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and associated phytochemicals extracted from annatto
seeds using conventional and green solvents
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Department of Biological Sciences, Birla Institute of Technology and Science Pilani, Pilani Campus, Pilani, 333 031, Rajasthan, India

Abstract

Nutraceuticals, that include food ingredients and bioactives from natural products, confer physiological health ben-
efits and protection against chronic diseases. Annatto is a tropical shrub grown in Central and South America and parts
of India. Its seeds are rich in the edible carotenoid-derived apocarotenoid pigment, bixin, which is used as a natural
colorant in food, textiles, and cosmetics, and is now gaining attention for its potential health-promoting attributes. Here,
we compared a green solvent (ethyl lactate) based extraction of bixin and associated metabolites in annatto seeds
(crushed and seed coat) with two other conventional solvents (acetone and acid-base). Bixin was characterized in the
extracts using UVevisible- and FTIR-spectroscopy and thin-layer chromatography. The bixin-containing solvent extracts
were then profiled for other co-existing metabolites using GCeMS analysis, which were found to be sesquiterpenes,
terpenes, terpenoids, phytosterols, and tocotrienols. Their bioactivity was evaluated based on antioxidant and wound-
healing efficacies and compared with pure bixin, using NIH-3T3 fibroblast cells in-vitro. Pure bixin, as well as the
annatto solvent extracts, showed strong antioxidant and wound healing properties, wherein pure bixin and green solvent
extract (ethyl lactate coat) exhibited higher levels of antioxidant activity, achieving 46.00% and 44.60% reduction in MDA
levels, respectively, as well as enhanced wound-healing activity, with 54.09% and 53.60% wound closure within 24 h. The
green solvent extracts of annatto seeds revealed: (a) differential bioactive profiles in annatto seeds (crushed and seed
coat) in comparison with other solvents, and (b) strong antioxidant and wound healing properties. Thus, ethyl lactate
extraction shows strong potential for sustainable environmental friendly production of functional foods/nutraceuticals
from annatto seeds.

Keywords: Annatto, Antioxidant, Bixin, Green solvent, Wound healing

1. Introduction

N utraceuticals are functional food ingredients
and dietary supplements that contain a wide

range of bioactive substances/compounds. The po-
tential of nutraceuticals is to provide physiological
health benefits and protection from chronic diseases
beyond the basic nutritional value found in normal
foods [1,2]. Herbal sources include anthraquinones,
alkaloids, tannins, carotenoids, flavonoids, and di-
etary supplements such as carbohydrates, proteins,
lipids, vitamins, pro-prebiotics, and mushrooms [3].
To meet the diverse health-promoting tumorigenesis
and disease-preventing requirements, different

types of food supplements are presently available,
and many more are under intensive research and
development against metabolic syndrome [4,5]. The
well known food color additive bixin is sourced from
annatto plant, which is emerging as a health pro-
moting edible pigment, along with other co-metab-
olites [6].
Bixa orellana L. (annatto) is a shrub that belongs to

the Bixaceae family and is native to tropical regions
of Central and South America, including Peru,
Kenya, Brazil, and Mexico. Interestingly, there have
been reports of small-scale cultivation of B. orellana
L. in different states of India. This plant is
commonly known as annatto or achiote tree, and in
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India, it is known as “sinduria” [7]. The seeds of the
plant are highly valued for their high bixin content,
which is approximately 80% in the outer layer of
the seeds of the annatto seed coat [8]. A very recent
study reported a quantification protocol, which can
not only assess nutritionally essential minerals, but
also determine possible presence of other non-
essential or toxic elements, such as heavy metals in
annatto seeds. The mineral content was correlated
with soil treatment and agro farming methods,
thereby providing a valuable insight for food reg-
ulatory assessments, and the role of soil environ-
ment [9].
Bixin (90-cis-6,60-diapocarotene-6,60-dioic acid) is a

carotenoid-derived apocarotenoid (C23) that has a
shorter molecular structure compared to usual ca-
rotenoids (C40) [10]. Naturally, bixin is present in an
unstable cis form. However, through the applica-
tions of heat or organic solvent extractions, it can be
converted into a stable form which in turn reduces
molecular instability. By converting bixin into its
stable form, it can be utilized in the food and
beverage industry, where it is used in various
products such as cheese, butter, and baked goods
[11]. It serves as a natural colorant, imparting an
orange-reddish hue to these products. In addition to
its industrial applications, bixin has also garnered
attention for its potential health benefits [12]. For
example, studies showed that bixin isolated from
annatto extract was seen to have an anti-cancer ef-
fect in both in-vitro and in-vivo models by inhibiting
the growth and progression of tumors [13e15].
Some studies have suggested that annatto extracts
have potent antioxidant and anti-inflammatory
properties [16,17], which could make them useful for
preventing or treating conditions related to oxida-
tive stress and inflammation. In an in-silico study,
geranylgeraniol and tocotrienols purified from
annatto seeds were found to have positive effects
against hyperlipidemia and exhibit anti-inflamma-
tory effects [18]. Another study showed that acetone
extract of annatto and bixin have a protective effect
against retinal damage cause by tunicamycin by
inhibiting the early phase of apoptosis [19]. Addi-
tionally, some reports have revealed anti-microbial
[20,21], and anti-mutagenic [22,23] activities of bixin.
All these points strongly to health-promoting ben-
efits of annatto.
The choice of an appropriate solvent plays a

pivotal role in extracting of carotenoids and other
co-metabolites from plant materials. The selection
of the right solvent is essential for maximizing yield,
preserving compound integrity, ensuring compati-
bility with analytical methods and being environ-
mentally friendly process. There are reports of

extracting bixin from annatto seeds, using organic
solvents such as petroleum ether, methanol,
ethanol, and more recently ethyl lactate [24e26].
Importantly, ethyl lactate is a green solvent, which
has been reported for the concurrent extraction of
both hydrophilic and lipophilic phytonutrients from
discarded fruits and vegetables materials [27]. In
another recent report, carotenoids were successfully
extracted using an environmentally friendly solvent
SUPRAS (supramolecular solvent system) [28]. Such
green solvents based extraction are a sustainable
approach for obtaining phytochemicals. However, a
comparative understanding of solvent effects, based
on different extraction methods, associated phyto-
chemical profiling and their bio/pharmacological
activity, is needed.
In our present study, our objective was to char-

acterize bixin derived from different extracts of B.
orellana L. seeds, namely acetone (organic solvent),
HCleKOH (acid-base), and ethyl lactate (green
solvent), and to comparatively analyze the differ-
ential co-existing phytochemical constituents pre-
sent in these extracts (both crushed seeds and seed
coat). This was followed by evaluation of the anti-
oxidant and anti-inflammatory/wound healing ac-
tivities of bixin and annatto extracts using suitable in
vitro models with NIH-3T3 fibroblast cells.

2. Material and methods

2.1. Chemicals and reagents

Bixin standard obtained from HPC Molecules
Analytical Lab Solutions Pvt Ltd. (Hyderabad,

Abbreviations

AC Acetone coat
EC Ethyl lactate coat
ABC Acid-base coat
ACr Acetone crushed
ECr Ethyl lactate crushed
ABCr Acid-base crushed
H2O2 Hydrogen peroxide
MDA Malondialdehyde
TBARS Thiobarbituric acid reactive substances
TCA Trichloroacetic acid
TBA 2-thiobarbituric acid
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenylte-

trazolium Bromide
GCeMS Gas chromatographyemass spectrometry
FTIR Fourier-transform infrared spectroscopy
HPLC High-performance liquid chromatography
TLC Thin layer chromatography
UVeVis UVevisible spectroscopy
PA% Peak area percentages
Rt Retention time in min
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Telangana, India). Acetone, acetonitrile, dichloro-
methane (DCM), dimethyl sulfoxide (DMSO), po-
tassium hydroxide, hydrochloric acid,
monopotassium phosphate, sodium hydroxide, Tris
buffer, n-butanol, methyl ethyl ketone, aqueous
ammonia, trichloroacetic acid (TCA), 2-thio-
barbituric acid (TBA) were purchased from Sigma
Aldrich (United States). Ethyl lactate was procured
from Alfa Aesar (India). ((3-(4,5-Dimethylthiazol-2-
yl)-2,5-Diphenyltetrazolium Bromide) MTT dye was
obtained from Sisco Research Laboratories Pvt Ltd.
(India). The Thin Layer Chromatography (TLC)
plates (precoated with aluminum-backed silica gel
60 F254) were procured from Merck (Darmstadt,
Germany). For our cell culture studies we utilized
mouse embryonic fibroblast cells (NIH 3T3) ac-
quired from National Centre for Cell Science
(NCCS, Pune, India). Dulbecco's modified eagle's
medium (DMEM) and fetal bovine serum (FBS)
were purchased from Gibco Life Technologies
(Carlsbad, CA, USA).

2.2. Annatto seeds collection and extraction

Commercially available seeds of B. orellana L.
(Annatto) were purchased from AJ Agri Exports
(Neemuch, Madhya Pradesh, India 24.4738� N,
74.8726� E). Extracts were prepared by taking 5 g of
dried annatto seeds, which were either crushed into
a fine powder using waring blender or taken as
whole seeds for different solvent extractions. Se-
lection of solvents was based on published reports
[17,29,30], including FAO/WHO Expert committee
on Food Additives [31].

2.2.1. Organic solvent/green solvent extract
Both the crushed seeds and whole seeds were

subjected to extraction three times using 20 mL of
organic solvent (acetone) and green solvent (ethyl
lactate) at room temperature for 60 min in an orbital
shaker incubator. The supernatant was then filtered
using Whatman filter paper (No.1). This step was
repeated three times, and all the supernatants from
both crushed seeds and seed coat were separately
combined in flasks. Next, the combined superna-
tants were concentrated to dryness using rotary
evaporator (Aditya scientific, Hyderabad, India).
The concentrated extracts were subsequently stored
at 4 �C for further analysis.

2.2.2. Acid-base extract
Both crushed seeds and whole seeds extracts were

prepared using method by Abayomi et al. [17]. A
total of 5 g of seeds were subjected to extraction
three times with 20 mL of 1 M KOH at a

temperature of 70 �C for 30 min on a magnetic
stirrer. The resulting supernatant was then filtered
using Whatman filter paper (No.1). This filtration
step was repeated three times, and all the super-
natants from both the crushed seeds and whole
seeds were combined separately in flasks. To acidify
extracts, 3 M HCl was added, leading to the for-
mation of crystals. The filtrate was allowed to settle
overnight at room temperature. Afterwards, super-
natants were decanted, and the filtrate was washed
with distilled water 3e4 times. The extract was then
placed in an oven at 45 �C for 48 h to dry. The
resulting lumps were subsequently ground into a
fine powder using mortar and pestle. The powdered
extract was stored at 4 �C for further analysis.
The overall yield of the extract was calculated

using the formula: Extract yield % ¼ (Extract mass/
dry mass) *100.
The quantification of bixin was done using a bixin

standard curve and the following formula: Bixin
yield (%) ¼ (concentration of Bixin/weight of seeds)
*100.

2.3. UVevisible spectrophotometry analysis

UVevisible spectroscopy was conducted using
UV-VIS-NIR spectrophotometer (Shimadzu 3600).
The UVevis spectra of bixin (standard) were
compared with annatto extracts was obtained using
quartz cuvettes with a path length of 1 cm. A con-
centration of 0.1 mg/mL for both bixin and the other
extracts was prepared by dissolving them in a
mixture of 9 parts acetonitrile and 1 part dichloro-
methane (DCM). Absorbance spectra were recorded
within the range of 350e550 nm range. To ensure
accuracy, background measurements were taken
using pure solvents in which sample is dissolved
prior to each sample measurement.

2.4. Fourier-transform infrared spectroscopy (FTIR)
analysis

For the comparative analysis of the FTIR spectra of
bixin (standard) and annatto extracts, a concentra-
tion of 0.1 mg/mL for both bixin and the other ex-
tracts was achieved by dissolving them in a solution
consisting of 9 parts acetonitrile and 1 part
dichloromethane (DCM). The FTIR spectra were
then obtained using FTIR spectrophotometer (Alpha
Bruker, Germany) with scans conducted over the
wavenumber range of 400e4000 cm�1. This tech-
nique aimed to discern the characteristic functional
groups and molecular structure of bixin present in
the annatto extracts.
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2.5. Thin layer chromatography

To identify bixin in the annatto extracts, analytical
TLC was performed. Prior to TLC, 1 mg/mL extracts
were dissolved in a mixture of 9 parts of acetonitrile
and 1 part of dichloromethane (DCM). A volume of
3 mL of the sample was then applied to the TLC
plate. After the sample application on the adsorbent,
the TLC plate was placed in a solvent system con-
sisting of n-butanol, methyl ethyl ketone and 10%
aqueous ammonia in a volume ratio of (3:2:2) as
recommended by the FAO/WHO Expert committee
on Food Additives [31]. The plate was kept in sol-
vent system until the solvent front ascended about
7 cm. Subsequently, the Rf value was calculated
using the formula: Rf ¼ (distance travelled by the
solute/distance travelled by the solvent) � 100. The
Rf value of extracted bixin was then compared with
the Rf value of the standard bixin for analysis.

2.6. High-performance liquid chromatography
(HPLC)

The annatto extracts and standard bixin were
analyzed using HPLC (Agilent 1260 Infinity II)
equipped with a Poroshell 120 EC-C18 column
(4.6 � 150 mm 4-Micron). A 0.1 mg/mL sample was
dissolved in a mixture of 9 parts of acetonitrile and 1
part of dichloromethane (DCM). Prior to injection,
the sample was filtered through a 0.22սm filter. The
injection volume was 2 mL, and the mobile phase
consisted of eluent A (acetonitrile þ 0.1% formic
acid) and eluent B (water þ 0.1% formic acid). The
analysis was performed based on modified protocol
[32] using a gradient sequence: 0 min A-B (0:100),
15 min A-B (95:5), 20 min A-B (95:5), with a total run
time of 25 min. The flow rate was set at 0.7 mL/min.
Detection of the samples was carried out at 460 nm
using a variable wavelength detector.

2.7. Gas chromatographyemass spectrometry GC/
MS analysis

GCeMS analysis was performed on all the ex-
tracts using the GCMS-TQ8040 NCI (Shimadzu)
equipment in pulsed spitless mode. A concentration
of 0.1 mg/mL for each extract was prepared by
dissolving them in 100% acetone. The instrument
was equipped with an Rxi-5Sil MS column (Restek,
U.S.A) with dimensions of 30 mm length, 0.25 mm
inner diameter (ID), and a 0.25 mm film thickness
(df). The following parameters were used in this
analysis: an injector temperature of 250 �C, a de-
tector temperature of 300 �C, an interface tempera-
ture of 240 �C, an ionization voltage of 70 eV, and a

mass range of m/z 33e500 measured at a rate of 2.76
scans/s. The column flow rate was set at 1.3 mL/min,
and helium was used as the carrier gas. For each
extract, a sample injection volume of 1 mL was
introduced into the injector port. The run method
followed the temperature program described as
follows: initially held at 40 �C for 2 min, then grad-
ually increased at a rate of 5 �C/min until reaching
180 �C where it was held for 2 min. Subsequently,
the temperature was further raised at a rate of 5 �C/
min until reaching 300 �C, and it was maintained for
10 min [23,33].The fragmentation patterns of the
mass-spectra were compared to the NIST library for
identification.

2.8. Cell culture

Murine fibroblast NIH/3T3 cells (obtained from
NCCS, Pune, India) were cultured in DMEM (Dul-
becco's modified eagle medium) supplemented with
10% fetal bovine serum (FBS) and 1% antibiotic
(penicillin G and streptomycin). The cells were
maintained in a humidified atmosphere at 37 �C
with 5% CO2.

2.9. Cell viability assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay was done to
assess cytotoxicity in the presence of treatment
groups, namely bixin and different annatto extracts.
NIH/3T3 cells were initially seeded in a T-25 flask
with a surface area of 25 cm2 at a density of
6 � 104 cells/mL of medium. After 24 h, when the
desired cell confluency was reached, the cells were
trypsinized using 0.25% trypsin and transferred to a
96-well plate at a density of 8 � 103 cells per well.
Following an additional 24 h incubation, the test
samples were dissolved in dimethyl sulfoxide
(DMSO) and diluted in the culture media to obtain
final concentrations ranging from 5 ug/mL to 20 ug/
mL, ensuring that concentration of DMSO
remained below 1%. After 24 h of incubation with
the test compounds, the cell was treated with a
mixture of 9 parts growth media and 1-part MTT
dye (5 mg/mL) and further incubated for 3 h.
Following the incubation period, the media con-
taining the MTT dye was removed, and the purple-
colored formazan crystals were dissolved by adding
DMSO. The absorbance of the resulting solution
was measured at 570 nm using (Multiskan FC,
Thermo Scientific, DE) [34].
The following formula was used to calculate per-

centage cell viability: (mean absorbance of viable
cells)/(means absorbance of control cells) � 100.
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2.10. Lipid peroxidation assay

To assess the antioxidant activity of bixin and
annatto extracts, the thiobarbituric acid reactive
substances (TBARS) assay was performed in
cultured cells in vitro as described previously [34].
This assay measures the levels of malondialdehyde
(MDA), as an indicator of lipid peroxidation and
oxidative damage in the test samples. NIH/3T3 cells
were used for the assay. The control group con-
sisted of cells without any treatment with H2O2 or
test samples bixin and annatto extracts. To create
an oxidative stress-induced model, NIH/3T3 cells
were exposed to 100 mM H2O2 for 3 h and 6 h’ time
points. In the experimental groups, NIH/3T3 cells
were pre-treated with pure bixin and different
solvent extracts for 3 h, followed by exposure to
100 mM H2O2 for another 3 h and 6 h (Fig. 1). After
the treatment period, cells were washed with
phosphate-buffered saline (PBS) and subsequently
lysed using RIPA buffer, The resulting lysates were
sonicated and centrifuged at 13,000�g at 4 �C for
15 min, and the supernatant was collected in fresh
microcentrifuge tubes to remove cell debris. Pro-
tein content was then normalized for each treat-
ment group. To measure lipid peroxidation, a total
of 350 mL of Tris buffer (0.15 M), 50 mL of monop-
otassium phosphate (10 mM), and 50 mL of cell
lysate were mixed and shaken for 20 min. Subse-
quently, 250 mL of 10% trichloroacetic acid (TCA)
and 375 mL of 1% thiobarbituric acid (TBA) under
acidic conditions were added to the reaction
mixture. The resulting mixture was heated in a
boiling water bath for 15 min to generate a pink-
colored adduct. The absorbance of the adduct was
measured spectrophotometrically at 530 nm (Mul-
tiskan FC, Thermo Scientific, DE). The obtained
values were then compared to a standard MDA
curve to quantify the level of MDA in the samples,
in mM/mL.

2.11. Wound healing/scratch assay

For the scratch/wounding assay, NIH/3T3 cells
were seeded into a 24-well plate at a density of
5 � 104 cells per well. Once reached approximately
80e85% confluency, a wound was created using a
200 mL pipette tip, using the same tip to create
wound in other wells. After the wound was made,
the media was removed from each well and washed
twice with PBS. Subsequently, the wells were
treated with test samples (bixin, and annatto ex-
tracts) all at a concentration of 10 mg/mL. Photo-
graphs were taken at the wound site at 0, 24 and 48 h
using an inverted microscope, and the migration of
cells at the wound site was compared with the
control group. The wounding area was then quan-
tified using ImageJ software.

2.12. Statistical analysis

The in vitro experiments were performed at least
thrice, in triplicate sets. Statistical analysis was
performed using one-way or two-way ANOVA to
compare the experimental groups, and their statis-
tically significant differences in values were
expressed as: p � 0.05 (*), p � 0.01 (**), and p � 0.001
(***). GraphPad Prism v9.5.1, 2023 was used for
analysis.

3. Results and discussion

Annatto seeds, as a source of natural edible
pigment bixin, along with the other co-metabolites,
not only adds vibrant hues to our foods but also has
several nutraceutical and industrial applications. In
the present study, we used three distinct solvents for
extraction of bixin and co-metabolites namely, acid
-base, acetone, and a green solvent, ethyl lactate.
The experimentation included both crushed seeds
as well as seed coat. The highlight of the study is

Fig. 1. Experimental induction of oxidative stress in normal fibroblast cells and treatment with bixin and annatto extracts. This schematic
represents the timelines in our experiment work flow. After confluence, NIH-3T3 cells were treated with bixin/annatto extracts. The oxidative stress
inducer hydrogen peroxide was added 3 h later. The biochemical assays were performed in samples obtained in the next 3 and 6 h. The figure was
created using Bio Render.
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that a comparative profiling under similar experi-
mental conditions was performed between the three
solvents, by performing GCeMS analysis of bio-
actives in the different extracts, and evaluation of
their bioactivity in in vitro cell culture models of
oxidative stress and wound healing.

3.1. Physiochemical characterization of annatto
seed extracts

3.1.1. Differential solvent extracts from annatto seeds
The yield of crude extracts and bixin yield ob-

tained from the three different extraction methods,
namely acetone (an organic solvent), HCleKOH
(acid-base), and ethyl lactate (a green solvent) are
shown in Fig. 2. The results indicate that the
acetone extracts show the highest crude extract
yield, with 15.36% for the seed coat and 19.56% for
the crushed seeds, compared to the ethyl lactate
extracts, which yielded 14.62% for the seed coat and
16.5% for the crushed seeds, as well as the acid-
base extracts, which yielded 12.82% for the seed
coat and 15.28% for the crushed seeds. The contri-
bution of acetone to the extraction of bixin and
bioactives has been comparatively reported [19,29].
Interestingly, while the extract yield in ethyl lactate
seed coat extract lower than that of acetone seed
coat extract, it is still comparable. This finding

indicates that ethyl lactate can still extract a
considerable amount of bioactives, but slightly at
lower efficiency compared to acetone. Thus, ethyl
lactate can serve as a viable green alternative to
organic solvent extraction process, albeit with a
slightly reduced extract yield.
As a green solvent, ethyl lactate has several ad-

vantages over traditional solvents such as acetone
and petroleum ether. It is biodegradable, non-toxic,
has low volatility, and can be produced sustainably
from non-petroleum sources such as fermentation
of agro biomass [35]. Consequently, it has lower
environmental impact and is less harmful to human
health. Ethyl lactate was also reported as a green
solvent to remove the total petroleum hydrocarbons
from oil contaminated soil, for environmentally
friendly remediation of soil [36].
Ethyl lactate is considered comparable in polarity

with acetonitrile, and forms different types of
chemical interactions (hydrogen bonds, van der
Waals forces) thereby enabling miscibility with
polar/hydrophilic and nonpolar/hydrophobic ca-
rotenoids [37]. However, ethyl lactate based extrac-
tion of bioactives from annatto seeds is under-
researched. Further, ethyl lactate extracts of annatto
also need to be evaluated for their bioactivity/
pharmacological activity, which has been presented
in this study.

Fig. 2. Yield of bixin following solvent extraction. Yield (%) of extracts obtained through different solvent extractions in both annatto seed coat and
seed crushed (AeB) and bixin yields (%) from different annatto extracts (CeD). AC-acetone coat, ELC-ethyl lactate coat, ABC-Acid-base coat, ACr-
Acetone crushed, ELCr-ethyl lactate crushed, ABCr-Acid-base crushed. Values are expressed as mean ± SD of three independent extractions.
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The UVeVisible spectrophotometry analysis re-
veals a significant increase in bixin extraction yield in
the seed coat extracts than the seedcrushedextracts, as
illustrated in Fig. 2(C) and (D). Bixin has been reported
to be found abundant in the seed coat and constitutes
about 80% of the carotenoid pigments found in
annatto seeds [38]. Our results indicate an increased
bixin yield using acetone solvent for extraction, with
32.85% in seed coat extracts and 23.71% in crushed
seed extracts. In contrast, ethyl lactate solvent extracts
showed a slightly lower bixin yield of 25.08% in seed
coat extracts and 16.15% in crushed seed extracts. The
acid-base extracts exhibited a lower bixin yield, with
16.56% in seed coat extracts and 17.66% in crushed
seed extracts, when compared to the yield obtained
from the other solvent extracts.
In Fig. 3(a), the UVeVisible absorbance spectra

show the bixin (standard) and annatto extracts at a
concentration of 0.1mg/mL in acetonitrile/DCM (9:1).
Following the methodology outlined by FAO/WHO,
the absorption maxima for bixin in 100% acetone are
anticipated to occur at 425 nm, 457 nm and 487 nm
[31]. Our UVeVis analysis results show the peak sig-
natures of the standard bixin exhibit absorption
maximaat 460nmand490nm,which are similar to the
peaks observed in the annatto extracts. The acetone
seed coat extract showed bixin with highest absorp-
tion peak, which has been comparatively studied [39].
Additionally, the ethyl lactate seed coat shows a lower
absorption peak compared to the acetone coat extract
but higher than the other extracts.
Bixin exhibits higher affinity for polar organic

solvents due to the presence of a carboxylic acid
group and a methyl ester group in its structure
Fig. 3(b). These functional groups contribute to its
relatively polar nature, distinguishing it from other
carotenoids. It is worth noting that the yield of bixin
extracted from the annatto seeds is influenced by
the polarity of the solvent used. Interestingly, it has
been observed that both the least polar and the most
polar solvents result in the lowest yield of bixin [40].
This suggests that acetone and ethyl lactate are good
extraction solvents for extracting apocarotenoid
bixin from annatto seeds. These solvents can effi-
ciently penetrate plant cells, disrupting the structural
integrity of the cell walls and facilitating the release
of desired compounds [41,42]. Moreover, consid-
ering the principles of acid-base reactions, stronger
acids tend to react with the conjugate bases of
weaker acids. So, acetone which has a pKa of 19.20, is
considered a weaker acid compared to bixin (pKa
4.9010) [29]. In recent reports, green extraction sol-
vents has been successfully utilized in the extraction
of carotenoids from tomato and other plants as re-
ported in studies by Silva et al. and Murador et al. Fi
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[43,44]. Therefore, both acetone and ethyl lactate can
be utilized as an effective solvent for extracting
bixin.

3.1.2. Characterization by FTIR spectroscopy
Fig. 4 displays the overlapping FTIR spectra of

annatto extracts. The spectrum assignments made
based on the reported literature [25,39,45]: at
3547 cm�1 the dOdH vibration is observed, at
3002 cm�1 ¼ CeH stretching, at 2252 cm�1 the
HeCeH bending vibration, at 1633 cm�1 the car-
boxylic C ¼ O group, at 1439 cm�1 C ¼ C stretching
is observed, at 1039 cm�1 and 919 cm�1, at 1378 cm�1

CeH bending of the methyl groups, at 1039 cm�1

CeOeC ester group, at 919 cm�1 the out of plane
vibration of the ¼ CeH group. The FTIR spectra
indicate a distinction between the crude extracts and
the standard bixin spectrum, suggesting the pres-
ence of other bioactives in the extracts. This suggests
that the annatto extracts contain other derivatives of
bixin, as well as minor carotenoids and related bio-
actives, as previously reported [46,47].

3.1.3. Thin layer chromatography analysis of annatto
seed extracts
In order to identify the presence of bixin in crude

annatto extracts, analytical TLC was performed. The

chromatographic profile of the samples was
observed under visible light, revealing two distinct
yellow spots: a dark yellow band and a light-yellow
spot (detected below the dark yellow spot) is shown
in Fig. 5. Bixin, being the dominant carotenoid of the
annatto extract, appeared at Rf 0.57 and norbixin
appeared at Rf 0.4, which is consistent with standard
bixin and previously reported literature [31,48].
Since organic solvents are aimed at extracting lipo-
philic compounds, both acetone and ethyl lactate
extracts showed prominent presence of bixin spot,
while the relatively polar norbixin may not be effi-
ciently extracted using organic solvents and hence
the mild colored spot. In acid-base extractions, both
bixin and norbixin spots are distinctly visible, which
is consistent with the literature [17].

3.1.4. HPLC analysis
The HPLC analysis of the annatto extracts allowed

the separation of bixin, with a distinct peak
observed at retention time of 18.23 min, which
matched the retention time of the standard bixin. In
the seed coat extracts, the bixin peak accounted for
90.76% of total area separated in the acetone extract,
81.21% in the ethyl lactate extract, and 55.03% in the
acid-base seed coat extract. In the crushed seed
extracts, the bixin peak comprised 53.99% in the

Fig. 4. Comparative FTIR spectra of pure bixin with different annatto extracts. The red boxes indicate characteristic peaks of the functional
groups related to bixin.
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acetone extract, 52.97% in the acid base extract and
49.46% in the ethyl lactate extract. The bixin peak
area was significantly higher in the seed coat ex-
tracts, particularly in the acetone seed coat extract,
compared to the levels observed in the crushed seed
extracts, as shown in Fig. 6.

3.1.5. Bioactives profiling by GCeMS analysis
Overall, a total of 272 different compounds were

identified in the extracts by GCeMS analysis (please
refer to Fig. 7 for the chromatograms while a detailed
compilation of phytochemicals, as well as the list of
the top 50 abundant compounds, can be found in the
supplementary file [https://doi.org/10.38212/2224-
6614.3500]). The majority of volatile compounds
found in these extracts were terpenes/terpenoids,
sesquiterpenes, tocotrienols, steroids, with small
concentrations of fatty acid esters, alcohols, ketones,
alkanes, alkenes and heterocyclic or aromatic com-
pounds. These co-pigments and compounds coexist-
ing with bixin may be the breakdown products of
higher carotenoids [49,50]. Out of the top 50 abundant
compounds, sesquiterpenes constituted approxi-
mately 38% of the total volatiles in the acetone seed
coat and acetone seed crushed extract. In contrast, the
acid-base seed coat and crushed extract contained
about 12% of sesquiterpenes. The ethyl lactate coat
and ethyl lactate crushed extract had approximately
18% and 12% sesquiterpene respectively. Major

sesquiterpene includes geranylgeranyl acetate, car-
yophyllene oxide, spathulenol, isospathulenol, beta-
springene, alpha-springene, beta-santalol, ishwar-
ane, globulol. Sesquiterpenes have been studied for
their potential in anti-inflammatory, antioxidant, anti-
proliferative, weight-modulating, and antimicrobial
activities [51e53].
Among these, the phytocannabinoid, car-

yophyllene oxide has strong affinity for cannabinoid
receptor 2, thereby demonstrating anti-cancer, anti-
inflammatory effects [51]. Additionally, studies indi-
cate that extracts enriched with spathulenol from
plants Psidium guineense Sw (80.71%), Salvia mirzaya-
nii (62%) possess antioxidant, antiproliferative, and
antimicrobial effects [52,54].
The findings indicate the rich diversity of terpenes

and terpenoids present in annatto extract, with
some compounds being more predominant in spe-
cific extract. One of the major components was
1,6,10,14,18,22-tetracosahexaen-3-ol, 2,6,10,15,19,23-
hexamethyl-, (all-E) -(þ/�.)-, which constituted
approximately 37% of the peak area in the acetone
crushed extract and 33.9% in acetone coat extract.
This compound was also present in other extracts
but in lesser amounts. A study identified the diter-
penoid trans-geranylgeraniol (19.69%) in the petro-
leum ether extract of ground annatto seeds [23].
Another study revealed the presence of trans-ger-
anylgeraniol (0.75%) in the methanolic fraction of
annatto seed extract [49]. Our results showed a
higher percentage of trans-geranylgeraniol in the
ethyl lactate coat extract (34% of the peak area),
followed by 13.8% in the acid-base crushed extract.
This compound has been reported to exhibit anti-
cancer, anti-inflammatory activities as well as ben-
efits against hyperlipidemia [18,55]. Additionally,
smaller amounts of other terpenes/terpenoids, such
as squalene, and farnesyl palmitate, were also pre-
sent in the annatto extracts that are worth
mentioning owing to their wide range of potential
health benefits [56] and industrial applications such
as aroma [8,57].
Tocotrienols, specifically the delta and gamma

forms, which are members of the vitamin E family,
are found in extracts derived from annatto plant.
Studies have highlighted their potential health ben-
efits. For instance, research suggests that tocotrienols
extracted from annatto seeds improve glucose up-
take in diabetic mice by mitigating inflammatory
responses [58]. Moreover, these tocotrienols have
been shown to decrease triacylglycerol accumulation
in both adipoctyes and hepatocytes and also offer
antioxidant activity [59]. In our findings, delta-toco-
trienol exhibits higher area percentage compared to
gamma-tocotrienol. The area percentage of delta-

Fig. 5. Bixin characterization in different solvent extracts of
annatto by thin layer chromatography (TLC). TLC plate with
different annatto extracts developed in n-butanol, methyl ethyl ketone
and 10% aqueous ammonia (3:2:2). 1-Standard bixin, 2-Acid-base coat,
3-Acid-base crushed, 4-Ethyl lactate crushed, 5-Ethyl lactate coat, 6-
Acetone coat, 7-Acetone crushed.
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Fig. 6. Bixin characterization in different solvent extracts of annatto by high performance liquid chromatography (HPLC). HPLC chromatogram of the different annatto extracts. A-pure bixin,
B-acetone/coat, C-ethyl lactate/coat, D-acid-base/coat, E-ethyl lactate/crushed, F-acid-base/crushed, G-acetone/crushed.
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Fig. 7. GCeMS chromatograms of different annatto seed/crushed extracts. A-acetone/coat extract, B-ethyl lactate/coat extract, C-acid-base/coat
extract, D-acid-base/crushed extract, E-acetone/crushed extract, F-ethyl lactate/crushed extract.
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tocotrienol in both acetone crushed extract (20.6%)
and acetone coat extract (18.2%), is higher than that of
other two extracts. Similarly, gamma-tocotrienol
demonstrates higher area percentages in acetone
crushed (2.72%) and acetone coat (2.7%) extracts.
While this compound is also present in ethyl lactate
crushed and coat extracts, it is present in lesser levels.
Gamma-tocotrienol is not detected in acid-base
crushed and coat extracts in the top 50 compounds. A
recent report [24] demonstrated that a pre-process-
ing step of probe sonication, followed by solvent
extraction (particularly isopropyl acetate and ethyl
lactate) in annatto seeds greatly improved the yield of
delta tocotrienol.
Some plant sterols, including gamma-sitosterol,

stigmasterol, fucosterol and campesterol, have been
identified in annatto extracts. Among the top 50
compounds, the proportion of phytosterols is
marginally higher in acetone-crushed extract (8%)
and ethyl lactate-crushed extract (6%) when
compared to seed coat extracts, where it accounts
for 6% for acetone-coat and 4% for ethyl lactate coat
extracts. The content of steroids in acid-base ex-
tracts, both from seed coat and crushed samples, is
lower, approximately around 2%. The identification
of phytosterols in annatto extracts holds significance
due to their potential involvement in a range of
biological activities. Notably, these compounds can
exert cholesterol-lowering effects, which is primar-
ily attributed to sitosterol and campesterol [60].
Additionally, phytosterols possess anti-inflamma-
tory properties, thereby contributing to the mitiga-
tion of inflammatory conditions [61]. Moreover,
their antioxidant activity serves to counteract detri-
mental free radicals in the body [62]. These phy-
tosterols have also demonstrated promise in terms
of anti-cancer properties [63].
p-Xylene were also identified among the top 50

compounds in acetone-crushed and seed coat ex-
tracts, as well as in ethyl lactate coat extracts. This
compound is reported to be the result of degrada-
tion of higher molecular weight carotenoids [64].
To summarize, annatto seeds can serveas a valuable

source of above-mentioned bioactives that can be
tapped suitably using various extractions methods.

3.2. Experimental validation of antioxidant and
anti-inflammatory activity of bixin and different
annatto extracts

3.2.1. Non-cytotoxic (safe) dosage of bixin and annatto
extracts determined in normal fibroblast (NIH/3T3)
cells
Before proceeding to evaluate the antioxidant and

anti-inflammatory effects of bixin and different

annatto extracts on NIH/3T3 cells, we conducted an
MTT colorimetric assay to determine the non-cyto-
toxic dosage. The safe dosage was defined as the
concentration at which at least 80% or more cells
remain viable. After incubating the test samples for
24 h, we observed a dose-dependent decrease in cell
viability. Hence, for further in vitro studies, we opted
for a non-cytotoxic dosage of 10 mg/mL. This con-
centration ensured that cells are viable more than
80% for both bixin and the other annatto extracts
(Fig. 8).

3.2.2. Lipid peroxidation - TBARS assay
The levels of MDA, a commonly used biomarker

for assessing lipid peroxidationwere evaluated in our
study. Our H2O2-induced oxidative stress model
showed a significant increase in MDA concentration
(p � 0.001), confirming the effectiveness of our cell
culture model in inducing oxidative stress. However,
upon treating the models with the apocarotenoid
bixin and different solvent extracts of annatto seeds
(crushed or seed coat), we observed a remarkable
suppression of oxidative stress-mediated lipid per-
oxidation (Fig. 9). For the 3-h post H2O2 exposure
time point, the reduction levels of MDA ranged from
20.90% to 44.20%. Likewise, at the 6-h post H2O2

exposure time point, the reduction levels ranged
from 30% to 46%. Relative to all the extracts, pure
bixin exhibited the highest antioxidant activity with
reductions of 44.20% and 46% at the 3 h and 6 h post
H2O2 exposure, respectively. The ethyl lactate- and
acetone-coat extracts demonstrated significant
reduction inMDA levels [24], with decrease of 44.60%
at 6 hpostH2O2 exposure and 43.15%at 3 h postH2O2

exposure, which may be due to the abundance of
bixin pigment in the annatto seed coat, alongwith the
presence of other bioactives [21].
Our results showed that bixin, an apocarotenoid,

exhibits potent antioxidant properties that may be

Fig. 8. Concentration dependent effects of the different annatto
extracts on cell viability. Values are expressed as mean ± SD of three
independent experiments performed in triplicates. AC-acetone coat,
ELC-ethyl lactate coat, ABC-Acid-base coat, ACr-Acetone crushed,
ELCr-ethyl lactate crushed, ABCr-Acid-base crushed.
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attributed to its conjugated double bonds. In the
presence of free radicals, bixin functions as an elec-
tron donor, neutralizing these harmful molecules
and prevents oxidative damage. Its stability and

lipophilic nature further enable it to protect cell
membrane from lipid peroxidation and consequent
oxidative damage. This antioxidant capacity posi-
tions bixin as a valuable candidate for potential
health benefits and protection against oxidative-
stress related diseases [16]. The association of
oxidative stress with metabolic syndrome is well
known [65], though the cause and effect roles of
reactive oxygen species (ROS) need investigation in
each metabolic condition [66]. Thus, the antioxidant
efficacy shown by pure bixin and the solvent extracts
point to their potential applications in preventing
lipid peroxidation and protection against oxidative
stress, implicating their role as antioxidant in nutra-
ceutical/functional food formulations, antioxidant
food additives that require antioxidant component.

3.2.3. Wound healing assay
In this study, we conducted an in-vitro wound

healing assay using a monolayer of NIH-3T3 fibro-
blasts cells with a “scratch” assay to evaluate the
wound healing potential of both pure bixin and
various annatto extracts. We compared the per-
centage of area closure with untreated control cells
as shown in (Fig. 10).

Fig. 10. Evaluation of wound healing efficacy of bixin and annatto extracts (A) Representative images of wound healing assay of NIH-3T3 mouse
fibroblast cells treated with bixin and different annatto extracts (scale bar: 100 mm; magnification: 10�). (B) Percentage area closure after 24 h was
quantified using ImageJ software. Values are expressed as mean ± SD of three independent experiments performed in triplicates. Statistical difference
between values were expressed as p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

Fig. 9. Evaluation of antioxidant potential of pure bixin and sol-
vent extracts of annatto seeds.MDA levels in oxidative stress induced
group and its reduction in the treated groups indicates the antioxidant
activity of bixin and annatto extracts. Values are expressed as
mean ± SD of minimum of two to three independent experiments, each
done in triplicate sets. Statistical comparisons are as follows: a-with
respect to control; b-with respect to H2O2-induced oxidative stress group
(symbols *, **, and *** represent statistical significance at p � 0.05,
0.01, and 0.001 respectively).
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Our experimental results showed that scratch
closed significantly faster when treated with pure
bixin, showing a 54.09% closure at concentration of
10 mg/mL, as opposed to control cells, which
exhibited a 36.4% closure rate. Among the different
annatto extracts tested, the ethyl lactate seed coat
extract showed an increased wound closure of
53.6%, while the slowest closure rate was observed
in the acid-base extracts, with a 38% closure at the
same concentration of 10 mg/mL. Previous literature
suggests that carotenoids possess antioxidant
properties [67]. In our study, both bixin, an apoc-
arotenoid, and annatto extracts exhibited antioxi-
dant activity. Wound formation triggers the
production of free radicals associated with the in-
flammatory process. If the anti-inflammatory and
antioxidant functions are not active, it can lead to
oxidative stress and persistent inflammation, slow-
ing down the healing process and causing addi-
tional damage to the tissues [68]. Antioxidants play a
crucial role in mitigating the effects of free radicals,
thereby aiding the wound healing process. It is
interesting to note a formulation where nanofiber
based scaffold with bixin as an antioxidant has been
reported for wound healing applications, that can
have treatment implications to heal diabetic wounds
[69].

4. Conclusions

The present study brought out the differential
bioactive profiles in the crushed and seed coat ex-
tracts of annatto, using different solvents such as
acid-base, acetone, and ethyl lactate (green solvent).
Pure bixin and ethyl lactate extracts of annatto seeds
showed relatively better antioxidant and wound
healing properties when compared with the other
solvent extracts. The green solvent extraction used
here for annatto seeds is a sustainable approach that
can be extended to other natural pigments. The
edible pigment bixin and annatto seed extracts with
bixin and co-metabolites, may be tapped further for
nutraceutical and food additive applications, as well
as innovative formulations including nano-
formulations that need synergy of antioxidant and
wound healing efficacy.
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