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Bacterial infection poses severe threats to public health, and early rapid detection of the pathogen is critical
for controlling bacterial infectious diseases. Current methods are commonly labor intensive, time
consuming or dependent on lab-based equipment. In this study, we proposed a novel and practical
method for bacterial detection based on smartphones using the surface plasmon resonance (SPR)
phenomena of gold nanoparticles (AuNPs). The proposed smartphone-based SPR sensing method is
achieved by utilizing color development that arises from the change in interparticle distance of AuNPs
induced by bacterial lysate. The pictures of bacteria/AuNPs color development were captured, and their
color signals were acquired through a commercial smartphone. The proposed method has a detection
range between 2.44 x 10° and 1.25 x 10% cfu mL™! and a detection limit of 8.81 x 10% cfu mL™™.

Furthermore, this method has acceptable recoveries (between 85.7% and 95.4%) when measuring spiked
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Accepted 25th April 2022 real waters. Combining smartphone-based signal reading with AuNP-dependent color development also
offers the following advantages: easy-to-use, real-time detection, free of complex equipment and low

DOI: 10.1039/d2ra01788a cost. In view of these features, this sensing platform would have widespread applications in the fields of
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1. Introduction

The outbreak of pathogenic bacteria or other microbes not only
contaminates food and the environment but also increases the
probability of diseases in humans."* According to WHO reports,
bacterial infections affect approximately 10 million people,
representing an increase of 32% per year,** and cause approx-
imately one-fifth of all annual deaths worldwide.>® Early rapid
measurement of bacterial pathogens is the key guarantee to
successfully control bacterial infectious diseases.

Several assay methods have been developed to measure
bacterial concentrations. Traditional methods, including plate
counting and polymerase chain reaction, are the most
commonly used tools but require several hours to days to obtain
results.”® Enzyme-linked immunosorbent assays are frequently
criticized for their dependence on tedious washing steps and
false positive results.”*" Electrochemical methods have high
accuracy but rely heavily on non-commercial electrodes that
require labor-intensive modifications."”"* Fluorescent assays
are commonly dependent on expensive specialized equipment,
such as fluorescence spectrophotometers, laser scanning
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confocal microscopes, or flow cytometers.'**® Therefore, there
is an urgent need to develop a rapid, simple and low-cost
method for bacterial detection.

Colorimetric assays based on gold nanoparticles (AuNPs)
have widespread applications in environmental monitoring,
food safety, medical diagnostics, and antibioterrorism because
of their fast response, easy readout, and cost efficiency.””*°
These AuNP-based colorimetric assays are achieved by utilizing
the color change (from red to blue) arising from interparticle
surface plasmon coupling induced by the reduced distance of
AuNPs.>**' This instance-dependent color change has been
exploited as an analytical signal to detect various analytes,
including metal ions, proteins, DNA, and cancer cells.”?*
However, these methods rely on laboratory equipment, such as
ultraviolet-visible spectrophotometers or microplate readers, to
record the end-point signal. This has impeded their widespread
applications in point-of-care (POC) detection of bacteria in
resource-limited primary level units, especially in remote rural
areas. Consequently, it is desirable to establish an equipment-
free and AuNP-based method for POC bacterial detection.

Smartphones, which are equipped with a convenient oper-
ating system, internal data storage, and high-resolution
cameras, are popularizing worldwide and are ready-to-use
platforms to develop instrument-free POC systems.>*® In this
study, we proposed a novel and practical method to measure
bacteria based on smartphone and surface plasmon resonance
(SPR) of AuNPs. This method utilizes AuNPs SPR to recognize
bacteria, in which the AuNPs develop different levels of color
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change due to their reduced interparticle distances induced by
the bacterial lysates and sodium chloride. A commercial
smartphone was used to capture the pictures of the color-
developed AuNP/bacteria mixture and to read their color
signal (RGB value). Based on these data, a regression model was
established to describe the relationship between the color
signal and bacterial concentration and to evaluate the bacterial
concentration of water samples.

2. Results and discussion
2.1 Principle of the proposed method

The proposed method is based on smartphone imaging and
bacteria/AuNP color development, the principle of which is
illustrated in Scheme 1. As shown, sodium chloride can induce
the aggregation of AuNPs and results in a color change from wine-
red to gray (Scheme 1a). However, in the presence of bacterial
lysate, the AuNPs colloid remains characteristic wine-red (without
color change) because the bacterial lysate can protect AuNPs from
sodium chloride-induced aggregation (Scheme 1b). This color
development was recorded with a commercial smartphone before
the color signal (RGB value) was analyzed using a smartphone
app (Scheme 1c). Then, the obtained RGB values were trans-
formed into gray signals. Based on these data, a regression model
is proposed to describe the relationship between the responsive
color signal and bacterial concentration and to determine the
bacterial concentration of samples.

2.2 Method feasibility evaluation

The feasibility of the proposed method was investigated with
bacteria/AuNP color development. The synthesized AuNPs are
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wine-red and have strong absorbance at the wavelength of
519 nm (Fig. S17), of which the concentration is calculated as
1.7 nmol L™". As shown in Fig. 1A, the AuNP colloid that reacted
with bacteria remained wine-red (inset picture, tube a), while
the colloid that reacted with the blank control (ultrapure water)
changed from wine-red to gray (inset picture, tube b). In the UV-
Vis spectrogram, the AuNPs/bacteria mixture has strong
absorbance at 530 nm, which was considered as the SPR
absorbance of dispersed AuNPs.”>*° The red-shift of absorbance
peak could be attributed to the decreased interparticle distance
and the increased particle size of AuNPs caused by the binding
of bacterial lysate on AuNPs, which resulted in the change of
absorption frequency of the surface plasmon band of AuNPs. In
contrast, there was only weak absorbance at 530 nm in the
blank control and almost no obvious absorbance in the bacte-
rial suspension (Fig. S21). In TEM assay, the bacterial sample
observed dispersed AuNPs while the blank control displayed
significantly aggregated AuNPs. These results suggested the
feasibility of the proposed method.

2.3 Optimization of assay conditions

The proposed method is based on bacteria/AuNP color devel-
opment, the performance of which could be affected by the
bacteria/AuNP ratio, sodium chloride concentration, and color
development time. To obtain an excellent assay performance,
these factors were optimized by using 1.0 x 10° cfu mL ™" E. coli
as a model analyte.

The bacteria/AuNPs ratio was investigated as it could affect
the assay performance. Serial volumes of bacterial suspension
(1.0 x 10° cfu mL™") were incubated with 700 uL of AuNPs to
perform color development. As shown in Fig. 2A, the responsive
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Scheme 1 Schematic representation of the proposed smartphone-based SPR sensing platform. Bacterial suspensions were incubated with
AuNPs colloid to perform color development (a and b). Pictures of the color-developed bacteria/AUNP mixtures were acquired with a smart-
phone (c). The RGB signal of the captured pictures was recorded using an Android app and transformed into a gray value to plot against the

logarithm of the bacterial concentration (c).
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Fig. 1 Feasibility evaluation of the proposed sensing method. (A)
Photograph and UV-Vis spectra of the AuNPs colloid reacted with E.
coli (tube a, line a) and ultrapure water (tube b, line b). (B and C) TEM
images of AuNPs with (B) bacterial lysate and (C) blank control
(ultrapure water).

signal (absorbance value at 530 nm) steps up gradually as the
bacterial amount increases from 100 uL to 700 uL, after which
the signal increases slowly. Therefore, the optimized ratio of
bacteria/AuNPs was set at 700 pL/700 pL, where the final
concentrations of bacteria and AuNPs were 5.0 x 10% cfu mL ™"
and 0.85 nmol L™, respectively.

The concentration of sodium chloride is another factor that
could influence the responsive color signal. As displayed in
Fig. S3,7 the responsive signal decreases gradually as the
amount of NaCl solution (1.0 mol L") increases from 50 pL to
90 pL. The background signal (blank control) decreases as the
NaCl solution is increased from 50 to 70 puL and then remains
almost unchanged, indicating that the color development rea-
ches a stable state. To obtain the optimal signal/noise ratio, the
amount of NaCl was set at 70 pL (equal to 47.62 mM) for the
following assays.

The color-developing time is a factor that could also affect
the proposed method. To evaluate the effect of color develop-
ment time, color development was conducted at 30, 60, 90, 120,
150, 180, 210, 240, 270, and 300 s when 700 pL/700 pL of
bacteria/AuNPs and 70 uL of sodium chloride were employed in
the assay. As shown in Fig. 2B, the responsive signal decreases
gradually when the reaction time increases from 30 s to 180 s
and then remains almost stable as the time is prolonged to
300 s. Therefore, the optimized color-developing time was 180 s.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Influence of the (A) bacteria/AuNPs ratio and (B) color-devel-
oping time on the proposed detection system. The responsive color
signal was determined with 700 pL of AuNP colloids. Error bars
represent the standard deviation of three independent measurements.

2.4 Colorimetric assay performance

Based on the above optimized working conditions, the colori-
metric assay was performed based on spectral analysis. As
shown in Fig. 3A, the responsive signal (absorbance at 530 nm)
decreased as the bacterial concentration decreased from 5.0 x
10® to 2.4 x 10° c¢fu mL™". By plotting the responsive signal
against bacterial concentration, there was a linear relationship
between 5.0 x 10% and 7.8 x 10° c¢fu mL™" and a linear rela-
tionship between 7.8 x 10° and 2.4 x 10° cfu mL™". The linear
relationships could be described using the equation Y = 0.100X
— 1.351 and equation y = 0.0148x + 0.00938, with coefficients
(R*) of 0.948 and 0.956, respectively. Y and y represent the
absorbance value 530 nm, while X and x represent the natural
logarithm of the bacterial concentration.

2.5 Method generality assessment

To assess the generality of the proposed detection system, other
bacterial strains, including S. aureus, P. aeruginosa and B. sub-
tilis, were detected. These bacteria were prepared at a concen-
tration of 1.0 x 10° c¢fu mL ™" and measured using the same
detection procedure as the model bacteria E. coli. As shown in
Fig. 4, the tested S. aureus, P. aeruginosa and B. subtilis have
strong absorbance peak at 516-521 nm, which are similar to
that of E. coli. This result demonstrated that the proposed
method could be generally applied to detect other bacteria.
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Fig. 3 Responses of the colorimetric method toward different
concentrations of E. coli. (A) UV-Vis spectra of AuNPs reacted with
bacterial suspensions of 5.0 x 108, 2.5 x 108, 1.25 x 108, 6.25 x 107,
313 x 107, 1.56 x 107, 7.80 x 105, 3.90 x 105, 1.95 x 10°, 9.77 x 10%,
4.88 x 10° and 2.44 x 10° cfu mL™! (a-). (B) A plot of absorbance at
530 nm against the natural logarithm of bacterial concentration. Error
bars represent the standard deviation of three independent
measurements.

2.6 Smartphone-based SPR sensing

Smartphone-based SPR sensing was established based on the
above-mentioned spectral assay. The color-developing step is
similar to that of the spectral method. To obtain stable image
resolution of the color-developed products, a light box with
a size of 11 cm X 11 cm x 13 cm was constructed (Fig. S47).
During the imaging, a XIAOMI 6X smartphone was employed,
and the parameters were set at automatic white balance, expo-
sure time 1/263, aperture f/1.75, and focal length 4.07 mm.
Fig. 5A shows the color signal obtained by the smartphone app.
The detailed RGB value and their correlation with bacterial
concentration were displayed in Fig. S5.1 Both the color inten-
sity and the RGB value decreased with the bacterial concentra-
tion. Based on these RGB data, the gray value was calculated
according to the equation: gray value = R x 0.299 + G x 0.587 +
B x 0.114.3%** The calculated gray value was plotted against the
natural logarithm of bacterial concentration, and a linear
equation, G = —14.046C + 400.304, was demonstrated between
1.25 x 10® and 2.44 x 10° cfu mL™" (R* = 0.962), where G is the
gray value and C is the natural logarithm of bacterial concen-
tration. The limit of detection (LOD) was calculated as 8.81 X
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Fig. 4 Generality evaluation of the proposed detection system with
different bacterial species. Bacterial suspensions containing E. coli, S.
aureus, P. aeruginosa and B. subtilis were respectively incubated with
AuNPs and measured using spectral method.

10" cfu mL " according to a signal/noise ratio equal to three.?*3*
This LOD is comparable with those of electrochemical
methods,* microarrays and immunoassays.***” In addition, the
LOD of this method is below the minimum infectious dose of
bacteria commonly found in drinking water.®® More impor-
tantly, this proposed method requires less detection time and
can operate without complex laboratory-based equipment.
These advantages make the method suitable for POC detection
of bacteria in resource-limited areas.

Since the developed sensing device is still the prototype,
there are some limitations such as image capturing and RGB
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Fig. 5 Response of the proposed smartphone-based SPR sensing
method challenged with different concentrations of E. coli. (A) Color
signal obtained with E. coli concentrations between 1.25 x 10 and
2.44 x 10° cfu mL™%. (B) A plot of gray value against the natural
logarithm of bacterial concentration. Error bars represent the standard
deviation of three independent measurements.
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data acquiring/calculating for commercial adaptability. In
addition, the resolution for samples with close concentration
change need to be further improved. Future work will be carried
out on the design of a portable light-box for image capturing,
and a smartphone APP for automatically and precisely acquire
and calculate the RGB data.

2.7 Real sample measurement

The proposed smartphone-based SPR sensing method was
challenged with E. coli-spiked real water samples to test its anti-
interference capability. Tap water, drinking water, and lake
water collected from the university campus were pre-treated by
filtration with a 0.22 um membrane and diluted 10 times with
ultrapure water. After spiking with E. coli, the water samples
were measured using the proposed sensing method. As
summarized in Table S1,f the recovery of tap water is 95.4%,
that of drinking water is 85.7%, and that of lake water is 86.2%.
The standard deviation of all tested samples is less than 5.0%.
The tap water sample has the highest recovery because it has
lower ions concentration than that of drinking water and lake
water. Drinking water used in assay was a mineral water that
usually has high ions concentration, and thus could cause
a strong color development and a low recovery. The lake water
has abundant organic matters and inorganic ions and therefore
has a strong color development and a low recovery. These
results suggest that the proposed smartphone-based SPR
sensing method has acceptable anti-interference capability and
could be applied to measure real water samples.

3. Experimental
3.1 Reagents and materials

Chloroauric acid was provided by Sangon Biotech (Shanghai)
Co., Ltd. Trisodium citrate was obtained from Sigma-Aldrich
Co. LLC. Luria-Bertani (L-B) broth power was purchased from
Guangdong Huankai Microbial Sci. & Tech. Co., Ltd. All solu-
tions were prepared using ultrapure water from a Milli-Q water
purification system.

3.2 Bacterial strain and culture

The bacterium E. coli was obtained in our lab and cultured with
L-B broth.*>** The obtained bacterial culture was washed with
ultrapure water by centrifugation at 5000g. The collected
bacterial cells were suspended in ultrapure water, and the
bacterial concentration was adjusted to 1.0 x 10° ¢fu mL™" (an
optical density at 600 nm (OD600) approximately equal to 1.0).
The bacterial suspension was heated at 100 °C for 30 min and
stored at 4 °C prior to use.

3.3 Synthesis of AuNPs

The AuNPs were synthesized using citrate reduction according
to previous reports.*** Briefly, 100 mL of 0.01% chloroauric
acid solution was heated to boiling in a 250 mL round-bottomed
flask. After adding 4 mL of 1% trisodium citrate, the mixed
reactants were boiled for 30 min until the mixture turned wine-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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red. The prepared AuNP colloid was cooled at room temperature
and then stored at 4 °C prior to use.

3.4 TEM assay
In TEM imaging assay, the AuNPs reacted with bacterial lysate

or ultrapure water were dropped onto a carbon-coated copper
grid, and then dried at room temperature. TEM images were
taken by using a FEI Talos F200S field emission transmission
electron microscope.*

3.5 UV-Vis assay

In UV-Vis assay, bacterial suspension was first mixed with
AuNPs colloid and appropriate amount of sodium chloride for
color development. For UV-Vis spectral measurement, the color-
developed bacteria/AuNP mixtures were measured using an
UV2600 spectrophotometer (Shimadzu) and a 1 cm pathlength
cuvette. For the optimization experiments of color-developing
time and NaCl concentration, the responsive signal was moni-
tored by determining the absorbance at 530 nm.

3.6 Assay procedure

In a typical assay, seven hundred microliters of bacterial
suspension were mixed with an equal volume of AuNPs colloid.
The mixture was mixed with 70 uL of sodium chloride
(1 mol L") for color development. For smartphone-based assay,
the bacteria/AuNP mixtures were imaged with a XIAOMI 6X
smartphone by means of a homemade light box. The captured
images were analyzed using an Android application (APP)
named CaiYu (Falou Technology) to acquire their R, G and B
values. The obtained RGB data were transformed into gray
values according to the following equation: gray value = R x
0.299 + G x 0.587 + B x 0.114.*"*? The calculated gray values
were plotted against the natural logarithm of bacterial
concentration and employed to evaluate the bacterial concen-
tration of tested samples.

4. Conclusions

In summary, we have successfully developed a simple and
effective bacterial sensing platform based on smartphones and
the SPR of AuNPs. The combination of the fast response of
AuNP-based color development with the simple signal readout
of smartphones offers several advantages: simple operation,
real-time detection, equipment-free assay, and POC detection.
Given these advantages, this smartphone-based SPR sensing
platform would have widespread applications in the fields of
medical diagnosis, food safety and environmental monitoring.
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