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Size and surface effects definitely play an important role in promoting the enzyme-like catalytic activity
of metal nanozymes. However, monodisperse small-size nanozymes require surface modification to
avoid agglomeration, which largely limits their catalytic activity. In this work, a zirconium-based metal
organic framework (UiO-66) with high chemical stability and porosity was applied as a carrier, on which
uniform Au nanoparticles (NPs) were successfully loaded, forming Au/UiO-66 nanocomposites.
Benefiting from the naked and active surface of the distributed Au NPs, Au/UiO-66 exhibited

Received 26th July 2022, prominently enhanced peroxidase activity as well as good performance and stability. Inspired by the

Accepted 26th September 2022 significant peroxidase activity of Au/UiO-66 and the distinct inhibitory effect of biological substances on
peroxidase activity, a multi-targeted analytical platform was designed and established. The results proved

that the developed platform realized accurate and effective detection for glucose, dopamine and HS™

DOI: 10.1039/d2ma00844k

Open Access Article. Published on 27 zai 2022. Downloaded on 21.06.2026 18:24:33.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-advances

1. Introduction

The dynamic balance of biomolecules is vital for maintaining the
health of the human body." For example, glucose is an indis-
pensable substance and energy in metabolism® and abnormal
fluctuations in glucose will dramatically affect health.* Dopa-
mine (DA) is an important neurotransmitter in the human brain
and body.® DA deficiency and flooding have been linked to
diseases and behaviors such as Parkinson’s disease, attention
deficit hyperactivity disorder, Alzheimer’s disease, and addiction.””®
Endogenous H,S, along with two other important endogenous
gases, nitric oxide (NO) and (carbon monoxide) CO, have
extensive physiological effects on the central nervous system,
respiratory system, and cardiac system.'%*® The efficient detec-
tion of such biologically active substances is important for
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© 2022 The Author(s). Published by the Royal Society of Chemistry

with a limit of detection (LOD) of 0.033 mM, 0.0022 mM and 0.0016 mM, respectively.

medical diagnosis and health monitoring.'® In recent years,
many detection methods have been applied for the detection of
biomolecules such as electrochemical and fluorescence techniques.
However, most of these detection methods require relatively
expensive equipment and some biomolecular signals may
interfere with each other.'”'® For example, the electrochemical
response to DA can easily be affected by ascorbic acid (AA), uric
acid (UA), and other biomolecules due to their close oxidation
potentials.’® Specific colorimetric detection based on enzyme
catalysis could largely alleviate these problems, and the detection
target is relatively specific. For the rapid screening of health
and diseases, it is essential to develop a detection platform for
biologically active substances with accurate and multi-targeted
function.

With the remarkable development of nanotechnology, nano-
zymes have emerged as a hot topic and have received extensive
consideration because of their unique advantages.’*>* In
particular, their excellent biological activity and safety mean
nanozymes have excellent application prospects in the biome-
dical field.”**” In nanozyme-enabled analytical chemistry,>®2°
the outstanding peroxidase-like activity is proposed to detect a
great number of biological substances in vivo and in vitro,
especially for biomolecules.***" Among the hundreds of nano-
zymes, noble metal based nanozymes have the advantages of a
clear and adjustable structure, easy surface modification, and
good biocompatibility.>> The implementation of nanozymes
in biological analysis largely relies on their high catalytic effi-
ciency and stability. Most studies have shown that small-size

Mater. Adv,, 2022, 3, 8557-8566 | 8557


https://orcid.org/0000-0002-3495-9514
http://crossmark.crossref.org/dialog/?doi=10.1039/d2ma00844k&domain=pdf&date_stamp=2022-10-10
https://doi.org/10.1039/d2ma00844k
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00844k
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA003023

Open Access Article. Published on 27 zai 2022. Downloaded on 21.06.2026 18:24:33.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

noble metal NPs exhibit higher catalytic activity due to exposure
to more active sites and large specific surface areas.**~*
However, small-size noble metal NPs usually need surface
modification to overcome the agglomeration effect, which largely
limits their catalytic activity.® Therefore, rational designs of
nanozyme containing small-size, clean-surface noble NPs need
to be explored for sensitive and multi-targeted detection purposes.

Metal-organic frameworks (MOFs), structured from organic
ligands and inorganic metal ions, are a series of interesting
materials with outstanding crystallinity, diverse structures,
large surface areas, good adsorption performance, and excellent
component tunability.***®* MOFs could be recognized as an appro-
priate carrier for metal NPs. Loaded metal NPs are possibly evenly
distributed on the surface or in the interstitial space of MOFs,
which could effectively avoid agglomeration and elevate their
catalytic activity as well as stability. UiO-66, one of the representa-
tives of MOF materials, is notable for its good stability and has been
proposed in several studies in biological applications.***>

In this work, a zirconium-based metal organic framework
(Ui0-66) with high chemical stability and porosity was applied
as a carrier, on which small and uniformly distributed Au
NPs were successfully loaded, forming a new nanocomposite
(Au/UiO-66). The pH and temperature stability of Au/UiO-66
were evaluated. The peroxidase-like activity was tested and
compared with that of commercial 5 nm Au spheres. Using the
enhanced peroxidase-like activity of Au/UiO-66, a multi-targeted
detection system was developed based on a distinct mechanism,
which aimed to realize the accurate and effective detection of
glucose, dopamine and HS™.

2. Experimental section

2.1. Chemical and materials

Zirconium tetrachloride (ZrCly), 1,4-benzenedicarboxylic acid
(H,BDC), N,N'-dimethylformamide (DMF), acetic acid, absolute
ethanol, chloroauric acid (HAuCl,), sodium borohydride
(NaHB,), 3,3',5,5'-tetramethylbenzidine (TMB), o-phenylenediamine
(OPD), hydrogen peroxide (H,O,), dopamine (DA) and sulfur
sodium hydride (NaHS) were analytically purified and were
purchased from Sinopharm Chemical Reagent Co. Ltd (Beijing,
China). The 5 nm Au nanospheres were purchased from
Nanocomposix. Glucose came from Kaitong Chemical Reagent
Co. (Tianjin, China). Glucose oxidase (from Aspergillus niger, GOx)
is commercially available from Aladdin Industrial Co. (CA, USA).
Milli-Q water (18 MQ cm) was used for all the experimental
preparations. All glassware and the autoclave used in the
following procedures were cleaned by aqua regia solution
(HNO3/HCI = 1:3 v/v).

2.2. Synthesis of Au/UiO-66 nanocomposites

The preparation process of the Au/UiO-66 nanocomposites can
be divided into two steps. In the first step, the carrier UiO-66
material was prepared according to the previous method. 116.6 mg
of ZrCl, (0.5 mmol) and 83.1 mg of H,BDC (0.5 mmol) were
respectively dissolved in 10 mL of DMF and then mixed with
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4 mL acetic acid. The solution was stirred magnetically for
20 minutes at room temperature and then transferred to a
50 mL stainless steel autoclave lined with Teflon, and then
sealed and placed in an oven at 180 °C for 5 h. After cooling to
room temperature, the white precipitate was collected and
washed by centrifugation, once with DMF and three times with
absolute ethanol. The UiO-66 was dried in a vacuum cabinet at
60 °C for further use.

In the second step, Au/UiO-66 nanocomposites were pre-
pared by a chemical reduction method. 9.4 mg UiO-66 was
dispersed in 3 mL anhydrous ethanol and ultrasonically stirred
until the solution was uniform. 125 pL of 24 mM HAuCl, was
added and stirred at room temperature for more than 6 hours.
Then the solution was dispersed into 3 mL of anhydrous
ethanol. After that, 120 pL of 0.5 M NaBH, was added to the
above solution at room temperature to reduce Au®*. In order to
make the grain size of Au NPs more uniform, the injection
pump was used to evenly add NaBH, solution at the rate of
4 pL min~ . The reaction time was 1.5 hours.

After the reaction, the purplish red precipitate was collected
by centrifugation. Then the collected precipitate was washed
once with ethanol, twice with deionized water and kept in a
constant volume of 2 mL for further use. After the above
process, Au/UiO-66 nanocomposites were obtained with an Au
loading capacity of about 6%.

2.3. Characterization

Scanning electron microscope (SEM) images were captured
using a FEI Nova 450 field emission electron microscope.
X-ray diffractometry (XRD, Bruker D8) was used to collect
X-ray diffraction patterns using monochrome Cu Ko radiation
(A =1.5418 A). Transmission electron microscopy (TEM) images
were taken on a Tecnai G2 F20 U-Twin electron microscope
with an accelerated voltage of 200 kV. That same microscope
was used to perform dark field imaging, EDS mapping, and
high-resolution TEM (HRTEM). UV-Visible absorption spectra
were obtained by a UV-Vis-NIR Spectrometer (Varian Cary
5000). N, adsorption and desorption curves were obtained by
Micromeritics Instrument Corporation ASAP 2020 V4.00 and
the desorption temperature and time were set to 150 °C for
8 hours. X-ray photoelectron spectroscopy (XPS) was performed
with a Thermo ESCALAB 250XI multifunctional imaging electron
spectrometer (Thermo Fisher Scientific, USA) using 150 W Al K,,
radiation and a base pressure of approximately 3 x 10~° mbar.
The binding energies were calibrated to the C 1s line at 284.8 eV.

2.4. Measurement of the peroxidase-like activity of Au/UiO-66
nanocomposites

The peroxidase-like activity of Au/UiO-66 nanocomposites was
investigated by catalyzing the oxidation of TMB with H,0,.
Firstly, 20 puL of 20 mM TMB and 20 pL of 0.1 M H,0, were
mixed in 3 mL HAc-NaAc buffer (10 mM, pH = 6), and then
30 uL of 10.0 mg mL ™" UiO-66 or Au/UiO-66 was added to start
the catalytic oxidation of TMB. The color changes during TMB
oxidation were monitored by UV-Vis absorption spectroscopy.
The scanning kinetic model was used to record the absorption

© 2022 The Author(s). Published by the Royal Society of Chemistry
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spectra every 2 min and analyze the kinetics of TMB catalytic
oxidation reaction. In order to confirm the accuracy of the
experimental results, the color developer TMB was changed with
OPD, whose testing results also supported the good peroxidase-
like activity of Au/UiO-66. As a control, the same method was also
applied to evaluate the peroxidase- and oxidase-like activity of
commercial 5 nm Au spheres protected by surfactant PVP.

The apparent steady-state kinetic measurements of dynamics
were carried out for different Au/UiO-66 nanostructures. The
parameters were calculated based on the Michaelis-Menten
equation:

1/v = (Km/Vimax) X A/[S]) + 1/Vimax

where v is the reaction initial velocity, Vi,ax is the maximal
reaction velocity, [S] is the concentration of substrate and K, is
the Michaelis constant.

2.5. Detection of glucose

Glucose concentration was detected based on the outstanding
peroxidase-like activity of Au/UiO-66. 480 pL glucose aqueous
solution and 40 pL of 100 U mL ™" glucose oxidase were taken
and reacted at 37 °C for 30 min. Then 2.5 mL HAc-NaAc buffer
containing 20 pL of 20 mM TMB (10 mM, pH = 6.0) was added.
The discoloration reaction was triggered by adding 30 pL of
5 mg mL ™' Au/UiO-66 suspension. At 37 °C for 15 minutes, the
UV-Vis absorption spectra were analyzed. In order to determine
the selectivity of this method for glucose detection, we also
replaced glucose with other sugars, such as maltose, galactose,
fructose and sucrose, whose concentration was 1 mM. All other
reaction conditions remained unchanged. The UV-Vis absorption
spectrum was used to test the concentration samples 21 times,
and the standard deviation of the blank samples was obtained.
The slope was obtained by linear fitting of absorption intensity
and glucose concentration at 650 nm. The detection limit is
obtained by the following formula:

36
LOD = -
where 0 is the standard deviation of blank measurement and k is

the slope between the absorbance intensity versus glucose.

2.6. Detection of dopamine

Dopamine concentration was measured based on the reduction
reaction, in which dopamine consumes H,0, and produces
dopamine-o-quinine. Firstly, x pL of 2 mM dopamine solution
was added to 2930-x pL (x = 0, 10, 20, 40, 60, 80, and 100)
deionized water, respectively. Then 20 pL of 20 mM TMB and
20 pL of 0.1 M H,O0, were added to the solution. Finally, 30 L
5 mg mL " Au/UiO-66 suspension was added and reacted at
30 °C for 15 minutes. UV-Vis absorption spectra were recorded.

2.7. Detection of HS™

The concentration of HS™ was detected based on the remarkable
inhibiting effect of HS™ on the peroxidase-like activity of Au/UiO-
66. Firstly, x uL of 2 mM NaHS solution was added to 2930-x pL
(x=0,2.5,5,7.5,10, 20, 30, and 40) deionized water, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Then 20 pL of 20 mM TMB and 20 pL of 0.1 M H,0, were added
to the solution. Finally, 30 uL of 5 mg mL™" Au/UiO-66 suspen-
sion was added and reacted at 30 °C for 15 minutes. UV-Vis
absorption spectra were recorded. In order to determine the
selectivity for the detection of HS™, we used other ions to replace
HS™, such as K', Na*, Mg>*, Mn>", Ni*, Co>", Zn**, Cu** and Ca*",
at a concentration of 10 mM and with glycine (Gly), glutathione
(GSH) and S>~ at a concentration of 2 mM. All other reaction
conditions remained unchanged.

3. Results and discussion

3.1. Formation and characterization of the Au/UiO-66
nanocomposites

Firstly, UiO-66 was synthesized through hydrothermal treatment
of zirconium tetrachloride, terephthalic acid (H,BDC) and acetic
acid under 180 °C (Fig. 1a). The synthesized UiO-66 has good
dispersion, a clean surface and uniform particle size, with an
average particle size of about 500 nm (Fig. 1b and c, Fig. Sla and b,
ESIY). The Brunauer-Emmett-Teller (BET) surface area is measured
to be ~1312.8 m*> g~ ' and the average pore size is 1.0179 nm
(Fig. S2, ESIt). Au NPs are successfully loaded and uniformly
distributed on the UiO-66 matrices, the particle size (diameter) of
Au is calculated to be 7 + 0.45 nm. The HRTEM of the selected Au
particle reveals that the distance between adjacent lattices is about
0.235 nm (Fig. 1d and e), which is consistent with the planar
distance of Au(111). After loading of the Au NPs, the specific surface
area of Au/UiO-66 decreased to 328.8 m” ¢~ " and the pore volume
decreased from 0.74 cm® g~ ' to 0.34 cm® g~ .

a «d HAuCI,
Cl—2Zr——cl //

| 180 C o

cl ) § ‘l in situ growt

5h

Q +: o] ’ \ \V
HO OH
b

200 nm
—

Fig. 1 The synthesis path diagram of the Au/UiO-66 composite structure
(a); TEM images of different samples: (b) and (c) UiO-66 and (d) and (e) Au/
UiO-66. The inset in (e) is a high-resolution image of the Au NPs.
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The high angle annular dark field (HAADF) images and
element mapping images of Au/UiO-66 are shown in Fig. 2.
The representative element Au (Fig. 2¢) and the constituent
elements Zr, C, and O of UiO-66 (Fig. 2d-f) are uniformly
distributed in the Au/UiO-66 nanocomposites. The observation
and analysis results seem to confirm that Au NPs have been
well loaded on the UiO-66 surface. Furthermore, the energy
dispersive X-ray spectroscopy (EDS) results prove that the mass
ratio of Au is 5.38 wt%, which agrees well with the calculated
ratio (6%), indicating that the added Au®* is completely reduced
and combined with UiO-66.

The X-ray diffraction (XRD) patterns of pure UiO-66 and Au/
UiO-66 nanocomposites are shown in Fig. S3 (ESIt). The strong
diffraction peaks of carrier UiO-66 appear at 26 = 17.08°, 22.25°,
25.68° and 33.12°, corresponding to the (004), (115), (224) and
(137) crystal planes, respectively. Two additional diffraction
peaks appear at 20 = 38.15° and 44.41° in Au/UiO-66, which
correspond to the (111) and (200) crystal planes of Au. The low
intensity of these two peaks is likely attributed to the low
amount of loaded Au (6%). The XRD pattern of Au/UiO-66
is similar to that of pure UiO-66, which proves the structure
of the UiO-66 remains unchanged after loading of Au NPs. The
decrease of diffraction intensity is probably due to the large
amount of Au NPs, which are uniformly distributed on the
surface of UiO-66, reducing its exposed surface (Fig. S3, ESIT).
X-ray photoelectron spectroscopy (XPS) spectra tests showed
signals from Au 4f, Zr 3d, C 1s and O 1s (Fig. 3a), confirming
the elementary composition of Au/UiO-66. By fitting the high-
resolution XPS spectra of Au 4f (Fig. 3b), the double peaks of Au
4f;;, (84.14 eV) and Au 4f;), (87.78 eV) could be confirmed as
zero-valent Au (Au®). However, the peaks of Au 4fs/, at 88.64 eV

(€)
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and Au 4f, at 84.87 eV are fitted as Au’, indicating that a small
part of Au is in the oxide state.”*** The above data further
prove the successful loading of Au on the carrier UiO-66.

3.2. Enhanced peroxidase-like activity of Au/UiO-66
nanocomposites

The peroxidase-like activity of Au/UiO-66 is evaluated by both TMB
and OPD assays, which are typically chromogenic substrates.
Fig. 4a shows clearly that Au/UiO-66 can efficiently catalyze the
oxidation of TMB and OPD in the presence of H,0O, to produce
a corresponding blue and yellow color with characteristic absorp-
tion in the visible region. In comparison, the control samples,
in the absence of Au/UiO-66 or H,0,, show negligible color
production and oxidation of TMB or OPD. This verifies that the
Au/UiO-66 exhibits intrinsic peroxidase-like activity without any
accompanying oxidase-like activity. It is reported that a variety of
noble metal NPs (Pt, Au, Pd, Ru, Rh, etc.) often possess multiple
enzyme-like activity, including peroxidase and oxidase.*®*” The
coexisting oxidase-like activity will generate an unsatisfactory
background signal when using the peroxidase-like activity in the
colorimetric detection of biological molecules (H,O,, glucose,
cholesterol, etc.).”®* The unmodified UiO-66 did not show any
peroxidase-like or oxidase-like activity (Fig. S4, ESIT). However,
Au/UiO-66 nanocomposites have good peroxidase-like specificity
(Fig. 4a), which can resolve the above problem and improve the
signal to noise ratio. To demonstrate the enhanced peroxidase-
like activity of Au/UiO-66, the catalytic activity of 5 nm Au spheres
coated with PVP (Au@PVP) was evaluated and compared through
TMB oxidation with H,0,. The amount of Au@PVP remained the
same as the Au content in Au/UiO-66. The results exhibit that the
catalytic activity of Au NPs on UiO-66 is about six times higher

Fig. 2 The scanning TEM (STEM)-HAADF image of Au/UiO-66 (a) and STEM element mapping images of mixed elements (b) and Au (c), C (d), O (e), and

Zr (f) of Au/UiO-66, respectively.
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Fig. 3 (a) XPS survey of the Au/UiO-66 nanocomposites and (b) high-resolution spectra of Au 4f.
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Fig. 4 (a) The reaction of Au/UiO-66 in different color-developing systems, the inset shows the photograph of different solutions (the reaction time is

20 min). (b) The absorbance at 650 nm as a function of reaction time, indicating reactions of 5 nm Au NPs and Au/UiO-66 with the solution containing

TMB and H,0..

than that of Au/PVP (Fig. 4b). Although the cladding of PVP
effectively prevents the agglomeration of Au NPs, the catalytic
activity is inescapably reduced. The loading of naked Au NPs on
UiO-66 composites can provide a valuable strategy for solving the
above problem. The carrier UiO-66 acts as an ideal host, providing
sufficient active sites for Au NPs, which not only avoids agglom-
eration, but also guarantees the catalytic activity of the Au NPs.
Previous studies have proved that temperature and pH have
significant effects on the activity of natural enzymes as well as

a 100 /
& 80 e
2 /
2w ' "~
g \-
g
£ 40,
Q
['2
20+
]
ol— . . . .
2 4 6 8 10
pH

nanozymes.*®*° Therefore, the effects of pH and temperature
on the peroxidase activity of Au/UiO-66 were investigated.
Reactions of TMB oxidation with H,0, catalyzed by Au/UiO-66
were conducted. The peroxidase-like activity in the pH range of
2 to 10 was tested (Fig. 5a). Au/UiO-66 shows obvious pH-
dependent catalytic activity, which increased with the increase
of pH in strong acid conditions and decreased with the increase
in pH in near neutral and weak alkaline conditions. The
optimal pH value of Au/UiO-66 was about 6.0. It could be

\

80
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Fig. 5 Dependence of the Au/UiO-66 peroxidase-like activity on reaction conditions: (a) pH and (b) temperature.
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observed in the experimental process that when TMB is added
to the buffer solution close to neutral and weakly alkaline, a
small amount of precipitate is generated, leading to the catalytic
activity reduction of Au/UiO-66. Such a phenomenon can prob-
ably be ascribed to the diamine structure in TMB, which caused
its poor solubility in weakly alkaline media.*®

In order to investigate the influence of temperature on catalytic
activity of Au/UiO-66, similar experiments were performed and the
peak absorbance at 650 nm under 10-80 °C was also recorded
(Fig. 5b). According to the experimental results, the optimal
temperature range is 35-65 °C, revealing that Au/UiO-66 has a
stable catalytic activity over a wide temperature range.

There are three different pathways for oxidation of TMB with
H,0, catalyzed by Au NPs. The first two pathways can accelerate
the oxidation of color substrates (such as TMB and OPD),
enhancing the peroxidase activity, while the third pathway
can degrade H,0, and slow down the oxidation of TMB,

H,0, + 2HA 2% 2H,0 + 2A (1)
H,0, 2% 2°0H ()
H,0, 2% H,0 + 0, (3)

Since pH can change the dissociation and standard
reduction potential of H,0,, the oxidation/reduction capacity
of H,0, and its reaction pathway is greatly influenced by
pH.>"*> With the increase in pH value, the standard reduction

Reaction rate (nM s™')

0.00 0.04 0.08 0.12 0.16
Concentration of TMB (mM)

60

(]

'
(=)
"

Reaction rate (nM s°')
S
.

0.0 0.4 0.8 12 16
Concentration of H,0, (mM)

Fig. 6
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potential of H,0, decreased, leading to the reduction of oxidation
capacity. Therefore, the pathway 1 reaction was slowed down.
At the same time, observation and analysis showed that under
alkaline conditions with increasing pH, the pathway 3 reaction
was triggered and H,0, decomposed to oxygen and water, which
further reduced its peroxidase-like catalytic activity.”® In conclu-
sion, the pH-dependent and peroxidase-like activity of Au/UiO-66
was attributed not only to the catalytic properties of Au NPs, but
also to the pH-dependent physical and chemical properties of the
reactant substrates (TMB and H,0,).

The Michaelis-Menten constant (K;,) and the maximal
reaction velocity (Vima) of TMB oxidation were calculated
through fitting the typical double reciprocal graph to the
Michaelis-Menten model. K, is the concentration of the sub-
strate [S] when the enzymatic reaction reaches half of the Vi,
which represents the affinity between the enzyme and the sub-
strate. For natural enzymes, a small K, generally means a high
affinity and catalytic activity. Under the constant H,O, concen-
tration of 0.67 mM, the influence of TMB concentration on
reaction rate of the Au/UiO-66 catalyzed oxidation was investi-
gated (Fig. 6a). The Michaelis-Menten equation was applied to
calculate the corresponding double reciprocal diagram of the
enzyme kinetic parameters (Fig. 6b). When the reaction substrate
was TMB, the calculated results were K, = 0.036 mM and V. =
6.1 x 10”8 M s~ ! for Au/UiO-66. Furthermore, under the constant
TMB concentration of 0.13 mM, the influence of H,O, concen-
tration on the reaction rate of the Au/UiO-66 catalyzed oxidation is
shown in Fig. 6¢. The corresponding double reciprocal diagram of

b 5]
s 4
htl)
o
=
> Km=0.036 (mM)
24 Vmax=6.1 (10°M s™)
T o T T T
-20 0 20 40 60
1/[TMB] (mM"")
154 Km=0.58 (mM)

Vmax=4.82 (10°*M s™)

v-1 (107s M)
3

0 4 8 12
1/[H,0,] (mM")

(a) Effect of TMB concentration on the Au/UiO-66 catalytic oxidation TMB reaction rate. (b) The corresponding double reciprocal graph of (a).

(c) The effect of H,O, concentration on the reaction rate of Au/UiO-66 catalyzed TMB oxidation. (d) The corresponding double reciprocal graph of (c).
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the enzyme kinetic parameters was also characterized using the
Michaelis-Menten model (Fig. 6d). The K, and V;,ax for Au/UiO-
66 were calculated to be 0.58 mM and 4.82 x 10 ® M s},
respectively. These results demonstrate that the reaction rate
gradually increased with the rising concentration of TMB or
H,0, until it reached the maximum value. The kinetic parameters
of Au/UiO-66 were compared with those of natural horseradish
peroxidase (HRP) and other Au-based nanozymes (Table S1, ESIY).
The results showed that Au/UiO-66 has an outstanding affinity
and higher catalytic rate.

3.3. Detection of glucose, dopamine and bisulfide based on
the peroxidase-like activity of Au/UiO-66 nanocomposites

H,0, is the oxidation product of many biomolecules. A striking
example closely related to health is the oxidation of glucose,
generating gluconic acid and H,0,. In recent years, the effective
cascade colorimetric sensing for glucose based on the H,0,
reaction has attracted the attention of researchers. Considering
the highly specific peroxidase activity of Au/UiO-66 nano-
composites, it is likely to provide a highly selective method for
the fast and convenient detection of glucose. Inspired by this
idea, a cascade system was designed and established, as shown
in Fig. 7a. Under a constant concentration of TMB, the oxidation
degree mainly depends on the content of Au/UiO-66 and H,O,.
Here the concentration of Au/UiO-66 was set as 50 pg mL~", the
oxidation degree of TMB variation with H,O, concentration is
characterized. The standard curve of AA and glucose concen-
tration was established by using the change of absorbance at
650 nm. In the range of 0.1-0.67 mM glucose concentration, the
curve showed a good linear relationship (R*> = 0.997), and the
limit of detection (LOD) was calculated to be 0.033 mM (S/N = 3)
(Fig. 7b and c). The absorbance of oxidized TMB (0oxTMB) at
650 nm was evidently enhanced with the increase of H,0,, which
was generated from glucose decomposition. Moreover, in order

a Glucose

o *
Gluconic Acid A"" ’ I
IGOx H,0,N/
/6/

0,

View Article Online

Paper

to evaluate the specificity of the colorimetric method, a series of
control experiments were carried out, including different sub-
strates such as galactose, fructose, maltose and sucrose. The
concentration of all control substrates was set as 5 times that of
glucose (20 mM). It appears that the absorption peak in glucose
is dramatically higher than that in other substrates, exhibiting
good specificity (Fig. 7d). We compared the data in Fig. 7d with
the corresponding results of previous work (Pt/Ui0-66)."% It
should be noted that when the amount of catalyst added was
0.1 mM, the signal to noise ratio (SNR) of Au/UiO-66 was 14.38
times as that of Pt/UiO-66. Furthermore, taking the interferents
into consideration, the detecting specificity of Au/UiO-66 was
about 3.2 times higher than that of Pt/UiO-66 in glucose detec-
tion (Fig. S5, ESIt). It could be explained that although the
peroxidase-like activity of Au/UiO-66 is lower than that of Pt/UiO-
66, Au/UiO-66 has almost no oxidase-like activity. This means
that Au/UiO-66 has an extremely low interference background in
the TMB color reaction, resulting in high detection sensitivity.
However, Pt/UiO-66 has relatively strong oxidase-like activity,
which may directly oxidize TMB and cause a high interference
background during detection.

In addition, based on the remarkable peroxidase activity of
Au/UiO-66 and the inhibitory effect of biomolecules on peroxidase
activity, detection methods for dopamine and HS™ were also
developed. When dopamine is present in the reaction system,
the amino and phenolic hydroxyl groups of dopamine could
consume H,0, through a reduction reaction, producing dopa-
mine-o-quinine. As a result, less H,O, would participate in the
oxidation of TMB, resulting in the reduction of absorbance at
650 nm. Here the concentrations of Au/UiO-66, H,O, and
TMB were set to be constant and the influence of dopamine
concentration on the oxidation degree of TMB was explored.
With the increasing concentration of dopamine, the absorbance
of the reaction system at 650 nm gradually decreased, indicating

650 nm
oxTMB

1l

/.
A

TMB

-

(o
(9]

0.25

0.20

AA at 650 nm (a.u.)
°
a

Absorbance (a.u.)
4
9
S
/> ) )
°
3

o

AA at 650 nm (a.u.)
°
N

500 550 600 650 700 750 0.1 0.2 03 0.4 0.5 0.6 0.7

Wavelength (nm)

Fig. 7

Glucose Fructose Galactose Maltose Sucrose
Glucose (mM)

(@) A schematic diagram of detection for glucose using Au/UiO-66. (b) Evolution of UV-Vis absorption spectra with increasing glucose

concentration. (c) The standard curve of AA at 650 nm with increasing glucose concentration. (d) Selectivity of the glucose detection method.
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with increasing HS™ concentration. (e) A standard curve of AA at 650 nm with increasing HS™ concentration. (f) The selectivity of the HS™ detection

method.

that H,0, was gradually consumed (Fig. 8b). The standard curve
of A;-A (AA) with dopamine concentration was established, as
shown in Fig. 8c. In the concentration range of 6.67-66.67 UM, the
curve shows a good linear relationship (R* = 0.95795). The limit of
detection (LOD) could reach 0.0022 mM (S/N = 3) (Fig. 8c).

Since H,S is a weak acid, about 80% of H,S exists as a single
anion (HS™) under physiological conditions. HS™ is a highly
reactive anion and more easily oxidized than H,S.>**> HS™ has
been reported to chemically bind with metal ions in the active
part of horseradish peroxidase (HRP), which may poison the
active surface of the noble metal NPs by metal-sulfur bonding
and reduce their catalytic activity.>® Thus, HS™ is likely to
inhibit the catalytic oxidation of TMB by binding with Au NPs
and reducing the peroxidase-like activity of the Au/UiO-66
nanocomposites.

Based on such an inhibiting mechanism, a colorimetric
method for HS™ detection was developed. Analogously, the
concentrations of Au/UiO-66, H,0, and TMB were constant
and the HS™ concentration was designed as the individual
variable. Experimental results show that the oxidation degree
of TMB significantly dropped with the increase of HS™ concen-
tration (Fig. 8d). The standard curve of Ay-A (AA) with HS™
concentration was established. In the concentration range of
3.34-33.34 pM, the curve shows a good linear relationship (R* =
0.97597). The detection limit (LOD) was verified to be 0.0016 mM
(Fig. 8¢). Some common metal ions K*, Na*, Mg”*, Mn>", Ni*, Co*",
Zn**, Cu®" and Ca®" and sulfur-containing amino acids glycine
(Gly), glutathione (GSH) and S>  in biological systems were
selected to evaluate the selectivity of the above method. The
concentration of cationic interference substrate was 10 mM,
which was five times higher than that of HS™, and the concentra-
tions of glycine, GSH and S>~ were the same as HS™. According to
the test results, little interference of other metal ions on the HS™

8564 | Mater. Adv, 2022, 3, 8557-8566

detection was observed expect for $>~, which may poison the Au
NPs by a coating effect and reduce its catalytic activity, with just
the same mechanism as HS™ (Fig. 8f).

4. Conclusions

In summary, the Au/UiO-66 composite nanozyme was synthesized
by impregnation and a chemical reduction method. Au NPs with
an average particle size of 7 nm were successfully loaded and
uniformly distributed on UiO-66. The Au/UiO-66 exhibited
remarkable peroxidase-like catalytic activity and insignificant
oxidase-like activity, which makes it suitable for the detection of
biological molecules. Therefore, a multi-targeted detecting plat-
form was designed and established based on the outstanding
peroxidase-like activity and good catalytic stability of Au/UiO-66.
Experimental results show that the developed detection platform
has the advantages of a simple procedure, high efficiency and
good specificity. Meanwhile, it successfully realized multi-targeted
detection of three different biomolecules (glucose, dopamine and
HS™) and probably has high application potential and value in
biological detection field.
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