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Introduction: Urinary tract infections (UTI) are one of the most serious human bacterial infections affecting millions of people
every year. Therefore, simple and reliable identification of the urinary tract pathogenic bacteria within a few minutes would be of great
significance for diagnosis and treatment of clinical patients with UTIs. In this study, the fluorescence sensor was reported to guide the
detection of urinary tract bacterial infections rapidly.

Methods: The Ami-AuNPs-DNAs sensor was fabricated by the amino-modified Au nanoparticles (Ami-AuNPs) and six DNAs signal
molecules, which bound to the urinary tract pathogenic bacteria and generated corresponding response signals. Further, based on the
collected response signals, identification was performed by principal component analysis (PCA) and linear discriminant analysis
(LDA). The Ami-AuNPs and Ami-AuNPs-DNAs were characterized by transmission electron microscopy, UV—vis absorption
spectrum, Fourier transform infrared spectrum, dynamic light scattering and zeta potentials. Thereafter, the Ami-AuNPs-DNAs sensor
was used to discriminate and identify five kinds of urinary tract pathogenic bacteria. Moreover, the quantitative analysis performance
towards individual bacteria at different concentrations were also evaluated.

Results: The Ami-AuNPs-DNAs sensor were synthesized successfully in terms of spherical, well-dispersed and uniform in size,
which could well discriminate five main urinary tract pathogenic bacteria with unique fingerprint-like patterns and was sufficiently
sensitive to determine individual bacteria with a detection limit to 1x10” cfu/mL. Furthermore, the sensor had also been successfully
applied to identify bacteria in urine samples collected from clinical UTIs.

Conclusion: The developed fluorescence sensor could be applied to rapid and accurate discrimination of urinary tract pathogenic
bacteria and holds great promise for the diagnosis of the disease caused by bacterial infection.

Keywords: fluorescence sensor, rapid and accurate identification, point-of-care testing, bacterial infection, urinary tract infections

Introduction

Urinary tract infections (UTIs) are one of the prevalent common human bacterial infections especially in females where more
than 50% of women would experience UTTs at least once in their lifetime,' ™ resulting in a serious health concern worldwide
and a huge financial burden for healthcare systems.™® According to the results of the China Bacterial drug resistance
monitoring network (CHINET), 62374 strains of isolated bacteria in urinary tract specimens mainly included Escherichia
coli, Enterococcus faecium, Klebsiella pneumoniae, Enterococcus faecalis, Pseudomonas aeruginosa and so on. 10
Clinically, most UTIs are initiated by urinary tract pathogenic bacteria that pass through the urinary meatus into the urinary
tract and ascend into the bladder cavity subsequently."' ' Once reaching the bladder, the bacteria replicate quickly in the urine

and infect the bladder in large numbers.'>'® It was called cystitis when the infection was confined to the bladder while it was
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called pyelonephritis when the infection spread to the kidney.'”'® The bacteria would spread from the kidney into the
bloodstream if treated inappropriately, which could lead to sepsis if accompanied by systemic inflammation.?%*!
Consequently, it is of great significance to develop rapid, simple and accurate methods to identify different urinary tract
pathogenic bacteria for the accurate diagnosis and treatment of UTIs.

Preliminary diagnosis of UTIs was based on clinical symptoms which commonly include dysuria, urinary frequency and
urgency.”>** Urine dipsticks were employed to test nitrite and leucocyte esterase, indicating bacterial urine and pyuria,
respectively.”** However, urine dipsticks may take false-negative results in the presence of non-nitrite-producing pathogens
such as Enterococcus.”® The acknowledged gold standard for diagnosis of bacterial UTI was in vitro urine culture.””*®
Unfortunately, it usually takes 18-48 hours to produce results.*’~® As a result of this delay, patients are susceptible to
undertreatment or overtreatment, which may lead to sepsis without treatment timely or may develop antibiotic resistance with
unnecessary treatment.>'*> Molecular and proteomic technologies including mass spectrometry, fluorescence in situ hybridiza-
tion (FISH) and polymerase chain reaction (PCR) have improved detection efficiency and clinical outcome over existing urine
culture methods.*>** Nevertheless, these technologies require complex sample pretreatment to separate bacteria from urine
before analysis, delaying bacterial identification at least 12 hours, which hinder the implementation of point-of-care rapid
bacterial infection testing.***° As a consequence, in the consideration of simple preparation, low cost, rapid and accurate
detection and high specificity, it was still a strong need to develop a novel method for bacteria identification in urine samples from
patients with UTIs.

Fluorescence sensor, featured with fast response, high sensitivity, good selectivity and information-rich output, has been
widely used to detect various biological samples such as proteins,*' ™ bacteria®**° and cells.*’** It was worth noting that the
fluorescence sensor as a promising tool for identifying pathogens has been developed for pathogens identification widely
owing to its rich advantages, such as fast response, superior sensitivity, simplicity, and so on.’*>? More importantly,
fluorescence sensor was good at distinguishing subtle changes in complex mixtures, not only identifying single substances,
but also adapting to distinguish complex biological samples including blood and urine.”>° As we all know, Au nanoparticles
(AuNPs) had eminent advantages such as unique optical and electronic properties, high surface area/volume ratio and
excellent stability and biocompatibility, which made it become one of the most commonly used carriers in fluorescence
sensor.”’ > At the same time, DNA was an eximious choice for signal molecules because it had eminent stability and could be
prepared and modified easily.**** Consequently, AuNPs and DNAs were selected as the carriers and signal molecules to
construct fluorescence sensor.

Herein, a fluorescence sensor was successfully developed based on the Amino-modified Au nanoparticles (Ami-
AuNPs) and different length of DNAs labelled with multiwavelength fluorophore, which could be used to rapidly and
accurately identify the urinary tract pathogenic bacteria during the UTIs. As was illustrated in Scheme 1, Ami-AuNPs
with positive charge and different lengths of DNAs labelled with six fluorophores with negative charge combined with
each other via noncovalent conjugations such as electrostatic and n—m stacking. The six DNA signal molecules were
AAAAA-VIC (5A-VIC), AAAAAAAAAA-Carboxytetramethylrhodamine (10A-TAMRA), AAAAAAAAAAA
AAAAAAAAA-Texas Red (20A-Texas Red), AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-Cyanine5 (30A-
Cy5), AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-Cyanine5.5 (40A-Cy5.5), AAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-Cyanine7 (50A-Cy7), respectively, which
could generate reproducible fluorescent responses with well-separated excitation and emission spectra. In addition,
with an increasing number of DNA base, the binding capacity to Ami-AuNPs was also improved, providing the
information-rich output signals. The fluorophore-labeled DNAs were adsorbed on the surface of Ami-AuNPs through
electrostatic interaction, forming an Ami-AuNPs-DNAs fluorescence sensor and leading to the quenching state due to the
excellent fluorescence quenching ability of Ami-AuNPs. The binding balance between Ami-AuNPs and DNAs would be
broken due to the rapid competitive noncovalent combination or displacement in the presence of urinary tract pathogenic
bacteria with negative charges, leading to the different degrees and types of recovery of fluorescence signals and
generating corresponding unique fluorescent response patterns. Subsequently, the specific fluorescence intensity of six
DNAs signal molecules was quantitatively analyzed via principal component analysis (PCA) and linear discriminant
analysis (LDA). Consequently, five distinct clusters arising from urinary tract pathogenic bacteria was revealed according
to the different charges of bacteria. Interestingly, the fabricated sensor was sufficiently sensitive to determine individual
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Scheme | Schematic illustration of (A) the construction of the Ami-AuNPs-DNAs sensor (B) the application of the Ami-AuNPs-DNAs sensor in identifying the urinary
tract pathogenic bacteria.

bacteria with a detection limit to 1x10 cfu/mL. Furthermore, the sensor had also been successfully achieved to classify
bacteria isolated from urine samples of clinical UTIs, which would expand bright perspectives of transformation and
application in point-of-care rapid bacterial infection testing. Significantly, the constructed fluorescence sensor could
effectively increase its sensitivity and accuracy for urinary tract pathogenic bacteria detection, which offered a promising
strategy for rapid identification the bacteria during the UTIs in clinic.

Materials and Methods
Synthesis of the Ami-AuNPs-DNAs Sensor

Ami-AuNPs were constructed according to our previous work.®® Briefly, 330 uL of 1% gold acid chloride trihydrate
(HAuCly-3H,0) was diluted to 6 mL and 6 mg thiol polyethyleneglycol amine (NH,-PEG-SH, M,, = 2000) was
dissolved in 600 pL ultraportable water to form a mixture. Then, the mixture was stirred on a magnetic stirrer for 20
min at room temperature without light. At the same time, 1 mM sodium borohydride (NaBH,) was prepared. Following,
15 pLL NaBH, solution was added into the mixture quickly and then the mixed solution was stirred for additional 30 min
vigorously. Finally, Ami-AuNPs were obtained by filtration with a 0.45 pm cellulose ester membrane. The Ami-AuNPs
and six fluorophore-labelled DNAs were mixed adequately to construct the Ami-AuNPs-DNAs sensor.

The Fluorescence Examination of Six DNAs Signal Molecules by Ami-AuNPs

The fluorescence titration experiment was employed to analyze the optimal binding ratio of Ami-AuNPs and DNAs. The
fluorescence intensity of SA-VIC, 10A-TAMRA, 20A-Texas Red, 30A-Cy5, 40A-Cy5.5 and S0A-Cy7 after the adding of
a series of concentrations of Ami-AuNPs were recorded at the optimal excitation/emission wavelengths, respectively.
Subsequently, nonlinear least-squares curve fitting analysis was carried out to calculate the binding constant (K,) between
Ami-AuNPs and each DNA. The K, was calculated according to Stern-Volmer equation
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1y and Ijq represented the fluorescence intensity of the system with and without Ami-AuNPs respectively, K, is the
binding constant between Ami-AuNPs and each DNA and [Q] is the concentration of Ami-AuNPs.

The Bacterial Cultivation

Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa were cultured in LB (10.0 g tryptone, 5.0 g yeast
extract and 10.0 g NaCl per liter H>O, pH 7.0+0.1) overnight at 37°C. Enterococcus faecium and Enterococcus faecalis
were cultured in Enterococcus Broth (17.0 g tryptone, 3.0 g beef extract, 5.0 g yeast extract, 10.0 g dehydrated ox bile,
5.0 g sodium chloride, 1.0 g sodium citrate, 1.0 g esculin, 0.5 g ferric ammonium citrate, 0.25 g sodium azide per liter H,
O, pH 7.0+0.2) overnight at 37°C. The bacterial cells were collected by centrifugation (4000 rpm for 10 min) and
resuspended in phosphate buffer saline buffer solution (10 mM, pH 7.4). This washing process was repeated for three
times to ensure that metabolism products on the surface were washed away. Finally, the bacterial cells were diluted to an
absorbance of 0.1 at 600 nm for use in subsequent experiments.

The Collection of Clinical Urinary Tract Pathogenic Bacteria

Five kinds of clinical urinary tract pathogenic bacteria were isolated and identified from two hundreds of urinary
biological samples submitted by inpatients in the First Affiliated Hospital of Guizhou University of Traditional
Chinese Medicine. All procedures were approved by the medical ethics committee of the First Affiliated Hospital of
Guizhou University of Traditional Chinese Medicine (No. K2022-006) and followed the tenets of the Declaration of
Helsinki. We confirm that all patients who have provided urine samples have signed the written informed consent.

Bacterial Identification Based on Fluorescence Sensor

Generally, 190 pL of the Ami-AuNPs-DNAs complex solutions were loaded into a well on a 96-well plate. Subsequently,
10 pL of different bacterial solutions were added. Then the fluorescence intensity at the peak was recorded on a Varioskan
Flash with the optimal excitation/emission wavelengths. All measurements were repeated to generate six replicates for each
analyte, so that 6 channels x 5 bacteria x 6 replicates data matrix could be generated. Finally, the obtained data were
processed using PCA and LDA with SIMCAP and SPSS software to receive bacteria identification results.

Statistical Analysis
All measurements were repeated at least six times. GraphPad Prism and Origin software were used for statistical analysis.
SPSS and SIMCAP software were used to carry out the PCA and LDA.

Results and Discussion

Characterization of Ami-AuNPs and Ami-AuNPs-DNAs Sensor

The Ami-AuNPs were successfully synthesized by reducing HAuCl,-3H,0 with NaBH,.%**** The TEM images (Figure 1A
and B) showed that AuNPs were spherical, well-dispersed and uniform, while the Ami-AuNPs were also spherical and
distributed evenly, indicating that AuNPs and Ami-AuNPs were synthesized successfully. The UV—vis absorption spectrum
displayed that the absorption peaks of AuNPs and Ami-AuNPs were at 518 and 530 nm (Figure 1C). Comparing to the
maximum absorption peaks of AuNPs, the Ami-AuNPs had a red shift due to the modification of NH,-PEG-SH, which further
verified the successful preparation of Ami-AuNPs. Subsequently, the Fourier transform infrared (FTIR) spectrum (Figure 1D)
illustrated that the characteristic signals of NH,-PEG-SH appeared in the Ami-AuNPs, including vc_y stretching vibrations at
2875 cm ' and vc.o stretching vibrations at 1107 cm™' of PEG, which proved the successful synthesis of Ami-AuNPs.
Meanwhile, the average hydrodynamic diameters measured by dynamic light scattering (DLS) of Ami-AuNPs and Ami-
AuNPs-DNAs were about 46.81 nm (Figure S1) and 66.18 nm (Figure S2), indirectly demonstrating DNAs binding on the
surface of Ami-AuNPs. In addition, the zeta potentials of the AuNPs, Ami-AuNPs and the Ami-AuNPs-DNAs were —34.02
mV (Figure S3),20.11 mV (Figure S4) and —10.02 mV (Figure S5), respectively, revealing the feasibility of DNAs binding to
the Ami-AuNPs through electrostatic interaction. In order to evaluate the stability of fluorescence sensor, the average
hydrodynamic diameters and zeta potentials of Ami-AuNPs and Ami-AuNPs-DNAs were also measured during 7 days,
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Figure | TEM image of (A) AuNPs and (B) Ami-AuNPs. (C) UV-vis absorption spectrum of AuNPs and Ami-AuNPs. (D) FTIR spectrum of AuNPs, NH,-PEG-SH and Ami-
AuNPs.

implying high stability of Ami-AuNPs (Figures S6 and S7) and Ami-AuNPs-DNAs sensor (Figures S8 and S9). Taken
together, the above results demonstrated the successful construction of Ami-AuNPs and Ami-AuNPs-DNAs sensor from

various perspectives.

The Fluorescence Examination of Six DNAs Signal Molecules by Ami-AuNPs

Fluorescence spectrum of DNAs manifested that the optimal excitation/emission wavelengths of SA-VIC, 10A-TAMRA,
20A-Texas Red, 30A-Cy5, 40A-Cy5.5 and 50A-Cy7 were 526/546, 562/582, 595/615, 644/664, 686/710 and 750/768 nm
respectively, providing an independent fluorescent response for every signal channel without mutual interference
(Figure 2A). The fluorescence titration experiment was employed to analyze the binding ratio of Ami-AuNPs and
DNAs. Obviously, with an increasing volume of Ami-AuNPs, the fluorescence intensity of DNAs was gradually
decreased and eventually tended to be stable (Figure 2B). Subsequently, fluorescence lifetime was measured to explore
the fluorescence quenching mechanism between Ami-AuNPs and DNAs. As shown in Figure S10, the lifetime of the
DNAs decreased from 4.16 ns to 2.87 ns after interacting with Ami-AuNPs, indicating that the quenching mechanism of
the DNAs and Ami-AuNPs was dynamic quenching. The nonlinear least square fitting curve was carried out to calculate
the binding constant (K,) between Ami-AuNPs and each DNA. Owing to the increasing number of the DNA bases, the
affinity varied significantly with the order of S0A-Cy7 > 40A-Cy5.5 > 30A-Cy5 > 20A- Texas Red > 10A-TAMRA >
5A-VIC (Figure 2C), suggesting that the unique fluorescence signals pattern could be generated attributed to the selective
binding between the Ami-AuNPs-DNAs sensor and target analytes. The specific binding constants and fitting correlation
coefficients were shown in Figure 2D. What’s more, the fluorescence titration experiment exhibited that the fluorescence
quenching was saturated when the volume of Ami-AuNPs reached to 150 pL. To eliminate interactions between Ami-
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AuNPs and different DNA signaling molecules, 150 pL. Ami-AuNPs were selected as the inflection point observed in the
fitting curve.

The Bacterial Detection and Discrimination via Fluorescence Sensor

The zeta potentials of the five kinds of bacteria were detected, corresponding to their different charge properties (Table S1).
Consequently, the change of the charge on the bacteria surface resulted in the variation of their affinities to the Ami-AuNPs-
DNAs sensor, thus making it feasible for the discrimination and identification of these bacteria. Since Ami-AuNPs-DNAs
sensor bonded diversely with different kinds of bacteria, we further explored the fluorescent response pattern of Ami-AuNPs-
DNAs sensor towards these urinary tract pathogenic bacteria. The suspensions of five kinds of bacteria (ODggg = 0.1) were
incubated with Ami-AuNPs-DNAs sensor for six times in parallel, so that 6 channels x 5 bacteria x 6 replicates data matrix
could be generated (Table S2). It was noticed that there were various binding forces between bacteria and the sensor, which
made the sensor exhibit the significant fluorescence response towards each kind of bacterium (Figure 3A). Therefore, these
fluorescence responses with significant differences can be used as a basis for identifying different species of bacteria. PCA was
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Figure 3 (A) Fluorescence response patterns generated by Ami-AuNPs-DNAs sensor array for identifying the different bacteria. The normalized fluorescence intensity
represents the ratio of the fluorescence intensity of DNAs after the addition of bacteria to that before the addition of bacteria. (B) Two-dimensional canonical score plot for
the response patterns of five kinds of bacteria (ODg=0.1) by PCA. Each point represents the response pattern for single bacteria species to the sensor.

employed to convert fluorescence response to a two-dimensional and three-dimensional plot. As shown in Figures 3B and S11,
five kinds of bacteria were well-clustered without any overlap and thoroughly identified from each other in the 2D and 3D
canonical score plot under the 95% confidence ellipses. In addition, the fitting parameters of PCA model were R*=0.973,
Q?=0.856, respectively. The closer R* was to 1, the more stable the model was. Q*>0.5 indicated the higher prediction
accuracy of the model. Subsequently, the data matrix was further classified by LDA using the analysis software SPSS (version
22.0), which was a powerful statistical method to identify multiple analysts simultaneously. LDA analysis transforms the
matrix into three canonical factors (85.9%, 10.5%, 3.6%) and exhibits 5 separated clusters clearly (Figure S12), which further
confirmed that the sensor could be used in the discrimination and identification of five kinds of bacteria. Besides, the 100%

65,66

classification accuracy for each bacterium was confirmed according to Jackknife classification, suggesting the extra-

ordinary properties of the six-channel sensor in discrimination of bacteria (Table S3).

Quantitative Analysis of Bacteria via Fluorescence Sensor

To further evaluate the discriminative capability of the sensor, five kinds of bacteria were selected to explore the
quantitative analysis performance of the fluorescent sensor via LDA and PCA (6 channels X 7 concentrations X 6
replicates, ODggo from 0.1 to 0.005, Tables S4-S8). The 2D LDA plot and 3D PCA plot results (Figures S13—S17)
showed that all of the seven concentrations of bacteria could be discriminated with 100% accuracy, even at the lowest
concentration of 1x10” cfu/mL, indicating that the present fluorescent sensor array had good differentiation capability for
bacteria in broad concentration ranges.

The Detection and Discrimination of Clinical Urinary Tract Pathogenic Bacteria

As the discrimination of bacteria in urine was significant in clinical settings, the sensor array system was further applied
in clinical samples for the discrimination of urinary tract pathogenic bacteria. Five kinds of urinary tract pathogenic
bacteria were obtained by plate culture of clinical urine samples from patients with UTIs. The variations of the
fluorescence intensity of the Ami-AuNP-DNAs sensor after incubation with bacteria isolated from clinical urine samples
were recorded (6 channels x 5 bacteria x 40 samples, Table S9). Then the response patterns were subjected to LDA
analysis to convert the training matrix into three canonical scores, and the first two most important discrimination factors
were used to generate 2D canonical score plots. As was shown in Figure 4A, five kinds of bacteria isolated from clinical
urine samples were clustered into 5 groups, and all the groups were separated entirely from each other with no errors or
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misclassifications. Furthermore, 100.0% of cross-validated grouped cases correctly classified. LDA model performance
was measured in terms of precision, sensitivity, specificity and accuracy of calibration model, indicating that the sensor
had good discriminative power (Table S10). Meanwhile, the training data matrix was subjected to produce three
discrimination factors (35.8, 30.7, and 2.7 variation) through PCA. The first two foremost discrimination factors were
used to generate a 3D plot (Figure 4B) and 2D plot (Figure S18) with 95% confidence ellipses. Intuitively, the canonical
response plot showed a unique fingerprint for each type of bacteria, where the five kinds of bacteria isolated from clinical
urine samples were clearly separated from each other, further demonstrating the excellent discriminating capability of the
proposed fluorescent sensor array for bacteria isolated from clinical urine samples. Importantly, with access to timely and
reliable pathogen information for clinical decisions, point-of-care treatment decisions were made by the prescription of

an optimal antibiotic, which reduced the risk of antibiotic-resistant infections significantly.

Conclusion

In summary, a fluorescence sensor was successfully constructed to rapidly discriminate urinary tract pathogenic bacteria.
This developed strategy had the advantages of simple operation, rapid detection, low cost and high sensitivity for the
detection of urinary tract pathogenic bacteria, which made up for the deficiency of the traditional methods for the
identification of urinary tract pathogenic bacteria in clinic. Besides, the successful discrimination and classification of
different kinds of urinary tract pathogenic bacteria based on the difference of bacterial surface charge has approved that
bacterial surface charge could be used as novel markers for the diagnosis bacterial infectious disease. However, the
application of the developed fluorescence sensor should be further expanded to demonstrate the feasibility of point-of-
care rapid bacterial infection testing, which holds great promise for the diagnosis of the disease caused by bacterial
infection.
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