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Rapid measurement of waterborne bacterial viability is crucial for ensuring the safety of public health.
Herein, we proposed a colorimetric assay for rapid measurement of waterborne bacterial viability based
on a difunctional gold nanoprobe (dGNP). This versatile dGNP is composed of bacteria recognizing parts
and signal indicating parts, and can generate color signals while recognizing bacterial suspensions of
different viabilities. This dGNP-based colorimetric assay has a fast response and can be accomplished
within 10 min. Moreover, the proposed colorimetric method is able to measure bacterial viability

between 0% and 100%. The method can also measure the viability of other bacteria including

iizzgtz cé 3]).2?;1 EZT;TE:: 228511 Staphylococcus aureus, Shewanella oneidensis, and Escherichia coli O157H7. Furthermore, the proposed
method has acceptable recovery (95.5-104.5%) in measuring bacteria-spiked real samples. This study

DOI: 10.1039/d1ra07287k offers a simple and effective method for the rapid measurement of bacterial viability and therefore
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1. Introduction

Waterborne bacterial infections are conditions caused by
bacteria transmitted in water,"” and can lead to acute or chronic
syndromes including cholera, typhoid fever and diarrhea.>*
These waterborne diseases give rise to millions of deaths a year
according to reports of the World Health Organization, and
pose severe threats to public health.>® Living bacteria such as
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
commonly cause these waterborne diseases. Rapid measure-
ment of waterborne bacterial viability is critical to ensure public
health security.

Enormous efforts have been made to detect waterborne
bacterial viability. Plate culturing methods are considered the
“gold standard” and are frequently used to measure bacterial
viability but suffer from time-consuming operational proce-
dures, requiring 24 to 48 hours to obtain results.””® Molecular
methods, despite requiring less detection time, depend heavily
on laborious sample preparations.'> Fluorescent methods
employ various organic dyes to differentiate living and dead
bacterial cells."** Although rapid and easy to operate, these
fluorescent methods rely on costly fluorescent dyes and require
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should have application potential in medical diagnosis, food safety, and environmental monitoring.

complex instruments such as laser scanning confocal micros-
copy'® or flow cytometry,"” which impede their widespread
applications in resource-limited regions. Therefore, there is an
urgent need to develop a rapid, simple, and low-cost method for
measuring bacterial viability.

Colorimetric assays have received widespread attention due
to their simpleness, fast response, and visual detection.'®>°
Developing a high-performance sensing probe is the core
guarantee to construct an effective colorimetric assay. Various
enzyme-based probes have been used for colorimetric assays, in
which different enzymes are conjugated to organic or inorganic
materials and specifically generate color signals by catalyzing
the oxidation of chromogenic substrates.”* These enzyme-
based colorimetric assays commonly involve multistep incuba-
tions and washings, which are time-consuming and readily
generate false positive results. Gold nanoprobes (GNPs) are gold
particles with diameters between 1 and 100 nm. GNPs have
unique optical properties and can change their color along with
the dispersion state by means of a surface plasma resonance
mechanism.**** Moreover, GNPs can be easily synthesized at
low cost and have excellent colloidal stability.* Consequently, it
is desirable to explore a GNP-based colorimetric assay for
measuring bacterial viability.

In this study, we proposed a novel colorimetric method for
the rapid measurement of waterborne bacterial viability by
using a difunctional GNP (dGNP). dGNPs can differentiate
bacterial suspensions of different viabilities and generate color
signals through surface plasma resonance. The measurement
ranges of this dGNP-based method cover 0% to 100% bacterial
viability. This proposed method possesses a fast response and
can be accomplished within 10 min. Furthermore, the
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developed method has acceptable recovery when challenged
with bacteria-spiked real water samples. This study advances
a novel strategy for rapid measurement of waterborne bacterial
viability, and is expected to have applications in the field of
medical, food, and environmental science.

2. Results and discussion

2.1. Principle of the proposed colorimetric method

Principle of the proposed colorimetric method is illustrated in
Scheme 1. As shown, the dGNP is composited of bacteria
recognizing part and the signal indicating part. This versatile
dGNP can differentiate bacterial suspensions of different
viabilities through the molecule cysteamine and generate
various levels of color change via surface plasmon resonance.
Living bacterial suspension with intact cells, when incubated
with dGNPs, displays characteristic wine red color due to the
dispersed state of dGNPs. In contrast, dead bacterial suspen-
sions containing dGNPs develops significant color change
because of the reduced interparticles distance of dGNPs
induced by the released bacterial inclusions, such as nucleic
acids. The intensity of the color development is positively
correlated with bacterial viability, which allows quantitative
measurement of bacterial viability.

2.2. Characterization of the synthesized dGNP

The dGNPs were prepared by the reduction of chloroauric acid
with sodium borohydride in the presence of cysteamine. As
shown in Fig. 1A, the synthesized dGNP is a wine-red colloid
(inserted picture), which has a concentration of 1.62 nM and
a strong absorbance peak at a wavelength of 528 nm. As
demonstrated in the TEM image (Fig. 1B), the dGNPs are
monodispersed and have an average particle size of 29.5 nm in
diameter (Fig. S17). For further characterization, EDS-coupled
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Fig. 1 Characterization of the synthesized dGNP. (A) Photograph and
UV-vis spectra of dGNPs; (B) TEM image of dGNPs; (C) HAADF mage of
dGNPs; (D) element mapping of dGNPs including gold (Au), sulfur (S),
nitrogen (N) and carbon (C).

scanning TEM (STEM-EDS) mapping was carried out. Fig. 1C
is a HAADF image of the dGNPs, where elemental mapping
analysis was conducted. Fig. 1D shows the mapping of Au, N, S
and C. Elemental mapping of N and S also reveals that the
dGNPs are coated with cysteamine. These results demonstrated
the successful synthesis of dGNPs.

2.3. Method feasibility evaluation

To evaluate the feasibility of the proposed method, dGNPs were
incubated with E. coli K12 to perform color development. As
shown in Fig. 2A, the dGNP that incubated with living bacteria
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Schemel Schematicillustration of the proposed colorimetric method. The dGNP is composed of bacteria recognizing part and signal indicating
part. Living bacterial sample reacted with dGNPs displays characteristic wine-red due to the dispersed state of dGNPs. Dead bacterial sample
containing dGNPs develops significant color change because of the reduced inter-particle distance of dGNPs that induced by intracellular

components such as nucleic acid.
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Fig. 2 Feasibility evaluation of the proposed colorimetric method. (A)
Photograph and UV-vis spectra of dGNPs incubated with live bacteria
(tube a, line a), dead bacteria (tube b, line b), supernatant of dead
bacteria suspension after centrifugation (tube c, line c¢), and deposited
cells (suspended in ultrapure water) of dead bacteria suspension after
centrifugation (tube d, line d). TEM images of dGNPs incubated with (B)
live bacteria, (C) dead bacteria, (D) supernatant of dead bacterial
suspension after centrifugation, and (E) deposited cells of dead
bacterial suspension.

remained characteristic wine red (inserted photo, tube a), while
the dGNP that reacted with dead bacteria developed a signifi-
cant color change (inserted photo, tube b). The dGNP/bacteria
mixture was characterized with UV-vis spectroscopy. As dis-
played in the spectra (Fig. 24, line a), living bacteria/dGNPs have
strong absorption at 528 nm, which can be attributed to the
surface plasmon resonance (SPR) absorption of dispersed
dGNPs.”” GNPs have been reported to possess antibacterial
properties and may cause bacterial death.”®** However, this
effect was not observed in the present study, which could be
attributed to the short incubation of dGNPs with bacteria.
dGNPs employed in this study were incubating with bacteria for
only 3 min, comparing with 120-240 min in the literatures,
which have minor harmful effect on the bacterial cells.
Compared with the living bacteria, the dead bacteria exhibited
a significant decrease in absorbance at 528 nm (Fig. 24, line b),
which is in accordance with previous reports.***

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Since bacterial cell and lysates have been reported to be able
to develop color changes,** to investigate their effect in this
study, the dead bacterial suspension was centrifuged at
10 000 rpm, after which the supernatant and settled cells (sus-
pended in ultrapure water) were collected for color-developing
reactions. As suggested in the inserted photo, the supernatant
(tube c) had a color change, while the settled cells (tube d)
remained wine-red. The difference was also observed in the UV-
vis spectra (Fig. 2A, lines c and d).

The above result was further confirmed by SEM assay. The
dGNPs were dispersed in the presence of living bacterial
suspension (Fig. 2B) or in settled dead bacterial cells (Fig. 2E),
whereas the dGNPs reacted with dead bacterial suspension
(Fig. 2C) or dead bacterial supernatant (Fig. 2D) were signifi-
cantly aggregated. This result indicated that color development
may be mostly caused by released intracellular components. To
demonstrate this, UV-vis spectroscopy was carried out. The
supernatant presents a strong absorption at 260 nm (Fig. S21),
which could be attributed to the absorbance of nucleic acids.*
Agarose gel electrophoresis further confirms the presence of
large number of nucleic acids in the supernatant. Nucleic acids
have been reported to induce the aggregation of GNPs to
develop a color-changing reaction.**?*® These results demon-
strated the feasibility of the proposed method in measuring
bacterial viability.

2.4. Optimization of working conditions

The proposed colorimetric method is based on the color
development between dGNPs and bacterial suspensions. The
performance of this method could be affected by the concen-
tration of bacteria/dGNPs and color development time. There-
fore, these parameters were optimized by using 1.62 nM dGNP
and 1.0 x 10° CFU mL™ " dead E. coli K12.

To evaluate the influence of bacteria/dGNP concentration.
The ratios of bacteria/dGNP (v/v), including 1/4, 1/3, 1/2, 1/1,
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Fig. 3 Influence of volume ratio of bacteria/dGNP on the responsive

color signal. The initial concentrations of employed dGNP and E. coli
K12 suspensions were 1.62 nM and 1.0 x 10° CFU mL™%, respectively.
Blank control was measured with dGNPs by using ultrapure water
instead of bacteria suspension.
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and 2/1, were employed in the assay. As shown in Fig. 3, the
absorbance value at 528 nm decreased as the volume ratio
increased from 1/4 to 1/1; thereafter, the value remained stable.
The minimum absorbance value is presented at 1/1. As
compared with blank control (dGNP/water, 1/1), the dGNP/
bacteria at ratio 1/1 also has significant color change. There-
fore, 1/1 was set as the optimized volume ratio of bacteria/
dGNPs in the following study, where the final concentrations
of dGNPs and bacteria were 0.81 nM and 5.0 x 10® CFU mL ™,
respectively.

To investigate the effect of color development time, 5.0 x 10°
CFU mL " dead E. coli K12 suspension and 0.81 nM dGNP were
mixed and subjected to 30 s, 60 5,905,120 s, 150 5,180 s, 210 S
and 240 s of color development. As shown in Fig. S4,t the color
signal decreases gradually as the color-developing time is pro-
longed from 30 s to 180 s, after which the signal remains almost
unchanged, indicating that the color development reaches an
equilibrium state. Therefore, 180 s was considered the optimal
reaction time for further experiments.

2.5. Assay performance of the proposed method

Under optimized parameters, E. coli K12 suspensions with
different viabilities, which were prepared by using living and
dead bacterial suspensions, were measured with the proposed
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Fig. 4 Colorimetric responses of the proposed method challenged
with bacterial suspensions of different viabilities. (A) UV-vis spectra of
dGNP in measuring E. coli K12 suspensions of 0—100% viability. (B) Plot
of the Aspg value against bacterial viability. Error bars represent the
standard deviation of three independent measurements.
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colorimetric method. Fig. 4 depicts the typical response of the
method challenged with E. coli K12 suspensions of 0% to 100%
viability. In the UV-vis spectra, the absorbance value at 528 nm
(Asys) decreased gradually as bacterial viability decreased. By
plotting As,5 against bacterial viability, a linear relationship was
observed between 0% and 100% viability (Fig. 4B). It could be
described by the equation Y = 0.0159X + 1.426 with a correlation
coefficient (R*) of 0.987, where Y is As,s and X represents the
bacterial viability.

This performance is comparable to those of colorimetric
bienzyme systems®® and fluorescence spectroscopy*’ but better
than those of bioimaging,'*** continuous-wave terahertz trans-
mission imaging*> and metabolic monitoring.** Moreover, the
proposed method possesses a fast response, which could be
accomplished within 10 min. This method only requires
a simple apparatus and low-cost dGNP without enzymes, anti-
bodies, or DNA/RNA probes. Beyond these advantages, this
colorimetric method is homogeneous and room-temperature,
which make it possible to automate by standard microplate
manipulation and to implement a high-throughput assay.
Furthermore, this method can also form the basis for an
instrument-free quantitative assay by means of smart devices or
cloud computing techniques. These results demonstrated the
excellent performance of the proposed dGNP based colori-
metric method toward bacterial viability measurement.

2.6. Method generality evaluation

The proposed method was challenged with the other three
bacteria to assess its generality. Bacterial strains such as S.
aureus, S. oneidensis, and E. coli 0157:H7 (1.0 x 10° CFU mL )
were tested. As shown in Fig. 5, the absorption peaks of the
tested samples are shifting between 530 nm and 542 nm
dependent on the bacterial species, and all the tested bacteria
observed color signal differences between the dead and living

4 Live S. aureus
Live S. oneidensis
Live E. coli O157:H7
Live mixture
3 Dead S. aureus
@ Dead S. oneidensis
o Dead E. coli 0157:H7
- Dead mixture
Blank control
82
[
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Fig. 5 Responsive color signal of the detection system challenged
with different bacterial species. Live and dead bacterial suspensions
containing S. aureus, S. oneidensis and E. coli O157:H7 were
measured. The tested mixture sample contained S. aureus, S. onei-
densis and E. coli O157:H7. Blank control was measured with dGNPs by
using ultrapure water instead of bacteria suspension.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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samples. Compared with blank control, the dead bacterial
samples also show significant difference in color signal. Since
multiple bacterial strains are commonly found in nature, mixed
bacterial samples containing S. aureus, S. oneidensis, and E. coli
0157:H7 were tested. The bacterial mixtures were of 0% and
100% viability. Similar to those of single bacterial species,
mixed bacterial samples also showed obvious signal differences
between the live and dead bacterial samples. These results
demonstrates that the proposed method can be generally
applied to measure the viability of other bacterial species.

2.7. Real sample detection

The proposed method was investigated with bacteria-spiked
water samples to test its practical application in measuring
real samples. Unfiltered drinking water and tap water samples
were diluted 10 times with ultrapure water and spiked with E.
coli K12 to prepare bacterial suspensions with 0%, 50% and
100% viability. River water samples were treated with
membrane filtration and diluted 10 times with ultrapure water
before spiking with E. coli K12. The prepared bacterial
suspensions were mixed with dGNP and then subjected to
spectrophotometer measurement. Table S1f shows that the
recoveries are between 95.5% and 104.5%, and the relative
standard deviations of all water samples are less than 5%. This
result demonstrated the excellent anti-referring ability of the
proposed method and its potential application in measuring
real water samples.

3. Experimental

3.1. Reagents and materials

Chloroauric acid was purchased from Sangon Biotech Co., Ltd.
(Shanghai, China). Cysteamine and sodium borohydride were
provided by Macklin Biochemical Co., Ltd. (Shanghai, China).
Tetramethyl-benzidine (TMB) solution was obtained from
Sigma-Aldrich (St. Louis, MO). Other chemical reagents were of
analytical reagent grade. All solutions were prepared using
ultrapure water with a resistivity of 18.2 MQ cm.

3.2. Bacterial strain and culture

The bacterial strain E. coli K12 was purchased from the Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell
Cultures. The bacterial glycerol stock was added to Luria-
Bertani (LB) broth containing 10 g L™" tryptone, 5 g L™ " yeast
extract, and 10 g L™" NaCl before shaking at 180 rpm in an
incubator.** After incubating overnight at 37 °C, the bacterial
cultures were harvested by centrifugation at 5000g for 10 min.
The deposited bacterial cells were washed three times with
sterilized ultrapure water. The obtained bacterial cells were
suspended in sterilized ultrapure water and diluted to an
optical density at 600 nm (ODg() equal to 1.0, which contained
approximately 1.0 x 10° colony forming units per milliliter
(CFU mL™"). Dead bacterial suspensions were prepared by
incubating the living bacterial suspensions at 100 °C for 60 min.
The living and dead bacteria suspensions were all stored at 4 °C
prior to measurement.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.3. Synthesis of dGNP

dGNPs were prepared according to previous reports with
modifications.*>*¢ Briefly, an aqueous solution of cysteamine
(400 pL, 213 mM) was mixed with 40 mL of 1.42 mM chloroauric
acid solution in a 100 mL glass bottle. After stirring for 20 min
at room temperature, sodium borohydride solution (10 mM, 10
uL) was added to the mixture, which was vigorously stirred for
30 min in the dark. The obtained wine-red colloid was stored at
4 °C prior to use.

3.4. Transmission electron microscopy (TEM) assay

TEM images of the synthesized dGNPs were obtained by using
an FEI Talos F200S field emission transmission electron
microscope operated at 200 kv.*** The mapping images were
acquired with energy-dispersive X-ray spectroscopy (EDS)
coupled to TEM. To prepare samples for TEM imaging, the
synthesized dGNPs were dropped onto a carbon-coated copper
grid before drying at room temperature.

3.5. Scanning electron microscopy (SEM) assay

SEM images were taken with a Hitach SU8220 field-emission
scanning electron microscope at an applied voltage of 3
kv.*>* Prior to imaging, the SEM samples were prepared by
mixing the dGNPs with the bacterial samples, which were then
dropped onto a conductive Si substrate and dried at room
temperature.

3.6. Colorimetric detection of bacterial viability

In a typical assay, 500 pL of dGNPs was mixed with 500 pL of
bacterial suspension (ODgoy = 1) in a 1.5 mL centrifugal tube.
The mixtures containing dGNP and bacteria were left to develop
color changes by incubating 3 min at room temperature. The
color change of the bacteria/dGNP mixture was determined
using a UV-2600 ultraviolet-visible (UV/vis) spectrometer (Shi-
madzu, Japan).

4. Conclusions

In summary, we have proposed a novel and practical colori-
metric method for rapid measurement of bacterial viability by
using a dGNP. The proposed method only uses label-free dGNP,
takes less than 10 min, requires a simple apparatus, is able to
measure the viability of bacteria other than E. coli K12, and has
favorable anti-interfering ability in measuring spiked real water
samples. The method has additional benefit beyond its fast
response and simplicity. The colorimetric method is homoge-
neous and room temperature, which makes it possible to
automate by standard microplate manipulation and to imple-
ment high-throughput screening. Furthermore, we should
point out that this proposed method can also form the basis for
an instrument-free quantitative assay by means of smart devices
and cloud computing techniques. Overall, this study advances
an ingenious strategy for waterborne bacterial viability detec-
tion and should have application potential in medical diag-
nosis, food safety, and environmental monitoring.
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