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PREFACE

In response to the increasing global concern over the environmental impact of synthetic dye
contamination in wastewater, this project aims to explore innovative approaches for dye
removal and remediation. Building upon the backdrop of the extensive production and
discharge of dye-laden wastewater, this study focuses into the potential of starch as a
versatile adsorbent for water treatment applications. Specifically, the focus is on harnessing
the untapped potential of starch derived from marine seaweed, particularly Ulva sp., for dye

adsorption.

To date, there has been no reported synthesis of nanoparticles derived from starch extracted
from green seaweed Ulva sp. This study seeks to pioneer the synthesis of starch
nanoparticles sourced from the green seaweed Ulva sp. and evaluate their capacity to remove
dyes from wastewater. The primary objective of this investigation is to address the treatment
of synthetic and hazardous dyes found in wastewater, which are commonly discharged in
significant volumes by industries such as textiles, pharmaceuticals, and cosmetics. Through
my research, I aim to contribute to the development of effective solutions for mitigating the

environmental impact of dye pollution on a large scale.
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Abstract

This research project investigates the potential of Ulva seaweed starch nanoparticles for
removal of synthetic dyes from wastewater. This study began with the successful collection
of Ulva samples from diverse locations, capturing various life stages of the seaweed's cycle.
In-vitro cultivation experiments revealed substantial growth and development of Ulva
biomass, supported by visual observations of healthy thalli exhibiting active photosynthesis
and its specific growth rate. Biomass characterization was done by proximate and ultimate
analyses, which highlights the rich composition of Ulva biomass, with high proportions of
carbohydrates, proteins, lipids, and starch. Microscopic analysis confirmed the presence of
starch granules within Ulva thalli, providing visual evidence of their suitability for further
processing. The starch granules were extracted from harvested Ulva biomass from in-vitro
cultivation and characterised. Further, starch nanoparticles were synthesized from extracted
Ulva starch. Characterisation of these nanoparticles was done by Scanning Electron
Microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FTIR) comparing with
conventional terrestrial starches. The results of SEM images revealed that size of Ulva starch
nanoparticles to be 290 nm and rice starch nanoparticles to be 247 nm. FTIR analysis
confirmed the presence of distinct functional group of conventional starch on Ulva starch
and its nanoparticles. Their potential as functional biomaterials, for treatment of synthetic
dyes in wastewater was studied. Dye removal experiments showcased the remarkable
efficiency of Ulva starch nanoparticles in environmental remediation, underscoring their
promise for addressing pollution challenges. Overall, this research project sheds light on the
potential of Ulva seaweed starch nanoparticles in wastewater treatment and paves the way

for further exploration in biotechnology, environmental science, and beyond.




CHAPTER 1: INTRODUCTION

1.1 Background

In the year 2023, around 70 billion tons of wastewater containing synthetic dyes was
produced (Lin et al., 2023). These dyes are utilized across diverse sectors such as textiles,
food manufacturing, pharmaceuticals, cosmetics and many more. Each year, the global
production of textile dyes exceeds 10,000 tons, with approximately 100 tons of dyes being
discharged into wastewater on a yearly basis (Semeraro et al., 2015). Unfortunately, roughly
80% of this dye-laden wastewater is either discharged into water bodies such as oceans or
rivers without treatment or directly employed for irrigation purposes (Lin et al., 2023). As

these dyes are synthetic and non-biodegradable, they remain dissolved in the water bodies.

Dyes possess the ability to absorb light radiation within the visible range, typically from 400
to 700 nanometre. When white light interacts with a surface, undergoes diffusion, or is
transmitted through a medium, it transitions from white to coloured light due to selective
absorption of energy by specific atoms, known as chromophoric groups. In simpler terms, a
dye is a substance that can absorb certain wavelengths of light and then reflect
complementary colours (Kumari et al., 2023). This acts as a barrier in sunlight penetration
in water which in turn decreases the its aesthetic quality by increasing chemical and

biological oxygen demand (Peramune et al., 2022).

Uncontrolled disposal of dye wastewater has severe consequences, posing significant risks
to humans, plants, animals and whole natural environment. The harmful effects of dyes
present in wastewater can extend to soil, leading to the destruction of microorganisms
critical for agricultural productivity. Irrigation with textile industry effluent may result in
soil pore blockage and texture hardening, hindering root penetration (Moyo et al., 2022). It

is reported that even at low concentrations (1.0 mg/L), the presence of dyes in water renders




it unsuitable for human consumption (Kumar et al., 2018; Velusamy et al., 2021). In a study
in India textile wastewater was analysed for concentration of dye, which was found to be

45mg/L (Durairaj and Sivakumar, 2014).

Many new techniques are designed to address this issue. These includes dye removal and
dye degradation. Some of the techniques in dye removal are adsorption (Lan et al., 2022),
coagulation/flocculation (Al-Tohamy et al., 2022; Afrin et al., 2021), chemical precipitation
(Kim et al., 2022), electrochemical oxidation (Kumari et al., 2023), ozonation, membrane
filtration (Fang et al., 2017). Various biopolymers such as cellulose with different
modifications (Sharma et al., 2024), alginate (Rafiee, 2023), starch (Abd El-Ghany et al.,
2023), chitosan and its derivatives (Saiyad et al., 2023), gum with conjugation with

nanocomposites and hydrogel (Kumari et al., 2024; Usman et al., 2023).

Starch is the most prevalent biopolymer found in nature, a homopolysaccharide consisting
of both linear and branched units derived from variety of sources (Khoo et al., 2023). It is
commonly obtained from grains and holds significant importance as a raw material across
multiple industries including medicine, food, and chemicals. It has gathered considerable
attention in research due to its promising applications in wastewater treatment (Ahamad et
al., 2020). Starch is a non-conventional adsorbent. Adsorption of dyes by starch is widely
studied wastewater treatment owing to its eco-friendly and non-hazardous nature (Khoo et
al., 2023). To increase the dye adsorption potential of starch, various modification on starch
and its properties have been carried out such as grafted starch (Ortega-Toro et al., 2016),
starch based hydrogels and beads (Ismail et al., 2013), starch nanocomposites and
nanoparticles (Abd EI-Ghany et al., 2023; Nguyen et al., 2022), starch aerogels

(Ganesamoorthy et al., 2021).




However, since starch is one of the important food commodities, using conventional starch
for wastewater treatment is not ideal. It is because, worldwide production of starch in 2020
is estimated to range between 88.1 and 97.7 million tons. Among this total, approximately
75 % originates from corn, with cassava accounting for 14 %, wheat for 7 %, and potatoes
for 4 % which are all conventional sources of starch (Vilpoux & Santos Silveira Junior,
2023). Thus, usage of conventional sources of starch will only increase the pressure on

production demand.

One of the sources of novel starch is marine seaweed. Starch from green seaweed such as
Ulva sp. is yet to be explored for its full potential (Prabhu et al., 2019). The overlooked
potential of seaweed starch can serve as an important substitute for traditional terrestrial
starch sources. Seaweed starch shares similar properties and structural characteristics with
its terrestrial counterpart. (Prabhu et al., 2019). This research was conducted to investigate

the potential of seaweed starch nanoparticles for dye decolorization of wastewater.




1.2 Aim and Objectives:
Aim:

Aim of this study was to investigate the potential of seaweed starch nanoparticles for

dye decolorization of wastewater.
Objectives:

1. Collection, in-vitro cultivation, and characterization of Ulva sp. seaweed
biomass.

2. Extraction of starch granules from Ulva sp. seaweed and its characterization.

3. Production of starch nanoparticles from extracted Ulva starch, its
characterization

4. Applications of Ulva starch nanoparticles in dye remove.

1.3 Hypothesis

As Ulva sp. seaweed starch is converted into nanoparticles, its surface area increases
significantly, enhancing its adsorption/absorption capacity for chemical dyes in industrial
wastewater. We hypothesize that Ulva starch nanoparticles will effectively remove wide
range of chemical dyes from industrial wastewater, leading to the efficient removal of

pollutants from wastewater leading to effective treatment of wastewater.




1.4. Scope

Ulva seaweed, abundant in marine environments, represents an underutilized resource with
potential applications in various industries. Extracting starch from Ulva and synthesizing
nanoparticles presents an opportunity to valorize this renewable biomass and contribute to
sustainable resource management practices. The synthesis of Ulva starch nanoparticles
allows for the exploration of their adsorption or absorption capabilities to develop efficient
solutions for wastewater treatment. Discovering novel adsorbents or absorbent derived from
natural sources like Ulva seaweed opens possibilities for developing cost-effective and eco-

friendly solutions to tackle water pollution challenges.

If Ulva starch nanoparticles demonstrate superior adsorption efficiency as hypothesized,
they could be integrated into wastewater treatment systems for the removal of chemical dyes,
contributing to cleaner effluent discharge. The outcomes of this study can also serve as a
basis for further research and development initiatives in the field of environmental
nanotechnology. Continued exploration of natural biomaterials like Ulva seaweed for
nanoparticle synthesis and wastewater remediation could lead to the development of

innovative technologies with broader applications in environmental sustainability.




CHAPTER 2: LITERATURE REVIEW

Starch is an odourless, tasteless, soft, white polysaccharide that is insoluble in cold water or
alcohol. It serves as a primary storage polysaccharide in plants which can be found in tubers,
roots, and seeds of plant kingdom. Starch, the second most abundant polysaccharide on
earth, is a natural, cheap, renewable, and biodegradable polymer. Irrespective of the
botanical source, starch is a polymer of the six-carbon sugar D-glucose, often referred to as
its “building block™. It is a non-reducing sugar with a skeleton made up of two types of
molecules: amylose and amylopectin. Amylose is a linear polysaccharide of glucose units
linked by a-1,4-glycosidic bonds, while amylopectin is a branched polymer with both a-1,4
and a-1,6-glycosidic bonds. The ratio of these two core components varies according to the
source of starch. The varying ratio of amylose and amylopectin in a particular starch renders
its unique structure being crystalline, amorphous, or semi-crystalline (Martha et al., 2023).
Starch has its unique properties like gelatinization, retrogradation, and swelling power which
eventually makes it possible to be utilized in various industries. Starch granules when heated
with water at about 52 °C, undergo swelling by absorbing water. Heat disrupts the highly
organized and tightly packed granular structure of starch, releasing amylose and
amylopectin, which can interact with water and give a paste-like texture or viscous nature.
This property of starch is known as gelatinization. Water acts as a plasticizer penetrating the
starch which eventually increases randomness in the granule. This process is often exploited
in the food industry (Gani et al., 2021). When the gelatinized starch is cooled the amylose
starts reassociating itself and forms a more organized structure. This property of starch is
called retrogradation. Starch retrogradation is of great interest in food technologies and
industries as it profoundly affects the quality, acceptability, and shelf life of starch-based

foods. The most common application of starch is for thickening and gelling agents.




There are numerous known sources of starch to date including; cereals and grains, tubers

and root vegetables, legumes, fruits, seeds, nuts, rhizomes, etc.

The ocean covers 71 % of the Earth's surface and holds 97% of the planet's water, making it
an immense natural resource for humanity (National Geographic Society et al., 2021).
Notably, India owns a coastline spanning 7516.6 km, presenting a substantial opportunity to
harness the wealth of ocean resources (PMF IAS et al., 2023). Making the most of coastal
areas by using them sustainably for farming, like aquaculture and marine agriculture is
crucial. If we explore the resources in the ocean responsibly, we could meet the needs of the

growing world population and take care of the environment at the same time.

Macroalgae popularly known as seaweeds are diversely present in the littoral and sub-littoral
zones of the ocean. Marine seaweeds are classified into three categories according to their
pigmentation types; Phacophyta (brown algae), Rhodophyta (red algae), and Chlorophyta
(green algae) (Yang et al., 2021). They have a rich reservoir of various bioactive compounds
like polyphenols, amino acids, fatty acids, and dietary fibres, as well as polysaccharides,
pigments, and other active compounds. Various industries like pharmaceutical, cosmetics,
food, and medicine have been exploiting these compounds for ages owing to their versatile
role as anti-inflammatory agents, immunostimulants and immunoregulators, antioxidant

activity, and other biological processes (Xu et al., 2023).

Green seaweed being most abundant among macroalgae holds significant importance in
marine bioresources. Belonging to the Plantae Kingdom, they harness the sunlight to
produce food through the process of photosynthesis like any other terrestrial plant. Similar
to terrestrial plants they store starch in chloroplast. The ability of green seaweeds to store
starch makes them appealing candidates for sustainable starch production in the context of

marine biorefinery processes (Zollmann et al., 2019). It has also been reported that




Rhodophyta possesses distinctive Floridean starch which differs from terrestrial sources of
starch due to the absence of amylose (Yu et al., 2002). It is found that the Floridean starch
by red algae is stored in the cytoplasm rather than chloroplast which is a characteristic

property of red algae (Cian et al., 2015).

Starch nanoparticles:

Broadly, the techniques for creating starch nanoparticles (SNPs) can be categorized as either
'top-down' or 'bottom-up' methods (Martha et al., 2023). In nanotechnology both these
strategies involve transforming the larger material to a smaller structure where at least it’s
one of the dimensions is less than 100 nm size. The top-down method involves breaking the
material to nano-size by various chemical, enzymatic, physical, or mechanical means such
as ultrasonication, homogenization, gamma radiation, and acid hydrolysis (Martha et al.,
2023). Whereas the bottom-up approach describes the process of constructing
nanostructures from the bottom, involving the precise arrangement and integration of atoms
or molecules through physical and chemical means within the nanoscale range of 1 nm to
100 nm. This method particularly works on controlled manipulation which results in the
self-assembly of atoms and molecules (Bayda et al., 2019). The bottom-up methods for
starch nanoparticle (SNP) synthesis include nanoprecipitation or self-assembly of starch.
Till now most prevalent approach has been top-down due to its ease of nanoparticle
preparation but still bears the disadvantage of inefficient synthesis of targeted size and shape
of nanoparticles. Whereas, the bottom-up approach has the ability to produce nanoparticles
with desirable size and shape with high yield and specificity. However, it still requires

advanced instruments and precise chemicals (Abid et al., 2022).

Recently starch nanoparticles are in study for removal of dye by adsorption mechanism. In
this Basic blue and Basic yellow dyes were tested against cationic starch nanoparticle

(Lawchoochaisakul et al., 2021).




One of the methods of starch nanoparticle synthesis combines vacuum cold plasma and
ultrasonication, utilizing corn and potato as source materials. It produces particles with sizes
ranging from 300 to 600 nm in square and spherical shapes, with carboxyl as the functional
group (Chang et al., 2019). Another method employs ultrasound and nanoprecipitation with
DMSO and acetone, using corn, potato, and TKP as sources. The resultant nanoparticles are
of spherical shape with urea adsorption properties and hydroxyl functional groups (Pan et
al., 2022). The third method involves nano-precipitation, alkali freeze, crosslinking, and
H>SO4 hydrolysis using broken rice as the source, generating particles of various sizes with
oval and irregular shapes. These nanoparticles exhibit secondary amide and H-bonded

hydroxyl groups (Chutia et al., 2021).

A fourth approach employs ball-milling and acid hydrolysis with waxy maize as the source,
producing irregularly shaped nanoparticles ranging from 60 to 300 nm (Xiao et al., 2020).
Another method combines enzymolysis with pullulanase and nano-precipitation using
ultrasound. The source used is Cyperus esculentus, resulting in spherical nanoparticles with
sizes ranging from 190 to 270 nm, having properties like biocompatibility and

biodegradability with ether and carboxyl functional groups (Dia et al., 2018).

One of the green synthesis methods employs enzymolysis and recrystallization with maize
as the source of starch which yields irregularly shaped nanoparticles ranging from 60 to 120
nm. These nanoparticles exhibit anhydroglucose rings and inter- and intra-molecular
hydroxyl groups, finding application in the biomedical field (Yan et al., 2022).
Ultrasonication is used for cornstarch nanoparticles, resulting in platelet-shaped, 40 and 60
nm sized nanoparticles with amorphous structure. Serving as a Pickering stabilizer, these
nanoparticles hold potential in various applications. Another popular approach utilizes high-
pressure homogenization with corn, producing spherical nanoparticles in the range of 10-20

nm with hydroxyl functional groups (Boufi et al., 2018).
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Maize is also utilized in a different high-pressure homogenization method, yielding pie-
shaped nanoparticles with a rough surface. The nanoparticles are of size 200 nm with the
hydroxyl functional group (Gou et al., 2019; Liu et al., 2009). A one more distinct method
involves dry heating and mild acid treatment of maize, resulting in spherical nanoparticles

of less than 100 nm for industrial applications (Wei et al., 2018).

The last method employs alpha-amylase with maize, potato, and cassava as sources,
producing octahedral nanoparticles of less than 400 nm. These nanoparticles exhibit strong
hydrogen bonds and biodegradability, finding applications in bio-composites and

pharmaceuticals (Kim et al., 2017).

Environmental impact of synthetic dyes

A colorant can be pigments or dyes. Pigments exhibit high insolubility in water, and their
constituent particles typically vary in size from 1 to 2 micrometres. In contrast, dyes readily
dissolve in water and typically possess particle sizes ranging from 0.025 to 1.0 micrometres
(Braun, 1983). A dye is a compound employed to add colour to textiles, paper, leather, and
various materials, ensuring that the colour remains stable and resistant to alteration from
washing, heat, light, or other environmental factors that the material may encounter

(Abrahart, 1977).

Dyes find applications across a wide array of industries including textiles, paper production,
food colouring, printing, leather tanning, artistic endeavours, and plastics manufacturing.
Moreover, they serve as colouring agents in pharmaceuticals, are utilized for staining
biological specimens, and have medical applications in human treatment (Teo et al., 2022).
Dyes are often labelled as recalcitrant pollutants due to their intricate aromatic structure
characterized by delocalized electrons and conjugated double bonds. These features render

them chemically stable, greatly soluble in water, resistant to biodegradation, and capable of
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persisting in the environment for prolonged durations which makes them an ideal for

industrial application (Al-Tohamy et al., 2022).

The persistent nature of dyes in aerobic environments, particularly within traditional
treatment facilities, contributes to their accumulation in sediments, soil, and eventual
transport into public water systems (Vikrant et al., 2018). While many dyes exhibit resistance
to environmental degradation, some may undergo partial degradation or transformation in
anoxic conditions, such as the reduction of azo-type compounds leading to the formation of
potentially hazardous aromatic amines. Additionally, there is a risk of dyes reacting with
intermediate synthetic compounds or their degradation byproducts, potentially generating
mutagenic and carcinogenic substances (Lellis et al., 2019). For the study three such dyes

are utilized; Congo red, crystal violet, and malachite green.

Congo red
Congo red (CR), also known as I1-naphthalene sulfonic acid, 3,3'-(4,4'-

biphenylenebis(azo))bis(4-amino-)disodium salt, is classified as a benzidine-based anionic

diazo dye (Zeng et al., 2014) (Fig 1).

(jj v~ “Q/j

DSO OSO
DNa

Fig. 1: Chemical structure of Congo red (Khan et al., 2020).

It is expected to undergo metabolism, potentially converting into benzidine, a substance

known to be carcinogenic to humans. CR exhibits a complex chemical structure, high
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solubility in water, and considerable persistence in the environment following discharge
(Chatterjee et al., 2010). Despite being recognized as a human carcinogen and being banned
in numerous countries due to associated health risks; CR continues to be widely utilized in
various regions (Afkhami & Moosavi, 2010). Following the reduction of azo dyes,
mutagenic activity has been observed. The aromatic amines generated as metabolites during
this reduction process can exhibit toxic effects based on their chemical structure in
comparison to the original compound. Additionally, the reduction of azo dyes has the
potential to produce DNA adducts, which may pose toxicity risks even to microorganisms

involved in the discoloration process (Alderete et al., 2021).

Crystal violet

Crystal Violet (CV), also referred to as gentian violet in its impure form, is a type of
triphenylmethane dye that has found widespread applications in both human and veterinary
medicine. It is commonly utilized as a biological stain in medical laboratories and clinics,
as well as in the textile processing industry for dyeing fabrics. Crystal Violet is classified as
a cationic dye, characterized by the presence of one dimethylamino group on each phenyl

ring. (Fig. 2).
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Fig. 2: Chemical structure of Crystal violet (Mona et al., 2011)
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Toxicological studies have shown that CV is highly toxic to mammalian cells and may lead
to respiratory and kidney failure in extreme cases. It is also considered a biohazard substance
due to its harmful effects. Moreover, CV is readily absorbed by fish and can induce
carcinogenic and mutagenic effects in rodents, increasing the risk of human bladder cancer.
Studies on the genotoxic effects of CV have revealed its cytogenetic toxicity and potential
mutagenic activity (Hashimoto et al., 2013; Mani & Bharagava, 2016). CV has been found
to cause DNA damage and induce sister chromatid exchanges. Moreover, chronic exposure
to CV has been associated with the development of liver neoplasms in mice, highlighting its
carcinogenic potential. CV is a cytogenic, genetic, mutagenic and carcinogenic agent
causing severe health hazards in human such as skin irritation, digestive tract irritation,

respiratory and kidney failure, etc (Xiao et al., 2020).

Malachite green

Malachite green (MQ) is categorized as a water-soluble basic dye and falls under the

diamino derivative in the triphenylmethane class of dyes (Fig 3).

CH
Sy O OH N
"

H 3'C 3

Fig. 3: Chemical structure of Malachite green (Chinenye Adaobi Igwegbe, 2014)

It presents as a crystalline green-coloured powder, drawing its name from its resemblance
to the mineral malachite’s colour (J. Sharma et al., 2023). Malachite green dye (MGD) finds

extensive application as a cationic dye in industries such as textiles, paper, and leather
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(Verma et al., 2020). While it serves as an antiseptic and therapeutic agent for treating fish
diseases caused by fungi, bacteria, and parasites, MGD poses significant hazards, regardless
of its external uses. Suspected of causing various ailments including carcinogenicity,
mutational instability, and pulmonary toxicity, MGD’s high toxicity and low
biodegradability pose challenges for traditional removal methods from aqueous solutions
(Xiao et al., 2020). Consequently, new technologies such as adsorption, membrane filtration,
ion exchange, chemical oxidation, aerogel, and photocatalytic degradation have garnered

significant attention (Verma et al., 2020).
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CHAPTER 3: METHODOLOGY

3.1 Sample collection and cultivation

3.1.1 Seaweed sample collection

Specimens of green seaweed Ulva sp. were collected from three different locations in Goa,
India. Samples were collected from intertidal zone at low tide. Sampling dates and time were

selected using online tide timetable (tide-forecast.com). The initial collection occurred on

October 28%, 2023, at Vagator beach, Goa-403509, India (latitude: 15.59993°, longitude:
73.734145°). The second sampling site was Baga beach, Goa-403509, India (latitude:
15.561747°, longitude: 73.746295°), on November 27", 2023. The third sampling was
conducted on December 19% 2023, at Anjuna beach, Goa-403509, India (latitude:
15.577206°, longitude: 73.739685°). Despite being three different locations, all three

sampling sites were located on same stretch of the Goa’s coastline (Fig.4).
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Fig. 4. Sampling sites A: Geographic map of sampling sites, B: Sampling at Vagator
beach, C: Sampling at Baga beach, D: sampling at Anjuna beach.

Samples were brought back to laboratory and were undergone further processing.
3.1.2 In-vitro seaweed cultivation

Collected seaweed specimens were meticulously cleaned to eliminate any associated marine
organisms and sand particles using forceps and multiple rinses with seawater sourced from
the same sampling site. For cultivation purpose seawater was filtered with muslin cloth and
subsequent sterilization via autoclaving at 121°C and 15 psi, for 20 minutes. Cleaned
seaweed samples was seeded for cultivation in photoreactors of capacity 2, 5, and 10 liter

(Fig. 5).
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Fig. 5: Photoreactor A: 2L, B: 5L, C: 10L volume photoreactors

Salinity was adjusted at 25 PSU using distilled water and measured by using Refractometer
(Erma Head Refractometer). Seeding density was initially maintained as 2.5 g/L. The
nutrients supplied were monosodium phosphate (NaH2PO4) and ammonium chloride
(NH4Cl) at the concentration of 0.057 mM/L and 0.59 mM/L respectively. Here, NaH,PO4

and NH4Cl were used for providing as source of phosphorous and nitrogen respectively.

Throughout the cultivation period, seawater in the culture vessels underwent weekly
replacement, while nutrients were replenished every alternate day. Temperature was
maintained at 24 + 2 °C, with continuous aeration provided. Additionally, tube lights were
employed as supplementary light sources during daylight hours. Light intensity was
measured using Lux meter at 10 am, 1 pm, 6 pm which was found to be 1429.33 lux, 5300.33

lux, 28842.66 lux respectively.

The seaweed samples were cultivated for duration of four weeks maintaining all culture

conditions. After every week the biomass was weighed for analysing growth.
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The cultivation setup was situated in Seaweed cultivation facility at Biotechnology
laboratory, School of Biological Sciences and Biotechnology (SBSB) of Goa University

(Fig. 6).

Fig. 6: In-vitro seaweed cultivation facility Biotechnology discipline, Goa

University

Specific growth rate in percentage per day was calculated by using formula (Yong et al.,

2013):

1/¢

Wt
Specific growthrate (g day™!) = [(m) —1]x100

Where, W; is Final weight, W, is initial weight, t is time period (7 days)

3.2 Ulva biomass characterization

The cultivated biomass was harvested after each culture cycle. It was dried overnight at 80
°C and ground using liquid nitrogen in a mortar and pestle till fine powder was formed. For

all characterization tests powdered dry biomass was used.




19

3.2.1 Proximate analysis

Estimation of moisture, ash, total solids and volatile solids content:

Ash and moisture in the biomass were determined by following procedure given by
(Shadangi et al., 2023). The ash content present in the biomass is nothing but residual
inorganic matter left behind after combustion at higher temperature. These inorganic
components typically comprise of minerals such as silica, calcium, potassium, iron, sodium,
magnesium, aluminum, titanium and others. Presence of these minerals depends on the

source of plant material.

To determine the ash content (in %), moisture from the biomass has to be eliminated. Sample
(0.2g) dry Ulva biomass (W2) was first oven-dried at 105 £+ 2 °C overnight in pre-weighed
crucible (W1). Weight is noted as W3. For volatile solids oven-dried sample was heated in
the muffle furnace (Parthak electronic furnace) at 550 + 25°C for three hours, cooled in the

desiccator and the final weight is noted as W4.

Formulas: Total solids (%) = (W3-WI1/W2) *100
W1= weight of the crucible (g)

W2 = weight of sample

W3 = Dry weight of sample + crucible (g)

Ash content (%) = (W4-WI1/W2) *100

W4 = Weight of crucible + sample after 550°C (g)
Volatile Solids (%) = 100- Ash content (%)

Moisture content (%) = 100 - Total solids (%)
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3.2.2 Ultimate analysis

The elemental composition of Ulva was determined by CHNS analysis of dry biomass using
CHNS analyzer Elementar® Vario Micro Cube analyser V1.9.4. It is an organic elemental
analysis or elemental microanalysis which determines the amounts of carbon (C), hydrogen

(H), nitrogen (N) and sulphur (S) present in a sample.

3.2.3 Chemical composition analysis

a. Estimation of total protein content

Folin’s Lowry method (Lowry et al., 1951) was used for determination of total protein
in dry Ulva biomass. Bovine Serum Albumin (BSA) working standards of concentration
(0.04, 0.08, 0.12, 0.16, 0.20 mg/mL) were prepared. Fifteen milligram of finely ground
Ulva biomass was added to 1.5 mL of 0.25 N NaOH in two milliliter tubes and
homogenized in bead beater (Benchmark beadbug™ Mini Homogenizer Model D1030
(E)) for 10 minutes and kept in refrigerator overnight. Samples were centrifuged and
ImL from supernatant was taken for protein estimation. Five milliliter Reagent C was
added to all test tubes and content was mixed using a vortex. After 10 minutes of
incubation at room temperature 1.5 mL Reagent D was added immediately with
continuous mixing. Tubes were incubated for 30 minutes at room temperature in the
dark. The absorbance of standards and sample was recorded at 660 nm using a
Spectrophotometer (UV mini 1240 Shimadzu, Japan). Concentration of protein in Ulva
sample was estimated from concentration of BSA standard curve plotted against their

absorbance.

b. Estimation of total carbohydrate content

For estimation of total carbohydrate content Anthrone’s test (Ludwig et al., 1956) was

employed. From stock solution (concentration 1 mg/mL), working standards were
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prepared (0.1 mg/L to Img/mL). For sample preparation 10 mg Ulva dry biomass was
kept in boiling water bath for 3 hours. Five milliliters freshly prepared Anthrone reagent
was added in all the tubes and mixed gently. Tubes were incubated in water bath at
hundred degrees Celsius for 10 minutes. After incubation it was allowed to cool and
absorbance was recorded at 660 nm using a Spectrophotometer. Concentration of
carbohydrate in Ulva sample was estimated from concentration of glucose standard

curve plotted against their absorbance.

c. Estimation of total lipid content

Total lipid content in Ulva biomass was estimated by Bligh and Dyer method (Bligh &
Dyer, 1959). Dry Ulva biomass (0.5 g) was taken in the centrifuge tube to which solvent
mixture consisting of chloroform and methanol in a 1:2 ratio was added. Following this,
the mixture was homogenized for 2 minutes and left to incubate at room temperature for
24 hours. After the incubation period, 4 mL of chloroform was added to each tube and
homogenized for one minute. Subsequently, 4 mL of water was added and homogenized
again for 1 minute. Immediately after homogenization, the final solution underwent
filtration using a Whatman filter paper No. 1. The resulting solution was then transferred
into another tube, allowing the layers to separate. The volume of the bottom layer was
recorded and subsequently transferred into a pre-weighed petriplate. Following this, the
solution in the petriplate was evaporated, and the petriplate was re-weighed. Total lipid
content was measured using following formula where, weight of lipid is difference in

weight of petriplate before and after lipid extraction.

Weight of lipid X Volume of chloroform

Total lipid =
otattipt Volume of sample
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d. Total starch content

10 mg of dry biomass was taken for estimation of total starch content. Megazyme total

starch estimation kit was used to determine the starch concentration.

The Total Starch (AA/AMG) Assay Kit (Megazyme K-TSTA-50A / K-TSTA-100A
Assay kit) was used to determine the starch content in Ulva. Finely ground powder
weighing 10 mg for each sample was placed into 2 mL Eppendorf tubes and treated with
0.2 mL of 2M KOH. The tubes were then placed on a shaker at 150 rpm for 30 minutes
at 37 °C, with periodic mixing every 10 minutes by vortexing. Following incubation, the
tubes were briefly heated in a boiling water bath for 1 minute to fully dissolve the starch
in KOH. Subsequently, 0.8 mL of 1.2 M sodium acetate buffer (pH 3.8) was added to
the tubes, followed by the addition of 0.01 mL of amylase and 0.01 mL of
amylglucosidase (AMG). The tubes were again incubated at 50 °C for 90 minutes, with
mixing every 10 minutes. After incubation, the tubes were centrifuged at 3000 rpm for
10 minutes. In separate 2 mL Eppendorf tubes, 0.01 mL of the supernatant was taken,
and 0.3 mL of GODPOD reagent was added. The tubes were further incubated at 50 °C
for 20 minutes, and the absorbance was measured at 510 nm. Standard glucose solution
(100 mg/mL) and a reaction blank were prepared. The concentration of total starch (%)

was calculated using the provided formula:

Concentration of starch = “AA x F x (D/Sample weight) X final Volume % 0.90”

Where, AA represents the absorbance of the sample against the blank, F is the
factor to convert absorbance values to mg glucose, D is the dilution factor, and 0.90

is the conversion factor from free glucose to anhydroglucose, as found in starch.
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3.2.4 Microscopic analysis

Ulva fresh biomass thalli was observed under light microscope at 100X magnification. Cell
structure and overall thallus architecture was observed. Thalli was stained using Lugol’s

Iodine solution to observe the starch granules in fresh biomass.

3.3 Extraction of starch granules

3.3.1 Extraction of starch granules from fresh Ulva biomass

Starch granules from Ulva was extracted as per (Prabhu et al., 2019). Freshly harvested
biomass from the culture was used for starch extraction. It was washed thrice with distilled
water to remove surface salts. The biomass was homogenized in distilled water (1:20 (w/v))
to fine particulate suspension using blender at full speed. The homogenate obtained was
filtered through filter membrane of pore size 100 um to remove large particles and cell
debris. Filtrate was kept to settle at 4 °C, after 24 hours the top green extract was carefully
discarded so that bottom slurry is retained. The slurry was washed with absolute ethanol
several times till the green color is removed. The pellet after ethanol washes was
resuspended in distilled water and sequentially passed through 10 and then through 5 um
pore size nylon filters. The final filtrate obtained was centrifuged at 9000 rpm, 4 °C for 10
minutes. Final wash of absolute ethanol was given to the pellet and the starch pellet was air

dried at 4 °C (Fig. 7).
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Fig.7: Ulva starch extraction procedure

3.3.2 Extraction of starch granules from rice.

Rice starch was used as a control in all the experiments. Isolation of starch from rice was

done according to (Choi et al., 2004).

First rice was steeped in 0.25 % aqueous NaOH solution overnight at room temperature. The
steeped sample was blended in blender for 5 minutes at full speed. This step was repeated
till a uniform paste was formed. This paste was diluted with distilled water and filtered
through 100 pm filter mesh for 3 to 4 times. Filtrate was centrifuged at 25,000 g for 20
minutes followed by ethanol wash of obtained pellet. Top yellowish layer of pellet was
removed by scraping followed by ethanol wash to obtain white starch pellet. Pellet was

lyophilized to eliminate all moisture content and stored in airtight container.
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3.4 Synthesis of starch nanoparticles.

Starch nanoparticles were produced through enzymatic hydrolysis according to (Dukare et

al., 2021), followed by ultrasonication as described by (Boufi et al., 2018).

For the enzymatic process, 0.15 grams of rice starch and Ulva starch were separately
suspended in 15 mL of deionized water in two conical flasks. 0.015 units of a-amylase
enzyme, corresponding to a concentration of 0.1 units per gram of starch, was added to each
flask. The flasks were then placed in an incubator shaker (Redmi cis-24 plus incubator
shaker) set to a temperature of 60 + 0.2 °C for 30 minutes. Following incubation, the reaction
mixtures underwent centrifugation at 9,500 rotations per minute for 10 minutes at 4 °C. The

resulting pellet was then resuspended in 15 mL of absolute ethanol.

For sonication (MRC Ultrasonic Processor, SONIC-650WT-V2), above enzymatically
treated starch was used with absolute ethanol as a solvent. The sonication parameters were
set as: 85 % power output, 220V/50 Hz, 650 W, at 5s pulse and 5s pause for 40 minutes. The

tubes were placed in ice bath for reducing the effect of high temperature.

3.4.1. Characterization of starch nanoparticles

For characterization of starch nanoparticles SEM and FTIR analysis techniques were

employed.

SEM analysis:

Ulva and rice starch nanoparticles were subjected to scanning electron microscopy (SEM)
analysis to characterize their surface structures and particle size. The SEM analysis was
conducted using a Carl Zeiss EVO 18 scanning electron microscope. Prior to imaging, the
samples were prepared by mounting them onto SEM stubs using double-sided carbon tape

and then coated with a thin layer of gold. The SEM images were captured at various
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magnifications to investigate the surface topography and particle size distribution of both

Ulva and rice starch nanoparticles.

FTIR analysis:

Fourier transform infrared spectroscopy (FTIR) was employed to analyze the chemical
composition and functional groups present in Ulva and rice starch nanoparticles. FTIR
spectra were recorded using a Bruker, alpha 2. The FTIR spectra obtained were analysed to
identify characteristic absorption peaks corresponding to specific functional groups present

in Ulva and rice starch nanoparticles, to know their chemical structure and composition.

FTIR spectra were analysed using Origin 8 software (OriginLab Corporation, USA), version
v8.0773(773) to identify functional groups and chemical bonds present in the samples. Peak

assignments were made based on established literature and spectral libraries.

3.5 Dye removal study

The experiment was carried out by referring to (Cheng et al., 2009) with some modification.
Congo red, crystal violet, and malachite green dyes were chosen for the experiment, and
solutions with varying concentrations of 0.1, 0.5, and 1 mg/mL were prepared using distilled
water for each dye. For each, the maximum absorbance wavelength (Amax) was determined.
Rice starch (control), Ulva starch, rice starch nanoparticles, Ulva starch nanoparticles and
Ulva biomass were taken for analysis. In 2 mL Eppendorf tubes, 10 mg of each sample was
added for every 1 mL of dye, and all reactions were performed in duplicate. The mixtures
were then incubated under shaking conditions for 15 minutes, followed by centrifugation at

12,000 rpm for 15 minutes.

Absorbance readings were taken at the specific Amax for each dye using spectrophotometer.

Percent dye removal was calculated by using formula:




Co—Ce
Co

% removal = x 100

Where, C,: Initial concentration of dye

Ce: Concentration of dye after the reaction.

3.6. Statistical analysis of dye removal by ANOVA

27

An Analysis of Variance (ANOVA) was conducted using IBM© SPSS version 23.0

statistical software (IBM Corporation, USA, 2021) to examine the percent removal of Congo

red, Crystal violet, and Malachite green by various samples, including rice starch, rice starch

nanoparticles, Ulva starch, Ulva starch nanoparticles, and Ulva biomass. The provided

values for graphical representation of the results represent the mean + standard deviation of

two replicates (n = 2) for each data point. The significance level was set at p < 0.01.

Post hoc multiple comparisons using Duncan's test were performed to identify specific

differences among the samples. Means marked with different superscript letters indicate

statistically significant differences.
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CHAPTER 4: ANALYSIS AND CONCLUSION

4.1.1. Sample collection

During first sampling event, both juvenile and mature stages of the seaweed's life cycle were
obtained. At second and third location, predominantly juvenile stages of the Ulva life cycle
were collected. The biomass samples collected at all three locations were obtained during
low tide when the intertidal zone was largely exposed, facilitating the collection process.
The biomass predominantly adhered to rocks and was carefully removed from the holdfast

using forceps before being placed into polyethylene sampling bags.

4.1.2. In-vitro seaweed cultivation

The seaweed demonstrated growth and development throughout the experimental period.
Visual observation revealed healthy thalli exhibiting characteristic green coloration

indicative of active photosynthesis (Fig. 8).

I

Fig. 8 a: Ulva during growth, b: Ulva biomass after harvesting

After analyzing the growth for four weeks, the biomass increased from 7.5 gm on day
0 to 25.12 gm at the end of week four. This biomass increase was 134 % at the end of
fourth week. However, the growth rate for first, second, third and fourth week was 7.669

% day !, 4.365 day !, 1.197 day "' and 0.865 day ! respectively (Table No.1).
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Table No. 1: Growth of Ulva biomass for four weeks and Specific growth rate

Week | Weight (in gram) | Specific growth rate in percentage
per day (% day ')
0 7.5 0
1 12.9+0.14 7.669+ 3.79
2 18.59+0.77 4.365+2.16
3 21.72+1.59 1.197+£0.59
4 25.12+2.71 0.865+ 0.42

According to literature the growth rate was 7.13 = 3.44 % day ! with optimum conditions
(Balina et al., 2017). This indicate that the biomass increase in initial week is higher than
the week later. This could be attributed to the space constraint faced by the Ulva biomass
during the growth from week 2 to week 4. This suggest that biomass density must be reduced

to obtain optimum or maximum growth rate.

One of the primary advantages of in vitro cultivation is the ability to manipulate
environmental parameters to optimize growth and productivity. By controlling factors such
as light intensity, temperature, nutrient availability, and salinity, researchers can enhance the
growth rate and biomass yield of Ulva seaweed (Kumar et al., 2023). This allows for the
scalable production of biomass for applications ranging from biofuel production to food

supplements (Xu et al., 2023).

4.2. Ulva biomass characterization

4.2.1. Proximate analysis

Upon proximate analysis upon dry Ulva biomass which was determined by calculating total
solids, ash content, volatile solids and moisture content, it was found to be 83.2 % total

solids, 18.35 % ash content, 64.80 % volatile solids and 16.73 % moisture content. These
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values of ash and moisture content are corresponding to values reported in literature 11.20
% and 16.90 % respectively (Research Center for Oceanography, Indonesian Institute of

Sciences, JI. Pasir Putih No. 1 Ancol Timur, Jakarta 14430, Indonesia & Rasyid, 2017).

The ash content of 10.48 % represents the inorganic mineral content in Ulva biomass. It
indicates the presence of valuable minerals that can contribute to its potential use as a soil
conditioner or in the production of fertilizers (Harris & Marshall, 2017 and Albuquerque et

al., 2021).

4.2.2. Ultimate analysis

It was seen that the carbon content of dry Ulva biomass was 25.81 % which closely
resembles the carbon content reported in the literature (27.8 % to 30.2 %) (Tsubaki et al.,
2020). This suggests that the cultivated Ulva biomass may have undergone variations in
carbon uptake or assimilation processes, influenced by factors such as nutrient availability,
light intensity, and growth conditions (Pappou et al., 2022).Understanding these dynamics
is crucial for optimizing biomass production and carbon sequestration potential in Ulva

cultivation systems.

However, the hydrogen content was 5.57 % which is in consistent with literature values (4.7
% to 5.5 %), indicating a relatively stable composition in cultivation conditions. The
nitrogen content was observed as 3.22 % which aligns closely with the literature range (3.0
% to 3.9 %), emphasizing the significance of nitrogen as a fundamental nutrient for Ulva
growth and protein synthesis (Tsubaki et al., 2020). Interestingly, the sulphur content of 4.66

% exceeds the lower limit reported in literature range (2.9 % to 3.9 %) (Tsubaki et al., 2020).
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4.2.3. Chemical composition analysis of Ulva biomass

The content of total protein in Ulva biomass was found to be 7.67 + 0.05% which falls within
the range reported in the literature (2-13 %). This indicates that the protein content in the
analysed Ulva sample is consistent with previous studies. The total carbohydrate content in
the Ulva biomass was 50.28 + 0.66 % which is within the reported literature range (31-80
%). This suggests that the analysed Ulva sample is relatively rich in carbohydrates.
Carbohydrates are important energy sources and structural components in biomass,
indicating the potential of Ulva biomass for applications in biofuel production, food, or
pharmaceutical industries (Li et al., 2023). The total lipid content measured in the sample
was 1.8 %, falling within the literature range (1-3 %). This indicates that the lipid content of
Ulva is within the expected range based on the literature. The observed content of total starch
in Ulva biomass was 3.93 + 0.03 % which is slightly lower than the literature value (4.2 %).
While the difference is relatively small, it highlights the variability in starch content among

different Ulva samples.

Table No. 2: Chemical composition of harvested Ulva biomass

Sr. Chemical Content in Values Reference
No. parameter dry weight reported in
(%) literature (%)
a Total Protein 7.67+0.05 2-13 (Pezoa-Conte et al., 2017)
b Total Carbohydrate | 50.28 +0.66 31-80 (Kidgell et al., 2019)
c Total lipids 1.8 1-3 (Putra et al., 2024)
d Total starch 3.93+0.03 4.2 (Bikker et al., 2016)

However, it's important to note that the biochemical makeup of marine macroalgae can vary
considerably depending on factors like species type, growth conditions, and developmental

stage. Thus, even when analysing biomass from the same species, variations may arise due
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to differences in environmental factors such as salinity, water temperature, depth, and

pollution levels (Pappou et al., 2022).

4.2.4. Microscopic analysis

Before staining with iodine, Ulva thalli appear green in color, reflecting the presence of
chlorophyll, the primary pigment responsible for photosynthesis in algae (Zhao et al., 2023).
The thalli exhibit a flat, sheet-like morphology with a smooth texture and a slimy or
mucilaginous surface (Fig. 9a). After staining with iodine, Ulva thalli undergo a noticeable
colour change (Fig. 9b). The thalli turn dark blue or black, indicating the presence of starch
within the cells. Starch, a storage carbohydrate synthesized during photosynthesis, reacts
with iodine to form a characteristic blue-black complex, providing a clear indication of
starch accumulation in the cells (Prabhu et al., 2019). The stained thalli retain their overall
morphology, but the contrast between the cells and the background significantly improves,

allowing for better visualization and analysis under a microscope.

- A TN
a ‘é‘ %")\\_”s?‘\‘ o
D X R Y
:ﬁ’wr. & 76
f%\b '_‘. { . ,\\ £ h y & N
Py o ST 59 RV
,‘.—,' .\' W .\ .N"d‘j;: 5,» Y
UV R T
g, I\ 4 ;é s =
P 'v".,l". .',k\‘l % B - |
G 0O

Fig. 9: Ulva thalli observed under 100X objective lens

a: without iodine staining, b: with iodine staining

4.3. Extraction of starch from Ulva biomass

The successful extraction and microscopic observation of starch granules from Ulva

seaweed demonstrate the feasibility of utilizing seaweed as a potential source of starch. From
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harvested Ulva biomass of 121 g, 0.89 g starch was obtained. Its observation under light
microscope with iodine staining was done for confirmation starch granules. Under 100X

objective lens brown black coloured starch granules were seen in Fig 10a and 10b.

. Ll ]

Fig. 10: lodine-stained starch samples

a: Rice starch granule, b: Ulva starch granule
The starch concentration within Ulva biomass was notably low, contrasting with the

extracted Ulva starch, which exhibited a concentration of 82.5 % (Fig. 11).
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Fig. 11: Graphical representation of concentration of starch samples
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4.3.1 Starch nanoparticles characterization

SEM analysis

Scanning electron microscopy provide valuable insights into the structural features of the
synthesized starch nanoparticles. The SEM images of synthesized starch nanoparticles
revealed their morphological characteristics at the nanoscale level. The spherical

morphology suggests a controlled synthesis process, for starch nanoparticle synthesis.

The SEM analysis revealed distinct differences in the morphological characteristics of starch
granules derived from rice and Ulva seaweed with respective nanoparticles (Fig. 12). The
average size of rice starch granules was measured to be approximately 5 um, exhibiting a
polyhedral shape (Fig 12a), whereas Ulva starch granules displayed a smaller average size
of around 3 um and a more spherical morphology (Fig 12¢). Following enzymatic treatment
with a-amylase for 30 minutes and subsequent ultrasonication for 40 minutes, significant
size reduction was observed, with rice starch granules decreasing to an average size of 200
nm (Fig 12b) and Ulva starch granules reducing to average size 329.6 nm (Fig 12d). These
findings demonstrate the effectiveness of enzymatic hydrolysis and ultrasonication in
reducing the size of starch granules, leading to the formation of nanoparticles suitable for

various applications.
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Fig. 12: SEM images of a: Rice starch, b: rice starch nanoparticles, ¢: Ulva starch, d:
Ulva starch nanoparticles

FTIR analysis

In Fourier Transform Infrared Spectroscopy (FTIR) analysis of rice starch Ulva starch,
various peaks provide valuable information about its molecular structure and functional
groups (Fig 13). Usually the O-H stretching peak are typically observed in the range of
3200-3600 cm’!, signifies the presence of hydroxyl groups within the starch molecule.
Correspondingly, the C-H stretching peak, appearing around 2900-2950 cm™, indicates the
stretching vibrations of C-H bonds present in alkyl groups of the starch molecule. Another
peak is the C=0 stretching peak, typically found between 1600-1650 cm™!, which suggests
the presence of carbonyl groups. Additionally, the O-H bending peak around 1400-1450 cm™
! corresponds to the bending vibrations of hydroxyl groups, while the C-O stretching peak,

typically observed in the range of 1000-1200 cm™!, represents the stretching vibrations of C-
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O bonds in ether linkages within the starch molecule. The C-H bending peak, appearing
around 1300-1450 cm™, indicates the bending vibrations of C-H bonds in alkyl groups.
Lastly, peaks around 1020-1040 cm™ and 995-1015 cm™ are indicative of the presence of
amylose and amylopectin, respectively, within the rice and Ulva starch sample (Berkkan et

al., 2021; Vaitkeviciene et al., 2022).
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Fig. 13: FTIR graph of Rice and Ulva starch
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Similar trend was seen in FTIR graph of rice and Ulva starch nanoparticles but with some

minor variations like stretching and sharpness of hydroxyl and carbonyl peaks (Fig. 14).
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Fig. 14: FTIR graph of Rice and Ulva starch nanoparticles
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For starch samples and starch nanoparticle samples, following peaks were observed as

shown in the Table No. 3.

Table No. 3: Comparison of FTIR graph functional groups peaks theoretical (Berkkan et al.,
2021; Vaitkeviciene et al., 2022) and observed.

1015

Sr. | Type of | Theoretical Absorbance (cm™)
No. | functional group | absorbance
range (cm™) Rice Ulva Rice starch Ulva starch
starch starch | nanoparticles | nanoparticles

1 Hydroxyl group | 3200-3600 3285 3280 3291 3285
stretching
(0-H)

2 Alkyl group | 2900-2950 2922 2924 2924 2924
stretching
(C-H)

3 Carbonyl group | 1600-1650 1641 1633 1645 1637
stretching (C=0)

4 Hydroxyl group | 1400-1450 1441 1445 1457 1448
bending
vibration
(O-H)

5 Ether linkage 1000-1200 1328 1346 1338 1338
(C-0)

6 Alkyl groups 1300-1450 1014 1012 1012 1026
(C-H)

7 Amylose and | 1020-1040 924 932 924 928
amylopectin and 995-




39

4.4. Dye removal study

Congo red:
The image depicts the pelleted samples after the incubation period of 15 minutes with

Congo red dye of concentration 0.1mg/mL (Fig. 15).

Fig. 15: Image showing various tubes of Congo red dye (0.1 mg/mL) removal by samples
a: control, b: rice starch, c: Ulva starch, d: rice starch nanoparticles, e: Ulva starch
nanoparticles, f: dry Ulva biomass
At all three concentrations (0.1 mg/mL, 0.5 mg/mL, 1 mg/mL) of Congo red, Ulva starch
nanoparticles consistently demonstrated notably high and steady efficiency in dye removal,
with percentages ranging from 95 % to 98 % (Fig. 16). However, both rice starch
nanoparticles and Ulva biomass exhibited a significant decline in removal efficiency i.e., 72
% to 15 % and 88 % to 53 % respectively as the Congo red dye concentration increased from
0.1 mg/mL to 1 mg/mL. Ulva starch displayed varying removal percentage 87 %, 54 %, 65
% across 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL concentrations tested. Among all the samples

tested, rice starch exhibited the lowest removal percentage in range 21 % to 2 %.
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Fig. 16: Image showing graphical representation of percent removal of Congo red dye
(Concentration 0.1 mg/mL, 0.5 mg/mL, 1.0 mg/mL) by various samples.

Crystal violet:
The image depicts the pelleted samples after the incubation period of 15 minutes with

Crystal violet dye of concentration 0.1 mg/mL (Fig. 17).

1

_
A
]

Fig. 17: Image showing various tubes of Crystal violet dye (0.1 mg/mL) removal by
samples a: control, b: rice starch, ¢: Ulva starch, d: rice starch nanoparticles, e: Ulva
starch nanoparticles, f: dry Ulva biomass
Ulva starch, Ulva starch nanoparticles, and rice starch consistently exhibited the highest and

stable efficiency in crystal violet removal, with percentages ranging from 98 % to 94 %, 91

% to 96 % and 98 % to 86 % respectively for all three concentrations (Fig. 18). However,
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there was a decline in removal efficiency observed with increasing concentration of dye for
rice starch nanoparticles. Additionally, Ulva biomass demonstrated high removal efficiency

with the concentrations of 0.5 mg/mL and 1mg/mL, but its effectiveness was moderate for

0.1 mg/mL.
Crystal violet dye % removal =01 mo5 =1
120.00
100.00
= 80.00
=
g
5 6000
£ 40.00
20.00 i
0.00

Rice starch Ulva starch Rice starch Ulva starch Ulva biomass
nanoparticles nanoparticles

Samples

Fig. 18: Image showing graphical representation of percent removal of Crystal violet dye

(Concentration 0.1 mg/mL, 0.5 mg/mL, 1.0 mg/mL) by various samples

Malachite green:
The image depicts the pelleted sample after the incubation period of 15 minutes with

Malachite green dye of concentration 0.1 mg/mL (Fig. 19).
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. i

Fig. 19: Image showing various tubes of Malachite green dye (0.1 mg/mL) removal by

samples a: control, b: rice starch, ¢: Ulva starch, d: rice starch nanoparticles, e: Ulva
starch nanoparticles, f: dry Ulva biomass.
Ulva starch nanoparticles exhibited high dye removal efficiency for malachite green, but
with a slight decrease as the concentration increased, ranging from 97 % to 75 %. Ulva starch
displayed varying dye removal efficiency ranging from 95 % to 60 % and Ulva biomass
displayed moderate removal efficiency ranging from 77 % to 59 % (Fig. 20). Conversely,
both rice starch and rice starch nanoparticles demonstrated high removal efficiency of 99 %
and 86 % respectively at a concentration of 0.1 mg/mL but the lowest efficiency of 0 % and

17 % to 3 % respectively at both 0.5 and 1.0 mg/mL concentrations.

Malachite green % removal w01 mos m1

120.00

100.00

80.00
60.00
40.00
20.00
- i

0.00

% removal

Rice starch Ulva starch Rice starch Ulva starch Ulva biomass
nanoparticles nanoparticles

Samples

Fig. 20: Image showing graphical representation of percent removal of Malachite green

dye (Concentration 0.1 mg/mL, 0.5 mg/mL, 1.0 mg/mL) by various samples




4.5 Statistical analysis of % dye removal using ANOVA

For Congo red dye:
A : ,_
Congo red dye concentration 0.Img/mL
120.00 " c b, ¢
100.00 b -
= 80.00 I
g I
2 60.00
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a
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C Congo red dye concentration 1.0mg/mL

120.00 ¢
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100.00 -
b

g 80.00 {
s 60.00
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20.00 . I

0.00
Rice starch Ulva starch Rice starch Ulva starch Ulva biomass
nanoparticles nanoparticles
Samples

Fig. 21: Congo red dye concentration A: 0.1 mg/mL, B: 0.5 mg/mL, C: 1.0 mg/mL

The provided values represent the mean + standard deviation of two replicates (n = 2) for each data point. In the bar graph,
means marked with different superscript letters indicate statistically significant differences (determined through ANOVA

with a significance level of p < 0.01, followed by post hoc multiple comparisons using Duncan's test).

In all three concentration 0.1, 0.5, 1.0 mg/mL of Congo red dye, Ulva starch nanoparticles

showed significantly high percentage of dye removal having p<0.001 (Fig 21).

For Crystal violet dye:

A

Crystal violet dye concentration 0.1 mg/ml
120.00 b b

b b

I I a

100.00 T

8
8

%4 removal
@
o

3
8

20.00

0.00
Rice starch Ulva starch  Rice starch Ulva starch
nanoparticles nanoparticles
Samples

Ulva biomass
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B . .
Crystal violet dye concentration 0.5 mg/ml
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Fig. 22: Crystal violet dye concentration A: 0.1 mg/mL, B: 0.5 mg/mL, C: 1.0 mg/mL

The provided values represent the mean + standard deviation of two replicates (n = 2) for each data point. In the bar graph,
means marked with different superscript letters indicate statistically significant differences (determined through ANOVA

with a significance level of p < 0.01, followed by post hoc multiple comparisons using Duncan's test).

In concentration 0.1 mg/mL of Crystal violet dye, all samples expect for Ulva biomass
sample showed significantly high percentage of dye removal having p=0.009 (Fig. 22 A).

While in concentration 1.0 mg/mL all samples expect for rice starch nanoparticles sample
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showed significantly (p=0.001) high percentage of dye removal (Fig. 22 C). For 0.5 mg/mL

concentration, Ulva starch nanoparticles along with Ulva starch and rice starch showed

significantly (p=0.001) high dye removal percentage (Fig. 22 B).

For Malachite green dye:
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Malachite green dye concentration 1.0mg/ml

Rice starch

b b b
=
a
I
Ulva starch Rice starch Ulva starch Ulva biomass

nanoparticles  nanoparticles

Samples

Fig. 23: Malachite green dye concentration A: 0.1 mg/mL, B: 0.5 mg/mL, C: 1.0 mg/mL

The provided values represent the mean + standard deviation of two replicates (n = 2) for each data point. In the bar graph,

means marked with different superscript letters indicate statistically significant differences (determined through ANOVA

with a significance level of p < 0.01, followed by post hoc multiple comparisons using Duncan's test).

In concentration 0.1 mg/mL of Malachite green dye, % removal of all samples did not show

any significance having p=0.048 (Fig. 23 A). While in concentration 0.5 mg/mL Ulva starch

nanoparticles showed significantly (p=0.001) high percentage of dye removal (Fig. 22 B).

For 1.0 mg/mL concentration, Ulva starch nanoparticles along with Ulva starch and Ulva

biomass showed significantly (p=0.001) high dye removal percentage (Fig. 23 C).




48

CONCLUSION

In conclusion, the in-vitro cultivation of Ulva biomass revealed a growth rate of 4.45 % per
day, indicating its potential as a sustainable resource. Characterization tests confirmed that
the cultivated Ulva biomass retained its chemical composition, validating its successful
cultivation. Furthermore, FTIR and SEM analyses demonstrated that Ulva starch and its
nanoparticles exhibit similar characteristics to rice starch and its nanoparticles, respectively,
suggesting their similarity to terrestrial starches and suitability for various applications. The
results of the ANOVA analysis reveal significant differences among the experimental
groups, indicating that there is a statistically significant effect of the independent variable
(sample types: rice starch, rice starch nanoparticles, Ulva starch, Ulva starch nanoparticles,
and Ulva biomass) on the dependent variable (percent removal of dyes: Congo red, Crystal
violet, and Malachite green). This suggests that the sample type significantly influences the
efficacy of dye removal. Particularly, Ulva starch and its nanoparticles exhibited promising
capabilities for dye removal, even at higher concentrations, underscoring their potential as
an effective and eco-friendly alternative for environmental remediation purposes. These
findings highlight the potential of Ulva starch nanoparticles in the field of wastewater

treatment particularly for dye removal.
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Appendix

1. Instruments used:
e MRC Ultrasonic Processor, SONIC-650WT-V2
e UV-Vis spectrophotometer mini 1240
e Lab India Micro table high speed refrigerated centrifuge
e Redmi cis-24 plus incubator shaker
e Benchmark beadbug™ Mini Homogenizer Model D1030 (E)
e Thermo fisher medifuge small benchtop centrifuge
¢ Erma Head Refractometer

e Parthak electronic furnace

2. Reagents used for protein estimation by Folin’s Lowry
Reagent A: 2% sodium carbonate in 0.1 N sodium hydroxide
Reagent B: 0.5% copper sulphate in 1% potassium sodium tartarate. Prepared freshly
by mixing stock solution
Reagent C (Alkaline copper sulphate): Add 5S0mL of Reagent A and 1mL of Reagent
B prior to use.
Folin’s reagent (Reagent D): Dilute Folin-Ciocaltean with an equal volume of 0.1 N
NaOH

Standard: Img/mL of BSA
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Fig. 24: Standard graph of total protein estimation in dry Ulva biomass
3. Reagents for Carbohydrate estimation:
Anthrone reagent: 0.2g of Anthrone powder in 100mL of concentrated H2SOas.
Freshly prepared reagent was used and stored in amber color bottle.

Standard: 1mg/mL Glucose
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Fig. 25: Standard graph of total carbohydrate estimation in dry Ulva biomass




