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Abstract

Curcumin, the principal bioactive compound derived from Curcuma longa (turmeric), has garnered
significant attention due to its potent pharmacological properties, including antioxidant, anti-inflammatory,
antimicrobial, and anticancer activities. This review comprehensively examines the advancements in
curcumin extraction and purification techniques from plant materials, highlighting both conventional
methods and emerging green technologies such as ultrasound-assisted, microwave-assisted, and
supercritical fluid extraction. A critical comparison of these methods is provided based on extraction
efficiency, environmental impact, and scalability. Furthermore, the review explores the diverse functional
applications of curcumin across pharmaceuticals, nutraceuticals, food industries, cosmetics, and agriculture.
Challenges associated with curcumin's low bioavailability and chemical stability are also discussed, along
with potential strategies like nanoencapsulation and formulation improvements. The paper concludes with
future prospects in bioengineering and industrial-scale production, emphasizing curcumin's role as a
sustainable, multifunctional natural compound.
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1. Introduction

Curcumin, a natural polyphenolic compound, is the primary bioactive ingredient found in the rhizomes of
Curcuma longa, commonly known as turmeric. With a long-standing history in traditional Ayurvedic and
Chinese medicine, curcumin has gained global attention for its diverse therapeutic properties, including
antioxidant, anti-inflammatory, antimicrobial, anticancer, and neuroprotective effects. These bioactivities
make curcumin a promising agent for applications across pharmaceuticals, nutraceuticals, cosmetics, and

functional food industries.

Turmeric, the most abundant source of curcumin, belongs to the Zingiberaceae family. Other species within
the Curcuma genus, such as Curcuma aromatica and Curcuma zedoaria, also contain curcuminoids, albeit
in varying concentrations. The yield and purity of curcumin depend significantly on the species, geographic

origin, cultivation conditions, and processing methods used. Given the increasing global demand for
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curcumin-based products, developing efficient, sustainable, and scalable extraction and purification

technologies is essential.

This review aims to provide a comprehensive overview of curcumin bioextraction from plant materials,
focusing on both traditional and advanced extraction techniques. Additionally, the paper discusses
purification strategies, characterization approaches, and the functional applications of curcumin across
multiple sectors. By critically analyzing current practices and emerging innovations, the review intends to
identify key challenges and propose future directions for optimizing curcumin utilization as a

multifunctional natural compound.

2. Curcumin: Chemistry and Properties
2.1 Chemical Structure and Molecular Formula

Curcumin is a polyphenolic compound derived from the rhizomes of Curcuma longa (turmeric). Its chemical
structure consists of two aromatic ring systems containing o-methoxy phenolic groups, connected by a
seven-carbon linker consisting of an a,-unsaturated B-diketone moiety. The molecular formula of curcumin
iIs C21H2006, and its structure allows for various chemical modifications to enhance its pharmacokinetic
properties and therapeutic efficacy. (Slika & Patra, 2019), (Ahmed et al., 2024), (Abd El-Hack et al., 2021)

2.2 Physical and Chemical Properties

Curcumin is characterized by its yellow-orange color and is poorly soluble in water (<8 pg/mL), which
limits its application in aqueous environments (Salem et al., 2014), (Suresh & Nangia, 2018). It is more
soluble in organic solvents such as ethanol, methanol, and acetone. Curcumin is chemically unstable in
alkaline conditions (pH >7), where it undergoes rapid degradation, while it tends to crystallize out in acidic
solutions (pH <7) (Kharat et al., 2017), (Salem et al., 2014). The compound is sensitive to light, heat, and
oxygen, which can further contribute to its degradation. In emulsions and encapsulated forms, curcumin
demonstrates improved stability, especially under acidic conditions and at lower temperatures. (Peng et al.,
2018),

2.3 Bioavailability and Stability Issues

Curcumin suffers from poor oral bioavailability due to several factors: low water solubility, limited
absorption in the gastrointestinal tract, rapid metabolism, and quick systemic elimination (Slika & Patra,
2019), (Ahmed et al., 2024), (Tsuda, 2018), (Salem et al., 2014), (Suresh & Nangia, 2018), (Dei Cas &
Ghidoni, 2019) After oral administration, only a small fraction is absorbed, and it is rapidly metabolized in
the liver and excreted, resulting in low plasma concentrations (Suresh & Nangia, 2018) Chemical instability,
especially in alkaline environments, further reduces its effective concentration in biological systems (Kharat
etal., 2017), (Salem et al., 2014)

To address these challenges, various strategies have been developed, including encapsulation in
nanoparticles, emulsions, and complexation with proteins or other bioactive compounds. These approaches

have been shown to significantly enhance curcumin’s solubility, stability, and bioavailability. For example,
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saponin-coated curcumin nanoparticles increased in vitro bioaccessibility by 3.3-fold and in vivo
bioavailability by 8.9-fold compared to free curcumin2. Emulsion-based delivery systems and solid-state
formulations (such as cocrystals and coamorphous forms) also improve curcumin’s physicochemical
properties and oral bioavailability (Kharat et al., 2017), (Salem et al., 2014), (Suresh & Nangia, 2018) (Abd
El-Hack et al., 2021).

Table no. 1. Curcumin: Chemistry and Properties

Sr.No. [Property Description
1 Chemical Structure Polyphenol, C21H2006_, two arqmatic rings with
o-methoxy phenols, B-diketone linker
2 Solubility Poor in water (<8 pg/mL), better in organic
solvents
Unstable in alkaline pH, degrades with
3 Stability light/heat/oxygen, improved in
emulsions/nanoparticles
4 Bioavailability Low absorption, rapid metabolism, quick
Issues elimination, low plasma levels
5 Enhancement Nanoparticles, emulsions, protein/compound
Strategies complexation, solid-state forms

3. Sources of Curcumin

Curcumin is the main bioactive compound found in turmeric, primarily sourced from the rhizomes of
Curcuma longa. The content of curcumin varies widely due to differences in species, geographic origin, and
cultivation practices. Curcumin levels are highly influenced by both genetic and environmental factors, as
well as by specific cultivation and harvest methods.

3.1 Botanical Origins

Curcuma longa is the primary botanical source of curcumin, widely cultivated in Asia, especially India,
which is a center of turmeric diversity(Kocaadam & Sanlier, 2017), (El-Saadony et al., 2023). Other
Curcuma species, such as Curcuma aeruginosa, also contain curcumin and related curcuminoids, but

typically at lower or more variable levels (Nurcholis et al., 2019)

3.2 Variability in Curcumin Content

There is significant variability in curcumin content among different turmeric genotypes and accessions, with
reported ranges from as low as 0.4% up to 7.2% depending on the region and genotype (Akbar et al., 2016),
(Kocaadam & Sanlier, 2017), (Dudekula et al., 2022) Studies show that both genotype (genetic makeup)
and environment (location, climate, soil) play major roles in determining curcumin levels. Some genotypes
are more stable and consistently high in curcumin across environments, while others are more sensitive to
environmental changes (Aarthi et al., 2020), (Anandaraj et al., 2014) (Akbar et al., 2016) (Dudekula et al.,
2022). In Curcuma aeruginosa, even when grown in the same environment, different accessions showed
some variability in curcumin and related compounds, though less pronounced than in C. longa (Nurcholis
etal., 2019)
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3.3 Influence of Cultivation and Harvest Methods

Environmental factors such as altitude, soil pH, nitrogen, potassium, temperature, and humidity significantly
affect curcumin content in turmeric (Sandeep et al., 2016), (Akbar et al., 2016) Specific cultivars and
genotypes respond differently to these factors, with some being more stable and others more variable in
curcumin production across different agroclimatic zones (Aarthi et al., 2020) (Anandaraj et al., 2014).
Optimizing cultivation practices and selecting suitable genotypes for specific environments can help

maximize curcumin yield and quality (Dudekula et al., 2022)

4. Extraction Techniques

4.1 Solvent Extraction:

Extraction techniques are essential for isolating valuable compounds from plant and other biological
materials. Conventional methods such as solvent extraction, Soxhlet extraction, and maceration have been
widely used, but they often require large amounts of solvents, longer extraction times, and may have lower
selectivity and efficiency. Modern extraction methods—including ultrasound-assisted extraction (UAE),
microwave-assisted extraction (MAE), supercritical fluid extraction (SFE), and enzyme-assisted
extraction—have been developed to address these limitations, offering higher yields, improved purity,

reduced processing times, and lower environmental impact (Macias-Frotto et al., 2024)

4.2 Soxhlet Extraction

Soxhlet extraction is a widely used conventional technique that allows continuous extraction with fresh
solvent. It generally provides higher yields than simple maceration but is time-consuming (often several
hours) and requires significant solvent volumes. Soxhlet is effective for exhaustive extraction but is less
environmentally friendly due to solvent use and energy consumption. (Chuo et al., 2020), (Anandaraj et al.,
2014), (Haido et al., 2024)

4.3 Ultrasound-Assisted Extraction (UAE)

UAE uses ultrasonic waves to enhance mass transfer, resulting in higher extraction yields and shorter
processing times compared to conventional methods. UAE is considered a green technique as it reduces
solvent and energy consumption and can improve selectivity and purity of extracts. (Nurcholis et al., 2019),
(Chuo et al., 2020), (Mwaurah et al., 2019)

4.4 Microwave-Assisted Extraction (MAE)

MAE employs microwave energy to rapidly heat the solvent and plant matrix, significantly reducing
extraction time and solvent usage. MAE often achieves higher yields and better purity in a matter of minutes,
making it one of the most efficient and sustainable extraction methods available. (Nurcholis et al., 2019),
(Chuo et al., 2020), (Mwaurah et al., 2019), (MEHRA, 2023) & (Haido et al., 2024)

4.5 Supercritical Fluid Extraction (SFE)

SFE, often using supercritical CO-, is a modern technique that offers high selectivity, minimal solvent

residues, and is environmentally benign. SFE can achieve high yields and purity, especially for non-polar
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compounds, but requires specialized equipment and higher initial investment. (Chuo et al., 2020), (Mwaurah
et al., 2019), (MEHRA, 2023)

4.6 Enzyme-Assisted Extraction

Enzyme-assisted extraction uses specific enzymes to break down cell walls, enhancing the release of target
compounds. This method can improve yield and purity while operating under mild conditions, reducing the

need for harsh chemicals and high temperatures, thus supporting sustainability. (Mwaurah et al., 2019),

4.7 Green Extraction Techniques and Sustainability

Modern extraction methods such as UAE, MAE, SFE, and enzyme-assisted extraction are designed to be
greener and more sustainable. They minimize solvent and energy consumption, reduce hazardous waste,
and often use renewable or biodegradable solvents. These advancements not only improve extraction
efficiency and product quality but also align with environmental and regulatory demands for sustainable

industrial practices

Table no. 2 Comparison of Methods: Yield, Purity, Time, and Environmental Impact

Sr.No. [Method Yield & Purity Tlme_ Environmental
Required Impact
1 Solvent Moderate yield, Lon High solvent use, less
Extraction variable purity g sustainable
2 onhlet_ ng_h yield, good Long (hours) High solvent/energy
xtraction purity use
High yield, high Short Low solvent/energy
3 UAE . )
purity (minutes) use, green
Highest yield, high  |Very short Low solvent/energy
4 MAE . .
purity (minutes) use, green
5 SFE ng_h yield, high Moderate Minimal solvent, green
purity (non-polar)
6 Enzyme- High yield, high Moderate Mild conditions, green
Assisted purity

5. Purification and Characterization

Purification and characterization are essential steps in the development and quality assurance of
pharmaceuticals, natural products, and food compounds. These processes rely on a combination of
purification methods, advanced analytical techniques, and strict quality control standards to ensure product
purity, identity, and consistency.

5.1 Purification Methods
» Chromatography:

Column chromatography, especially reversed-phase high-performance liquid chromatography (RP-HPLC),
is widely used for purification due to its simplicity, automation, and ability to handle complex mixtures.
The choice of column is critical, as different columns offer varying selectivity and performance,
necessitating careful selection based on the analyte and sample complexity(Manheim et al., 2024), (Zuvela

et al., 2019), (Ionut Avramia et al., 2024), (Tibo De Saegher et al., 2023) & (Seger et al., 2013).
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» Crystallization:

While not detailed in the abstracts, crystallization is a traditional method for purifying compounds, often

used in conjunction with chromatographic technigues.

» Workflow Optimization:

Automated LC screening and in silico modeling can expedite the development of purification methods,

allowing rapid identification of optimal conditions and reducing manual labor. (Manheim et al., 2024)

5.2 Analytical Techniques

» HPLC:
High-performance liquid chromatography is the preferred method for both purification and quantitative
analysis, especially for vitamins, peptides, proteins, and small molecules. Advances include the use of
smaller particle columns and integrated platforms (e.g., HPLC-MS, HPLC-NMR) for improved resolution
and sensitivity. (Manheim et al., 2024), (Zuvela et al., 2019), (Tonut Avramia et al., 2024), (Tibo De Saegher
etal., 2023) & (Seger et al., 2013).

> UV-Visand FTIR:

UV-Vis and Fourier Transform Infrared Spectroscopy are used for qualitative and quantitative
fingerprinting, enabling the assessment of sample similarity and consistency, particularly in herbal and food
products (Li et al., 2021), (Amorim et al., 2022), (Méricz et al., 2020) & (Kirchert & Morlock, 2020).

> NMR and MS:

Nuclear Magnetic Resonance and Mass Spectrometry are high-end detectors used for structural
characterization, purity verification, and identification of isomers and unknown compounds. Hyphenated
techniques (HPLC-MS, HPLC-NMR) provide comprehensive profiling and authentication. (Amorim et al.,
2022), (Mdricz et al., 2020) & (Kirchert & Morlock, 2020).

5.3 Quality Control Standards
» Fingerprinting and Consistency Evaluation:

Combining spectral (UV, FTIR) and chromatographic (HPLC) fingerprints allows for robust quality
consistency evaluation, distinguishing between product grades and ensuring batch-to-batch uniformity. (Li
etal., 2021)

» Process Analytical Technologies:

Real-time monitoring and advanced control strategies (e.g., in-line UV, on-line HPLC, NIR, MALS)
enhance process robustness and enable rapid quality assessment during manufacturing, supporting

regulatory compliance and product release. (Armstrong et al., 2021)

6. Functional Applications of Curcumin

Curcumin, the main active compound in turmeric, is widely recognized for its diverse applications across

pharmacology, food, cosmetics, agriculture, and veterinary medicine. Its multifunctional properties—
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especially anti-inflammatory, antioxidant, and antimicrobial effects—support its use in health, industry, and

personal care.

6.1 Pharmacological Uses

Curcumin exhibits strong anti-inflammatory, antioxidant, anticancer, antimicrobial, antidiabetic, and
neuroprotective activities. It is being explored for the prevention and treatment of diseases such as cancer,
cardiovascular and neurodegenerative disorders, infections, and metabolic syndromes. (Sharifi-Rad et al.,
2020), (Abd El-Hack et al., 2021) & (Hu et al., 2023).

Its low toxicity and broad therapeutic potential make it a promising candidate for modern drug development,
though challenges like low bioavailability are being addressed through advanced delivery systems such as

nanoencapsulation. (Rafiee et al., 2019), (Hao et al., 2023)

6.2 Food Industry Applications

Curcumin is used as a natural coloring agent, food preservative, and nutraceutical ingredient due to its
vibrant yellow color and health-promoting properties. (Rafiee et al., 2019), (Sharifi-Rad et al., 2020), (El-
Saadony et al., 2023), (Jikah & Edo, 2024)

It enhances food appeal and shelf life by providing antioxidant and antimicrobial benefits, and is
incorporated into functional foods and supplements for health support. Rafiee et al., 2019), (Sharifi-Rad et
al., 2020), (El-Saadony et al., 2023), (Jikah & Edo, 2024)

6.3 Cosmetic and Personal Care

Curcumin is included in skin-care and anti-aging products for its antioxidant, anti-inflammatory, and

pigmentation-regulating effects.

Its ability to protect skin from oxidative stress and inflammation supports its use in cosmetic formulations.
(Rafiee et al., 2019) & (Jikah & Edo, 2024)

6.4 Agricultural and Veterinary Applications

Curcumin’s antimicrobial and immunomodulatory properties are being explored for use in agriculture and
veterinary medicine, such as in animal health products and as a natural additive to improve disease
resistance. (Jikah & Edo, 2024)

Its role in regulating metabolic and immune functions may benefit both plant and animal health. (Hu et al.,
2023)

7. Challenges and Limitations
Poor solubility, low bioavailability, degradation, stability issues, and regulatory challenges are major
obstacles in the development and delivery of many drugs and bioactive compounds. These limitations can

significantly reduce therapeutic effectiveness and complicate product development and approval.
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7.1 Solubility and Bioavailability Challenges

Many drugs and phytochemicals have poor water solubility, which leads to low and variable bioavailability

after oral administration, limiting their clinical effectiveness. (Zheng et al., 2020), (Hu, Lin, et al., 2023)

The Biopharmaceutics Classification System (BCS) highlights that poor solubility is a common cause of
drug development failures and requires extensive investigation and risk assessment. (Censi & Di Martino,
2015) & (Bou-Chacra et al., 2017)

Enhancing solubility and bioavailability can be achieved through formulation strategies such as solid
dispersions, encapsulation (e.g., nanoparticles, liposomes), and chemical modifications, but these
approaches have practical and technical limits. (Zupanci¢ et al., 2015) & (Kim et al., 2015)

7.2 Degradation and Stability Issues

Many compounds are chemically unstable, degrading under certain pH, temperature, or humidity conditions,

which affects their shelf life and therapeutic potency. (Lehmkemper et al., 2016)

For example, trans-resveratrol is stable in acidic conditions but degrades rapidly at higher pH and

temperatures, emphasizing the need for careful formulation and storage. (Zupancic et al., 2015)

Amorphous solid dispersions and polymer-based formulations can improve stability, but long-term physical

stability and prevention of recrystallization remain concerns. (Liao et al., 2024).
7.3 Regulatory and Standardization Challenges

Regulatory agencies like the FDA and ICH require comprehensive screening and characterization of all

polymorphic forms of a drug to ensure consistent quality, safety, and efficacy(Censi & Di Martino, 2015).

There is a lack of universal standards for measuring solubility, dissolution, and bioavailability, leading to

inconsistencies and confusion, especially for globally marketed products. (Kim et al., 2015)

Harmonization of guidelines and standardization of testing methods are needed to streamline regulatory

approval and ensure reliable product performance. (Bou-Chacra et al., 2017)
8 Conclusion

Curcumin, the principal bioactive compound of Curcuma longa, holds significant promise due to its wide-
ranging therapeutic properties, including antioxidant, anti-inflammatory, antimicrobial, anticancer, and
neuroprotective activities. However, the practical application of curcumin is constrained by challenges
related to its low aqueous solubility, chemical instability, and poor bioavailability. This review has
highlighted the critical factors influencing curcumin yield and purity, including botanical origin, genotype

variability, and environmental and cultivation practices.

Moreover, it has comprehensively examined conventional and advanced extraction methods, from solvent-
based approaches to green technologies such as UAE, MAE, SFE, and enzyme-assisted extraction. These

modern methods not only improve efficiency, yield, and purity but also align with global sustainability
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goals. Purification strategies like RP-HPLC and complementary analytical techniques further ensure

curcumin’'s quality for industrial and therapeutic applications.

The integration of emerging extraction technologies with optimized cultivation strategies and bioavailability
enhancement methods, such as nanoparticle encapsulation and emulsion systems, offers a pathway toward
maximizing the functional potential of curcumin. Future research should focus on scaling up green
extraction methods, standardizing purification protocols, and developing novel delivery systems to fully

harness curcumin’s multifaceted benefits across pharmaceutical, nutraceutical, and food industries.
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