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1. Introduction

Copper-based metal-organic frameworks as
highly efficient catalysts for the biomimetic
catalytic synthesis of theaflavins

Shaolong Du, @ *3 Zhimei Zhou,® Zetao Du® and Junyi Chang®

Theaflavins (TFs) are the principal quality and active compounds present in fermented tea, generated during
the fermentation process. Due to the exceedingly low concentration of TFs in black tea, the in vitro
synthesis of TFs has emerged as a predominant trend in industrial production. Despite significant
advancements in the in vitro research of TFs in recent years, several challenges remain in the preparation
of TFs according to established literature methods. These challenges include the high cost of natural
enzyme preparation, difficulties in preservation, and poor thermal and chemical stability. Consequently, the
development of efficient and stable catalysts has emerged as a critical issue for the industrial preparation of
TFs. This study investigated the feasibility of utilizing Cu-BTC (copper(i) benzene-1,3,5-tricarboxylate)
metal-organic frameworks (MOFs) as biomimetic catalysts for the synthesis of TFs from catechins. Cu-BTC
was synthesized using a solvothermal method and characterized. The synthesized Cu-BTC exhibited an
octahedral structure and demonstrated commendable thermal stability. The enzyme-like activity of Cu-
BTC was evaluated using catechol as the substrate, yielding kinetic parameters of Viax = 0.0338 mM s
and K., = 14.19 mM, which indicated substantial polyphenol oxidase-like catalytic activity. Cu-BTC was
employed to catalyze the oxidation of catechins to synthesize TFs. The results indicated that the total yield
of catechins using Cu-BTC as a biomimetic catalyst was 30% higher than that achieved through chemical
oxidation methods and 50% higher than that of tyrosinase. The optimal catalytic reaction conditions were
determined as follows: a reaction temperature of 80 °C, a reaction time of 60 minutes, a pH of 5.0, and a
Cu-BTC dosage of 0.05 g mL™?, resulting in a total yield of TFs of 800 ug mL™. This study verified that the
copper-based MOF Cu-BTC was not only facile to prepare, but also exhibited excellent catalytic activity
and thermal stability, which opens promising prospects for the development of new biomimetic catalysts
for the synthesis of TFs.

(less than 1%); researchers have attempted to synthesize TFs
using in vitro enzymatic oxidation methods, achieving

Theaflavins (TFs) are polyphenolic pigments found in black
tea, characterized by their unique benzotropolone structure
(see Fig. 1)." These compounds are formed through the
oxidative polymerization of catechins, a process that is
catalysed by polyphenol oxidase (PPO) during the
fermentation of black tea.” TFs are considered key quality
components that directly influence the colour and flavour of
black tea.> Pharmacological studies have demonstrated that
TFs exhibit a range of health benefits and pharmacological
functions, including antioxidant, antibacterial, and antiviral
properties, as well as roles in cancer prevention and
treatment, and the prevention of cardiovascular diseases.*™®
However, the concentration of TFs in black tea is notably low

“College of Chemical Engineering and Chemistry, Hunan Normal University,
Changsha 410081, China. E-mail: dsl@hunnu.edu.cn

b Hunan Xinsheng Tea Science and Technology Co., Ltd., Shaoyang, 422900, China
¢ School of Management, Fudan University, Shanghai 200433, China

This journal is © The Royal Society of Chemistry 2025

significant advancements in both yields and product purity.”
Polyphenol oxidase (PPO) is a type of copper-binding
enzyme widely found in plants and microorganisms,
including tea leaves.® It catalyses the oxidation of
polyphenols, such as catechins, into quinones and serves as
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Theaflavin(TF1): R4=R,=H

Theaflavin 3-O-gallate(TF2A): Ry=Galloyl, R,=H
Theaflavin 3'-O-gallate(TF2B): Ry=H, R,=Galloy!
Theaflavin 3,3"-di-O-gallate(TFDG): Ry=R,=Galloyl

Fig. 1 Chemical structure of the four main theaflavins.
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a key enzymatic catalyst in the oxidative polymerization of
catechins to form TFs.” Polyphenol oxidase (PPO) exhibits
several advantages, including high catalytic activity, substrate
specificity, and the ability to operate under mild reaction
conditions. However, challenges associated with the
purification of natural PPO, difficulties in preservation, and
the presence of numerous activity inhibitors contribute to
elevated costs in obtaining natural PPO.'® These issues
hinder the industrial realization of enzymatic oxidative
synthesis of TFs. Therefore, it is necessary to develop enzyme
substitute catalysts with low cost and stable properties.

Metal-organic frameworks (MOFs) are a novel category of
porous coordination crystal materials formed through the
bonding of metal ions (or metal clusters) with organic
ligands via coordination bonds." Their distinctive physical
and chemical characteristics, including high porosity,
tunable void  structures, and
functionalization, have led to extensive applications in fields
such as catalytic reactions, adsorption separation, and sensor
development. Recently, both MOFs and their composite
materials have showcased outstanding enzyme-mimicking
abilities. As a new type of enzyme mimic, MOFs not only
demonstrate catalytic activities comparable to those of
natural enzymes, but also present notable benefits regarding
stability, production costs, and structural variety.12 As a
result, they are viewed as highly promising alternatives to
natural enzymes. Yang et al.'® created CeO, metal-organic
framework (CeO,-MOF) nanorods through hydrothermal and
calcination methods, revealing exceptional nanozyme
catalytic ~ capabilities for antibacterial applications.
Furthermore, the CeO,-MOF exhibited impressive stability
and could be reused effectively. Yang et al.'* synthesized a
bismuth metal-organic framework nanozyme (BiO-BDC-
NH,) and developed a colorimetric technique for the
detection of Cr®’, achieving a detection limit of 0.44 ng mL™",
based on the principle that Cr®" enhances the peroxidase-like
activity of the BiO-BDC-NH, nanozyme. Xiong et al
utilized a simple self-assembly process to construct an
amorphous zeolitic imidazolate framework (aZIF), which
demonstrated a 2.2-fold enhancement in CA-like hydrolytic
activity when compared to crystalline ZIFs. Singh et al'®
investigated the dependence of oxidase activity and specificity
on the thickness of Cu-MOF nanosheets. Notable differences
in oxidase activity were found among Cu-MOFs of varying
thicknesses. The ultrathin (4 nm) Cu-UMOF demonstrated
high efficiency and specificity for catechol oxidation, whereas
the thicker Cu-MOF nanosheets (20-30 nm) exhibited
diminished catechol oxidase and peroxidase activities.
Although there have been no reports on the application of
MOFs in the synthesis of theaflavins through the oxidation of
catechins, the aforementioned studies have inspired us to
synthesize Cu-MOFs and utilize them as substitutes for PPO
in catalysing the oxidative polymerization of catechins.

In this study, we first synthesized Cu-MOFs using the
hydrothermal method and characterized their structure
through scanning electron microscopy (SEM), Fourier-
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transform infrared spectroscopy (FTIR), and X-ray diffraction
spectroscopy (XRDS). Subsequently, we tested the PPO-like
enzyme activity of Cu-MOFs using catechol as the substrate.
Finally, Cu-MOFs were applied to the oxidative
polymerization of catechins to synthesize theaflavins. The
results demonstrated that Cu-MOFs not only efficiently
catalysed the oxidative polymerization of catechins to
synthesize theaflavins, but also exhibited excellent substrate
selectivity, with the yield of TF1 being significantly higher
than that of the other three main theaflavin monomers.

2. Materials and methods
2.1 Materials

Benzene-1,3,5-tricarboxylic acid (H;BTC) was purchased from
Shanghai Bide Pharmatech Ltd. Cu(NO;),-3H,0 was
purchased from Shandong Keyuan Biochemical Co., Ltd. The
four main theaflavin standards (TF1, TF2A, TF2B, and TFDG,
98%) were obtained from Shanghai Yuanye Bio-Technology
Co., Ltd. Additionally, the four primary catechin standards
(EC, EGC, ECG, and EGCG, 95%) were sourced from
Shanghai Macklin Biochemical Technology Co., Ltd. The
model catechin extracts, with a total catechin purity of
92.35%, consisting of 22.63% EGC, 21.25% EC, 20.15% ECG,
and 28.32% EGCG, were provided by Hunan A-plus
Biotechnology Co., Ltd. All other reagents used in this study
were of analytical grade and did not require further
purification.

2.2 Synthesis of the copper-based metal-organic framework
(Cu-BTC)

Cu-BTC was synthesized using a hydrothermal technique as
previously reported by Ibrahim."” A total of 2.14 mmol (0.45
g) of benzene-1,3,5-tricarboxylic acid (H;BTC) was stirred in
48 mL of anhydrous ethanol for 10 minutes. Subsequently,
3.1 mmol (2.49 g) of copper nitrate trihydrate (Cu(NO3),-3H,-
O) was added to the solution, and stirring was continued for
an additional 60 minutes. The resulting solution was then
transferred into a 100 mL PTFE-lined stainless-steel autoclave
and subjected to a reaction at 120 °C for 24 h. Upon
completion of the reaction, the mixture was allowed to cool
to room temperature naturally. Finally, the resulting MOFs
were washed three times with anhydrous ethanol,
centrifuged, and placed in a vacuum drying oven, where it
was dried at 60 °C for 12 hours.

2.3 Characterization of Cu-BTC

Cu-BTC MOFs were characterized using different techniques.
The X-ray diffraction (XRD) patterns were recorded on a D8
Advance powder X-ray diffractometer (Bruker, Germany)
equipped with Cu Ka radiation in the 26 range from 5° to 35° at
40 kv and 40 mA. The scanning electron microscopy (SEM)
images were recorded on a JEM-2100F microscope (FEI, USA).
Thermogravimetric analysis (TGA) was carried out under an air
atmosphere using a STA 409 PC DTA TG thermal analyzer

This journal is © The Royal Society of Chemistry 2025
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(Netzsch, Germany) at a heating rate of 10 K min". The infrared
spectrum was measured using an AVATAR370 Fourier transform
infrared spectrometer (Nicolet, USA) in the wavenumber range
of 500-4000 cm™ to detect functional groups.

2.4 Determination of enzyme activity

The enzyme activity of Cu-BTC was assessed using
colorimetric methods, following the approach outlined by
Zhan'® with slight modifications. In a quartz cuvette, 1.0 mL
of phosphate buffer (pH 6.5) and 1.0 mL of 0.6 mol L™
pyrocatechol solution were combined. After allowing capillary
bubbling at room temperature for 4 to 5 minutes, 1.0 mL of a
0.01 g mL™" Cu-BTC solution was introduced. The cuvette
was subsequently placed in an  ultraviolet-visible
spectrophotometer to dynamically measure the absorbance of
the reaction system at a wavelength of 410 nm over a
duration of 30 minutes. A curve was constructed to illustrate
the changes in absorbance over time, facilitating the
determination of Cu-BTC's activity under the specified
conditions. The activity of the mimic enzyme was calculated
using the following formula:

_(A-4)
0.001xmxt

where, U represents the enzyme specific activity of PPO

measured in units (U mg™"). A, and 4, denote the absorbance
values of the reaction system at initial and time ¢,
respectively. m refers to the mass (in grams) of Cu-BTC added
to the system, and ¢ indicates the reaction time, measured in
minutes (min).

2.5 Catalytic synthesis of TFs using Cu-MOFs

Weigh 10 to 70 mg of Cu-MOFs and 0.1 g of model catechin
extracts into a 50 mL EP tube. Add 10 mL of citrate-
phosphate buffer (pH 3.0-8.0)
magnetically at 200 rpm in a water bath maintained at a
temperature range of 60 to 90 °C, while exposing it to air for
a duration of 15 to 90 minutes. Immediately after the
reaction, place the reaction solution in an ice-water bath for
5 minutes to terminate the reaction. After cooling, add an
equal volume of ethyl acetate to the solution and perform
three extraction cycles. Use a plastic pipette to draw the
upper layer of the extract and transfer it to a clean, dry
round-bottom flask of appropriate size. Evaporate the extract
to dryness using a rotary evaporator to obtain the theaflavin
product. Finally, dissolve the product in 1 mL of deionized
water to prepare a solution, and filter it through a 0.45 pm
microporous membrane to obtain the sample solution.

and stir the mixture

2.6 HPLC analysis of catechins and TFs

The catechin and TF levels of the reaction samples were
measured by HPLC according to the method reported by
Kong." The supernatants of the aforementioned sample
solutions were analyzed for TF constituents using high-

This journal is © The Royal Society of Chemistry 2025
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performance liquid chromatography (HPLC) with a Venusil
MP C,g column (4.6 mm i.d. x 250 mm, 5 um) and an Agilent
LC-1100 system (Santa Clara, USA). The eluate was monitored
at a wavelength of 280 nm while maintaining a column
temperature of 35 °C. The eluent comprised mobile phase A
(acetonitrile) and mobile phase B (5 mmol L™ phosphate
solution), with the gradient conditions detailed in Table 1.
The solvent flow rate was set to 0.6 mL min !, and the
injection volume was 20 pL.

The absorption peaks of four catechins and theaflavins
were identified based on the retention times of the
corresponding standard compounds. The concentrations of
catechins and theaflavins were calculated using the standard
curves of the respective standard compounds and the
measured peak areas of catechins and theaflavins.

2.7 Catalytic synthesis of theaflavins by chemical oxidation

The catalytic oxidation of catechins to synthesize theaflavins
was performed using chemical reagents as catalysts.
Fe(NO3)3, FeCl;, Fe(SO,);, and H,0, were selected as catalysts
under acidic conditions, while KMnO, and NH,OH were
chosen for reactions under alkaline conditions. The optimal
reaction time, temperature, and pH conditions for the
chemical oxidation method were referenced based on the
relevant literature.”**!

Reaction conditions for alkaline oxidants: 40 mg of
alkaline oxidants and 100 mg of catechins were dissolved in
10 mL of citrate-phosphate buffer and reacted under
magnetic stirring. The reaction time was 45 minutes at a
temperature of 45 °C, with a pH of 7.5.

Reaction conditions for acidic oxidants: 40 mg of acidic
oxidant and 100 mg of catechins were dissolved in 10 mL of
citric acid-phosphate buffer and reacted under magnetic
stirring. The reaction lasted for 35 minutes at a temperature
of 55 degrees Celsius and a pH of 5.5.

After the reaction was completed, the mixture was rapidly
cooled to room temperature to terminate the reaction. An
equal volume of ethyl acetate was added for extraction three
times, and the concentration of theaflavins was determined
using HPLC as described in section 2.6.

3. Results and discussion
3.1 Structure and morphology characterization of Cu-BTC

To discern the structure and morphology of the catalyst,
scanning electron microscopy (SEM) was conducted, as

Table 1 Gradient elution procedures

Volume fraction of mobile phase/%

t/min Mobile phase A Mobile phase B
0 10 90
10 13 87
35 26 74
40 26 74
50 10 90

React. Chem. Eng., 2025, 10, 2991-3000 | 2993
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Fig. 2 (a) and (b) SEM images of the prepared Cu-BTC; (c) and (d) EDS
mapping images of Cu and O in the prepared Cu-BTC; (e) EDS
spectrum of the synthesized Cu-BTC.

illustrated in Fig. 2(a) and (b). The SEM images revealed that
the prepared Cu-BTC exhibits excellent crystalline properties,
characterized by a highly regular crystal morphology. The
crystal surfaces are notably smooth, presenting a lipid-like
appearance, and the material demonstrates preferential
growth along specific crystallographic orientations. The
material possesses a typical octahedral crystal configuration,
with a uniform distribution of crystal sizes primarily ranging
from 10 to 20 pm, indicating good monodispersity.
Additionally, elemental analysis (EDS) was performed to
examine the elemental composition of Cu-BTC. The Cu-BTC
structure, as depicted in Fig. 2(c)—(e), contained Cu, C, and O
components, which were validated by the EDS spectra.
Furthermore, Fig. 2(e) illustrates the elemental distribution
of the MOF, showcasing the uniform dispersion of all
constituent elements (Cu, C, and O) within the framework.
To further characterize the structural features of Cu-BTC,
Fourier transform infrared spectroscopy (FTIR) was employed

Fig. 3
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for detailed analysis, with the results illustrated in Fig. 3(a).
The infrared spectroscopy analysis revealed that the two
absorption bands at 1384 cm™' and 1635 cm™ " correspond to
the symmetric and asymmetric stretching vibration modes of
the carboxylate group (COO"), respectively. This characteristic
confirms the successful coordination of the H;BTC ligand.
No significant characteristic absorption was detected in the
region above 1635 cm™', which fully demonstrates that the
H;BTC ligand achieved complete deprotonation in the
reaction system, thereby providing strong evidence for
efficient coordination between Cu®' ions and the organic
ligand. Additionally, the broad absorption band observed in
the 3000-3500 cm™" range in the spectrum can be attributed
to the stretching vibration characteristics of the O-H bond in
water molecules adsorbed on the material's surface,
indicating that the Cu-BTC material surface may exhibit
certain hydrophilicity. Based on the comprehensive analysis
of infrared spectroscopy, it can be confirmed that the H;BTC
ligand successfully formed the Cu-BTC metal-organic
framework nanozyme with Cu®" through coordination bonds.
This result provides crucial information for subsequent
research on its nanozyme catalytic performance. The
characteristic peaks of the infrared spectrum are consistent
with those reported in the literature for similar MOF
materials, further verifying the successful synthesis of Cu-
BTC and the reliability of its structure.

The bulk structure of the prepared Cu-BTC was analysed
to investigate its composition and crystal structure. The X-ray
diffraction (XRD) pattern of Cu-BTC, presented in Fig. 3(b),
displays several distinct characteristic diffraction peaks
within the 26 range. These peaks exhibit high intensity and a
narrow full width at half maximum, indicating the excellent
crystallinity of the material. By analysing the narrow and
intense diffraction peaks in the spectrum, it can be inferred
that the prepared Cu-BTC possesses a large grain size, good
crystallinity integrity, and high purity. These results
demonstrate the successful synthesis of the highly crystalline
metal-organic framework material Cu-BTC, providing a solid
structural foundation for its catalytic applications.

The thermal stability of the synthesized Cu-BTC was
examined using thermogravimetric analysis (TG). As
illustrated in Fig. 3(c), the thermal decomposition of Cu-BTC
can be categorized into two distinct mass loss stages. In the
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initial stage, which ranges from room temperature to 250 °C,
the mass loss is approximately 10%. This loss is primarily
attributed to the evaporation of adsorbed water molecules
and other solvent molecules present within the material. The
gradual mass loss observed in this stage indicates that Cu-
BTC maintains good structural stability under low-
temperature conditions. As the temperature increases further,
specifically within the range of 250-310 °C, a sharp decline
in the mass of Cu-BTC is observed, accompanied by a
significant increase in the rate of mass loss. This rapid loss
is primarily due to the thermal decomposition of the organic
ligands and the subsequent collapse of the metal-organic
framework structure. In conclusion, Cu-BTC demonstrates
excellent thermal stability up to 250 °C, which provides a
critical theoretical foundation for its application in high-
temperature reaction systems. The results validated that Cu-
BTC, functioning as an enzyme-like biomimetic catalyst,
offered distinct advantages in catalytic systems that require
elevated temperature conditions.

Based on the analysis of the relevant literature,?® it can be
inferred that the metallic group of Cu-BTC involves a pair of
Cu*" ions coordinated by four carboxylate bridges to form a
paddle-wheel moiety. The central Cu®*' in the framework
structure adopts a coordination number of 6, with three Cu**
ions spatially coordinated to the 12 O atoms from the 6
carboxyl groups of 2 organic ligands, BTC. Axially, it
coordinates with two water molecules, as illustrated in Fig. 4.

3.2 Evaluation of PPO mimetic activity of Cu-BTC

3.2.1 Optimization of Cu-BTC PPO mimetic activity. PPO
can catalyse the oxidation of simple phenolic compounds to
form quinones, with the resulting products exhibiting a
maximum absorption peak at a wavelength of 420 nm.>* The
absorbance value is positively correlated with the amount of
product generated, making it a common method for
measuring the enzyme activity of PPO. In this study, catechol
was used as the substrate to observe the colour changes after
the addition of a chromogenic system and to determine the
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Fig. 4 (a) Structure representation of Cu-BTC and (b) sketch of the
main structure of Cu-BTC.
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UV-vis absorption spectrum, thereby verifying the PPO-like
enzyme activity of Cu-BTC. The results indicated that after
the addition of Cu-BTC to the chromogenic system and a
specified period of water bath heating, the colour
transitioned from light blue in the control group to yellow in
the Cu-BTC group. The UV-vis absorption spectra
demonstrated that following the colour reaction, the
absorption peak at 270 nm significantly decreased, while a
new absorption peak emerged around 410 nm, as illustrated
in Fig. 5(a). The above results clearly validate the intrinsic
PPO-like activity of the prepared Cu-BTC.

To further investigate the PPO-like activity of the
synthesized Cu-BTC and to optimize its synthesis conditions,
this study also examined the effects of pH, reaction
temperature, time, and Cu-BTC dosage on the polyphenol
oxidase-like activity of Cu-BTC, as illustrated in Fig. 5(b)—(e). As
the reaction temperature increased, the enzyme-like activity of
Cu-BTC initially rose and then declined, peaking at 70 °C. The
optimal reaction temperature for Cu-BTC was significantly
higher than that for polyphenol oxidase (approximately 30 °C),
indicating that Cu-BTC exhibits markedly superior thermal
stability compared to polyphenol oxidase. When the pH
increased from 3.5 to 5.0, the catalytic activity of Cu-BTC
sharply increased, reaching its peak at pH 5.0, which was
2.5 times the enzyme activity observed at pH 3.5. Subsequently,
as the pH continued to rise, the enzymatic activity of Cu-BTC
exhibited a declining trend. The enzyme-like activity of Cu-BTC
demonstrates a concentration dependency. When the dosage of
Cu-BTC is below 0.01 g mL™, the enzyme activity rapidly
increases with rising Cu-BTC dosage. Conversely, when the
dosage exceeds 0.01 ¢ mL ™", the enzyme activity fluctuates
within a specific range. Additionally, the enzyme-like activity of
Cu-BTC exhibits a time dependency, with the catalytic activity
reaching its maximum within 10 minutes.

Similar to natural PPO, Cu-BTC features a three-
dimensional structure formed by two copper ions (Cu®*)
coordinated with four carboxylate groups, wherein the
dinuclear copper active site serves as the primary functional
centre of the nanoenzyme.>* Consequently, Cu-BTC exhibits
catalytic activity that parallels that of PPO, with its
performance being influenced by external environmental
factors such as temperature and pH. Typically, it
demonstrates maximum activity within a specific range,
exhibiting a declining trend in activity when conditions fall
outside this range. These variations can be attributed to the
stability of the active centre and the electrostatic interactions
between the metal-organic framework (MOF) surface,
substrate, and solvent molecules.”” For example, when the
reaction pH is less than 3, the strongly acidic environment
may lead to the dissociation of copper ions from the MOF,
thereby diminishing enzyme activity and causing irreversible
inactivation.”® Conversely, when the pH exceeds the optimal
level, the MOF surface tends to acquire a negative charge,
which repels and obstructs anionic molecules from
approaching the MOF surface, ultimately resulting in a
decrease in its catalytic activity.

React. Chem. Eng., 2025, 10, 2991-3000 | 2995
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Fig. 5 (a) UV-vis absorption spectra of catechins using Cu-BTC; effects of synthesis conditions on the enzyme-like activity of Cu-BTC: (b) reaction

temperature; (c) pH; (d) Cu-BTC dosage; (e) reaction time.

Based on this analysis, the optimal reaction
conditions for determining Cu-BTC using the catechol
method are as follows: a reaction temperature of 70 °C,
a pH of 5.0, a Cu-BTC dosage of 0.01 g mL™, and a
reaction time of 10 minutes, achieving the highest
enzyme activity of 200 U mg™".
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Fig. 6 (a) Michaelis-Menten plot of the Cu-BTC enzyme-like activity;
(b) Hanes-Woolf plot of the Cu-BTC enzyme-like activity.
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3.2.2 Enzyme Kkinetics study of Cu-BTC. The enzymatic
reaction kinetics of Cu-BTC were investigated by varying the
concentration of catechol. Under consistent experimental
conditions (pH = 5, Cu-BTC dosage of 0.1 g mL™", reaction
time of 15 minutes, and reaction temperature of 70 °C), the
influence of catechol concentration on the rate of the
enzymatic oxidation reaction was examined, with the results
presented in Fig. 6(a). The initial reaction rate (v) of the
enzymatic reaction increased with the rise in substrate
catechol concentration (c), and the relationship between v™"
and ¢™' exhibited linearity, indicating that the enzymatic
reaction kinetics of Cu-BTC adhere to the typical Michaelis-
Menten equation.

VmaxC

(Km +¢)

Here, v represents the initial reaction rate (MM s ), Vpax

denotes the maximum reaction rate (mM s'), and K, is the
Michaelis constant (mM).

The Michaelis constant (K,,) represents the substrate
concentration at which the enzyme-catalyzed reaction
achieves half of its maximum velocity (Vmax), thereby
reflecting the enzyme's affinity for various substrates. A
smaller K, value indicates a higher affinity of the enzyme for
the substrate, increasing the likelihood that the enzyme-
catalysed reaction will proceed.>” The Hanes-Woolf plot
method was utilized, and the results are illustrated in
Fig. 6(b). Regression fitting yielded a Michaelis constant (K,)
and a maximum reaction rate (Vyay) of 14.19 mM and 0.0338
mM s ', respectively, for the synthesized Cu-BTC. These
findings confirm that Cu-BTC has a Michaelis constant (Ky,)

This journal is © The Royal Society of Chemistry 2025
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comparable to that of tea
significant enzyme-like activity.>®

isoenzymes, demonstrating

3.3 Bionic catalytic synthesis of theaflavins

From the enzyme activity experiment, it was determined
that Cu-BTC exhibits polyphenol oxidase-like catalytic
activity, enabling it to oxidize catechol to o-benzoquinone.
This reaction is also the key process catalyzed by
polyphenol oxidase in the oxidative polymerization of
catechins to synthesize theaflavins. To assess the
feasibility of using Cu-BTC in the synthesis of theaflavins,
we employed mixed catechins as the reaction substrate
and compared the yields of theaflavins synthesized using
Cu-BTC with those obtained through various chemical
oxidation methods (ferric nitrate, ferric sulfate, ferric
chloride, hydrogen peroxide, potassium permanganate, and
ammonia) and tyrosinase catalysis. The results, illustrated
in Fig. 7, indicate that the total yield of theaflavins
produced via Cu-BTC biomimetic catalysis is at least 30%
higher than that achieved through chemical oxidation and
50% higher than that obtained wusing the tyrosinase
method. This finding suggests that Cu-BTC demonstrates
strong catalytic activity and offers an efficient, low-cost
alternative for the synthesis of theaflavins.

To optimize the biomimetic catalysis of Cu-BTC, single-
factor experiments were conducted on reaction temperature,
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Fig. 7 Comparison of the (a) concentration of total TFs and (b)
concentration of four main TFs using different synthesis methods.
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pH, reaction time, and Cu-BTC dosage, with the results
illustrated in Fig. 8.

Under the conditions of a reaction time of 60 minutes, a
pH of 5.0, and a Cu-BTC dosage of 0.05 g mL ™", the yield of
theaflavin was investigated at reaction temperatures ranging
from 60 to 90 °C, as presented in Fig. 8(b). As shown in
Fig. 8(b), the reaction temperature significantly influences
the synthesis of theaflavin. Below 80 °C, the yield of
theaflavin increases rapidly with rising temperature, with the
yield at 80 °C being twice that at 60 °C. However, when the
temperature exceeds 80 °C, the yield of theaflavin decreases,
which may be attributed to the reduced solubility of oxygen
at elevated temperatures.?®

Like other nanomaterial-based nanozymes, Cu-BTC is also
influenced by pH.*° The effect of pH on the yield of
theaflavin was investigated over a range of 3 to 8, under the
conditions of a reaction time of 60 minutes, a Cu-BTC dosage
of 0.05 ¢ mL™", and a temperature of 80 °C, as illustrated in
Fig. 8(d). The results confirmed that pH significantly impacts
the yield of theaflavin. When the pH is below 5, the catalytic
activity of Cu-BTC increases with rising pH, leading to an
enhanced yield of the total theaflavin. However, when the pH
exceeds 5, the yield of the total theaflavin decreases.
Therefore, the optimal catalytic activity of Cu-BTC occurs at
pH = 5. Research indicated that the morphology and
structure of Cu-MOF are influenced by pH levels, resulting in
variations in the number of exposed active sites on its
surface, which, in turn, affects its catalytic activity.**

At pH 5.0, with a Cu-BTC dosage of 0.05 g mL™ and a
temperature of 80 °C, the variation in the total theaflavin yield
with reaction time was monitored, and the results are presented
in Fig. 8(f). The findings indicated that the biomimetic catalytic
reaction of theaflavin reaches its maximum yield within 60
minutes, and extending the reaction time beyond this point
does not result in an increased yield. This phenomenon is likely
due to the gradual consumption of the substrate, catechins,
which reaches equilibrium at 60 minutes; thus, the optimal
reaction time was determined to be 60 minutes.

At pH 5.0, with a reaction time of 60 minutes and a
temperature of 80 °C, the total theaflavin yield was compared
across Cu-BTC dosages ranging from 0.01 g mL™" to 0.1 g
mL™ (Fig. 8(h)). When the dosage of Cu-BTC is below 0.05 g
mL™", the yield of theaflavins exhibited a dose-dependent
relationship. However, when the dosage exceeds 0.05 g mL™",
the yield of theaflavins showed minimal variation. This may
be attributed to the fact that a higher dosage of Cu-BTC leads
to an increased reaction rate, resulting in a shorter time
required to achieve reaction equilibrium. Conversely, when
the dosage is less than 0.05 g mL™", the time required to
reach equilibrium exceeds 60 minutes. Therefore, at the 60
minute mark, the reaction has not yet reached equilibrium,
which results in a lower yield of the total theaflavins.

As illustrated in Fig. 8(a), the Cu-BTC biomimetic catalytic
method demonstrates a significant advantage in the yields of
TF1 and TFDG among the four major theaflavins, in contrast to
TF2A and TF2B. Notably, TF1 displays the greatest fluctuation
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(a) HPLC chromatogram profiles before and after the bionic catalytic synthesis of TFs; effects of (b) and (c) reaction temperature, (d) and (e)

pH, (f) and (g) reaction time and (h) and (i) proportion of Cu-BTC/catechins on the concentration of total TFs and concentration of four main TFs.

in yield under the specified reaction conditions. This
observation may be attributed to the substrate selectivity of Cu-
BTC, which preferentially catalyses the synthesis of TFDG
under these conditions. Fig. 8(c), (e), (g), and (i) validate that it
is possible to use PPOs as catalysts for commercial-scale
production of individual theaflavin components.

4. Conclusions

In summary, using copper nitrate (Cu(NO;),) as the copper
source and benzene-1,3,5-tricarboxylic acid (H;BTC) as the
ligand, we prepared the copper-based organic framework Cu-
BTC via a hydrothermal method. The obtained octahedral
MOF microcrystals exhibited excellent PPO-like enzyme
activity and demonstrated better thermal stability and
catalytic efficiency than natural enzymes. Incorporating Cu-
BTC into catechins could achieve a higher total theaflavin
conversion rate compared to chemical oxidation methods
and tyrosinase. The optimal reaction conditions for the Cu-
BTC biomimetic catalytic oxidation of catechins to synthesize
theaflavins were as follows: a reaction temperature of 80 °C,

2998 | React. Chem. Eng., 2025, 10, 2991-3000

a pH of 5.0, a Cu-BTC dosage of 0.05 g mL ™", and a reaction
time of 60 minutes, with a corresponding total theaflavin
conversion rate of 800 pug mL™'. Compared to natural
enzymes, the Cu-BTC mimic enzyme is simpler to prepare,
more cost-effective, and has broader reaction conditions,
offering a new, low-cost, and high-efficiency synthetic
approach beyond existing enzymatic oxidation methods.
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