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Metal anchoring strategy: electrochemical sensor
with excellent performance in gastrointestinal

secretions
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In order to monitor the health level of the digestive tract, especially to achieve real-time monitoring of 3,4-
dihydroxyphenylalanine (DA) and uric acid (UA) levels in saliva. This work proposes a strategy for in situ
adsorption of Au** ions in HKUST-1 pore and in situ reduction to Au®, anchoring in HKUST-1 pores.
Au@HKUST-1 maintaining stability in complex environments lays the foundation for its application in
gastrointestinal monitoring. The sensor was successfully prepared by Au@HKUST-1 which can achieve
real-time monitoring of DA and UA. The excellent monitoring performance is attributed to the strong
interaction between Au® and HKUST-1, which enables Au@HKUST-1/GCE to exhibit excellent monitoring
performance for DA, UA and mixtures, with detection limits of 0.06, 0.38, 0.10, and 0.15 uM, respectively.
In artificial saliva, Au@HKUST-1/GCE has demonstrated excellent recovery rates, providing feasible
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1 Introduction

The digestive system is composed of multiple organs that are
essential for nutrient absorption and metabolic regulation,
playing a crucial role in maintaining normal physiological
functions and supporting the proper operation of the immune
system.' The human digestive system comprises the digestive
tract, including the oral cavity, esophagus, stomach, and
intestines, as well as digestive glands such as the pancreas and
kidneys.* After food enters the oral cavity, it is transported
through the esophagus and stomach into the intestines, where
digestion is facilitated by secretions from the digestive glands.®
Ultimately, undigested and unabsorbed residues are excreted
from the body through the colorectal tract in the form of feces.®
As the first line of defense and a fundamental protective barrier
of the digestive system, maintaining the homeostasis of the
gastrointestinal tract is of paramount importance. However,
dietary intake and pathological conditions can induce alter-
ations in biochemical indicators within the digestive tract,
thereby leading to changes in physiological activities and
overall health status.”*® Consequently, monitoring physiologi-
cally active substances in the digestive tract is of great
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strategies for monitoring and timely intervention in gastrointestinal diseases.

significance for assessing gastrointestinal functional states and
guiding timely intervention to prevent sub-health
conditions."***

Saliva, as one of the most important secretions of the
digestive system, contains dozens of biomarkers that can be
exploited for health management and clinical diagnosis*®>*
Conventionally, the concentrations of target analytes in saliva
can be evaluated using traditional analytical instruments.
However, these approaches generally require complicated
sample pretreatment procedures and expensive, bulky equip-
ment. In comparison, electrochemical sensing has emerged as
a promising analytical technique owing to its facile fabrication,
rapid response, and high sensitivity. Although various func-
tional materials have been engineered as electrochemical
sensors for the detection of specific analytes, their sensing
performance remains largely constrained by the probe mate-
rials immobilized on the working electrode. Therefore, it is
highly desirable to develop robust sensing materials that can
maintain structural and functional stability in the gastrointes-
tinal environment for digestive system health monitoring.
Metal-organic frameworks (MOFs),*** which due to featuring
large specific surface areas, tunable pore architectures, and
highly ordered structures, have demonstrated remarkable
potential in the design of sensing probes. If MOFs can be
modified through simple and effective strategies to enable
reliable sensing in gastrointestinal environments, such mate-
rials would substantially expand the application scope of MOF-
based sensors in digestive health monitoring.

3,4-Dihydroxyphenylalanine (DA)**** and uric acid (UA)*""*°
are of particular interest due to their close association with
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neurological and metabolic disorders. Typically, hyperuri-
cemia® often stemming from renal complications due to
impaired purine metabolism can severely impact normal daily
activities with advancing age. The concentration level of DA
within the body significantly influences the heightened likeli-
hood of developing neurodegenerative diseases.**>* Continuous
monitoring of DA and UA is therefore essential for disease
management, especially in elderly populations. Consequently,
monitoring these compounds aids in enhancing health
management. Current commercial sensors for DA and UA
monitoring necessitate invasive sampling procedures, which
not only expose patients to infectious disease risks but also
hinder real-time health monitoring. Given the ease of collection
and correlation with plasma levels, research into gastrointes-
tinal secretion sensors is crucial for providing real-time feed-
back monitoring and treatment guidance for neurological and
renal disorders.

This work proposed a method for preparing a sensor for
detecting gastrointestinal secretions based on HKUST-1. Au®"
ions were adsorbed into HKUST-1 through weak intermolecular
interactions, and then the reduced Au® is anchored in the pore
structure of HKUST-1 through the introduction of a reducing
agent. A modified glassy carbon electrode by Au@HKUST-1 was
used to successfully prepare an electrochemical sensor for
simultaneous monitoring of DA and UA in saliva. Due to the
strong interaction between Au’ and HKUST-1, the sensor
exhibits excellent response performance and low detection
limit. It is worth noting that this sensor exhibits excellent anti-
interference performance. The successful preparation of this
sensor not only provides new ideas for saliva detection, but also
serves as a reference for gastrointestinal monitoring and health
guidelines.

2 Materials and methods
2.1 General information

All reagents and solvents were obtained from commercial
sources and used without further purification. Fourier trans-
form infrared (FT-IR) spectra (KBr pellets) were recorded in the
range 4000-400 cm ' on Nicolet 6700 using the KBr pellet
method. The electrochemical tests were conducted on a CHI-
660E electrochemical workstation.

2.2 Synthesis of HKUST-1

870 mg Cu(NOj3), was distributed in 10 mL water. Subsequently,
10 mL of methanol and 1 mL DMF solution containing 220 mg
H;BTC was poured into the above solution and the reaction was
stirred continuously for 24 h at 80 °C. The blue crystal was
collected by centrifugation, washed three times with fresh
methanol, and dried at 60° over night.

2.3 Synthesis of Au@HKUST-1

Methanol (10 mL) was added to a clean beaker, followed by
50 mg of HKUST-1. The beaker was then placed in an ultrasonic
machine for 10 min. A magnetic stir bar was added, and the
beaker was placed on a magnetic stirrer under magnetic stirring
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for 10 min at room temperature to ensure the uniform disper-
sion of HKUST-1 in the methanol solution. Separately, 0.2 mL of
0.1 mol L™ " HAuCl, solution were slowly dripped into the stir-
ring HKUST-1 solution. Stirring was continued on a magnetic
stirrer at room temperature for 10 min to ensure the complete
dispersion of HAuCl, in the methanol solution. 10 mL of
methanol was added to another clean beaker, followed by the
addition of 30 mg of NaBH,. The beaker was placed in an
ultrasonic machine for 10 min to ensure complete dissolution
of NaBH, in the methanol solution. While stirring HKUST-1
solution at a speed of 500 rpm, NaBH, solution was slowly
added, and stirring was continued for 2 h at room temperature.
The resulting mixture was then centrifuged five times with
deionised water and methanol to remove all impurities except
Au@HKUST-1, leaving only pure Au@HKUST-1.

2.4 Electrochemical experiments

A bare glass carbon electrode (GCE) with a radius of 3 mm was
polished continuously on a chamois for 60 s and then rinsed
with deionised water. A total of 1 mg of samples, 200 puL ethanol,
and 100 pL of Nafion solution (5 wt%) were first dispersed in
200 pL of water to produce a suspension. Following a 30
minutes sonication-assisted treatment, the homogeneous
sample suspensions were loaded onto GCE. The electro-
chemical tests were conducted on a CHI-660E electrochemical
workstation with a three-electrode configuration. An Ag/AgCl
(saturated KCl) electrode and a Pt were used as a reference
electrode and counter-electrode, respectively; GCE loaded with
samples were used as working electrodes. If no otherwise
specified, the error bars represent the standard deviations of
three independent measurements.

2.5 LOD calculation
The LOD was calculated by,

LOD = 3S/K

where S is the blank multiple measurement standard deviation,
K is the calibration curve slope.

3 Results and discussion

3.1 Characterization of the synthesized

The synthesis of the Au@HKUST-1 was carried out via a step-
wise strategy. First, HKUST-1 with a microporous structure was
synthesized through a solvothermal coordination reaction
between the organic ligand benzene-1,3,5-tricarboxylic acid
(BTC) and Cu(u) metal nodes, with the synthetic protocol opti-
mized based on previous reports (Fig. 1a).>* The powder X-ray
diffraction (PXRD) pattern of the as-synthesized HKUST-1
shows excellent agreement with the simulated PXRD pattern
calculated from its single-crystal structure, confirming the high
phase purity and crystallinity of the framework (Fig. S1). As
expected, the face-centered cubic network constructed from
dioper paddlewheel units and BTC ligands features intrinsic
pore channels with pore sizes of 9.0 A and 3.5 A, which are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Organic ligands and metal nodes, (b) schematic diagram of
HKUST-1 stacking structure and pore channels, (c) TEM image of
HKUST-1, (d) TEM image of Au@HKUST-1, (e) and (f) the corresponding
elemental mapping of Au@HKUST-1.

sufficiently large to accommodate and stabilize relatively bulky
guest molecules (Fig. 1b).

Subsequently, the as-prepared HKUST-1 was subjected to
solvent exchange to expose the pore channels initially occupied
by solvent molecules or coordinatively unsaturated metal sites.
The activated HKUST-1 was then thoroughly mixed with
HAuCl,, followed by the addition of a reducing agent under
continuous stirring. During this process, Au** ions adsorbed
within the pores of HKUST-1 were reduced to Au’ and confined
inside the framework cavities, accompanied by a distinct color
change of the crystals from blue to dark blue-black. The crys-
talline phase of Au@HKUST-1 was further examined by PXRD to
verify the successful formation of the composite material. As
shown in Fig. 2¢ and S2, the diffraction peaks of Au@HKUST-1
closely match those of pristine HKUST-1, with only negligible
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Fig. 2 (a) XPS spectrum of Au@HKUST-1, (b) the high-resolution Au 4f
XPS spectrum of Au@HKUST-1, (c) XRD patterns of HKUST-1, Au@H-
KUST-1 and Au, (d) the chemical stability of Au@HKUST-1.
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differences in peak intensity. This observation indicates that
the introduction of Au into the open porous framework does not
induce structural collapse. Notably, weak diffraction peaks
appearing at approximately 38.2°and 44.4° can be assigned to
the (111) and (200) crystal planes of metallic Au’, respectively,
confirming the presence of Au’ in the composite. The relatively
low intensity of these peaks can be attributed to the small size of
the formed gold nanoparticles. In addition, a slight leftward
shift of the diffraction peaks of Au@HKUST-1 compared with
those of HKUST-1 was observed, which is ascribed to subtle
lattice expansion induced by the incorporation of Au’. Fourier
transform infrared (FT-IR) spectra of HKUST-1 and
Au@HKUST-1 further confirm that the introduction of Au® does
not alter the chemical structure of the parent framework
(Fig. S3).

X-ray photoelectron spectroscopy (XPS) was employed to
investigate the chemical composition and electronic states of
the Au® loaded composite. As shown in Fig. 2a, the survey XPS
spectrum of Au@HKUST-1 clearly displays characteristic signals
corresponding to Cu, C, O, and Au elements. In particular, the
presence of distinct Au related peaks provides compelling
evidence for the successful incorporation of gold. The high-
resolution Au 4f spectrum further reveals the chemical state
of Au in the composite with an atomic ratio of 0.18% of total
elemental content. As illustrated in Fig. 2b, the binding energies
located at 84.3 eV and 88.0 eV are assigned to the Au 4f;, and Au
4f5,, orbitals, respectively. The energy separation of 3.7 eV
between these two peaks is characteristic of metallic Au®, indi-
cating that Au exists predominantly in the zero-valent state in
Au@HKUST-1. Combined with the PXRD results, these findings
confirm the successful synthesis of the Au@HKUST-1
composite and validate the feasibility of the adopted synthetic
strategy.

The microstructures of HKUST-1 and Au@HKUST-1 were
further characterized by transmission electron microscopy
(TEM). As shown in Fig. 1, TEM images of HKUST-1 and
Au@HKUST-1, respectively, revealing that the overall
morphology of the framework remains largely unchanged after
Au loading. Notably, ultrafine Au® nanoparticles are observed to
be uniformly distributed on the surface of HKUST-1. The cor-
responding energy-dispersive X-ray spectroscopy (EDS)
elemental mapping (Fig. 1f) clearly demonstrates the homoge-
neous distribution of Au throughout the composite, further
confirming the successful in situ formation of Au@HKUST-1.

3.2 Chemical stability

Considering the complexity and variability of the gastrointes-
tinal environment, the chemical stability of Au@HKUST-1
under simulated digestive conditions was systematically evalu-
ated. To comprehensively assess its stability, the composite was
directly immersed in a series of challenging environments,
including pure water at 37 °C, saline solution, and buffered
solutions (1 M KCl and 1x PBS). FT-IR spectra recorded after
immersion show no significant changes in characteristic
absorption bands, indicating that the chemical structure of
Au@HKUST-1 under these conditions.

remains intact
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Consistently, the PXRD patterns exhibit no noticeable varia-
tions in diffraction peak positions or intensities, suggesting
that Au’ is firmly anchored within the framework pores without
leaching or framework degradation (Fig. 2d and S4). These
results collectively demonstrate the high chemical stability of
Au@HKUST-1, thereby laying a solid foundation for its subse-
quent application in gastrointestinal-related sensing studies.

3.3 Electrochemical behaviors

Electrochemical impedance spectroscopy (EIS) studies facilitate
the evaluation of conductivity changes in HKUST-1 after gold
incorporation. The charge transfer resistance (R.) of both
HKUST-1 and Au@HKUST-1 can be calculated from EIS Nyquist
plots. As shown in Fig. 3a, the composite exhibits a smaller
semicircle radius than HKUST-1, indicating that Au@HKUST-1
possesses a higher charge transfer rate. Due to the efficient
charge transfer process between Au and HKUST-1, the value of
R reduced by 30%. This result demonstrates that the intro-
duction of Au enhances the electrochemical activity of the host
material, contributing to improved sensitivity in electro-
chemical sensors.

3.4 Optimization and characterization of the fabricated
electrochemical sensor

To evaluate the ability of Au@HKUST-1 toward recognizing the
DA and UA, Au@HKUST-1/GCE and HKUST-1/GCE were used as
working electrodes for the detection of DA (150 uM), UA (150
uM) and Mix (with 150 uM of DA and UA) in PBS solution by
differential pulse voltammetry (DPV). Fig. 3b shows the signif-
icantly peak current response for Au@HKUST-1/GCE, although
HKUST-1/GCE also exhibits similar response curves in 150 pM
DA solution.

3000 3
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Fig. 3 (a) EIS spectra for Au@HKUST-1/GCE and HKUST-1/GCE, (b)
and (c) DPV curves of Au@HKUST-1/GCE and HKUST-1/GCE in 0.1 M
PBS containing 150 pM DA and 150 uM UA, respectively. (d) DPV curves
of Au@HKUST-1/GCE and HKUST-1/GCE in 0.1 M PBS containing 150
uM DA and 150 pM UA.
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However, the response current intensity exhibited by
Au@HKUST-1/GCE is 2.2 times that of HKUST-1/GCE. In
a solution without substrate, Au@HKUST-1/GCE exhibits no
response current curve. This result indicated that Au and
HKUST-1 play a cooperative role through intermolecular inter-
actions. As shown in Fig. 3c and d, Au@HKUST-1/GCE shows
the same trend in both UA and Mix solutions. It is worth noting
that the sensor displayed the oxidation peak position attributed
to UA differs from the oxidation peak position attributed to DA
by about 0.15 V in the mixed solution, which could be easily
distinguished from the mix of UA and LD. The effect of the PBS
solution pH on the sensing performances of DA or UA on
Au@HKUST-1/GCE was conducted with DPV. The response
curves increased with the pH values from 5 to 7, and then
increased with the pH values from 7 to 9. Due to reaching the
highest response current at pH 7, we chose a PBS of pH = 7 as
the support electrolyte.

Under optimized experimental conditions, we performed
recognition of different concentrations of DA and UA (5-250 uM)
by DPV analysis method to evaluate the performance of sensors.
As shown in Fig. 4a and b, the response current continued to
increase with elevated concentrations of DA. And there is a good
linear relationship between the response current (Ip,) and
concentrations of DA (Cp,) in the range of 5-250 uM. The linear
regression equation is Ipa (LA) = 0.01185 Cp,a (M) —0.01303. The
limit of detection (LOD) was calculated to be 0.06 uM according
to the equation. Likewise, the Au@HKUST-1/GCE exhibited
a greater oxidation current for elevated concentrations of UA in
the range of 5-250 uM (Fig. 4c and d). The linear regression
equations describing the relationship between changes in the
response current (Iys) and the concentration concentrations of
UA (Cya) isomers are Iy, = 0.00702 Cya —0.00050. The limit of
detection (LOD) was calculated to be 0.38 uM according to the
equation. The electrochemical sensing performance of DA and
UA was compared with that of other reported sensors, which can
be seen that the Au@HKUST-1/GCE sensor still exhibits excellent
performance. As shown in Fig. 4e and f, the synchronous
response of the Au@HKUST-1/GCE sensor to UA and DA in
different concentrations (Cpp:Cya = 1:1). The response
currents of LD and UA oxidation peaks both increase with
increasing concentrations of LD and UA. The good linear rela-
tionship between I and C, which could be fitted of I, (nA) =
0.00821 Cp, (LM) —0.03506 for detecting DA and Iy, = 0.00503
Cua —0.03286 for detecting UA. Therefore, the LODs of DA and
UA were calculated to be 0.10 uM and 0.15 uM, respectively.
Au@HKUST-1/GCE sensor can detect both UA and LD with high
sensitivity and low LOD (Table S1). At the same time, this
excellent LOD is also lower than the concentration of DA in the
body fluids of elderly dementia patients and the concentration of
UA in the body fluids of hyperuricemia patients when taking
medication. The sensor has a guiding role in the health diag-
nosis, treatment, and medication of these patients.

3.5 Anti-interference and stability

When considering subsequent applications in digestive tract
secretions, attention is typically required to ensure that the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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common interfering species in saliva. The levels of those analytes are
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ascorbic acid, 50 mM Na*, 10 mM K*, 50 uM tryptophan, and 50 uM
tyrosine.

sensor is resistant to interference. Therefore, we evaluated the
impact of common saliva interferents, including Na*, K, tryp-
tophan, tyrosine, glucose, glutamate, and ascorbic acid on the
detection of DA or UA by adding these substances to simulated
assay solutions. The results indicate that the presence of these
interferents does not affect the determination of UA and
DA (Fig. 5). This demonstrates that Au@HKUST-1/GCE
possesses  excellent interference resistance. Therefore,
Au@HKUST-1/GCE shows promise for the accurate measure-
ment of UA and DA in gastrointestinal secretions, providing
a new option for biosensor applications in health monitoring.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.6 Analysis for real sample

To evaluate the performance of Au@HKUST-1/GCE in actual
gastrointestinal secretions, quantitative amounts of DA and UA
were added to artificial saliva using the standard addition
method. The recovery rates of DA and UA for Au@HKUST-1/GCE
were found to be between 95.5% to 103.3% and between 98.5%
to 102.1%, respectively (Table S2), with relative standard devi-
ations (RSD) of less than 4%. These results suggest that
Au@HKUST-1/GCE can be successfully used to determine DA
and UA in real samples.

4 Conclusion

In summary, we have developed a composite material prepa-
ration method based on HKUST-1 encapsulated Au® and fabri-
cated it into an electrochemical sensor for detecting the levels of
DA and UA. By modifying Au@HKUST-1 on the surface of GCE
electrode, rapid and accurate detection and simultaneous
monitoring of DA and UA were achieved. Electrochemical
testing shows that Au@HKUST-1/GCE exhibits excellent detec-
tion performance and anti-interference ability. The excellent
detection performance is attributed to the weak intermolecular
interactions. Meanwhile, Au@HKUST-1/GCE exhibits good
recovery rates in artificial saliva. These results contribute to
precise monitoring of gastrointestinal status and health
management of gastrointestinal diseases.
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