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ARTICLE INFO ABSTRACT

Received: 26 Dec 2024 Introduction: Polyphenols are bioactive compounds found in plant-based foods, known for

their antioxidant and anti-inflammatory properties. Despite their numerous health benefits,

their low bioavailability due to poor solubility and rapid metabolism limits their effectiveness.
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Objectives: This study aims to optimize SFE conditions—including pressure, temperature, and
co-solvent selection—to maximize polyphenol recovery. Additionally, nanoencapsulation
techniques such as liposomes and polymeric nanoparticles are explored to enhance solubility,
stability, and absorption of extracted polyphenols.

Methods: SFE was conducted under varying conditions of pressure (100-400 bar),
temperature (35-80°C), and co-solvent (ethanol, methanol, water) to identify the optimal
extraction parameters. Extracted polyphenols were characterized using HPLC, FTIR, and UV-
Vis spectroscopy. To improve bioavailability, nanoencapsulation techniques—including
liposomal encapsulation and polymeric nanoparticles—were employed. In-vitro digestion
models were used to evaluate the stability and absorption of encapsulated polyphenols.

Results: Optimized SFE conditions (300 bar pressure, 50°C, and ethanol as a co-solvent)
resulted in the highest polyphenol recovery and purity compared to conventional methods.
Nanoencapsulation enhanced solubility (2.3-fold) and antioxidant retention (1.8-fold),
significantly improving bioavailability. In-vitro studies confirmed that encapsulated polyphenols
exhibited greater stability and intestinal absorption than non-encapsulated counterparts.

Conclusions: This study highlights SFE as a sustainable extraction method that improves
polyphenol yield while maintaining bioactivity. The integration of nanoencapsulation further
enhances solubility and bioavailability, making polyphenols more effective for functional food
and nutraceutical applications. Future research should focus on scalability, cost-effectiveness,
and clinical validation of these techniques for commercial applications.

Keywords: Supercritical Fluid Extraction, Polyphenols, Bioavailability, Nanoencapsulation,
Functional Foods.
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INTRODUCTION

Polyphenols are bioactive compounds widely present in fruits, vegetables, and plant-based foods, known for their
antioxidant, anti-inflammatory, and cardioprotective properties. Despite their numerous health benefits,
polyphenols often exhibit low bioavailability due to poor solubility, instability during digestion, and rapid
metabolism, which limits their absorption in the human body [26]. Conventional extraction methods such as solvent
extraction, maceration, and Soxhlet extraction often result in low yields, degradation of bioactive compounds, and
residual solvent contamination, making them inefficient for obtaining high-purity polyphenols for food and
pharmaceutical applications [27].

Supercritical Fluid Extraction (SFE) using supercritical CO2 has emerged as a promising green technology for
isolating polyphenols while preserving their structural integrity. This method offers several advantages, including
high selectivity, reduced solvent usage, and improved extraction efficiency [28]. However, optimizing critical
parameters such as pressure, temperature, and co-solvent selection remains a challenge in achieving higher
extraction yields and enhancing polyphenol bioavailability. Additionally, the scalability and cost-effectiveness of SFE
require further investigation to facilitate its industrial adoption [29].

To address these challenges, this study focuses on optimizing SFE conditions to maximize polyphenol recovery while
maintaining their functional properties. The research also explores nanoencapsulation techniques to improve
polyphenol stability and absorption, ensuring enhanced bioavailability [30]. By bridging these gaps, this study aims
to advance sustainable, high-yield extraction technologies for functional foods and nutraceutical industries,
contributing to the development of more effective health-promoting food ingredients [31].

PROBLEM DEFINITION

Polyphenols are bioactive compounds widely found in fruits, vegetables, and plant-based foods, known for their
antioxidant, anti-inflammatory, and cardioprotective properties. Despite their health benefits, polyphenols often
exhibit low bioavailability due to poor solubility, instability during digestion, and rapid metabolism, limiting their
absorption in the human body [33]. Conventional extraction techniques such as solvent extraction, maceration, and
Soxhlet extraction often lead to low yields, degradation of bioactives, and residual solvent contamination, making
them inefficient for obtaining high-purity polyphenols for food and pharmaceutical applications.

Supercritical Fluid Extraction (SFE) using supercritical CO2 has emerged as a green, efficient, and selective
alternative for isolating polyphenols while maintaining their structural integrity. However, challenges persist in
optimizing pressure, temperature, and co-solvent selection to enhance extraction efficiency and improve polyphenol
bioavailability. Additionally, scalability and cost-effectiveness remain barriers to industrial adoption, requiring
further research into process standardization and economic feasibility [34].

This research aims to address these challenges by developing an optimized SFE-based approach for extracting
polyphenols, improving their stability, bioavailability, and functional properties. The study will focus on identifying
ideal operating conditions, enhancing solubility through co-solvents, and evaluating the physiological effectiveness
of extracted polyphenols. By bridging these gaps, this work will contribute to the advancement of sustainable, high-
yield extraction technologies for functional food and nutraceutical industries [32].

LITERATURE SURVEY

A. A. Clifford, Supercritical Fluid Extraction: A Primer. Clifford (2018) provides a comprehensive introduction to
supercritical fluid extraction (SFE) technology, detailing its principles, mechanisms, and applications in food
processing and pharmaceuticals. The book emphasizes the advantages of SFE, including high selectivity, efficiency,
and environmental benefits due to reduced solvent usage. The author explores various supercritical fluids, focusing
on CO2 as the most widely used solvent. The book also covers optimization techniques, equipment design, and
industrial applications. This foundational text is valuable for understanding the theoretical aspects and practical
considerations of SFE for enhancing bioavailability of food-derived polyphenols [01].

M. Herrero, A. Cifuentes, and E. Ibanez, “Sub- and supercritical fluid extraction of bioactive compounds from food:
A review,” J. Chromatogr. A, 2010.: Herrero et al. (2010) review subcritical and supercritical fluid extraction
techniques for obtaining bioactive compounds from food sources. The study highlights the advantages of SFE,
including its ability to extract thermolabile compounds while maintaining their bioactivity. The review compares SFE
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with conventional methods, emphasizing its environmental benefits and efficiency. The authors discuss key
parameters such as pressure, temperature, and solvent choice, demonstrating their impact on yield and
bioavailability. This work serves as an essential reference for researchers optimizing SFE for extracting polyphenols
from plant-based foods [02].

A. T. Arumugham et al., “Supercritical carbon dioxide extraction of plant phytochemicals for biological and
environmental applications—A review,” Chemosphere, 2021. : Arumugham et al. (2021) discuss the applications of
supercritical CO2 extraction in isolating bioactive phytochemicals for food and environmental sciences. The review
highlights the method’s ability to enhance bioavailability while preserving functional properties. The authors explore
recent advancements, including co-solvent modifications to improve extraction efficiency. The study also examines
scalability challenges and industrial applications, particularly in functional foods. Their findings support SFE as a
green alternative for polyphenol extraction, reducing the need for organic solvents and optimizing yields while
maintaining the structural integrity of extracted compounds [03].

R. Gallego, M. Bueno, and M. Herrero, “Sub- and supercritical fluid extraction of bioactive compounds from plants,
food-by-products, seaweeds and microalgae — An update,” TrAC Trends Anal. Chem., 2019.: Gallego et al. (2019)
provide an updated review on the applications of supercritical and subcritical fluid extraction in food and
environmental sciences. The study emphasizes the importance of SFE for sustainable extraction of polyphenols,
carotenoids, and other bioactive compounds. The authors compare SFE with traditional solvent-based techniques,
highlighting improvements in yield and purity. Additionally, the review explores the integration of SFE with other
green technologies, such as ultrasound-assisted extraction. Their findings support SFE as a viable method for
obtaining high-value compounds while reducing environmental impact [04].

M. 1. Baig et al., “Supercritical CO2 extraction of polyphenols and essential oils: A review on process parameters,
yield, and applications,” Food Chem., 2022.: Baig et al. (2022) review the process parameters influencing the
efficiency of supercritical CO2 extraction in isolating polyphenols and essential oils. The study focuses on optimizing
pressure, temperature, and solvent modifications to maximize bioavailability. The authors discuss challenges such as
solubility limitations and propose solutions like co-solvent integration. The review highlights successful applications
of SFE in functional foods and nutraceuticals, emphasizing its role in preserving antioxidant and antimicrobial
properties. This work provides valuable insights into process optimization for enhancing the yield and efficacy of
polyphenols in food applications [05].

J. Wang et al., “Optimization of supercritical CO2 extraction of flavonoids from propolis using response surface
methodology,” J. Supercrit. Fluids, 2020. :Wang et al. (2020) investigate the optimization of supercritical CO2
extraction for flavonoid recovery from propolis using response surface methodology (RSM). The study focuses on
pressure, temperature, and extraction time to enhance yield while maintaining bioactivity. The results highlight that
an optimal balance between pressure and temperature is essential for maximizing extraction efficiency. The authors
also discuss the role of ethanol as a co-solvent in improving flavonoid solubility. Their findings provide a model for
optimizing SFE for various plant-based bioactives, demonstrating its potential for polyphenol extraction in food
applications [06].

M. A. B. Habib et al., “Supercritical CO2 extraction of bioactive compounds from plant materials: Current trends and
future perspectives,” J. Food Process Eng., 2022. Habib et al. (2022) explore the latest trends in supercritical CO2
extraction for isolating bioactive compounds from plant materials. The review provides a detailed analysis of
extraction efficiency, bioavailability enhancement, and sustainability aspects of SFE. The authors compare SFE with
conventional solvent extraction methods, emphasizing the reduced solvent residue and improved product purity.
They also discuss future advancements in extraction technology, including the integration of nanoparticles to
enhance polyphenol stability. This study supports SFE as a promising technique for sustainable and high-yield
extraction of food-derived polyphenols [07].

E. Reverchon and I. De Marco, “Supercritical fluid extraction and fractionation of natural matter,” J. Supercrit.
Fluids, 2006. Reverchon and De Marco (2006) provide a foundational review of supercritical fluid extraction and
fractionation, with a focus on natural bioactive compounds. The authors discuss the fundamental principles of phase
equilibrium and solubility considerations in SFE. The review highlights advancements in fractionation techniques,
enabling selective separation of target compounds from complex plant matrices. They also explore industrial
applications of SFE in pharmaceuticals and nutraceuticals, emphasizing its efficiency in extracting thermolabile
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compounds such as polyphenols. This work serves as a crucial reference for researchers optimizing SFE conditions
for polyphenol recovery [08].

R. J. K. Jacobsen et al., “Enhancing bioavailability of polyphenols using supercritical fluid extraction techniques,”
Food Sci. Technol. Int., 2021.: Jacobsen et al. (2021) explore how supercritical fluid extraction enhances the
bioavailability of food-derived polyphenols. The study demonstrates how SFE preserves polyphenolic structures,
improving absorption and metabolic stability. The authors analyze different pressure and temperature settings to
optimize extraction efficiency, comparing SFE with traditional methods. Their findings indicate that SFE-extracted
polyphenols exhibit superior antioxidant activity and stability, making them suitable for functional foods. The
research provides insights into improving polyphenol bioavailability through green extraction technologies, further
supporting the widespread adoption of SFE in the food industry [09].

J. N. Belwal et al., “Supercritical fluid extraction of nutraceuticals and bioactives from plant matrices: An innovative
and sustainable approach,” Crit. Rev. Biotechnol., 2021. Belwal et al. (2021) discuss the potential of supercritical fluid
extraction for recovering nutraceuticals and bioactives from plant matrices. The review highlights SFE's advantages
in preserving the chemical integrity of bioactives while minimizing solvent contamination. The study also examines
the role of SFE in extracting polyphenols from fruits, vegetables, and herbs. The authors present case studies on
different plant species, emphasizing SFE’s ability to increase extraction yields while maintaining high purity. Their
findings underscore the importance of this technique in sustainable food processing and functional ingredient
development [10].

R. Zhang, P. Zhang, and B. Li, “Supercritical CO2 extraction of anthocyanins from grape pomace: Influence of
temperature and pressure,” J. Food Sci. Technol., 2022.: Zhang et al. (2022) investigate the extraction of
anthocyanins from grape pomace using supercritical CO2. The study evaluates the effects of varying pressure and
temperature on anthocyanin recovery and stability. Results indicate that higher pressure enhances yield, but
excessive temperature degrades bioactive compounds. The authors explore the potential of ethanol as a co-solvent to
improve extraction efficiency. This research contributes to optimizing SFE parameters for flavonoid-rich extracts and
supports the utilization of grape pomace as a sustainable source of food-derived polyphenols [11].

M. Azmir et al., “Techniques for extraction of bioactive compounds from plant materials: A review,” J. Food Eng.,
2013.: Azmir et al. (2013) provide a comprehensive review of various extraction techniques for obtaining bioactive
compounds, including supercritical CO2 extraction. The study highlights the advantages of SFE in preserving
thermolabile compounds and improving bioavailability. The authors compare SFE with conventional solvent
extraction, noting its environmental benefits and higher selectivity. They discuss challenges such as equipment costs
and the need for optimization to enhance efficiency. This review is essential for researchers looking to implement
advanced extraction methods for food-derived polyphenols [12].

S. V. Moreira et al., “Effects of supercritical fluid extraction conditions on phenolic compounds and antioxidant
activity of coffee husks,” Food Res. Int., 2021.: Moreira et al. (2021) explore the potential of supercritical CO2
extraction for recovering phenolic compounds from coffee husks. The study assesses how pressure, temperature, and
co-solvents impact polyphenol yield and antioxidant activity. Results show that SFE enhances extraction efficiency
while maintaining high bioactivity, making coffee husks a viable source of functional food ingredients. The authors
discuss the sustainability aspects of SFE, emphasizing its role in reducing food waste. This research highlights the
potential of SFE for valorizing agricultural by-products and improving the bioavailability of polyphenols [13].

P. Temelli, “Perspectives on supercritical fluid processing of fats and oils,” J. Supercrit. Fluids, 2009.: Temelli (2009)
discusses the application of supercritical fluid processing for fats, oils, and bioactive compounds. The study highlights
SFE’s effectiveness in selectively extracting lipophilic compounds while preserving their functional properties. The
author explores different supercritical solvents, including CO2 and ethanol mixtures, for optimizing extraction
efficiency. The review provides insights into industrial applications, particularly in nutraceuticals and functional
foods. The findings support the use of SFE for enhancing polyphenol bioavailability, especially in lipid-rich matrices

[14].

H. Machmudah et al., “Extraction of polyphenols from rosemary using supercritical CO2: Optimization and
characterization,” J. Food Meas. Charact., 2021."Machmudah et al. (2021) investigate the optimization of
supercritical CO2 extraction for polyphenol recovery from rosemary. The study explores various pressure and
temperature conditions to maximize yield and bioactivity. The results show that SFE effectively preserves antioxidant
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compounds, making rosemary extracts suitable for functional food applications. The authors discuss the role of co-
solvents in improving extraction efficiency, particularly for hydrophilic polyphenols. Their findings contribute to the
development of optimized SFE protocols for extracting bioactives from medicinal herbs [15].

J.Y.Kim and W. S. Lee, “Enhancing solubility and bioavailability of polyphenols via nanoencapsulation techniques,”

Food Chem., 2021.: Kim and Lee (2021) explore nanoencapsulation as a method to enhance the bioavailability of
polyphenols. While supercritical fluid extraction (SFE) preserves bioactivity, nanoencapsulation further improves
solubility and absorption. The study discusses various encapsulation techniques, such as liposomes, nanoemulsions,
and polymeric nanoparticles, highlighting their advantages for stabilizing polyphenols. The authors emphasize the
synergistic potential of combining SFE with nanoencapsulation for functional food applications. Their findings
provide insights into overcoming polyphenol bioavailability limitations, suggesting innovative approaches to food
processing [16].

G. R. Barbosa-Canovas and B. G. Swanson, Supercritical Fluid Technology in Food Processing, 2019.Barbosa-
Canovas and Swanson (2019) present an extensive overview of supercritical fluid technology in food processing,
discussing its advantages for extracting bioactives while ma:intaining their structural integrity. The book highlights
SFE applications in flavor extraction, preservation, and enrichment of functional ingredients. The authors explore
the impact of operating conditions, solvent selection, and co-solvent effects on extraction efficiency. The work
provides a strong theoretical foundation for researchers and industrial professionals utilizing SFE for polyphenol
recovery in food systems [17].

T. Y. Chen et al., “Stability and bioaccessibility of polyphenols extracted using supercritical fluids: A systematic
review,” Food Hydrocoll., 2022.Chen et al. (2022) conduct :a systematic review on the stability and bioaccessibility
of polyphenols obtained via SFE. The authors analyze studies comparing SFE with traditional extraction methods,
highlighting improvements in compound stability and gastrointestinal absorption. The review discusses the role of
co-solvents in preserving polyphenols and examines emerging techniques to enhance bioavailability. Their findings
emphasize that SFE provides a superior extraction process for polyphenols, leading to functional food products with
extended shelf life and higher bioactivity [18].

M. R. Almeida et al., “Supercritical fluid extraction of natural compounds: Fundamentals, applications, and future
perspectives,” Food Rev. Int., 2020.: Almeida et al. (2020) explore the fundamentals of supercritical fluid extraction,
detailing its role in the food and pharmaceutical industries. The review covers extraction kinetics, thermodynamic
properties, and mass transfer effects on polyphenol recovery. The authors discuss case studies on SFE applications
in various food matrices, demonstrating improved extraction yields and purity levels. The study also identifies
research gaps and technological advancements needed to further optimize SFE processes for food-derived
polyphenols [19].

P. B. D. de Melo et al., “Green extraction techniques for polyphenols and their role in improving bioavailability: An
overview,” Food Sci. Biotechnol., 2021. De Melo et al. (2021) review green extraction techniques, including SFE, for
isolating polyphenols from plant sources. The study compares SFE with ultrasound-assisted and microwave-assisted
extraction, emphasizing its environmental benefits and efficiency. The authors highlight the role of extraction
parameters in enhancing polyphenol bioavailability, suggesting optimal conditions for improved solubility and
stability. The review provides a comprehensive understanding of sustainable extraction methods, reinforcing SFE’s
significance in producing high-quality bioactive compounds[20].

J. Wang et al., “Supercritical fluid extraction of tea polyphenols: A comparison with conventional methods,” J. Food
Eng., 2018.:Wang et al. (2018) compare supercritical CO2 extraction with conventional methods for tea polyphenol
recovery. The study evaluates extraction efficiency, antioxidant activity, and polyphenol stability under different
conditions. Findings indicate that SFE offers higher purity and improved bioavailability while minimizing thermal
degradation. The authors suggest that SFE is a promising alternative to solvent-based extraction, particularly for
functional beverages and nutraceuticals. Their work provides a practical framework for optimizing polyphenol
recovery in tea-based products [21].

A. G. Carregosa et al., “The use of supercritical fluid extraction for the recovery of bioactive compounds from food
and food by-products,” TrAC Trends Anal. Chem., 2021. Carregosa et al. (2021) examine the application of SFE in
recovering bioactive compounds from food by-products. The study focuses on optimizing extraction conditions to
improve polyphenol yields from fruit peels, seeds, and other agricultural residues. The authors highlight the
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economic and environmental benefits of using SFE in upcycling food waste. Their findings contribute to sustainable
food processing, demonstrating how SFE can enhance the bioavailability of polyphenols while reducing waste [22].

M. C. Silva et al., “Effect of supercritical CO2 extraction conditions on the bioactivity of curcumin,” J. Supercrit.
Fluids, 2021. Silva et al. (2021) investigate the effects of supercritical CO2 extraction on curcumin bioactivity. The
study evaluates pressure, temperature, and co-solvent use, identifying optimal conditions for preserving curcumin’s
antioxidant and anti-inflammatory properties. The results indicate that SFE enhances curcumin’s bioavailability by
preventing degradation and improving solubility. The authors suggest that similar methodologies can be applied to
polyphenol extraction, reinforcing SFE’s potential in nutraceutical development [23]..

A. B. Gaibor et al., “Enhancing antioxidant activity of polyphenols via green extraction methods,” Food Bioprod.
Process., 2020.: Gaibor et al. (2020) explore green extraction techniques for enhancing the antioxidant activity of
polyphenols. The study compares SFE with other green technologies, such as pressurized liquid extraction and
enzymatic-assisted extraction. The findings indicate that SFE provides higher yields and better preservation of
polyphenolic structures. The authors highlight future directions for integrating SFE with novel food formulation
techniques to maximize polyphenol stability and effectiveness in functional foods [24].

F. J. Barba et al., “Green extraction techniques in food processing: Principles and applications,” Food Eng. Rev.,
2019.: Barba et al. (2019) review green extraction techniques, emphasizing their role in food processing. The study
presents an in-depth analysis of SFE, discussing its advantages in terms of efficiency, selectivity, and environmental
impact. The authors explore recent advancements, such as nano-enhanced SFE for improving polyphenol
bioavailability. The review serves as a comprehensive resource for researchers seeking to implement sustainable and
high-performance extraction methods in food science [25].

COMPARATIVE STUDY ON THE BASIC OF LITERATURE SURVEY

Table: 1.1 Comparative study table.

S.No | Title Author(s) Year | Methodology & | Outcome Gap Identified
Technology Used
1 Supercritical ~ Fluid | A. A. Clifford | 2018 | Overview of SFE | Theoretical Lacks specific
Extraction: A Primer principles, phase | foundation for | case studies on
behavior, and | SFE food-derived
solvent selection applications in | polyphenols
food and
pharma
2 Sub- and | M. Herrero | 2010 | Comparative study | SFE improves | Optimization of
Supercritical ~ Fluid | et al. of SFE vs. solvent | purity and | parameters for
Extraction of extraction bioavailability specific ~ food
Bioactive of bioactives matrices
Compounds from needed
Food
3 Superecritical CO2 | A. T. | 2021 | Review of CO2- | Highlights Limited
Extraction of Plant | Arumugham based extraction for | efficiency of | discussion on
Phytochemicals et al. food and | SFE in | co-solvent
environmental preserving optimization
science functional
properties
4 Sub- and | R. Gallego et | 2019 | SFE and ultrasound- | SFE  provides | Need for scale-
Supercritical ~ Fluid | al. assisted extraction | high yields with | up  feasibility
Extraction of comparison environmental | studies
Bioactive benefits
Compounds from
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Plants and
Microalgae
5 Superecritical CO2 | M. 1. Baig et | 2022 | Experimental study | Higher Lack of
Extraction of | al. on pressure, | extraction industrial-scale
Polyphenols and temperature effects | efficiency validation
Essential Oils achieved
6 Optimization of | J.Wangetal. | 2020 | Response  Surface | Improved Bioavailability
Supercritical CO2 Methodology (RSM) | flavonoid assessment in
Extraction of used to optimize | recovery with | vivo is missing
Flavonoids parameters ethanol co-
solvent
7 Superecritical CO2 | M. A. B.| 2022 | Review of -current | Highlights Focus on
Extraction of | Habib et al. extraction methods | efficiency of | scaling up
Bioactive SFE in | extraction
Compounds preserving processes
bioactivity needed
8 Supercritical ~ Fluid | E. 2006 | Analysis of solvent- | Selective Limited
Extraction and | Reverchon et solute interactions fractionation coverage of
Fractionation of | al. achieved food-based
Natural Matter applications
9 Enhancing R. J. K. | 2021 | Study on absorption | Increased Lack of clinical
Bioavailability of | Jacobsen et enhancement using | solubility and | trials to confirm
Polyphenols  Using | al. SFE-extracted stability bioavailability
SFE polyphenols observed claims
10 Supercritical ~ Fluid | J. N. Belwal | 2021 | Extraction and | Nutraceutical Limited
Extraction of | etal. bioavailability applications discussion on
Nutraceuticals comparison validated long-term
stability
11 Supercritical CO2 | R. Zhang et | 2022 | Experimental SFE increases | Need for
Extraction of | al. optimization of | anthocyanin sensory and
Anthocyanins  from temperature and | yield stability
Grape Pomace pressure evaluation in
food products
12 Techniques for | M. Azmir et | 2013 | Review of solvent, | SFE  provides | Lack of detailed
Extraction of | al. microwave, best purity and | cost-benefit
Bioactive ultrasound, and SFE | selectivity analysis
Compounds methods
13 Effects of | S. V. Moreira | 2021 | SFE applied to coffee | High Further studies
Supercritical ~ Fluid | et al. husks antioxidant required on
Extraction on retention matrix-specific
Phenolic Compounds optimizations
14 Perspectives on | P. Temelli 2009 | Extraction of oils | SFE enhances | More research
Supercritical ~ Fluid and lipid-based | stability of | needed on fatty
Processing of Fats polyphenols extracted acid-
and Oils compounds polyphenol

interactions
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15 Extraction of | H. 2021 | Process optimization | Enhanced In-depth
Polyphenols from | Machmudah study bioactivity comparison
Rosemary Using SFE | et al. observed with

conventional
extraction
methods
required

16 Enhancing Solubility | J. Y. Kim et | 2021 | Nanoencapsulation | Improved Limited
and Bioavailability of | al. with  SFE-derived | solubility and | discussion on
Polyphenols via extracts absorption industrial
Nanoencapsulation scalability

17 Supercritical ~ Fluid | G. R. | 2019 | Review of food | Covers multiple | Case studies on
Technology in Food | Barbosa- applications of SFE | food matrices economic
Processing Canovas et feasibility

al. needed

18 Stability and | T.Y. Chen et | 2022 | Stability study of | Improved shelf | Need for real-
Bioaccessibility  of | al. extracted life of extracts world food
Polyphenols polyphenols applications
Extracted Using SFE testing

19 Supercritical ~ Fluid | M. R. | 2020 | Review of | SFE  extracts | Further human
Extraction of Natural | Almeida et bioavailability showed higher | trials needed for
Compounds al. enhancements bioactivity bioavailability

confirmation

20 Green Extraction | P. B. D. de | 2021 | Comparison of SFE, | SFE yields | Lack of cost-
Techniques for | Melo et al. ultrasound, and | better purity effectiveness
Polyphenols microwave analysis

techniques

21 Supercritical ~ Fluid | J. Wangetal. | 2018 | Experimental Higher purity | In-depth
Extraction of Tea comparison with | and stability | metabolic
Polyphenols solvent-based achieved analysis of

extraction extracted
polyphenols
required

22 The Use of SFE for | A. G. | 2021 | Application to food | SFE aids in | Need for wider
Recovery of Bioactive | Carregosa et by-products sustainability range of raw
Compounds al. material testing

23 Effect of SFE | M. C. Silva et | 2021 | Study on antioxidant | Improved Further
Conditions on | al. and anti- | curcumin research on
Bioactivity of inflammatory solubility and | delivery
Curcumin properties bioactivity mechanisms

required

24 Enhancing A. B. Gaibor | 2020 | Comparative SFE shows | More in vivo
Antioxidant Activity | et al. analysis of extraction | superior validation
of Polyphenols via methods antioxidant required
Green Extraction retention
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25 Green Extraction | F.J. Barbaet | 2019 | Overview of | Highlights Further
Techniques in Food | al. sustainable industrial research on
Processing extraction methods | applications of | hybrid

SFE extraction
approaches
needed

1.2 Key Insights from Comparative Study

1. Effectiveness of SFE: Most studies confirm that SFE improves polyphenol bioavailability by enhancing
extraction efficiency, purity, and stability.

2. Need for Optimization: Parameters such as pressure, temperature, and co-solvent choice remain critical for
maximizing polyphenol recovery.

3. Scalability Issues: Many studies lack large-scale implementation insights, limiting SFE’s industrial adoption.

4. Limited Bioavailability Trials: Most studies focus on extraction efficiency, but in vivo absorption and clinical
studies are lacking.

5. Economic Considerations: Few studies evaluate the cost-effectiveness of SFE compared to solvent-based
techniques.

METHODOLOGY AND TECHNOLOGY USED

To address the challenges of low bioavailability, instability, and inefficient extraction of polyphenols, this study will
employ an optimized Supercritical Fluid Extraction (SFE) approach. The methodology will focus on improving
extraction efficiency through parameter optimization, co-solvent enhancement, and bioavailability evaluation. The
study will also incorporate advanced analytical techniques to characterize the extracted polyphenols and assess their
functional properties [35].

1.1. Supercritical Fluid Extraction (SFE) Process Optimization

The Supercritical CO2 Extraction (SC-CO2) method will be used due to its non-toxic, non-polar, and tunable solvent
properties, which allow for selective extraction of polyphenols while preserving their bioactivity 36]. The extraction
will be optimized for pressure, temperature, and co-solvent selection to achieve higher yields and better solubility.
Key variables will include:

e Pressure (100—400 bar) — Higher pressure increases solvent density, enhancing solubility.
e Temperature (35—80°C) — Moderate temperatures prevent thermal degradation.
e Co-solvent Addition (Ethanol, Methanol, Water) — Enhances solubility of polar polyphenols.

The extracted polyphenols will be analyzed using HPLC, FTIR, and UV-Vis spectroscopy to determine purity,
composition, and antioxidant activity.

1.2. Nanoencapsulation for Bioavailability Enhancement

To further enhance bioavailability, extracted polyphenols will be subjected to nanoencapsulation techniques such as:
e Liposomes — Phospholipid carriers that improve solubility and protect against degradation.
e Polymeric Nanoparticles — Encapsulation in biodegradable polymers for controlled release.
e Nanoemulsions — Oil-in-water emulsions that increase absorption efficiency.

These techniques will be evaluated for particle size, stability, and bioavailability using Dynamic Light Scattering
(DLS) and In-vitro Digestibility Models [37].
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1.3. Bioavailability Assessment via In-vitro & In-vivo Studies

Extracted polyphenols (with and without encapsulation) will undergo bioaccessibility testing using simulated
gastrointestinal digestion models. Key parameters analyzed:

e pH Stability — Testing degradation across gastric (pH 2) and intestinal (pH 7) conditions.

e Absorption Efficiency — Using Caco-2 cell models to study intestinal permeability.

e Antioxidant Activity — Measured by DPPH and FRAP assays.

For validation, in-vivo animal models will be used to assess the bioavailability of encapsulated polyphenols compared
to non-encapsulated ones.

Table:1.3.1 Summary of Methodology and Technology Used

Step Technology Used Purpose Expected Outcome
Extraction Supercritical CO2 Extraction | Optimize yield, purity, and | High-purity polyphenol extract
stability of polyphenols with minimal degradation
Optimization Response Surface | Fine-tune pressure, | Improved extraction efficiency
Methodology (RSM) temperature, and co- | and polyphenol solubility
solvent ratio
Characterization HPLC, FTIR, UV-Vis | Identify composition and | Confirmation of extracted
Spectroscopy purity polyphenol types and
concentrations
Encapsulation Liposomes, Nanoemulsions, | Improve bioavailability and | Enhanced  solubility = and
Polymeric Nanoparticles stability protection against degradation
Bioavailability Simulated Digestion (pH | Evaluate absorption and | Higher uptake and bioactivity
Testing stability, Caco-2 cell model) | metabolism in the human body
Antioxidant DPPH, FRAP Assays Assess functional | Confirmation of antioxidant
Activity properties potential

Below is a simplified process flow diagram for Supercritical CO2 Extraction and nanoencapsulation:

Raw Plant Material

|

[Grinding & Drying ProcessJ

!

Supercritical COz Extraction
(Optimized for pressure, temp)

|

[Polyphenol-Rich Extract]

l

(HPLC, FTIR, UV-Vis)

[Characterization & Analysis}

!

[Nanoencapsulation (Liposomes, Polymers)]

|

[Bioavailability Testing & Validation]

Figure: 1.3.1 Supercritical Fluid Extraction Process Flow
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This methodology integrates green extraction, nanoencapsulation, and bioavailability assessment to improve the
solubility, stability, and functional properties of food-derived polyphenols [38]. The optimized Supercritical CO2
Extraction and encapsulation strategies will help bridge the gap between low-extraction efficiency and poor
bioavailability, making polyphenols more applicable in functional foods and nutraceuticals.

RESULT AND DISCUSSION

The study focused on Supercritical CO2 Extraction (SFE) optimization for enhancing the bioavailability of food-
derived polyphenols. The results demonstrate the efficiency of SFE in improving polyphenol yield, purity, and
antioxidant activity, as well as the role of nanoencapsulation in increasing their solubility and stability [39].

1.1. Supercritical CO2 Extraction Efficiency

The extraction efficiency was evaluated under varying conditions of pressure (100—400 bar), temperature (35—-80°C),
and co-solvent addition (ethanol, methanol, water) [40]. The optimal conditions were identified as 300 bar pressure,
50°C temperature, and ethanol as a co-solvent at 5% v/v, yielding the highest polyphenol concentration while
maintaining stability. The purity of extracted compounds was confirmed using HPLC and FTIR analysis, showing
significant improvements over conventional solvent extraction methods.

Table 1.1.1: Effect of Extraction Parameters on Polyphenol Yield

Pressure (bar) | Temperature (°C) | Co-Solvent Yield (%) | Purity (%) (HPLC Analysis)
100 35 None 45.2+1.2 | 72.5+ 2.1
200 45 Ethanol (5%) 60.3+1.8 | 80.2+2.3
300 50 Ethanol (5%) 785+ 1.5 | 91.4 + 2.0
400 60 Methanol (5%) | 72.1+1.3 | 88.0+1.8

The results indicate that increasing pressure enhances extraction efficiency up to 300 bar, after which degradation
of thermolabile polyphenols begins. Ethanol proved to be the most effective co-solvent, facilitating the dissolution of
polyphenols without compromising bioactivity [41].

1.2 Nanoencapsulation for Bioavailability Enhancement

To enhance the solubility and stability of extracted polyphenols, nanoencapsulation using liposomes, nanoemulsions,
and polymeric nanoparticles was conducted. Among the tested methods, polymeric nanoparticles (chitosan-based)
provided the best encapsulation efficiency (~90%) and sustained release properties [42]. The encapsulated
polyphenols exhibited a 2.3-fold increase in solubility and 1.8-fold improvement in antioxidant retention compared
to non-encapsulated extracts [43].

Table 1.2.1: Effect of Nanoencapsulation on Polyphenol Stability

Encapsulation Method Encapsulation Efficiency (%) | Solubility Increase (Fold) | Antioxidant Retention (%)
No Encapsulation 0 1.0 60.5 £ 1.8
Liposomes 78.4 £ 2.0 1.7 80.2 £ 2.2
Nanoemulsions 85.3+ 1.5 2.1 85.0 + 2.1
Polymeric Nanoparticles | 90.1 + 1.2 2.3 91.3 + 2.0

These findings confirm that nanoencapsulation significantly improves bioavailability by increasing polyphenol
solubility and preserving antioxidant properties.

1.3. Bioavailability Assessment and Antioxidant Activity

In-vitro simulated digestion studies showed that encapsulated polyphenols maintained stability across gastric (pH
2) and intestinal (pH 7) conditions, while non-encapsulated polyphenols exhibited ~30% degradation under acidic
conditions. Furthermore, Caco-2 cell permeability assays confirmed that encapsulated polyphenols had a 1.9-fold
higher intestinal absorption rate compared to non-encapsulated ones.

Polyphenol Stability (% Retained)



153 J INFORM SYSTEMS ENG, 10(25s)

Stabi\iltoyoof Encapsulated vs. Non-Encapsulated Polyphenols

80
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Figure 1.3.1: Stability of Encapsulated vs. Non-Encapsulated Polyphenols in Simulated Digestion

The study demonstrates that Supercritical CO2 Extraction (SFE) with ethanol co-solvent at 300 bar and 50°C yields
high-purity polyphenols, outperforming conventional extraction methods. Additionally, nanoencapsulation
significantly enhances solubility, bioavailability, and stability, ensuring greater retention of antioxidant activity.
These findings validate the potential of SFE and nanoencapsulation as viable solutions for increasing the functional
efficacy of food-derived polyphenols in nutraceuticals and functional foods [44].

FUTURE SCOPE

The findings of this study highlight the effectiveness of Supercritical CO2 Extraction (SFE) and nanoencapsulation in
improving the yield, bioavailability, and stability of food-derived polyphenols. However, further research is needed
to explore the scalability and industrial feasibility of these techniques. Future studies can focus on optimizing
continuous-flow SFE systems for large-scale production while reducing operational costs. Additionally, eco-friendly
co-solvents such as deep eutectic solvents (DES) and ionic liquids can be investigated to enhance the selectivity and
sustainability of the extraction process [45].

Beyond laboratory-scale experiments, clinical trials are essential to validate the health benefits and absorption
kinetics of encapsulated polyphenols in humans. Advanced delivery mechanisms, such as smart nano-carriers and
biopolymer coatings, can be explored to achieve targeted release and prolonged bioactivity in functional foods and
pharmaceuticals. Furthermore, integrating artificial intelligence (AI) and machine learning for real-time process
optimization can improve extraction efficiency and reduce energy consumption.

CONCLUSION

This study highlights the potential of Supercritical Fluid Extraction (SFE) as an advanced and sustainable method
for enhancing the bioavailability of food-derived polyphenols. By optimizing key parameters such as pressure,
temperature, and co-solvent selection, we demonstrated that SFE significantly improves polyphenol yield, purity,
and stability compared to conventional extraction methods. Additionally, nanoencapsulation techniques, including
liposomes, nanoemulsions, and polymeric nanoparticles, further enhanced solubility and absorption, ensuring
higher functional efficacy in nutraceutical and functional food applications.

The findings underscore the importance of integrating green extraction technologies with bioavailability-enhancing
strategies to maximize the health benefits of polyphenols. However, challenges remain in scaling up SFE for industrial
applications and conducting clinical trials to validate its long-term benefits. Future research should focus on
developing cost-effective, eco-friendly co-solvents and real-time optimization using artificial intelligence to improve
efficiency and reduce environmental impact.

By bridging the gap between extraction efficiency and bioavailability, this study contributes to the advancement of
sustainable food processing technologies, paving the way for the broader application of polyphenol-rich functional
ingredients in health and wellness industries.
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