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Abstract: There are wide spread bacterial contamination issues on various paper products, 

such as paper towels hanging in sink splash zones or those used to clean surfaces, filter papers 

used in water and air purifying systems, and wrappings used in the food industry; such con-

tamination may lead to the potential spread of bacteria and consequent severe health concerns. 

In this study, selenium nanoparticles were coated on normal paper towel surfaces through a 

quick precipitation method, introducing antibacterial properties to the paper towels in a healthy 

way. Their effectiveness at preventing biofilm formation was tested in bacterial assays involv-

ing Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus 

epidermidis. The results showed significant and continuous bacteria inhibition with about a 90% 

reduction from 24 to 72 hours for gram-positive bacteria including S. aureus and S. epidermidis. 

The selenium coated paper towels also showed significant inhibition of gram-negative bacteria 

like P. aeruginosa and E. coli growth at about 57% and 84%, respectively, after 72 hours of 

treatment. Therefore, this study established a promising selenium-based antibacterial strategy 

to prevent bacterial growth on paper products, which may lead to the avoidance of bacteria 

spreading and consequent severe health concerns.
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Introduction
Selenium and its compounds have been widely used in electronics, glasses, ceramics, 

steel, and pigment manufacturing.1 But due to toxicity concerns, not until recently has 

selenium been considered as a material for biomedical applications. Selenium is found 

naturally in humans and animals as a critical element in selenoproteins, which play an 

important role in antioxidant defense systems, thyroid hormone metabolism, and redox 

control of cell reactions.2 Because of this, selenium and selenium nanoparticles have 

been receiving dramatically increasing attention in several biomedical applications. 

For example, it has been shown that high levels of selenium in the blood (~154 μg/mL) 

correlated with a reduced number of cancer occurrence including pancreatic, gastric, 

lung, nasopharyngeal, breast, uterine, respiratory, digestive, and gynecological cancer3 

and many in vitro and in vivo studies have demonstrated the inhibitory effects of 

selenium on the activity of various cancer cells.3–7 Selenium nanoparticles have also 

been considered as a biocompatible anticancer orthopedic implant material due to the 

increased adhesion of healthy osteoblasts (or bone forming cells) on nanostructured 

selenium.8

However, in terms of potential antibacterial applications, selenium is a novel 

material that has not been widely explored. There are a few studies concerning the 
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antibacterial properties of selenium or its compounds. For 

example, selenium-enriched probiotics have been shown to 

strongly inhibit the growth of pathogenic Escherichia coli 

in vivo and in vitro.9 The synthesized organoselenium com-

pounds were shown to be as effective as penicillin at inhibit-

ing Staphylococcus aureus growth in solution in vitro.10 In 

addition, the growth of planktonic S. aureus was strongly 

inhibited in the presence of selenium nanoparticles.11

Many kinds of other nanomaterials, including silver 

nanoparticles, zinc oxide nanoparticles, copper nanoparticles, 

and so on, have been studied to provide a novel strategy to 

eradicate bacterial infections, especially for various medi-

cal device applications.12–15 But a major problem for these 

metal-based nanoparticles has been their toxicity to healthy 

mammalian cells due to their generation of reactive oxygen 

species,16–18 which could result in severe health problems 

when used as medical devices or clinical applications.

Compared with the above mentioned materials, selenium 

nanoparticles are expected to be healthier and less toxic to 

humans and the environment. For an adult, it is recommended 

by the US Food and Drug Administration (FDA) that sele-

nium needs to be consumed at 53–60 µg per day, because it 

is the nutrition for 25 selenoproteins with selenocysteine at 

their active center.19 Moreover, studies have demonstrated 

that selenium and selenium nanoparticles can improve 

healthy human cell growth.8,20

Bacterial contaminations are frequently found on 

paper products worldwide, involving various strains from 

the genera Bacillus, Staphylococcus, Pseudomonas, and 

Enterobacter.21–23 These bacteria contribute to the formation 

of biofilm in machinery, resulting in contamination or even 

corrosion on paper products. In some circumstances, such 

as paper towels hanging in the splashing zone or those used 

for cleaning surfaces, they have been considered as potential 

sources of bacteria contaminations,24,25 especially in a hospital 

or a clinical environment. It has been shown by a previous 

study that hand washing with antibacterial soap followed 

by drying with unused paper towels results in more bacteria 

attached on hands than before washing.26 In addition, there 

are also concerns for bacterial contamination on numerous 

paper products, for example, filter paper in water and air 

purifying systems, and wrapping paper used in the food 

industry.27,28 Filter papers are commonly covered by a thick 

layer of bacterial biofilm and need frequent replacement. 

Microbial contamination is one of the major reasons causing 

food spoilage during food storage, especially when the foods 

are packaged and stored for a long period of time. Actually, 

developing effective antimicrobial packaging materials for 

controlling microbial growth in/on food is now an active 

area of research.29,30

Due to the porous structure of fibers in all paper products, 

such materials are prone to bacteria growth and, thus, are 

sources for continual contamination. Besides, this porous 

structure provides an environment that favors the attach-

ment of bacteria and makes it more difficult to kill bacteria 

once a biofilm has been formed. One of the most promising 

approaches toward preventing infections is coating paper 

products with antimicrobial materials. Therefore, in this 

study, selenium nanoparticles were used as a coating mate-

rial to introduce antibacterial properties to paper towels. 

Selenium nanoparticles were coated on paper towel surfaces 

through a quick precipitation reaction (happening within 

60 seconds). In addition, their effectiveness at preventing 

biofilm formation was tested in bacterial assays involving 

four diverse types of bacteria. The results showed that the 

selenium coatings significantly inhibited all bacterial activi-

ties on paper towels which could decrease the presence and 

spreading of numerous human infections.

Materials and methods
Synthesis of selenium nanoparticle 
coatings
Selenium nanoparticles were synthesized and coated on 

paper towels (MB550A Hand Towel, Tork Advanced, cut 

into round chips, 7.00 mm in diameter) through a simple 

and quick precipitation reaction. The reaction of the syn-

thesis was:

	 4
3
2

2
GSH SeO O 2OH+ → + + +− −2GSSG Se H � (1)

which involves glutathione (GSH) (reduced form) (97%, TCI 

America, Portland, OR, USA) and sodium selenite (99%, 

Alfa Aesar, Ward Hill, MA, USA) mixed at a 4:1 molar ratio. 

The paper towel samples were washed with 75% ethanol 

followed by rinsing with deionized (DI) water five times and 

then transferred into a flask containing a mixed solution of 

GSH and sodium selenite. Sodium hydroxide was added into 

the mixture of GSH and sodium selenite to bring the pH of 

the solution into the alkaline regimen to initiate the reaction 

at room temperature. Selenium nanoparticles were formed 

and precipitated on the surface of paper towels immediately 

following the addition of NaOH as visualized by a color 

change of the reactant solution from colorless to clear red. 

The paper towel samples were coated for 30 seconds under 

a 200 rpm agitation to ensure a uniform coating. The coated 

substrates were rinsed in DI water five times and soaked in 
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water for 24 hours to remove the free, non-adherent, selenium 

nanoparticles, and remaining reactants. Then, the selenium 

coated paper towels were left in petri dishes for several days 

to completely dry before being used in any further experi-

ments or tests. The uncoated samples that were used as a 

control group in the following experiments were prepared 

by treating paper towels with the same procedure for sele-

nium coated paper towel samples described above except 

that sodium hydroxide was not added so that the reaction 

did not occur.

Characterization
Scanning electron microscopy (SEM; HITACHI S-4800, 

Hitachi Ltd., Tokyo, Japan) images of the paper towel sur-

faces were taken to determine the size, coverage, and distribu-

tion of selenium nanoparticles. Before scanning the surface 

of a paper towel under SEM, the samples were coated with 

a 5 nm platinum layer using a sputter coater (Cressington 

208 HR, Cressington Scientific Instruments Ltd., Watford, 

Hertfordshire, UK) to make the samples conductive. The 

coverage of selenium nanoparticles on the paper towel sur-

face was analyzed and calculated based on the SEM images 

using ImageJ (National Institutes of Health, Bethesda, MD, 

USA). Atomic absorption spectroscopy, (Furnace, AA600, 

Agilent Technologies, 710 Series, Santa Clara, CA, USA) 

was used to determine the amount of selenium on coated 

and uncoated samples. Measurements were completed in 

triplicate for both blank uncoated and selenium coated paper 

towel samples.

Mechanical tests
An MTESTQuattro materials testing system (ADMET, 

Norwood, MA, USA) was developed according to American 

Society for Testing and Materials (ASTM) and International 

Organization for Standardization (ISO) standards. The sys-

tem was used to measure the mechanical properties of sele-

nium coated and uncoated paper towels. The samples were 

prepared by cutting the paper towels into 18.00×40.00 mm  

rectangle pieces and then coating them with selenium nanopar-

ticles using the procedure described above. Tension tests were 

performed by stretching the paper towel until complete break-

age occurred. The size of tension loaded area was 18.00 mm  

wide by 30.00 mm long (the stretching direction). The ten-

sion tests were performed for both completely dry and wet 

(saturated by DI water) paper towels. Data were recorded 

automatically by the ADMET software. The values of maxi-

mum stress were calculated based on the data and the loaded 

area (18.00×30.00 mm) of the tested samples.

Bacterial inhibitory tests
Four bacterial cell lines were involved in the tests to evaluate 

the growth of various types of bacteria on selenium coated 

and uncoated paper towels. The bacterial cell lines, S. aureus 

(catalog number 25923), Pseudomonas aeruginosa (catalog 

number 27853), E. coli (catalog number 25922), and Staphy-

lococcus epidermidis (catalog number 35984), were obtained 

in freeze-dried form from the American Type Culture 

Collection (Manassas, VA, USA). Each strain of bacteria was 

propagated in 30 mg/mL tryptic soy broth (TSB) for 20 hours. 

A bacteria solution was prepared using 0.3 mg/mL TSB at 

a concentration of 106 bacteria/mL, which was assessed by 

measuring the optical density of the bacterial solution using a 

standard curve correlating optical densities and bacterial con-

centrations. The optical densities were measured at 562 nm  

using a SpectraMax M5 plate reader (Molecular Devices 

LLC, Sunnyvale, CA, USA).

Selenium coated and uncoated paper towel samples 

were rinsed in separate petri dishes with 75% ethanol for 

20 minutes for sterilization purposes and were left in the 

sterile petri dishes for 30 minutes to completely dry. Then, 

the samples were transferred into a 48-well plate and rinsed 

with sterile 0.3 mg/mL TSB twice to remove any possible 

ethanol residue. Each sample was treated separately with  

1 mL of the prepared bacterial solutions (106 bacteria/mL) 

and cultured for either 24, 48, or 72 hours in an incubator 

(37°C, humidified, 5% CO
2
). For those samples that were 

cultured for 48 and 72 hours, the media was changed with 

1 mL of sterile and fresh TSB every 24 hours. After the 

treatment, the samples were rinsed with a phosphate buff-

ered saline (PBS) solution twice and placed into 1.5 mL 

microfuge tubes with 1 mL of PBS. These microfuge tubes 

were shaken at 3,000 rpm for 15 minutes on a vortex mixer 

to completely release the bacteria attached on the surface into 

the solution. Solutions with bacteria from each sample were 

spread on agar plates and bacteria colonies were counted after 

20 hours of incubation. The bacterial inhibitory tests on the 

four types of bacteria strains were conducted individually 

and identically.

Protein adsorption assays
The total protein adsorption on the selenium coated and 

uncoated paper towel samples was measured using a Piece 

BCA Protein Assay Kit (catalog number 23227, Piece Bio-

technology, Thermo Fisher Scientific, Waltham, MA, USA). 

The paper towel samples were rinsed with 75% ethanol for  

20 minutes for sterilization purposes. After being left in 

sterile petri dishes for 30 minutes to completely dry, the 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2888

Wang et al

samples were transferred into a 48-well plate and rinsed 

with sterile PBS twice. Each sample was treated separately 

with 1  mL of sterile TSB and then cultured for 24, 48, 

or 72 hours in an incubator (37°C, humidified, 5% CO
2
). 

For those samples that were cultured for 48 and 72 hours, 

the media was changed with 1 mL of sterile and fresh TSB 

every 24 hours. After the treatment, the samples were trans-

ferred to a new 48-well plate and washed with a cold (~4°C) 

PBS solution twice to remove unadsorbed proteins in the 

media. Then, each sample was treated with 0.5 mL radio-

immunoprecipitation assay (RIPA) buffer (catalog number 

89900, Piece Biotechnology, Thermo Fisher Scientific) for  

10 minutes, swirling the plate occasionally at the same time. 

After the treatment, the solution in each well was transferred 

to a microcentrifuge tube and stored in a -80°C freezer for 

further analysis. The concentration of proteins in solution 

gathered after 24, 48, and 72 hours were measured following 

the manufacturer’s instructions for the Piece BCA Protein 

Assay Kit, in which the sample to work reagent ratio and 

incubation time was modified compared with the standard 

protocol to achieve a lower minimum detection level. The 

bovine serum albumin standards for plotting a standard 

curve were also treated in the same way as the samples. 

The concentration of proteins adsorbed on each sample was 

calculated based on the standard curve.

Release of selenium
The release of selenium from the surface of coated paper 

towels was measured using inductively coupled plasma mass 

spectrometry (ICP-MS, Bruker Aurora M90, Bruker Corpora-

tion, Billerica, MA, USA). To measure the total amount of Se 

on the surface of coated paper towels, 1 mL of 10 M NaOH 

was added to each sample (7 mm in diameter, as described in 

“Materials and Methods”) placed into a 10 mL vial. The vial 

was left standing for 3 days to allow all coated selenium to be 

completely dissolved by NaOH. Then, the solution was diluted 

100 times using DI water before ICP-MS measurements. 

Paper towel samples without Se coatings were also treated 

with the same procedure and the solution was also collected 

for ICP-MS measurements. In order to measure the release 

of the selenium from the paper towel samples, both coated 

and uncoated samples were treated individually with 1 mL of 

sterile TSB in a 37°C incubator for 24, 48, and 72 hours, which 

are the same time scales as the bacterial assays. The media for 

each sample was collected every 24 hours and replaced with 

1 mL of fresh TSB. The collected solutions were diluted ten 

times using DI water before ICP-MS measurements.

Statistics
All bacterial inhibitory tests and protein adsorption assays 

were conducted in triplicate and repeated three times. Data 

were collected and the significant differences were assessed 

with the probability associated with a one-tailed Student’s 

t-test. Statistical analyses were performed using Microsoft 

Excel (Microsoft Corporation, Redmond, WA, USA).

Results and discussion
Synthesis and characterization  
of selenium nanoparticles
After coating with selenium nanoparticles, the color of 

the paper towel surfaces changed from white to light red 

(Figure 1). The red color indicated the formation of selenium 

nanoparticles as one of the selenium allotropes is red.31 The 

coated paper towels can maintain its red appearance for at 

least 12 months at room temperature, although the most stable 

form of selenium is considered to be the gray color crystal 

and this gray selenium can be formed by the mild heating 

of other allotropes. The nanosized red selenium has a high 

biological activity in terms of cell proliferation, enzyme 

induction, and protection of human cells against damage 

from free radicals. It also has a much lower acute toxicity 

compared with sodium selenite.32

The SEM images of the selenium coated paper towels 

(Figure  2A) and uncoated paper towels (Figure 2B) are 

shown in Figure 2. As shown in Figure 2A, the selenium 

nanoparticles were well distributed on the fibrous portions 

of the paper towels and covered almost all parts of the 

surface. Figure  2B shows a paper towel surface without  

Figure 1 Light image of selenium coated and uncoated paper towels. 
Notes: The three pieces on the top are paper towels without selenium coating. 
The three on the bottom are paper towels coated with selenium nanoparticles. The 
diameter of each sample equals to 7 mm.
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a selenium coating, on which no particles were observed. 

From Figure 2C, which is a selenium coated sample observed 

under higher magnification, the diameters of the selenium 

particles were measured and the size distribution was found to 

be between 50 and 100 nm. The surface coverage of selenium 

nanoparticles was 4.36% according to measurements made by 

ImageJ. The concentration of the selenium nanoparticles on 

the coated paper towel surface was about 69.00 g/m2 based on 

our previous study.33 Compared with the flat surfaces of most 

other materials, the surface of paper towels with a fibrous 

structure had a larger surface area, resulting in increased 

deposition and adhesion of selenium nanoparticles. Overall, 

the selenium nanoparticles were successfully synthesized 

and coated on the paper towels using a simple quick reaction 

(within a minute), and the coatings are stable for a long time 

period (over a year) at room temperature.

Mechanical tests
In the mechanical tension tests, the maximum stress of the 

uncoated and selenium coated paper towels were 27.87 kN/m2 

and 27.79 kN/m2 (or 2,046 g and 2,040 g stretching loads), 

respectively, as shown in Figure 3 and Table 1. After the 

samples were saturated with DI water, the maximum stresses 

are 2.969  kN/m2 and 2.901 kN/m2 (or 218 g and 213 g 

loads) for the wet paper towel samples with and without 

selenium coatings, respectively. Therefore, in both dry and 

wet conditions, there was no significant change in terms of 

the mechanical properties for the paper towels after coating 

with selenium nanoparticles.

Bacterial inhibitory tests
Most significantly, the results of the bacteria assays involv-

ing S. aureus, P. aeruginosa, E. coli, and S. epidermidis 

showed a high effectiveness for the selenium coated paper 

towels at inhibiting bacteria growth. The selenium coatings 

showed an 89% inhibition of the growth of S. aureus on the 

paper towel surface after 24 hours, 48 hours, and 72 hours, 

which means that the activity of S. aureus was significantly 

and continuously inhibited on selenium coated paper 

towels.33 A similar inhibitory activity was observed in the 

Figure 2 Scanning electron microscopy images.
Notes: Scanning electron microscopy images of (A) a paper towel with a selenium coating at a 3.5 k magnification, (B) a paper towel without a selenium coating at a 3.5 k 
magnification, and (C) the paper towel in image (A) at a 10.0 k magnification.
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bacterial assays involving another gram-positive bacterium, 

S. epidermidis. As shown in Figure 4, the selenium coated 

paper towels had 90.66%, 92.50%, and 92.16% less bacteria 

attached compared with the uncoated paper towels after 24, 

48, and 72 hours, respectively. From 24 hours to 48 hours, 

there was a large increase in the numbers of bacteria, which 

means the bacteria propagated quickly during this time period 

on paper towels without a selenium coating. However, on 

the surface of selenium coated paper towels, there was not 

an obvious increase in the bacteria numbers from 24 hours 

to 48 hours. In addition, after incubation for 48 hours and 

72 hours, the uncoated paper towel was saturated by bacte-

ria (S. epidermidis), indicating the formation of a matured 

biofilm, while the selenium coated paper towels still had 

a significantly reduced number of bacteria after 72 hours. 

Overall, the numbers of S. epidermidis on the selenium coated 

paper towels remained at a low level not increasing after 24, 

48, or 72 hours, indicating successful inhibition of the growth 

and biofilm formation of S. epidermidis.

Results also showed a significant inhibition of 

P. aeruginosa on selenium coated paper towels. Specifically, 

the results in Figure 5 showed a successful inhibition of 

the growth of P. aeruginosa by 55% and 84% after 48 or 

72 hours, respectively, on the surface of selenium coated 

paper towels. But after 24 hours of incubation, there was 

no significant decrease in bacteria numbers observed on 

selenium coated paper towels compared with uncoated 

paper towels. The reason may be that P. aeruginosa are 

gram-negative bacteria that have an extra bacteria outer 

membrane (made of lipopolysaccharides and proteins) as a 

part of their cell wall. Thus, compared with S. aureus and 

S. epidermidis, which are gram-positive bacteria that only 

have the plasma membrane as their cell wall but do not have 

the bacterial outer membrane, it took longer for selenium to 

penetrate into and interact with P. aeruginosa; thus, it may 

take a longer time for the gram-negative bacteria to be killed. 

Figure 3 Tension tests for paper towels in various conditions.
Notes: Tension tests for paper towels in various conditions (A) dry and uncoated; (B) dry and selenium nanoparticle coated; (C) wet and uncoated; and (D) wet and 
selenium nanoparticle coated.

Table 1 Values of maximum stress (the stress at the moment of 
complete breakage) for each paper towel sample in the tension 
tests 

Maximum stress  
(kN/m2)

Without  
coating

Selenium  
coated

Dry 27.87 27.79
Wet 2.901 2.969
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In addition, the total amount of P. aeruginosa increased from 

24 to 48 to 72 hours on paper towels without selenium coat-

ings, while on the surface of selenium coated paper towels, 

the amount of P. aeruginosa decreased from 24 hours to 

48 hours and further decreased dramatically from 48 hours 

to 72 hours. Therefore, the activity of P. aeruginosa was 

successfully inhibited on selenium coated paper towels and 

this inhibition increased as the time of treatment increased. 

Future studies will also investigate higher concentrations 

of selenium to decrease P. aeruginosa growth over long 

time periods.

The results of the bacterial inhibitory assays with E. coli 

are shown in Figure 6. The selenium coated paper towels 

inhibited the growth of E. coli by about 50%~60% compared 

with the uncoated paper towels after treatment for 24 hours, 

48 hours, and 72 hours. As shown in Figure 3 and Figure 5, 

a saturation of S. epidermidis and P. aeruginosa on the 

uncoated paper towel surfaces was observed after incubation 

for 48 hours. But for E. coli, after 24 hours of incubation, the 

bacteria saturated the surface of the paper towels not coated 

with selenium and formed a mature biofilm. The reason for 

this could be that E. coli propagates much faster than the 

other two bacteria as the regeneration time of E. coli is only 

15~20 minutes under optimal conditions in the laboratory. 

Moreover, although the growth of E. coli was significantly 

inhibited, the percentage of bacteria population reduction was 

not as much as the reduction for S. aureus and S. epidermidis. 

Because E.coli is also a gram-negative bacterium, its outer 

membrane can prevent the interaction between the selenium 

nanoparticles or the selenium element and the bacteria cells. 

Overall, compared with the uncoated paper towels, the sele-

nium coated paper towels showed a significant inhibition to 

the growth of E. coli continuously from 24 to 72 hours.

In conclusion, the growth of S. aureus, S. epidermidis, 

P. aeruginosa, and E. coli on paper towels was success-

fully inhibited after coating with selenium nanoparticles. 

The selenium particles when coated on paper towels were 

extremely effective and continuously inhibited (about a 90% 

reduction) the growth of gram-positive bacteria including S. 

aureus and S. epidermidis after 24, 48, or 72 hours. From 

gram-negative bacteria like P. aeruginosa and E. coli, the 

selenium coated paper towels also significantly inhibited 

bacterial growth after either 48 or 72 hours of incubation. 

However, it took a longer time for P. aeruginosa and E. coli 

to be influenced by selenium nanoparticles and the overall 

reduction of the bacteria population was less than that 

observed for the gram-positive bacteria, which means that 

the activities of gram-negative bacteria were more difficult 

to slow by selenium nanoparticle coatings on the surface of 

paper towels. However, future studies will investigate higher 

Figure 4 The growth of Staphylococcus epidermidis on the surface of paper towels. 
Notes: There was more than a 90% inhibition of bacteria growth compared with control groups. Data are mean ± standard deviation, n=3; *, **, ***P0.05 compared with 
the control group (uncoated paper) after either 24, 48, or 72 hours. 
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Figure 5 The growth of Pseudomonas aeruginosa on the surface of paper towels.
Notes: Data are mean ± standard deviation, n=3; *, **P0.05 compared with the control group (uncoated paper) after either 48 or 72 hours.
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Figure 6 The growth of Escherichia coli on the surface of paper towels. 
Notes: Data are mean ± standard deviation, n=3; *, **, ***P0.05 compared with the control group (uncoated paper) after either 24, 48, or 72 hours. 

Figure 7 The amount of adsorbed total proteins on selenium coated and uncoated paper towels. 
Notes: Data are mean ± standard deviation, n=3; *, **, ***P0.05 compared with the paper towels without (w/o) coating for a treatment after either 24, 48, or 72 hours (hrs). 

concentrations or altered selenium nanoparticle sizes to 

maximally decrease gram-negative bacteria growth.

Protein adsorption assays
Based on the results from protein adsorption assays as shown 

in Figure 7, the selenium nanoparticle coated paper towels 

significantly increased protein adsorption over uncoated 

paper towels after TSB treatment for either 24, 48, or 

72 hours. After coating the paper towels with selenium nano-

particles, there was an increase in the surface area and nano-

scale roughness, which allowed more proteins in the media 

to adsorb to the surface of the paper towels. The increased 

protein adsorption might play an important role in inhibiting 

bacteria growth on the selenium coated paper towels, because 

those proteins could interact with bacteria cell membranes 

and prevent bacteria cells from attaching to the surface. This 

could eventually prevent bacteria from forming biofilms, 

thus, inhibiting bacteria growth on the surface.

Release of selenium
Table 2 shows the release of selenium from the selenium 

nanoparticle coated paper towels, which was measured by 

ICP-MS. About 0.94% of coated selenium was dissolved 

into media after the first 24 hours. Another 0.51% was 

dissolved in the following 24 hours and an even lower 

amount (0.45%) was released into the solution during the 

3rd day of treatment. As observed from the antibacterial  

tests, the paper towels coated with selenium nanoparticles 

significantly inhibited bacteria growth from 24 to 72 hours 

(except the test with E. coli for 24 hours in which no sig-

nificant difference of bacteria numbers was observed on 

selenium coated and uncoated paper towels). During this 

3-day period, there was only 2% of selenium released from 

the surface, which means that low selenium concentrations 

between 15 ppb and 35 ppb were effective enough to inhibit 

bacterial growth. As less than 1% of selenium was released 

every 24 hours, potentially the selenium coatings could 
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Table 2 The release of selenium from the coated paper towels

Release of Se Total 1st day 2nd day 3rd day 

Se concentration 
(ppb) 

3,663.8±151.8 34.47±3.45 18.68±1.93 16.31±1.52 

Percentage 0.94% 0.51% 0.45%

Note: Results are the average of three samples.

remain in an aqueous environment for more than 100 days. 

Thus, the selenium nanoparticle coatings on the paper towel 

surface could retain its potential antibacterial properties for 

several months and possibly even longer if coating condi-

tions are optimized.

Conclusion
Selenium nanoparticles were synthesized and coated on 

the surface of paper towels through a simple precipitation 

process which happened within 1 minute. Impressively, 

compared with the paper towels without selenium coatings, 

the selenium coated paper towels significantly inhibited the 

growth of S. aureus, S. epidermidis, P. aeruginosa, and 

E. coli after 24, 48, or 72 hours. There was significant and 

continuous bacteria inhibition with about a 90% reduction 

from 24 to 72 hours in the growth of gram-positive bacteria 

including S. aureus and S. epidermidis. The selenium coated 

paper towels showed a relatively lower effectiveness at 

inhibiting gram-negative bacteria like P. aeruginosa and 

E. coli with about a 57% and 84% reduction, respectively, 

after 72 hours of treatment. In addition, there were larger 

amounts of proteins adsorbed on the surface of selenium 

coated paper towels compared with uncoated paper towels, 

which might be an important reason why selenium nano-

particle coatings can inhibit diverse bacterial growth on the 

surface of paper towels. Therefore, this study suggested that 

coating paper products with selenium nanoparticles may 

be an effective way to decrease various gram-positive and 

gram-negative bacteria growth on paper products, which 

might be used for potentially important applications for 

antimicrobial purposes in the food packaging industry and 

in clinical environments.
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