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Biosensors based on nanomaterials are becoming a research hotspot for the rapid detection of pathogenic
bacteria. Herein, a "turn-on” fluorescent biosensor based on a FRET system was constructed for the fast
detection of a representative pathogenic microorganism, namely, E. coli, which causes most urinary tract
infections. This biosensor was constructed by utilizing synthesized UCNPs as fluorescent donors with
stable luminescence performance in complex biological samples and GO@FezO,4 as a receptor with both
excellent adsorption ability and fluorescence quenching ability. A specific ssDNA selected as an aptamer
which could recognize E. coli was immobilized on the UCNPs to form UCNP-Apt nanoprobes. The
nanoprobes were adsorbed on the surface of GO@FezO,4 through the 7t-stacking interactions between
aptamers and GO. In the presence of E. coli, UCNP-Apt nanoprobes detached from GO@FezO, due to
the specific recognition of aptamers and bacteria, resulting in obvious fluorescence recovery, and the
concentration of bacteria was positively correlated with the intensity of the fluorescence signal; such
a "turn-on” signal output mode ensures excellent precision. In addition, the easy magnetic separation of
GO@Fesz0O,4 simplifies the operation process, helping the sensor detect bacteria in 30 minutes with
a linear range from 10° to 10’ CFU mL™* and a limit of detection of 467 CFU mL~*. Moreover, recovery
test results also showed that the sensor has clinical application potential for the rapid detection of
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Introduction

Bacterial urinary tract infections (UTIs) are a common infec-
tious disease, and 80% of UTIs are caused by Escherichia coli (E.
coli).* The treatment of bacterial infections mainly depends on
the assistance of antibiotics. To avoid antimicrobial resistance
caused by drug abuse, sufficient laboratory evidence should be
provided before the application of antibiotics, such as micro-
organism identification and drug sensitivity tests. As the gold
standard, bacterial culture requires an enrichment step to
increase the number of bacteria to reach the minimum detec-
tion level, and the entire process of culture and identification
takes at least 48 h, which might result in the delay of treatment.
Shortening the detection time can help clinicians formulate
appropriate treatment plans in a timely manner, which will lead
to better therapeutic effects and lower costs. The quantitative
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pathogenic microorganisms in complex biological samples.

detection of bacteria can be achieved by the polymerase chain
reaction (PCR) with high sensitivity, but they are susceptible to
contamination, which produces false positive signals.>™* Mass
spectrometry is another attractive detection method that has
been clinically accepted;>® however, the high costs and
complicated operative procedure limit its application in
resource-limited areas. Therefore, a simple and rapid method
for the diagnosis of pathogenic bacteria is urgently needed.

Recently, nanomaterial-based biosensors for pathogenic
bacteria detection have become a research hotspot in point-of-
care tests.”™ Federico Schaumburg et al. designed an iso-
tachophoretic microfluidic paper-based analytical device to
complete the detection of E. coli in 90 min.** Sanjay Singh et al.
reported a vancomycin-coated impedance sensor for discrimi-
nating Gram-positive and Gram-negative bacteria, and the limit
of detection was 10> CFU mL~" with a linear dynamic range of
10% to 10’ CFU mL™*.** In our previous research, a new type of
enzyme-free electrochemical biosensor was constructed based
on highly catalytic Cu-ZrMOF and conductive Super P,
achieving the rapid detection of Pseudomonas aeruginosa within
120 min.* These studies indicate that biosensors based on
nanomaterials have high application potential for the rapid
detection of pathogens.
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Fluorescent biosensors have usually been used for the
detection of targets due to their low cost, common detection
equipment and simple operation."*** However, traditional
organic fluorescent dyes have the characteristics of a short
fluorescence lifetime, unstable optical properties, and severe
background signals, which limit their application in the
detection of complex biological samples.’** Upconversion
nanoparticles (UCNPs) are a new type of nanoluminescence
material that converts near-infrared light into shortwave radi-
ation (anti-Stokes law light, also known as upconversion light)
through a multiphoton absorption mechanism, and their
emission wavelength can be adjusted by doping different rare
earth ions at various ratios.” Compared with traditional organic
fluorescent dyes, UCNPs have stable optical properties and are
less prone to photobleaching.”**” When excited by near infrared
light, the excitation light is not affected by background
absorption and autofluorescence during the detection of
complex biological samples. Therefore, it has many applica-
tions in the detection of targets.”*

Graphene oxide (GO) is a two-dimensional layered material
that can not only strongly adsorb single-stranded DNA (ssDNA)
through m-stacking interactions but also efficiently load more
biomolecules or nanomaterials because of its large specific
area.** Meanwhile, it has a wide range of applications in fluo-
rescent sensors due to its fluorescence quenching ability.>*?”
However, the detection performance of the biosensor in sample
analysis will be affected by its poor water solubility and shading
effect. In our previous work,*® we found that the GO@Fe;0,
nanocomposite has better water solubility than GO alone.
Moreover, the nanocomposite retains excellent fluorescence
quenching performance and a large specific area with many
binding sites to load biomolecules or nanoprobes, and it is
easily separated with a magnet due to containing Fe;0,.

Herein, a novel fluorescent biosensor was constructed based
on fluorescence resonance energy transfer (FRET) between
UCNPs and GO@Fe;04. The UCNP nanoprobes which could
recognize E. coli were adsorbed on the surface of GO@Fe;0, to
form a FRET system, leading to the fluorescence quenching of
UCNPs at 475 nm. After incubation with target bacteria, the
upconversion fluorescence at 475 nm was recovered and the
concentration of bacteria was positively correlated with the
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Scheme 1 Schematic of the fluorescence biosensor for E. coli
detection. Step 1: the construction process of the biosensor; step 2:
the detection process of E. coli.
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intensity of the fluorescence signal. The assay principle is
depicted in Scheme 1.

Experimental section
Materials and instruments

All commercial chemicals were of analytical grade and used
without further purification unless stated otherwise. E. coli
(ATCC 25923) was obtained from the American Type Culture
Collection (ATCC, USA). Staphylococcus aureus (S. aureus), Aci-
netobacter baumannii (A. baumannii), and P. aeruginosa were
gifted by the First Affiliated Hospital of Chongqing Medical
University. Rare earth chlorides YCl;-6H,0, YbCl;-6H,0,
TmCl;-6H,0, NaOH and NH,F were purchased from Aladdin
Reagent, Ltd. (Shanghai, China). Poly(acrylic acid sodium salt),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC), oleic acid (90%), and 1-octadecene (90%) were
purchased from Sigma Aldrich (St. Louis, USA). mPEG-NH,
(methoxypolyethylene glycol ammonia) was purchased from
Macklin (Shanghai, China). Hydroxysulfosuccinimide sodium
salt (Sulfo-NHS) and HEPES (1 M, pH 7.5-8.0) were purchased
from Sangon Biotechnology Co., Ltd. (Shanghai, China). DNA
oligonucleotides were synthesized, modified and HPLC-purified
at Sangon Biotechnology Co., Ltd. (Shanghai, China). The
sequences and modification of DNA strands are shown in the
ESI (Table S21). GO@Fe;0, was purchased from XFNANO
(Nanjing, China). Ultra-pure water (Milli-Q 18.2 MQ, Millipore
System Inc.) was used to prepare all aqueous solutions. Trans-
mission electron microscopy (TEM) (H600, Hitachi, Japan) was
used to investigate the size, morphology, and microstructure of
the as-prepared nanoparticles. Fourier transform infrared (FT-
IR) spectroscopy was performed on a Fourier transform
infrared spectrophotometer (Thermo Fisher, USA). The zeta
potential was measured using a Nano-ZEN3600 Zetasizer
system (Malvern, UK) at 25 °C. UV-Vis-NIR spectra were recor-
ded with a Shimadzu UV-2550 spectrophotometer (Shimadzu
Co., Kyoto, Japan). Fluorescence measurements were carried
out on a Cary Eclipse fluorescence spectrophotometer (Agilent
Technologies, USA) using a 2 W 980 nm CW laser (Hi-tech
Optoelectronics Co., Ltd., Beijing, China) as the excitation
source.

Synthesis and surface modification of UCNPs

UCNPs were synthesized according to the hydrothermal method
with some modifications.*® Briefly, 482.30 mg of YCl;-6H,0,
155.00 mg of YbCl;-6H,0, and 2.75 mg of TmCl;-6H,0 were
added to a flask containing 18 mL of oleic acid and 30 mL of 1-
octadecene, and heated to 160 °C for 90 min in an argon flow.
After the solution was cooled to room temperature, 10 mL of
methanol containing 296.30 mg of NH,F and 200.00 mg of
NaOH were added to the flask and stirred at 50 °C for 30 min.
Then, the mixed solution was heated to 100 °C and held for
another 30 min to remove residual methanol. Subsequently, the
solution was heated to 300 °C for 120 min and then cooled to
room temperature. Finally, the mixture was washed three times
with ethanol and dispersed in cyclohexane.
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The as-synthesized UCNPs were transferred into the aqueous
phase through an acid-induced ligand removal process. The
UCNPs dissolved in cyclohexane were mixed with ethanol and
centrifuged at 12 000 rpm for 10 min. Then, the pellet was
redispersed with a mixture of ethanol and an HCI aqueous
solution (2 M) by sonication. The acid-treated UCNPs were
thereafter washed three times with ethanol to remove excess
acid. Subsequently, the ligand-free UCNPs were dispersed into
deionized water for surface modification.

Poly(acrylic acid sodium salt) (PAA) was adopted for the
surface modification of UCNPs. Ligand-free UCNPs were drop-
wise added to a poly(acrylic acid sodium salt) solution (10 mg
mL ") while stirring. The solution was stitred overnight and
thereafter purified three times with deionized water. PAA-coated
UCNPs were dispersed in deionized water for further use.

Construction of UCNP nanoprobes

UCNP nanoprobes were constructed through the connection
between UCNPs and E. coli aptamers. First, PAA-functionalized
UCNPs were activated via EDC/Sulfo-NHS chemistry prior to the
connection of aptamers. Next, amino-modified aptamers were
added to the solution and stirred at 37 °C for 240 min. After
that, 100 uL of mPEG-NH, (200 mg mL™ ') was reacted with
UCNP-aptamer to reduce nonspecific binding effects. The
successful construction of UCNP nanoprobes was characterized
by fluorescence intensity and zeta potential.

Construction and optimization of the fluorescence biosensor

The biosensor was constructed by incubating the UCNP-Apt
nanoprobes and GO@Fe;0, in HEPES buffer (10 mM). The
concentration of GO@Fe;0, and the incubation time of UCNP-
Apt nanoprobes were optimized for better detection
performance.

Preparation of bacterial strains

Luria-Bertani (LB) medium solution was prepared and con-
sisted of 5.00 g of sodium chloride, 2.50 g of yeast extract, 7.50 g
of agarose G-10, 5.00 g of tryptone and 500 mL of ddH,O. All
bacterial strains were incubated with LB plates in an incubator
containing 5% CO, at 37 °C for 16-24 h. McFarland turbidim-
etry was applied to quantify E. coli, S. aureus, A. baumannii, and
P. aeruginosa. Bacterial suspensions with different concentra-
tions (10%, 10°, 10°, 10” and 10® CFU mL™ ") were prepared with
PBS (0.01 mol L™ and pH 7.4).

Evaluation of the analytical performance of the biosensor

For the E. coli assay, 50 pL of bacteria at different concentrations
were incubated with the constructed biosensor for 30 min with
gently shaking. After magnetic separation, the upconversion
fluorescence intensity of the supernatant was measured. The
number of bacteria was positively correlated with the intensity
of the recovered fluorescence.

Specificity tests were completed by similar methods. E. coli,
S. aureus, A. baumannii, P. aeruginosa and a mixed group con-
taining the above bacteria at a final concentration of 10’ CFU
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mL ™' were incubated with the prepared biosensor. The fluo-
rescence intensity of the supernatant was measured for further
comparison.

To evaluate the potential clinical application value of this
biosensor, recovery tests were performed to detect bacteria in
urine samples. All samples were kindly provided by the First
Affiliated Hospital of Chongqing Medical University. The study
had been approved by the ethics committee of the First Affili-
ated Hospital of Chongqing Medical University. And informed
consent was obtained for all experiments on human subjects.

Results and discussion
Characterization of the UCNPs

The morphology and size of UCNPs were characterized by TEM.
UCNP-PAA showed good dispersibility and a regular
morphology in aqueous solution with a mean size of approxi-
mately 200 nm (Fig. 1A and B). Subsequently, the emission
spectra of UCNPs were recorded with excitation at 980 nm. We
observed that the nanomaterials had independent character-
istic emission peaks at 475 nm (Fig. 24, black line), which was
attributed to the rare earth element Tm (Fig. 1C).

Fig. 1D shows the FTIR spectra. The bands at 2925 and
2854 cm™ " were assigned to the methylene (-CH,-) asymmetric
and symmetric stretching vibrations of OA in the alkyl chain.
And the bands centred at 1563 and 1460 cm™ " were caused by
the asymmetric and symmetric stretching vibrations of -COO-
on the surface of the OA-coated UCNPs. After PAA modification,

——OA-UCNP
——UCNP-PAA

] 2854
2920 1460

2925 1563

Transmittance (%)

1 2027 2855 1696

3440

3500 3000 2500 2000 1500
Wavenumber (cm™)

Fig. 1 Characterization of UCNPs: (A and B) TEM images of PAA-
UCNPs, (C) elemental mappings of the UCNPs, and (D) FTIR spectra of
OA-UCNP and UCNP-PAA.
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Fig. 2 Characterization of the construction process of UCNP-Apt
nanoprobes: (A) fluorescence emission spectra of UCNP-PAA, UCNP-
Apt and mPEG-UCNP-Apt and (B) zeta potentials of UCNP-PAA,
UCNP-Apt and mPEG-UCNP-Apt.

the bands attributed to the asymmetrical stretching of ~-CH,-
groups at 2927 and 2855 cm ™'
bands at approximately 1696 cm™ - indicated an increased
quantity of -COOH groups on the particle surface. These results
demonstrated the successful PAA modification.

were reduced. Moreover, the
1

Characterization of the UCNP nanoprobes

Aptamers were connected to UCNP-PAA through amino-
carboxyl chemistry to form UCNP-Apt nanoprobes. As seen in
Fig. 2A, there was no significant change in UCNP fluorescence
before and after aptamer functionalization. And after incu-
bating with mPEG-NH,, the fluorescence intensity was only
slightly reduced, showing the excellent fluorescence stability of
UCNPs. The zeta potential results indicated that the UCNPs and
aptamers were connected successfully (Fig. 2B). The aptamers
were negatively charged in the dispersion, after connecting to
UCNP-PAA, the potential value was decreased from —16.18 mV
to —19.73 mV. It indicated that the E. coli aptamers were con-
nected onto the surface of UCNP-PAA successfully. mPEG-NH,
was positively charged in the solution, after incubating with
UCNP-Apt nanoprobes, and the potential value of UCNP-Apt
nanoprobes was increased to —11.63 mV (Fig. 2B). It indicated
that mPEG-NH, was modified successfully.

Construction and optimization of the biosensor

GO@Fe;0, is another important part of this biosensor. The
ultraviolet visible absorbance of GO@Fe;0, was measured, and
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Fig.3 Quenching efficiency of different concentrations of GO@FezO4
after incubation with the UCNP-Apt nanoprobes: (A) quenching effi-
ciency of GO@FezO,4 at different concentrations and (B) quenching
efficiency of GO@FezO,4 at different incubation times.
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Fig. 4 Quantitative detection of E. coli. (A) Changes in the UCF signal
of the biosensor after incubation with various concentrations of E. coli.
(B) Linear relationship of the UCF intensity and the concentrations of E.
coli from 10° to 107 CFU mL™. Error bars = SD (n = 3).

good fluorescence quenching ability was observed (Fig. S1t).
Next, HEX-labelled aptamers were incubated with GO@Fe;0,
for 30 min and the fluorescence results showed that GO@Fe;0,
had the ability to bind single-stranded nucleic acids (Fig. S27).

Subsequently, GO@Fe;0, was added to UCNP nanoprobes to
obtain final concentrations of 0.1 mg mL™', 0.2 mg mL ™,
0.3 mg mL™", 0.4 mg mL™", 0.6 mg mL~" and 0.8 mg mL". As
reflected in Fig. 3A, the quenching efficiency (see the ESIt) of
GO@Fe;0, increased with its concentration. However, when
the concentration of GO@Fe;04 was up to 0.4 mg mL™}, the
quenching efficiency increased to 90%, and there was no
significant change with increasing concentration of GO@Fe;0,.
To ensure that these nanoprobes were fully reacted, 0.6 mg
mL~' was selected as the optimized concentration of
GO@Fe;0,.

Regarding the incubation time, 0.6 mg mL~* GO@Fe;0, was
reacted with the UCNP nanoprobes for different periods of time.
After 30 min of incubation, the quenching efficiency increased
to 95%, and there was no significant change when the incuba-
tion time continued to increase (Fig. 3B). Therefore, 30 min was
selected as the final incubation time.

Evaluation of analytical performance

Linear range and limit of detection. Regarding bacterial
detection, different concentrations of bacteria were incubated
with the constructed biosensor for 30 min with gentle shaking.
The emission peaks of the upconversion luminescence for E.
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Fig. 5 Specificity of the biosensor for the detection of different
bacteria: (A) fluorescence spectrum of different bacteria and, (B)
fluorescence intensity of different bacteria at 475 nm: (a) blank control,
(b) A. baumannii, (c) S. aureus, (d) P. aeruginosa, (e) mixed, and (f) E.
coli. Error bars = SD (n = 3).
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Table 1 Recovery tests of the fluorescence biosensor for E. coli
detection

Detected E.  Recovery RSD (%,

Sample no. Spiked E. coli (log C) coli (log C) (%) n = 10)
1 3 3.05 101.7 0.63
5 4.78 95.6 3.35

coli were monitored at a wavelength of 475 nm. As shown in
Fig. 4A, the change in fluorescence intensity (Alntensity = F —
Fy, Fy, was the fluorescence intensity measured in the control
group) at 475 nm increased with increasing concentration of E.
coli. It had a good linear relationship with the logarithm of E.
coli concentrations ranging from 10> to 10’ CFU mL™" (Fig. 4B).
This result indicated that E. coli could be quantified using the
linear regression equation Alntensity = 25.38725log C —
66.29447 with a linear correlation coefficient (R*) of 0.94. The
limit of detection (LOD) was estimated to be 467 CFU mL™". The
published analytical methods for E. coli in the past three years
have been collected for comparison (Table S11). Compared with
these analytical methods, this biosensor displays a good
performance with respect to the analytical range and detection
time.

Specificity. Specificity is another important indicator for
assessing analytical methods. As illustrated in Fig. 5, there was
no significant difference in the fluorescent signal between
nontarget bacteria and the blank control. The luminescence
signals were increased only in the presence of E. coli. This result
indicated that the biosensor had good specificity towards E. coli
and may be caused by the highly specific recognition ability
between the aptamer and target bacteria.

Recovery tests. To further explore the potential application of
this biosensor, pretreated urine samples were spiked with
different concentrations of E. coli. The recovery rates were
calculated to be 101.7% and 95.6% for E. coli at the concen-
trations of 10° and 10°> CFU mL ™", respectively (Table 1). These
performances indicated that this detection method has high
potential for clinical applications.

Conclusions

In summary, a fluorescent biosensor based on a FRET system
was successfully constructed for the rapid detection of E. coli.
These synthesized UCNPs had the ability to avoid auto-
fluorescence originating from complex biological samples when
excited with a 980 nm laser. As a fluorescence quencher,
GO@Fe;0, nanocomposites had many binding sites allowing
a high loading of nanoprobes. The constructed biosensor could
complete the whole detection process in 30 min with a linear
range from 10° to 10" CFU mL ™" and the limit of detection was
found to be 467 CFU mL ™. Moreover, the biosensor was able to
detect other bacteria through the use of certain aptamers.
However, there were also some shortcomings that require
improvement; for instance, the limit of detection needs to be
further optimized. In summary, this biosensor has the
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opportunity to play a more important role in point-of-care
testing with certain improvements in the future.
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