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ABSTRACT 
Obesity is a multifactorial metabolic disorder characterized by excessive adiposity, dysregulated energy balance, and an 

increased risk of cardiovascular disease, type 2 diabetes, and other metabolic complications. Although lifestyle 

interventions and pharmacological therapies remain central to weight management, interest in plant-derived bioactive 

compounds and food-based interventions has increased because of their potential to modulate appetite, nutrient digestion, 

energy metabolism, and metabolic inflammation. Thylakoid membranes, which are pigment–protein-rich structures 

derived from the chloroplasts of green plants, have attracted attention for their potential effects on satiety and postprandial 

metabolism. Their proposed physiological actions include delayed lipid digestion, modulation of gastrointestinal satiety 

signals, and changes in food-reward responses. Combining thylakoids with selected phytochemicals may provide a 

complementary strategy for targeting multiple pathways involved in energy homeostasis. However, the efficacy, 

compatibility, and potential synergistic effects of such combinations require systematic investigation. This review 

discusses the scientific rationale for developing a standardized thylakoid–phytochemical formulation for weight 

management, with particular emphasis on source selection, phytochemical characterization, analytical standardization, 

formulation development, mechanistic investigation, and preclinical evaluation. Candidate phytochemicals, including 

catechins, chlorogenic acid, curcuminoids, and other plant-derived polyphenols, are examined in terms of their potential 

complementary biological activities and analytical requirements. The review also proposes an integrated quality-by-design 

framework incorporating critical quality attributes, risk assessment, chromatographic fingerprinting, stability studies, in 

vitro digestion models, cell-based assays, and animal studies. Safety, bioavailability, batch-to-batch variability, and 

translational limitations are considered essential determinants of product development. A standardized thylakoid–

phytochemical combination represents a promising research direction, but its suitability for weight management must be 

established through reproducible analytical characterization, mechanistic validation, and appropriately designed 

preclinical studies before clinical efficacy can be claimed. 

 

Keywords: Thylakoid membranes; weight management; phytochemicals; obesity; phytochemical profiling; 

nutraceutical formulation. 

 

1. INTRODUCTION 
Obesity has emerged as a major global public health 

concern because of its association with metabolic 

dysfunction, cardiovascular disease, type 2 diabetes 

mellitus, certain cancers, and reduced quality of life. Its 

development reflects a complex interaction among 

dietary patterns, physical activity, genetic susceptibility, 

environmental influences, sleep, hormonal regulation, 
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and behavioural factors. Consequently, effective weight 

management requires approaches that address not only 

energy intake and expenditure but also appetite 

regulation, food preferences, metabolic health, and long-

term adherence to lifestyle changes. Conventional 

weight-management strategies include dietary 

modification, physical activity, behavioural 

interventions, pharmacological treatment, and bariatric 

procedures in appropriately selected individuals. 

Although these interventions can produce clinically 

meaningful benefits, treatment accessibility, tolerability, 

long-term adherence, and weight regain remain 

important challenges. These limitations have encouraged 

investigations into plant-derived bioactive compounds 

and food-based interventions that may complement 

established approaches [1, 2]. 

Plant-based ingredients contain diverse bioactive 

constituents, including polyphenols, flavonoids, 

carotenoids, terpenoids, alkaloids, and other secondary 

metabolites. Depending on their chemical structures and 

biological properties, these compounds may influence 

digestive enzymes, nutrient absorption, oxidative stress, 

inflammatory signalling, insulin sensitivity, and energy 

metabolism. Nevertheless, their effects vary 

considerably with the source material, dose, formulation, 

bioavailability, and experimental model. 

Thylakoids are specialized membrane structures located 

within plant chloroplasts. They contain chlorophyll, 

carotenoids, membrane lipids, proteins, and components 

of the photosynthetic machinery. Spinach-derived 

thylakoid preparations have received particular research 

attention because of their proposed effects on satiety, 

appetite, and lipid digestion. Their membrane-associated 

composition distinguishes them from conventional 

botanical extracts, which generally contain selected 

soluble or extractable phytochemicals. The development 

of a standardized thylakoid–phytochemical combination 

offers an opportunity to investigate whether the 

structural properties of thylakoid membranes can 

complement the biological activities of selected 

phytochemicals. For example, a formulation could be 

designed to investigate thylakoid-associated effects on 

gastrointestinal lipid processing alongside the potential 

metabolic activities of green tea catechins or chlorogenic 

acid. Such a combination could potentially target several 

processes associated with energy balance, although 

complementary mechanisms and improved efficacy must 

be demonstrated experimentally [3]. 

A major challenge is that combining two biologically 

active materials does not automatically produce 

synergistic effects. Interactions may be additive, 

synergistic, neutral, or antagonistic. Phytochemicals may 

also alter membrane integrity, pigment stability, 

dispersion characteristics, or the release of membrane-

associated constituents. Therefore, formulation 

development must integrate biological rationale with 

rigorous analytical characterization and mechanistic 

evaluation. This review examines the development of a 

standardized thylakoid–phytochemical combination for 

weight management, emphasizing the selection of 

compatible ingredients, phytochemical profiling, quality 

control, mechanistic investigation, and preclinical 

assessment [4]. 

 

2. Biological and Structural Characteristics of 

Thylakoids 

2.1. Structure and composition 

Thylakoids are flattened membranous compartments 

within the chloroplasts of plants and algae. They contain 

pigment–protein complexes, including photosystems I 

and II, light-harvesting complexes, and components 

involved in photosynthetic electron transport. Their 

membranes comprise a complex mixture of glycolipids, 

phospholipids, proteins, chlorophylls, and carotenoids. 

For nutraceutical development, the composition of 

thylakoid preparations depends on the plant species, 

cultivation conditions, maturity, harvesting practices, 

extraction procedure, and storage environment. Spinach 

is a commonly investigated source because it is widely 

available and contains chloroplast-rich green tissues. 

Other green plant materials may also be considered, but 

their suitability requires independent characterization. 

Thylakoid preparations should not be treated as 

chemically uniform materials. Depending on the 

manufacturing process, the final preparation may contain 

intact membrane fragments, partially disrupted 

membranes, residual soluble proteins, plant pigments, 

minerals, and other cellular components. Consequently, 

a standardized preparation should be defined through 

measurable structural, compositional, and functional 

characteristics [5]. 

 

2.2. Potential relevance to appetite regulation 

Food intake is regulated by interconnected central and 

peripheral pathways. Gastrointestinal signals, circulating 

nutrients, adipose-derived hormones, and neural inputs 

collectively influence hunger, satiety, meal size, and 

food-reward responses. Thylakoid-containing 

preparations have been investigated for their potential to 

modify appetite and satiety. Proposed explanations 

include changes in the digestion and availability of 

dietary lipids, altered gastrointestinal signalling, and 

changes in the perceived reward associated with energy-

dense foods. These mechanisms remain areas of 

investigation, and their relative contributions may 

depend on the preparation and experimental conditions. 

It is important to distinguish short-term appetite-related 

outcomes from sustained reductions in body weight. 

Changes in subjective hunger or satiety do not 

necessarily translate into lower long-term energy intake 
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or clinically meaningful weight loss. Accordingly, 

preclinical and clinical studies should evaluate these 

outcomes separately [6]. 

 

2.3. Potential influence on lipid digestion 

Dietary lipids undergo emulsification, enzymatic 

hydrolysis, and intestinal absorption. Pancreatic lipase 

plays a central role in the hydrolysis of triglycerides into 

absorbable lipid products. Thylakoid preparations have 

been investigated for their capacity to interact with lipid 

digestion processes. Proposed mechanisms include 

interactions with lipid droplets, modification of the 

physical environment in which digestive enzymes act, 

and changes in the accessibility of dietary lipids to 

digestive enzymes. These possibilities require direct 

experimental verification. A reduction in apparent lipase 

activity in a laboratory assay may arise from genuine 

enzyme inhibition, substrate sequestration, altered 

emulsion characteristics, or optical interference caused 

by plant pigments. Therefore, multiple complementary 

assays should be used to determine whether a 

preparation genuinely modifies lipid digestion [7]. 

 

2.4. Factors influencing thylakoid functionality 

Thylakoid functionality may be affected by: 

 Membrane integrity and particle-size 

distribution. 

 Lipid and protein composition. 

 Chlorophyll and carotenoid content. 

 Processing temperature and exposure to oxygen. 

 pH, ionic strength, and digestive enzymes. 

 Freeze–thaw cycles and storage conditions. 

 Interactions with added phytochemicals and 

formulation excipients. 

These factors should be incorporated into the product-

development strategy because structural disruption or 

chemical degradation could alter the intended biological 

activity. 

 

3. Scientific Rationale for Combining 

Thylakoids with Phytochemicals 

3.1. Concept of a multi-component formulation 

A thylakoid–phytochemical formulation is intended to 

combine a membrane-rich plant fraction with one or 

more chemically characterized bioactive compounds. 

The scientific rationale is to investigate complementary 

effects on appetite, digestive physiology, metabolic 

regulation, and associated biochemical pathways. 

Thylakoids may contribute membrane-associated effects 

during gastrointestinal digestion, whereas selected 

phytochemicals may exert biological effects through 

enzyme modulation, cellular signalling, or antioxidant 

and anti-inflammatory pathways. However, the 

magnitude and physiological relevance of these effects 

depend on the compound, concentration, route of 

exposure, and bioavailability. The formulation should 

therefore be developed around a defined biological 

hypothesis rather than a general assumption that 

combining plant ingredients necessarily enhances 

efficacy (Fig. 1) [8]. 

 
Fig. 1. Development and Standardization of a Thylakoid–Phytochemical Combination for Weight Management. 
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3.2.  Selection of candidate phytochemicals 

Potential candidates should be selected according to evidence supporting their biological activity, analytical detectability, 

chemical stability, safety, compatibility with thylakoids, and feasibility of standardization (Table 1). 

 

Table 1. Potential phytochemical candidates for thylakoid-based formulation development 

Candidate Major chemical 

characteristics 

Potential research rationale Important development 

considerations 

Green tea catechins, 

particularly EGCG 

Flavan-3-ol 

polyphenols 

Investigation of metabolic 

signalling, lipid handling, and 

energy expenditure 

Oxidative stability, dose-related 

safety, and analytical selectivity 

Chlorogenic acid Caffeoylquinic acid 

derivative 

Investigation of glucose and lipid 

metabolism 

Isomer separation, stability, and 

source-dependent variability 

Curcumin Diarylheptanoid 

polyphenol 

Investigation of inflammatory and 

metabolic signalling 

Low aqueous solubility, 

degradation, and formulation 

compatibility 

Quercetin Flavonol Investigation of cellular signalling 

and oxidative-stress pathways 

Limited solubility, conjugative 

metabolism, and matrix effects 

Resveratrol Stilbene polyphenol Investigation of metabolic and 

cellular signalling 

Low systemic bioavailability and 

light sensitivity 

Anthocyanins Glycosylated 

flavonoid pigments 

Investigation of metabolic and 

inflammatory pathways 

Strong pH-dependent colour 

changes and degradation 

These candidates are not interchangeable, and the table does not imply that any one of them has been validated in a 

thylakoid combination for weight management. Each candidate should be evaluated individually before selecting a lead 

compound. 

 

3.3. Choosing a lead phytochemical 

The selection process should consider the intended 

mechanism, anticipated gastrointestinal exposure, 

compatibility with membrane lipids and proteins, 

analytical feasibility, and toxicological profile. A green 

tea catechin such as epigallocatechin gallate (EGCG) 

could be investigated where the research hypothesis 

involves complementary effects on lipid handling and 

metabolic signalling. Chlorogenic acid may be 

appropriate when the emphasis is on dietary polyphenols 

and glucose-related metabolic pathways. Curcumin may 

be investigated when inflammatory signalling is a major 

mechanistic endpoint, although its physicochemical 

limitations require particular attention. A single lead 

phytochemical is preferable during initial formulation 

development because it simplifies interpretation of 

interactions and dose response relationships. Additional 

phytochemicals should only be introduced when their 

individual contributions and compatibility can be 

evaluated adequately [9]. 

 

4. Phytochemical Profiling and Chemical 

Characterization 

4.1. Importance of comprehensive profiling 

Phytochemical profiling establishes the chemical 

identity, composition, and reproducibility of the plant-

derived materials used in a formulation. It is essential for 

ensuring batch consistency, identifying potentially active 

constituents, detecting degradation products, and 

supporting safety evaluation. For a thylakoid–

phytochemical combination, characterization should 

address both the membrane-rich plant fraction and the 

selected phytochemical. These materials have different 

chemical properties and should not be assessed using a 

single analytical method. 

 

4.2. Characterization of the thylakoid fraction 

The thylakoid fraction should be characterized using 

complementary physicochemical and analytical 

techniques [10]. 

 

Particle size and distribution: Dynamic light scattering 

may be used to estimate hydrodynamic size and 

polydispersity when the sample is suitable for this 

method. Because membrane fragments may be irregular 

and heterogeneous, the reported diameter should be 

interpreted in light of the measurement model and 

sample preparation [11]. 

 

Microscopic examination: Optical microscopy, 

transmission electron microscopy, or scanning electron 

microscopy may provide information about morphology 

and structural integrity. Electron microscopy requires 

suitable preparation and may introduce artifacts, so 

imaging results should be interpreted alongside other 

measurements [12]. 

 



IJMSCRR: September-October, 2026                                                                                                                          Page | 2010 

Pigment profiling: Chlorophyll a, chlorophyll b, and 

selected carotenoids may be measured using 

spectrophotometric methods or chromatographic 

techniques. High-performance liquid chromatography 

with photodiode-array detection can provide greater 

selectivity for individual pigments than total-pigment 

measurements alone. 

Lipid profiling: Lipid extraction followed by 

chromatographic analysis can characterize major 

membrane lipid classes and selected fatty acids. These 

measurements may be useful for monitoring processing-

related changes in membrane composition. 

 

Protein characterization: Total protein measurements 

may provide a general compositional indicator, while 

electrophoretic or proteomic methods can support more 

detailed characterization when justified by the research 

objectives. 

 

Functional characterization: A standardized in vitro 

lipid-digestion assay may be included as a functional 

attribute. However, such an assay should not be used as 

a substitute for compositional analysis or as definitive 

proof of weight-management efficacy [13]. 

 

4.3. Characterization of the selected 

phytochemical 

The selected phytochemical should be identified and 

quantified using a validated analytical method. 

Depending on the compound, suitable approaches may 

include HPLC–PDA, UHPLC–PDA, LC–MS/MS, or 

high-resolution mass spectrometry [14-16]. 

 

A practical analytical strategy may include: 

5. Establishing the identity and purity of the 

reference standard. 

6. Developing an extraction procedure that 

provides acceptable recovery from the plant 

matrix. 

7. Optimizing chromatographic separation and 

detection. 

8. Assessing specificity, linearity, accuracy, 

precision, and robustness. 

9. Investigating matrix effects, recovery, and 

potential degradation. 

10. Establishing acceptance limits for the marker 

compound. 

11. Confirming the suitability of the method for 

routine batch testing. 

Where the phytochemical is present as multiple isomers, 

glycosides, or related compounds, the analytical method 

should demonstrate adequate selectivity for the intended 

marker.  

 

4.4. Chromatographic fingerprinting 

A marker assay alone may not adequately characterize a 

complex botanical fraction. Chromatographic 

fingerprinting can provide a broader chemical profile 

and help detect unexpected differences among batches. 

HPLC–PDA can be useful for pigment-rich preparations, 

whereas LC–MS-based profiling may provide additional 

information on molecular features and potential 

degradation products. Untargeted metabolomic profiling 

can support exploratory comparisons, but identified 

features should not be described as confirmed 

compounds without appropriate evidence. Reference 

fingerprints should be established using representative 

batches, and similarity limits should be justified using 

observed manufacturing variability and biological 

relevance [17]. 

 

4.5. Quality-by-design-based standardization 
A quality-by-design (QbD) approach can integrate 

formulation development and analytical control. The 

process begins by defining the quality target product 

profile (QTPP), including the intended dosage form, 

composition, stability, performance, and relevant safety 

characteristics [18, 19]. 

Potential critical quality attributes include: 

 Identity and quantity of the selected 

phytochemical. 

 Chlorophyll and carotenoid content. 

 Particle-size distribution and polydispersity. 

 Membrane-associated lipid and protein 

characteristics. 

 Phytochemical recovery and distribution within 

the formulation. 

 Microbial quality and relevant contaminant 

limits. 

 Stability during storage and simulated 

gastrointestinal exposure. 

 Reproducibility of a predefined in vitro 

functional assay. 

 

Risk assessment tools such as Ishikawa diagrams and 

failure mode and effects analysis can identify critical 

material attributes and process parameters. Design of 

experiments can then investigate the effects of extraction 

conditions, mixing, pH, temperature, and phytochemical 

concentration on the selected quality attributes. 

Standardization limits should be established from 

experimental data and manufacturing capability rather 

than assigned arbitrarily [20]. 

 

5. Mechanistic Investigation of Weight-Management 

Effects 

5.1. Overview of the proposed mechanisms 
The potential effects of a thylakoid–phytochemical 

formulation can be investigated through several 

mechanistic domains: gastrointestinal lipid processing, 
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satiety-related signalling, energy intake, metabolic 

regulation, and inflammatory pathways. These domains 

are interconnected. For example, changes in nutrient 

digestion may influence postprandial signalling, whereas 

alterations in energy intake can secondarily affect body 

weight and metabolic biomarkers. Mechanistic 

experiments should therefore be designed to distinguish 

direct effects from downstream consequences [21, 22]. 

 

5.2. Gastrointestinal lipid processing 
The first mechanistic question is whether the 

combination alters the digestion of dietary lipids under 

physiologically relevant conditions. An in vitro digestion 

model can be used to evaluate changes in triglyceride 

hydrolysis, free-fatty-acid release, and the physical 

properties of lipid-containing digesta. A standardized 

simulated gastrointestinal digestion protocol, such as the 

INFOGEST framework, can help improve 

reproducibility. Appropriate controls should include the 

digestion system without the test material, thylakoids 

alone, the phytochemical alone, and the combined 

formulation. A validated lipase inhibitor may be 

included as a positive control where appropriate. 

Because plant pigments and suspended particles may 

interfere with colorimetric or fluorescence-based assays, 

orthogonal measurements should be considered. pH-stat 

titration, chromatographic analysis of lipid products, or 

other suitable analytical approaches can help distinguish 

genuine changes in lipid hydrolysis from assay 

interference. An important limitation is that reduced 

lipid hydrolysis in vitro does not automatically establish 

reduced fat absorption in vivo. Physiological digestion, 

intestinal compensation, food composition, and 

gastrointestinal transit can alter the relationship between 

laboratory findings and systemic outcomes (Fig. 2) [23]. 

 

 
Fig. 2. Mechanistic Pathways and Preclinical Evaluati on of a Thylakoid–Phytochemical Combination in Weight 

Management. 

 

Appetite regulation involves several gastrointestinal 

peptides, including cholecystokinin (CCK), glucagon-

like peptide-1 (GLP-1), peptide YY (PYY), and ghrelin. 

Their responses depend on nutrient composition, 

gastrointestinal physiology, and the broader metabolic 

state. The formulation could be investigated for its 

effects on these pathways through suitable cellular 

systems or animal studies. However, an observed change 

in circulating hormone concentrations should not 

automatically be interpreted as proof that the hormone 

mediates a reduction in food intake. Mechanistic studies 

should establish temporal relationships, include 

appropriate controls, and where feasible investigate 

whether blocking or modifying a proposed pathway 

changes the observed response. In vitro studies using 

enteroendocrine cell models may provide initial 
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evidence, but the physiological relevance of the model, 

the concentration of the test material, and the possibility 

of cytotoxicity must be considered [24-2]. 

 

6. Safety, Toxicology, and Translational 

Considerations 

6.1. Safety of the individual components 
The safety of the combined formulation cannot be 

inferred solely from the fact that its components 

originate from edible plants. Concentrated extracts may 

differ substantially from customary dietary exposure, 

and the toxicity profile of a phytochemical may depend 

on its dose, purity, metabolism, and duration of 

administration. The selected phytochemical should 

undergo an appropriate review of existing toxicological 

evidence. For example, concentrated green tea extracts 

containing EGCG have been associated with liver injury 

in some circumstances, making dose selection and 

hepatic safety monitoring particularly important. The 

thylakoid fraction should also be evaluated for microbial 

contamination, pesticide residues, heavy metals, relevant 

environmental contaminants, and potential allergenic 

components, as appropriate to the source material and 

intended product [27]. 

 

6.2. Combination-related risks 
Combining two materials can alter their stability, 

absorption, metabolism, and gastrointestinal tolerability. 

The formulation may produce effects that are not 

predictable from the individual components. Safety 

assessment should therefore consider the complete 

formulation, including excipients and processing 

residues. Where indicated, the evaluation should include 

clinical observations, food consumption, body weight, 

haematology, clinical chemistry, and histopathology. 

Potential interactions with medicines should be 

considered during development, particularly when a 

candidate phytochemical may influence drug-

metabolizing enzymes, transporters, or clinically 

relevant physiological pathways [28, 29]. 

 

6.3. Gastrointestinal tolerability 
A formulation intended to influence lipid digestion or 

gastrointestinal signalling may affect stool 

characteristics, gastrointestinal comfort, or nutrient 

handling. These outcomes should be monitored rather 

than assuming that an effect on digestion is necessarily 

beneficial. Longer-term studies may be required to 

evaluate whether sustained changes in nutrient handling 

affect fat-soluble nutrient availability or other aspects of 

nutritional status [30]. 

 

Strengths of the Review 
This review provides an integrated overview of the 

development and standardization of thylakoid–

phytochemical combinations for weight management. It 

discusses phytochemical selection, analytical 

characterization, chromatographic fingerprinting, 

quality-by-design approaches, proposed biological 

mechanisms, and safety considerations. Another strength 

is its emphasis on distinguishing the potential effects of 

individual ingredients from the effects of their combined 

formulation. The review also highlights the importance 

of reproducibility, formulation compatibility, and 

appropriate preclinical evaluation before making claims 

regarding efficacy. 

 

Future Perspectives 
Future research should focus on developing and 

characterizing standardized thylakoid–phytochemical 

formulations using validated analytical methods and 

reproducible manufacturing procedures. Further studies 

are needed to assess ingredient compatibility, membrane 

stability, phytochemical bioavailability, and potential 

interactions between formulation components. Well-

designed in vitro studies and controlled preclinical 

investigations should evaluate lipid digestion, appetite-

related responses, metabolic parameters, and safety. 

Comparative studies involving thylakoids alone, 

individual phytochemicals, and their combination may 

help determine whether the formulation produces 

additive, synergistic, or antagonistic effects. Clinical 

investigations may be considered only after adequate 

evidence of formulation quality, safety, and preclinical 

performance has been established. 

 

CONCLUSION 
The development of a standardized thylakoid–

phytochemical combination represents a scientifically 

relevant research direction for investigating 

complementary mechanisms involved in weight 

management. Thylakoid membranes provide a 

structurally complex plant-derived matrix that may 

influence gastrointestinal lipid processing and appetite-

related responses, while selected phytochemicals offer 

additional opportunities to investigate metabolic and 

cellular signalling pathways. Nevertheless, these 

proposed effects must be established for the specific 

combination rather than inferred from studies of 

individual ingredients. A robust development strategy 

should integrate source-material qualification, 

phytochemical profiling, chromatographic 

fingerprinting, physicochemical characterization, 

compatibility testing, and quality-by-design-based 

optimization. In vitro digestion studies and mechanistic 

assays should establish biological plausibility before 

appropriately powered and controlled preclinical studies 

evaluate food intake, body composition, metabolic 

biomarkers, and safety. Factorial experimental designs 

and suitable interaction models are particularly 
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important for determining whether the combined 

formulation produces additive, synergistic, or 

antagonistic effects. The major challenges include batch-

to-batch variability, membrane stability, phytochemical 

bioavailability, assay interference, long-term safety, and 

the limited ability of preclinical outcomes to predict 

human efficacy. These limitations can be addressed 

through standardized analytical procedures, transparent 

reporting, independent confirmation, and a staged 

translational strategy. Overall, a well-characterized 

thylakoid–phytochemical combination could provide a 

useful platform for investigating plant-derived 

approaches to weight management. Its ultimate value, 

however, will depend on reproducible evidence 

demonstrating that the formulation is safe, 

mechanistically credible, and more useful than its 

individual components or appropriate controls. 
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