107 CFU (i.e. S2) is
suggestive of the consequence of biocorrosion in the presence
RSC Adv., 2020, 10, 31280–31294 | 31285
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Fig. 3 Scanning fluorescence micrographs showing P. gingivalis cellular clusters from adhering bacterial biofilms on transparent coverslips
(upper row) and SEMmicrographs showing P. gingivalis cellular clusters from adhering bacterial biofilms on stainless steel substrates (lower row)
after 90 day incubation in ASCS media.

Fig. 4 XPS wide-scan spectra (a) of P. gingivalis biofilms on stainless-steel substrates after 90 day incubation in ASCS media; (b) corresponding
high-resolution valence peaks of S2p XPS spectra for S0.5–S2 and the experimental control.

31286 | RSC Adv., 2020, 10, 31280–31294 This journal is © The Royal Society of Chemistry 2020
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Fig. 5 SEM micrographs and two-dimensional (2D) plane-view surface contour profiles showing the extent of corrosion of stainless-steel
coupons after 30 and 90 day incubation periods within ASCSmedia. Localized pit area depths of 0.41 and less than 2 mm could be observed after
30 and 90 days, respectively, for S2. P. gingivalis cells, like any other bacterial cells, can penetrate metallic crevices when swimming towards food
sources within the culturemedium as they adsorb nutrients.53 MIC is initiated due products of the bacterial metabolic processes acting selectively
at the surface pits and their neighbouring regions in such a way that corrosion rates are raised.
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of P. gingivalis. This rather tiny pitting episode could be a source
of failure in dental implants fabricated from this medical-grade
stainless steel (e.g. crowns). Aer an extended incubation period
(90 days), the pits became signicant on these substrates.

Between all substrates, less surface areas were signicantly
impacted by the corrosive effects of these P. gingivalis biolms.
The lower surface contour proles also reveal the extent of pits
from two-dimensional images on impacted surfaces. Localized
pits were also proled deeply through continuous points of
unequal centered depressions initiated by the resident oral
bacterium. The surface 2D contour proles mapped wide
depths of localized pitting patterns on steel surfaces exposed to
S2 medium on both days. These areas were covered by the
widest observable pits with less than 1 cm2 and rather uneven
curvature, deeper at the blue spots relative to red due to MIC
attack on steel. Measured pit lengths up to 0.41 and less than 2
mm were observed on steel at 30 and 90 day incubation periods,
respectively, for S2. The comparative differences between the
observed metal surfaces for both incubation periods could be
linked with: (a) sufficient duration for corrosive impact aer 90
days, and (b) maturity of growing P. gingivalis cells. The
This journal is © The Royal Society of Chemistry 2020
formation of pits, as observed within this study, could also have
originated from P. gingivalis biolm-led creation of corrosive
concentration cells on these metal surfaces. Surface pits are
a consequence of microbiologically induced corrosion (MIC),
and the evolution of volatile sulphide compounds (e.g.H2S) also
catalyzed electrochemical reactions capable of leading to the
observed localized pitting episodes.51–53

3.4. Elemental contents released from corroded stainless-
steel dental substrates

The amount of substrate-based elemental contents released
into the articial salivary culture media per 1 square-centimeter
surface area was also measured in ppm using ICP-MS. Before
determining the concentrations of these major elements within
these media, the metallic dental substrates were appropriately
diluted with 1 M HCl in vortex mixer for 1 min. Stainless steel
321 is known for its supplementary Cr and Mn content,
however, Fe still makes the balance as presented in Table 1. As
expected, there were no substrate-based elemental release as
ions immediately aer immersion of the sterilized and pre-
treated dental substrates in the culture medium as presented in
RSC Adv., 2020, 10, 31280–31294 | 31287
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Fig. 6 Amount of substrate-based elemental content released into ACS media from the stainless-steel dental substrate after 90 day incubation
period.
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Fig. 6. However, at the end of Day 30 of incubation, the amounts
of other elements released into the media were half that of Fe
(500 ppm) from the same substrate. Fe content in all systems,
including the control, appeared to be the most released from
the substrates aer corrosion. Higher amounts of ions from the
steel were released upon steel dissolution at 90 day incubation
period. It is worthy of note to mention that the mean levels of
Mn and Mo eluted from steel were close while Mo contents
between culture media with S0.5 and S1 were unchanged
between Day 30 and 60. The amounts of Fe released ranged
from 10 to 400 ppm in all test media for all incubation periods.
Between the span of incubation period studied, the H2S levels
ranged from 6.2 ppm (Day 30) to 8 ppm (Day 60) for ASCS media
with the highest CFU (S2) while mercaptan levels stood between
5.6 to 7 ppm. The level for these sulphide products were lower
for the culture medium with S0.5 or S1. Concentrations of H2S
up to 5.5 and 5 ppm were recorded in Day 30 and 60, respec-
tively, while 5.2 and 5.8 ppm mercaptan were also measured at
the same period for S0.5. H2S levels stood at 6 and 7.5 ppm at
Days 30 and 60 for S1 while lower amounts of mercaptan (6.4
and 6.8 ppm) were also measured between both durations. It is
also worthy of note to mentioned that levels of sulphide prod-
ucts signicantly reduced at Day 90 for all systems under study
due to bacterial growth maturity. None of these volatile
sulphide products were detected in the control medium.
31288 | RSC Adv., 2020, 10, 31280–31294
Elution of these volatile sulphide products was also accompa-
nied by steady changes in media pH.
3.5. Correlating biocorrosion with weight-loss and
electrochemical parameters within ASCS media

Signicant anodic degradation in the forms of localized pitting
has been observed for stainless-steel substrates 30 and 90 day
incubation periods within ASCS media growing P. gingivalis
cells. This was further investigated using weight loss and elec-
trochemical techniques. The corrosion rate of each substrate
between both incubation periods (Days 30 and 90) were
computed from measured values of weight loss (stainless-steel
metallic weight prior to and at the end of these incubation
periods). These computed values of corrosion rate are presented
in Fig. 7(a). At Day 30, the corrosion rates of steel substrates
stood at 0.31, 0.52 and 0.85 mm year�1 for substrates incubated
within culture media with S0.5, S1 and S2, respectively. At Day
90, the corrosion rate of steel increased to 0.56, 1.02 and
1.40 mm year�1 for steel substrates incubated within S0.5, S1
and S2, respectively, relative to the control (0.12 mm year�1

without the Gram-negative bacterial seeds). Higher corrosion
rates were recorded for metallic substrates as a direct contri-
bution of induced biocorrosion in the presence of P. gingivalis
within the articial salivary culture suspension. Steel corrosion
rate increased with bacterial incubation periods for all metallic
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Electrochemical parameters: (a) corrosion rates of stainless-steel substrates immersed within ASCS media, with and without NaF after
different incubation periods; (b) Tafel polarization curves and (c) their electrochemical parameters; (d) Nyquist curves of steel substrates after Day
90 within ASCS media; variation of (e) resistance and (f) capacitance parameters between biosystems under study. Tafel polarization (g) and
Nyquist (h) curves for stainless-steel coupons immersedwithin ASCSmedia altered with different concentrations of NaF after a 90 day immersion
period.
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substrates, and in all systems, substrates incubated within ASCS
media with double the CFU (S2) corroded more than S1 and half
the CFU in S1 (i.e. S0.5). The observed corrosion of steel
substrates must have also been due to MIC-led anodic disso-
lution incited by the products of bacterial metabolism.24,25

Results obtained from the weight loss technique was com-
plemented with those from electrochemical technique. The rst
test involved polarizing these steel substrates by applying
�0.5 V at a 0.5 mV s�1 sweep rate, and in the end, changes in the
magnitude of corrosion current density (jcorr) were examined at
Day 90 incubation period. Electrochemical potential values
were estimated relative to the reference electrode, Ag/AgCl (sat.
KCl) with each measurement collected at the end of 30 day
incubation period. The polarization curves of stainless-steel
substrates within ASCS media are depicted in Fig. 7(b). As ex-
pected of stainless steel, the shapes of anodic polarization
curves reveal that stainless steel showed trans-passive behav-
iours toward �0.21, �0.28 and �0.20 V in S0.5, S1 and S2
media, respectively. However, values of corrosion current
density (jcorr) for these substrates increased in the order: control
(0.1 mA cm�2) < S0.5 (2.0 mA cm�2) < S1 (5.0 mA cm�2) < S2 (11.2
mA cm�2); these changes are consistent with corrosion rate.
Stainless-steel corroded more in ASCS media with S2 than S1
and S0.5, in the presence of P. gingivalis, and this is suggestive
of accelerate steel MIC for double the CFU within the culture
medium. The values of corrosion potential (Ecorr) for steel also
stood at �0.38, �0.42, �0.45 and �0.35 V for S0.5, S1, S2 and
control, respectively (Fig. 7(c)).

The extent of corrosion of steel substrates within ASCS
media was also investigated with the aid of a noninvasive
electrochemical impedance spectroscopic (EIS) technique. Its
representative Nyquist spectra for stainless-steel coupons aer
90 day incubation period within ASCS media are presented in
Fig. 7(d). These impedance curves are single semi-circles with
This journal is © The Royal Society of Chemistry 2020
incomplete capacitive loops between real and imaginary axes. In
this study, curves with wider diameters are consistent with
more resistive metallic steel systems due to their corrosion
resistance. In order to further probe the corrosion resistance of
these metallic substrates, these impedance curves were tted
into suitable equivalent circuit model (Rsoln (Qbiolm(Rbiolm(-
Qdl(Rct))))). RbiolmQbiolm was introduced in order to account for
the adhering bacterial biolm on steel (Fig. 3). The values of
electrical parameters collected from the curves in Fig. 7(d) are
also presented within the ESI (Table S1†). Rsoln values stood at
0.9, 2.0, 2.5 and 3.1 U cm2 for control, S0.5, S1 and S2, respec-
tively. Increase in values of Rsoln for bacterial-inoculated
systems with higher CFU are contributions of bacterial meta-
bolic processes within the ASCS media as volatile sulfur
compounds are released.23,54 Reduced trend in Rbiolm and Rct

for inoculated systems relative to the control denotes MIC as the
steel substrate slowly losses its corrosion resistance within the
P. gingivalis culture.

Besides changes in Rct (Fig. 7(e)), constant phase element (Q,
Yo) values (both Qbiolm and Qdl) were also monitored for all
systems under study. As presented in Fig. 7(f), a continuous
increment in Qwas observed in the order: control > S0.5 > S1 > S2.
It was important in order to probe the relationship between
capacitance components (Q) and corrosion resistance since their
introduction within the circuit model would account for inherent
metal surface defects. These defects contributed to depressions
and inherent nonuniform impedance spectral curvature due to
distortions on the double-layers. The impedance of CPS is pre-
sented as ZCPE ¼ 1/Yo(ju)

a; where j ¼ ffiffiffi
1

p
and u ¼ 2pf. u, f and j

are magnitudes of angular frequency (measured in rad s�1),
frequency (measured in Hz) and imaginary number, respectively.
Magnitudes of Yo as a quantity of Q describes inherent properties
of adsorbed electroactive species while a is the phase shi whose
values are within �1 and 1.25,41,54 Nyquist curves were recorded at
RSC Adv., 2020, 10, 31280–31294 | 31289
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Eoc; potential-time Eoc evolution plots for selected test systems
within the 90 day incubation duration are represented in Fig. S1(a)
and (b).† More negative potentials were observed for steel
substrates in more corrosive media, at higher CFU and NaF
additive concentrations.
3.6. Examining the extent of corrosion in NaF modied
articial saliva solutions

Table 3 presents summaries of results from a few comparative
studies showing the biocorrosion behaviours of different
medical-grade metallic substrates in salivary culture media
inoculated with P. gingivalis seeds as reported within this study
and those reported in literature. Beyond the articial salivary
culture suspension, the corrosion behaviour of stainless-steel
substrates in NaF altered culture media was also investigated.
This was a simulated high uoride (NaF) enriched articial
salivary media designed to examined external inuences on
steel corrosion. NaF was added as a principal component of
many uoride-containing toothpaste and mouthwashes, and
also noted for its antibacterial activities.31 Since NaF is also
known to further reduce the pH of oral media to acidic values, it
was necessary to further investigate changes in corrosion
resistance of the stainless-steel crown material in the presence
of these uoride ions.31 Before the corrosion test, the extent
bacterial survival at varying chosen concentrations (0.05–
0.6 wt%) of NaF within the media was examined while moni-
toring the corrosion of stainless-steel dental substrates. Fig. 8(a)
depicts scanning uorescence micrographs showing signicant
dead P. gingivalis bacterial cells aer 90 day incubation within
ASCS media altered with NaF. Results from the weight loss
technique reveal signicant corrosion rate for each stainless
steel dental substrate between the incubation periods under
study as represented in Fig. 7(a). At Day 30, the corrosion rate of
steel stood at 1.23, 1.54, 2.00 and 2.41 mm year�1 for steel
substrates incubated within 0.05, 0.2, 0.4 and 0.6 wt% NaF,
respectively. At Day 60 and 90, the corrosion rate of steel stood
at 1.53 and 1.86; 1.85 and 2.00; 2.20 and 2.30; and 2.68 and
3.01 mm year�1 for steel substrates incubated within 0.05, 0.2,
0.4 and 0.6 wt% NaF, respectively. Higher corrosion rates are
recorded for stainless-steel coupons as a consequence of
intense chloride-induced corrosion within the saline test
media. Steel corrosion rate increased with immersion time for
all substrates as well as with increased NaF content and not
biocorrosion (since there were no viable bacterial cells).

As presented in the Tafel curves (Fig. 7(g)), there are also
signicant changes in values of Epass and Ecorr for steel
substrates in NaF (Fig. 7(d)). Except for 0.05 and 0.2 wt% NaF,
other substrates demonstrated electrochemical behaviors that
were consistent with anodic trans-passivation character. Values
of jcorr increase with NaF concentration in the order: 0.6 wt%
NaF (90.1 mA cm�2) > 0.4 wt% NaF (75.5 mA cm�2) > 0.2 wt% NaF
(55.0 mA cm�2) > 0.05 wt% NaF (22.0 mA cm�2). This trend is
suggestive of increased corrosion rate at higher uoride ionic
concentrations. Other electrical parameters related to the
Nyquist spectra (Fig. 7(h)) for stainless-steel dental substrates
within the NaF modied ASCS media are also presented in the
31290 | RSC Adv., 2020, 10, 31280–31294
table. Compared to the impedance curves for metallic
substrates without NaF (Fig. 7(c)), those in the presence of NaF
depict semi-circles with complete capacitive loops. Metallic
systems with higher corrosion resistance have wider Nyquist
curve diameters. The impedance curves were tted into suitable
equivalent circuit model (Rsoln (Qdl(Rct))). The values of electrical
parameters (Fig. 7(e) and (f)) collected from the curves are
presented in Table S1.† While Qdl values increased with NaF
concentrations, reduced magnitudes of Rct were observed for
dental substrates within the media; 732.2, 685.1, 515.9 and
423.0 U cm2 for 0.05, 0.2, 0.4, 0.6 wt% NaF, respectively. Since
the impedance curves within this study were collected at Eoc, the
corresponding Eoc plots for all tested samples within the 90 day
incubation duration are presented within the ESI.† More
negative values of potential were recorded for steel within more
corrosive systems relative to the control. Similar trends were
observed in both potential-time evolution curves both with and
without the NaF additives in the culture media. In both cases,
corrosion of steel was signicantly affected by the incubation
process. The trend of electrochemical data is consistent with
those of the weight loss technique and conrms that stainless-
steel corrosion increased with NaF concentrations.

To further probe the electrochemical results, the morphol-
ogies of impacted metallic surfaces were also examined for
corrosion-related changes. SEM micrographs showing the
extent of corrosion of stainless-steel dental substrates aer 90
day incubation period within ASCS media altered with different
concentrations of NaF are presented in Fig. 8. Signicantly
surface pits were observed as a result of uoride-induced
corrosion with increasing NaF concentrations. These metallic
substrates had the tendency to dissolve within this acidic
media, hence the increase number of pit areas at higher NaF
levels. The surface 2D contour prole mapped wide depths of
localized pitting patterns on steel surface exposed to 0.6 wt%
NaF due to saline corrosion at specic metallic grains and the
high chloride content of the media. These localized pits were
also proled deeply through continuous points of unequal
centered depressions while the depths of contoured lines on
corroded surface show patterns consistent with SEM image. The
observed pit sites in the presence of NaF appeared to show
extreme degradation on the metal surfaces from depassivation
of localized anodic portions caused by the creation of galvanic
cells with nearby wider cathodic sites due to unrestricted attack
by uoride ions.

Austenitic stainless steels, like the medical-grade material
utilized in this study, are highly resistant to corrosion due to
their metastable chromium enriched phases. When stressed
upon persistent application of loads (e.g. during mastication of
food particles of varying hardness and sizes), these materials
eventually undergo martensitic transformation, with the
maximum masticatory force reaching values of 500–700 N in
some adult humans. So, it became pertinent to investigate the
susceptibility of this medical-grade metastable austenitic
stainless-steel dental grade (AISI 321) substrate to localized
pitting corrosion initiated by the acidic NaF media. Like most
austenitic steels, this dental substrate was stabilized with tita-
nium (0.36 wt% Ti in Table 1) in order to avert the depletion of
This journal is © The Royal Society of Chemistry 2020
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Table 3 Comparison between the biocorrosion behaviours of different medical-grade metallic substrates in salivary culture media inoculated
with P. gingivalis seed as reported within this study and those reported in literaturea

S/No
Application of metallic
substrate

Type of oral bacterium/
culture conditions

Initial bacterial
concentration Key ndings Ref.

1. Stainless-steel (AISI
321) dental crown

P. gingivalis (ATCC
33277)/incubated at
38 �C for 30–90 days
under anaerobic
conditions in articial
saliva culture
suspension (pre-culture
in BHI broth) with NaF
alteration

107 CFU mL�1 Signicant anodic degradation in the
forms of localized pitting were
observed as consequences of
processes leading to bacterial
metabolism, biolm growth andMIC.
Surface pitting was severe in the
presence of NaF within the salivary
culture media.

This
study

2. Pure titanium implant
disk

P. gingivalis (ATCC
33277)/incubated
aerobically at 37 �C for
3–14 days in BHI broth

107 CFU mL�1 Sulphide products were produced by
adhering P. gingivalis biolms on
titanium disks; however, this did not
result in corrosion.

29

3. Stainless steel
orthodontic archwires

No bacterial culture/
acidic NaF-containing
articial saliva

— The corrosion of orthodontic
archwires was signicant in the
presence of NaF and prolonged
exposure period; this also led to
increase surface roughness due to
formation of uoride complexes.

31

4. Stainless steel
orthodontic brackets
coated with TiO2 mixed
Ag

P. gingivalis (ATCC
33277)/incubated at
37 �C for 1 day under
anaerobic conditions in
lysogeny broth agar

5 � 108 CFU mL�1 The TiO2–Ag lm on the steel
brackets prevented against bacterial
surface adhesion and biolm
formation due to its antibacterial
properties and resistance toward
plaque accumulation.

35

5. Orthodontic stainless-
steel brackets

P. gingivalis (DSM
20709)/incubated at
37 �C for 3 days under
anaerobic conditions in
saliva solutions of
healthy adults

108 CFU mL�1 The salivary pellicle facilitated the
adhesion and formation of P.
gingivalis biolms on orthodontic
brackets.

36

6. SLA titanium dental
implant surfaces

P. gingivalis (ATCC
33277)/incubated at
37 �C for 7 days under
anaerobic conditions in
BHI culture

108 CFU mL�1 Bacterial cells signicantly covered
the metallic titanium surfaces in turn
weakening their surface properties.
This led to reduced protective
properties of TiO2 lm, resulting in
biocorrosion. These corroded
surfaces also exhibited lower
osteocompatibility and reduced
adhesion of MC3T3-E1 cells.

63

7. 304 Cu-bearing
austenitic antibacterial
orthodontic stainless
steel

P. gingivalis (ATCC
33277)/incubated at
37 �C for 3 days under
anaerobic conditions in
BHI–S blood agar

109 CFU mL�1 The metallic substrate showed no
signicant antibacterial activity
toward P. gingivalis growth; there were
also no observable cytotoxicity toward
osteosarcoma MG-63 cells and oral
epithelioma KB cells.

64

8. Ti–Cu sintered alloys P. gingivalis (ATCC
33277)/incubated at
37 �C for 3 days under
anaerobic conditions in
BHI agar

1.5 � 109 CFU
mL�1

P. gingivalis cells growth signicantly
reduced with Cu content (with 50%
aer 24 h alloy incubation) but
increased culture duration.

65

9. Pac-525 coated titanium
implant substrate

P. gingivalis (ATCC
33277)/incubated
aerobically at 37 �C for 2
days in BHI broth

108 CFU mL�1 Pac-525 inhibited P. gingivalis biolm
adhesion, biolm growth and cellular
growth on titanium dental implant
surface.

66

a ATCC: American Type Culture Collection.
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Fig. 8 (a) Scanning fluorescence micrographs showing viable and dead P. gingivalis bacterial cells after 90 day incubation within NaF altered
ASCS media. All steel coupons were incubated within bacterial culture with the highest CFU (S2). (b) SEM micrographs showing the extent of
pitting corrosion of stainless-steel coupons after 90 day incubation period within ASCS media altered with different concentrations of NaF. (c) A
surface contour profile mapping localized pitting patterns on steel surface in 0.6 wt% NaF altered ASCS media after 90 day immersion period
upon the creation of electrochemical cells on the surface of the metallic substrate. The SEM micrograph for the control sample in NaF solution
alone is presented within the ESI (Fig. S1(c)).†
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chromium around the grain boundaries (i.e. intergranular
corrosion). This could have occurred at 500–800 �C,55–57 but
since there were no high-temperature treatments in this study,
there were also no observed surface evidences of intergranular
corrosion, with the grain-boundary chromium contents
remaining intact. However, the stainless-steel dental substrates
still corroded with localized pitting patterns (see Fig. 8(b)) and
the surface contour prole (c) also revealed the extent of
uoride-induced pitting on steel aer 90 day immersion in
0.6 wt% NaF media. Fig. S1(c)† depicts SEM micrographs of the
control sample within undoped NaF solution. Compared to
SEM of the test samples, there are less presence of pits at the
end of the culture duration; this is suggestive of biocorrosion in
the presence of the growing P. gingivalis bacterial biolms. The
corrosion rate of steel was high even in the presence of adhering
uoride complexes formed on the surface of metallic substrates
at pH z 1 in 0.6 wt% NaF.31 These uoride complexes were
removed using 2% glutaraldehyde in PBS xation and repeated
sonication using anhydrous ethanol in order to recorded high-
resolution images with clarity. The XRD patterns of these uo-
ride complex thin lms deposited on impacted stainless-steel
substrates are presented in Fig. S1(d).† As expected, these
complexes composed of a mixture of simple metallic uoride
(FeF2, FeF3, CrF3 and NiF2) and few ferrous oxides (Fe2O3 and
Fe3O4).58–62 Mouth rinsing products with uoride ions up to
250–10 000 mg L�1 concentrations promote the formation of
these metallic uorides that eventually lead to remineralization
between pH 3.5–7. This is slowly proceeded by corrosion of
dental implants within this acidic NaF environment and at high
31292 | RSC Adv., 2020, 10, 31280–31294
concentration and pH. The prevalence of uoride ions also
further degrades the protective oxide lms formed on the dental
implants upon contact with the acidic electrolyte. Most of these
oxide layers may be ferrous oxides as depicted in Fig. S1(d).†

4. Conclusions

In this study, in vitro corrosion behaviour of medical-grade
stainless-steel dental substrates was investigated during Por-
phyromonas gingivalis biolm growth in articial saliva culture
suspension. Bacterial growth increased signicantly within the
incubation period under study. This was also accompanied by
metabolic processes leading to steady elution of mercaptan and
hydrogen sulphide products that also peaked with growth
maturity. XPS evidence also revealed S2p valency peaks consis-
tent with sulphur-based volatile compounds from adhering
biolms on stainless steel substrates due to these volatile
sulphur compounds. Adhering P. gingivalis biolms on the
surfaces of stainless-steel dental substrates resulted in signi-
cant anodic degradation in the forms of localized pitting within
the articial salivary culture suspension media. Elemental
release of substrate-based components (as ions) were also
determined by ICP-MS technique following the corrosion of
steel substrates. Corrosion rate increased at higher CFU as well
as with bacterial culture duration for all substrates due to bio-
corrosion. The presence of residual uorinated ions within the
ASCS media also contributed to increased rates of anodic
dissolution, hence corrosion, aer 90 days. The acidity of these
uoride media (0.05–0.6 wt% NaF) led to loss of chromium
This journal is © The Royal Society of Chemistry 2020
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depletion at the grain boundaries, thereby resulting in signi-
cant metal-surface pitting. Corrosion investigations in acidic
oral conditions containing uoride ions was necessary in order
to depict uoride-containing oral environments during
mouthwashes and toothpastes to avoid dental cavity and
surface sensitivity. Stainless steel is used in fabricating dental
crowns and other forms of implants within the oral cavity.
However, these metallic substrates eventually degrade due to
surface pitting and inherent cracks being consequences of
biocorrosion and mechanical stresses. This study features an
attempt to understand the corrosion patterns of a stainless-steel
dental substrate in a typical oral media growing a biolm-
forming Gram-negative oral bacterium.
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