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ABSTRACT: We engineered an ingenious fluorescent aptasensor for detection of
Pseudomonas aeruginosa (P. aeruginosa) according to the DNA hybridization and the
fluorescence resonance energy transfer. In the absence of target bacteria,
5-carboxyfluorescein-labelled complementary DNA (FAM-cDNA) hybridizes with
the partial sequences of aptamer and the fluorescence of FAM can be quenched by
graphene oxide quantum dots (GOQDs). Upon the addition of target bacteria, the
aptamer as a biorecognition element is bound with P aeruginosa specifically.
FAM-cDNA prefers to hybridize with the aptamer, resulting in the desorption of
FAM-cDNA from GOQDs, thus recovering the fluorescence of FAM. The aptasensor
shows a wide linear response to P. aeruginosa in the concentration range of 1.28 x 10°
~2.00 x 107 cfu/mL with acceptable selectivity. The detection limit is 100 cfu/mL.
The whole process can be finished in 2 hours. Moreover, the platform is successfully
applied to detect P. aeruginosa in drinking water, orange juice, as well as popsicle

samples.

KEYWORDS: biosensor, bacteria, graphene oxide quantum dots, fluorescent
measurement, aptamer, complementary DNA
INTRODUCTION

Pseudomonas aeruginosa (P. aeruginosa), an omnipresent Gram-negative
bacterium, is considered as one of the most important causes of nosocomial infections
in immunocompromised patients with cancer, transplantation, burn or cystic
fibrosis.'? Moreover, P aeruginosa is the main cause of ventilator associated

pneumonia.” More importantly, P aeruginosa prevalently present in soil, water, as
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well as on the surfaces of plants and animals.* Thus, environmental water and foods
are easy to be contaminated by the bacteria. In order to ensure the food security and
protect public health, development of rapid and feasible methods to detect P
aeruginosa is extremely important.

The current gold standard method to detect P. aeruginosa is culture-based colony
counting method. However, the method is inherently time-consuming and
labor-intensive since it involves several basic steps (pre-enrichment, selective
enrichment and biochemical identification) and usually takes 2-3 days to obtain a
confirmed result. In order to overcome these problems of the conventional method,
many researchers have geared their efforts towards development of new methods for P
aeruginosa detection, such as polymerase chain reaction (PCR)-based method,’ and
enzyme-linked immunosorbent assays (ELISAs). PCR methods involve DNA
extraction, PCR amplification, and subsequent gel electrophoresis analysis. These
steps usually take several hours and require expertise in molecular biology. ELISAs
involve antigen-antibody interactions. Therefore, expensive and labor-intensive
biological systems by causing an immune response to the agent are required to
produce antibodies. Furthermore, the stability of antibodies is easy to be affected by
the sample conditions, such as pH and ionic strength. Thus, development of
alternatives to these methods for rapid and selective detection of P. aeruginosa is
urgently required.

Up to now, significant efforts have been made towards the development of

. . . . . 7-9 1 -
biosensors enabling rapid and selective detection of pathogens.’” Biosensors are now
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considered as promising alternatives to the commonly used detection methods for
pathogens. A biorecognition element is coupled to a signal transducer to construct a
biosensor, in which the transducer is capable of providing a quantitative analytical
signal in response to the interaction between the biorecognition element and the target
analytes. Among the biorecognition elements, aptamers have increasingly been
applied to specifically identify target analytes because they are stable, easily modified,

10,11
" In

and able to conjugate with target analytes with high affinity and specificity.
contrast to antibodies, aptamers demonstrate absolute superiority in the stability and
cost. Owing to the unique characteristics of aptamers, they have been adopted as
biorecognition elements to construct biosensors (aptasensors) for detection of
pathogens, such as Escherichia coli (E. coli) O157:H7, Salmonella enterica (S.
enterica), and Staphylococcus aureus (S. aureus).lz’13

Graphene oxide quantum dots (GOQDs) are nanometer-sized fragments of GO.
They are small enough to cause a quantum size effect.'*'” In recent years, GOQDs
have attracted considerable attention because of their fascinating characteristics
including strong photoluminescence, chemical inertness, water solubility, excellent
biocompatibility, as well as low to><icity.16’17 In view of these exciting features,
GOQDs have been widely explored for fabrication of biosensors, in which, they act as
fluorescence reporters for detection of metal ions, glucose, cholesterol, protein,
nucleotides, and so on.'® However, little has been done to exploit the application of

GOQDs in the analysis of pathogens. Unlike small molecules and protein

macromolecules, pathogens are micro-sized particles. Constructing biosensors to
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detect pathogens is more challenging.

GO has been reported to be an efficient energy acceptor in fluorescence
resonance energy transfer (FRET). As a result, GO as a good fluorescence quencher is
increasingly applied in the fabrication of fluorescent sensors.'”*" Furthermore, GO
can interact with single-stranded DNA nonconvalently by m-n stacking interactions
between nucleotide bases and GO.*'** In comparison with two-dimensional GO,
zero-dimensional GOQDs possess distinct merits such as uniform size distribution,
and excellent water solubility. Based on the unique properties of GOQDs, in this study,
an ingenious fluorescent aptasensor is designed with the aid of GOQDs for rapid and
selective detection of P. aeruginosa. In the aptasensor, a label-free aptamer was used
as a biorecognition element to identify P aeruginosa specifically,
5-carboxyfluorescein-labelling complementary DNA (FAM-cDNA) was used as a
signal reporter to qualify the concentration of P. aeruginosa, and GOQDs as an
efficient fluorescence quencher. The aptasensor was successfully applied to detect P,
aeruginosa in drinking water, orange juice, as well as popsicle samples, which

demonstrates that the aptasensor has the potential feasibility in real-world samples.

MATERIALS AND METHODS

Reagents and Apparatus. All the reagents were of analytical grade or
better. GOQDs (1 mg/mL) were purchased from Nanjing XFNANO Materials Tech
Co., Ltd. (Nanjing, China). Sodium chloride (NaCl) and sulfuric acid (H,SO4) were
purchased from Guangzhou Chemical Reagent Century Technology Company

(Guangzhou, China). Potassium chloride (KCl), dipotassium hydrogen phosphate

5
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(K,HPO4) and potassium dihydrogen phosphate (KH,PO4) were purchased from
Guangzhou Chemical Reagent Company (Guangzhou, China). Bovine serum albumin
(BSA) was purchased from Shanghai Boao Bio-Science & Technology Company
(Shanghai, China). Quinine sulfate dihydrate was purchased from Shanghai Macklin
Biochemical Company (Shanghai, China). The oligonucleotides were synthesized by
Shanghai Sangon Biological Science & Technology Company (Shanghai, China).
Their base sequences are as follows:

P. aeruginosa aptamer:> (the complementary base sequences with cDNA are
underlined)

5'-CCC CCG TTG CTT TCG CTT TTC CTT TCG CTT TTG TTC GTT TCG TCC

CTG CTT CCT TTC TTG-3';
FAM-cDNA (complementary to part of P. aeruginosa aptamer):
5'-6-FAM-AC GAA CAA AAG CGA-3'.

The FAM-cDNA and aptamer were dissolved in deionized water and stored at
-20 °C prior to use. Water obtained from an ELGA water purification system (ELGA,
London, UK) was used in all experiments.

UV-Vis spectra were recorded on K5600 micro-spectrophotometer (Beijing
Kaiao Technology Development Company, Beijing, China). F-380 fluorescence
spectrophotometer (Tianjin Gangdong Science & Technology Development Co., Ltd,
Tianjin, China) was used to measure fluorescence spectra. Transmission electron
microscopy (TEM) images were performed on a JEM-2100HR transmission electron

microscope (JEOL, Tokyo, Japan).
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Quantum yield measurements. Quinine sulfate was used as the
fluorescence standard. The quantum yield of GOQDs (QYsoqps) was calculated

according to the following formula:

2
IgoqQps y Ast y NGoQDs

QYcoqps = QY X
Qbs ) Ig¢ Agoqps nZ

where QY is the quantum yield, / is the integrated emission intensity, 4 is the
absorbance, and 7 is the refractive index of solvent. The subscript “st” refers to the

standard (quinine sulfate).

Preparation of Bacteria Strains. The bacteria strain P aeruginosa
(ATCC15442) was cultivated in Luria-Bertani broth (5 mg/mL yeast extract, 10
mg/mL typtone, and 10 mg/mL NaCl, pH 7.0) at 37 °C for 12 h with shaking at 200
rpm on ZHWY-103B shaker (Shanghai Zhicheng Analytical Instrument Co., Ltd,
Shanghai, China). The bacterial cells were collected by centrifugation at 7000 rpm for
3 min and washed twice with phosphate buffer saline (PBS, pH 7.0, 10 mM
KH;PO4/K;HPOy4, 137 mM NaCl, 2.7 mM KCI). The concentration of bacteria was
adjusted by measuring the optical density at 600 nm (ODgy). The bacteria cell
numbers were also measured by plate-counting method. Bacterial culturing and
sample handing were carried out in a sterile clean room. All the containers were

sterilized in an autoclave at 121 °C for 30 min before and after use.

Fluorescent Detection of P. aeruginosa. The GOQDs solution (1
mg/mL, 30 uL) was first added to a 1.5 mL centrifugal tube containing FAM-cDNA

(500 nM, 30 uL) in PBS buffer (10 mM, pH 7.0). Next, the mixture was incubated at

7
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37 °C for 20 min in the dark with shaking at 200 rpm. Then, the GOQDs adsorbing
FAM-cDNA (FAM-cDNA@GOQDs) were blocked by 1% BSA in PBS solution (10
mM, pH 7.0). Subsequently, the aptamer of P. aeruginosa (500 nM, 30 uL) in PBS
solution (10 mM, pH 7.0) was added to the P. aeruginosa sample solution (210 uL)
and the mixture was incubated at 37 °C for 30 min with shaking at 200 rpm.
Afterwards, the bacteria linked with aptamer (aptamer@bacteria) was added to the
tube containing FAM-cDNA@GOQDs with final volume 300 uL and the tube was
incubated at 37 °C for 30 min in the dark with shaking at 200 rpm. Finally, the
fluorescence intensity of the mixture was measured with the emission wavelength at
520 nm and excitation wavelength at 494 nm. All experiments were repeated three

times.

Real Samples Analysis. The feasibility of the aptasensor was verified by
determination of P. aeruginosa in drinking water, orange juice, as well as popsicle
samples. The samples were all obtained from a local market (Guangzhou, China). The
drinking water was used directly. Orange juice samples were diluted 100 times using
deionized water since they contain many solid particles. The melted viscous popsicle
samples were also diluted 100 times using deionized water before determination. The

samples spiked with different concentrations of P. aeruginosa were determined.

RESULTS AND DISCUSSION

Characterization of GOQDs. The morphology of GOQDs was

characterized by TEM. Figure la shows the TEM image of GOQDs. They are
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homogeneous with the size distribution in the range of 2-4 nm. Figure 1b shows the
UV-vis spectra of GOQDs solution. An absorption peak at about 356 nm is observed,
attributed to the n-m* transition of the C=0 bond.** The fluorescence emission spectra
of GOQDs is presented in Figure lc. They exhibit a maximum emission peak at 465
nm when excited at the optimal wavelength of 380 nm. When aqueous solution of
GOQDs is irradiated with UV light at a wavelength of 365 nm, a strong blue
fluorescence is observed (inset of Figure Ic). The fluorescence quantum yield is

calculated to be 12.4%.

Principle of the Fluorescent Aptasensor for Detection of Bacteria.
The principle of the fluorescent aptasensor for detection of P. aeruginosa is shown in
Figure 2a. In the aptasensor, a label-free aptamer was used as a biorecognition
element to identify P. aeruginosa specifically, fluorophore FAM-cDNA was used as a
signal reporter to qualify the concentration of P. aeruginosa, and GOQDs as an
efficient fluorescence quencher. It is worth mentioning that the cDNA was designed to
have 14 nucleotides, while the aptamer 60 nucleotides. The bulges and internal loops
of free aptamers usually play a pivotal role for the formation of high affinity and
specificity ~ target-aptamer  complexes  through  the  molecular  shape
complementarity.zs’26 P aeruginosa aptamer forms a stem-loop with the 5’-portion
(G9 to C16) branching off from a larger central loop™ (Figure S1), which might be
the strong binding motif with the target bacteria. The sequence of cDNA was designed
to make double helix with the central sequence of aptamer (5’-portion T25 to T38)

and the unhybridized flanking region in the aptamer is single-stranded. In the absence

9
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of P aeruginosa, the FAM-cDNA@aptamer complex is adsorbed on the GOQDs
surface through the single-stranded flanking region in the aptamer that makes the
fluorophore close proximity to GOQDs surface and the fluorescence of FAM-cDNA is
quenched by GOQDs owing to the FRET,”” as shown in Figure 2b. Figure S2
demonstrates that GOQDs have a broad adsorption band due to the existence of sp’
domains, which effectively overlaps with the emission spectrum of FAM-cDNA. Thus
GOQDs can act as an energy acceptor and quench the fluorescence of FAM-cDNA as
an energy donor via a FRET process. In contrast, upon the addition of target bacteria,
the aptamer as a biorecognition element specifically binds to the bacteria. The
FAM-cDNA  preferentially  hybridizes  with  the aptamer to  form
FAM-cDNA @aptamer@bacteria complex, leading to the dissociation of FAM-cDNA
from GOQDs, and thus resulting in the restoration of the fluorescence of FAM (Figure
2b). Interestingly, the FAM-cDNA@aptamer complex preferentially binds with
bacteria instead of GOQDs. That is to say, the complex demonstrates stronger binding
affinity to the target bacteria since the central sequence of aptamer (5’-portion T25 to
T38) to make double helix with cDNA is not the strong binding motif. The fluorescent
aptasensor has specificity since the aptamer possesses specific recognition ability. The
whole detection process can be finished in less than 2 hours. Clearly, the aptasensor
can realize the rapid and selective detection of bacteria.

In order to validate the principle of the fluorescent aptasensor for detection of
bacteria, several experiments were carried out to prove three speculations. The first
speculation is that FAM-cDNA@aptamer complex can be adsorbed by GOQDs. As

10
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shown in Figure 2b, compared to the fluorescence intensity of FAM-cDNA, the
decrease of fluorescence intensity of FAM-cDNA@aptamer@GOQDs verifies the
adsorption of FAM-cDNA@aptamer complex by GOQDs. Compared to the
fluorescence intensity of FAM-cDNA@GOQDs, the slight increase of fluorescence
intensity of FAM-cDNA@aptamer@GOQDs indicates that the double helix section in
FAM-cDNA@aptamer affects the proximity of the fluorophore FAM to GOQDs, thus
leading to the decrease of FRET efficiency. This is because the double helix section in
FAM-cDNA@aptamer complex loses the affinity to GOQDs.

The second speculation is that target bacteria and aptamer@bacteria complexes
do not bind with GOQDs. Firstly, the GOQDs solution was mixed with P. aeruginosa.
Then the mixture was incubated and centrifuged at 10000 rpm for 3 min to isolate the
bacteria. As shown in Figure S3, the fluorescence intensity of supernatant is about the
same as that of GOQDs solution with the emission wavelength at 465 nm and
excitation wavelength at 380 nm. The result indicates that the bacteria do not bind
with GOQDs. Next, an experiment was carried out to investigate whether the
aptamer@bacteria complexes bind with GOQDs. As shown in Figure S4, the
fluorescence intensity of supernatant after centrifugation of the mixture
(GOQDs+aptamer@pbacteria) is about the same as that of GOQDs solution,
suggesting that the aptamer@bacteria complex does not bind with GOQDs.
Additional experiments were also carried out to prove that centrifugation at 10000
rpm for 3 min does not cause the isolation of GOQDs, but is enough to isolate
bacteria from solution. The fluorescence intensity of the GOQDs solution before

11
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centrifugation is about the same as that of supernatant after centrifugation of GOQDs
with the emission wavelength at 465 nm and excitation wavelength at 380 nm (Figure
S5). Compared to the absorbance of bacteria suspension (10" cfu/mL) at 250 nm, the
obvious decrease in the absorbance of supernatant after centrifugation indicates that
bacteria can be completely isolated from solution through centrifugation at 10000 rpm
for 3 min (Figure S6).

The third speculation is that the FAM-cDNA@aptamer complex is not released
from the bacteria cell surface. The mixture of FAM-cDNA@GOQDs and
aptamer@bacteria was centrifuged at 10000 rpm for 3 min to isolate the
FAM-cDNA@aptamer@bacteria complex. Then the fluorescence intensity of
supernatant was measured with the emission wavelength at 520 nm and excitation
wavelength at 494 nm. As shown in Figure S7, the fluorescence intensity gradually
decreases with the increase of the concentration of bacteria. This is due to the
decrease of the concentration of FAM-cDNA@aptamer remained in supernatant.
Furthermore, the fluorescence intensity of supernatant linearly depends on the
logarithm of bacteria concentration ranging from 1.28 x 10° to 2.00 x 107 cfu/mL
(Figure S8). The result demonstrates that the FAM-cDNA@aptamer complex is still

attached on the surface of bacteria.

Optimization of Assay Conditions. The fluorescence quenching of
FAM-cDNA by GOQDs plays a key role for the fabrication of the aptasensor. Thus,
the amount of GOQDs was first optimized to ensure the complete adsorption of 50

nM FAM-cDNA by GOQDs. Figure 3 shows that the fluorescence intensity of

12
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FAM-cDNA first dramatically decreases with the increase of the concentration of
GOQDs when the concentration of GOQDs is below 0.02 mg/mL. In the
concentration range of 0.02 to 0.1 mg/mL, the fluorescence intensity of FAM-cDNA
slowly decreases. Beyond 0.1 mg/mL, the decreased fluorescence intensity of
FAM-cDNA reaches a plateau, which means that FAM-cDNA is completely adsorbed
by GOQDs and no free FAM-cDNA is present in the solution. The quenching
efficiency is expressed by 1-F/F,, where F is the fluorescence intensity of FAM-cDNA
after quenching, and Fy is the original fluorescence intensity of FAM-cDNA. In this
case, the quenching efficiency gradually increases with the increase of concentration
of GOQDs and reaches a steady value of 70%. Therefore, 0.1 mg/mL GOQDs was
used for subsequent experiments.

Next, the impact of incubation time of FAM-cDNA and GOQDs on the
fluorescence quenching process was investigated. The adsorption of FAM-cDNA by
GOQDs reaches equilibrium in 20 min, as shown in Figure 4a. In this case, over 70%
fluorescence of FAM-cDNA is quenched. Therefore, 20 min was selected as the
incubation time of GOQDs and FAM-cDNA. Furthermore, the impact of incubation
time of FAM-cDNA@GOQDs and aptamer@bacteria on the restoration of
fluorescence was studied. The bacteria are first bound with aptamer to form the
aptamer@bacteria complex. As shown in Figure 4b, with the increase of incubation
time, the fluorescence intensity increases and reaches a plateau beyond 20 min in the
presence of  aptamer@bacteria. The result indicates that the
FAM-cDNA@aptamer@bacteria complex is formed completely within 20 min. In this

13
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case, the FAM molecules are far away from the surface of GOQDs, leading to the
restoration of fluorescence of FAM. Hence, 20 min was selected as the optimal

incubation time of FAM-cDNA@GOQDs and aptamer@bacteria.

Analytical Performance for P. aeruginosa. The fluorescence emission
spectra of GOQDs-based aptasensor upon the addition of increasing concentrations of
P aeruginosa and the calibration plot for the bacteria detection are demonstrated in
Figure 5. As shown in Figure 5a. the fluorescence intensity of the GOQDs-based
aptasensor dramatically increases with the increasing concentration of bacteria from 0
to 2.00 x 107 cfu/mL. The result also confirms that the restoration of fluorescence
results from the target bacteria. Conversely, in the absence of bacteria, the central
sequence of aptamer hybridizes with the FAM-cDNA and the complex is still
adsorbed by GOQDs through the unhybridized single-stranded flanking region in the
aptamer that makes FAM close proximity to GOQDs surface. Thus the fluorescence
of FAM-cDNA is quenched by GOQDs.

The calibration plot for bacteria detection is shown in Figure 5b. The recovering
fluorescence intensity linearly depends on the logarithm of bacteria concentration
ranging from 1.28 x 10° to 2.00 x 107 cfu/mL. The fitting equation is F-Fo = 693.3
logC -1783 with a determination coefficient (R?) of 0.9565, where F-Fy is the
recovering fluorescence intensity and C is the concentration of bacteria. The detection
limit (LOD) is estimated to be 100 cfu/mL (LOD = 3SD/slope, in which SD is the

standard deviation for the blank solution, n = 20).

Specificity of the Fluorescent Aptasensor. To assess the specificity of
14
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the constructed fluorescent aptasensor for P. aeruginosa, the influences of some other
pathogens, including E. coli O157:H7, S. aureus and S. enterica were examined. The
concentration of each bacterium is 10° cfu/mL. As shown in Figure 6, in comparison
with the negative controls, a significant fluorescence restoration is induced upon the
addition of P. aeruginosa. Moreover, the fluorescence enhancement in the presence of
target bacteria is more than 7-times than those of negative controls. The result clearly
demonstrates that the aptasensor is appropriate for selective detection of P. aeruginosa.
The specificity of the aptasensor for P. aeruginosa is attributed to the special

recognition ability of aptamer for its target.

Real Samples Analysis. To demonstrate the feasibility of the constructed
fluorescent aptasensor in real samples, drinking water, orange juice, as well as
popsicle were used as the model samples. The pre-treated samples spiked with
different concentrations of P. aeruginosa were analyzed. As shown in Table 1, the
recoveries range from 93.9% to 108% with relative standard deviation (RSD) less
than 6.0%. The results suggest that the proposed fluorescent aptasensor is suitable for
rapid and selective detection of P. aeruginosa in food samples.

The fabricated aptasensor was compared with GO-based aptasensor which uses
FAM-cDNA or FAM-aptamer. Firstly, GO, aptamer and FAM-cDNA were applied for
construction of an aptasensor. As shown in Figure S9, although GO can quench the
fluorescence of FAM-cDNA, after addition of aptamer@bacteria complexes, the
change of fluorescence intensity does not have a linear response against the logarithm

of bacteria concentration. We speculate that the difference in size of GO and GOQDs

15
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might have great effect on the construction of aptasensor. The micrometer-sized GO
might affect the release of FAM-cDNA@aptamer complex from its surface. Next,
using GO and FAM-aptamer to construct an aptasensor for detection of P. aeruginosa
was investigated. As shown in Figures S10 and S11, the recovering fluorescence
intensity has not a good linear response against the logarithm of bacteria
concentration in the range of 1.28%10* to 2.00x107 cfu/mL. The determination
coefficient is 0.7772. GOQDs and GO have similar chemical structures and they both
serve as effective quenchers in designing fluorescence aptasensors. However, the
significant difference in size affects the response of fluorescence intensity of the
constructed aptasensor against the concentration of micrometer-sized bacteria. Using
GOQDs as a quencher demonstrates a good linear response against the logarithm of
bacteria concentration.

The fabricated aptasensor was also compared with previously reported
aptasensors targeting at P aeruginosa detection.”®>' Table 2 displays that the
fabricated fluorescent aptasensor demonstrates superiority in the detection speed and
linear range although its LOD is slightly higher than those of some previously
reported aptasensors.28'3 % In addition to water sample, the aptasensor can be applied
for determination of complex food samples. Interestingly, the aptasensor provides a
two-way confirmative assay for determination of P. aeruginosa. One is to measure the
recovering fluorescence intensity resulted from FAM-cDNA@aptamer@bacteria
complex (Figure 5b). Another one is to measure the fluorescence intensity of
supernatant after centrifugation of FAM-cDNA@aptamer@bacteria complex (Figure

16
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S8).

In summary, a convenient and ingenious fluorescent aptasensor was fabricated
for P. aeruginosa detection by integrating aptamer, FAM-cDNA and GOQDs. GOQDs
with excellent water solubility exhibit a good fluorescence quenching ability for
FAM-cDNA@aptamer complex. Upon the addition of target bacteria, the complex
demonstrates higher affinity for target bacteria rather than GOQDs, which plays a
crucial role for fabrication of the aptasensor. The special recognition ability of
aptamer for its target endows the aptasensor with the specificity for P. aeruginosa.
Furthermore, the successfully rapid detection of target bacteria in real samples

indicates the feasibility of the aptasensor in practical applications.
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Table 1. Recovery experiments of P. aeruginosa in real samples by the fluorescent

aptasensor (n =9)

samples  spiked concentration = measured concentration recovery RSD
(cfu/mL) (cfu/mL) (%) (%, n=13)

water 5.70 x 10° 5.73 x 10° 101 5.4
2.82 x 10* 3.03 x 10* 107 1.6
1.91 x 10° 1.80 x 10° 94.2 2.7

juice 6.10 x 10° 6.06 x 10° 99.3 4.0
3.30 x 10* 3.14 x 10* 95.2 3.1
1.56 x 10° 1.68 x 10° 108 3.6

popsicle  6.00 x 10° 6.34 x 10° 106 4.4
4.10 x 10* 3.85 x 10* 93.9 1.7
1.68 x 10° 1.71 x 10° 102 6.0
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Table 2. Comparison of the fabricated fluorescent aptasensor with previously reported aptasensors targeting at P. aeruginosa detection

detection method signal reporter detection limit  linear range detection time  reference
(cfu/mL) (cfu/mL) (h)

magnetic relaxation switch aptamer modified magnetic particles 50 10% ~ 10° 4.7 28
localized surface plasmon aptamer-neutravidin-biotinylated polyethylene glycol 10 10~ 10° 3 29
resonance

fluorescence fluorescein isothiocyannate labeled aptamer 5 5.64 ~ 100 3 30
fluorescence Texas Red labeled peptide nucleic acid 10* - 2.5 31
fluorescence FAM-cDNA 100 128 x10°~2.00x 10" 2 this study
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Figure Captions
Figure 1. (a) TEM image, (b) UV-vis spectra, (c) Excitation spectrum (black line) and
emission spectrum (red line) of GOQDs. Insets are digital photos of GOQDs under (1)

visible and (2) UV light.

Figure 2. (a) Schematic illustration of the principle of fluorescent aptasensor for
detection of P aeruginosa. (b) Fluorescence emission spectra of FAM-cDNA,
FAM-cDNA+GOQDs, FAM-cDNA+GOQDs+aptamer, and

FAM-cDNA+GOQDs+aptamer+bacteria.

Figure 3. Optimization of the concentration of GOQDs. The fluorescence intensities
were measured with the emission wavelength at 520 nm and excitation wavelength at

494 nm. Error bars indicate standard deviations (n = 3).

Figure 4. (a) Relationship of the fluorescence quenching process of FAM-cDNA by
GOQDs with incubation time. (b) Relationship of the fluorescence restoration process
of FAM-cDNA caused by target bacteria (10’ cfu/mL) with incubation time.
Experiment conditions: PBS buffer, 10 mM (pH 7.0); FAM-cDNA concentration, 50
nM; GOQDs concentration, 0.1 mg/mL; aptamer concentration, 50 nM. The
fluorescence intensities were measured with the emission wavelength at 520 nm and

excitation wavelength at 494 nm. Error bars indicate standard deviations (n = 3).
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Figure S. (a) Fluorescence emission spectra of FAM-cDNA@GOQDs@aptamer after
incubation with different concentrations of P. aeruginosa (0, 1.28 x 10° , 6.40 x 10° ,
3.20 x 10*, 1.60 x 10°, 8.00 x 10°, 4.00 x 10°, 2.00 x 10’ cfu/mL). (b) Calibration plot
of fluorescence intensity versus bacteria concentration. Experiment conditions:
FAM-cDNA concentration, 50 nM; GOQDs concentration, 0.1 mg/mL; aptamer
concentration, 50 nM. The fluorescence intensities were measured with the emission
wavelength at 520 nm and excitation wavelength at 494 nm. Error bars indicate

standard deviations (n = 3).

Figure 6. Specificity study of the fluorescent aptasensor towards P. aeruginosa.
Experiment conditions: PBS buffer, 10 mM (pH 7.0); FAM-cDNA concentration, 50
nM; GOQDs concentration, 0.1 mg/mL; aptamer concentration, 50 nM. The
fluorescence intensities were measured with the emission wavelength at 520 nm and
excitation wavelength at 494 nm. The concentration of each bacterium is 10° cfu/mL.

Error bars indicate standard deviations (n = 3).
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