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Abstract

Background: Due to potential interference of nanoparticles on bacterial quantification, there is a challenge
to develop a fast, accurate and reproducible method for bacterial quantification. Currently various bacterial
quantification methods are used by researchers performing nanoparticles study, but there has been no
efficacy evaluation of these methods. Here we study interference of nanoparticles on three most commonly
used conventional bacterial quantification methods, including colony counting to determine the
colony-forming units (CFU), spectrophotometer method of optical density (OD) measurement, and flow
cytometry (FCM).

Results: Three oxide nanoparticles including ZnO, TiO,, and SiO, and four bacterial species including
Salmonella enterica serovar Newport, Staphylococcus epidermidis, Enterococcus faecalis, and Escherichia coli
were included in the test. Results showed that there is no apparent interference of the oxide nanoparticles
on quantifications of all four bacterial species by FCM measurement; CFU counting is time consuming, less
accurate and not suitable for automation; and the spectrophotometer method using OD measurement was

density (OD)

the most unreliable method to quantify and detect the bacteria in the presence of the nanoparticles.

Conclusion: In summary, FCM measurement proved to be the best method, which is suitable for rapid,
accurate and automatic detection of bacteria in the presence of the nanoparticles.
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Background

Nanoparticles (NPs) offer spectacular properties to their
bulk materials, such as a high surface area to volume ra-
tio, new mechanical, chemical, electrical, optical, mag-
netic, electro-optical, and magneto-optical properties [1].
Nanotechnology is one of the fastest growing areas of
the high tech economy [2,3]. Products using nanoparti-
cles - also known as nanomaterials (particle sizes less
than 100 nm)-can be found in almost every area of our
daily lives, from cosmetics to clothing to foods to drug
products [4-7]. There are hundreds of cosmetics that
contain nanomaterials, such as ZnO, TiO,, and SiO,, in
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the market now and the number of these products are
increasing rapidly [8]. Nanoscale materials can find use
in many areas related to the food industry including
agriculture, food processing, food security, packaging,
nutrition and neutraceuticals [9-11]. Nanoscale materials
have been used as novel antimicrobial agents [12]. Due
to their powerful antimicrobial activity and particular
modes of action, nanoparticles provide an attractive al-
ternative to classic antibiotics in the development of
next-generation antibiotic agents [13-15]. Various anti-
microbial nanoparticles and nanosized carriers for anti-
biotics delivery have been developed to effectively treat
infectious diseases, especially those caused by antibiotic-
resistant microorganisms [16,17]. Nanoparticles behave
differently from their respective bulk materials and thus
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the unique properties of the nanoparticles might also
cause adverse health effects on human, animal and en-
vironment. The speedy commercialization of nanotech-
nology requires thoughtful and careful environmental,
animal and human health safety assessment [18,19].

The detection and quantification of viable bacteria
plays a critical role in quality control programs of the
food, cosmetics and drug industry to prevent illness and
in clinical diagnosis and therapeutics. Currently there
are many methods used for the detection and quantifica-
tion of bacteria, ncluding conventional and molecular
approaches [20-24]. Conventionally identification of
bacteria is usually performed by three methods includ-
ing culture-based counting for colony-forming units
(CFU) [22,25], spectrophotometer method of optical
density (OD) measurement [23,24], and flow cytometry
(FCM) [26,27]. In spite of the sensitivity and reliability,
counting CFU is time-consuming and labor-intensive
[28,29]. CFU determination is the conventional method
to quantify bacteria, but only detects those that are able to
grow on specific solid media, which excludes the detection
of unculturable live, inactive or damaged bacterial cells
[30,31]. Therefore, CFU counting tends to undercount the
actual number of the bacteria. For example, anaerobic
bacteria are not able to grow on the media and cultural
conditions suitable for growth of aerobic bacteria. Optical
density method measures turbidity associated directly with
bacterial growth which is rapid, low cost and non-
destructive, however, it measures live as well as dead
bacterial cell debris. Flow cytometry is a relatively
newly developed technique and enables a fast and reliable
detection of all bacteria including the non-cultivable mi-
croorganisms. It enables researchers to reliably distinguish
and quantitate live and dead bacteria with the aid of a flow
cytometer in a mixed population containing various bac-
terial types [32]. Besides, Flow cytometry method is able
to provide morphometric and functional properties of
the detected bacteria [33,34]. Currently all these three
methods are employed to quantify bacterial contents in
the presence of nanoparticles [35-39]. So far there has
not been any research performed concerning potential
interference by nanoparticles on the bacterial counting
methods.

The aim of this study was to compare three commonly
used conventional methods for bacterial detection and
quantification in the presence of nanoparticles. In this
study, three nanoparticles, ZnO, TiO,, and SiO, which
are commonly used in commercial products and four
important human pathogens (Salmonella enterica sero-
var Newport, Staphylococcus epidermidis, Enterococcus
faecalis, and Escherichia coli) frequently found in various
products and environment representing Gram-positive
and Gram-negative bacteria were employed for this
study.
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Results and discussion

Physical and chemical characterizations of nanomaterials
It is critical to conduct physical and chemical characterization
of testing nanomaterials in nanotechnology research. Size,
size distribution, surface charge, aggregation or agglomer-
ation status, and shape have been considered as the most
important parameters for nanomaterials. We evaluated
these parameters using TEM and Zetasizer as described in
the material and methods section. TEM analysis indicated
that the ZnO, TiO, and SiO, nanoparticles have spherical
shape with slightly agglomeration (Figure 1). The primary
size of ZnO, TiO, and SiO, nanoparticles were measured
as 14.0 +4.9 nm, 19.7 £ 5.7 nm and 17.4 + 5.1 nm, respect-
ively (Table 1). The range of the diameter of the ZnO,
TiO, and SiO, nanoparticle was 6.3-30.5 nm, 10.2-
31.2 nm and 8.0-27.9 nm. Zetasizer analysis indicated
that the average size of ZnO, TiO, and SiO, nanoparti-
cles in buffer solution was 2308.3 + 159.1 nm, 2738.3 +
303.3 nm and 915.0 + 35.8 nm (mean + SD). The aver-
age surface charge of the ZnO, TiO,, SiO, nanoparticles in
buffer solution was 17.6 +0.7 mV, 27.2+3.1 mV, -5.7 £
0.4 mV, respectively (Table 1). TEM directly measured the
primary size of the nanoparticles based on the projected
area; while Dynamic Light Scattering (DLS) measured the
hydrodynamic diameter of the nanoparticles based on the
translational diffusion area of the particle being measured.
The same samples of these nanoparticles in buffer were
measured with a bigger size by zetasizer analysis than the
measurement using TEM. This is due to the differences in
the weighted averages determined by these two techniques,
and also the differences in the physical properties mea-
sured. TEM is sensitive to the size of primary particles,
whereas DLS is sensitive to the presence of small quantities
of large particles or aggregates.

Effect of concentrations of nanoparticle on quantification

of bacteria

Potential interference of nanoparticles on the quantifica-
tion of bacteria poses a challenge for the detection of
bacterial contaminations in various consumer products.
Therefore, development of a rapid, sensitive and accur-
ate method for detection of bacteria in the presence of
nanopatrticles is crucial for food, drug, cosmetic and other
consumable products. Among many bacterial identifica-
tion and quantification methods, three of them includ-
ing culture-based counting for CFU, spectrophotometer
method of optical density measurement, and more re-
cently flow cytometry are commonly used. ZnO, TiO,,
and SiO, have been found in many commercial products
including food, food supplements, cosmetics and drugs.
S. enterica Newport, S. epidermidis, E. faecalis, and E.
coli, which are important human pathogens, are good
representatives for Gram-positive and Gram-negative
bacteria (Table 2). In this experiment the effect of
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Figure 1 Characterization of ZnO, TiO,, or SiO, nanoparticles
by transmission electron microscopy (TEM). Nanoparticles were
deposited on formvar carbon coated grids and dried for TEM
imaging. Images were analyzed in high resolution mode with an
acceleration voltage of 100 kV. Morphology of ZnO, TiO2 or SiO, is
shown in left, middle and right of the above images. Scale Bar =20 nm.

various concentrations of nanoparticles on quantifica-
tion of S. enterica Newport, S. epidermidis, E. faecalis,
and E. coli was investigated by exposing 5 ml of samples
containing approximately 10° cells/ml to various concentra-
tions of ZnO, TiO,, and SiO, (0, 0.1, 0.2, 0.3, 0.5, and 1 mg/
ml final concentration) for 1 hr, respectively (Table 3). As
shown in Table 3, with increasing concentrations of ZnO,
TiO,, and SiO,, there was no apparent interference of the
nanoparticles on quantifications of all four bacterial species
by flow cytometry measurement using the BacLight LIVE/
DEAD bacterial viability and counting kit. As shown in
Figure 2 as example, two distinctive groups were formed.
Group P2 was the population of living bacterial cells,
while group P3 was the population of dead bacterial cells
at the presence of 0.2 mg/ml nanoparticles. Compared to
a control, which did not contain nanoparticles, no shifts of
the bacterial population or background increase were ob-
served (Figure 2). Since more than 20,000 bacterial cells
per sample were counted by flow cytometry measurement,
high accuracy and excellent reproducibility of the quantifi-
cation was achieved for both live and dead bacterial cells
(Table 3). Although no apparent interference of the nano-
particles on quantifications of all four bacterial species
was observed by using CFU counting, it was a time con-
suming and labor intensive procedure. Besides, it took
long time training and practice for mastering the tech-
nique of dilution in order to get reliable counts from one
batch to another and from one plate to another in CFU
counting. Furthermore, the data obtained by CFU meas-
urement is less accurate and reproducible due to a limited
number of bacterial cells counted (several hundred bacter-
ial colonies counted (Table 3). The decreasing numbers of

Table 1 Characterization of TiO,, ZnO, and SiO,
nanoparticles in Milli-Q water solutions

Physical Parameters ZnO TiO, Sio,
Primary size (nm) 14.0+49 19.7+57 174451
Primary size range(nm) 6.3 - 30.5 10.2- 312 80-279
Hydrodynamic size (hnm) 27383 +303.3 23083+159.1 9150+358
Shape spherical spherical spherical
Agglomerate in solution  Yes Yes Yes

Zeta potential ¢ (mV) 176+0.7 272+3.1 -57+04
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Table 2 Bacterial species used in the study

Species name Gram' Culture Isolation
condition

Salmonella enterica serovar - aerobic human intestine

Newport

Staphylococcus epidermidis + aerobic human skin

ATCC 12228

Enterococcus faecalis ATCC 27274 + anaerobic  human intestine

Escherichia coli ATCC 25922 - anaerobic  human intestine

4, Gram-positive; —, Gram-negative.

the bacteria by using CFU and flow cytometry were re-
sulted from antibacterial effects caused by both nanoparti-
cles TiO, and ZnO. As shown in Table 3, nanoparticles
had adverse effect on quantification of bacteria using the
spectrophotometer method of optical density measure-
ment with severity of TiO, > ZnO > SiO,, For example, in
the presence of 0.1 mg TiO,, the number of S. epidermidis
cells was not detectable due to high background interference
from the nanoparticles in the samples. With 0.3 mg/ml
TiO,, S. enterica Newport and E. faecalis cells were 45.2 and
42.8% of those measured by FCA, respectively. On the other
hand, E. coli cells were more than 8-folds than that by FCA
in the presence of 0.3 mg/ml TiO,.

Effect of bacterial concentrations on quantification of
bacteria after exposure to nanoparticles

In this experiment, we further investigated interference
of nanoparticles ZnO (0.5 mg/ml), TiO, (0.5 mg/ml),
and SiO, (1 mg/ml) on quantifications of S. enterica
Newport, S. epidermidis, E. faecalis, and E. coli with vari-
ous bacterial concentrations by comparison of flow cy-
tometry with optical density measurement. As shown in
Table 4, with the decreasing concentrations of the tested
bacteria, no apparent interference of the nanoparticles
on quantifications of all four bacterial species by flow cy-
tometry was observed. However, with decreasing con-
centrations of the tested bacteria, the adverse effect on
quantification of bacteria was dramatically increased using
the spectrophotometer method of optical density measure-
ment, which reflected a progressively worse estimate of the
bacterial counts as the ratio of numbers of bacteria and
nanoparticles in the suspension decreased. For example, in
the presence of 0.1 mg TiO,, number of S. enterica New-
port cells could not be detected due to high back-
ground interference from the nanoparticles in the samples.
S. enterica Newport, S. epidermidis, E. faecalis could not be
quantified in the presence of 0.5 mg/ml TiO,. The data ob-
tained from the bacterial quantification in the presence of
0.5 mg/ ml of ZnO were either not able to be detected or
not accurate. Due to lower interference of SiO, at 1 mg/ml
on the bacterial quantification, there was no apparent
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difference between flow cytometry and optical density
measurement (Table 4).

Conclusions

In summary, this study compared three most commonly
used bacterial quantification methods including colony
counts, spectrophotometer method of optical density
measurement, and flow cytometry in the presence of
metal oxide nanoparticles. Our results demonstrated
that flow cytometry is the best method with no apparent
interference by the nanoparticles, indicating that it is
suitable for rapid, accurate and automatic detection of
bacteria. Flow cytometry is also able to detect both live
and dead bacterial cells and allows detection of all bac-
teria including those that are uncultured. Although the
bacterial quantification determined by plate counts was
not affected by the nanoparticles, it was time consum-
ing, less accurate and not suitable for automation. The
spectrophotometer method using optical density meas-
urement was the most unreliable method to quantify
and detect bacteria in the presence of oxide nanoparti-
cles. The data presented in this study indicated that flow
cytometry method for bacterial quantification is superior
to the other two methods. This study provides data
examining the potential interference of oxide nanoparti-
cles on bacterial quantification. The information pro-
vided here will be useful in the assessment of bacterial
contamination in food, drug and cosmetic products con-
taining nanoparticles. Future studies on other nanoparti-
cles and limit of the bacterial detection by FMC are
warranted.

Methods

Materials and preparation of nanoparticle suspensions
ZnO (purity >97%), TiO, (purity 299.5%), and SiO, (pur-
ity 99.5%) nanoparticles were purchased from Sigma
Chemical Co. The LIVE/DEAD BacLight bacterial viabil-
ity and counting kit containing solutions of 3.34 mM
SYTO9 in dimethyl sulfoside (DMSO, 200 pl), 20 mM
propidium iodide (PI) in DMSO (200 pl) and a calibrated
suspension of microspheres (diameter: 6 um, 1 ml; con-
centration: 1.0 x 10° beads/ml) and SYTO 9 green fluores-
cent nucleic acid stain (5 mM solution in DMSO, 100 pl)
were purchased from Molecular Probes (Eugene, Oregon).
Suspensions of the nanoparticles were prepared with
Milli-Q water by means of ultrasonic vibration in a
BRANSON 3200 UltraSonic Cleaner for 30 min and
the stock solutions were vortexed briefly before each
use [40-42].

Physical and chemical characterizations of nanomaterials

The size, shape and morphology of ZnO, TiO, or SiO, nano-
particles were determined using transmission electron mi-
croscopy (TEM). The nanoparticles were homogeneously



Table 3 Interference of oxide nanoparticles on bacterial quantification

Nanoparticles ZnO TiO, SiO,
(mg/ml) S. enterica Newport (cells/ml)? S. enterica Newport (cells/ml) S. enterica Newport (cells/ml)
FMC CFU ODgs0” FMC CFU ODsso FMC CFU ODgeo
Total Live Total Live Total Live
0 137%10° 136 % 10° 817 x 10 137%10° 123%10° 122%10° 1.18x10° 123%10° 128%10° 126 % 10° 632x10° 128%10°
0.1 131%10° 130%10° 100% 10° 146 % 10° 100x 10° 994 % 10° 700%10° 916 x10° 123%10° 122x10° 650 x 10° 120%10°
02 129%10° 128x10° 583% 10° 128%10° 815x 10 805x 10° 567 x10° 589 % 10° 122x10° 120%10° 583x 10 1.18x10°
03 127 x10° 1.14x10° 700% 10° 119%10° 714%x10° 706 10° 550x 10 323x10° 120x10° 1.18%10° 583x10° 116 x10°
05 123%10° 121 x10° 633 x10° 101 % 10° 426 % 10° 413x10° 433%10° < 124%10° 121 %10° 567 x10° 115%10°
1 112x10° 110%10° 500 x 10° 715%10° 241 x10° 235x10° 150% 10° - 122x10° 120% 10° 707 x10° 109% 10°
S. epidermidis ATCC 12228 (cells/ml) S. epidermidis ATCC 12228 (cells/ml) S. epidermidis ATCC 12228 (cells/ml)
0 353%x10° 346x 10 933% 10’ 353x10° 446 x 108 440x10° 120x 10 446 x10° 520x10° 474x10° 200x 10 520x10°
0.1 213x10° 194 %108 218x10" 273x10° 121 %108 1.19% 108 200% 10" - 1.06 % 108 957 x 10" 118 % 108 448 % 10°
02 137x 108 118x10° 163% 107 123% 108 265x10" 262x107 200% 10" - 727 x 107 655% 10" 650 %107 454%10°
03 171 %10 145x 10 137x10 320x 10° 146 107 144 %107 333x 10 - 513x 10 460% 10 500 107 500x 10
05 165 %10 145x10 133%10 185 x 108 647 x 10° 640x 10° 583x 10 - 672x10 632x10 583x 10 475%10°
1 331x 107 300107 110%10 - 620x10 6.11x 10 107 x 10 - 221x10° 204108 118 % 108 484x10°
E. faecalis ATCC 27274 (cells/ml) E. faecalis ATCC 27274 (cells/ml) E. faecalis ATCC 27274 (cells/ml)
0 229% 10° 228x10° 117 x10° 229%10° 221x10° 217x10° 107 x10° 221x10° 247 x10° 242 10° 187 x10° 247 x10°
0.1 214%10° 206 % 10° 150 % 10° 213x10° 184x10° 181 x10° 950x 10 169%10° 217 x10° 211x10° 122x10° 240%10°
02 20x10° 192 % 10° 142%10° 173%10° 142%10° 140%10° 550x 10° 107 x10° 164 %10 161 %10° 1.18%10° 230x10°
03 147 % 10° 144x10° 128%10° 154%10° 123%x10° 122x10° 380x10° 526x10° 134%10° 133%10° 1.14%10° 223x10°
05 145x10° 140x10° 1.15%10° 857x 10° 558%10° 554 % 10° 130x 10 - 869x 10° 859 x 10 700% 10° 210107
1 107 x10° 103 x10° 700% 10° - 170 % 10° 160 % 10° 295x10° - 444 %10 433%10° 500x 10° 190%10°
E. coli ATCC 25922 (cells/ml) E. coli ATCC 25922 (cells/ml) E. coli ATCC 25922 (cells/ml)
0 656 x 10° 564108 398x 10° 665x 10° 641 x 10 632x10° 683x10° 641 x 10° 552 % 10° 546 x10° 567 x10° 552x10°
0.1 522x10° 495 x10° 393%x 10° 6.18x 10 328x10° 326 10° 833x 10 486 %10 373x 10 368% 10° 283x 10 521x10°
02 450 % 10° 417 %108 388x 10° 556x 10° 767 %10’ 761 %107 117 %10 307x10° 252x 108 249% 10° 217x10° 508x 10
03 365%10° 354%10° 387x10° 497 x 108 190% 10 188% 10 117 %10 163 %10 219x10° 216x 108 150 % 108 511%x10°
05 136% 10° 117x10° 293x10° 289%10° 713%10° 697 x 10° 902x10° - 203x10° 202x10° 250 % 10° 476x 10
1 143%10°8 137 x10° 310 10° 159 % 108 221x 107 218x 10 458 %10 - 238x10° 237%x10° 283x 10 467 x10°

“Bacterial cell concentrations were measured by flow cytometry (FCM), culture-based counting for colony-forming units (CFU), and spectrophotometer method of optical density (OD) measurement after 1 hr exposure to different

concentrations of ZnO, TiO, and SiO, nanoparticles; inoculum used for each experiment was indicated in the control samples, i.e. no nanoparticles.

bPresented data were converted from each sample cell concentration according to the each species standard curve of cell/ml vs ODgs and as mean of triplicate with standard deviations (SD) of < 5% from FCM and OD®® and <10% from
CFU. Inoculum used for each experiment was indicated in the control samples, i.e. no nanoparticles.

“Value was negative.
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Table 4 Quantification of bacterial cells at various concentrations in the presence of oxide nanoparticles

Strain name

Control (No nanoparticles)?

ZnO (0.5 mg/ml)

TiO, (0.5 mg/ml)

SiO, (1 mg/ml)

FCM ODgso®  FCM ODgso FCM ODgso FCM ODgs0
Total cell no. Live cell no. Total cell no. Live cell no. Total cell no. Live cell no. Total cell no. Live cell no.

S. enterica Newport  1.34x 10° 131%x10° 134x10°  120x10° 117 x10° 747 %108 472%108 463%10° - 129%10° 129%10° 136%10°
6.76 x 10° 6.61x10° 745%x10%  518x10° 506 % 10° 173%10%  9.58x 10 921 %107 6.07x 10° 6.06 x 10° 791% 10
330x10° 320x 10° 379%x10°  2.19x 108 213x10° < 778 %107 734x 10 - 3.04x 10 303x10° 447 x10°
151 x 10° 147 x 108 196x10°  889x 10 877x 10 - 6.56 % 10 6.21x 10 - 1.19% 10° 118x10° 287x10°
1.18x 10° 114 % 108 150x10°  7.51x 10 737x10 - 6.01x 10 568x 107 - 1,00 10° 999% 10 1.73x10°

S. epidermidis 343x10° 338x10° 343x10°  165%x 107 1.50% 10 1.59%10%  3.06% 10 303x 10 - 1.75% 10° 173x10° 396 % 10°
173 % 10° 170 x 10 159%10°  437x10 366x 107 1.19x10° 69110 6.89% 10 - 157 % 10° 1.55% 10° 1.59 % 10°
841x10 296 %10 667 %107 367x10 294%107 532x10"  534x10 530x10 - 756x 107 742% 10 796 %107
410% 10 187 %10 269%x 107 2.14x 107 163 %10 398x 107 288x 10 285% 107 - 357% 107 348x 107 269% 107
404 %10 148% 10 137x10"  1.74x10 132x 10 269%x 107 327x10 325% 107 0 3.99% 107 3.87x 10 269% 107

E. faecalis 233%10° 232%10° 233%x10°  120%10° 116 % 10° 882x10% 554x10° 533x%10° - 7.10%10° 707 x 10° 202%10°
120x10° 1.19x10° 127%x10°  144x10° 126x10° - 843x10° 810x10° - 317x10° 3.14x10° 141 x10°
586 % 10° 568x 10° 594x10°  4.26% 10 400x 10 - 430%10° 420% 10° - 143 % 10° 142 10 594x10°
278%10° 274x10° 260%10°  4.00% 107 387x 10 - 202% 107 198 %107 - 120% 10° 117 x 108 337x10°
227 x10° 221x10° 208x10°  362x107 353%x107 - 252x107 248x107 - 116x10° 1.13x 108 2.86x10°

E. coli 6.04x 10° 557x10° 6.04x10°  896x 10 717 %10 294%x 108 1.69% 107 150 %10 - 217x10° 204x10° 551 % 10°
298x 10° 276 % 10° 321x10°  6.04x107 417 %10 985x 107 489x 10 439% 10 - 207x10° 193 % 10° 338x%10°
151 x10° 141 x10° 152x 108 480x 10 342x107 - 599 %107 511x10 - 138x10° 123x10° 187 x10°
6.55% 107 6.02x 107 634%x10"  375x10 251% 107 - 512% 107 420% 10 - 631x 107 555% 10 8.11x 107
547 %10 520x10 368x10"  3.28x107 187 x 10 447 %10 407 %10 - 510x 10 444 %10 811x10

Bacterial cell number was measured by flow cytometry (FCM) and spectrophotometer method of optical density (OD) measurement after 1 hr exposure to ZnO, TiO, and SiO, nanoparticles; inoculum used for each
experiment was indicated in the control samples, i.e. no nanoparticles.
PPresented data were converted from each sample cells concentration according to the each species standard curve of cell/ml vs ODggo and as mean of triplicate with standard deviations (SD) of < 5%.

“Value was negative.
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dispersed in Milli-Q water, and 3 pL suspensions was
deposited on the TEM grid, dried, and evacuated be-
fore analysis. Images were collected using a field emis-
sion JEM-2100 F (JEOL, Tokyo, Japan) equipped with
a CCD camera in high resolution mode with an accel-
eration voltage of 100 kV.

The hydrodynamic size and zeta potential were measured
in Milli-Q water using a Zetasizer (Malvern, Worcestershire,
UK) as described in previous study [43]. Briefly, the
nanoparticle samples were measured after dilution of a
nanoparticle stock solution to 50 pg/ml in Milli-Q
water. These dilutions were sonicated for 30 min and
vortexed briefly to provide a homogenous dispersion.
For the size measurement, 70 pL of the diluted disper-
sion nanoparticles was transferred to a cuvette for
dynamic size measurement; for zeta potential measure-
ment, a Malvern zeta potential cell was washed three
times with ultrapure water followed by transferring
850 pl of diluted dispersion nanoparticles to this cell to
measure the zeta potential. The concentration of the sam-
ples and experimental methods were optimized to assure
the quality of the data. NIST standard gold nanoparticles
(10 nm, 30 nm, and 60 nm) were used in the validation of
the instrument. Both size and zeta potential were measured
at least three times. The data were calculated as the average
size or zeta potential of nanoparticles.

Bacterial strains and culture conditions

Four bacterial species were chosen for all experiments
(Table 2). The bacterial stock cultures were stored in
freezer (-80°C) with glycerol to a final concentration of
15%. E. faecalis and E. coli from the glycerol stocks were
streaked into brain heart infusion (BHI) agar plates at
37°C overnight in an anaerobic chamber (Coy Labora-
tory Products INC.). For S. enterica Newport and S. epi-
dermidis, the plates were grown under aerobic condition.
One colony was picked by a loop and inoculated into a
50-ml Falcon centrifuge tube containing 10 ml BHI
medium. The cultures were incubated anaerobically or
aerobically in static conditions at 37°C overnight for use
as seed cultures. Each seed culture of the bacteria was in-
oculated into BHI medium with an inoculation ratio of 1%
(v/v), except S. epidermidis with 10% (v/v) of inoculation
into BHI medium, and then the cultures were incubated
at 37°C under anaerobic or aerobic condition without agi-
tation for 4—6 hrs to enter the exponential phase based on
our preliminary experiments [40]. The cells were collected
by centrifugation (10,000 rpm, 2 min, 4°C), washed twice
and then re-suspended in sterile saline solution (0.85%
NaCl), which served as experimental bacterial cells. To
measure the bacterial numbers in the presence of different
concentrations of nano ZnQO, TiO,, and SiO,, various con-
centrations of the nanoparticles (final concentrations were
0, 0.1, 0.2, 0.3, 0.5, 1 mg/ml) based on our based on our
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preliminary experiments were added into each bacterial
cell re-suspension and mixed well by vortexing, leaving
one as a control without nanoparticles, but same volume
of Milli-Q water, and then kept in the dark for 1 hr at 4°C
[39]. In order to test the different bacterial concentrations
after exposure to the nanoparticles, the initial bacterial re-
suspension with approximately 10%-10° cells/ml was seri-
ally diluted (0, -2, -4, -8, —10 fold) in saline solution and
then mixed well with each nanoparticles at final concen-
tration of 0.5 mg/ml, 0.5 mg/ml and 1 mg/ml for ZnO,
TiO, and SiO,, respectively. All the samples were kept
under the same conditions as mentioned above. A control
(containing saline solution and nanoparticles without bac-
terial cells) was included in all experiments and kept
under same conditions. All experiments were carried out
in triplicates. After 1 hr exposure to the nanoparticles, the
bacterial cell concentrations were measured by different
methods as mentioned below [40,41,44,45].

Plate counting cell numbers

Samples were withdrawn and then serially diluted in saline
solution. Aliquots of 10 pl were spread on BHI-plates.
After overnight incubation at 37°C, colonies on the plates
were counted to determine the number of CFU [46].

Optical density measurement

Aliquots of 200 ul were withdrawn, added to a 96-well
plate (Corning incorporated, flat bottom, non-lid) and
immediately assayed by measuring the optical density in
a SpectraMax M2 plate reader (Molecular Devices) at
660 nm [41]. The absorbance values of the controls were
subtracted from the experimental values [36].

Flow cytometry analysis of bacterial cell numbers in
combination with LIVE/DEAD BacLight bacterial viability
and counting kit

Samples were collected, diluted and stained according to
the manufacture’s instruction using the BacLight LIVE/
DEAD bacterial viability and counting kit as described
briefly here. Each of 1.5 pl of 3.3¢ mM SYTO 9 green
fluorescent nucleic acid dye (Component A) and of
20 mM propidium iodide (Component B) was added to
the flow cytometry tube containing 1 ml sample. Incu-
bate the sample for 15 minutes at room temperature
protected from light. The bacterial cell numbers assay
was performed on the Accuri C6 flow cytometry. Fluor-
escence filters and detectors were all standardized with
green fluorescence collected in the FL1 channel (530 +
15 nm) and red fluorescence collected in the FL3 channel
(>670 nm). All parameters were collected as logarithmic
signals. A similar setup of parameters was used as de-
scribed previously [40]. Data were analyzed using CFlow
Plus software. In density plots of light scatter properties,
bacterial cells were gated from irrelevant counts for
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Figure 3 Standard curve of optical density (OD) versus bacterial cell number obtained by flow cytometry (FCM) containing no
nanoparticles. A, S. enterica Newport; B, S. epidermidis; C, E. faecalis; D, E. coli. The correlation between OD660 and bacterial cell number for
each species was established by means of a standard curve. Data are presented as mean of triplicate with standard deviations (SD) of < 5%. Y is
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fluorescence analyses. In density plots of fluorescence, the
distinct bacterial populations (live cells and damaged or
dead cells) were gated based on the different viability
stages. Total cell numbers = live cell numbers + dead cell
numbers. Accuri C6 flow cytometry was calibrated using
8-peak Spherotech Validation Beads m.

Standard curve of optical density versus cell number for
each bacterial stain

Exponentially growing cells of each bacterial species
were serially diluted in saline solution in triplicate. Then
ODgep of the samples was measured by above mentioned
method. Sterile saline solution was used as blanks. For
counting cell numbers, the serially diluted bacterial cul-
tures were further diluted to 1 ml with saline solution.
Then the total bacterial cell number was analyzed by

flow cytometry as mentioned above. The correlation be-
tween ODggo and cells number for each bacterial species
was established by means of a standard curve (Figure 3).
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