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rubbing-treated counterparts, excluding saline. Overall, 
surface damage induced by detoxification methods must be 
considered when selecting the most appropriate therapy to 
increase the probability of re-osseointegration of titanium 
substrates.
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1  Introduction

Dental implants have altered the face of dentistry over 
the last 25 years. More than 500,000 implants are placed 
every year [1] with a reported success rate of approximately 
90–95% [2]. Success of a dental implant is primarily associ-
ated with implant surface interaction and integration with 
surrounding hard and soft tissues to achieve mechanical 
support and stability, which depends on surface proper-
ties. Materials currently used to design and develop dental 
implants include metals, carbons, polymers, ceramics and a 
combination of them [3]. Of these, commercially pure tita-
nium (cpTi) and its alloys have conquered majority use in 
the dental implant industry due to their biocompatibility, 
durability [3] and mechanical properties [4, 5]. In addition, 
titanium has a naturally forming oxide layer [6], which pro-
vides corrosion resistance and also facilitates osseointegra-
tion. Other chemical and physical properties of the implant 
surface including surface roughness and hydrophilicity regu-
late the quality and speed of osseointegration [3].

Despite high success rates, 5–10% of implants fail, which 
results in economical and health burden to many patients [2]. 
Implant failures are mainly classified into two stages: early- 
and late-stage failures; early-stage failure occurs before 
attachment of prosthetic components primarily due to failure 

Abstract  Peri-implantitis is one of the major clinical 
conditions associated with dental implant failure. Adhesion 
of bacterial biofilm is considered as the primary etiologi-
cal factor for this condition. A commonly used therapeutic 
method for surgical removal of adhered biofilm is mechani-
cal debridement, which may cause detrimental effects on 
the implant surface. Post-treatment, implants are expected 
to re-osseointegrate with bone tissue, providing mechanical 
stability. However, it is important to understand that both 
bacterial adhesion and detoxification procedures can affect 
the titanium surface, which is vital for growth of bone-form-
ing cells, osteoblasts. The goal of this study was to evaluate 
the synergistic effect of bacterial adhesion and detoxification 
treatment method on subsequent bone cell growth on implant 
surface. Polished titanium specimens underwent bacterial 
contamination and debridement/detoxification treatment 
with acidic and neutral chemicals to model a treatment for a 
peri-implantitis-infected dental implant. Subsequently, bone 
cell activity and surface morphology were evaluated using 
standard cell viability/differentiation assays, scanning elec-
tron and optical microscopies, respectively. The synergistic 
activity of bacterial contamination and detoxification with 
acidic chemicals generally lowered cell viability and pro-
liferation rates. This suggested higher toxicity of titanium 
surfaces imparted by detoxification methods on osteoblasts. 
Electrochemical testing corroborated visual signs of corro-
sion attack and revealed that immersion-treated specimens 
had higher corrosion resistance than their corresponding 
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to establish osseointegration [7, 8]. Late-stage complica-
tions occur after osseointegration is established between the 
implant and surrounding bone. Factors that contribute to late 
implant failures include excessive loading, peri-implantitis 
and inadequate prosthetic construction [9]. However, bacte-
rial biofilm has been found to be the primary reason for both 
early- and late-stage complications [10].

Recently, a rising number of implant failures have been 
reported due to peri-implantitis, which is a clinical condi-
tion characterized by inflammation and continued loss of 
integrated bone around an implant caused by the formation 
of a bacterial biofilm [3, 5]. A study reported that 28–56% 
of patients who receive an implant suffer from this severe 
clinical condition [6]. There are mainly two types of peri-
implant disease: peri-implant mucositis and peri-implantitis. 
Peri-implant mucositis is the reversible inflammatory dis-
ease that affects only the soft tissue around an implant [11] 
and is identified by the presence of bleeding on probing with 
no evidence of radiographic loss of bone around an implant 
[12]. On the other hand, peri-implantitis is a site-specific 
inflammation of soft tissues with bleeding on probing and 
suppuration accompanied by progressive destruction of sup-
porting bone around an implant [13]. Common pathogenic 
microorganisms associated with peri-implantitis are gram-
negative anaerobes such as Prevotella intermedia, Porphy‑
romonas gingivalis, Aggregatibacter actinomycetemcomi‑
tans, Tannerella forsythia, Treponema denticola, Prevotella 
nigrescens, Peptostreptococcus micros and Fusobacterium 
nucleatum [14–16]. In addition to these, Streptococcus san‑
guinis [17–20] and Staphylococcus aureus [11] are known as 
pioneering colonizers in oral biofilms and identified to bind 
to hard substrates such as implant surfaces [13, 21].

When peri-implantitis does occur, clinicians have the 
option to either remove the infected implant or perform 
debridement and detoxification to remove bacteria and its 
metabolites present on the surface to re-establish osseoin-
tegration [22]. There are many different methods to treat 
implants affected by peri-implantitis including chemical, 
mechanical and laser treatments [22]. Chemical treatment 
is employed for debridement of surfaces with biofilm; com-
monly used chemicals include citric acid, tetracycline, 
saline, chlorhexidine, hydrogen peroxide and doxycycline 
[21, 23–26]. Laser treatments such as neodymium-doped 
yttrium aluminum garnet (Nd:YAG) and erbium-doped 
yttrium aluminum garnet (Er:YAG) lasers along with 
mechanical abrasion by curettes and air powder abrasives 
are also used [12]. However, this study focuses on evaluating 
mechanical debridement in combination with chemicals as 
a treatment method for peri-implantitis.

The solutions used to facilitate debridement are effective 
at removing bacteria from the surface [27]. However, many 
of these solutions are low in pH and high in fluoride concen-
tration, which are known to cause damage to the surface of 

titanium [28]. Though both prescribed oral mouthwash and 
detoxification treatments are effective for biofilm removal, 
they might hinder the recovery of the de-osseointegrated 
interface between supporting bone and implant surface. 
Studies have shown that these treatment options damage 
implant surfaces by introducing defects, delamination of top 
layers and cracks, which can result in weakening of the metal 
structure, thereby hindering re-osseointegration [21, 28, 29].

Understanding the effects of bacterial adhesion and peri-
implantitis detoxification treatment methods on implant sur-
faces is crucial to drive innovations in implant design and to 
better inform clinicians performing such procedures in their 
practices. There is a lack of controlled in vitro studies that 
investigate the synergistic impact of bacterial adhesion and 
detoxification treatments on cellular growth. In this study, 
a new testing methodology was developed to evaluate tita-
nium surface changes when exposed to oral pathogenic bac-
teria associated with peri-implantitis and to determine the 
effects of commonly used chemicals for detoxification on the 
implant surface to simulate oral conditions and treatment. 
The aim of this study was to investigate the impact of (1) 
bacterial biofilm on surface of titanium, (2) combination of 
chemicals and mechanical debridement on titanium surface, 
(3) and synergistic activity of bacterial biofilm and treatment 
process on growth of pre-osteoblasts. The hypothesis was 
that the combined effect of mechanical abrasion and detoxi-
fication procedures would hinder growth of pre-osteoblasts, 
thus enhancing corrosion susceptibility. This experimental 
model has the versatility to accommodate different dental 
implant materials as well as different implant surface detoxi-
fication methods.

2 � Materials and Methods

2.1 � Preparation of Samples

Cold-worked, grade 2 commercially pure titanium (cpTi) 
stocks were cut and mounted in an acrylic mold and subse-
quently polished using increasingly finer grit sizes (240, 360, 
600, 800 and 1200) of silicon carbide (SiC) paper followed 
by 1-µm polycrystalline diamond and 0.05-µm alumina sus-
pensions. Specimens were then removed from the acrylic 
mold and cleaned with ultra-sonication while immersed in 
acetone, deionized (DI) water and ethanol for 15 min each 
before being placed in an oven at 60 °C to dry overnight.

2.2 � Contamination of Titanium Surface

Early-colonizing Streptococcus mutans (UA 159), Strepto‑
coccus sanguinis (ATCC 10556), Streptococcus salivarius 
(ATCC 13419) and late-colonizing Aggregatibacter actino‑
mycetemcomitans (VT 1169) were cultured in brain heart 
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infusion (BHI) agar plates (BD, Franklin Lakes) and incu-
bated at 37 °C in 5% CO2 microaerophilic condition (BD 
GasPak) for 48 h until colonies were formed. Next, indi-
vidual colonies from each strain of bacteria were inoculated 
into 2 ml of BHI broth medium in separate wells of a 24-well 
plate. Each of the 33 cpTi samples was immersed in indi-
vidual wells containing the bacterial polyculture. The plate 
was then incubated for 5 days at 37 °C in 5% CO2 microaero-
philic condition (BD GasPak) to develop a biofilm. Turbidity 
of the BHI broth medium was checked every 48 h. After 
5 days, the cpTi specimens were removed from each well, 
individually wrapped in aluminum foil and autoclaved.

2.3 � Detoxification of Titanium Surface

2.3.1 � Preparation of Chemicals

Citric acid (30%) was prepared by dissolving 30 g of cit-
ric acid monohydrate (Fisher Scientific, Hampton, NH) 
in 100 ml of DI water. Chlorhexidine gluconate oral rinse 
solution (0.12%) was used as provided by the manufacturer 
(Chlorheximed GSK, Middlesex, UK). Saline solution 
(0.9%) was used as prepared, and doxycycline (50%) was 
prepared in solution by mixing doxycycline powder (Act-
avis, Dublin, Ireland) in DI water. The pH of each chemical 
was measured before and after treatments using a pH meter 
(FiveEasy, Mettler Toledo).

2.3.2 � Rubbing and Immersion Treatment Methods

To stimulate clinical procedure, this study included two 
methods for detoxification: rubbing and immersion meth-
ods. The rubbing method involved soaking a cotton swab in 
the chemical solution and manually rubbing the sample sur-
face in a circular motion. The immersion method involved 
immersing a specimen in a given detoxification chemical. 
Each technique was carried out for 8 min. CpTi samples 
(n = 4) underwent immersion treatment for each of the 4 
detoxification chemicals, while another group (n = 4) of 
cpTi samples received the rubbing treatment for each detoxi-
fication chemical. For each treatment group, three specimens 
were subsequently used for cell compatibility studies, while 
one was used for surface analysis. One cpTi specimen was 
left untreated as control.

2.4 � Evaluation of Cell Compatibility on Detoxified 
Surfaces

Cytocompatibility of pre-osteoblasts to detoxification-
treated specimens was assessed using the ISO 10993-5:2009 
standard method. This standard provides a testing method to 
assess in vitro cytotoxicity of medical device surfaces and/
or extracts of a device to cells in direct or indirect contact 

with these surfaces. This method considers 70% or lower cell 
viability as cytotoxic.

2.4.1 � Pre‑osteoblast (MC3T3‑E1) Cell Growth

Cultured pre-osteoblasts (MC3T3-E1) (American Type Cul-
ture Collection) were grown in Minimum Essential Medium 
(MEM) Alpha Modification (1X) media (American Type 
Culture Collection) supplemented with 10% fetal bovine 
serum (FBS) (GE Healthcare Life Sciences) in T-75 flasks. 
Post-detoxification, each treated sample (n = 3) was placed 
in individual wells of a 24-well plate. Pre-osteoblast cells 
(MC3T3-E1) were placed on each cpTi surface at a seeding 
density of 0.05 × 106 cells/well along with 1 ml of MEM. 
Pre-osteoblasts were then incubated at 37 °C for 7 days; 
media in each well was changed every 2 days.

2.4.2 � Cellular Viability Assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-
bromide (MTT) assay was performed to evaluate cell 
viability for each chemical and detoxification method per-
formed. First, media from each well in the 24-well plate 
was aspirated. Pre-osteoblast cells were washed with 1X 
phosphate-buffered saline (PBS) and then trypsinized to 
detach cells from the bottom of the wells and cpTi surface. 
Detached cells from each well were transferred into sep-
arate 50-ml centrifuge tubes with 1 ml media and centri-
fuged at 1200 rpm for 5 min after which the supernatant 
was removed. Cells were re-suspended in 250 µl of media; 
100 µl of this cell solution from each centrifuge tube was 
added to separate wells in 96-well plate, and 100 µl of MEM 
was added into 3 separate wells as blank control. For each 
well, 10 µl of MTT reagent was added, and the 96-well plate 
was incubated at 37 °C for 4 h in a dark environment. After 
4 h, 100 µl of detergent reagent was added, and the plate 
was placed in a dark environment overnight. Optical density 
was measured using an automatic plate reader (Synergy Mx, 
Biotek) after 12 h at 570 nm. Intensity of the blue formazan 
produced by viable cells resulted in distinct optical density 
values. These values were used to calculate percentage cell 
viability after the blank optical density was subtracted.

2.4.3 � Cellular Differentiation Assay

Alkaline phosphatase (ALP) assay was performed to quan-
tify the degree of differentiation of pre-osteoblasts into 
osteoblasts. From the 250 µl cell suspension obtained after 
centrifuging, 50 µl was added to a separate 96-well plate 
for ALP Assay (Abcam), in addition to 50 µl of MEM in 3 
other wells to serve as a blank. Next, 30 µl of assay buffer 
and 50 µl of 5 mM pNPP solution were added to each well. 
At this point, 20 µl of stop solution was transferred to the 
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blank wells only. Then, the plate was incubated for 1 h in 
dark environment at room temperature. Afterward, 20 µl of 
stop solution was added to the remaining wells and optical 
density was read at 405 nm. ALP activity was then calcu-
lated by comparing against a calibration curve.

2.4.4 � ALP Cell Staining

ALP staining procedure was carried out on treated samples 
(n = 2) to observe pre-osteoblast growth on cpTi surfaces. 
After 7 days of cell growth, media was aspirated, and each 
well was rinsed with PBS and then aspirated; 2 ml of neutral 
buffered formalin (10%) was added into each well to cover 
the monolayer of cells. After 60 s, the formalin was aspirated 
and cells were washed with washing buffer (0.05% Tween 
20 to Dulbecco’s PBS, w/o Ca2+/Mg2+) and then aspirated 
again; 2 ml of 5-bromo-4-chloro-3-indolyl-phosphate/nitro 
blue tetrazolium (My BioSource) was added to immerse the 
monolayer of cells, and the plate was then incubated in the 
dark for 20 min; the plate was checked every 5 min for the 
purple color stain. Once the color was seen, the solution was 
aspirated, washed with washing buffer, and aspirated again. 
Finally, 2 ml of PBS was added into each well.

2.5 � Surface Analysis

Surface analysis of cpTi surface was conducted prior to 
contamination, post-bacterial contamination, after detoxi-
fication and after ALP staining. One cpTi specimen from 
each treatment group including a non-treated control (n = 1) 
specimen underwent surface analysis with an optical micro-
scope (Keyence VHX-2000) and scanning electron micro-
scope (SEM, JEOL JSM 6010). Optical microscopy images 
were taken using high dynamic range (HDR) setting at both 
low (5–50X) and high magnifications (100X–1000X). SEM 
images were taken using a beam accelerating voltage rang-
ing from 5 to 20 kV.

2.5.1 � Electrochemical Testing

Electrochemical testing of cpTi specimens (n = 3) was 
adapted from ASTM F2129 standard protocol and performed 
to assess corrosion behavior of the material after treatment 
by detoxification chemicals. The electrochemical setup con-
sisted of a potentiostat (Interface 1000, Gamry Instruments) 
connected to a standard three-electrode electrochemical 
cell. A saturated calomel electrode was used as the refer-
ence electrode, while a graphite rod was used as the counter 
electrode. The electrolyte was 1X PBS maintained at 37 °C 
throughout testing. First, the open-circuit potential (OCP) 
was monitored, and the 1-h value was recorded as the cor-
rosion potential (Ecorr). Next, linear polarization resistance 
measurements were made within ± 10 mV versus Ecorr at 

a scan rate of 0.1667 mVs to yield polarization resistance 
(Rp). Finally, anodic Tafel polarization from Ecorr to 250 mV 
versus Ecorr at a scan rate of 1 mV/s was used to extrapolate 
a corrosion current density (Icorr) which in turn was used to 
calculate a corrosion rate (CR).

2.6 � Statistical Analysis

Statistical analysis was performed using one-way analysis of 
variance (ANOVA) followed by post hoc Tukey’s test with 
Origin Pro 8 Software. Statistical significance was observed 
when the p value was 0.05 or less (95% confidence level).

3 � Results

3.1 � Evaluation of Cell Compatibility

3.1.1 � Cell Viability of Pre‑osteoblasts After Detoxification 
Treatment

Host cell response to treatment is observed in Fig. 1. Cell 
viability of pre-osteoblasts on sample surfaces treated with 
mechanical abrasion or immersion was compared to the cell 
viability on non-treated samples (control). Overall, average 
cell viability of pre-osteoblasts on samples that experienced 
abrasion (rubbing) was lower than that on samples that did 
not experience abrasion (immersion), with the exception of 
citric acid. There was a significant difference in cell viability 
between rubbing and immersion methods when treated with 
doxycycline (p < 0.05) or citric acid (p < 0.05). In addition, 
cell viability of pre-osteoblasts on rubbing-treated samples 
was lower on average relative than that on the non-treated 
sample. On the other hand, average cell viability for saline- 
and doxycycline-immersed specimens exceeded that of the 
control, while those immersed in citric acid and chlorhex-
idine resulted in lower viability than the control. Although 
saline immersion resulted in much higher cell viability com-
pared to saline rubbing, there was no statistical difference 
between these treatments (p > 0.05). Similarly, no significant 
difference between rubbing and immersion was observed for 
chlorhexidine-treated samples (p > 0.05), although rubbing 
with chlorhexidine induced lower cell viability than immer-
sion with chlorhexidine.

3.1.2 � Cell Differentiation of Pre‑osteoblasts After 
Detoxification Treatment

Figure 2 demonstrates ALP activity of pre-osteoblasts differ-
entiating into osteoblasts on cpTi specimens post-treatment. 
On average, higher ALP activity was seen on cpTi speci-
mens that experienced mechanical abrasion (rubbing) than 
with samples that were immersed, excluding doxycycline. 
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No statistical difference (p > 0.05) was found for ALP activ-
ity between rubbing and immersion methods, nor were there 
any statistical differences (p > 0.05) between chemicals used 
for the two treatment methods. Also, in general, ALP activ-
ity of samples immersed in all 4 chemicals was lower than 
the ALP activity on non-treated specimens (control). For 
samples rubbed with doxycycline and chlorhexidine, the 
ALP activity was lower than the control, whereas samples 
rubbed with citric acid and saline exhibited ALP activity 
greater than that on non-treated samples.

Osteoblast adhesion on control samples and treated 
specimens was visualized using optical microscopy. All 
test specimen surfaces were stained to detect ALP enzyme, 

and the differentiated cells were identified by the purple 
color of the stain. Figure 3a shows the well with only 
media and cells, whereas Fig. 3f shows the non-treated 
sample surface with a monolayer of cells present. Samples 
treated via rubbing method seemed to have a lot more dif-
ferentiated cells attached to the surface as compared to 
immersion-treated samples. For citric acid, it was observed 
that both rubbing (Fig. 3e) and immersion (Fig. 3j) meth-
ods resulted in high coverage of differentiated cells. The 
same observation was obtained for specimens treated with 
saline (Fig. 3d, i). There was a considerable number of 
differentiated cells adherent to the surface of specimens 
treated by rubbing method using chlorhexidine (Fig. 3c).

Fig. 1   Cell viability of pre-
osteoblasts on samples treated 
via rubbing and immersion, 
compared to non-treated control 
samples. Asterisk indicates sta-
tistically significant differences 
among groups (p < 0.05)

Fig. 2   ALP activity (U/ml) of 
differentiated osteoblasts
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3.2 � Surface Analysis of cpTi Surface

3.2.1 � Surface Evaluation of Contaminated Samples

CpTi samples were immersed in a polyculture bacterial broth 
for 5 days consisting of S. mutans, S. salivarius, S. sanguinis 
and A. actinomycetemcomitans grown in BHI medium. 
Before bacterial growth, BHI medium was observed to have 
a clear yellow coloration. After 5 days post-inoculation, a 
thin white bacterial film was visible on sample surfaces in 
addition to increased turbidity of the BHI immersion media.

Figure 4 shows representative SEM images of cpTi sam-
ples. In Fig. 4a, the control sample exhibited pristine sur-
face condition with superficial scratches characteristic of 
polishing visible on the surface. Figure 4b shows the SEM 
image of structures resembling bacterial clusters adhering 

to the specimen surface, which was seen like a film cover-
ing the surface. Figure 4c shows the SEM image of the 
same sample with biofilm removed by sonication, and a 
feature resembling pitting damage was observed (yellow 
arrow). Correspondingly, Fig. 4d depicts representative 
optical microscope (OM) image of the same sample that 
underwent SEM imaging. Severe discoloration (yellow and 
blue) was observed around the feature resembling bacte-
rial biofilm on the surface (Fig. 4e), which became more 
evident after the biofilm was removed (yellow arrows in 
Fig. 4f).

Chemicals included in this study had a pH range from 
very acidic to neutral. Table 1 lists the pH of each chemi-
cal measured before treatment. Citric acid was the most 
acidic followed by doxycycline, while chlorhexidine and 
saline were slightly basic.

Fig. 3   Representative OM 
images obtained after ALP 
staining of differentiated osteo-
blasts in cell culture well (a), 
on non-treated sample (f), or on 
treated samples after rubbing 
or immersion in doxycycline (b 
and g), chlorhexidine (c and h), 
saline (d and i) and citric acid 
(e and j)

Fig. 4   Representative SEM images (a–c) of uncontaminated sam-
ple (a), contaminated with biofilm on surface (b), contaminated and 
biofilm removed (c). Representative OM images (d–f) of uncontami-

nated sample (d), contaminated with biofilm intact (e), contaminated 
with biofilm removed (f)
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3.2.2 � Surface Evaluation of Contaminated Samples 
Treated by Rubbing Method

Figure 5 illustrates the surface of 4 samples that endured 
rubbing with a detoxification chemical. SEM and OM were 
performed for each sample to visualize and compare changes 
inflicted on the surface. Citric acid inflicted significant dam-
age to the surface of cpTi compared to the other chemicals 
investigated. Severe discoloration and pitting attack (yellow 
arrows) were observed with this treatment as can be seen in 
the SEM and OM images illustrated in Fig. 5b and g. Sam-
ples rubbed with doxycycline showed mostly minor pitting 
(yellow arrow) local to particular areas on the surface and 
no discoloration (Fig. 5i). Residual doxycycline after treat-
ment was seen on the surface as dark agglomerations in the 
SEM image (Fig. 5d). Rubbing with chlorhexidine generated 
discoloration on the specimens as shown in the SEM image 
(Fig. 5e) and in the OM image (Fig. 5j). Samples treated by 
saline with rubbing (Fig. 5c, h) showed no discoloration or 
pitting and were observed to exhibit similar surface features 
as control specimens (Fig. 5a, f).

3.2.3 � Surface Evaluation of Contaminated Samples 
Treated by Immersion Method

Figure 6 shows images of 4 samples that were subjected to 
immersion with a chemical. SEM and OM were performed 
for each sample to visualize and compare changes to the 
surface. Immersion in citric acid resulted in discoloration 
(indicated by yellow arrows) within superficial scratches 
made during polishing present on the cpTi surface (Fig. 6g). 
As observed for samples subjected to rubbing, immersion 
in saline did not deteriorate the surface of cpTi specimens 
(Fig. 6c, h) as compared to the control specimen (Fig. 6a, 
f). Similar to the rubbing method, immersion in doxycy-
cline resulted in a significant amount of residue left on the 
sample surface as can be observed by SEM (Fig. 6d) and 
OM (Fig. 6i) images. However, no morphological changes 
distinct from the untreated control were observed for this 
specimen. Lastly, immersion in chlorhexidine created minor 
discoloration (blue and purple as shown by yellow arrows) 
illustrated in Fig. 6j and e.

3.3 � Corrosion Behavior

CpTi specimens treated with saline and citric acid had higher 
Ecorr values as compared to their rubbing-treated counter-
parts (Fig. 7a). In contrast, samples treated by immersion in 
chlorhexidine or doxycycline had lower Ecorr values relative 
to those treated by the rubbing method. Also, all immer-
sion- and rubbing-treated specimens had Ecorr values greater 
than or similar to control, excluding those debrided with 
citric acid. However, no significant differences in Ecorr were 
found between the treated specimens and control (p > 0.05), 
excluding the saline-immersed and citric acid-rubbed 
groups. Based on linear polarization curves, no significant 

Table 1   pH of detoxification 
chemicals used in this study

Chemical pH

Citric acid (30%) 1.74
Doxycycline (50%) 2.74
Chlorhexidine (0.1%) 7.38
Saline (0.9%) 7.44

Fig. 5   Representative SEM (a–e) and OM (f–j) images of samples either non-treated (a and f) or treated by rubbing method with citric acid (b 
and g), saline (c and h) doxycycline (d and i) and chlorhexidine (e and j)
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differences were found for Rp values between control and 
treated specimens (Fig. 7b). However, Rp values in general 
were higher for immersed specimens relative to rubbed spec-
imens for each detoxification chemical, excluding saline. 
Furthermore, citric acid-immersed cpTi specimens had the 

highest Rp among all groups, while citric acid-rubbed ones 
had the lowest. Finally, Tafel plots revealed all treatment 
methods had a higher corrosion rate (CR) when compared to 
non-treated control (Fig. 7c). Although no significant differ-
ences (p > 0.05) were found between immersion and rubbing 
in citric acid, the citric acid-rubbed group had a much higher 
corrosion rate (about 3X) than its corresponding immersion 
group. Chlorhexidine- and doxycycline-rubbed specimens 
also had higher CR compared to their respective immersion 
groups but to a lesser extent (about 2X), while the reverse 
trend was observed for those treated with saline.

4 � Discussion

The main goal of this study was to develop an in vitro test-
ing model to investigate the effects of bacterial adhesion and 
mechanical debridement on the morphology of cpTi surface 
in addition to the effect of mechanical/chemical debride-
ment on corrosion behavior of cpTi. Subsequently, growth 
of osteoblast cells on titanium surface was assessed after 
the synergistic activity of bacterial adhesion and detoxifica-
tion. The study was designed to simulate the human oral 
environment and detoxification treatment methods typically 
used by clinicians. There are numerous clinical studies that 
have examined the impact acidic chemicals have on tita-
nium surfaces [22, 25, 28], but only a few have looked at 
the synergistic activity of bacterial adhesion and mechanical 
debridement on bone cell growth.

Based on preliminary studies (data not shown) of immer-
sion of titanium samples in the selected polyculture bacterial 
strains used in this study, growth of a biofilm on sample 
surfaces was expected to occur along with a reduction in pH 
to about a value of 5. Subsequently, it was hypothesized that 
this bacterial adhesion on cpTi would create an acidic envi-
ronment due to production of lactic acid and a crevice-like 

Fig. 6   Representative SEM (a–e) and OM (f–j) images of samples either non-treated (a and f) or treated by immersion method in citric acid (b 
and g), saline (c and h), doxycycline (d and i) and chlorhexidine (e and j)

Fig. 7   a Corrosion potential (Ecorr), b polarization resistance (Rp) 
and c corrosion rate (CR) of control and treated cpTi specimens after 
detoxification
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environment, which would result in surface corrosion. The 
incorporation of early- and late-colonizing bacteria (S. 
mutans, S. sanguinis, S. salivarius and A. actinomycetem‑
comitans) was chosen to ensure clinical relevance to the oral 
cavity of a peri-implantitis-infected patient. Streptococcus 
mutans is a gram-positive bacterium, which is one of the 
primary colonizers of biofilm on tooth surfaces and is the 
most abundant bacteria found in peri-implant tissue com-
pared to other species comprising the periodontal microflora 
[30]. Streptococcus mutans along with the other bacteria 
are known to create acidic environments in the mouth as a 
result of metabolizing carbohydrates from food intake due 
to the release of organic acids [31]. Metabolites such as lac-
tic acids are produced by bacteria, which can contribute to 
pH reduction. Even though titanium has a naturally forming 
oxide layer, if this layer is disturbed or covered by bacterial 
adhesion, continuous metal dissolution and corrosion may 
occur, which can be identified by surface features such as 
discoloration, pitting attack and delamination [24].

It has been shown that the presence of bacteria on implant 
surfaces can reduce the pH and may contribute to oxida-
tion of the implant surface [32–34]. In previous studies 
conducted by Sridhar et al. [27] and Rodrigues et al. [29], 
two possible mechanisms of corrosion involving bacteria 
have been proposed: (1) after adhesion and during glycoly-
sis, early-colonizing planktonic bacteria release lactic acid 
which decreases the pH of the oral environment. When tita-
nium experiences low pH, the oxidation state of its surface 
changes leading to metal ion dissolution; (2) once a biofilm 
is formed on a surface, a crevice environment is created with 
restricted aeration and fluid exchange. This creates localized 
oxygen-depleted zones where pH is further decreased and 
subsequently resulting in accelerated metal dissolution.

Results from the first part of this study revealed that bac-
terial adhesion does indeed change the titanium surface mor-
phology. Optical microscopy and scanning electron micros-
copy showed severe discoloration and pitting attack along 
the bacterial adhesion agglomerates found on the sample 
surfaces as indicated in Fig. 4b and e. Once the biofilm was 
removed by sonication, discoloration was more prominently 
observed throughout specimen surfaces (Fig. 4c, f). This can 
be corroborated with previously mentioned mechanisms of 
corrosion triggered by bacteria where a non-uniform bio-
film layer possibly created oxygen-depleted zones result-
ing in crevice corrosion, which was observed by the yellow 
and blue discoloration of the surface found around bacte-
rial agglomerates. This discoloration can be attributed to 
the acidic environment created by the lactic acid-producing 
bacteria (Streptococci sp.).

In the second portion of the study, detoxification 
of contaminated samples was carried out. Currently, 
there is an ongoing debate in the literature regarding 
the effectiveness of this procedure in the treatment of 

peri-implantitis-infected implants. This is because there 
is a lack of agreement to which chemical agent and tech-
nique are the most efficient for treatment. Furthermore, 
this is aggravated by the fact that current studies greatly 
differ in implant type, concentration of chemical and tech-
nique used to detoxify implants [21, 25, 28]. However, the 
majority of these clinical and in vitro studies point to some 
evidence of change in surface morphology after detoxifica-
tion with acidic chemicals.

In the present study, discoloration and pitting were mainly 
observed when surfaces were treated with citric acid and 
doxycycline, which were the two most acidic chemicals 
(Figs. 5, 6:b, d, g and i). The morphological changes were 
more prominently observed for samples that were rubbed 
with these two chemicals than immersed in them. Chlo-
rhexidine and saline, two of the neutral chemicals evalu-
ated, inflicted little to no effect on specimen morphology, 
with both rubbing and immersion methods (Figs. 5, 6:c, e, 
h and j).

Corroborating the observations made on cpTi speci-
mens post-detoxification, the results of electrochemical 
testing confirmed that citric acid rubbing increased corro-
sion susceptibility the greatest on average as compared to 
control cpTi (Fig. 7). That is, citric acid-rubbed specimens 
were the only group to have Ecorr values lower than con-
trol (Fig. 7a). In general, lower Ecorr values suggest lower 
thermodynamic stability of the passive oxide layer. In con-
trast, all other treated specimens had Ecorr values similar to 
or greater than that of control, suggesting that oxide film 
was stable after treatment. Among the treated specimens, 
immersed specimens were found to have greater Rp values 
and therefore higher corrosion resistance as compared to 
their corresponding rubbed specimens, excluding saline-
treated groups (Fig. 7b). This result can be explained by 
mechanical debridement physically contacting and damag-
ing the oxide layer. Without rubbing, immersion of cpTi in 
corrosive media can actually be expected to increase cor-
rosion resistance by promoting growth of a thicker oxide 
layer, which was observed for cpTi immersed in citric acid. 
Furthermore, the trends observed for Rp values were found to 
be reversed for corrosion rate measurements (Fig. 7c). This 
result can be expected since Rp and CR are inversely pro-
portional to each other. Moreover, the fact that both param-
eters were measured independently further confirmed the 
accuracy of the trends observed. Despite citric acid-rubbed 
cpTi specimens having a higher CR in comparison with 
control and all other treated groups, the increase was less 
than tenfold and therefore may not pose a significant clini-
cal risk. Among the remaining treated groups, the order in 
terms of increasing corrosion rate observed was doxycy-
cline-immersed, citric acid-immersed, doxycycline-rubbed, 
saline-rubbed, chlorhexidine-immersed, chlorhexidine-
rubbed and saline-immersed.
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Similar to this study, the impact of mechanical motion 
on titanium surfaces has been evaluated to play a significant 
role in the degradation of titanium surfaces, especially when 
occurring synergistically with corrosion processes [27]. A 
previous study conducted by Wheelis et al. [28] evaluated 
the effects of 3 chemicals, peroxyacetic acid (35% in acetic 
acid, pH ~ 0), citric acid (40% in DI water pH ~ 1) and 
0.12% sodium fluoride (in DI water pH ~ 8), on cpTi and 
Ti-6Al-4 V alloy samples. In that study, the same treatment 
methods were employed (rubbing and immersion). Optical 
microscopy and atomic force microscopy (AFM) revealed 
that acidic chemicals (pH < 3) inflicted mild corrosion on 
surfaces immersed in the chemical, whereas specimens that 
underwent mechanical debridement (rubbing) exhibited 
exaggerated corrosive effect. Similarly, a study done by 
Ericsson et al. using pure titanium implants showed acidic 
chemicals having a pH of less than 3 damaged the titanium 
oxide layer causing discoloration, corrosion, pitting and 
etching on the surface [35–50]. From these studies, a corre-
lation between pH and corrosion of titanium surface can be 
established [29, 51, 52]. Specifically, titanium has a higher 
vulnerability for changes in surface morphology when in 
contact with acidic substances because the acidic chemicals 
have a higher concentration of dissolved H+ ions, which can 
easily dissolute the titanium oxide layer [53].

Discoloration of titanium surface is the result of elec-
trochemical attack; this happens when the surface becomes 
oxidized. Titanium, when oxidized, produces Ti3+ and Ti4+ 
ions. The Ti3+ oxidation state produces a characteristic pur-
ple color, while Ti4+ produces a distinctive yellow discol-
oration on the surface as demonstrated in previous studies 
[29, 54]. The presence of yellow and purple discoloration on 
treated titanium surfaces in this study corroborates the con-
clusion of corrosion induced by the performed procedures.

Growth and proliferation of osteoblasts on implant sur-
faces ensure the natural process of osseointegration, which 
determines the stability of a dental implant. The concern 
with the detoxification method is that once debridement is 
completed and the exposed area of the implant is cleaned, 
adherent bone-forming cells on the surface can be scrubbed 
off. Numerous studies have tried to evaluate re-growth of 
bone-forming cells on implant surfaces post-detoxification, 
but the results are mostly inconclusive due to differences in 
experimental design [26, 55–58]. Results from cell com-
patibility revealed chemicals used along with mechanical 
force had a considerable consequence on the proliferation 
and differentiation of pre-osteoblasts as shown in Figs. 1, 2 
and 3. In general, cell viability was found to be on average 
lower on samples subjected to rubbing method in relation to 
samples subjected to immersion (Fig. 1). In addition, when 
comparing to non-treated specimens (control), treated tita-
nium surfaces exhibited lower cell viability and differentia-
tion (Figs. 1, 2). Although it was hypothesized that acidic 

chemicals would hinder growth of bone-forming cells, citric 
acid, being the most acidic chemical included in this study, 
surprisingly had the second highest cell viability and ALP 
activity for rubbing method, when compared to the other 
treatments investigated (Figs. 1, 2). The use of citric acid for 
detoxification has been well studied, and the positive effect 
of this chemical revealed that it may increase the chances of 
new attachment of cells on root surfaces [59–62]. A study 
done by Alhag et al. in 2008 [63] and Kolonidis et al. in 
2003 [64] in dogs assessed three different treatment tech-
niques: surface treatment with (1) supersaturated citric acid, 
(2) brushing with toothbrush and (3) swabbing with hydro-
gen peroxide for 1 min. All three techniques were followed 
by rinsing with saline. In both studies, it was concluded 
that new bone-to-implant contact was established and that 
this was associated with an increase in surface roughness 
induced by the treatment.

The study conducted by Wheelis et  al. revealed that 
almost all treatment methods (rubbing and immersion) using 
the chemicals investigated in this study caused an increase in 
surface roughness of titanium. Specifically, citric acid was 
seen to have the most distinct increase in roughness from 
immersion (approximately 5 nm) to rubbing (approximately 
25 nm) [28]. This is an interesting observation because 
in vivo studies have shown that increase in dental implant 
surface roughness offers a more suitable anchorage surface 
for bone cells to adhere to the surface [65, 66].

When analyzing both cell viability and ALP activity, a 
trend observed was that the combination of mechanical abra-
sion with acidic chemicals initially induced low prolifera-
tion of bone-forming cells but ultimately resulted in higher 
degree of cell differentiation. On the other hand, samples 
that did not experience mechanical abrasion initially had 
high proliferation but led to low differentiation rates. This 
trend was observed with the other chemicals as well, includ-
ing chlorhexidine, doxycycline and saline. This observation 
disproved the initial hypothesis which stated that both pro-
liferation and differentiation of pre-osteoblasts would be 
hindered.

From this observation, it was deduced that cells strongly 
adherent to titanium surface but in low populations were 
able to differentiate, while non- or weakly adherent cells 
were not able to differentiate. Furthermore, cellular dif-
ferentiation to a greater extent was observed on samples 
that were subjected to mechanical abrasion as compared to 
those that were only exposed to chemical immersion, which 
ultimately led to better growth of bone-forming cells. This 
improvement in cellular behavior was hypothesized to occur 
due to increased surface roughness imparted by mechanical 
abrasion. So, it can be concluded from this study and sup-
porting literature that an increase in surface roughness can 
be attributed to the higher cell viability observed with the 
citric acid-rubbing treatment.
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In summary, this study demonstrated that bacteria can 
create suitable conditions for oxide layer damage. In addi-
tion to this effect, detoxification of contaminated titanium 
surfaces using acidic chemicals and mechanical forces also 
induced changes in surface morphology and oxidation state 
of titanium resulting in discoloration and pitting attack 
as shown in Figs. 5 and 6. The combination of these two 
actions led to a significant change in morphology of the sur-
face as hypothesized. This change in morphology did impact 
cell behavior on treated surfaces but not as hypothesized. 
Although cell proliferation was low on samples treated with 
a combination of mechanical abrasion and acidic chemicals, 
there was a higher differentiation on these samples compared 
to samples that did not endure mechanical abrasion. This 
leads to the presumption that pre-osteoblasts could differen-
tiate into osteoblasts on surfaces that were roughened with 
the detoxification method. It can be inferred from this study 
that morphology of titanium surface plays a key role in cel-
lular attachment and differentiation.

Some of the limitations of this study included sterilization 
of specimen surface post-contamination but prior to detoxi-
fication which does not mimic detoxification in the clinical 
setting. However, bacterial biofilm and products were still 
present post-sterilization and removed during detoxifica-
tion treatment. In addition, verification of the homogeneity 
and quality of polishing the titanium specimen surface were 
lacking in this study. Future studies will address this con-
cern by measuring surface roughness both before and after 
bacterial adhesion and detoxification to look at how surface 
roughness changes at each stage of methodology employed 
in this study. Additionally, it is necessary to further inves-
tigate why bone-forming cells are more compatible on tita-
nium surfaces subjected to mechanical abrasion.

5 � Conclusion

In conclusion, it was observed that bacterial adhesion on 
titanium surface inflicted severe discoloration and pitting. In 
addition, manual rubbing combined with acidic chemicals 
exacerbated this effect by producing more pronounced dis-
coloration, which indicates drastic changes in the oxidation 
state of titanium. The treatment that was found to cause the 
greatest damage to cpTi surface in this study was rubbing 
with citric acid, which corroborated with the electrochemi-
cal testing results, while cpTi treated by immersion or rub-
bing with chlorhexidine, doxycycline or saline demonstrated 
corrosion susceptibility intermediate between that of non-
treated control and citric acid-rubbed cpTi. The combina-
tion of manual application of force (rubbing method) and 
chemicals resulted in low proliferation rates which indicated 
cytotoxicity of treated titanium surfaces to pre-osteoblasts. 
Immersion in saline and doxycycline produced the highest 

percentage of cell viability, while immersion with citric acid 
produced the lowest cell viability. In general, ALP activity 
of pre-osteoblasts was higher on samples treated by rub-
bing method than on samples treated by immersion method. 
Although pre-osteoblast proliferation was lower for samples 
subjected to rubbing method compared to immersion, ALP 
activity was higher for rubbing-treated samples than for 
immersion-treated ones overall. It can be concluded that the 
combination of mechanical debridement with chemicals did 
hinder cell proliferation but ultimately led to a higher dif-
ferentiation of bone-forming cells. Overall, careful consid-
eration must be given when applying detoxification chemi-
cal and methods that can affect the surface morphology of 
titanium surfaces and subsequent cellular behavior, which in 
turn may influence outcome of re-osseointegration.
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