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Transition metal coordination frameworks
as artificial nanozymes for dopamine detection
via peroxidase-like activityf
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Enzyme-like metal-organic frameworks are currently one type of star material in the fields of artificial
enzymes and analytical sensing. However, there has been little progress in making use of MOF structures
based on a catalytically active metal center. Herein, transition metal coordination frameworks (Cu—-HMT
and Ni—HMT) are used as artificial nanozymes for the visual detection of a Parkinson's disease biomarker
(dopamine, DA) through peroxidase-like catalytic activity. We prepared hexamine and transition metal
coordination frameworks (Cu—-HMT and Ni—-HMT) through a trouble-free green synthetic route and
characterized them in detail. Comparative studies of peroxidase mimic activity were conducted in the
presence of the as-prepared Cu—-HMT and Ni-HMT. Impressively, Cu—HMT possesses formidable perox-
idase mimic activity, which allows UV-vis spectra and naked-eye detection of DA. Furthermore, Ni-HMT
has its own limitations, including lower water stability and poorer activity compared to Cu-HMT. How-
ever, the peroxidase-like activity of Cu—HMT was strongly inhibited in the presence of DA. Notably, the
proposed sensing system was proven to show an enhanced inhibition effect, including visual detection,
high selectivity, specificity and low detection limits of 0.7 and 4.2 mM for H,O, and DA, respectively.
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Based on this phenomenon, the as-synthesized Cu-HMT could be used as a kind of nanozyme to
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1. Introduction

Nanozymes are a kind of substituent inspired by natural
enzymes. They are widely used in many applications, including
industrial, biomedical, catalysis and sensing applications.
Indeed, they have inherent peroxidase-mimic, oxidase-mimic,
catalyst-mimic, and superoxide-like activities. Among these,
their peroxidase-mimic activity has attracted great attention
due to its promising properties.>> Most nanozymes have mimic
properties, but less activity compared to natural enzymes. Thus,
it is necessary to improve the design and development of highly
catalytic nanozymes to outperform natural enzymes. So far,
various nanozymes have demonstrated to act as peroxidase
nanozymes, including Fe;O4, Mn;0,4, C030,, Cu,O, Ag nano-
particles (NPs), Au NPs, Pt NPs, and carbon-based materials.*®
Their nanozyme activity can be adjusted by various stimuli,
such as pH, temperature and steric hindrance. Many research-
ers have aimed to enhance the activity of nanozymes using
external stimuli such as size, shape and surface charges and
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enhance the performance of colorimetric sensors.

various modifications and compositions.”*° Therefore, tremen-
dous efforts have been dedicated to improving the catalytic
activity of metal-organic frameworks (MOFs) as better candi-
dates to replace nanomaterial-based nanozymes.

MOFs have been given more importance in the field of nano-
zymes due to their high surface area, numerous active sites, pore
tunability, cost-effectiveness, etc."'> MOFs are promising materials
for many applications, such as gas isolation, catalysis, energy
storage or transfer, biomedical applications, drug delivery, sensors
and environmental applications.”*'® Additionally, MOFs have
formidable peroxide-like activity, and can oxidize 3,3',5,5'-
tetramethylbenzidine (TMB) in the presence of H,O, via an electron
transfer process.'”*® So far, most pristine MOFs and muodified
MOFs have exhibited pioneering peroxidase catalysis for the detec-
tion of H,0,, dopamine (DA), ascorbic acid, glucose, uric acid,
poisonous metal ions and bioactive materials.'>>° Recently, a few
reports have documented DA detection via peroxidase-like activity.
Jang et al. reported the Cu(PDA)(DMF) MOF for the detection of
DA,”” and a few hybrid materials also have excellent peroxidase-like
activity.* > Zheng et al presented MOF808, which was used to
analyze ascorbic acid at neutral pH.** Most MOFs are synthesized
using hydrothermal or solvothermal methods under harsh condi-
tions in toxic solvents (DMF, acetic acid).***> As is known, hexa-
methylenetetramine (HMT)-based coordination frameworks have

© 2021 The Author(s). Published by the Royal Society of Chemistry
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pioneering super-capacitor and battery applications after calcina-
tion. It is also interesting to note that the HMT-based frameworks
are synthesized using an eco-friendly synthetic method (room
temperature and aqueous medium) and serve as oxidase activity
mimics.

DA acts as a neurotransmitter, which is one the essential
nutrient for human bodies. Eventhough, the higher concen-
tration can leads nervous infection and premature death.
Disordered levels of DA can lead to dangerous diseases such
as schizophrenia, Alzheimer’s, Parkinson’s and Huntington’s
diseases.*®” So far, fluorescence, electrochemical and colori-
metric methods, and surface plasma resonance (SPR) have
been developed for DA detection.*®**° However, the above-
mentioned techniques have limitations such as photo-
leaching, time-consuming operation, and inference from uric
acid and ascorbic acid, which typically limits their selectivity.
Therefore, developing new approaches with superior perfor-
mance for DA detection is still necessary. Among them, visual
and colorimetric methods have attracted great interest due to
their simplicity and specificity and the fact that interestingly,
the results can be analyzed by the naked eye without using any
expensive instruments.

In this context, we developed transition-metal-containing
coordination frameworks (Cu*" and Ni**~-HMT) using a green
synthetic one-pot method. They are constructed using HMT as
a bridging ligand and Cu®" and Ni*" as metal nodes. As-
prepared Cu’*-HMT and Ni**~-HMT showed superior
peroxidase-mimic activity and were able to oxidize TMB with
H,O0, to generate the product oxTMB. Moreover, Cu*'-HMT has
higher inherent catalytic acidity compared to CuO, NiO NPs
and Ni**~-HMT due to the abundant reactive active species.
However, DA inhibits the peroxidase-like activity of Cu-HMT.
Based on this approach, i.e., the enhancement and inhibition
of the oxidation of TMB, superior selectivity and sensitivity in
the detection of H,O, and DA are achieved via a colorimetric
method. As shown in Scheme 1b, Cu-HMT oxidized TMB
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Scheme 1 Schematic illustration of the transition-metal-based hexamine
coordination frameworks (a); mechanism of the peroxidase-based activity
of Cu—HMT for the detection of H,O, and DA (b).
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via reactive active species from the decomposition of H,O,.
Nevertheless, DA caused decreased oxidation of TMB due to its
competitive consumption of the reactive oxygen species (ROS),
which results in reduced peroxidase-mimic activity and a
hypochromic effect in the absorption spectrum. Therefore,
H,0, and DA could be detected according to the colour change.
Thus, we demonstrated that this facile methodology offers
rapid, reliable and selective detection for an H,0, and
DA assay.

2. Experimental section

2.1. Reagents and materials

Copper nitrate (Cu(NO3),), nickel nitrate (Ni(NOs),, hexamine,
3,3',5,5'-tetramethylbenzidine (TMB), ethanol, hydrogen perox-
ide (H,0,), DA, glucose (G), fructose (Fr), cysteine (Cy), uric acid
(UA), ascorbic acid (AA), p-benzoquinone (PBQ), methanol
(MeOH), isopropyl alcohol (IPA) were all purchased from SRL
chemicals as analytical grade reagents and used without further
purification.

2.2. Characterization

The morphology and crystalline structure information were
evaluated using scanning electron microscopy (SEM, FEI
Quanta FEG 200) and high-resolution transmission electron
microscopy (HRTEM, JEOL, JEM, Fb-2000). The X-ray diffrac-
tion patterns were obtained using a PAN analytical X’pert pro
X-ray diffractometer with CuKo radiation. In the bonding
information studies, an Agilent Technologies FT-IR spectro-
meter (USA) was used to record the Fourier-transform infrared
(FT-IR) spectra in attenuated total reflectance (ATR) mode.
Thermal stability was analysed via thermogravimetry analysis
(STA 2500 Thermoanalyzer).

2.3. Synthesis of transition-metal-based hexamine
coordination frameworks (Cu®>* and Ni**-HMT)

The transition-metal-based coordination frameworks (Cu®‘-
HMT & Ni**~HMT) were synthesized via a previously reported
procedure with minor modifications.*>*! Typically, 1 g (1 mm)
of hexamine was dissolved in 10 mL ethanol and stirred at
ambient temperature. Subsequently, 0.7 g (1 mm) of Cu (NO3),
in 5 mL of ethanol was added drop-wise to the above solution.
Immediately, the bluish-colored solution formed a blue-colored
precipitate, and it was stirred for a further 24 hours. The
slightly bluish precipitate was washed with ethanol several
times and dried at 70 °C overnight. Finally, Cu-HMT was
collected. Ni-HMT was also synthesized using the above pro-
cedure. The slightly greenish Ni-HMT was collected.

2.4. Peroxidase-like activity

The reaction of the catalyst Cu-HMT (0.6 mg mL '), TMB
(100 pul of 10 mM) and H,0, (100 pl of 0.1 M) was carried out
in acetate buffer solution (pH 4.5) under ambient conditions.
During the reaction, the colorless TMB became blue-colored
oxTMB, which was measured using UV-vis spectroscopy and the
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naked eye. Furthermore, different conditions were optimized,
including the TMB concentration, catalyst loading, pH, and
concentration of H,O,.

2.5. Real sample analysis

We applied this colorimetric detection platform to determine
DA in human urine. Urine was obtained from human subjects,
and their consent was recorded through Sri Ramaswamy
Memorial Hospital (SRM Hospital). Moreover, a recovery experi-
ment was performed using the standard addition method, in
which different concentrations of DA were spiked in human
urine samples for analysis.

3. Results and discussion

3.1. Characterization of the synthesized Cu-HMT

The synthetic method gave the pure transition-metal-based
hexamine coordination frameworks (Cu**-HMT & Ni**~HMT)
in high crystalline yield, and is systematically illustrated in
Scheme 1a. In terms of coordination chemistry, hexamethyl-
enetetramine (HMT) is a convenient building block due to its
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Fig. 1 PXRD patterns of hexamine, Cu-HMT and Ni—HMT.
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Fig. 2 FT-IR spectra of Cu-HMT and Ni—-HMT.
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diverse chelating ability. It can easily form stoichiometric
molecular compounds with transition metals through different
coordination sites. In the synthetic procedure, HMT was
reacted with the inorganic metal nodes (Cu(NOj), and
(Ni(NO3),) to form the crystalline MOFs [Cu—(HMT),NOj3),],
and [Ni-(HMT),NOs),],, based on previous literature.*> Accord-
ing to theory, the Cu and Ni were coordinated with the oxygen
atoms of six water molecules to form an octahedral structure.
The Cu cations bind with the HMT ligand via hydrogen bonds
between the nitrogen of HMT and a water molecule to form a
1D Cu/HMT zigzag structure. The molecular formula of the 1D
zigzag chain can be expressed as Cu(NO;),(p,-HMT),-(H,0),.*?
These 1D zigzag chains can easily assemble into a 2D supra-
molecular framework. Finally, the 2D supramolecular frame-
work assembles into microplates of Cu-HMT MOFs. The
assembly process is typically driven by strong hydrogen bonds
because of the bond-accepting behavior of HMT.** After
ultrasonic exfoliation in ethanol solution, Cu-HMT MOF
nanosheets are obtained, which further verified that the micro-
plates are stacked 2D coordination frameworks.

The as-synthesized Cu-HMT and Ni-HMT crystalline phases
were extensively investigated using powder X-ray diffraction
(PXRD). The PXRD spectra of the synthesized Cu-HMT and
Ni-HMT were measured at room temperature over the 10-90°
range. As shown in Fig. 1a, the pristine hexamine exhibited
strong characteristic diffraction peaks with a highly crystalline
nature. The HMT coordinated with the inorganic nodes copper
(Cu®") and nickel (Ni*"), as shown in Fig. 1a and b. After the
formation of the coordination framework, the HMT diffraction
peaks were slightly shifted, which emphasizes that HMT coor-
dinated with Cu®" to form the copper-based hexamine coordi-
nation framework (Cu-HMT). Fig. 1b shows the crystalline
nature of the nickel-based hexamine coordination framework
(Ni-HMT). These diffraction patterns matched well with earlier
reports (ref. no. 719423 and 04-0850).">*> The diffraction
results confirmed the formation of Cu**- and Ni**-based hex-
amine coordination frameworks (Cu-HMT and Ni-HMT).

The bonding interactions of the prepared Cu-HMT and Ni-
HMT were analyzed via FT-IR spectroscopy. Fig. 2a and b show
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Fig. 3 Morphology study of the synthesized Cu-HMT. SEM images (a—c) and TEM images (d—f). SEM-EDX spectra (g) and elemental mapping of

Cu—-HMT (h): carbon (yellow); nitrogen (green); copper (violet).

the bonding vibrations of HMT, Cu-HMT and Ni-HMT. The
precursor HMT exhibited two major bands at 998 and
1234 cm™ ', which were assigned as C-N bands. Notably, in
previous reports, it has been pointed out that hexamine (HMT)
acts as a bidentate bridging ligand.”*> When the inorganic node
(Cu*") was coordinated with HMT, the HMT characteristic
bands were split into doublets due to the coordination between
the electron-density-rich nitrogen atom and Cu**, which clearly
indicates the formation of Cu-HMT. The Cu-N vibration band
appeared at 560 cm ', and the stretching vibration peaks at
1620 cm ™' and 1428 cm ™' were ascribed to the deformation
vibration of -C-N. Based on the vibration spectra, it can be
concluded that Cu-N-Cu linkages were formed. Fig. 2b pre-
sents an enlargement of a region of the spectra, showing that
the HMT bands were split into doublets and the M-O bands.
The morphology of the prepared Cu- and Ni-HMT samples
were observed using SEM and TEM, as shown in Fig. 3 and
Fig. S1 (ESIt). Fig. 3a-c display the microplate morphology of
the synthesized Cu-HMT with uniform size. The TEM images
depicted in Fig. 3e and f also confirm the uniform microplate-
like morphology of Cu-HMT. Furthermore, the high resolution
TEM image reveals the presence of a zig-zag-like metal ion

© 2021 The Author(s). Published by the Royal Society of Chemistry

chain structure,*® and the SADF pattern reveals the existence of
the metal nodes (Cu**). In addition, the energy-dispersion X-ray
(EDX) spectra and elemental mapping also confirmed that the
elements C, N, and Cu were present in Cu-HMT, as shown in
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Fig. 4 TGA curves of the as-obtained Cu-HMT and Ni-HMT.
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Fig. 5 XPS spectra of Cu-HMT: (a) survey, (b) N 1s, (c) C 1s, and (d) Cu 2p.

Fig. 3g and h. Moreover, Ni-HMT was also confirmed using
SEM, EDX and mapping, and the results are displayed in Fig. S1
and S2 (ESIt). Based on the obtained microscopic results, we
concluded that the Cu-HMT and Ni-HMT had a microplate-like
morphology.

To clarify the thermal stability of the obtained Cu- and Ni-
HMT, they were evaluated using thermo-gravimetric analysis
(TGA) over the temperature range 0-600 °C, and the results are
displayed in Fig. 4. The synthesized Cu- and Ni-HMT have good
thermal stability up to 200 and 300 °C, respectively; above these
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temperatures, they began to decompose. Cu-HMT has lower
stability compared to Ni-HMT because of hydrogenation. How-
ever, Cu-HMT has excellent water stability compared to
Ni-HMT."’

The N, adsorption-desorption studies determined the sur-
face area of Ni-HMT and Cu-HMT, and the results are shown
in Fig. S3 (ESIf). As shown in Fig. S3 (ESIt), the Brunauer-
Emmett-Teller (BET) surface area and pore volume of pristine
Ni-HMT and Cu-HMT were found to be 212.186 m* g~ ' and
521.560 m* g ', and 0.223 cc g~ ' and 0.393 cc g~ ', respectively.

A+B+C
A+B+C+DA

Absorbance (a.u.)
e e e o
s v ¢ '

T T T T T T T T T
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

(a) The UV-visible spectra of Cu-=HMT (A), TMB (B), H,O; (C), Cu=HMT + TMB (A + B), Cu-HMT + H,0, (A + C), and Cu—HMT + TMB + H,O,

(A + B + C) with the corresponding photograph in the inset. (b) Absorption spectra in the presence and absence of DA; the color change is shown in the

inset photograph.
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In this observation, Cu-HMT had higher surface area and pore
volume compared to Ni-HMT. High surface area promotes high
catalytic activity for the oxidation of TMB. XPS analysis further
verified the chemical bonding and chemical composition of
Cu-HMT, as shown in Fig. 5. The wide-range spectrum of Cu-
HMT confirmed the presence of C, N and Cu (Fig. 5a). The high-
resolution Cu 2p spectrum showed two major characteristic
peaks at 936.06 and 956 eV, which indicated the Cu®" state in
Cu-HMT, which suggested that Cu®>* could coordinate with the
bidentate ligand. Moreover, associated satellite peaks were
observed at binding energies of 943.46 and 963.26 eV, as shown
in Fig. 5d.*® As depicted in Fig. 5b, the N 1s core-level spectrum
of Cu-HMT can be deconvoluted into peaks with binding
energies of 405.72 and 408.23 eV, which were attributed to
pyrrolic nitrogen (C-N-C) and quaternary nitrogen, respec-
tively. The C1s core-level spectrum exhibited peaks with bind-
ing energies of 282 and 285.6 eV, which were associated with
C-N and sp® carbons (Fig. 5¢).*” Based on the results, we
concluded that the oxidation state Cu®" existed in Cu-HMT
and that the nitrogen atom of HMT bound with Cu*".

3.2. Peroxidase-like activity of Cu-HMT

In the visual detection method, the peroxidase-like activity is
indispensable. On this basis, the method was intended to
evaluate the peroxidase-like activity of Cu-HMT via the oxida-
tion of TMB. We analyzed the catalytic oxidation capacity of

Vodel Hyporb
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Cu-HMT using the results shown in Fig. 6, in which Cu-HMT
(A), TMB (B), and H,0, (C) are clearly denoted. As shown in
Fig. 6a, we did not observe any significant colour change in the
systems including A, B, C, A + B, or A + C. However, the
combination A + B + C system revealed a robust colour change
due to the oxidation of TMB (shown in the inset optical
photograph). The colour shift clearly indicated that the as-
obtained Cu-HMT has robust peroxidase-like catalytic func-
tion. Additionally, the UV-visible spectrum also a solid support
for oxidation of the TMB with a absorbance band. In particular,
the A + B + C system has viable peroxidase-mimic catalytic
behavior due to the charge transfer process. Moreover, the
prevention of the peroxidase-mimic activity was studied in
the presence of DA. As shown in Fig. 6b, the A + B + C system
exhibited a strong blue color due to oxidized TMB, as well as an
absorption band at Ags, nm. Interestingly, with the addition of
DA to the blue-colored oxTMB, as predicted, the blue colour
vanished, which suggested that DA inhibited the oxidation
process. Additionally, an optical photograph clearly displayed
a colour change in presence and absence of DA (shown in the
inset photograph).

3.3. Michaelis-Menten study

The catalytic behavior of TMB and H,0, was studied using the
steady-state kinetic mode. The Michaelis-Menten curves were
obtained by altering the concentration of either TMB or H,O, as
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Fig. 7

(a) Kinetic data obtained by varying the H,O, concentration while keeping the concentration of TMB constant. (b) Kinetic data obtained by varying

the TMB concentration while keeping the concentration of H,O, constant. (c and d) Lineweaver—Burk plots of the double reciprocal of the Michaelis—

Menten equations for H,O, and TMB.
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Table 1 Comparison of the binding affinity and velocity for the
peroxidase-like activity of HRP and other MOFs

Enzyme K Vinax

mimic Substrate (mM) (10 "Ms™h Ref.

HRP H,0, 3.7 8.1 33
T™MB 0.434 10

MOF-808 H,0, 1.06 1.39 50
TMB 0.0796 3.12

Cu-HMT H,0, 0.68 1.343 This
TMB 1.2 214 work

the substrates. Moreover, the Michaelis-Menten curves (Fig. 7a
and b) and Lineweaver-Burk plots (Fig. 7c and d) were obtained
for TMB and H,O, over a certain concentration range. Subse-
quently, we fitted the Lineweaver-Burk plot to calculate the
Michaelis-Menten constant (K,,) and maximal initial velocity
(V) of the catalytic reaction involving Cu-HMT. The Michaelis-
Menten kinetics equation is V = (Vipax X [S])/(Km + [S]). The
Lineweaver-Burk double reciprocal plot is expressed as:
1/V = (Vinax/Km)(1/[S]) + (Vinax/1)- Km is the Michaelis-Menten
constant, Vi, is the maximum velocity, and S is the substrate
concentration. The value K, is an important factor to deter-
mine the catalytic activity and the affinity between the enzyme
and substrate. The K, values of Cu-HMT for the substrates
H,0, and TMB were 0.6799 mM and 1.1343 mM. Moreover, the
calculated Vi, values of these two systems were 1.2 x 105 M ' s
and 214.8 x 108 M~ s, respectively. Moreover, the K, value and
Vmax values of Cu-HMT were compared with those of horse-
radish peroxidase (HRP) and other MOFs in Table 1. Based on
the results, we concluded that as-prepared Cu-HMT has super-
ior binding affinity towards H,O, and TMB, which enhanced the
peroxidase-like activity.

3.4. Peroxidase-like catalytic activity pathway

The catalytic mechanism of Cu-HMT was examined through
trapping reactive oxygen species (ROS) during the catalytic
reaction, and a comparison with related nanozymes and
the resultant spectra are shown in Fig. 8. To clarify, the

(

Q
~

Absorbance (652nm)

T T
IPA MeOH PBQ Pristine

Fig. 8
NiO, Ni-HMT and Cu-HMT.
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peroxidase-mimic reaction was carried out via ROS including
hydroxyl (*OH) and superoxide (*O*~), which are trapped by the
radical scavengers IPA or methanol and p-benzoquinone (PBQ),
respectively. As shown in Fig. 8a and Fig. S6 (ESIt), Cu-HMT
showed higher catalytic activity without any scavengers. The
addition of IPA or methanol into the solution slightly reduced
the Ags2nm peak, indicating that a negligible quantity of hydro-
xyl radicals was produced, which suggests that the hydroxyl
radical does not make a major contribution to the particular
chromogenic oxidations. Furthermore, the absorption peak
Agsanm Was suppressed when PBQ was added to the initial
solution, indicating the inhibition of peroxidase-like activity,
which in turn indicates that the peroxidase-like activity is
carried out specifically by *O, . We then conducted an analysis
using a nitroblue tetrazolium (NBT) superoxide dismutase
(SOD) assay. NBT is commonly used for SOD analysis, and
exhibits an absorbance band at 550 nm in the presence of
riboflavin and light.® In the same way, in our case, the
absorption band of NBT at 550 nm in the presence of Cu-
HMT and H,0, was examined. The bare NBT had an absorption
band with low intensity; after incubation with Cu-HMT and
H,O0,, the NBT absorbance band at 550 nm increased due to the
production of superoxide ions (Fig. S5, ESIt). Further radical
scavenger experiments also revealed *O, to be a major reactive
species in the Cu-HMT system. The peroxidase mimic activity
of Cu-HMT was compared with those of CuO NPs, NiO NPs,
and Ni-HMT, and the results are displayed in Fig. 8b and Fig.
S7 (ESIt). Among them, Cu-HMT showed superior catalytic
activity due to a higher concentration of ROS. Moreover, TMB
and H,0, can easily absorb on the surface of Cu-HMT. There-
fore, the numerous lone-pair electrons will increase the elec-
tron density and mobility on the lattice of Cu-HMT, which
decomposed H,0, into reactive oxygen species (*O, ). Copper
(Cu®) has redox properties that have been utilized for super-
oxide generation; copper (Cu’) directly activates molecular
oxygen to superoxide (*0, ), but Ni** does not have the same
properties. Indirectly, adsorption of the oxTMB substrate on
HMT blocks the catalytic Ni** sites, similar to the results

(b) 0.6

e
2]
L

=)
'S
1

Absorbance (652nm)
o =}
N w

e
e
L

0.0

CuONPs NiONPs Ni-HMT  Cu-HMT

(a and b) Absorption spectra results from the radical scavenging experiments and a comparison of the peroxidase-mimic activity of CuO NPs,
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Table 2 Comparison between the performances of various nanomater-
ials reported as DA sensors

Serial LOD

no. Material Method Linear range (uM) Ref.

1 Ag NPs Colorimetric ~ 3.2-20 uM 1.20 51

2 Au NPs Colorimetric ~ 2.5-20 uM 2.50 52

3 cu** Colorimetric  1-50 uM 1 53

4 CuS/rGO Colorimetric  2-100 pM 0.48 54

5 Cu-MOXs Colorimetric  0.5-20 uM 8.6 55

6 Cu(PDA)(DMF) Colorimetric  1-10 mM — 26

7 Cu-HMT Colorimetric ~ 0.5-3.5 mM 4.2 This
work

observed in the previous result. Ni-HMT has less activity
compared to the Cu-HMT. The detection limits are also com-
pared with those of other related nanozymes in Table 2.

3.5. Optimization of the sensing conditions

In the context of developing a Cu-HMT sensor with strong
peroxidase activity, several experimental factors were opti-
mized, including the amount of Cu-HMT, concentration of
TMB, concentration of Cu-HMT, time, temperature, and pH
(Fig. 9). Prior to testing the sensor, the mimic catalytic activity
was explored using various amounts of the prepared Cu-HMT
(2, 4, 6, 8, and 10 mg), as shown in Fig. S4 (ESIT). Among them,

View Article Online
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6 mg of Cu-HMT exhibited higher catalytic activity compared to
the other nanomaterial amounts. Consequently, the time-
dependent peroxidase-like activity was determined using 6 mg
of Cu-HMT in 2 ml buffer solution, and the results are
displayed in Fig. 9a. Subsequently, as the concentration of
Cu-HMT was varied from 10-70 uM with 6 mg of Cu-HMT in
the system, the absorption peak Agsenm gradually increased
with a hypochromic effect; further increasing the concentration
of Cu-HMT did not result in any obvious absorption peak shift.
These results are displayed in Fig. 9b. Among the tested
concentrations, 70 pM resulted in tremendous peroxidase-like
activity. Moreover, we performed the reaction of H,0,, TMB
and Cu-HMT at different pH values (2 to 7), which resulted in
colour change as well as absorption peak shift, as displayed in
Fig. 9c. Among the tested pH values, those in the acidic range
(pH 2 to 4) showed a yellowish color with an absorption band at
Agz0nm, Which corresponds to a two-electron transfer process.
Furthermore, when the pH was increased to 4.5 and 5, the TMB
changed from colorless to a blue color with an absorption peak
at Aesznm, demonstrating one-electron transfer. Interestingly,
less peroxidase-like activity was observed above pH 5 to 7 due to
the lower stability of H,O, and TMB. The absorption spectra
results reveal that pH 4.5 resulted in superior peroxidase-like
activity compared to the other pH values. Subsequently, the
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Fig. 9 Optimization experiments: absorbance at different times (a), using various concentrations of Cu-HMT (6 mg) (b), different pH values (c) and

different concentrations of the chromogenic substrate TMB (d).
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(a) UV-vis spectra of the oxidized TMB product produced in the presence of different concentrations of H,O,. (b) Plot of the enhancement of the

relative intensity of the absorbance band at 652 nm versus various concentrations of H,O, (inset optical image shows the reaction system with different
concentrations of H,O5). (c) Linear calibration plot for different concentrations of H,O, in the reaction system.

concentration of TMB was optimized by varying the concen-
tration of TMB, suggesting that the maximum activity occurred
at 100 uM, as displayed in Fig. 9d.

The determination of H,0, via peroxidase-mimic activity
using the synthesized Cu-HMT is shown in Fig. 10. The above-
mentioned optimized conditions for Cu-HMT and TMB were
used in the presence of various concentrations of H,0,, which
decomposes the H,O, into the reactive active species. Hence,
the ROS produced from the different concentration of H,0,
could oxidize TMB, which turns blue in colour (Fig. 10a).
Moreover, the absorption band was Agsonm, which also
indicates a one-electron transfer process. As shown in
Fig. 10b, the enhancement of the relative intensity of the
absorbance band at Ags, nm Was plotted versus various concen-
trations of H,0, (the inset photograph shows the reaction
system with different concentrations of H,0,). A linear calibra-
tion plot (R* = 0.945) was obtained for the different concentra-
tions of H,0, (Fig. 10c).

3.6. Inhibition effect of DA

After demonstrating the excellent peroxidase-like activity of the
copper hexamine coordination framework (Cu-HMT), the inhi-
bition effect on the peroxidase-like activity in the presence of
DA was investigated. The strongly blue-colored oxTMB was

7032 | Mater. Adv, 2021, 2, 7024-7035

associated with the absorption band at 652 nm in the above-
mentioned system in the absence of DA. However, the addition
of DA into the system inhibited the peroxidase-like activity. The
absorption spectra for different concentrations of DA (2.5 uM to
20 uM) are shown in Fig. 11. As shown in Fig. 11a, the bright
blue colour faded, and the absorption band at Ags,nm was
hypochromically shifted. The absorption peak attained a
steady-state at 17 pM of DA. Fig. 11b shows the relative intensity
of absorbance plotted versus various concentrations of DA. The
inset digital photographic images display discoloration, which
confirms the inhibition effect. The calibration curve of absor-
bance versus the concentration of DA was linear with a range of
2.5-17.5 pM (R*> = 0.946); the result is shown in Fig. 11c.

To analyze the selectivity of the prepared Cu-HMT, DA, UA,
AA, Cy, Fr and G were selected as inhibitors of peroxidase-like
activity. As shown in Fig. 12, the absorption intensity at 656 nm
and the blue color of oxXTMB remained unchanged before the
addition of the inhibitors. Afterwards, we find that DA induces
a surprising decrease in the absorption characteristics of
the oxidized TMB relative to other interfacial substances;
this finding indicates that the absorption peaks are modified
in the presence of DA. Fig. 12b and c present the relative
identification efficiency of DA and the colour difference,
which demonstrates that DA causes especially strong fading

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Results for the determination of DA in human urine samples

Urine DA spiked DA found Recovery (%)
1 10 9.3 93
2 20 17.5 92
3 30 27.3 97

compared to the other substances. Finally, we infer that DA
selectively blocks the peroxidase-like activity. Ascorbic acid
shows a small extent of inhibition of the TMB oxidation.
Further optimization of the preparation should be possible,
and we will investigate this in the future. Additionally, real
human samples were successfully analyzed with 93-97% recov-
ery, and the results are displayed in Table 3.

4. Conclusion

In summary, a facile one-pot method was developed to synthe-
size a transition metal (Cu** and Ni*")-based coordination
framework for the highly selective detection of H,0, and DA.
The prepared Cu*" and Ni**~HMT showed adequate peroxidase-
like activity; Cu-HMT has greater water stability as well as
higher catalytic activity compared to Ni-HMT. Interestingly,
Cu-HMT displays remarkable enhancement and inhibition of
its peroxidase-like activity towards H,O0, and DA detection
compared to the other nanomaterials. Under the optimized
conditions, the analytical performance of the developed colori-
metric sensor exhibits excellent selectivity towards H,O, and
DA even in the presence of other molecules, with detection
limits of 4.2 nM and 0.7 nM, respectively. The proposed method
is rapid, simple, reliable and highly feasible for real sample
analysis, with the detection of DA being achieved in human
urine samples. We believe that the as-synthesized Cu-HMT
with peroxidase-mimic activity is an ideal material for use in
practical applications for versatile purposes.
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