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Titanium and its alloys have been widely adopted in dental prosthetics due to their excellent 

biocompatibility, light weight, high resilience and good corrosion resistance. The human oral cavity is 

the second largest microbial host system after the human intestine, with a large number of microbial 

species. This complex environment of multiple groups of microorganisms promotes the formation of 

biofilms on the surface of oral implant titanium materials, leading to possible peri-implant inflammation 

which accelerates the surface corrosion of the titanium implant material. Candida albicans is a common 

fungus, and the study of the interaction between Candida albicans and titanium alloys is of great 

importance for the later systematic study of the corrosion effect of the fungus on the metal. In this study, 

fluorescence microscopy, scanning electron microscopy and electrochemical analysis techniques were 

adopted to systematically study the formation of microbial films of Candida albicans on the surface of 

titanium-nickel alloy. The electrochemical behavior of the corrosion of titanium-nickel alloy by Candida 

albicans were investigated with open circuit potential, potentiodynamic polarization curves and 

electrochemical impedance spectroscopy. The combined action of metabolites produced by Candida 

albicans, the extracellular polymer matrix and the formation of microbial film led to the changes in the 

corrosion electrochemistry of titanium-nickel alloy.  
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1. INTRODUCTION 

 

Due to its good corrosion resistance, strong mechanical properties and better biocompatibility, 

titanium and its alloys have been widely adopted in dentistry as hard tissue replacement materials such 

as dental implants, dental brackets, orthodontic wires and orthodontic materials [1–3]. Since titanium 

and its alloys have better performance than traditional natural materials, they are favored by doctors and 

patients. The strong corrosion resistance of titanium and its alloys results from the formation of a 

passivated TiO2 film on its surface [4–7]. However, titanium and its alloys in the passivated state still 
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have a certain reactivity, which means that the dissolution and re-passivation of the passivated film are 

in a dynamic balance. As the external environment changes, the balance between the two is disrupted 

and the corrosion of titanium and its alloys is accelerated or inhibited, producing metal ions, which 

results in changes in the composition of saliva [8–11]. The excess V4+, A13+, Ni2+ produced by 

dissolution have been proved to have toxic effects on humans. Among them, excess aluminum ions are 

believed to cause Alzheimer's disease, while nickel ions are associated with cytotoxic mouth. Therefore, 

the corrosion of titanium and its alloys in the oral environment is a problem that cannot be ignored [12–

15]. It is of great importance to clarify the corrosion pattern and corrosion mechanism of titanium and 

its alloys in the oral environment and propose corresponding measures to avoid the toxic effects of metal 

ions on human body after the corrosion of titanium and its alloys [16–19]. 

However, the oral has an extremely complex environment. A normal human oral cavity contains 

up to 100-200 microbial species. Such a large number of microorganisms has become an essential factor 

that affect human health and limits the widespread use of titanium and its alloys in human oral cavity. 

The microorganisms contained in the oral cavity include bacteria, fungi, protozoa, mycoplasma and 

viruses [20–25], which are mutually constrained and interdependent, and they combined to maintain the 

balance of the microbial system inside the human oral cavity [26,27]. In addition, the presence of a large 

number of microorganisms inevitably has a corrosive effect on the implant materials. In the early days, 

the research on oral microbial corrosion mainly focused on the corrosion effect of bacteria on restorative 

materials [26,28–30]. However, as another important group of microorganisms, fungi account for more 

than 60% of the oral microbial species, thus the corrosion of oral restorative materials by fungi is a 

problem that cannot be ignored. Candida spp. is the most important type of fungi and  presents in 25-

50% of healthy human oral cavities, vaginas and digestive tracts. Candida spp. is a class of conditionally 

pathogenic microorganisms, which are harmless in most cases, but if some internal body functions 

change and the environment is conducive to their growth, they will multiply rapidly and grow mycelium 

to cause diseases [31–35], among which Candida albicans causes about 25-75% of cavity candidiasis 

that occur up to 90% in the elderly population. The major reason for the pathogenicity of Candida 

albicans is its excellent adhesion ability. Candida albicans can secrete glycoproteins that bind to 

glycoprotein receptors on the mucosal surface, allowing the cells to adhere to the mucosal surface. In 

addition, electrostatic gravitational force and hydrophobicity of its cells also promote the adhesion [36]. 

The formation of mycelium contributes to efficient nutrient uptake by Candida albicans and accelerates 

its proliferation, thus increasing its virulence and deteriorating the substrate environment [37–40]. 

In this work, the corrosion of titanium-nickel alloy in the presence of Candida albicans in a 

simulated oral saliva environment was investigated by comparing the corrosion morphology analysis 

and corrosion kinetics analysis to derive the effect of Candida albicans on the corrosion of titanium-

nickel alloy. 

 

2. EXPERIMENTAL 

2.1 Titanium alloy and pre-treatment 

The titanium-nickel alloy was purchased from Baoji Xinli Metal Materials Co., Ltd. and its 

composition is shown in Table 1. 
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Table 1. Composition of titanium nickel alloy. 

 

Element Ti Ni C O N H Other 

Wt% 44.01 55.84 0.07 0.04 0.03 0.01 <0.001 

 

 

The titanium-nickel alloy was cut into a volume of 2.0 cm × 2.0 cm × 0.1 cm specimens. Before 

the electrochemical test, the surfaces of the titanium-nickel alloy specimens were soldered with a copper 

wire of 20 cm in length, which was sealed in epoxy resin on the side connected to the alloy to make a 

working electrode (area of 4.0 cm2). Before the surface morphology test, a small hole was drilled in the 

middle of the surface of the titanium-nickel alloy specimens to facilitate the suspension of the alloy 

sample in the environment to be tested. All the titanium-nickel alloy specimens to be tested were polished 

with different grades of silicon carbide sandpaper on the working surface, and then cleaned three times 

with acetone, ethanol and distilled water, after which the titanium-nickel alloy specimens were immersed 

in 2.5% (v/v) glutaraldehyde solution and 75% (v/v) ethanol solution for l h and sterilized in the ultra-

clean bench. 

 

2.2 Preparation of culture media, artificial saliva and buffer solutions 

Solid culture medium: glucose (10.0 g), peptone (10.0 g) and yeast powder (5.0 g) were weighed 

and dissolved in 950 mL of deionized water, and fixed into a 1000 mL volumetric flask. Afterwards, the 

solution was divided into 250 mL triangular flasks, and agar powder (1.5-2.0 g per l00 mL) was added. 

It was sterilized at 121oC under high temperature and high pressure for 20 min, and then was cooled 

down to solid medium. 

Liquid culture medium: glucose (10.0 g), peptone (10.0 g) and yeast powder (5.0 g) were weighed 

and dissolved in 950 mL of deionized water, and fixed into 1000 mL volumetric flask. Afterwards, the 

solution was dispensed in triangular flasks, autoclaved at 121oC for 20 min, and cooled down as liquid 

culture medium. 

The components of the artificial saliva are shown in Table 2. The pH of the artificial saliva was 

adjusted to 6.7 with 0.1 M HC1 and it was autoclaved at 121oC for 20 min. 

 

Table 2. Composition of artificial saliva. 

 

Na2HPO4 NaCl KSCN KH2PO4 NaHCO3 KCl Urea Peptone Glucose Yeast 

0.26 

(g/L) 

6.20 0.33 0.20 1.50 1.20 1.50 10.00 10.00 5.00 

 

PBS buffer solution: 4.26 g Na2HPO4, 24.00 g NaCl, 0.81g KH2PO4 and 0.60 g KCl were 

dissolved in 950 mL deionized water, and the pH was adjusted to 7.40 with 0.1 M HCl. Deionized water 

was added to a 1000 mL volumetric flask and sterilized at 121oC under high temperature and pressure 

for 20 min. It should be  diluted 3 times with deionized water before being used. 
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2.3 Activation and growth curve determination of Candida albicans 

0.3-0.4 mL of liquid culture medium was dropped into the anatomical tube and shaken gently to 

dissolve the lyophilized bacterium into suspension. 0.2 mL of the suspension was transplanted on the 

plate medium, after which the rest of the bacteria was added into the liquid culture medium, and  

incubated at 28 oC. The activated Candida albicans were stored in 30% glycerol and put into the 

refrigerator for subsequent experiments. 

1.0 mL of activated Candida albicans solution was added into 100 mL of inactivated artificial 

saliva, shaken well and incubated in a constant temperature shaker at 37oC with a speed of 150 r/min. 

3.0 mL of culture solution was taken into the cuvette every 2h, the wavelength of UV-vis 

spectrophotometer was adjusted to 530 nm, and the absorbance was measured. Dilution was carried out 

when the absorbance was greater than 1.5. The growth curve was measured three times in parallel, and 

then the growth curve was plotted with incubation time as the horizontal coordinate and absorbance as 

the axis. 

 

2.4 Electrochemical behavior characterization 

Candida albicans (l mL mother liquor) was added to 150 mL of artificial saliva, and the group 

without microbial addition was used as the control group. The sterile titanium-nickel alloy working 

electrode was incubated in artificial saliva (28°C, 120 rpm/min) under anaerobic conditions for different 

times (24h, 120h and 240h), after which the open circuit potential (OCP), electrochemical impedance 

spectroscopy (EIS) and polarization curves of the alloy electrode at different incubation times were 

tested with an electrochemical workstation. The OCP test time was 1000 s, the EIS test frequency was 

10-1-105, and the excitation amplitude was 10 mV. The potentiodynamic polarization scan range was -

1.5 V-2.0 V with a scan rate of 1 mV/s. 

 

 

 

3. RESULTS AND DISCUSSION 

The growth curve of the Candida albicans is shown in Figure 1. It can be clearly seen that 

Candida albicans went through four stages of typical microbial growth: sluggish phase, logarithmic 

growth phase, stable phase and declining phase [41,42]. In the initial stage of the experiment (0-20 h), 

Candida albicans grew slowly in the medium. After 20 h, the number of newborn microorganisms 

reached a certain balance with the number of dead microorganisms after the rapid multiplication of 

Candida albicans by secondary division. A stable period (58-80 h) appears in the growth curve. 120 h 

later, with the reduction of nutrients in the medium and the accumulation of metabolic waste, the growth 

of Candida albicans was no longer favored. The number of dead microorganisms exceeded the number 

of newborn microorganisms. The total number of microorganisms began to decline, and the growth of 

Candida albicans entered the declining phase. The measurement of microbial growth curve is beneficial 

to the selection of microorganisms with consistent growth status to ensure the reliability of experimental 

results [43]. In the experiment, microorganisms were selected at the end of the logarithmic growth phase 
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and the beginning of the stable phase, with more typical of the biological characteristics and metabolic 

activity of microorganisms. Figure 1 shows that the logarithmic growth phase of Candida albicans is 

20-60 h, while the stable phase is 58-80 h. Therefore, Candida albicans was cultivated in medium for 

48 h to achieve the best growth state, and transferred the bacterial solution to the reaction flask in the 

ultra-clean table for subsequent experiments. 

 

 
 

Figure 1. Growth curve of Candida albicans.  

 

 

Figure 2 shows the pH test results of the solution medium in the presence and absence of Candida 

albicans growth. It can be found that the pH of the artificial saliva solution without Candida albicans 

was basically unchanged, with a value of about 9.30 and being alkaline, mainly for the reason of Maillard 

reaction between the sugars in the artificial saliva and the peptone to produce Schiff base. It is an imine 

alkaline compound, which makes the pH of the medium solution elevated. In addition, a small amount 

of urea in artificial saliva can also be decomposed under these conditions to form ammonia, which 

dissolves in water to raise the pH [44–46]. In contrast, the pH of the solution tends to decrease in the 

presence of Candida albicans, which indicates that the major metabolites of Candida albicans are acidic 

and can reduce the pH of the environmental solution. The strongest acid-producing effect of Candida 

albicans is at 48 h, which indicates that Candida albicans has the strongest vitality and the most vigorous 

metabolism at this time. 

Figure 3 shows the fluorescence image of titanium-nickel alloy after 120 h immersion in artificial 

saliva containing Candida albicans. It can be found that Candida albicans exists in two biomorphs: oval 

or round yeast and striated or hyphae, which may be resulted from the production of population-sensing 

molecules. The formation of Candida albicans biofilm is associated with the growth rate of the fungus. 

As the immersion time increases, the growth of the fungus enters the logarithmic phase, the metabolism 

of Candida albicans is accelerated and the number of mycelium increases, becoming the main microbial 

form. The biofilm of Candida albicans is not a simple cell accumulation, but a three-dimensional 

structure with complex interlacing of mycelium and yeast, which is a highly structured microbial 

community [47], being conducive to the uptake of external nutrients and excretion of metabolic waste. 
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Figure 2. The pH of the artificial saliva solution medium with and without Candida albicans.   

 

 

 
 

Figure 3. Fluorescence micrograph of titanium-nickel alloy surface in the presence of Candida albicans. 

 

 

As shown in Figure 4, in the case of artificial saliva without Candida albicans, the OCP values 

of the titanium-nickel alloy first change negatively, reaching the most negative at 240 h, and then shift 

positively. After the addition of Candida albicans, the OCP values of titanium-nickel alloy show a 

significant fluctuation from positive to negative, indicating that the presence of Candida albicans leads 

to the pitting of titanium-nickel alloy [48]. Thus, the presence and absence of Candida albicans can 

cause different effects on titanium-nickel alloys immersed in artificial saliva. The formation of Candida 

albicans biofilm leads to the phenomenon of positive shift of OCP values. 
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Figure 4. OCP variation curves of titanium-nickel in artificial saliva in the (A) absence and (B) presence 

of Candida albicans.  

 

 

Figure 5 reveals that at the early stage of immersion, the potentiodynamic polarization curves 

show a strong passivation potential due to the presence of TiO2 on the surface of titanium-nickel alloy. 

With the increase of soaking time, the passivation film was destroyed, the passivation effect was 

weakened and the corrosion rate of titanium-nickel alloy was accelerated [49,50]. From the comparison 

of the conditions with and without Candida albicans, it can be seen that the cathodic current of titanium-

nickel alloy is slightly smaller in the presence of Candida albicans than that with the absence of Candida 

albicans. 

 

 
Figure 5. Potentiodynamic polarization curves of titanium-nickel alloy in artificial saliva with and 

without Candida albicans at (A) 24 h, (B) 120 h and (C) 240 h. 

 

The anodic current is also smaller with the presence of Candida albicans, which indicates that 

the presence of Candida albicans at the early stage of immersion inhibited the corrosion rate of titanium-

nickel alloy. 120 h later, the Ecorr value began to shift positively in the presence of Candida albicans. 

With the increase of immersion time, the anode Icorr value increased continuously, indicating that the 

corrosion of titanium-nickel alloy was accelerated.  

As presented in Table 3, Ecorr shifts negatively from -0.244 V to -0.471 V with the increase of  

immersion time, and a slight positive shift of 0.166 V appears. In the Candida albicans solution, Ecorr 

keeps shifting positively in fluctuations, which may be caused by the formation of microbial film on the 
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surface of titanium-nickel alloy. The fluctuation of Ecorr indicates the pitting of titanium-nickel alloy in 

this system. In general, there is an overall increasing trend of Ecorr when Candida albicans is contained. 

At 24 h, the Icorr in the Candida albicans state is smaller than that in the sterile state, indicating that the 

presence of Candida albicans inhibits the initial corrosion of titanium-nickel alloy. After 120 h, the 

bacterial state is larger than the sterile state, indicating that the presence of Candida albicans has the 

effect of accelerating the corrosion rate of titanium-nickel alloy [51]. 

  

Table 3. Fitted data on the kinetic potential polarization of titanium-nickel alloy in artificial saliva 

solution with and without Candida albicans. 

 

Time 

(h) 

Absence of Candida albicans Presence of Candida albicans 

Ecoor 

(V) 

Icorr (× 10-6 A/cm2) βa 

(mV/de

cade) 

βc 

(mV/deca

de) 

Ecoor (V) Icorr (× 10-6 A/cm2) βa 

(mV/dec

ade) 

βc 

(mV/deca

de) 

24 -0.244 6.062 258 -230 -0.348 5.021 355 -43 

120 -0.368 8.132 84 -102 -0.288 8.711 248 -21 

240 -0.471 6.801 188 -122 -0.307 12.014 123 -144 

 

As shown in Figure 6, the Nyquist plot is part of an imperfect semicircle with both the absence 

and presence of Candida albicans, indicating that the corrosion process of the titanium-nickel alloy is 

an electron transfer controlled process. The corrosion mechanism was not changed with the addition of 

Candida albicans. The magnitude of the axes of the plots shows that the titanium-nickel alloy has a 

strong corrosion resistance. After the addition of Candida albicans, the radius of Nyqukt plot started to 

decrease after 120 h, and the transfer resistance decreased, indicating that Candida albicans can 

accelerate the dissolution corrosion rate of titanium-nickel alloy. 

 

 
 

Figure 6. Nyquist plots of titanium-nickel in artificial saliva with and without Candida albicans at (A) 

24 h, (B) 120 h and (C) 240 h. 

 

Figure 7A-B reveals the surface morphology of titanium-nickel alloy with the absence and 

presence of Candida albicans at 120 h. It can be seen from the figures that Candida albicans adhered to 

the surface of the titanium nickel alloy uniformly and formed a biofilm. Figure 7C-D shows the surface 

morphology of the titanium-nickel alloy after the removal of biofilm. It is obvious that the surface 

corrosion of titanium nickel alloy after the removal of Candida albicans biofilm is more serious than 
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that of the no-microbial group, which indicates that the corrosion resistance of titanium nickel alloy is 

reduced with the presence of Candida albicans. 

 

 
 

Figure 7. SEM images of titanium-nickel alloy surface in the (A) absence and (B) presence of Candida 

albicans. SEM image of titanium-nickel alloy surface (C) without Candida albicans and (D) 

removal of biofilm. 

 

 

 

4. CONCLUSION 

In conclusion, the formation of microbial films of Candida albicans on the surface of titanium-

nickel alloy were systematically investigated in this study with fluorescence microscopy, scanning 

electron microscopy and electrochemical analysis techniques. The electrochemical behavior was 

examined via electrochemical methods such as open circuit potential, potentiodynamic polarization 

curves and electrochemical impedance spectroscopy. The combine action of metabolites produced by 

Candida albicans, the extracellular polymer matrix and the formation of microbial film can lead to the 

changes in the corrosion electrochemistry of titanium-nickel alloy. The results show a positive shift of 

Ecorr, an increase of Icorr and a decrease of Rct. 
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