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ABSTRACT

Water hyacinth (Eichhornia crassipes) is one of the most aggressive aquatic invasive plants, causing ecological and
economic damage worldwide. Despite its detrimental impact on aquatic ecosystems, recent scientific investigations

have revealed its immense potential as a source of bioactive compounds with significant pharmacological properties.
This review highlights the dual nature of water hyacinth, focusing on its phytochemical composition, pharmacological
activities, and potential applications in pharmaceutical sciences. The plant contains a wide range of secondary
metabolites such as flavonoids, alkaloids, phenolics, and terpenoids, which contribute to its antimicrobial, antioxidant,
anti-inflammatory, and anticancer activities. Furthermore, its role in bioremediation and sustainable drug development

is discussed. The transformation of water hyacinth from an environmental nuisance to a valuable pharmaceutical

resource represents a promising area of research for future drug discovery and green biotechnology.
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INTRODUCTION

Water hyacinth (Eichhornia crassipes (Mart.) Solms)
is a free-floating perennial aquatic macrophyte
belonging to the family Pontederiaceae. Native to the
Amazon basin of South America, the plant has
achieved global notoriety as one of the most
aggressive and problematic invasive aquatic species.
Its rapid proliferation, remarkable adaptability, and
efficient vegetative reproduction have enabled it to
colonize freshwater ecosystems across tropical and
subtropical regions, including Asia, Africa, and North
America [1,2]. In countries like India, water hyacinth
has become a dominant component of many
freshwater bodies, where it forms dense mats that
severely disrupt ecological balance and human
activities.

The biological success of Eichhornia crassipes can be
attributed to its wunique morphological and
physiological characteristics. The plant possesses
inflated petioles that provide buoyancy, fibrous root
systems that facilitate nutrient uptake, and an
exceptional capacity for clonal propagation through
stolons. Under favorable environmental conditions,

water hyacinth can double its biomass within 7—10
days, leading to exponential population growth [3].
This rapid expansion results in the formation of thick
floating mats that cover water surfaces, limiting light
penetration and oxygen diffusion, thereby adversely
affecting aquatic flora and fauna. Such ecological
disturbances often lead to reduced biodiversity,
altered nutrient cycles, and deterioration of water
quality.

In addition to ecological consequences, water
hyacinth infestation has significant socio-economic
The
navigation, irrigation systems, and hydropower
generation, while also creating breeding grounds for

implications. dense vegetation obstructs

disease vectors such as mosquitoes. The management
and control of this invasive species impose a
considerable financial burden on affected regions [4].
Conventional control methods, including mechanical
removal, chemical herbicides, and biological control
agents, have achieved limited success and often
present  additional  environmental  concerns.
Consequently, there is a growing need for sustainable
and economically viable approaches to manage water
hyacinth proliferation.
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In recent years, scientific interest has shifted toward
the wvalorization of water hyacinth biomass,
transforming it from an environmental liability into a
valuable resource. This paradigm shift is driven by the
recognition that Eichhornia crassipes possesses a rich
reservoir of bioactive compounds with significant
pharmacological potential. Phytochemical
investigations have revealed the presence of diverse
classes of secondary metabolites, including
flavonoids, phenolic acids, alkaloids, terpenoids,
saponins, and steroids [5]. These compounds are
known to exhibit a wide range of biological activities,
such as antioxidant, antimicrobial, anti-inflammatory,
and anticancer effects, which are highly relevant in
the context of modern drug discovery and
development.

The exploration of plant-derived bioactive
compounds has gained considerable importance in
pharmaceutical research due to the increasing demand
for safer and more effective therapeutic agents.
Natural products have historically served as a rich
source of lead compounds for drug development,
contributing to the discovery of numerous clinically
important drugs. In this context, water hyacinth
represents an underutilized yet promising candidate
for phytopharmaceutical research. The abundance and
rapid growth of the plant ensure a sustainable supply
of raw material, making it an attractive option for
large-scale extraction and production of bioactive
constituents.

Furthermore, the biochemical composition of water
hyacinth is influenced by its ability to thrive in
nutrient-rich and often polluted environments. The
plant exhibits a high capacity for the uptake and
accumulation of heavy metals and organic pollutants,
a property that underpins its widespread application in
phytoremediation [6]. While this characteristic raises
concerns regarding contamination of plant material, it
also reflects the plant’s robust metabolic machinery
and adaptability, which may be exploited for
biotechnological and pharmaceutical applications.
Careful selection of harvesting sites and
implementation of purification protocols are essential
to ensure the safety and quality of derived products.

The
crassipes has been supported by various in vitro and

pharmacological potential of FEichhornia
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in vivo studies. Extracts obtained from different parts
of the plant have demonstrated significant free radical
scavenging activity, attributed primarily to their high
phenolic and flavonoid content. Similarly,
antimicrobial studies have reported inhibitory effects
against a range of pathogenic microorganisms,
including bacteria and fungi, suggesting possible
applications in the development of novel
antimicrobial agents [7]. Anti-inflammatory and
cytotoxic activities have also been documented,
further highlighting the therapeutic relevance of this
aquatic plant.

In addition to its direct medicinal applications, water
hyacinth has shown potential in the field of green
synthesis and nanotechnology. Plant extracts have
been utilized as reducing and stabilizing agents in the
synthesis of metal nanoparticles, which exhibit
enhanced biological activities and can be employed in
drug delivery systems, diagnostics, and antimicrobial
formulations [8]. Such approaches align with the
principles of green chemistry and sustainable
development, emphasizing the use of renewable
resources and environmentally friendly processes.
Despite these promising attributes, several challenges
must be addressed before water hyacinth can be fully
integrated into  pharmaceutical  applications.
Variability in phytochemical composition due to
environmental factors, potential contamination with
toxic substances, and the lack of standardized
extraction and characterization methods pose
significant limitations. Moreover, comprehensive
toxicological evaluations and clinical studies are
required to establish the safety and efficacy of water
hyacinth-derived products.[9]

The evolving perspective on Eichhornia crassipes
underscores the importance of re-evaluating invasive
species as potential bioresources. By integrating
ecological management strategies with
pharmaceutical research, it is possible to convert the
challenges posed by water hyacinth into opportunities
for innovation and sustainable development. This
review aims to provide a comprehensive overview of
the transformation of water hyacinth from an invasive
aquatic weed to a promising pharmaceutical resource,
with a focus on its phytochemistry, pharmacological
activities, and future prospects in drug discovery.[10]
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2.BOTANICAL DESCRIPTION AND

DISTRIBUTION
Table 1: Botanical Characteristics of Eichhornia crassipes
Parameter Description
Scientific Name Eichhornia crassipes (Mart.) Solms
Family Pontederiaceae
Common Name Water hyacinth
Habit Free-floating aquatic perennial macrophyte
Leaf Structure Thick, glossy, ovate to elliptic leaves arranged in rosette form
Leaf Size Approximately 5-15 cm in width
Petiole Swollen, bulbous, containing aerenchyma for buoyancy
Root System Adventitious, fibrous, feathery roots; dark purple to black in color
Root Length Up to 50 cm
Inflorescence Terminal spike with 6-15 flowers
Flower Characteristics Lavender to violet flowers with yellow nectar guide
Reproductive Mechanism | Predominantly vegetative via stolons; limited sexual reproduction
Growth Rate Rapid; doubling time of 5—-15 days under optimal conditions
Anatomical Features Presence of acrenchymatous tissue aiding flotation and gas exchange
Phytochemical Presence Contains flavonoids, alkaloids, phenolics, terpenoids

Reference: [11-16]

Table 2: Anatomical and Physiological Adaptations

Feature Functional Significance
Aerenchyma Tissue Provides buoyancy and facilitates gas exchange
Waxy Leaf Surface Reduces water loss and enhances water repellence
Extensive Root System Increases nutrient absorption and pollutant uptake
Stolon Formation Enables rapid vegetative propagation
Secondary Metabolites Provide defense against pathogens and environmental stress

Reference: [12-16]

Table 3: Distribution and Habitat Characteristics

Parameter Description
Native Region Amazon Basin, South America
Global Distribution Asia, Africa, North America, Australia
Presence in India Widely found in ponds, lakes, rivers, reservoirs, and canals
Preferred Climate Tropical and subtropical regions
Optimal Temperature 25°C-30°C
Optimal pH Range 6.5-8.5
Water Type Freshwater, eutrophic water bodies
Nutrient Requirement High nitrogen, phosphorus, and organic matter
Tolerance Can tolerate moderate salinity and polluted conditions

Reference: [17-19]
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Table 4: Modes of Spread and Invasiveness
Mode of Spread Description

Vegetative Propagation

Through stolons forming daughter plants

Water Currents

Natural dispersal via rivers and streams

Wind Action

Movement of plant mats across water bodies

Flooding Events

Transport of plant fragments to new areas

Human Activities

Introduction via ornamental use, fishing equipment, and wastewater discharge

Reference: [20]

Table 5: Ecological Impact and Environmental Adaptation

Aspect Impact/Role
Light Penetration Reduced due to dense plant mats
Dissolved Oxygen Decreases, affecting aquatic life
Biodiversity Decline in native aquatic species
Biological Oxygen Demand (BOD) Increased due to biomass decomposition
Phytoremediation Absorbs heavy metals such as Cd, Pb, Hg
Environmental Adaptability High adaptability to polluted and nutrient-rich waters

Reference: [21-23]

3. PHYTOCHEMICAL COMPOSITION

Eichhornia crassipes has emerged as a promising
source of diverse phytochemicals with significant
biological activities. The phytochemical profile of this
aquatic macrophyte includes a wide spectrum of
primary and secondary metabolites, which are
distributed across different plant parts such as leaves,
petioles, roots, and flowers. These compounds are
responsible for the plant’s adaptability, ecological
dominance, and pharmacological potential.

Preliminary phytochemical screening of various
extracts (aqueous, ethanolic, methanolic, and
chloroform) has revealed the presence of alkaloids,
flavonoids, phenolic compounds, tannins,
saponins, terpenoids, glycosides, and steroids. The
qualitative and quantitative composition of these
constituents varies depending on environmental
conditions, geographical location, and extraction

methods [24].
3.1 Phenolic Compounds and Flavonoids

Phenolic compounds represent one of the most
abundant classes of secondary metabolites in water
hyacinth. These include simple phenols, phenolic
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acids, and complex polyphenols. Among them, gallic
acid, caffeic acid, ferulic acid, and chlorogenic acid
identified in significant quantities.
Flavonoids, a subclass of polyphenols, are also widely

have been

distributed in Eichhornia crassipes. Major flavonoids
reported include quercetin, kaempferol, luteolin,
and apigenin. These compounds are well known for
their antioxidant properties, acting as free radical
scavengers and metal chelators. The high flavonoid
content contributes to the plant’s ability to mitigate
oxidative stress and protect cellular components from
damage [25]. Quantitative studies have shown that
methanolic extracts of leaves possess higher total
phenolic and flavonoid content compared to aqueous
extracts. This indicates that solvent polarity plays a
crucial role in the efficient extraction of bioactive
compounds [26].

3.2Alkaloids
Compounds

and Nitrogen-Containing

Alkaloids are nitrogen-containing compounds known
for their potent pharmacological effects. In water
alkaloids in  moderate
concentrations and contribute to its antimicrobial and
cytotoxic properties. Although the exact structures of

hyacinth, are present

many alkaloids in Eichhornia crassipes are yet to be
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fully characterized, preliminary studies suggest their
involvement in defense mechanisms against

pathogens and herbivores [27].

These compounds may also play a role in modulating
physiological processes, including enzyme inhibition
and interaction with nucleic acids, which are relevant
in drug discovery and development.

3.3 Terpenoids and Steroidal Compounds

Terpenoids constitute another important class of
phytochemicals identified in water hyacinth. These
include  monoterpenes,  sesquiterpenes,  and
triterpenes, which are known for their anti-
inflammatory,

antimicrobial, and  anticancer

activities.

Steroidal compounds such as phytosterols are also
present in the plant. These compounds are structurally
similar to cholesterol and have been associated with
hypocholesterolemic and anti-inflammatory effects.
The presence of these bioactive molecules enhances
the therapeutic potential of water hyacinth in the
management of metabolic and inflammatory disorders
[28].

3.4 Saponins and Glycosides

Saponins are glycosidic compounds characterized by
their surfactant properties. They are known to exhibit
a wide range of biological activities, including
antimicrobial, antifungal, and immunomodulatory
effects. In Eichhornia crassipes, saponins contribute
to membrane permeability alterations in microbial
cells, leading to cell lysis and death [29].

Glycosides, including cardiac glycosides and
phenolic glycosides, have also been reported. These
compounds may influence cardiac function and
exhibit antioxidant properties, although detailed

pharmacological evaluations are still required.
3.5 Tannins and Other Polyphenols

Tannins are high molecular weight polyphenolic
compounds that possess strong astringent properties.
They are known to precipitate proteins and inhibit
microbial growth. The presence of tannins in water

.’ JOURNAL OF PHARMACEUTICAL SCIENCES

Sakshi Gunake, J. Pharm. Sci., 2026 2(6), 84-100 |Review

hyacinth contributes to its antimicrobial and anti-
inflammatory activities.

Additionally, tannins play a role in metal chelation,
which may enhance the plant’s ability to accumulate
heavy metals from contaminated water bodies. This
dual role highlights the significance of tannins in both
pharmacological and environmental applications [30].

3.6 Variation in Phytochemical Composition

The phytochemical composition of FEichhornia

crassipes is influenced by several factors, including:

e Environmental conditions (temperature, light,
nutrient availability)

e Water quality (presence of pollutants and heavy
metals)

¢ Geographical location
¢ Plant maturity and seasonal variation

Studies have demonstrated that plants growing in
polluted environments tend to accumulate higher
levels of certain secondary metabolites, possibly as a
defense response to stress conditions. However, this
may also pose challenges for pharmaceutical
applications due to potential contamination with toxic
substances [31].

3.7 Extraction and Analytical Techniques

The isolation and characterization of phytochemicals
from water hyacinth involve various extraction and
analytical techniques. Common extraction methods
include:

e Soxhlet extraction

e Maceration

e Ultrasonic-assisted extraction
e Microwave-assisted extraction

Analytical techniques such as high-performance
liquid chromatography (HPLC), gas
chromatography-mass spectrometry (GC-MS),
and Fourier-transform infrared spectroscopy
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(FTIR) are widely used for the identification and
quantification of bioactive compounds.

characterization of phytochemicals, facilitating the
discovery of novel compounds with therapeutic

potential [32].

Recent advancements in metabolomics and

spectroscopic techniques have enabled more precise

Table 6: Major Phytoconstituents of Eichhornia crassipes and Their Pharmacological Significance

Sr. | Phytochemical | Representative Plant Extraction Pharmacological References
No. Class Compounds Part Solvent Activities
1 Phenolic Gallic acid, Leaves, | Methanol, Antioxidant, Anti- [24,25]
Compounds Caffeic acid, Roots Ethanol inflammatory, Metal
Ferulic acid, chelation
Chlorogenic acid
2 Flavonoids Quercetin, Leaves, Methanol, Free radical [25,26]
Kaempferol, Flowers Ethanol scavenging,
Luteolin, Antioxidant,
Apigenin Cardioprotective
3 Alkaloids Indole-type Roots, Ethanol, Antimicrobial, [27]
alkaloids Leaves | Chloroform | Cytotoxic, Enzyme
(uncharacterized) inhibition
4 Terpenoids Monoterpenes, Leaves, Hexane, Anti-inflammatory, [28]
Sesquiterpenes, Petioles Methanol Anticancer,
Triterpenes Antimicrobial
5 Steroids B-sitosterol, Leaves Ethanol, Anti-inflammatory, [28]
(Phytosterols) Stigmasterol Chloroform | Hypocholesterolemic
6 Saponins Triterpenoid Leaves, Aqueous, Antimicrobial, [29]
saponins Roots Methanol | Immunomodulatory,
Membrane disruption
7 Glycosides Phenolic Leaves Methanol, Antioxidant, [29]
glycosides, Ethanol Cardioprotective
Cardiac (potential)
glycosides
8 Tannins Hydrolysable and | Leaves, Aqueous, Astringent, [30]
condensed Roots Methanol | Antimicrobial, Anti-
tannins inflammatory
9 Proteins & Essential amino Whole Aqueous Nutritional support, [31]
Amino Acids acids plant Metabolic functions
10 | Carbohydrates Cellulose, Whole Aqueous Energy source, [31]
Hemicellulose plant Industrial
applications
11 | Lipids & Fatty Palmitic acid, Leaves Organic Anti-inflammatory, [32]
Acids Linoleic acid solvents Structural functions
12 Minerals & Fe, Ca, Mg, K Roots, Aqueous | Enzymatic functions, [31,32]
Trace Elements (may include Whole Phytoremediation
heavy metals) plant role
.’ JOURNAL OF PHARMACEUTICAL SCIENCES 89 |Page
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4. PHARMACOLOGICAL ACTIVITIES
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Figure 1: Schematic representation of major pharmacological activities of Eichhornia crassipes,
including antioxidant, antimicrobial, anti-inflammatory, anticancer, and hepatoprotective effects.

4.1 Antioxidant Activity

Oxidative stress is a major contributor to the
pathogenesis of chronic diseases such as cancer,
diabetes, and cardiovascular disorders. Extracts of
Eichhornia crassipes have demonstrated significant
antioxidant activity in various in vitro assays,
including DPPH radical scavenging and reducing
power assays. The antioxidant potential is primarily
attributed to the presence of phenolic compounds and
flavonoids, which neutralize free radicals and prevent
lipid peroxidation. These findings suggest that water
hyacinth may serve as a natural source of antioxidants
for therapeutic applications [33].

4.2 Antimicrobial Activity

Water hyacinth extracts have shown broad-spectrum
antimicrobial activity against both Gram-positive and
Gram-negative bacteria, as well as certain fungal
species. The mechanism of action involves disruption
of microbial cell membranes, inhibition of enzyme
activity, and interference with nucleic acid synthesis.
Studies have reported significant inhibitory effects
against pathogens such as Staphylococcus aureus,
and Candida albicans. This
highlights its potential use in the development of

Escherichia coli,
antimicrobial agents and disinfectants [34].
4.3 Anti-inflammatory Activity

Inflammation plays a central role in many
pathological conditions. Extracts of Eichhornia
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crassipes have been shown to inhibit inflammatory
mediators such as prostaglandins, cytokines, and
nitric oxide. Experimental studies indicate that the
plant exhibits significant anti-inflammatory activity in
animal models, comparable to standard anti-
inflammatory drugs. The presence of flavonoids and
terpenoids is believed to be responsible for these
effects [35].

4.4 Anticancer Activity

Recent investigations have explored the anticancer
potential of water hyacinth extracts. In vitro studies
have demonstrated cytotoxic effects against various
cancer cell lines, including breast and liver cancer
cells. The anticancer activity is associated with the
induction of apoptosis, inhibition of cell proliferation,
and modulation of signaling pathways involved in
tumor growth. Although promising, further studies,
including clinical trials, are required to validate these
findings [36].

4.5 Hepatoprotective Activity

The hepatoprotective effects of Eichhornia crassipes
have been evaluated in experimental models of liver
damage. The plant extracts have shown the ability to
reduce liver enzyme levels and restore normal hepatic
architecture. These effects are attributed to the
antioxidant properties of the plant, which protect liver
cells from oxidative damage and enhance
detoxification processes [37].
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5. ROLE IN BIOREMEDIATION AND DRUG
DEVELOPMENT

Eichhornia crassipes has gained considerable
attention as an efficient biological agent for the
remediation of contaminated aquatic environments.
Its unique physiological and morphological
characteristics, including rapid growth rate, extensive
root system, and high biomass production, enable it to
absorb and accumulate a wide range of pollutants
from water bodies. This process, commonly referred
to as phytoremediation, involves the use of plants to
remove, stabilize, or detoxify environmental
contaminants. Water hyacinth is particularly effective
in the removal of heavy metals, organic pollutants,
nutrients (nitrogen and phosphorus), and
suspended solids from wastewater. Its ability to
thrive in polluted environments makes it a cost-
effective and sustainable alternative to conventional
physicochemical treatment methods [38].

5.1 Mechanisms of Phytoremediation

The phytoremediation capacity of FEichhornia
crassipes is mediated through several mechanisms:

¢ Phytoaccumulation (Phytoextraction):
The plant absorbs contaminants, particularly
heavy metals such as cadmium (Cd), lead (Pb),
mercury (Hg), and arsenic (As), through its roots
and translocates them to aerial parts. The
extensive root system provides a large surface
area for adsorption and uptake [39].

¢ Rhizofiltration:
The fibrous roots act as natural filters, trapping
suspended particles and absorbing dissolved
pollutants from water. This mechanism is
particularly effective in the removal of heavy
metals and radionuclides.

e Phytodegradation:
Organic pollutants such as pesticides, dyes, and
hydrocarbons are metabolized within plant
tissues into less toxic forms through enzymatic
processes.

Phytostabilization:
Certain contaminants are immobilized in the root
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zone, preventing their spread into surrounding
environments.

These mechanisms collectively contribute to the high
efficiency of water hyacinth in wastewater treatment
systems.

5.2 Removal and Toxic

Compounds

of Heavy Metals

Numerous studies have demonstrated the capacity of
Eichhornia crassipes to accumulate heavy metals at
concentrations significantly higher than those present
in the surrounding water. The plant exhibits a high
bioconcentration factor (BCF), indicating its
efficiency in metal uptake.

Heavy metals such as lead, cadmium, chromium,
nickel, and zinc are sequestered primarily in the
roots, although translocation to shoots may occur
depending on the metal and environmental conditions.
The presence of functional groups such as hydroxyl,
carboxyl, and amino groups in plant tissues facilitates
metal binding through chelation and ion exchange
mechanisms [40].

In addition to heavy metals, water hyacinth is capable
of removing industrial dyes, phenolic compounds,
and petroleum hydrocarbons, making it suitable for
the treatment of industrial effluents.

5.3 Nutrient Removal and Eutrophication Control

Eutrophication, caused by excessive nutrient
enrichment in water bodies, leads to algal blooms and
depletion of dissolved oxygen. Water hyacinth plays
a significant role in controlling eutrophication by
absorbing nitrogen and phosphorus compounds

required for its rapid growth.

The plant assimilates nitrates, ammonium ions, and
phosphates into its biomass, thereby reducing nutrient
levels in water. This process not only improves water
quality but also prevents the proliferation of harmful
algal species [41].

5.4 Application in Wastewater Treatment Systems

Water hyacinth has been successfully utilized in
constructed wetlands and lagoon systems for
wastewater treatment. These systems are designed to
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harness the natural purification ability of the plant
under controlled conditions. Advantages of using
Eichhornia in wastewater treatment

include:

crassipes

e Low operational and maintenance costs
¢ Minimal energy requirements

¢ High efficiency in pollutant removal

e Eco-friendly and sustainable approach

However, periodic harvesting of biomass is necessary
to prevent excessive growth and maintain treatment
efficiency. Proper disposal or utilization of harvested
biomass is also essential to avoid secondary pollution
[42].

5.5 Link Between Bioremediation and Drug
Development

The ability of water hyacinth to accumulate and
tolerate toxic substances is closely linked to its
biochemical and metabolic adaptations. Exposure to
environmental stressors such as heavy metals and
pollutants induces the production of secondary
metabolites, including phenolics, flavonoids, and
antioxidants. hese stress-induced compounds often
possess significant pharmacological activities,
making the plant a valuable source for drug discovery.
The correlation between environmental stress and
enhanced phytochemical production provides a
unique opportunity to exploit water hyacinth for the
development of bioactive compounds [43].

5.6 Utilization in Drug Discovery and Development

The transformation of water hyacinth from an
invasive weed into a pharmaceutical resource is
driven by its rich reservoir of bioactive compounds.
Extracts shown
promising results in various pharmacological studies,

of Eichhornia crassipes have

including antimicrobial, anti-inflammatory,
antioxidant, and anticancer activities.

Key aspects of its role in drug development include:

o Isolation of bioactive molecules: Advanced
chromatographic and spectroscopic techniques are
used to isolate and characterize active constituents.
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e Lead compound identification:Phytochemicals
from water hyacinth can serve as lead molecules
for the development of new drugs.

effects:
The combination of multiple phytoconstituents

o Synergistic

may enhance therapeutic efficacy through
synergistic interactions.

e Natural product-based drug design:
The structural diversity of plant-derived
compounds provides a valuable template for

synthetic modification and optimization [44].

5.7 Nanotechnology and Advanced

Pharmaceutical Applications

Recent advancements have explored the use of water
hyacinth in green synthesis of nanoparticles,
particularly metallic nanoparticles such as silver and
gold. These nanoparticles exhibit enhanced
antimicrobial and anticancer properties.

The plant extracts act as reducing and stabilizing
agents in nanoparticle synthesis, offering an eco-
friendly
methods.

alternative to conventional chemical

Such nanomaterials have potential
applications in drug delivery systems, targeted
therapy, and diagnostic tools [45].

Additionally, the cellulose-rich biomass of water
hyacinth can be utilized in the development of
biocompatible = materials,  hydrogels, and
controlled drug release systems, further expanding
its pharmaceutical applications.

5.8 Challenges and Safety Considerations

Despite its potential, the use of Eichhornia crassipes
in drug development is associated with certain
challenges:

e Contamination risk:
Plants growing in polluted water may accumulate
toxic substances, which can interfere with
pharmaceutical applications.

issues:
composition

e Standardization
Variability in  phytochemical
necessitates the development of standardized

extraction and quality control methods.
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« Toxicological evaluation:
Comprehensive safety studies are required to
assess the potential toxicity of plant extracts and
isolated compounds.

Addressing these challenges is crucial for the safe and
effective  utilization of water hyacinth in
pharmaceutical sciences [46].

6. Industrial and Pharmaceutical Applications

The escalating demand for sustainable raw materials
and eco-friendly technologies has directed significant

Sakshi Gunake, J. Pharm. Sci., 2026 2(6), 84-100 |Review

scientific attention toward unconventional biomass
resources. Eichhornia crassipes (water hyacinth),
owing to its prolific growth, high cellulose content,
and diverse phytochemical profile, has emerged as a
multifunctional resource with applications spanning
pharmaceutical, industrial, and environmental sectors.
Its transformation from an invasive aquatic weed into
a value-added resource aligns with the principles of
circular bioeconomy and green chemistry. The
integration of water hyacinth into industrial and
pharmaceutical domains not only mitigates ecological
concerns but also contributes to the development of
cost-effective and sustainable products [47].
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Figure 2 ; Schematic Representation of Industrial and Pharmaceutical Utilization of Water Hyacinth

6.1 Applications in Herbal Drug Formulation

Water hyacinth has demonstrated considerable
potential in the formulation of herbal medicinal
products due to its rich repository of bioactive
compounds. Extracts derived from different parts of
the plant particularly leaves and roots have been
incorporated into experimental formulations aimed at
treating  microbial  infections,  inflammatory

conditions, and oxidative stress-related disorders.

The presence of flavonoids, phenolic acids, and
alkaloids supports its use in antimicrobial and anti-
inflammatory formulations, such as topical creams,
ointments, and gels. Preliminary studies indicate that
hydroalcoholic extracts exhibit significant inhibitory
effects against pathogenic microorganisms, making
them suitable candidates for the development of
antiseptic preparations [48].
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Furthermore, the antioxidant properties of the plant
extracts contribute to cellular protection and tissue
repair, enhancing their therapeutic relevance in
dermatological ~ formulations. = However, the
development of standardized herbal products requires
rigorous evaluation of extraction methods, stability

profiles, and bioavailability of active constituents.
6.2 Cosmeceutical Applications

In recent years, the cosmeceutical industry has
increasingly explored plant-derived ingredients for
their bioactive properties. Water hyacinth extracts,
rich in antioxidants and polyphenols, have shown
potential in anti-aging, skin protection, and
moisturizing formulations. he antioxidant activity
helps in neutralizing free radicals responsible for skin
aging, thereby reducing wrinkles, fine lines, and
Additionally, certain

oxidative damage.
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phytoconstituents exhibit anti-inflammatory and
soothing effects, which are beneficial in managing
skin irritation and sensitivity.The incorporation of
water hyacinth extracts into creams, lotions, and
serums is being investigated for enhancing skin
hydration and elasticity. Moreover, its natural origin
and biodegradability make it an attractive alternative
to synthetic cosmetic ingredients, aligning with
consumer preferences for sustainable and “green”
products [49].

6.3 Role in Nanotechnology and Drug Delivery
Systems

One of the most innovative applications of Eichhornia
crassipes lies in the field of nanotechnology. Plant
extracts have been successfully utilized in the green
synthesis of metallic nanoparticles, such as silver,
gold, and oxide nanoparticles. These
nanoparticles exhibit enhanced biological activities,

zinc

including antimicrobial, anticancer, and antioxidant
properties.

The phytochemicals present in water hyacinth act as
both reducing and stabilizing agents during
nanoparticle synthesis, eliminating the need for
hazardous chemicals. This eco-friendly approach not
only reduces environmental impact but also improves
the biocompatibility of the synthesized nanoparticles
[50].

In pharmaceutical sciences, such nanoparticles can be
employed in targeted drug delivery systems, where
they facilitate controlled release and improved
bioavailability of therapeutic agents. The cellulose
and lignocellulosic components of water hyacinth
biomass can also be processed into biodegradable
polymers and hydrogels, which are widely used in
sustained and controlled drug delivery applications.

6.4 Biofuel and Bioenergy Production

The high biomass yield and carbohydrate content of
water hyacinth make it an excellent candidate for
bioenergy production. The plant can be converted into
bioethanol, biogas, and biodiesel through various
biochemical and thermochemical processes.

¢ Bioethanol production: Fermentation of

cellulose and hemicellulose components
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e Biogas
biomass

generation: Anaerobic digestion of

o Biodiesel synthesis: Conversion of lipids present
in plant tissues

The utilization of water hyacinth for biofuel
production not only provides a renewable energy
source but also contributes to the management of its
excessive growth in aquatic systems. Moreover, the
residual biomass generated after biofuel extraction
can be further utilized as organic fertilizer, enhancing
agricultural productivity [51].

6.5 Pulp, Paper, and Fiber Industries

Water hyacinth contains significant amounts of
cellulose and hemicellulose, making it suitable for use
in the pulp and paper industry. The fibers derived
from the plant can be processed into paper, cardboard,
and packaging materials.

Compared to conventional wood-based raw materials,
water hyacinth offers advantages such as rapid
renewability, low cost, and reduced environmental
impact. Additionally, the fibers can be used in the
production of textiles, ropes, mats, and handicrafts,
providing livelihood opportunities in rural and semi-
urban areas [52].

The development of biodegradable
materials from water hyacinth aligns with global

packaging

efforts to reduce plastic pollution and promote
sustainable alternatives.

6.6 Application in Wastewater Treatment and
Industrial Effluents

Beyond its direct role in bioremediation, water
hyacinth s used in industrial
wastewater treatment systems. Industries such as
textiles, pharmaceuticals, and food processing
generate effluents containing dyes, heavy metals, and

organic pollutants.

extensively

Constructed wetland systems utilizing Eichhornia
crassipes have demonstrated high efficiency in
reducing chemical oxygen demand (COD),
biological oxygen demand (BOD), total suspended
solids (TSS), and toxic contaminants. The plant’s
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ability to absorb and metabolize pollutants makes it
an integral component of eco-friendly wastewater
treatment technologies [53].

6.7 Agricultural and Fertilizer Applications

The biomass of water hyacinth can be composted to
produce organic fertilizers and soil conditioners.
The nutrient-rich compost improves soil structure,
enhances water retention, and provides essential
nutrients such as

nitrogen, phosphorus, and

potassium.

Additionally, the plant can be used as animal feed
after appropriate processing to remove anti-nutritional
factors. Its wuse in agriculture contributes to
sustainable farming practices and reduces dependence
on chemical fertilizers [54].

6.8 Challenges in Industrial and Pharmaceutical
Utilization

Despite its diverse applications, several challenges
limit the large-scale utilization of water hyacinth:

Variability in chemical composition: Influenced
by environmental conditions

¢ Risk of heavy metal contamination: Particularly
in plants harvested from polluted waters

o High moisture content: Increases transportation
and processing costs

e Lack of standardization: In extraction and

formulation processes

e Limited commercial-scale technologies: For
efficient biomass conversion

Addressing these challenges requires the development
of standardized protocols, advanced processing
technologies, and stringent quality control measures
[55].

7. Challenges and Limitations
7.1 Variability in Phytochemical Composition

One of the major challenges in the pharmaceutical
application of water hyacinth is the variability in its
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phytochemical profile. The concentration and
composition of bioactive compounds such as
flavonoids, phenolics, alkaloids, and terpenoids are
significantly influenced by:

e Environmental conditions (temperature, light

intensity, seasonal variation)
e Nutrient availability in water bodies

e Degree of pollution and presence of heavy metals

Geographic location and genetic variability

This  inconsistency  poses  difficulties in
standardization of extracts, which is a critical
requirement in drug development. Lack of uniformity
may lead to variations in pharmacological efficacy
and safety, thereby limiting its acceptance in

evidence-based medicine [56].
7.2 Risk of Heavy Metal and Toxic Contamination

Water hyacinth is well known for its ability to
accumulate heavy metals and toxic substances from
polluted water bodies. While this property is
advantageous for bioremediation, it presents a
significant limitation for pharmaceutical use.

Plants harvested from contaminated environments
may contain toxic levels of metals such as lead (Pb),
cadmium (Cd), mercury (Hg), and arsenic (As).
These contaminants can:

o Interfere with pharmacological activity

e Pose serious health risks if incorporated into
medicinal products

e Complicate purification and quality control
processes

Therefore, stringent screening, purification, and
quality assurance protocols are essential before
utilizing plant material for therapeutic purposes [57].

7.3 Lack of Standardization and Quality Control

The absence of well-defined standard operating
procedures (SOPs) for extraction, isolation, and
formulation of bioactive compounds from Eichhornia
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crassipes is a major barrier to its pharmaceutical
application.

Challenges include:

o Selection of appropriate extraction solvents and
methods

e Optimization of  extraction  conditions

(temperature, time, pH)

e Identification and quantification of active
constituents

o Establishment of quality control parameters

Without proper standardization, reproducibility and
consistency of results cannot be ensured, which is
essential for regulatory approval and
commercialization of herbal products [58].

7.4 Limited Toxicological and Clinical Studies

Although numerous in vitro and in vivo studies have
demonstrated the pharmacological potential of water
hyacinth, there is a lack of comprehensive
toxicological and clinical evaluations.

Key limitations include:
e Insufficient data on acute and chronic toxicity

eLack of
bioavailability

studies on pharmacokinetics and

e Absence of well-designed clinical trials in humans

Limited understanding of drug interactions and side
effects

These gaps hinder the translation of experimental
findings into clinically approved therapeutic agents.
Rigorous preclinical and clinical studies are necessary
to establish safety and efficacy profiles [59].

7.5 High Moisture Content and Biomass Handling
Issues

Water hyacinth contains a high moisture content (up
to 90-95%), which presents challenges in harvesting,
transportation, storage, and processing.
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Problems associated with high moisture content
include:

e Increased weight and transportation costs

e Susceptibility to microbial degradation

e Difficulty in drying and preservation

conversion

e Reduced efficiency in biomass

processes

Efficient dewatering and drying techniques are
required to overcome these limitations and improve
the economic feasibility of large-scale utilization [60].

7.6 Invasive Nature and Ecological Concerns

As one of the most invasive aquatic plants,
Eichhornia crassipes poses significant ecological
threats. Its rapid growth leads to:

¢ Blockage of waterways and irrigation channels

e Reduction in biodiversity and displacement of
native species

¢ Depletion of dissolved oxygen in water bodies
e Increased risk of flooding and water stagnation

While its utilization can help control its spread,
improper management may inadvertently promote
further controlled
harvesting and utilization strategies are essential to
prevent ecological imbalance [61].

propagation.  Therefore,
7.7 Economic and Technological Constraints

The commercialization of water hyacinth-based
products is limited by several economic and
technological factors:

e Lack of cost-effective processing technologies

e Limited infrastructure for large-scale biomass
utilization

¢ High initial investment for setting up biorefineries

e Low market awareness and demand for derived
products
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Additionally, the economic viability of using water
hyacinth depends on efficient integration of multiple
applications, such as combining bioremediation with
biomass valorization [62].

7.8 Regulatory and Legal Challenges

The use of plant-based materials in pharmaceutical
and industrial applications is subject to strict
regulatory requirements. In the case of water
hyacinth, challenges include:

e Absence of established pharmacopoeial standards

e Regulatory restrictions on the use of invasive
species

¢ Requirement for extensive safety and efficacy data

¢ Compliance with environmental and pharmaceutical
regulations

These factors can delay or hinder the approval and
commercialization of products derived from
Eichhornia crassipes [63].

7.9 Challenges
Formulation

in Drug Development and

From a pharmaceutical perspective, several
challenges are associated with the development of

drugs from water hyacinth:
e Difficulty in isolating pure active compounds

o Stability issues of phytochemicals during storage
and processing

e Poor solubility and bioavailability of certain
compounds

e Need for advanced drug delivery systems

Addressing these challenges requires the application
of modern techniques such as nanotechnology,
encapsulation, and molecular modification to
enhance the therapeutic potential of plant-derived
compounds [64].

7.10 Environmental and Safety Considerations
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The large-scale utilization of water hyacinth must be
carefully managed to avoid unintended environmental
consequences. For instance:

¢ Disposal of contaminated biomass may lead to
secondary pollution

¢ Release of accumulated toxins during processing

e Risk of spreading invasive species through improper
handling

Sustainable management practices, including safe
disposal and controlled processing, are essential to
minimize environmental risks [65].

8. FUTURE PERSPECTIVES

The future utilization of Eichhornia crassipes lies in
its transformation into a sustainable bioresource
through the integration of advanced scientific and
technological approaches. Emphasis should be placed
on the standardization of extraction methods and
isolation of novel bioactive compounds, which can
serve as lead molecules in drug discovery. The
application of modern tools such as artificial
intelligence, molecular docking, and high-throughput
screening can accelerate the identification of

pharmacologically active constituents [66].

Additionally, the development of biorefinery-based
approaches can enable the simultaneous production of
multiple value-added products, including
pharmaceuticals, biofuels, and biomaterials, thereby
improving economic feasibility. Advances in
nanotechnology may further enhance the therapeutic
potential of water hyacinth-derived compounds
through improved drug delivery systems and targeted

therapies [67].

Biotechnological interventions, including genetic
engineering and metabolic pathway optimization, can
be employed to enhance phytochemical yield and
pollutant uptake efficiency. Moreover, the
establishment of regulatory guidelines and quality
control standards is essential for ensuring safety,
efficacy, and reproducibility in pharmaceutical
applications.
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Sustainable management strategies integrating
controlled harvesting, biomass utilization, and

environmental conservation will be crucial in
mitigating the invasive nature of the plant while
maximizing its benefits. Overall, a multidisciplinary
approach combining pharmacology, environmental
science, and biotechnology holds promise for the
future exploitation of water hyacinth as a valuable
pharmaceutical and industrial resource [68].

CONCLUSION

Eichhornia crassipes represents a unique example of
how an environmentally problematic invasive species
can be transformed into a valuable resource for
pharmaceutical and industrial applications. Its rich
phytochemical composition and diverse
pharmacological activities, including antioxidant,
antimicrobial, anti-inflammatory, and anticancer
properties, highlight its potential in drug discovery
and development.

In addition to its therapeutic value, the plant plays a
significant role in bioremediation, biofuel production,
and sustainable industrial applications, contributing to
environmental management and resource utilization.
However, challenges such as variability in
phytochemical composition, risk of contamination,
lack of standardization, and limited clinical validation

must be addressed to ensure its safe and effective use.

With continued research, technological
advancements, and proper regulatory frameworks,
water hyacinth can be successfully integrated into
modern pharmaceutical sciences. Its conversion from
an invasive weed to a beneficial bioresource
underscores the importance of sustainable and
innovative  approaches in addressing global

environmental and healthcare challenges.
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