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Purpose: Biofilms on voice prostheses are important factors shortening their service life. Sodium selenite has been used to prevent 
and treat various diseases. Whether sodium selenite can inhibit and remove mature biofilms on voice prostheses is still unknown.
Methods: To verify the effects of sodium selenite on mature mixed-bacteria biofilms (Staphylococcus aureus, Candida albicans, and 
Streptococcus faecalis) on voice prostheses, we used quantitative and qualitative methods, eg, real-time fluorescence quantitative PCR, 
crystal violet staining, 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) (XTT) reduction assays, and scan
ning electron microscopy, to measure the effects of sodium selenite on the number of bacterial colonies, biofilm formation ability, 
metabolic activity, and ultrastructure in a model of mature mixed-bacteria biofilms on voice prostheses and validated the effects 
in vitro on mature biofilms on voice prostheses from patients.
Results: When exploring the possible mechanism of biofilm inhibition and removal by sodium selenite, we found that it significantly 
inhibited and removed biofilms on voice prostheses and effectively destroyed the spatial structure of the biofilms. The inhibition and 
removal effects became more significant with increasing sodium selenite concentrations.
Conclusion: We demonstrated that sodium selenite can inhibit and remove biofilms of mature mixed strains on voice prostheses, 
providing a novel basis for treating patients’ voice prosthesis biofilms.
Keywords: sodium selenite, voice prostheses, mature biofilms, mixed strains on voice prostheses, remove, inhibit

Introduction
Total laryngectomy is an important method for the treatment of intermediate and advanced laryngeal cancer. However, 
patients lose their speaking ability after total laryngectomy, which seriously affects the quality of life of patients.1–4 Voice 
prostheses have become an important method for facilitating patients’ vocalization after total laryngectomy due to 
advantages such as simple operation, smooth and clear pronunciation, and the ease of mastering pronunciation skills.5,6 

The formation of biofilm on a voice prosthesis can cause it to malfunction, which is an important reason for a shortened 
service life. Patients must have the voice prosthesis replaced with a new one every 3–4 months, which imposes 
considerable economic and psychological pressure on them. Although some studies have explored the inhibition of 
biofilm formation on voice prostheses, biofilms on voice prostheses cannot be effectively removed and inhibited.7,8 

Therefore, new methods to inhibit and remove biofilms on voice prostheses are needed to prolong their service life.
Selenium is an indispensable trace element in the human body with antioxidant, antiviral, antitumor, and immune- 

enhancing effects. Sodium selenite is an important inorganic form of selenium that has been used in the treatment and 
prevention of a variety of clinical diseases.9 Sodium selenite can induce cancer cell death and significantly improve the 
therapeutic effect of chemotherapy and radiotherapy in patients with advanced cancer.10,11 It can fight infection in 
patients with sepsis, improve their organ dysfunction, and reduce their mortality.12,13 Sodium selenite also has 
a significant inhibitory effect on various bacteria in the human body.14 However, no study has investigated whether 
sodium selenite can inhibit and remove biofilms on voice prostheses. Based on the strong potential of sodium selenite to 
treat and prevent a variety of clinical diseases and its ability to effectively inhibit various human bacteria, we speculated 

Infection and Drug Resistance 2022:15 7799–7810                                                         7799
© 2022 Zhang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Infection and Drug Resistance                                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 18 October 2022
Accepted: 20 December 2022
Published: 29 December 2022

In
fe

ct
io

n 
an

d 
D

ru
g 

R
es

is
ta

nc
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-0071-6346
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


that sodium selenite could significantly inhibit and remove mature mixed-bacteria biofilms on voice prostheses, which 
would provide a novel strategy to treat biofilms on voice prostheses.

Materials and Methods
Bacterial Strains and Materials
We used three common strains of biofilm bacteria—Staphylococcus aureus (ATCC 25923), Candida albicans (SC 5314), 
and Streptococcus faecalis (ATCC 13419)15–18 to construct an in vitro model of voice prosthesis biofilms. These three 
strains were cultured at 37°C in 70% yeast extract/peptone/dextrose medium (yeast extract 1% (Sigma‒Aldrich), glucose 
2% (Sigma‒Aldrich), and peptone water 2%) + 30% fetal bovine serum (Gibco) (YPDF medium).18,19 A medical grade 
silicone membrane (thickness: 1 mm) was purchased from Suzhou Shoucheng Electronics Co., Ltd., China, and sterilized 
at 121°C under autoclave conditions before use. Platelets measuring 4 mm in diameter for 96-well plates and 10 mm in 
diameter for 24-well plates were punched out of the medical silicone membrane.

Construction of Mature Biofilms on Medical Silicone Membranes
The mature biofilm on the medical silicone membrane plates was constructed based on a previously reported method.19–21 

After the above three strains were diluted to an optical density at 600 nm of 0.010, they were mixed in equal volumes, and 200 
µL of the mixed-bacteria solution was placed in a 96-well plate (Corning, 3599) with a medical silicone membrane. The cells 
were cultured in YPDF medium at 37°C for 48 hours.

Determination of the Minimum Mature Biofilm Eradication Concentration (BEC) on 
Voice Prostheses
We determined the minimum mature BEC on voice prostheses of sodium selenite (Sigma‒Aldrich, S5261) as described 
previously.22 Briefly, the medical silicone membrane was placed in a 24-well plate, and 1 mL of mixed-bacteria solution 
was added to each well and cultured at 37°C for 24 hours. Then, different concentrations of sodium selenite (0, 0.50, 
0.55, 0.60, 0.65, 0.70, 0.75, 0.80, 0.85, 0.90, 0.95, 1.00 mg/mL) were added to the various wells, and the plate was 
cultured at 37°C for 24 hours. The number of colonies in each well was evaluated by the plate counting method. By 
comparison with the negative control (sodium selenite concentration: 0 mg/mL), the lowest sodium selenite concentration 
resulting in a 50% reduction in the number of colonies on the voice prosthesis biofilms was taken as the BEC50, the 
lowest sodium selenite concentration resulting in a 70% reduction in the number of colonies was the BEC70, and the 
lowest sodium selenite concentration resulting in a 90% reduction in the number of colonies was the BEC90.

Effect of Sodium Selenite on Mature Mixed-Bacteria Biofilms on Voice Prostheses 
in vitro
In this experiment, five groups were set up: a blank control group (only medium, no biofilms, no sodium selenite), an 
untreated control group (sodium selenite concentration: 0 mg/mL), and experimental groups (selenite concentrations: 
BEC30, BEC50, and BEC90). According to the method described above, mature biofilms on voice prostheses were 
constructed. According to the experimental group, medium and a certain concentration of sodium selenite were added to 
96-well plates and cultured at 37°C for 24 hours. We used quantitative and qualitative methods to detect the inhibitory 
and removal effects of sodium selenite on mature mixed-bacteria biofilms on voice prostheses. We used the real-time 
fluorescence quantitative PCR method to quantify the DNA contents of the three strains in each group of biofilms to 
determine the inhibitory effect of sodium selenite on the three strains in the mixed-bacteria biofilms. The crystal violet 
staining method was used to measure the effect of sodium selenite on the amount of biofilm on voice prostheses to 
determine the effect of sodium selenite on biofilm formation ability. The effect of sodium selenite on the metabolic 
activity of the voice prosthesis biofilms was measured by XTT reduction assay. To observe the inhibitory and removal 
effects of sodium selenite more intuitively on voice prosthesis biofilms, we used scanning electron microscopy (SEM) to 
observe changes in the ultrastructure of the voice prosthesis biofilms in each group, and laser confocal microscopy was 
used to observe the distribution of live and dead bacteria on the biofilms. To explore the possible mechanism of action of 
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sodium selenite in the inhibition and removal of mature mixed-bacteria biofilms on voice prostheses, we used the 
polysaccharide–phenol‒sulfuric acid method and the bicinchoninic acid (BCA) method to quantify the polysaccharides 
and proteins in each group of biofilms.

Effect of Sodium Selenite on Mature Biofilm on Patient Voice Prostheses
To further verify the inhibitory and removal effects of sodium selenite on mature biofilms on voice prostheses, we 
performed further in vitro tests on voice prostheses from patients. We collected isolated, nonfunctional voice prostheses 
from three patients. The biofilms on the voice prostheses were eluted by ultrasonication at room temperature for 30 
minutes, and the bacterial strains in the biofilm were collected. The sterilized medical silicone membrane and 2 mL of the 
collected bacterial solution were placed in a 96-well plate and cultured at 37°C for 48 h. Different concentrations of 
sodium selenite were added to 96-well plates according to experimental grouping and incubated at 37°C for 24 hours. We 
used the plate counting method to detect the effect of sodium selenite on the number of bacterial colonies in the mature 
biofilms on voice prostheses of patients to determine the inhibitory and removal effects of sodium selenite on the 
bacterial flora in the mature biofilms on voice prostheses. The XTT method was used to verify the inhibitory effect of 
sodium selenite on the metabolic activity of mature biofilms on voice prostheses.

Plate Counting of Biofilms
The biofilm on the medical silicone membrane was eluted by ultrasonication. The bacterial solution was diluted with 
phosphate-buffered saline (PBS) (Gibco™, 70011044), and 100 μL of the diluted solution was spread on a YPDF plate, 
followed by incubation at 37°C for approximately 18 h, imaging, and counting using an automatic colony counter 
(Interscience, SCAN1200). The percentage of removed colonies in the mature biofilms on voice prostheses by sodium 
selenite was calculated using Formula (1):

Real-Time Fluorescence Quantitative PCR
The standard plasmids of S. aureus, C. albicans, and S. faecalis were constructed. The standard plasmid solutions were 
diluted five times with a starting concentration of 109 copies/µL, and the standard curve was plotted. A bacterial genome 
extraction kit (Vazyme, DC103) was used to extract the DNA of the bacterial strains from the biofilms according to the 
kit manual. The SYBR Green Master Mix (VAZYME, Q111-02) kit was used to perform qPCR on the obtained strain 
DNA and plasmids. The qPCR conditions were as follows: predenaturation at 95°C for 5 min, then 40 cycles of 
denaturation at 95°C for 15 sec, annealing at 56°C for 20 sec, and extension at 72°C for 40 sec. The primers for real-time 
fluorescence quantitative PCR are listed in Table 1. The percentage of removed strain copies in the biofilms by sodium 
selenite was calculated using Formula (2).

Table 1 Primers for Real-Time Fluorescence Quantitative PCR

Name Primer Sequence Size

SC5314 Forward 5‘- CTTAAGTTCAGCGGGTAGTCC -3’ 140 bp

Reverse 5‘- GAAAGACGGTAGTGGTAAGGC -3’

ATCC13419 Forward 5‘- GTTAGTAACTGAACGTCCCCTG -3’ 143 bp

Reverse 5‘- TCAGACTTAAGAAACCGCCTG -3’

ATCC25923 Forward 5‘- CAATGGACAATACAAAGGGCAG -3’ 82 bp

Reverse 5‘- TGCAGACTACAATCCGAACTG -3’
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Crystal Violet Staining Method
The culture medium in the wells was aspirated, and the biofilms were washed with PBS three times and fixed with 
0.10 mL of 10% methanol solution (BBI, A601617) for 15 minutes. The methanol solution was aspirated, and 0.1 mL of 
crystal violet staining solution (KeyGEN BioTech, KGA229) was added. The plates were placed at room temperature for 
20 minutes, washed three times with PBS, and dried at 37°C. Then, 0.10 mL of 33% glacial acetic acid (Sangon Biotech 
(Shanghai) Co., Ltd., A501931) was added to each well, and 80 µL of the solution was taken to measure the absorbance 
at 590 nm using a photometer (Beckman, AD340). The degree of inhibition of biofilm formation ability by sodium 
selenite was calculated using Formula (3):

XTT Reduction Assay
The culture medium in the wells was aspirated and washed with PBS three times. Then, 500 μL of XTT assay working 
solution (KeyGEN BioTech, KGA313) was added. The reaction was carried out at 37°C in the dark for 4 hours, and the 
absorbance value at 450 nm was measured in a spectrophotometer. The degree of inhibition of the metabolic activity of 
biofilms by sodium selenite was calculated using Formula (2).

SEM
The culture medium in the well plate was aspirated. The cells were washed with PBS three times, fixed in 2.5% 
glutaraldehyde phosphate buffer (BBI, A600875) at 4°C overnight, washed twice with 0.15% glutaraldehyde phosphate 
buffer, and then dehydrated in an ethanol series (40%, 70%, 90%, 100%) for 15 minutes each time. Then, the cells were 
dried in a critical-point desiccator. After spraying on gold in a vacuum coating device, the cells were observed under 
SEM (ZEISS, GeminiSEM 360).

Laser Confocal Microscopy
The live and dead bacteria on the biofilms were stained according to the instructions of the LIVE/DEAD BACLIGHT 
BACTERIAL C 1 KIT (Invitrogen, L7012). The culture medium in the well plate was aspirated, and 0.85% NaCl was 
added to rinse the medical silicone membrane three times. One microliter of component A (SYTO 9 dye, 3.34 mM) and 
0.5 µL of component B (propidium iodide, 30 mM) were added to 1 mL of PBS and mixed thoroughly. Three microliters 
of the mixed staining solution was added to each well, followed by incubation at room temperature in the dark for 15 
minutes. Observation was performed under a laser confocal microscope (Olympus, FV3000).

Polysaccharide–phenol‒sulfuric Acid Method
A 5% phenol solution (Shanghai test, 10015328) and 98% concentrated sulfuric acid (Sinopharm Hushi, 10021608) were 
mixed at a ratio of 1:5 to prepare the chromogenic solution. A total of 180 µL of the chromogenic solution was added to 
60 µL of the biofilm eluate and different concentrations of glucose solution (Amresco, 0188). The mixture was 
thoroughly mixed and heated in a metal bath at 100°C for 25 min. The absorbance at 490 nm was measured in 
a spectrophotometer using 100 µL of the solution.

BCA Method
CST RIPA buffer (Beyotime, P0013B) was used to lyse the biofilms of each group, and proteins were collected. Different 
concentrations of the BSA standard and the BCA working solution were prepared according to the instructions of the 
BCA protein concentration determination kit (Sangon Biotech, C503021). Fifty microliters of sample lysis buffer or BSA 
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standard was mixed well with 500 µL of BCA working solution, incubated in a 37°C water bath for 30 min, and then 
cooled to room temperature. The absorbance of each well at 560 nm was measured in a spectrophotometer.

Data Analysis
Each experiment was performed at least three times, and the results of multiple repeated experiments are expressed as the 
mean ± standard deviation (SD). Differences between the experimental group and the untreated control group were 
evaluated by one-way analysis of variance. A P value <0.05 indicated that the difference was statistically significant. The 
data were analyzed with SPSS 26.0 software (IBM).

Experimental Results
Determination of the Minimum Mature BEC on Voice Prostheses
The number of colonies in the biofilms in each group was measured by the plate counting method to determine the minimum 
mature BEC of sodium selenite on voice prostheses. As shown in Figure 1, the number of colonies in the biofilms in the 
sodium selenite treatment group was significantly lower than that in the untreated control group. When the concentration of 
sodium selenite was 0.50 mg/mL, the number of colonies in the biofilms was reduced by 50% from the negative control level, 
that is, the BEC50 was 0.50 mg/mL, the BEC70 was 0.65 mg/mL, and the BEC90 was 0.80 mg/mL. When the concentration of 
sodium selenite was 1 mg/mL, no colonies were found in the biofilms; that is, the BEC100 was 1.00 mg/mL. Therefore, sodium 
selenite can remove colonies from mature biofilms on voice prostheses, and the removal effect is more obvious at higher 
concentrations.

Effects of Sodium Selenite on Mature Mixed-Bacteria Biofilms on Voice Prostheses in an in vitro Model
RT‒qPCR was used to measure the DNA contents of S. aureus, C. albicans, and S. faecalis of the mature mixed-bacteria 
biofilms on voice prostheses in vitro to determine the effect of sodium selenite on the removal of each of these three 
bacterial strains on voice prosthesis biofilms. We found that the DNA contents of S. faecalis, S. aureus, and C. albicans 
in the biofilms of the sodium selenite groups were significantly lower than those in the untreated control group (sodium 
selenite concentration: 0 mg/mL) (Figure 2A,B, and C, P < 0.05). Compared with that in the untreated control group, 
sodium selenite had a significant removal rate for the three strains in the mature mixed-bacteria biofilms on voice 
prostheses, with higher concentrations of sodium selenite corresponding to a more obvious removal effect (Table 2). The 
same concentration of sodium selenite showed the most significant degree of removal of C. albicans and weaker removal 
of S. aureus and S. faecalis (Table 2).

Figure 1 The effect of sodium selenite on the number of colonies in mature mixed-bacteria biofilms on voice prostheses. Sodium selenite yielded fewer colonies in the 
mature mixed-bacteria biofilms on voice prostheses, and a higher sodium selenite concentration corresponded to a more significant inhibitory effect. The experimental 
results are expressed as the mean ± SD. *P < 0.05 compared with the untreated control group.
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The effect of sodium selenite on the biofilm formation ability of the mature mixed strains on voice prostheses was 
examined using the crystal violet staining method. Compared with no treatment, sodium selenite significantly reduced the 
absorbance of the biofilms at 590 nm, with higher concentrations of sodium selenite yielding a more obvious effect 
(Figure 3 A, P < 0.05). Sodium selenite can significantly inhibit mature biofilm formation on voice prostheses, and the 
degree of inhibition of sodium selenite on the mature biofilm formation ability of the mixed strains increased with the 
concentration (Table 3).

The XTT reduction assay was used to detect the absorbance at 450 nm of mature mixed-bacteria biofilms on voice 
prostheses to determine the metabolic activity of the biofilms. Sodium selenite significantly inhibited the absorbance of 
biofilms at 450 nm, with higher concentrations corresponding to a more significant inhibitory effect (Figure 3B, P < 0.05). 
Compared with observations in the untreated control group, sodium selenite significantly inhibited the metabolic activity of 
mature biofilms on voice prostheses, and the inhibitory degree of sodium selenite on the metabolic activity of the mature 
mixed-bacteria biofilms on voice prostheses increased with the concentration (Table 3).

By SEM, we observed the ultrastructure of the mature biofilms on voice prostheses. In the untreated control group, 
most of the medical silicone membrane was covered by biofilm, and the colonies in the biofilm were numerous and 
densely arranged, forming a complex spatial structure (shown by the yellow arrow in Figure 4). Compared with that in 
the untreated control group, when the concentration of sodium selenite was 0.50 mg/mL, the area covered by biofilms on 
medical silicone membrane and the number of colonies in the biofilms were significantly reduced, and the proximity of 
the arrangement between strains in the area covered by biofilms decreased (shown by red arrows in Figure 4). When the 
concentration of sodium selenite was 0.65 mg/mL, the area covered by the biofilms and the number of colonies further 
decreased, the colonies were scattered, and no biofilm formation with a complex spatial structure was observed, although 
a small number of strains had formed colonies (white arrow in Figure 4). When the concentration of sodium selenite was 
0.80 mg/mL, no obvious biofilm or colony formation was noted on the medical silicone membrane, and the bacterial 
colonies were mostly sporadically scattered on it (shown by the black arrow in Figure 4). Under SEM, we observed that 
sodium selenite significantly removed cells and colonies from the biofilms and inhibited the formation of the complex 

Figure 2 The effect of sodium selenite on the DNA contents of the three strains in mature mixed-bacteria voice prosthesis biofilms. (A) Effect of sodium selenite on the 
DNA content of Streptococcus faecalis in biofilms. (B) Effect of sodium selenite on the DNA content of Staphylococcus aureus in biofilms. (C) Effect of sodium selenite on the 
DNA content of Candida albicans in biofilms. Sodium selenite had a significant inhibitory effect on these three bacteria in the biofilms, with a higher sodium selenite 
concentration corresponding to a more obvious inhibitory effect. The experimental results are expressed as the mean ± SD. *P < 0.05 compared with the untreated control 
group.

Table 2 Percentage Reductions in Streptococcus Faecalis, Staphylococcus Aureus, and Candida 
Albicans DNA Contents in Mature Mixed-Bacteria Biofilms from Voice Prostheses by 
Sodium Selenite (Mean ± SD)

Groups 
Strains

0.50 mg/mL 
Sodium Selenite

0.65 mg/mL 
Sodium Selenite

0.80 mg/mL 
Sodium Selenite

Streptococcus faecalis 90.89±0.96% 98.42±0.13% 99.13±0.10%

Staphylococcus aureus 78.40±5.23% 91.17±1.45% 95.42±0.26%

Candida albicans 98.84±0.29% 99.31±0.05% 99.64±0.03%
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spatial structure of the biofilms. Higher concentrations of sodium selenite produced more obvious inhibition and removal 
effects.

We used laser confocal microscopy to observe the distribution of live and dead bacteria in mature mixed-bacteria 
biofilms on voice prostheses. As shown in Figure 5, many live bacterial colonies were observed in the biofilms of the 
untreated control group. Comparatively, when the concentration of sodium selenite was 0.50 mg/mL, the number of 
colonies in the biofilms was significantly reduced, and the strains in the biofilms were mostly live bacteria. When the 
concentration of sodium selenite was 0.65 mg/mL, the number of bacterial colonies in the biofilms was further reduced, 
and both live and dead bacteria could be observed in biofilm colonies. When the concentration of sodium selenite was 
0.80 mg/mL, a small number of colonies remained in the biofilms, most of which contained dead bacteria. Therefore, 
sodium selenite can effectively remove and kill the strains of mature mixed-bacteria biofilms on voice prostheses, with 
a stronger effect at higher concentrations.

We used the polysaccharide–phenol‒sulfuric acid method and the BCA method to detect the amounts of polysacchar
ides and proteins in the biofilms. Compared with those in the untreated control group, when the concentration of sodium 
selenite was 0.50 mg/mL, the amounts of protein and polysaccharides in the biofilms were significantly reduced 
(Figure 6, P < 0.05); when the concentration of sodium selenite was 0.65 mg/mL and 0.80 mg/mL, the amounts of 
protein and polysaccharides in the biofilm were further reduced (Figure 6, P < 0.05). The results suggest that sodium 
selenite can inhibit the synthesis of polysaccharides and proteins in the extracellular matrix of biofilms.

Effect of Sodium Selenite on Mature Biofilms on Patients’ Voice Prostheses
To verify the inhibitory and removal effects of sodium selenite on the mature biofilms of patient voice prostheses, we 
used the XTT reduction assay and the plate counting method to detect the metabolic activity and the number of colonies 
of the biofilms. Compared with that in the untreated control group, the number of colonies in the biofilms and the 
absorbance of the biofilms in the sodium selenite treatment group were significantly reduced (Figure 7, P < 0.05). Higher 
concentrations of sodium selenite resulted in more significant reductions in the number of colonies and the absorbance 
values of biofilms. Compared with those in the untreated control group, the degree of inhibition with respect to the 
number of colonies in the biofilms and the metabolic activity of the biofilms increased with the concentration (Table 4). 

Table 3 Percentage Reductions in the Biofilm Formation Ability and Metabolic Activity of the Mature 
Mixed Strains on Voice Prostheses by Sodium Selenite (Mean ± SD)

Groups 
Experiments

0.50 mg/mL Sodium 
Selenite

0.65 mg/mL Sodium 
Selenite

0.80 mg/mL Sodium 
Selenite

Biofilm formation ability 58.00±6.00% 73.00±3.00% 79.00±6.00%
Metabolic activity of biofilm 66.89±2.05% 71.01±1.24% 76.84±1.64%

Figure 3 The effect of sodium selenite on the biofilm formation ability and metabolic activity of mature mixed-bacteria biofilms on voice prostheses. (A) Effect of sodium 
selenite on the biofilm formation ability of the mature mixed strains on voice prostheses. (B) Effect of sodium selenite on the metabolic activity of the biofilms of mature 
mixed strains on voice prostheses. Sodium selenite significantly inhibited the biofilm formation ability and metabolic activity of mature mixed-bacteria biofilms on voice 
prostheses, with a higher concentration of sodium selenite corresponding to a more obvious inhibitory effect. The experimental results are expressed as the mean ± SD. *P 
< 0.05 compared with the untreated control group.
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Figure 5 Distribution of dead bacteria on the biofilm of mature mixed strains. In Figure 5, green fluorescence indicates live bacteria, and red fluorescence indicates dead 
bacteria. The untreated control group (A) had many colonies, most of which were live bacteria; the number of colonies in the sodium selenite treatment groups was 
significantly reduced. The residual colonies in the biofilms at a sodium selenite concentration of 0.5 mg/mL mostly contained live bacteria (B). When the sodium 
concentration reached 0.65 mg/mL or 0.80 mg/mL, the remaining colonies mostly contained dead bacteria (C and D).

Figure 4 Ultrastructure of the voice prosthesis biofilms. In the untreated control group, most of the medical silicone membranes were covered by biofilms, and the bacterial 
populations were densely distributed and formed biofilms with complex spatial structures ((A and E), indicated by the yellow arrow in the figure). Biofilms with a certain 
spatial structure could be observed in the group with a sodium selenite concentration of 0.50 mg/mL, but the area covered by biofilms and the number of bacterial 
communities were significantly lower than those in the untreated control group ((B and F), indicated by the blue arrow in the figure). When the concentration of sodium 
selenite was 0.65 mg/mL or 0.80 mg/mL, no obvious biofilm coverage was observed, and the strains were scattered ((C, G, D, and H), indicated by the white and black 
arrows in the figure). Sodium selenite significantly inhibited and removed the mature mixed-bacteria biofilms on voice prostheses, and the inhibition and removal effect 
became more significant at higher concentrations of sodium selenite.

Figure 6 The effects of sodium selenite on the polysaccharides and proteins in mature mixed-bacteria biofilms on voice prostheses. (A) Effect of sodium selenite on the 
proteins in the mature mixed-bacteria biofilms on voice prostheses. (B) Effect of sodium selenite on the polysaccharides in the mature mixed-bacteria biofilms on voice 
prostheses. Sodium selenite inhibited the production of polysaccharides and proteins in mature biofilms, with a stronger effect at higher concentrations. The experimental 
results are expressed as the mean ± SD. *P < 0.05 compared with the untreated control group.
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Therefore, sodium selenite also had inhibitory and removal effects on the mature biofilms from patients’ voice 
prostheses, with stronger inhibitory and removal effects at higher concentrations.

Discussion
In this study, we explored the inhibition and removal of mature mixed-bacteria biofilms on voice prostheses by sodium 
selenite. To verify the inhibitory and removal effects of sodium selenite on the biofilm of mature mixed strains of voice 
prostheses, we examined the number of colonies, biofilm formation ability, and biofilm ultrastructure in the in vitro 
biofilm model of mature mixed bacterial strains of voice prostheses and validated them on mature biofilms of voice 
prostheses from patients in vitro. We also explored the possible mechanism by which sodium selenite inhibited and 
removed the biofilms of the mature mixed strains on voice prostheses. We found that sodium selenite inhibited and 
removed the mature mixed-bacteria biofilms on voice prostheses, with higher concentrations of sodium selenite 
corresponding to a more significant inhibitory effect. Sodium selenite may inhibit the synthesis of polysaccharides and 
proteins in the extracellular matrix of biofilms and destroy the integrity and stability of biofilms to promote bacterial 
inhibition and removal.

Voice prosthesis biofilms can cause voice flap dysfunction of the voice prosthesis, which is an important factor 
leading to a shortened service life of voice prostheses. In recent years, scholars have studied the inhibition of voice 
prosthesis biofilms, with some using antibacterial drugs to inhibit the formation of voice prosthesis biofilms.23–25 

However, the use of antibacterial drugs can increase the drug resistance of bacteria and fungi and cannot effectively 
inhibit and remove biofilms from voice prostheses. Others have inhibited the formation of biofilms by improving the 
physical and chemical properties of the surface of silicone rubber materials through, for example, biosurfactants, 
essential oil coatings, chitosan coatings, and metal nanoparticle coatings.26–29 However, surface modifications to voice 
prosthesis materials have not effectively extended the service life of voice prostheses. Therefore, we still need better 
methods to inhibit and remove voice prosthesis biofilms.

Sodium selenite has various functions, such as anti-inflammatory, antioxidation, and anticancer functions, and has 
been used in the treatment and prevention of a variety of clinical diseases, such as cancer, Kaschin–Beck disease in 

Figure 7 The effects of sodium selenite on the number of strains in and the metabolic activity of mature voice prosthesis biofilms in patients. (A) Effect of sodium selenite 
on the number of strains in mature voice prosthesis biofilms in patients. (B) Effect of sodium selenite on the metabolic activity of mature voice prosthesis biofilms in patients. 
The inhibitory effect gradually increased with increasing sodium selenite concentrations. The experimental results are expressed as the mean ± SD. *P < 0.05 compared with 
the untreated control group.

Table 4 Percentage Reductions in the Number of Mature Biofilm Colonies and Their Metabolic Activity in Voice 
Prostheses Biofilms from Patients by Sodium Selenite (Mean ± SD)

Groups 
Experiments

0.50 mg/mL Sodium 
Selenite

0.65 mg/mL Sodium 
Selenite

0.80 mg/mL Sodium 
Selenite

Number of mature biofilm colonies 96.00±0.01% 98.00±1.00% 99.00±0.02%

Metabolic activity of biofilm 31.40±17.29% 44.67±42.39% 58.07±38.02%
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children, and sepsis.10,12,13,30 Therefore, the application of sodium selenite in the treatment and prevention of human 
diseases is reasonable and safe. Alam et al found that sodium selenite had a strong inhibitory effect on a variety of human 
microbiota (S. aureus, Streptococcus macularis, Escherichia coli, etc.).14 Later, Narayanan et al studied the inhibition of 
E. coli biofilms by sodium selenite31 and found that 35 mM sodium selenite could effectively prevent the formation of 
ureter E. coli biofilms. Since sodium selenite is an inorganic form of selenium, it does not cause drug-resistant mutations 
in bacteria or fungi, thereby avoiding the formation of drug-resistant strains. Therefore, sodium selenite has good 
potential to inhibit and remove mature mixed-bacteria biofilms on voice prostheses.

Biofilms are mainly composed of bacterial flora and extracellular matrix. The extracellular matrix can maintain the 
stability and integrity of biofilm structures, limit the penetration and diffusion of antibacterial drugs in biofilms, and play 
a major role in biofilm drug resistance.32,33 Proteins and polysaccharides are the main components of the extracellular 
matrix. The polysaccharides in the extracellular matrix of biofilms can hinder the penetration of antibacterial drugs into 
biofilms and increase the drug resistance of biofilms.34 Nett and Tan et al applied β-1,3-glucanase to C. albicans biofilms 
and found that it inhibited biofilm formation and improved sensitivity to antifungal drugs.35,36 Proteins are another 
important component of the extracellular matrix of biofilms. Proteins are attached to cell-surface polysaccharides, where 
they help maintain the integrity and stability of biofilms.37 Lynch et al inhibited the expression of glucan-binding protein 
genes in streptococcal biofilms and reduced the synthesis of glucan proteins. They found that the aggregation of bacterial 
colonies in the biofilms decreased, and the thickness of the biofilms also decreased significantly.38 Therefore, the 
polysaccharides and proteins in the extracellular matrix of biofilms play important roles in the drug resistance of biofilms.

Our results showed that the amounts of polysaccharide and protein in the biofilms in the sodium selenite treatment 
groups were significantly lower than those in the untreated control group. The amount of biofilm and the biofilm 
formation ability in the sodium selenite treatment groups were also significantly lower than those in the untreated control 
group. Proteins and polysaccharides in a biofilm may originate from two sources: the proteins and polysaccharides in the 
extracellular matrix and the proteins and polysaccharides of bacteria in the biofilms. The main source of proteins and 
polysaccharides in biofilms is the extracellular matrix. We speculate that the mechanism of action of sodium selenite in 
removing and inhibiting mature mixed-bacteria biofilms on voice prostheses is as follows: Sodium selenite inhibits the 
synthesis of polysaccharides and proteins in the extracellular matrix of voice prosthesis biofilms, which destroys the 
integrity and stability of the biofilms, increases the permeation and diffusion of sodium selenite in the biofilms, reduces 
the resistance of the biofilms to sodium selenite, and thus significantly inhibits and removes mature biofilms on voice 
prostheses.

No study has explored the inhibition of voice prosthesis biofilms by sodium selenite. We explored the inhibitory and 
removal effects of sodium selenite on biofilms in an in vitro model of mature voice prosthesis biofilms and verified the 
effects on mature biofilms from voice prostheses taken from patients. The results showed that sodium selenite 
significantly inhibited and removed the mixed-bacteria biofilms on voice prostheses. Our study expands the potential 
of sodium selenite to treat clinical diseases, provides a novel method for inhibition and removal of mature voice 
prosthesis biofilms, and lays the foundation for the clinical treatment of mature voice prosthesis biofilms by sodium 
selenite.

Our study has certain limitations, such as the small number of in vitro voice prostheses from patients tested for 
verification. In the future, we will conduct validation on more voice prosthesis biofilms from patients in vitro.

Conclusion
Sodium selenite can effectively remove and inhibit mature mixed-bacteria biofilms on voice prostheses, reducing their 
biofilm formation ability and metabolic activity. Sodium selenite applied in vivo to prevent biofilms on voice prostheses 
is promising and has clinical potential in the future. Our results can provide novel ideas for the treatment of mature voice 
prosthesis biofilms.
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