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Abstract: Selenium is an essential micronutrient for all mammals and plays an important role in
maintaining human physiological functions. Selenium nanoparticles (SeNPs) have been shown to
demonstrate antioxidant and antimicrobial activity. The objective of this study was to explore whether
SeNPs have the potential to be used as food preservatives with which to reduce food spoilage. SeNPs
were synthesized through ascorbic acid reduction of sodium selenite (Na;SeO3) in the presence of
bovine serum albumin (BSA) as a capping and stabilizing agent. The chemically synthesized SeNPs
had a spherical conformation with an average diameter of 22.8 + 4.7 nm. FTIR analysis confirmed
that the nanoparticles were covered with BSA. We further tested the antibacterial activity of these
SeNPs against ten common food-borne bacteria. A colony-forming unit assay showed that SeNPs
exhibited inhibition on the growth of Listeria Monocytogens (ATCC15313) and Staphylococcus epidermidis
(ATCC 700583) starting at 0.5 pg/mlL, but higher concentrations were required to slow down the
growth of Staphylococcus aureus (ATCC12600), Vibrio alginolyticus (ATCC 33787), and Salmonella enterica
(ATCC19585). No inhibition was observed on the growth of the other five test bacteria in our study.
Our data suggested that the chemically synthesized SeNPs were able to inhibit the growth of some
food-borne bacteria. The size and shape of SeNPs, method of synthesis, and combination of SeNPs
with other food preservatives should be considered when SeNPs are to be used for the prevention of
bacteria-mediated food spoilage.

Keywords: selenium; nanoparticles; antibacterial; food-borne pathogen

1. Introduction

Microorganism-mediated food spoilage not only results in food waste, but also causes
food-borne diseases. The application of food preservatives, along with strict preservation
processes, is a common practice for suppressing the growth of microorganisms in order
to increase food safety and reduce food waste. In recent years, SeNPs, which have shown
both antioxidant and antimicrobial activities [1-7], gained attention for their potential
applications toward protecting food quality and reducing food spoilage [8-10].

Selenium, an essential micronutrient for all mammals, is required for maintaining
good human health due to its antioxidant activities. Selenium fulfills its physiological
functions through its incorporation into selenoproteins [11-13]. The most characterized
selenoproteins are glutathione peroxidases, selenoprotein P, thioredoxin reductase, and
thyroxine 5-deiodinase [7,11-13]. Glutathione peroxidases, along with other enzymes such
as catalase and superoxide dismutase, prevent oxidative damage to cells by eliminating
reactive oxygen species; meanwhile, selenoprotein P is involved in the detoxification
of heavy metals and free radicals, and is responsible for redistributing selenium in the
brain [14,15]. Thioredoxin reductases regulate redox reactions by providing selenide for the
synthesis of selenoproteins [7,16]. These enzymes are intracellular antioxidant molecules
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important in preventing cancer, but which are also involved in tumor development [17].
Thyroxine 5-deiodinase carries out the production of active thyroid hormone. A deficiency
of selenium has been associated with increases in viral infection, cardiovascular disease,
infertility, myodegenerative diseases, and cognitive decline [11,17,18], as well as thyroid
autoimmune diseases [19]. Due to the important roles of selenium in human physiological
functions, the potential applications of selenium in food supplements, cancer-preventatives,
and drug delivery systems, as well as antimicrobial and anti-inflammatory agents, are being
actively investigated in biomedicine and food sciences [2,3,5,7,9,10,17,20,21]. Nanosized
selenium is of particular interest due to its better biocompatibility, higher bioavailability,
lower toxicity, and other advantages [22-25]. SeNPs displayed antioxidant activity in
various studies and have been tested for their utilization in the treatment of cancer and
other diseases [2,3,20,26]. In addition, it has been reported that SeNPs were able to inhibit
human pathogenic bacteria, including B. cereus, MRSA, S. aureus, S. agalactaie, E. coli,
E. faecalis, and L. monocytogenes [4,8,10,27-29]. It is noteworthy that some of them, such as
E. coli and L. monocytogenes, are common food-borne bacteria. If SeNPs are able to serve as
food additives, they would not only reduce food deterioration by both hindering microbial
growth and preventing food oxidation, but also benefit consumers with selenium deficiency.
Thus, it is important to test whether SeNPs are able to inhibit the growth of a wider range
of food-borne bacteria. This study aimed to examine whether SeNPs can inhibit the growth
of some common food-borne bacteria and explore their potential in food preservation.

In this study, we synthesized SeNPs using vitamin C to reduce SeO;32*, with BSA as
stabilizing agent, and further tested the antibacterial effect of these SeNPs against a total
of 10 types of bacteria: Salmonella enterica (ATCC19585), Salmonella enterica (ATCC49284),
Listeria Monocytogens (ATCC15313), Staphylococcus epidermidis (ATCC 700583),
Staphylococcus aureus (ATCC12600), Vibrio alginolyticus (ATCC 33787), Enterococcus faecalis
(ATCC 19433), Enterobacter cloacae (ATCC3044), Vibrio parahaemolyticus (ATCC49529), and
Escherichia coli (ATCC2326). Our results suggested that SeNPs inhibited the growth of
Listeria Monocytogens (ATCC15313), Staphylococcus epidermidis (ATCC 700583),
Staphylococcus aureus (ATCC12600), Vibrio alginolyticus (ATCC 33787), and Salmonella enterica
(ATCC19585). This is the first study that tested the antibacterial effects of chemically syn-
thesized SeNPs against such a wide range of food-borne bacteria. Our results suggested
that the criteria for selecting SeNPs suitable for the development of food preservatives
should include the size, morphology, method of synthesis, and surface chemical properties
of SeNPs. Combining SeNPs with other food preservatives may be needed to prevent
food spoilage.

2. Materials and Methods
2.1. Synthesis of SeNPs

SeNPs were synthesized following the procedure described by Chung [30], with
modifications. Vitamin C was used to reduce NaySeO3, and BSA was used to cap and
stabilize the nanoparticles. Briefly, 18 mL of 50 mM of vitamin C was added dropwise to
2 mL of 100 mM NaySeOs containing 10 mg/mL BSA, with continuous shaking at 100 rpm
for 30 min at room temperature. Subsequently, SeNPs were collected by centrifugation
at 17,000x g for 1 h and further washed three times with pure water. The SeNPs were
freeze-dried and stored at 4 °C for future use. In order to make the desired concentration of
SeNPs, the dried nanoparticles were weighed and resuspended in an appropriate volume
of pure water by sonication on ice. The resuspended SeNPs were stored at 4 °C and used
within a month.

2.2. UV-Vis Spectroscopy

UV-Vis spectroscopy can be used to characterize the optical property of materials [31].
To help characterize the constitutes of the SeNPs using UV-Vis, SeNPs were washed and
diluted with pure water. Thereafter, 2mL aliquot of SeNPs was added in a 1cm path
length quartz cuvette and scanned using UV-Vis spectroscopy (Genesys 10 S UV-Vis



Microorganisms 2023, 11, 1519

30f15

spectrophotometer; Fisher Scientific, Pittsburgh, PA, USA) operated at a resolution of 1 nm
in the range of 200-800 nm.

2.3. Fourier Transform Infrared (FTIR) Spectrometer Analysis of SeNPs

FTIR is a common method with which to characterize the surface chemical properties
of nanoparticles [31]. FTIR was used to identify the possible chemical groups that cover
the nanoparticles. A droplet of the concentrated SeNP solution in pure water was placed
onto an infrared transmitting substrate and air dried to evaporate the solvent. The dried
droplet was directly analyzed on a Thermo-Nicolet iS50 FTIR spectrometer equipped with a
Continuum microscope in transmission mode. The analytical spot size was approximately
100 microns x 100 microns. OMNIC 7.1 software was used to perform data analysis. The
FTIR spectrometer analysis of SeNPs was carried out by Eurofins EAG Materials Science,
Sunnyvale, CA, USA.

2.4. Zeta Potential Measurements of SeNPs

Zeta potential measures the electrical potential at the solid-liquid interface [32], and it
is often used to evaluate the stability of nanoparticles [2,4,6,10]. In this study, we measured
zeta potential in order to estimate the stability and possible charges on the surfaces of the
nanoparticles. The nanoparticles were washed with pure water and further dispersed in pure
water for zeta potential analysis. Zeta potential was recorded using Malvern Zetasizer Nano ZS
system at temperature of 25 °C (Particle Technology Labs, Downers Grove, IL, USA).

2.5. Scanning Transmission Electron Microscopic Characterization

STEM has great capabilities for the study of the size, morphology, and chemical
composition of nanomaterials [31,33]. We used STEM to determine the morphological
properties of the SeNPs. The samples for STEM analysis were resuspended in pure water.
An FEI Tecnai F30 super-twin field-emission-gun transmission electron microscope (TEM)
operating at 300 kV was used to obtain the TEM images, electron diffraction patterns,
and annular dark-field (ADF) STEM images. Chemical composition was analyzed using
an X-ray energy-dispersive spectrometer (EDS) attached to the TEM. A dual-beam FIB
(FEI Helios 600 dual beam FIB) was used to obtain the SEM images of the SeNPs.

2.6. Antibacterial Activity of SeNPs

A colony-forming unit assay, with slight modifications, was employed to test the
antibacterial activity of SeNPs. A single colony of bacteria was inoculated in 10 mL LB and
cultivated at 37 °C with continuous shaking at 250 rpm for 18-20 h. Thereafter, 0.5 mL of
the overnight culture was centrifuged and resuspended in 20 mL of fresh LB. Cells were
grown at the same conditions until ODgygnm reached between 0.6 and 0.62. The bacterial
cells were subsequently inoculated in fresh LB at a ratio of 1:20 in the presence of SeNPs
at concentrations of 0, 0.5, 1, 2.5, 5, 10, 15 and 30 pg/mL, and further grown for 24 h,
as described below. In general, the procedures were similar for each test bacterium, but
conditions, such as growth temperature and serial dilution, were adjusted slightly for
different bacteria so that the number of single colonies on each agar plate fell between
10 and 100. Bacteria were cultured for 24 h with continuous shake 250 rpm, at a temperature
of 30 °C or 37 °C dependent on their growth rate. However, the conditions for growing
the same bacterium were maintained the same throughout the study. Subsequently, serial
10x dilutions were made from the overnight bacterial culture: 100 uL of 1:1,000,000 or
1:10,000,000 dilution was plated on agar plates without antibiotics or SeNPs. Cells were
grown at 37 °C for at least 16 h to obtain visible colonies. The plates containing colonies
of between 10 and 100 bacteria were used to evaluate the antibacterial activity of SeNPs.
Additionally, 100 pg/mL of kanamycin was generally used as a positive control, while
100 pg/mL of each carbenicillin and kanamycin were combined and used as a positive
control for Enterobacter cloacae (ATCC3044).
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2.7. Preparation of Bacteria for SEM Analysis

The initial preparation of bacteria was similar to that for the analysis of the antibacterial
activity of SeNPs. The overnight bacterial culture was resuspended in fresh LB medium
and grown to reach an ODgyonm around 0.6 for the subsequent cell preparation for SEM
analysis. In the next step, 24-well plates were used for bacteria cultivation. A sterile 0.2 pm
black polycarbonate membrane filter was placed at the bottom of a well, and an appropriate
volume of fresh medium and SeNPs were added to the well to obtain a total volume of
950 uL and final concentrations of SeNPs at 5, 10, and 30 pg/mL, followed by the addition
of 50 uL of bacteria. After incubation with SeNPs at 37 °C for 18-20 h with shaking at
250 rpm, the plates were allowed to sit at room temperature for 30 min. Thereafter, the
membrane filters were removed and transferred to the wells of a new plate. The cells were
processed for SEM analysis, following procedures with slight modifications [34]. Cells were
fixed in 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 10 min. The cells were
washed three times in 0.1 M phosphate buffer (pH 7.2), further postfixed in 1% osmium
tetroxide (in H,O) for 1 h, and dehydrated once in 30%, 50%, 75%, and 90%, and twice in
100% ethanol, for 5 min each. The solution was removed using a multi-channel pipette
after each step. The filters were mounted onto SEM stubs and sputter-coated with 10 nm
gold for SEM examination.

A dual-beam FIB (FEI Helios 600 dual beam FIB) was used to obtain the SEM images
of the bacterial cells, and cell size was analyzed using Image]J 1.53a Software.

2.8. Statistical Methods

All data were expressed as mean + SD. Comparison between groups was evaluated
with Student’s f test. Probability values of <0.05 were considered significant.

3. Results
3.1. UV-Vis Spectrum of SeNPs

An absorption peak was observed around 320 nm when SeNPs were scanned between
200 and 800 nm (Figure 1), which is consistent with the observed peak absorption of SeNPs
synthesized using a green method [35]. It was also reported that the surface plasmon
resonance (SPR) of SeNPs causes a maximum absorption between 200 nm and 400 nm in
the optical absorption spectrum [36]; thus, the peak at 320 nm likely resulted from the SPR

of SeNPs.
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Figure 1. UV-Vis Spectrum of SeNPs. A typical spectrum of SeNPs that were washed with pure
water and resuspended in pure water for UV-vis scans from 200 to 800 nm. Experiments were

repeated three times.

3.2. TEM and EDS Examination of SeNPs

TEM analysis revealed that the conformation and dimension of the SeNPs were
uniform, with a spherical shape and a diameter of 22.8 4+ 4.7 nm (Figure 2A, n = 207
nanoparticles). Further EDS analysis identified that the nanoparticles were composed of
selenium (Figure 2B). The spectrum also indicated that the sample may contain copper,
which could be the background or contaminants from the support waffle.
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Figure 2. TEM and EDS Characterization of SeNPs. (A) TEM examination of SeNPs. SeNPs have a
spherical shape and a diameter of 22.8 = 4.7 nm. n = 207. (B) EDS analysis of SeNPs.

3.3. FTIR of SeNPs

The dried SeNPs were analyzed by FTIR, and the spectra obtained from two different
portions of the sample were provided in a spectrum overlay format in Figure 3A,B. The
overlap between the spectra confirms the homogeneity of the sample (Figure 3A).

Number of sample scans: 500 Mirrorvelocity: 1.8983
1
Detector: MCT/A DW3X #3053:BSA T
Beamsplitter: Kbr Nanoparticles in solution — - o
Source: IR g 75 Measurement 1 E
=

3500 3000 2500 2000 1500 1000

3500 3000 2500 2000 1500 1000
‘Wavenumbers (cm?) Wavenumbers (cm)

Figure 3. FTIR Analysis of SeNPs. (A) SeNPs resuspended in water were analyzed on a Thermo-
Nicolet iS50 FTIR spectrometer equipped with a Continuum microscope in transmission mode.
(B) The alignment of FTIR spectra between SeNPs and BSA, which was analyzed using the same system.

The sample was characterized as a biological polyamide, similar to bovine albu-
min, by comparison with references from the library of Eurofins EAG Materials Science
(Sunnyvale, CA, USA). The recordings were also similar to what has been reported [37].
Specifically, the prominent peaks at ~3286, 2960, 1646, 1534, 1451, 1391, 1424, 1171, and
1105 cm~! overlap with those of the bovine albumin reference (Spectrum in Figure 2B), sup-
porting that they most likely have identical chemical properties. The identity of each peak
is proposed as below and consistent with functional groups from proteins [37]. The peak at
3297 cm~! was assigned to O-H or N-H stretch. The peak at 3058 cm ! likely resulted from
N-H stretching vibrations of amide A. Peaks at 2956 cm ! and 2869 cm~! were assigned to
-CH;- symmetrical vibrations and -CHy- asymmetric vibrations, respectively. The peak at
1657 cm~! was due to amide I, mainly its C=0 stretching vibrations. The peak at 1541 cm ™!
was from amide II, and its coupling of bending vibrations of N-H and stretching vibrations
of C-N. The vibrational mode of N-H generated a peak at 1452 cm~!. Side chain COO~
could have a peak at 1392 cm ™. The peak at 1305 cm ™! resulted from the vibrational mode
of C-N. C-N stretching/N-H bending vibrations resulted in a peak at 1241 cm~!. The peak
at 1105 cm~! was due to the vibration mode of C-O. The absorption bands observed in the
region of 1000-800 cm ! probably resulted from the C-H out-of-plane bending or wagging
vibrations of hydrogen atoms attached to unsaturated carbons.
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Total counts

Zeta potential (mV)

27000

There were some shifts from the BSA’s typical absorption bands. The shifts were
probably due to the conformation change in BSA caused by the interaction between BSA
and SeNPs.

3.4. Zeta Potential Analysis

Zeta potential measurement can assess the surface charges of nanoparticles and estimate
the degree of repulsion between the charged particles in colloid status. A zeta potential lower
than —30 mV or higher than +30 mV usually suggests good colloid stability of nanoparticles
due to the electrostatic repulsion between individual particles [38]. In addition, the charge
status also has a significant impact on the affinity of SeNPs to bacterial cell membranes,
and their subsequent entry into the bacteria. Zeta potential was determined using Malvern
Zetasizer Nano ZS system (Particle Technology Labs, Downers Grove, IL, USA).

When the nanoparticles were dispersed in pure water at 25 °C, no main peaks were
recorded (Figure 4). It appeared that there were three peaks at 140 mV, 122 mV, and 105 mV;
however, the variance was quite large, and the count rate was low for each peak (Figure 4).
The overall zeta potential of the SeNPs was —0.154 mV (Figure 4). Based on the high
potential of selenium and BSA to dissolve in water, the low signals and near-zero zeta
potential observed in this study indicated that the recordings were likely related to the
carrier, water. The results can be extrapolated as indicating that SeNPs may be so soluble
in water that the Zetasizer Nano ZS system cannot observe particles freely moving in
Brownian motion, and, thus, cannot measure the zeta potential of SeNPs. On the other
hand, the Zeta potential analysis may suggest that SeNPs might be quite stable due to their
high solubility in water. It is interesting that the zeta potential result was different from
the reported positive or negative potential of BSA-covered SeNPs [4,39] synthesized by
the same method, which was measured when SeNPs were suspended in reaction buffer
instead of water.

Analysis Temperature (°C) Conductivity

0.750
\ N . N A 5 Mean (mV) Area (%)  Standard deviation
T : burveresssissnnise :
........... /\. Peakl ']40 269 464
A p} ''''' / A Peak 2 122 23 3.65
W\' © Peak 3 -105 224 3.67

-100 0 ' 100

Apparent zeta potential (mV)

Figure 4. Zeta Potential Measurement of SeNPs. SeNPs were resuspended in pure water, and zeta
potential was recorded using a Malvern Zetasizer Nano ZS system at a temperature of 25 °C. Results
were summarized in the insets.

3.5. Antibacterial Activity of SeNPs

We tested the antibacterial activity of SeNPs against a variety of food-borne pathogens,
including Listeria moncytogens (ATCC15313), Staphylococus Aureus (ATCC12600),
Staphylococus epidermidis (ATCC 700583), Enterococcus faecalis (ATCC 19433), Vibrio alginolyticus
(ATCC 33787), Salmonella enterica (ATCC19585), Vibrio parahaemolyticus (ATCC43996),
Salmonella enterica (ATCC 49284), Enterobacter cloacae (ATCC BAA3044), and Escherichia coli
(ATCC BAA2326). Our results are summarized in Table 1, as well as in Figures S1 and S2.
Kanamycin was used as a positive control. Nine of the ten test bacteria were killed by
kanamycin at 100 pg/mL, with the exception that Enterobacter cloacae (ATCC3044) survived
both kanamycin and carbenicillin at a concentration of 100 ug/mL, suggesting that this
strain developed multi-drug resistance.
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Table 1. Antibacterial Activity of SeNPs against Bacteria.

Kanamycin (ug/mL) 100 0 0 0 0 0 0 0 0
Treatment

SeNPs (uug/mL) 0 0 0.5 1 2.5 5 10 15 30

L. Monocytogens - - —_— - - - -

(ATCC1581) 0 65.0 + 13.1 545 + 6.3 325+ 8 142+ 47 17.8 + 16.6 12.0 + 8.0 10.0 + 3.6 10.8 + 6.0

S. aureus 0 68.0 + 11.5 57.8 + 134 744 +98 51.8 +11.3 63.0 +17.3 392 +57*% 332+ 10.1*% 27.6 + 167 ***

(ATCC12600) ! i i . 4+09. ) . : : 2 +5. : ) : .

S. E]ﬂidemlidis *% ek ekt ok ek ok

(ATCC 700583) 0 57.7 £9.3 419 + 13.0 36.1+77 269 +7.9 241 +62 26.6 +9.3 318 +9.2 311+ 84

E. faccalis 0 451 + 104 5154 19.9 50.9 + 20.6 431+ 16.6 38.0 + 19.7 41.7 + 106 415+ 108 45+128

(ATCC 10433) ) ) ) : ) ) ) . ) . . ) ) ) . .

V. alginolyticus % ok - 4 ot
CFU (x107) (ATCC 33787) 0 65.0 + 13.9 57.5 + 10.9 47.0 £ 119 36.5 + 15.2 38.9 +10.7 338 £ 11.8 31.9 4+ 13.2 31.2 +13.3
after treatment S. enterica

(ATCC19585) 0 56.3 £ 8.8 572459 64.0 £ 13.5 50.8 £ 11.1 523 +6.7 48,5 + 104 39.0 + 13.1 39.6 + 8.1

V. Parahaemolyticus

(ATCC1399%) 0 185+ 7.5 212487 244 +138 17.7 4+ 6.8 189 + 6.6 16.1+ 5.8 184455 245+ 6.8

S. enterica 0 33.1+ 105 462 +7.0 392 +11.7 35.6 + 18.7 35.6 + 11.7 329444 281 +9.1 347 +12.5

(ATCC49284) . . 247 . : ) . . : 9+4. 1409 . )

E. cloacae #

(ATCC BAA3044) 126.0 + 21.2 186.8 + 50.8 1421 4 25.1 1823 +19.1 1752 4+ 58.7 182.1 + 55.0 181.9 + 50.7 188.9 4+ 29.7 202.6 + 62.8

E. coli

(ATCC BAAZ326) 0 196.1 + 37.2 191.6 + 59.6 218.9 +9.31 201.1 +39.7 1735 + 6.30 172.9 + 54.3 210.9 + 9.63 240.6 +92.2

#: Carbenicillin (100 ug/mL) and Kanamycin (100 ug/mL). CFU: colony-forming unit. *: p < 0.05, **: p < 0.01, ***: p < 0.001. The results were obtained from five different assays.
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SeNPs displayed a negative effect on the growth of three of the four Gram-positive
test bacteria in our study (Table 1). SeNPs showed a 16% inhibition at 0.5 ug/mL against
Listeria moncytogens (ATCC15313) (Table 1 and Figure S1). When the concentration reached to
1 pg/mL and above, there was a significant reduction in the number of Listeria moncytogens
(ATCC15313) colonies (p < 0.0001 for all the remaining SeNP concentrations). SeNPs at
1 and 2.5 pg/mL reduced Listeria moncytogens (ATCC15313) colonies by 50% and 78%, respec-
tively. The inhibitory effect maintained between 81 and 87% at concentrations from 10 to
30 pg/mL. SeNPs did not exhibit significant inhibition on the growth of Staphylococus aureus
(ATCC12600) until its concentration reached 10 pg/mL. The colony-forming unit was reduced
by 42.0% at 10 ug/mL (p < 0.05), 51.1% at 15 ug/mL (p < 0.01), and 59.4% at 30 ug/mL
(p < 0.001) (Table 1 and Figure S2). SeNPs also displayed an adverse effect on the growth of
Staphylococus epidermidis (ATCC 700583), with a 27.5% reduction at 0.5 pg/mL (p = 0.058) and
a 37.5% reduction at 1 pg/mL (Table 1).

The inhibition on Staphylococus epidermidis (ATCC 700583) reached 58.1% at 5 ug/mL
of SeNPs (p < 0.01 at all concentrations > 1 ug/mL) (Table 1). However, the effect of
SeNPs maintained at a similar level at concentrations from 10 to 30 ug/mL. It is surprising
that SeNPs failed to hinder the growth of a Gram-positive bacterium, Enterococcus faecalis
(ATCC 19433). SeNPs also exhibited some inhibitory effect against two Gram-negative
bacteria, Vibrio alginolyticus (ATCC 33787) and Salmonella enterica (ATCC19585). For
Vibrio alginolyticus (ATCC 33787), there was an 11% reduction in colony-forming units
at 0.5 ng/mL, but a 43.8% decrease at 2.5 pg/mL was observed (p < 0.05). The inhibition
on the growth of Vibrio alginolyticus (ATCC 33787) was maintained around 50% at all
higher concentrations from 10 to 30 ng/mL (p < 0.01). The effect against Salmonella enterica
(ATCC19585) was even milder. The SeNPs only diminished the number of colonies of
Salmonella enterica (ATCC19585) by about 30% at 15-30 ug/mL (p < 0.05). On the other
hand, the SeNPs demonstrated no effects against other Gram-negative bacteria, including
Salmonella enterica (ATCC49284), Vibrio parahaemolyticus (ATCC43996), Enterobacter cloacae
(ATCC BAA3044), and Escherica coli (ATCC BAA2326) at any tested concentrations.

3.6. SEM Analysis of Bacteria Treated with SeNPs

SEM was used to examine the bacterial morphological structures after SeNP treat-
ment to reveal the possible damages caused by SeNPs. We selected Listeria monocytogens
(ATCC15313) to represent the Gram-positive bacteria, based on our observation that SeNPs
showed greater inhibition in the growth of Listeria monocytogens (ATCC15313) than that of
others, while we chose Enterobacter cloacea (ATCC BAA3044) as a representative of Gram-
negative bacteria, since SeNPs did not exhibit a good antibacterial effect on this bacterium,
and it also showed resistance to both kanamycin and carbenicillin in our experiments.

We observed morphological changes in both bacteria after SeNP treatment. Never-
theless, it appeared that a higher concentration of SeNPs was required in order to deploy
similar damage to Enterobacter cloacae (ATCC BAA3044). As presented in Figure 5, cells
of both Listeria monocytogens (ATCC15313) and Enterobacter cloacae (ATCC BAA3044), in
the absence of SeNPs, showed normal rod-like shapes, smooth surfaces, and even filamen-
tary structures around cells. However, SEM analysis detected more severe cell damage
in Listeria monocytogens (ATCC15313) at each of the subsequently higher test concentra-
tions (5, 10, and 30 ug/mL) (Figure 5). Many cells were dented, shrunken, and even
disrupted (Figure 5B-D,G,H). Cell debris formed clumps to which SeNPs were attached
(Figure 5D,E,H-]). Listeria moncytogens (ATCC15313) cell width, analyzed by Image], did
not show a significant change (Table 2). However, 30 ng/mL SeNP treatment appeared to
significantly reduce the cell width of Enterobacter cloacea (ATCC BAA3044), compared to
the untreated control (Table 2: SeNPs at 0 pug/mL: 640.8 4 47.6 nm; SeNPs at 30 ug/mL:
594.9 £ 73.3 nm, p < 0.001). Moreover, EDS analysis detected high selenium content in the
clumps of cell debris (Figure 5L]).
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Figure 5. SEM and EDS Characterization of Bacteria Treated with SeNPs (A-D). Representative
images of Listeria moncytogens treated with different doses of SeNPs. (E-H). Representative images
of Enterobacter cloacae treated with different doses of SeNPs. (I) A typical clump observed under
SEM was further analyzed by EDS. (J) EDS spectrum of the clump in (I). Experiments and SEM
examination were repeated three times.

Table 2. Bacterial width after Treatment of SeNPs.

Bacterium L. Monocytogens (ATCC15313) Enterobacter cloacae (ATCC BAA3044)

SeNP Concentration (pg/mL) 0 5 10 30 0 5 10 30

Width of bacteria (nm) 384.4 +45.0 391.0 £ 37.7 395.9 & 46.1 378.8 & 42.6 640.8 = 47.6 661.8 & 205.6 638.6 - 74.2 5949 +73.3*
Number of bacteria (n) 64 66 66 43 54 45 44 65

*: p <0.001, compared to width of bacteria without SeNP treatment.

4. Discussion

The applications of SeNPs as therapeutic agents in biomedicine have gained increasing
interest. SeNPs displayed antioxidant, anticancer, antidiabetic, and antimicrobial activ-
ities in various studies [2—4,6,8,10,20,22,24-26,35,36]. The biofunctionality of SeNPs is
determined by their morphology, size, surface chemical composition, and charges [4,6,40].
Therefore, the methods of SeNP synthesis, which control the physical and chemical proper-
ties of the SeNPs, are critical for the functionalization of SeNPs. SeNPs can be synthesized
using physical, chemical, and biogenic methods [4,9,21,40]. Physical methods involve
using laser radiation or ultrasound, which require specific equipment [21,40]. Biogenic
methods take advantage of the reduction of organic molecules in extracts from plants or
microorganisms to reduce selenium compounds in order to form SeNPs [2,9,10,21,26-28,41].
However, the extraction of plant chemical ingredients adds an extra step to the procedure,
and a large reaction volume is usually needed when plant extracts are used [2,28,42]. While
microorganism-mediated SeNP synthesis provides good yield, the separation of SeNPs
from cellular debris is almost impossible, which will interfere with the end applications of
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SeNPs [41]. In this study, we chose to use vitamin C to reduce Na;SeO3, and BSA as a cap-
ping and stabilizing agent, to produce SeNPs for three main reasons. Firstly, it is a simple,
fast, and productive method without the need for specific equipment [4,6,30,43]. Secondly,
the size of the SeNPs can be controlled by adjusting the molar ratio of the two reactants,
vitamin C and Na,SeOs, and the speed at which the reaction is stirred [30]. Lastly, the
SeNPs are coated with a soluble biological molecule, BSA, which increases their solubility,
stability, activity, and biocompatibility [4,6,30]. UV-vis spectroscopy (Figure 1) and STEM
(Figure 2A,B) verified that we successfully produced SeNPs using this method. The result-
ing spherical SeNPs had an average diameter of 22.8 4+ 4.7 nm (Figure 2), which should
allow them to interact with bacterial surfaces and penetrate cell membranes [40,44,45].
In addition, the results of FTIR supported that the SeNP surfaces were covered by BSA
(Figure 3).

SeNPs have been shown to exhibit antibacterial activity against a wide range of
microorganisms, including bacteria, viruses, and fungi [2,4,8,10,27,28,43,46]; however,
our study is the first one that examined the antibacterial effect of SeNPs synthesized by
vitamin C reduction of NaySeOs3 against as many as 10 common food-borne bacteria, and
also utilized SEM to help elucidate the possible mechanisms of the antibacterial action
of SeNPs. Among the 10 test bacteria selected for the present study, the SeNPs showed
the strongest effect against Listeria monocytogens (ATCC15313), with a 50% inhibition at
1 pg /mL, which reached ~80% inhibition at 10 pg/mL. SeNPs even inhibited the growth
of Staphylococcus aureus (ATCC12600) and Staphylococcus epidermidis (ATCC 700583) by 50%,
albeit at a higher concentration. Unfortunately, they did not display notable effects against
the Gram-negative bacteria, with the exception of mild inhibition of Vibrio alginolyticus
(ATCC 33787) and Salmonella enterica (ATCC19585) (Table 1).

It has been thought that SeNPs deployed antibacterial activity by three main mecha-
nisms: (1) impairing cell walls and membranes; (2) penetrating through cell membranes
and subsequent interference in the activities of biological molecules; and (3) increasing
oxidative stress [40]. All three mechanisms may contribute to the antibacterial activity of
SeNPs in the present study. Initially, SeNPs have to be able to adhere to bacteria in order to
act on them. This first-step interaction between SeNPs and bacteria depends on the charges
and molecular components of both SeNPs and bacterial cell walls/cell membranes [40].
The Gram-negative bacteria have an outer cell membrane composed of lipopolysaccharides,
and an inner cell wall that has a thin layer of peptidoglycans, while the cell wall of Gram-
positive bacteria is usually thicker and mainly consists of peptidoglycans [47,48]. The cell
walls of both Gram-positive and Gram-negative bacteria are negatively charged; however,
Gram-negative bacterial cell walls in general are more negatively charged [48-50].

We hypothesized that zeta potential examination would provide information regard-
ing the charge status of the BSA-covered SeNPs. However, zeta potential analysis indicated
that the average potential of BSA-covered SeNPs was —0.154 mV (Figure 4), due to the
great variation and low signals during the zeta potential measurement. The near-0 mV zeta
potential of SeNPs was surprising, since the SeNPs were covered by BSA (Figure 4), which
is supposed to be negatively charged in pure water that has a pH of about 7. We speculated
that the high solubility of both BSA and selenium in water likely granted the BSA-coated
SeNPs high solubility in water, and the interface between the carrier (water) and nanopar-
ticles may not have been easily formed; thus, it was not easy for the Zetasizer Nano ZS
system to detect the nanoparticles freely moving in Brownian motion and measure their zeta
potential. While zeta potential could not provide evidence to support a strong interaction
between SeNPs and bacterial cell walls or cell membranes, albumin itself was demonstrated
to be able to bind to the peptidoglycans, lipopolysaccharides, and lipoteichoic acid of the
lipid bilayer of mammalian cells with high affinity [51]. In addition, the interaction between
BSA and cell walls may change the conformation of both BSA and the biomolecules on
cell membranes [52], increasing the adhesion between bacterial cell walls and BSA-covered
SeNPs. Even if the overall surface charge of SeNPs was slightly negative, they can interact
with bacterial surfaces through weak regional interactions, such as hydrogen bonds, van
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der Waals interactions, electrostatic interactions, and hydrophobic interactions [53]. The
higher peptidoglycan content in Gram-positive bacterial cell walls would possibly have a
stronger interaction with the slightly negatively charged BSA-coated SeNPs, which may
cause greater toxicity to the cell walls and higher cell membrane permeability, inducing the
leak of cellular contents and the penetration of the SeNPs into the cell. Indeed, SEM assess-
ment of the SeNP-treated bacteria detected significant damage on cell walls, such as denting,
deformation, shrinkage, and cell disruption (Figure 5B-D,G,H). Furthermore, the cell width
of Enterobacter cloacae (ATCC BAA3044), assessed by Image], remarkably decreased when
bacteria were treated with 30 pug/mL of SeNPs (Table 2), indicating leakage of cellular
contents. Our results also revealed that a lower concentration of SeNPs was required to start
causing damage in Gram-positive bacterium Listeria monocytogens (ATCC15313), and the
damage was more severe, compared to that in Gram-negative bacterium Enterobacter cloacae
(ATCC BAA3044) (Figure 5B-D,G,H), consistent with the observation of a stronger effect
against Listeria monocytogens (ATCC15313).

In addition, nanoparticles have been shown to result in protein and DNA damage,
increases in reactive oxidative species (ROS) level, and impairment of cellular metabolism
and function once they enter bacteria [40]. There was no direct evidence proving the
presence of SeNPs inside bacteria in our study; however, EDS analysis confirmed that
SeNDPs attached to the cell debris (Figure 5L]). Thus, it is possible that SeNP penetration
may also cause cell damage and cell death by disrupting biological molecules’ function and
enhancing ROS production. The changes in cell morphology, together with the observation
that cellular debris contained selenium, indicated that SeNPs may have disintegrated cell
membranes and caused bacterial leakage, leading to cell shrinking, as well as eventual cell
lysis and death (Figure 5).

Nanoparticle size and shape are important determinants of the functions of SeNPs, by
affecting how efficiently the SeNPs bind to bacterial surfaces and are internalized [40,42,44,45].
The optimum size of nanoparticles for uptake into cells by endocytosis was shown to be
around 50 nm with a spherical shape, but they could efficiently bind to cell membranes
with sizes between 30 nm and 50 nm [44,45]. The SeNPs in our study had a spherical shape
and an average diameter of 22.8 & 4.7 nm (Figure 2), which is close to the lower borderline
of the range. The relatively smaller size should still allow bacterial cells to internalize the
SeNPs, though probably not at a maximum rate [44,45]. However, size and shape may not
be a key factor that led to the different antibacterial action of SeNPs on Gram-positive and
Gram-negative bacteria in the current study, since all bacteria were treated with the same
SeNDPs. Thus, the BSA coating may have played a critical role in mediating the different
bactericidal effects of BSA-coated SeNPs on Gram-negative and Gram-positive bacteria.

Our finding that SeNPs exhibited a stronger inhibition on the growth of Gram-positive
bacteria is not consistent with literature reports that SeNPs displayed strong antibacterial
effects against both Gram-positive and -negative bacteria [2,4,6,10,29,54,55]. In contrast
to these studies, we did not see an evident bactericidal activity against Salmonella enterica
(ATCC49284), Enterobacter cloacae (ATCC BAA3044), or Escherica coli (ATCC BAA2326)
(Table 1). Moreover, in the cases that there was an antibacterial effect in the present study,
it was not as strong as those of biogenic SeNPs reported in the literature [2,10,54,55]. We
were even unable to obtain the MIC and MBC of SeNPs against any of the test bacteria,
due to the inability of SeNPs to completely kill the bacteria, but our results were consistent
with reports by Chung, in which zeta potential, MIC, and MBC were not reported [30]. The
differences in SeNP functionality may be partly attributed to the different methods of SeNP
synthesis and differences in test bacteria strains used in these studies [2,4,6,10,54,55]. In the
biogenic methods used in these studies [2,10,54,55], the reaction buffer contained different
functional biomolecules, such as proteins, polysaccharides, and lipids, which capped the
SeNPs with different charges than those of the BSA-coated SeNPs in our study. These
coating molecules may exert a stronger affinity than BSA does with the same bacteria, thus
enhancing the antibacterial activity of the coated SeNPs. It is interesting that SeNPs with
either a positive [4] or negative zeta potential [2,54,55] displayed stronger antimicrobial
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activity than that of SeNPs in the present study, implying that regional interaction between
SeNPs and biomolecules on bacterial cell walls or cell membranes probably played a more
important role in attracting the SeNPs to the bacterial surfaces.

The size of SeNPs may also have an impact on their efficiency. The SeNPs in the current
study, with an average diameter of 22.8 & 4.7 nm, may not be internalized by bacteria as
efficiently as those tested in the literature [2,4,30,54,55], since it was demonstrated that an
optimum size for internalization was about 50 nm [44,45]. In the study led by Chung [30],
SeNPs with a diameter around 40 nm showed a stronger effect than those with a smaller
size. Filipovic reported that BSA-coated SeNPs with a diameter of 70-100 nm but a positive
zeta potential [4] showed stronger antimicrobial activity than what we observed for the
SeNPs in the present study. The SeNPs with larger sizes in these studies may be more
likely to be internalized than the relatively smaller SeNPs in our study were. The size
difference may partially account for the weaker function of SeNPs reported in the current
study, compared to those reported in the literature [4,54,55].

The failure of SeNPs to fully kill Listeria moncytogens (ATCC15313), Staphylococus aureus
(ATCC12600), Staphylococus epidermidis (ATCC 700583), Vibrio alginolyticus (ATCC 33787),
and Salmonella enterica (ATCC19585) suggested that these bacteria can tolerate high concen-
tration of SeNPs, even if SEM examination revealed that an increase in SeNP concentration
did cause severe damage to bacteria (Figure 5D,G,H). The mechanism of this tolerance
is not clear. It was suggested that Vibrio parahaemolyticus could develop capsules under
unfavorable conditions [56]. Thus, it is possible that bacteria such as Vibrio parahaemolyticus
might develop some type of protection against the damaging effect, which may allow them
to escape the toxic effect of SeNPs at high concentrations. In addition, bacteria may recover
from some damage, such as the increase in permeability, when they grew on solid growth
medium in the absence of SeNPs. Whether the bacteria can survive longer durations of
SeNP treatment remains to be tested. Furthermore, in the current study, as well as in many
of the cited references [2,4,6,10,27,28,30,54,55], high concentrations of SeNPs were needed
to inhibit or kill bacteria. Thus, attention should be directed to the toxicity of selenium
nanoparticles if they are applied in food preservatives, since high doses of selenium led to
toxicity in humans [57].

5. Conclusions

In summary, this is the first study examining the antibacterial activity of chemically
synthesized SeNPs against as many as 10 different food-borne bacteria. BSA-coated SeNPs
displayed inhibitory effects on the growth of some common food-borne pathogens, but
they did not completely stop the growth of any of the test bacteria in the present study.
The observed antibacterial activity may be associated with damage to cell walls and cell
membranes, and the subsequent cell membrane leakage, as well as cell lysis. However, a
single application of SeNPs synthesized through the reduction of SeO3*? by vitamin C in
the presence of BSA may not be strong enough to prevent bacteria-mediated food spoilage.
A combination of SeNPs with other food preservatives may be necessary. Furthermore,
size, shape, and surface chemical properties should be included in the criteria for selecting
SeNPs as food additives to preserve food quality.
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