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Abstract: This study presented a surface-functionalized sensor probe using 3-aminopropyltriethoxysilane 
(APTES) self-assembled monolayers on a Kretschmann-configured plasmonic platform. The probe 
featured stacked nanocomposites of gold (via sputtering) and graphene quantum dots (GQD, via 
spin-coating) for highly sensitive and accurate uric acid (UA) detection within the physiological 
ranges. Characterization encompassed the field emission scanning electron microscopy for detailed 
imaging, energy-dispersive X-ray spectroscopy for elemental analysis, and Fourier transform 
infrared spectroscopy for molecular identification. Surface functionalization increased sensor 
sensitivity by 60.64%, achieving 0.022 1 °/(mg/dL) for the gold-GQD probe and 0.035 5 °/(mg/dL) 
for the gold-APTES-GQD probe, with linear correlation coefficients of 0.824 9 and 0.850 9, 
respectively. The highest sensitivity was 0.070 6 °/(mg/dL), with a linear correlation coefficient of 
0.993 and a low limit of detection of 0.2 mg/dL. Furthermore, binding affinity increased dramatically, 
with the Langmuir constants of 14.29 μM−1 for the gold-GQD probe and 0.000 1 μM−1 for the 
gold-APTES-GQD probe, representing a 142 900-fold increase. The probe demonstrated notable 
reproducibility and repeatability with relative standard deviations of 0.166% and 0.013%, 
respectively, and exceptional temporal stability of 99.66%. These findings represented a transformative 
leap in plasmonic UA sensors, characterized by enhanced precision, reliability, sensitivity, and 
increased surface binding capacity, synergistically fostering unprecedented practicality. 
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1. Introduction 

Uric acid (UA), a common biomarker, is a waste 

product of purine breakdown [1, 2]. Physiologically 

typical UA levels are 2.0 mg/dL–7.5 mg/dL, 

applicable to both males and females [3]. Elevated 

UA levels can indicate gout, kidney disease, or 

certain cancers [4–6]. UA is also linked to chronic 

diseases such as cardiovascular disease, 

hypertension, and diabetes [7–9]. Monitoring UA 

levels aids in diagnosing medical conditions and 

identifying individuals at higher risk for chronic 

diseases. 

Optical sensors detect changes using light, while 

biosensors employ biological molecules such as 

enzymes or antibodies to target specific analytes 

[10–12]. They consist of a recognition element and a 

transducer [13, 14], which converts the binding of 

specific biomolecules to measurable light-based 

signals, enabling the detection of proteins, nucleic 

acids, and small molecules [15, 16]. Optical 

biosensors play a crucial role in medical diagnostics, 

detecting disease biomarkers in patient samples to 

confirm diagnosis and monitor disease activity 

[17–21]. They can be categorized into surface 

plasmon resonance (SPR) biosensors [22], fiber 

optic biosensors [23–25], fluorescence biosensors 

[26–28], and the Raman biosensors [29–32]. 

SPR-based optical biosensors revolutionize 

biosensing, enabling highly sensitive and specific 

detection and quantification of biomolecules, by 

monitoring SPR signal shifts caused by changes in 

the refractive index at the metal-dielectric interface 

[33–35]. However, traditional SPR sensors, typically 

comprising single metal films, often lack the 

necessary sensitivity and selectivity for complex 

biological samples [36–38]. This limitation is 

particularly pronounced when attempting to detect 

low-concentration analytes such as UA. Certain 

SPR-based assays may yield false positives or false 

negatives, constraining their reliability for clinical 

applications. 

In response to these challenges, our work 

presented a significant leap forward in the SPR 

biosensor technology. We have developed an 

innovative SPR sensor probe that integrated stacked 

nanocomposites made of gold and graphene 

quantum dots (GQD). This configuration not only 

boosted the sensor’s sensitivity but also expanded its 

detection range to encompass both physiological and 

pathological UA levels found in human samples. 

The novelty of our approach lay in the strategic 

functionalization of the sensor probe’s surface  

with self-assembled monolayers (SAM) of 

3-aminopropyltriethoxysilane (APTES) [39, 40]. 

APTES served as a silane coupling agent that 

covalently binds to substrates, providing specific 

sites for nanoparticle attachment [41, 42]. This 

functionalization facilitated controlled nanoparticle 

orientation and distribution, resulting in a more 

stable and enhanced attachment compared to 

non-functionalized surfaces [43]. The sensor probe’s 

performance was rigorously characterized using 

advanced techniques such as the field emission 

scanning electron microscopy (FESEM), energy 

dispersive X-ray spectroscopy (EDX), and Fourier 

transform infrared spectroscopy (FTIR). These 

methods confirmed the successful integration of 

nanocomposites onto the probe and validate its 

functionality. The remainder of this document is 

organized into three sections: Section 2 delves into 

the materials, protocols, and methodologies utilized 

in fabricating the sensor probe; Section 3 analyzes 

the results, focusing on performance metrics; 

Section 4 encapsulates the study’s significant 

contributions and discusses its implications for 

enhancing clinical diagnostics. 

2. Materials and methods 

2.1 Reagents and resources 

Glass coverslips (22 mm×22 mm×0.13 mm) 

from Sigma Aldrich (USA) were used to fabricate 

the sensing probe. To remove organic contaminants 

and residues from the sensing surface, the piranha 
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solution was prepared using hydrogen peroxide 

(H2O2) and sulfuric acid (H2SO4) from Sigma 

Aldrich. APTES and ethanol from Sigma Aldrich 

were used to functionalize the glass coverslips. Gold 

targets and GQD (ACS Material, USA) were used to 

immobilize the nanocomposites on the glass 

coverslips. UA powder and sodium chloride (NaCl) 

from Sigma Aldrich were used to prepare the analyte 

solution for measuring the performance of the sensor 

probe. Acetone and ethanol were used throughout 

for processing, storing, and cleaning the glass 

coverslips before use in each step. Deionized (DI) 

water was used throughout the experiment. 

Concentration adjustments were made using the 

relation C1V1=C2V2 to achieve the desired 

concentrations. All materials were handled with 

clean gloves and tweezers to prevent contamination. 

Most of the reagents were of analytical grade and 

purchased from Sigma-Aldrich. 

2.2 Surface functionalization with APTES 

Glass coverslips were functionalized with the 

SAM of APTES to introduce amino groups and 

increase active sites for UA interaction with the 

gold-GQD stacked nanocomposites [44, 45]. As 

shown in Fig. 1, the glass coverslips were immersed 

in the piranha solution (1:3 v/v mixture of H2SO2 

and H2SO4) for 30 minutes, rinsed with DI water, 

and dried in a vacuum oven at 70 ℃ for 1 hour    

to remove organic residues and introduce 

hydrophilicity. A 1% APTES solution was prepared 

by mixing 1 mL of APTES and 99 mL of the ethanol 

solvent. The coverslips were immersed in the 

APTES solution for 24 hours, sonicated in ethanol to 

remove any unreacted APTES, rinsed with DI water, 

and dried in the oven at 90 ℃ for 2 hours. The 

functionalized sensor probes were stored in a sealed 

container before the gold film deposition with a 

desiccant at room temperature to maintain a dry 

environment and prevent any hydrolysis and 

degradation of the functional groups. 

I+II=III

Ⅱ. 25 mL
of H2O2

Ⅰ.
75 mL

of H2SO4

V. 1 mL APTES 

IV. Vacuum 

III. 100 mL piranha 
solution 

VII. 100 mL
APTES solution

V+VI=VII

VI. 99 mL
of ethanol

 
Fig. 1 Surface functionalization of the sensor probe. 

2.3 Immobilization of gold-GQD nanocomposite 

The functionalized sensor probe underwent gold 

film deposition through the sputtering technique to 

fortify the facilitation of surface plasmons. This 

method was chosen for its ability to create pristine, 

impurity-free films, ensuring the final product’s 

performance [46, 47]. Additionally, it produced thin 

films with exceptional uniformity, providing precise 

control over the thickness and composition 

compared to other deposition methods like thermal 

evaporation, electroplating, and chemical vapor 

deposition [48]. 

Gold films with the thickness in the range of 

50 nm were successfully deposited using a sputter 

coater (EMITECH K575X, Quorum Technologies, 

UK) with a deposition rate of 0.746 nm/s as shown 

in Fig. 2. The sputter time was set to 67 seconds, 

while the sputter current was maintained at 30 mA, 

the voltage was kept at 2.2 kV, and the clean current 

was set to 130 mA. The outcomes align seamlessly 

with prior findings detailed in [49, 50], affirming the 

targeted thickness, morphology, and purity as 

corroborated in Section 3.2 of this current study. 

Subsequently, the carboxyl groups of GQD, 

intended for binding to the amino groups of UA 

were introduced to the sensor probe’s surface via a 

spin coater (TB616, China), leading to the creation 

of a stacked nanocomposite, as illustrated in Fig. 2. 

The GQD was synthesized through the hydrothermal 

method, emitting 460 nm blue light under 365 nm 

UV excitation, with purity exceeding 70% and a 
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particle size below 10 nm [51]. Spin coating was 

chosen for its speed, simplicity, uniformity, and 

controlled film thickness compared to methods like 

dip coating or spray coating [52, 53]. 

The glass side of the sensor probe was affixed to 

the spin coater chuck, and by utilizing a 

micropipette, 0.5 mL of the GQD solution was 

precisely applied to the central region of the sensing 

surface. Following a 30-minute incubation period to 

enhance binding affinity, the coverslips were spun at 

2 000 rpm for 70 seconds. Subsequent removal of 

residual GQD solution drops was followed by 

oven-drying the coverslips at 90 ℃ for 45 minutes. 

The sensor probe underwent a final step of 

annealing on a hot plate at 300 ℃ for 15 minutes, 

enhancing intermolecular bonding within the 

stacked nanocomposite and stabilizing the carboxyl 

groups on the sensor probe’s surface. 

II. Spin coating
of GQD 

I. Sputtering of gold 

III. APTES functionalized gold-GQD coverslip
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Fig. 2 Immobilization of the stacked nanocomposites on the 

sensor probe. 

2.4 Preparation of UA solution 

The UA solution concentrations of 0.5 mg/dL, 

1 mg/dL, 5 mg/dL, 8 mg/dL, and 12 mg/dL were 

prepared by diluting UA powder in DI water. The 

UA powder was precisely weighed on a digital 

balance and transferred to a sanitized, desiccated 

beaker. DI water and sodium chloride were added 

gradually to aid UA powder dissolution, and 

additional DI water was added to reach the desired 

concentration. The solution was stirred at 300 rpm 

using a magnetic stirrer for 30 minutes to ensure 

 

uniform dispersion. The prepared UA solution was 

hermetically sealed and stored at 4 ℃ until use. 

2.5 Characterization and evaluation 

The functional groups and chemical bonds 

within the stacked nanocomposites were elucidated 

using the Fourier transform infrared spectroscopy 

(FTIR) in the ATR mode (Bruker, USA). 

Additionally, imaging of the sensor probe, including 

surface morphology and material composition, was 

accomplished with FESEM (NOVA, NANOSEM 

230, USA) and EDX (X-MAX, Oxford Instruments, 

UK). 

The efficacy of the SPR sensor probe for UA 

solution detection was assessed using the 

experimental setup depicted in Fig. 3. The 

configuration consisted of a sensor probe, a sample 

injection mechanism, an optical apparatus, a stepper 

motor (NEWPORT MM 3000, USA), and a lock-in 

amplifier (SR 530, SRS, USA). The instruments 

were carefully calibrated to ensure precise resonance 

angle detection and reflection intensity monitoring. 

Varied UA solution concentrations were sequentially 

introduced into the flow cell containing the sensor 

probe, triggering the formation of complexes on its 

surface. The optical system, comprising laser light 

(He-Ne, 632.8 nm), a prism (SF 11, USA), a 

photodetector, a chopper (SR 540, SRS, USA), a 

filter, and a pinhole, efficiently generated surface 

plasmon waves on the coated sensor probe’s surface. 

The prism coupled the light, enabling the 

photodetector to measure reflected light intensity—a 

key metric for bound UA molecules. The chopper 

modulated light intensity for enhanced signal clarity, 

while a filter minimized background noise 

interference, ensuring data integrity. Changes in the 

refractive index and corresponding light reflection  

alterations were dynamically tracked by the 

photodetector and analyzed using MATLAB and 

Microsoft Excel on the desktop computer 

(OPTIPLEX 755, USA). 
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Desktop computer Sensor probe 

Laser 
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Stepper 
motor 

GQD

Uric 
acid 

Optical stage 

Immobilized ligand 
Flow cell 
Analyte in solution 

 
Fig. 3 SPR sensor experiment setup. 

3. Results and discussion 

3.1 FTIR characterization 

The structural features of the gold-GQD and 

gold-APTES-GQD nanocomposites were probed 

using FTIR spectroscopy. In the wavenumber range 

of 4 000 cm−1 to 600 cm−1, the anticipated functional 

groups were observed, thus validating the structures 

of all samples, as illustrated in Fig. 4. The FTIR 

spectrum of the gold-GQD nanocomposite in 

Fig. 4(a) revealed peaks occurring around 

3 311.56 cm−1, 2 141.41 cm−1, and 1 636.57 cm−1 

which was attributed to the characteristic O–H 

stretching vibration [54]. The spectral bands at 

wavenumbers of 3 075 cm−1, 2 867 cm−1, 2 145 cm−1, 

1 767 cm−1, and 1 150 cm−1–1 616 cm−1 were 

attributed to the following vibrational modes: C–H 

stretching (alkene), C–H stretching (alkane), 

indicative of the presence of polycyclic aromatic 

hydrocarbons, C–N stretching, C=O stretching, and 

C–O stretching, respectively [55, 56]. 

Concurrently, observing the FTIR spectrum of 

gold-APTES-GQD nanocomposite in Fig. 4(b), a 

prominent absorption peak, localized at 

approximately 1 099.75 cm−1, was identified and 

attributed to the existence of Si–O–C and Si–O–Si 

chemical bonds. This spectral feature was indicative 

of the extended Si–O–Si network, originating from 

the structural configuration of the APTES molecules 

[57]. The absorption peak at 1 436.01 cm−1 was 

attributed to the presence of C–N bonds, stemming 

from amines or amides [58]. The peak occurring at 

1 636.57 cm−1 was indicative of functional groups 

such as NH2, NH, or C=C. At 1 734.87 cm−1, the 

absorption peak was conclusively assigned to C=O 

bonds, signifying the existence of amide or carboxyl 

functional groups [59]. The observed spectral 

features encompassing the wavenumbers between 

2 943.77 cm−1 and 2 870 cm−1 were reasonably 

ascribed to C–H stretching modes, stemming from 

the C–O–C configuration, while the spectral region 

from 3 400 cm−1 to 3 300 cm−1 could be 

predominantly attributed to the O–H stretching 

vibrations of water molecules or the 

symmetric/asymmetric NH stretching modes 

inherent to the APTES compound [60]. These results 

confirmed the successful functionalization of the 

sensor probe. 
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Fig. 4 FTIR spectrum for (a) gold-GQD nanocomposite and 

(b) gold-APTES-GQD nanocomposite. 

3.2 FESEM and EDX characterization 

Transverse-sectional FESEM images for the 

stacked nanocomposites along with EDX images 

showing their elemental compositions are illustrated 

in Figs. 5(a) and 5(b). The FESEM visuals revealed 

an average thickness of about 60 nm for the stacked 

nanocomposites of the sensor probe, thereby 

validating the efficacy of the sputtering deposition 
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methods employed for the gold film in Section 2.3. 

The EDX graphical portrayals in Fig. 5(b) exhibit 

prominent peaks corresponding to silicon (Si), 

carbon (C), and gold (Au) material elements, 

affirming their predominant presence and even 

distribution in both sensor probe configurations. 

FESEM micrographs depicting surface 

morphology at 25 000× magnifications with 

dimensions of 1 μm–4 μm are presented in Fig. 6. 

The discrepancy in luminance detected in both 

configurations could be ascribed to the presence of 

GQD in the stacked nanocomposite, given that 

elements possessing higher atomic numbers yielded 

more intensified signals [61]. The microporous 

structure observed in Fig. 6(a) for the functionalized 

sensor probe was more complex than that of the 

non-functionalized sensor probe observed in Fig. 6(b) 

owing to the silane molecules linking to neighboring 

molecules. These images provided a comprehensive 

depiction of the sensor probe structures, affirming 

the homogeneous distribution of gold-GQD 

nanocomposites across the sensor probe’s surface. 

(a) 

5.
8 

nm
 

59.8 nm 

(b) 

Full scale 13253 cts cursor −0.180 (0 cts) 
8.5

keV
0 0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

Mg 

Na 

Al Au 

Au 

Au 

Au

Ca 

Ca K K 

 
C 
K 
Ca 

O 

Si 

 

Fig. 5 Stacked nanocomposite’s (a) transverse sectional 
FSEEM image and (b) EDX image. 

3.3 Binding kinetics 

The binding interaction between the UA solution 

and GQD on the sensor probe’s surface was assessed 

using a non-linear fitting technique based on the 

 

(a)  

(b)  

 
Fig. 6 Surface morphology: (a) functionalized sensor probe 

and (b) non-functionalized sensor probe. 

Langmuir adsorption isotherm model expressed with 

(1) [62, 63]: 

maxRES
RES

D

C

K C

θ
θ

Δ
Δ =

+
            (1) 

where θRES is the angle shift of the SPR curve at 

equilibrium, 
maxRESθΔ  is the maximum angle shift at 

saturation, C is the concentration of the UA solution, 

and KD is the Langmuir dissociation constant. From 

Fig. 7, the Langmuir constants for the gold-GQD 

probe and gold-APTES-GQD probe were 

14.29 μM−1 and 0.000 1 μM−1, respectively, yielding 

binding affinities of (7×104 M−1) and 1010 M−1 

accordingly. These results indicated that the sensor 

probe’s functionalization with the SAM of APTES 

significantly enhanced the binding affinity for the 

UA solution adsorption, with an enhancement  

factor of about 142 900. The maximum adsorption  

capacity of the gold-APTES-GQD probe was   

also substantially higher than that of the gold-GQD 

probe. 
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Fig. 7 Langmuir isotherm model for the gold-GQD and 

gold-APTES-GQD sensor probes. 

Owing to the limitation of homogeneity in 

binding sites associated with the Langmuir model, 

further analysis of the binding kinetics was carried 

out using the Sips isotherm model written with (2) 

[64, 65]: 

maxRES
RES 1

n

n

KC

KC

θ
θ

Δ
Δ =

+
            (2) 

where K is the sips isotherm model affinity constant, 

C is the UA solution concentration, and n is the 

heterogeneity constant. The illustrations in Fig. 8 

shows that the presence of the SAM of APTES    

in the gold-APTES-GQD probe increases its 

heterogeneity constant and correlation coefficients. 

These results were in good agreement with those 

obtained using the Langmuir model. 
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Fig. 8 Sips adsorption isotherm model for the gold-GQD and 

gold-APTES-GQD sensor probes. 

3.4 UA detection and quantitation 

Figures 9, 10, and 11 present SPR reflectivity 

plots obtained using the gold-GQD probe and the 

gold-APTES-GQD probe to measure the baseline 

signal and UA solution concentrations ranging from 

0 mg/dL to 12 mg/dL. The initial step involved 

injecting 1 mL of DI water into the flow cell, to 

establish the baseline resonant angle. It was 

determined by scanning the SPR signal curve dips in 

Fig. 9 and marking the angular position. Following 

this, 1 mL of each UA solution concentration was 

sequentially introduced into the flow cell. The 

resonant angle shift for each concentration was 

monitored for both the gold-GQD probe and 

gold-APTES-GQD probe. It involved scanning the 

SPR signal curve dips and recording their angular 

positions in Figs. 10 and 11, respectively. All 

resonant angle measurement for DI water and 

different UA solution concentrations was recorded in 

Table 1 for further analysis and comparison between 

the two sensor probes. 
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Fig. 9 SPR reflectivity plots for gold-GQD and 

gold-APTES-GQD sensor probes measuring DI water. 
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Fig. 10 SPR reflectivity plots for the gold-GQD sensor 

probe measuring different UA solution concentrations. 
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Fig. 11 SPR reflectivity plots for the gold-APTES-GQD 

sensor probe measuring different UA solution concentrations. 

Table 1 Resonant angles of the sensor probes for different 
UA solution concentrations. 

Sensor probe 
UA concentration 

(mg/dL) 
Resonance angle 

(°) 

Gold-GQD 

DI 
0.5 
1.0 
5.0 
8.0 

12.0 

54.210 0 
54.220 0 
54.230 0 
54.423 1 
54.440 0 
54.441 1 

Gold-APTES-GQD 

DI 
0.5 
1.0 
5.0 
8.0 

12.0 

54.579 9 
54.606 7 
54.672 7 
54.933 4 
54.939 8 
54.985 8 

The sensitivity (S), which is the sensor probe’s 

ability to detect small changes in the refractive index 

on its surface was calculated using (3), representing 

the ratio of the change in SPR angle (∆θRES) to the 

change in the UA solution concentration [66]: 

RES

concentrationUA
S

θΔ= .           (3) 

To evaluate the sensitivity of each probe, 

linearity plots were generated for UA solution 

concentrations ranging from 0 mg/dL to 12 mg/dL. 

These plots are shown in Fig. 12(a) for the 

gold-GQD probe and Fig. 12(b) for the 

gold-APTES-GQD probe. The results demonstrated 

that ∆θRES increases with increasing the UA solution 

concentration for both sensor configurations. 

Notably, the gold-GQD probe exhibited a sensitivity   

of 0.022 1 °/(mg/dL), while the gold-APTES-GQD 

probe boasted a higher 0.035 5 °/(mg/dL). This 

superior performance of the gold-APTES-GQD 

probe was further corroborated by its higher linear 

correlation coefficient of 0.850 9 compared to the 

gold-GQD probe’s 0.824 9. The data points in 

Figs. 12(a) and 12(b) were fitted to mathematical 

models represented with (4) and (5), respectively. 

RES 0.2734 exp 0.251 8
3.3566

c
pθ  

Δ = − Δ × − + 
 

(4a) 

R2=0.970 6                            (4b) 

RES 0.4311 exp 0.4115
3.060 3

c
pθ  

Δ = − Δ × − + 
 

(5a) 

R2=0.998 7                            (5b) 

where ∆p is the magnitude of the resonance angle 

change and c is the UA solution concentration. 

The bolstered sensitivity for the gold-APTES- 

GQD probe was most pronounced at lower UA 

solution concentrations ranging from 0.5 mg/dL to 

5 mg/dL, reaching the sensitivity of 0.070 6 °/(mg/dL) 

with an impressive linear correlation coefficient of 

0.992 8 as shown in Fig. 13. Its enhanced 

performance at these lower bounds could be 

attributed to a reduction in readily available binding 

sites at higher UA concentrations, leading to a 

saturation effect. 

The limit of detection (LOD), representing the 

minimum variation in the UA solution concentration 

reliably detectable by the functionalized sensor 

probe, was calculated with (6) [67]: 

blank_solution3SD
LOD

S
= .          (6) 

The standard deviation (SD) of the blank 

solution was determined by measuring DI water ten 

times each with the developed gold-APTES-GQD 

probe. This resulted in an SD of 0.002 4 and a 

calculated LOD of 0.2 mg/dL. 
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Fig. 12 Fitting curves and linearity plots for the (a) gold-GQD sensor probe and (b) gold-APTES-GQD sensor probe. 
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Fig. 13 Linearity plots of the gold-APTES-GQD sensor 

probe for 1 mg/dL–5 mg/dL of UA solution concentration. 

The performance of the developed gold-APTES- 

GQD sensor probe was comprehensively compared 

with prior studies on UA sensing using the SPR 

technique in terms of sensitivity, binding affinity, 

detection range, and LOD. The results obtained are 

summarized in Table 2. It demonstrated superior 

sensitivity, binding affinity, and LOD in contrast   

to earlier investigations, registering values       

of 0.035 5 °/(mg/dL), 1.6×108 (mg/dL)−1, and 

0.2 mg/dL, respectively. The heightened sensitivity, 

binding affinity, and LOD observed in the developed 

sensor probe for detecting UA, especially within the 

physiologically relevant concentration ranges, could 

be attributed to the distinctive properties of the SAM 

of APTES. It increased the surface functionality and 

availability of active binding sites for UA solution 

adsorption on the sensor surface. Additionally, the 

angular interrogation mode, unique to this study 

employed a simpler and more cost-effective setup 

compared to the more commonly used wavelength 

interrogation technique [68]. While previous 

research employing the angular interrogation mode 

has shown a promising minimum enhancement 

factor of 3.6 for both surface and bulk refractive 

index sensitivity compared to dual-mode SPR 

sensors utilizing wavelength interrogation [69], 

further investigation is necessary to conclusively 

confirm its superiority in sensitivity, specifically for 

UA solution detection. This will necessitate using 

identical sensor configurations for comparing both 

techniques in a controlled environment specifically 

tailored to UA sensing.
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Table 2 Comparison of sensing performance of SPR-based sensors for UA detection. 

Sensor configuration Interrogation mode Sensitivity 
Binding affinity 

(mg/dL)−1 
Detection range 

(mg/dL) 
LOD (mg/dL) Ref. 

Optical fiber/Ag/Si Wavelength 
0.625 

nm/(mg/dL)
— 0–15.13 0.053 8 [70] 

Kretschmann: hybrid AU-ZnO FDTD simulation 
0.001 7 

°/(mg/dL) 
— 0–50 10.1 [71] 

Tapered fiber/AUNP/GO Wavelength 
0.482 

nm/(mg/dL)
— 0.17–13.45 3.46 [72] 

Kretschmann: UA imprinted Poly(HEMA-MAC)- 
Fe3+NPs/Au/prism 

Intensity 
0.001 8 

%/(mg/dL) 
0.007 2 0.05–4 0.025 [73] 

Tapered plastic optical fiber/ZnO Intensity 
0.025 

mV/(mg/dL)
— 0–50 0.56 [74] 

Micro-ball fiber/AUNP/GO Intensity 
0.125 

%/(mg/dL) 
— 0.168–15.13 1.103 [75] 

Tapered fiber/AUNP/uricase Wavelength 
0.435 

nm/(mg/dL)
— 0.168–15.13 2.96 [76] 

Kretschmann: AU-GQD/prism Intensity 
3.77 

%/(mg/dL) 
0.667 1–9 4.74 [49] 

Kretschmann: AU–APTES–GQD/prism Angular 
0.035°5 

°/(mg/dL) 
1.6×108 0.5–12 0.2 This work

3.5 DA, SNR, and FOM 

The FWHM of the developed sensor probe, 

which represents the width of the SPR signal curve 

at half of its peak intensity, was used to assess the 

probe’s precision. The detection accuracy (DA) is 

inversely related to FWHM and can be expressed 

with (7) [77, 78]: 

1
DA

FWHM
= .             (7) 

As shown in Fig. 14(a), FWHM increased with 

increasing the UA solution concentration up to 

8 mg/dL due to the heightened sensor surface bulk 

thickness. This hindered precise resonant angle 

detection, causing laser light attenuation and 

broadening of the SPR curve [79, 80]. Beyond 

8 mg/dL, this effect diminished. 
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Fig. 14 Functionalized sensor’s probe: (a) DA and FWHM for different UA solution concentrations and (b) SNR and FOM for 

different UA solution concentrations. 

The SNR of the sensor probe was used to gauge 

its signal strength against the background noise. To 

ensure reliable measurement, a minimum SNR of 

3:1 was indispensable, calculable using (8) [81]: 

RESSNR
FWHM

θΔ= .             (8) 

Elevating UA concentrations correlated with 

reduced noise in the SPR signal curves, manifesting 

as higher SNR values in the sensor probe as 
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illustrated in Fig. 14(b). This phenomenon arose 
from changes in the sensor film’s refractive index 
due to increased UA concentrations, facilitating 
enhanced UA binding on the sensor surface. This 

observation aligned with the findings in [82, 83], 
albeit with a distinct analyte. 

Reliable detection hinged on maintaining a high 

FOM for the sensor, which combined sensitivity, 
specificity, and dynamic range. FOM can be 
calculated using (9) [84]: 

FOM =
FWHM

S
.           (9) 

From Fig. 14(b), FOM and SNR values initially 

increased with the UA solution concentration up to 

1 mg/dL, before decreasing at 5 mg/dL and 8 mg/dL, 

and increasing again at 12 mg/dL. The higher FOM 

at this concentration might be due to reduced metal 

dissipation after surface plasmon activation at a 

shorter wavelength, constraining the FWHM. The 

subsequent decline could be attributed to a faster 

loss in sensor sensitivity compared to changes in DA 

as the UA solution concentration increased. 

3.6 Reproducibility, repeatability, and stability 
tests 

The developed sensor probe’s reproducibility, 
reflecting consistent result generation, was assessed 
across eight batches of probes produced with refined 
parameters. Testing each probe with a 12 mg/dL UA 

solution yielded a remarkably low relative standard 
deviation (RSD) of 0.166% as shown in Fig. 15(a), 
indicative of high methodological consistency. 

For reusability, a probe with optimized 
parameters measured a 12 mg/dL UA solution ten 
times, showing a minimal RSD of 0.013% as shown 

in Fig. 15(b). This underscored the substantial 
reusability of the probe and its procedures, 
contributing to cost reduction and waste 

minimization. 
Durability assessment over a month, exposed to 

a 12 mg/dL UA solution, revealed an initial steady 

resonance angle of 54.589 8 for five days. A slight 
deviation to 54.96° occurred after one week and was 
maintained until the third week. A decline to 

54.579 9 in the third week aligned with baseline 
signal measurement. This value persisted until the 
fourth week, indicating the sensor probe retained 
99.95% effectiveness for the first week and 

sustained 99.66% efficiency for three weeks as 
shown in Fig. 15(c). However, by the end of one 
month, the probe lost its sensing capability. 
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Fig. 15 Functionalized sensor’s probe: (a) reproducibility,  

(b) repeatability, and (c) stability tests. 
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4. Conclusions 

This study developed a sensor probe with 

gold-GQD stacked nanocomposites, functionalized 

with the SAM of APTES, for precise measurement 

of UA solution concentrations typically found in 

human body fluids. Surface analysis using FESEM 

and EDX validated the nanocomposite thickness and 

composition. FTIR analysis characterized the 

structural features and functional groups, revealing 

key bonds like O–H, C=O, C–H, C–N, and C–O, 

and NH stretching modes of APTES. Adsorption 

isotherm data analyzed with the Langmuir and sips 

isotherm model showed a 142 900-fold increase in 

binding affinity, with the Langmuir constants of 

14.29 μM−1 for gold-GQD and 0.000 1 μM−1 for 

gold-APTES-GQD probes. Sensitivity increased  

by 60.64%, reaching values of 0.022 1 °/(mg/dL)  

and 0.035 5 °/(mg/dL) for gold-GQD and 

gold-APTES-GQD probes, respectively, with 

corresponding linearities of 0.824 9 and 0.850 9. At 

lower UA concentrations, the peak sensitivity of 

0.070 6 °/(mg/dL) was achieved with a linearity of 

0.992 8. The DA increased linearly with the     

UA concentration, and FWHM decreased 

correspondingly, indicating improved precision and 

resolution. An anomaly at 8 mg/dL had no impact on 

sensor performance. SNR and FOM improved 

linearly at lower UA concentrations, but decreased 

sensitivity at higher concentrations. The probe 

demonstrated excellent reproducibility and 

repeatability, with RSD values of 0.166% and 

0.013%, respectively, maintaining 99.66% of its 

sensing capacity over three weeks. The introduction 

of APTES SAM enhanced surface functionality, 

resulting in increased binding sites, sensitivity, 

binding affinity, and reduced LOD. Consequently, it 

markedly improved the sensor’s overall performance, 

enabling precise detection of abnormal UA 

concentrations, particularly at low levels, thereby 

addressing a broad spectrum of health conditions 

effectively. 
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