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As a natural bioactive compound, tea polyphenols hold significant importance in
food processing and preservation, demonstrating considerable application poten-
tial. Their oxidative polymerization process directly impacts product quality, sta-
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and color stabilizer in the food industry, can influence the oxidative polymerization
of tea polyphenols through multiple pathways. Clarifying its kinetic regulation
mechanism is crucial for optimizing processing techniques and enhancing product
quality in both theoretical and practical aspects. This study systematically analyzes
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510000, Guangdong, China. molecular-level control principles. Based on these findings, the paper proposes

process optimization strategies tailored to kinetic characteristics, providing theo-
retical foundations for precise control of the oxidative polymerization process and
efficient retention of active components. The research focuses on core themes,
combining theoretical depth with practical guidance, offering novel approaches
and methodologies for food-related studies and production practices.
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Introduction

As a complex biochemical process, tea polyphenol oxidative polymerization is influenced by environmental factors
and the intrinsic properties of the reaction system. The structure, degree of polymerization, and content of its reac-
tion products directly affect the color, flavor, and functional activity of food. Citric acidification can regulate the
pH of the reaction system, interfere with the activity of key enzymes, and modulate molecular interactions, thereby
exerting a regulatory effect on the kinetic characteristics of tea polyphenol oxidative polymerization. A thorough
investigation into the kinetic regulatory mechanisms of this reaction under citric acidification conditions can pre-
cisely control the reaction process, inhibit adverse oxidation reactions, and efficiently preserve the active compo-
nents of tea polyphenols. Additionally, it enriches the theoretical framework for the oxidative polymerization regu-
lation of natural active substances, promoting technological innovation and quality enhancement in the food pro-
cessing industry, which holds significant practical implications.

1. Fundamental Mechanisms and Kinetic Characteristics of Tea Polyphenol Oxidative
Polymerization

1.1 Core Reaction Pathway of Tea Polyphenol Oxidative Polymerization

Tea polyphenols are a collective term for various hydroxyphenolic compounds with multiple bioactive functions,
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including antioxidant, lipid oxidation inhibition, antibacterial, antiviral, immune regulation, and chronic disease risk
reduction, such as for diabetes and cardiovascular diseases. However, polyphenols generally exhibit poor taste and
water solubility, and are highly sensitive to light and heat, making them prone to loss of biological activity during
processing and in vivo transport. Starch, as a novel natural polymer carrier material, has gradually become a research
focus in modern nutrition for the protection of polyphenols [1]. The oxidative polymerization of tea polyphenols
primarily involves two key pathways: enzymatic oxidation and non-enzymatic oxidation. These two reaction types
differ significantly in activation thresholds, reaction processes, and regulatory logic. Enzymatic oxidation is cata-
lyzed by polyphenol oxidase as the core component, driving the oxidative dehydrogenation of tea polyphenol mon-
omers to generate quinone intermediates. These intermediates then undergo condensation and polymerization reac-
tions to form structurally complex dimers and polymers. Non-enzymatic oxidation is triggered by environmental
factors, initiated by trace metal ions and oxygen, and proceeds via free radical chain reactions to induce the oxidative
polymerization of tea polyphenol monomers. The structure and degree of polymerization of the products are regu-
lated by the reaction microenvironment. Under specific conditions, these two reaction pathways may interact and
synergistically influence the process and outcome of tea polyphenol oxidative polymerization.

1.2 Physicochemical Regulatory Effects of Citric Acid on the Reaction System

The citric acidification environment reshapes the core physicochemical properties of the reaction system, creating
a specific microenvironment for the oxidative polymerization of tea polyphenols, thereby intervening in the reaction
process. As a polyorganic acid, citric acid can precisely regulate the system’s pH value, shifting the reaction envi-
ronment toward an acidic range, which indirectly alters the existence forms and chemical activities of tea polyphe-
nols, enzymes, and reaction intermediates. The carboxyl and hydroxyl groups in the citric acid molecule can interact
specifically with tea polyphenols and reaction intermediates, modulating molecular polarity, spatial conformation,
and the exposure of reactive sites through complexation reactions. This establishes the physicochemical foundation
for changes in reaction kinetics. Moreover, such regulation is not a simple linear process but involves complex
molecular-level interactions, further enriching the diversity and unpredictability of the reaction process. Conse-
quently, this regulatory effect exerts profound and intricate influences on the overall oxidative polymerization of
tea polyphenols.

2. Regulatory Patterns of Citric Acidification Environment on Kinetic Parameters of Tea Pol-
yphenols Oxidative Polymerization

2.1 Regulatory Effects on Enzymatic Oxidation Kinetic Parameters

In a citric acid environment, the key to kinetic control of enzymatic oxidative polymerization lies in inhibiting
polyphenol oxidase activity to alter critical reaction parameters. The mechanism of this inhibition can be described
as follows: Citric acid molecules, with their multiple carboxyl groups, form strong complexes with copper ions at
the active site of polyphenol oxidase, creating stable five-or six-membered cyclic complexes. These structures not
only occupy the enzyme’s catalytic site but may also induce subtle conformational changes, disrupting the enzyme’s
specific binding with tea polyphenol substrates and significantly reducing catalytic efficiency. Kinetic analysis con-
firms that this inhibitory effect exhibits typical non-competitive inhibition characteristics. Specifically, the apparent
Michaelis constant of the enzyme-substrate complex remains unchanged in the presence of citric acid, while the
maximum reaction rate of the enzyme is markedly reduced. These changes result in an overall downward shift of
the enzymatic oxidation reaction curve, prolonging the time required to achieve the same conversion rate. The re-
action rate is effectively suppressed, directly delaying the formation and accumulation of quinone intermediates.
This creates a favorable time window for subsequent controlled non-enzymatic polymerization, significantly reduc-
ing undesirable polymerization products such as dark discoloration and bitterness caused by excessive oxidation.
Consequently, the reaction progresses toward a more desirable outcome, providing new insights and possibilities
for related research and applications.

2.2 Regulatory Mechanisms of Non-Enzymatic Oxidation Reaction Rates

In non-enzymatic oxidation systems, the citric acid environment exerts coordinated effects through multiple path-
ways, precisely regulating the oxidation polymerization rate at each reaction stage. Acidic conditions reduce the
catalytic activity of metal ions, while citric acid “locks” these ions through complexation, inhibiting the initiation
of free radical chain reactions triggered by metal catalysis. The inherent reducing properties of citric acid enable it
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to directly eliminate generated reactive oxygen species (ROS) in the system, blocking the transmission and prolif-
eration cycle of free radicals. Moreover, citric acid forms relatively stable complex structures with tea polyphenols
through hydrogen bonds and other intermolecular interactions, partially shielding the oxidatively active sites of
phenolic hydroxyl groups and reducing the oxidation sensitivity of tea polyphenols [2]. These multiple mechanisms
work in concert, establishing a three-dimensional reaction rate control network that slows down the oxidation
polymerization process, ensuring a more gradual and orderly reaction course while preventing adverse effects
caused by excessive reaction rates.

3. Molecular Mechanisms of Citric Acidification Environment-Regulated Oxidative Polymeri-
zation of Tea Polyphenols

3.1 Citrate-Mediated Molecular Interaction Pathways

Citric acid exerts multifaceted regulatory effects on the initiation and progression of tea polyphenol oxidative
polymerization through intermolecular specificity. Its carboxyl group forms hydrogen bonds or ionic bonds with
phenolic hydroxyl groups in tea polyphenols, inducing reconfiguration of molecular electron cloud distribution and
spatial conformation. This process shields the active oxidation sites of phenolic hydroxyl groups, thereby reducing
oxidative reactivity and delaying reaction initiation. The complexation of citric acid with polyphenol oxidase dis-
rupts the enzyme’s spatial structural stability, causing irreversible conformational changes in its active center. This
mechanism eliminates the enzyme’s catalytic capacity for tea polyphenols, effectively inhibiting enzymatic oxida-
tion at its source. Additionally, citric acid binds with reaction intermediates to block further condensation polymer-
ization, precisely controlling product polymerization degree and structural characteristics. Through these mecha-
nisms, citric acid demonstrates comprehensive regulatory functions throughout the entire process of tea polyphenol
oxidation polymerization.

3.2 The Guiding Role of System Microenvironment on Reaction Pathways

The acidic microenvironment created by acidification facilitates the oxidative polymerization of tea polyphenols by
influencing reaction pathways and altering their competitive dynamics and product distribution. Under acidic con-
ditions, polyphenol oxidase activity is inhibited, reducing the rate of enzymatic oxidation pathways while non-
enzymatic oxidation pathways become dominant. This leads to corresponding changes in the types, structures, and
polymerization degrees of reaction products [3]. The acidic environment also regulates the stability of reaction
intermediates, promoting their transition towards thermodynamically stable states and reducing the formation of
polymerized products associated with toxicity or undesirable flavors. This dual regulation of reaction progression
and product quality highlights the critical role of microenvironmental guidance in reaction pathway directionality,
which holds significant value throughout the oxidative polymerization of tea polyphenols.

3.3 Synergistic Mechanism of Kinetic Regulation

The kinetic regulation of tea polyphenol oxidative polymerization in citric acidification environments does not rely
on a single mechanism acting independently, but rather involves multi-path and multi-target synergistic operations,
establishing a comprehensive regulatory network [4]. Among these, the three core mechanisms—enzyme activity
inhibition, free radical scavenging, and molecular complexation—cooperate and synergize throughout the entire
reaction process, from initiation to product formation. Enzyme activity inhibition slows down the reaction initiation
rate, free radical scavenging interrupts the continuous transmission of the reaction chain, and molecular complexa-
tion stabilizes the structures of substrates and intermediates while regulating active sites. These three mechanisms
work together to alter the kinetic parameters of the reaction, achieving precise control over reaction rate, polymeri-
zation degree, and product structure. This contributes to stable regulatory effects and may support reliable perfor-
mance in practical applications.

4. Process Optimization Based on Dynamic Regulation and Application Prospects
4.1 Optimization of Process Compatibility for Citric Acidification Environments

To achieve precise control of the oxidation polymerization reaction of tea polyphenols in citric acidification envi-
ronments, it is essential to optimize environmental parameters based on processing objectives. Adjustment of citric
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acid dosage enables targeted regulation of the reaction system’s pH value and the extent of polyphenol oxidase
activity inhibition, ensuring kinetic characteristics align with process requirements. By considering the composition
of the reaction system, key parameters such as reaction temperature and oxygen partial pressure should be optimized
to synergize with citric acid regulation. This approach maximizes the retention of active tea polyphenol components,
enhances product quality, stability, and functional properties, and achieves optimal matching between process pa-
rameters and kinetic characteristics. Ultimately, this ensures the entire production process meets practical require-
ments for the quality and performance of tea polyphenols.

4.2 Stability Enhancement Strategies for Kinetic Regulation

To ensure stable and reproducible kinetic regulation under citric acidification conditions, it is essential to establish
a systematic control enhancement framework that mitigates external interference. Precise control of metal ion con-
centrations in the reaction system reduces non-enzymatic oxidation pathways, allowing citric acid regulation to
dominate. This strategy stabilizes the regulatory effect, optimizes the system’s buffering capacity, and suppresses
pH fluctuations during reactions. By maintaining continuous citric acidification, the mechanism minimizes external
influences on kinetic parameters, contributing to more stable and controllable reaction processes. These findings
may support industrial applications of this regulatory mechanism, facilitating its effective implementation and de-
velopment in practical production scenarios.

4.3 Extended Application Directions of Regulatory Mechanisms

The kinetic regulation under citric acidification conditions demonstrates significant application potential, particu-
larly in food processing applications containing tea polyphenols [5]. In scenarios such as tea deep processing, func-
tional food preparation, and fruit/vegetable preservation, this regulatory mechanism can optimize production pro-
cesses by inhibiting the adverse oxidation of tea polyphenols, thereby enhancing product quality, stability, and
functional activity. This regulatory approach also provides theoretical support for oxidation control of other natural
phenolic active substances. By applying citric acid regulation strategies to similar material processing, it enriches
the regulatory techniques for natural product processing, propelling the food industry towards greener, more effi-
cient, and higher-quality development, while creating new opportunities for development in the food sector.

5. Conclusion

The citric acid—acidified environment exerts systematic regulatory effects on the kinetic characteristics of tea poly-
phenol oxidative polymerization through multiple pathways, including enzyme activity inhibition, molecular com-
plexation, and microenvironmental regulation. This establishes a multi-mechanism collaborative regulatory network,
with the core regulatory logic being the remodeling of the physicochemical properties and molecular interaction
patterns of the reaction system. By precisely controlling key kinetic parameters such as reaction rate, activation
energy, and reaction order, this approach achieves dual optimization of reaction progress and product quality. Future
research should delve deeper into the molecular-level regulatory details, integrate advanced detection technologies
to develop more accurate kinetic models, and facilitate the transition of regulatory mechanisms from theoretical
studies to industrial application scenarios. This will provide robust theoretical and technical support for the efficient
utilization of tea polyphenols and the iterative upgrading of food processing technologies, thereby supporting the
development of related industries.
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