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Abstract: We reported on uric acid (UA) detection using a new fluorescence-based assay: poly-
(vinylpyrrolidone) templated copper nanoclusters (PVP-CuNCs) with uricase in an aqueous medium,
such as human urine with uricase. These nanoclusters were synthesized in a simple wet chemical
method and their morphological and optical properties were examined with the aid of high-resolution
transmission electron microscopy and optical absorbance/emission spectroscopy. The PVP-CuNCs
acted as the fluorescence indicators that used the enzyme-catalyzed oxidation of UA with uricase.
Adding UA into the hybrid PVP-CuNCs/uricase solution caused enzyme-catalyzed oxidation to
occur, producing hydrogen peroxide (H,0O,), allantoin, and carbon dioxide. The fluorescence intensity
of PVP-CuNCs is decreased by this biocatalytically generated HyO,, and this decrease is proportional
to the UA level. A calibration plot showed the linear relationship with the negative slope between
fluorescence intensity and UA in the range of 5100 x 10~7 mol/L. The limit of detection (LOD) of
UA was estimated as 113 x 10~2 mol/L. This fluorescent probe turned out to be highly specific for
UA over other biologically relevant molecules. The demonstrated capability of the PVP-CuNCs as
the nanoprobes for quantification of the UA levels in human urine samples could potentially pave the
way toward medical applications where a super-sensitive, cost-effective, and UA-specific diagnosis
was required.

Keywords: copper nanoclusters; human urine; catalytic oxidation; uric acid detection; uricase;
fluorescence

1. Introduction

Uric acid (2.6.8-trihydroxypurine, UA), the final product of purine metabolism in
the human body, is one of the important biomarkers present in biological fluids such as
blood sera and urine [1,2]. Generally, the usual human UA levels in blood sera and urinary
secretion are in the range of 240-520 uM and 1.49—4.46 mM, respectively [3]. An unusual
UA concentration level has been recognized as a symptom crucial for abnormal metabolic
syndromes that increase risks including renal diseases, gout, preeclampsia, diabetes, obesity,
and cardiovascular diseases [4-10]. For instance, higher UA concentrations can warn of
severe syndromes such as preeclampsia [9], whilst an unusually low concentration indicates
risks of sclerosis [11]. This drives the need for a cost-effective, rapid, and simple analytical
method for quantifying UA levels in clinical samples for disease diagnosis.

In recent years, several methodological platforms for UA quantification have been de-
veloped, such as those by surface-enhanced Raman spectroscopy (SERS) [11], capillary elec-
trophoreses with chemiluminescence [12], matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry [13], high-performance liquid chromatography (HPLC) [14],
and electrochemical-based methods [3]. Among these approaches, the chromatographic
and electrophoretic methods require a piece of sophisticated equipment with complex
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sample preparation, while chemiluminescence and electrochemical methods need surface
modification and complex electrode construction to improve the recognition specificity.

In contrast, optical methods for UA determination such as colorimetry and fluorometry
have gained considerable attention due to simplistic operation procedures, and rapid
response [15,16]. Amid optical methods reported, the color change-based colorimetric
sensors permit immediate analysis due to naked eyes-based signal readout. Accordingly,
metal nanoparticles (MNPs) of various types have been reported as appropriate colorimetric
probes for the ultrasensitive detection of UA levels. This is largely due to the high molar
optical extinction properties induced by the localized surface plasmon, with its resonance
varying with both the particle size and local index change [17-19]. However, the MNP-
based color indicators can be interfered with by the local compound matrix coated around
them, which would be a prerequisite for surface functionalization [15].

Meanwhile, one of the widely used optical methods suitable for analytical diagnosis
relies on fluorescence-based sensing platforms, owing to the ultra-high sensitivity, rapid
sensor response, and relatively low cost of operation [20-24]. The key factors to this plat-
form mostly reside in the fluorescent probe to which the sensing selectivity and sensitivity
are inherently subject.

Researchers have thus paid considerable attention to numerous noble metal nanoclus-
ters as fluorescent probes, including those of Cu, Ag, and Au, due to their excellent elec-
tronic and optical features [25-28]. In particular, the fluorescent Cu nanoclusters (CuNCs)
have been studied continually owing to their quite low cost, wide availability, good wa-
ter solubility, and fluorescence tunability [26,27]. These advantages have led to a wide
range of their applications [28], despite their easy oxidation and labor-intensive synthesis.
Recently, numerous literatures have reported that synthesis of the fluorescent CuNCs is
possible for multifunctional uses with various fluorescence tunability, photostability, and
biocompatibility [29-32]. Due to their low harmfulness and ultra-fine dimensions, the
CuNCs have been developed as capable applicants for catalysts, molecular bio-imaging,
and bio-chemo sensors [33-37]. To date, use of the CuNCs for diagnostic sensing has
been primarily focused on their emissive features associated with catalytic activity [34,36].
Most fluorescence-based analytical tactics with CuNCs have employed their emission
modulation such as the turn-on/off by analyte influence through fluorophore-analyte
interfaces.

In this study, we present the hydrogen peroxide (H,O,)-induced emission quench-
ing method based on poly-(vinylpyrrolidone) (PVP)-stabilized CuNCs (PVP-CulNCs) as
effective fluorophores for the detection of UA. The uricase-catalyzed oxidation of uric acid
produces H,O,, consequently interfering the emissive nature of PVP-CuNCs (Scheme 1).
We find that the catalytic reaction-based fluorometric methods offer highly specific and
sensitive determination of UA in clinical specimens, including human urine samples with
satisfactory recoveries (relative standard deviation (RSD) < 3%). The proposed method
shows a linear response in a quite broad range of 5—100 x 107 mol/L for the quantitative
sensing with the LOD estimated as 113 x 10~ mol/L. This feature would lend itself to the
convenient application of a clinical assay while opening the potential application for other
clinical tests using different enzymes.
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Scheme 1. Schematic for oxidation of UA with uricase, followed by the H,O,-induced emission
quenching of PVP-CuNCs.

2. Experimental Design
2.1. Reagents

Uricase, uric acid, PVP (molecular weight, ~40 kDa), ascorbic acid (AA), dopamine
(DA), glutathione (GSH), adenine (Adn), guanine (Gua), thymine (Thy), and cytosine
(Cyt) were purchased from Sigma Aldrich, Rahway, USA (http://www.sigmaaldrich.com/
(accessed on 1 September 2019)). Glucose (Glu) and copper sulfate pentahydrate were
obtained from Merck. Cysteine (Cys), sodium hydroxide (NaOH), H,O,, and sucrose (Suc)
were purchased from Loba Chemie Private Limited, Mumbai, India. All reagents used
were of a minimum analytical reagent grade and used without any purification. The stock
solution of UA prepared using a certain quantity (17 mg) of UA salt was dissolved in a few
drops of 1 M NaOH, fixed in phosphate buffer saline (PBS) (10 mM, pH 7.5), and stored at
5 °Cin a refrigerator. All related investigations were three times repeatedly conducted at a
minimum under ambient conditions.

2.2. Instruments

Ultraviolet (UV)-visible absorbance spectral data were taken by a spectrophotometer
(V-630, JASCO, Tokyo, Japan) in the 800-200 nm range. Fluorescence spectral studies (both
emission and excitation) were performed using a spectrofluorometer (JASCO FP-6600,
Tokyo, Japan) with a spectral resolution of ~1 nm. High-resolution transmission electron
microscopic (HR-TEM) images of nanostructured PVP-CuNCs were taken by an instrument
(JEOL JEM 2100 HR-TEM, Ltd., Tokyo, Japan) with a voltage of 200 kV. For HR-TEM
analysis, the sample was prepared by dropping 2 puL of a PVP-CuNCs colloidal solution
onto a carbon-coated copper grid and drying it in the air. Dynamic light scattering (DLS)
data for PVP-CulNCs were taken using an instrument (Zetasizer Nano ZS) with a 633 nm
He—Ne laser, equipped with an MPT-2 auto-titrator (Malvern, UK). Fluorescence lifetime
experiments were performed using a time-correlated single photon counting fluorometer
(Horiba Scientific, Kyoto, Japan) with an NL-C2 throbbed diode excitation source at 380 nm.
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2.3. Synthesis of the PV P-Decorated CuNCs

PVP-decorated CuNCs were synthesized as previously described [38,39]. The synthetic
protocol of the PVP-decorated CuNCs was displayed in Scheme 1. PVP of 0.5 g was added
to the water of 10 mL. The mixed suspension then was sonicated for 10 min and the pH of
the medium was altered to ~6.0 using 1 mol/L of NaOH. Then, CuSO,4-5H,0 (0.1 mol/L)
of 100 uL and AA (0.1 mol/L) of 1 mL were stirred with the PVP aqueous suspension,
followed by a reaction for 6 days at room temperature (25 °C), which produced a slightly
yellow suspension. The colloidal dispersion displayed a cyan-blue color under a UV light
(A = 365 nm), which undoubtedly confirmed the construction of PVP-decorated CuNCs.
Lastly, the PVP-CuNCs were dialyzed using distilled water and kept at 5 °C in a refrigerator
for further characterization and applications.

2.4. Characterization of the PVP-CuNCs

An easy one-pot protocol was applied to synthesize the PVP-CuNCs using CuSO,4-5H,0
as predecessors, the AA as a reducing agent, and the PVP as a surface functionalizing ligand
(Scheme 1). The PVP was selected as the surface stabilizing and capping ligand owing to its
solubility in water, remarkable stabilizing ability, and biodegradability [38,39]. Properties
of the PVP-CuNCs were investigated using optical absorbance spectroscopy, the DLS, the
HR-TEM, and the time-resolved fluorescence spectroscopic studies. In Figure 1, the absence
of plasmon resonance-induced absorbance resonance in the range of the visible wavelength
(400-800 nm) indicated the development of the nanoclusters over which significant Ohmic
loss of energy lowered the quality factor (Q-factor) due to their extremely small size
(no plasmon formation) [19,23]. In daylight, the PVP-CuNCs appeared yellow (inset of
Figure 1i).
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Figure 1. The absorbance and fluorescence (emission) spectra of the as-prepared PVP-CuNCs.
The inset shows a photo of a cuvette cell containing the PVP-CuNCs under daylight (i) and the
illumination of UV light (ii) spectrally centered at A = 365 nm.

Fluorescent properties of the PVP-CulNCs were examined via photoluminescence
spectroscopy, as shown in Figure 1. The PVP-CulNCs exhibited the fluorescence peak at
429 nm under an excitation light source spectrally centered at the wavelength of 382 nm.



Chemosensors 2023, 11, 268

50f 15

Frequency%

© = N W & oA

20 22 24 26 28 30 32 34
Size (nm)

The PVP-CuNCs colloidal dispersion was slightly yellow colored. Its color turned to a
bright cyan-blue color under the illumination of UV light at a wavelength of 365 nm, due to
its photoluminescence (inset of Figure 1ii). Similar kinds of fluorescent behavior of CuNCs
were reported previously [38,39].

HR-TEM images were taken for the morphology of the PVP-CuNCs as shown in
Figure 2. As seen in Figure 2, the PVP-CulNCs were reasonably uniform in size, somewhat
spherical in shape, and mono-dispersed, while having an average diameter of approxi-
mately 2.8 + 0.3 nm, even in the presence of the surface-protecting layer of PVP molecules.
These HR-TEM findings clearly indicated the formation of PVP-coated CuNCs. The average
diameter of PVP-CuNCs in an aqueous medium was investigated by DLS studies, and
the collected results were given in Figure S1. DLS results revealed that the PVP-CuNCs
possessed an average diameter of approximately 5 nm (Figure S1). PVP-CuNCs particle
size determined by DLS measurements slightly differed from that determined via HR-TEM
investigation (Figure 2). The HR-TEM study was also performed with samples in the dried
phase, therefore avoiding misrepresentation of the particle size possibly induced by the so-
lution phase. The particle size variation of DLS data was used to depict the hydrodynamic
diameter of a sphere or the diameter of a particle with a hydration shell, the same volume
as the particle, and the extra solvent or stabilizer moving with the particle [40].

Figure 2. HR-TEM images (a,b) of PVP-CuNCs at different magnifications. The inset in (a) shows the
size distribution of PVP-CuNCs.

2.5. General procedures for Detecting HyO, and UA

To substantiate the tenability of this method, we first focused on the direct quantifica-
tion of HyO, using the following steps. First, different amounts of HyO, analyte (in the
range of 4-80 x 1077 mol/L) were mixed with a PBS (pH 7.5) colloidal solution containing
the PVP-CulNCs of 100 pL. Then, this reaction mixture was made to react for 15 min at
room temperature. The emission spectra studies were carried out in the wavelength range
of 390-510 nm with the excitation light wavelength of 382 nm.

On the other hand, the detection of UA levels in PBS took the following steps. Initially,
UA solutions in concentrations ranging from 5 to 100 x 10~7 mol/L were incubated with
uricase of 10 mg/mL (selected after optimization) in PBS (pH 7.5) of 3 mL at ~35 °C for
half an hour to produce H,O,. Next, the PVP-CuNCs colloidal solution of 100 puL was
mixed with the uricase UA solution and the mixture was made to react for 15 min at room
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temperature. Emission spectral data were taken with an excitation light wavelength of
382 nm. The same procedures mentioned above were also applied for the selectivity experi-
ment for which other interfering substances in the mixture replaced UA. The analytical use
of the developed method was assessed by adding UA at two different concentrations to
the two urine samples and analyzing the amounts recovered. The recovery amounts (%)
was calculated as the proportion between the volume of spiked and identified UA. It was
estimated [19,24,40] according to the following equation (Equation (1)):

~ Amount of UA added
~ Amount of UA found

Recovery (%) x 100 1)

3. Results and Discussion
3.1. PVP-CuNCs-Based Fluorescence Detection of HyO,

It is known that H,O; is usually a side product of the enzyme-catalyzed oxidation
of the corresponding substrates by an O,-dependent oxidase [41,42]. HyO, is involved in
various biological, chemical, environmental, and pharmaceutical developments. In this
study, we utilized PVP-modified CuNCs for the determination of HyO,. When the gener-
ated Hy,O, molecules are in proximity to the PVP-CuNCs, they quench the fluorescence
that the PVP-CuNCs emit, due to the following oxidization processes of CuNCs [41,43,44]:

Cu’ + 2H,0, ,Cu* + O, + 2H,0, 2)
Cu’ + H,0,_, Cu* + OH + OH ™, (3)
Cu* + H,0,_,Cu?* + OH+ OH ™, (4)
OH + H,0,_,0, +2H,0 + H". (5)

Oxidation of the CulNCs leads to the degradation of the NCs, reducing the fluores-
cence [43]. The fluorescence-quenching properties can thus be used to quantitatively
determine the concentration of HyO,. As shown in Figure 3a, a rise in the H,O, concen-
tration gradually reduced the fluorescence intensity of PVP-CuNCs. Figure 3b shows the
nearly linear plot for the fluorescence spectral peak intensity versus a concentration of HyO,
in the H,O, range of 0-80 x 10~7 mol/L. The linear fit to data with R?> = 0.993 indicated
that the PVP-CuNCs could be used as the fluorescence-based nanoprobes to quantify HyO,
concentration (Figure 3b). We used the definition of the limit of detection (LOD) given by
the International Union of Pure and Applied Chemistry (IUPAC) criteria, i.e., LOD =3 S/m
where S denoted the standard deviation of the signal at blank sample and m denoted the
slope of the calibration curve. The LOD of the PVP-coated CuNCs-based detection of HyO,
was estimated to be 91 x 1072 mol/L, the concentration corresponding to three times the
blank signal (no HyO; case), being much smaller than those obtained with BSA-silver/gold
NCs or gold NCs [22,45]. PVP-coated CuNCs-based nanoprobes can also serve as a poten-
tial fluorescence platform for determining several other species involved in the creation of
H,O, in various biological substrates.

Generally, the emission quenching data are analyzed by the conventional Stern—Volmer
equation (Equation (6)) [46,47]

F
T 1+ ksv[Q] (6)

where, Fy and F are the emission intensity of PVP-CuNCs before and after the addition of
H,0,, respectively; [Q] and ks, are the concentration of H,O, and Stern—Volmer quenching
constant, respectively. The Stern—Volmer plot Fy/F versus the concentrations of H,O; is
shown in Figure S2. The found Stern—Volmer plot had a good linear fit in the range from 0.4
to 4.8 uM and ks, was found to be 1.67 x 10° L mol~!. The positive deviation was noted at
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high concentrations of H,O, (Figure S2). This might be caused by the coexistence of static
and dynamic quenching [46,48]. The calculated Stern—Volmer constant value indicates that
PVP-CuNCs and H,O, exhibit substantial fluorescence quenching.
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Figure 3. (a) Fluorescence spectra of the PVP—CuNCs at various concentrations of H,O, ranging
from 0 to 80 x 10~7 mol/L (incremental step of 4 x 1077 mol/L). (b) A linear fit to data of the peak
intensities of emission spectra versus HO; concentration.

The observable emission quenching of the PVP-templated CuNCs with H,O, was
due to the oxidation of CuNCs, which led to the NCs degradation and blocked the ligand-
to-metal charge transfer of the CuNCs [43]. To verify the hypothesis, a HR-TEM image
and time-resolved fluorescence signals of PVP-CuNCs with H,O, were taken and typical
results are given in Figure S3 and Figure 5S4, respectively. From Figure S3, the HR-TEM
image of PVP-CuNCs with H,O, showed no presence of the NCs morphology, indicating
the HyO,-induced degradation of the CuNCs. Meanwhile, the time-resolved fluorescence
(decay profile) showed a shorter lifetime for the PVP-CuNCs with H,O; (1.85 ns) than
that without HyO, (3.45 ns), as shown in Figure 54. The H,O,-induced blocking of charge
transfer from ligand to NCs shortened the lifetime, similar to the previous reports [49,50].

3.2. Optimization for the Detection of UA by PVP-Coated CuNCs

We first optimized the analytical parameters involving the pH, the incubation time
for uricase-based catalytic reactions, the buffer solution type, and the uricase concentra-
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tion. Figure 4a illustrated that the UA of 1.0 uM induced the reduction in fluorescence
emitted from PVP-CuNCs over the pH ranging from 7.0 to 8.5. The maximum fluorescence
difference (reduction) took place at the pH of 7.5, which coincided with that of a typical
physiological state. The 7.5 pH was used for the UA detection optimization.
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Figure 4. Effects of the pH (a) and incubation time (b) on UA-induced fluorescence quenching. The
Fg and the F are the fluorescence intensities at the peak wavelength of 429 nm without and with UA
(1.0 uM), respectively. Error bars were estimated from three replicate measurements.

Furthermore, we verified the effects of various types of buffer solutions (10 mM,
pH 7.5) on UA-induced fluorescence quenching, such as the PBS, the Tris-HCl, and the
Tris-acetate. Amid those buffer solutions, the maximum quenching efficacy of fluorescence
was obtained with the PBS (10 mM, pH 7.5) solution in case of using a UA level of 1.0 uM
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(Figure S5). Thus, this buffer was adopted for quenching optimization. We also examined
the effects of the incubation time on UA(1.0 pM)-induced fluorescence quenching with the
PBS (10 mM, pH 7.5) solution. Quenching reached its saturation at the incubation of 15 min
(Figure 4b), being adopted for optimizing the assay of quenching-based detection of UA.

Lastly, we investigate the influence of a uricase concentration on UA(1.0 pM)-induced
fluorescence quenching. We varied the concentration of uricase for optimizing fluores-
cence quenching at the analytical conditions that had been pre-optimized including the
buffer solution of PBS (10 mM, pH 7.5) and the incubation time of 15 min. The uricase
concentration of 10 mg/mL~! turned out to yield the maximum efficacy of fluorescence
quenching, as shown in Figure S6. This concentration of uricase was then adopted to
optimize fluorescence quenching when UA levels finally were assayed.

3.3. Enzymatic detection of UA by the PVP-CuNCs

The above-mentioned PVP-coated CuNCs with their fluorescence sensitivity to HyO»
could thus find an application in screening catalytic processes that produce H,O, via
an enzyme for biocatalytic oxidation of substrates. Particularly, the fact that oxidation
of UA with the enzyme (uricase) generates the products of CO,, allantoin, and HyO,
(Scheme 2) [50,51] could lead us to use PVP-coated CulNCs as fluorophore probes for
detecting UA levels.

Allantoin

Scheme 2. Biocatalytic oxidation of uric acid in the presence of uricase.

With all the above-mentioned analytical parameters adopted for optimization, final
assays of various UA concentrations were conducted as shown in Figure 5a. The absence of
injected UA produced the fluorescence spectrum, its peak intensity serving as the starting
point from which, when UA was injected, the peak intensity reduced due to UA-induced
fluorescence quenching [50,51]. With increasing UA concentration from 0.5 to 10 umol/L
(incremental step of 0.5 pmol/L), the fluorescence signal decreased due to the generated
H,0; that resulted in oxidization of the PVP-coated CuNCs. Figure 5b shows the linear
relationship between the reduction in the fluorescence spectral peak intensity and the UA
concentration, with its linear fit supporting the accurate quantitative detection of unknown
UA levels in human urine samples. The LOD of UA was determined as 113 x 102 mol/L
with a detection range of 0.5—10 x 10~% mol/L. As seen in Table 1, the presented results
showed a reasonably broad range of UA detection and the LOD comparable or smaller than
those previously reported via fluorescence-based assays of UA levels with nanostructured
materials [22,50,52-60]. It was worthwhile to note that the presented strategy did not
necessitate covalent cross-linking of uricase, allowing the enzyme-catalyzed oxidation to
remain undisturbed and ensuring ease of operation for the quantification of UA.
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Figure 5. (a) Fluorescence spectra of the PVP-CuNCs/uricase with increasing UA concentration
ranging from 0.5 to 10 pmol/L (step of 0.5 pmol/L), and (b) the fluorescence spectral peak intensity
versus the UA concentration in PBS (pH 7.5) uricase = 10 mg/mL.

3.4. Specificity of the Present Assay

The capability of determining the UA specifically is critically important, given various
molecules that possibly interfere with the right quantification of the target in human
excretion. We tested the specificity by mixing possibly interfering elements such as KCl,
NaCl, DA, Glu, Adn, GSH, Cys, Gua, Thy, Suc, Cyt, and AA. For the specificity test, we
added each possibly interfering element such as DA, Glu, Adn, GSH, Cys, Gua, Thy, Suc,
Cyt, and AA of 5-fold higher concentration than UA one. Figure 6 shows the fluorescence
quenching magnitude AF = Fy—F where F and F represent the quenching with and without
an analyte (one of such interfering elements and the UA), respectively. Encouragingly,
the addition of only the UA induced quenching substantially whereas the other elements
induced negligible quenching. This also manifested that the side product of the enzyme-
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catalyzed reaction, i.e., HyO; caused oxidation of the CuNCs, leading to blocking the
ligand-to-metal charge transfer.

Table 1. Analytical performance of various fluorescence methods involving nanostructured materials

for UA detection.

Method Materials Linear Range Detection Limit Ref.
Fluorescence BSA-Ag/AuNCs 5-50 uM 5.1 uM [16]
Fluorescence BSA-AuNCs 10-800 uM 6.6 UM [50]
Fluorescence Graphene QDs-Ag nanocomposite 5-500 uM 2 uM [52]
Fluorescence S, N-co doped carbon dots 0.08-10 uM 0.07 uM [53]
Fluorescence TizC, Mxene QDs 1.2-75 uM 125 nM [54]
Fluorescence N doped carbon dots 0.5-150 uM 60 nM [55]
Fluorescence Cadmium sulfide QDs 125-1000 uM 125 uM [56]
Fluorescence Chondroitin sulfate-AuNCs 5-100 uM 1.7 uM [571]
Fluorescence Cadmium sulfide QDs 60-2000 uM 50 uM [58]
Fluorescence Cadmium tellurium QDs 0.2-6 uM 0.1 uM [59]
Fluorescence Carbon dots@ZIP-CuNCs 1-100 uM 0.3 uM [60]
Fluorescence PVP-CuNCs 0.5-10 uM 113 nM This work

BSA-Bovine serum albumin. QDs-Quantum dots. N-Nitrogen. S-Sulfur.
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Figure 6. A bar diagram demonstrating the specificity of the UA assay based on fluorescence
quenching of the PVP-CuNCs in the presence of KCl, NaCl, UA, DA, Glu, Adn, GSH, Cys, Gua,
Thy, Suc, Cyt, and AA in PBS (pH 7.5). The quenching magnitude is denoted by AF = Fy—F where
the Fy and F represent the fluorescence spectral peak intensities with and without an analyte (one
of such interfering elements and the UA), respectively. The concentration of biochemical elements
tested (except the UA) was 5-fold higher than UA. Error bars were estimated from three replicate
measurements.

3.5. Analytical Application of the Present Fluorescence Platform

To examine the applicability of the presented fluorescence platform for quantitative
detection of UA levels in clinical samples, we attempted to detect the UA levels in human
urine samples using the standard addition method. Two different UA concentrations
were spiked into urine samples with the PVP-CuNCs and uricase in PBS (pH 7.5). We
estimated the recovery at each urine sample as shown in Table 2. The recoveries were all
above 96% (accuracy) with relative standard deviations of less than 3% (precision). The
observed outcomes clearly showed the great clinical applicability of the presented assay to
quantitative detection of UA levels in human urine samples with satisfactory accuracy and
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precision. Therefore, the present fluorescence-based assay could be considered a promising
candidate for clinical use.

Table 2. Analytical data of hybrid PVP-CuNCs/uricase with UA in human urine samples.

Samples Average Found Spiked Calculated Recovery (%) RSD
P (x10-6 mol/L) (x10-6 mol/L) (x10-6 mol/L) Ty (n=3)
3.00 3.098 98.12 23
Urine sample 1 0.158
6.00 6.013 97.67 1.7
3.00 3.107 97.61 1.5
Urine sample 2 0.183
6.00 5.965 96.86 2.8

RSD: Relative standard deviation.

4. Conclusions

We demonstrated the fluorescence-based detection of UA concentration in an aqueous
medium such as human urine, using PVP-coated CuNCs with uricase. The injected UA
molecules chemically interacted with PVP-coated CulNCs and then generated H,O;, which
subsequently oxidized CuNCs, leading to fluorescence quenching due to blocking ligand—
metal charge transfer. This quenching nature enabled us to quantify H,O; in the range of
4-80 x 10~7 mol/L with an LOD of 91 x 10~ mol/L. This H,O,-sensitive nanoprobe was
applied to detect the catalytic oxidation of UA with uricase, permitting UA to be quantified
in the range of 5—100 x 10~7 mol/L with the LOD of 113 x 10~ mol /L.

The experimental outcomes clearly validated that a PVP-CuNCs-based fluorescence
platform can be applied as a sensitive and excellently specific assay of UA in clinical samples
such as human urine. The added enzyme amount in the reaction mixture enhanced the
specificity of this assay. In addition, the use of water/buffer dispersible PVP-coated CuNCs
that are relatively non-toxic, biocompatible, and straightforwardly synthesizable could
accelerate the application of the presented nanoprobe technology to the clinical assay with
high specificity and sensitivity. Given these advantages, the present highly fluorescent
CuNCs-based assay can be effectively applied in clinical applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/chemosensors11050268/s1, Figure S1: The DLS results for the PVP-CuNCs. Figure S2: A
HR-TEM image of PVP-CuNCs in the presence of H,O, of 7.5 uM. Figure S3: The temporal decay
profile of the PVP-CulNCs fluorescence in the presence of HyO, of 7.5 uM. Figure S4: Effects of the
pH on UA-induced fluorescence quenching. The Fy and the F are the fluorescence intensities at the
peak wavelength of 429 nm without and with UA (1.0 uM), respectively. Error bars were estimated
from three replicate measurements. Figure S5: Effects of the buffer kind on UA-induced fluorescence
quenching. The Fy and F are the fluorescence intensities at the peak wavelength of 429 nm without
and with UA (1.0 pM), respectively. Error bars were estimated from three replicate measurements.
Figure S6: Effects of the incubation time on the UA-induced fluorescence quenching. The Fy and F
are the fluorescence intensities at the peak wavelength of 429 nm without and with UA (1.0 uM),
respectively. Error bars were estimated from three replicate measurements. Figure S7: Effects of the
UA-induced fluorescence quenching on uricase concentration. The Fy and F are the fluorescence
intensities at the peak wavelength of 429 nm without and with UA (10 uM), respectively. Error bars
were estimated from three replicate measurements. Table S1: Analytical performance of various
fluorescence methods involving nanostructured materials for UA detection.
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