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production via sustainable bioprocessing
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Canthaxanthin is an orange-coloured carotenoid pigment produced by several microorganisms and is

known for its anti-cancer, antioxidant, and anti-inflammatory properties. However, canthaxanthin

production via chemical routes poses significant health and environmental concerns. In this study,

a sustainable process was developed for canthaxanthin production using acid-treated rice straw (ATRS)

residue as a substrate. Encapsulation was performed using different wall materials to enable controlled

release of canthaxanthin. The highest canthaxanthin yield (135 mg L−1) was achieved from Dietzia

kunjamensis after optimization using response surface methodology. Furthermore, ultrasonication

enhanced pigment extraction in ethanol by 16.67%, followed by purification using column

chromatography. The purified canthaxanthin exhibited an antioxidant activity of 47% in the DPPH assay

and showed stability at pH above 2. Among the encapsulating agents tested, polyvinylpyrrolidone

showed the highest encapsulation efficiency (75%). Encapsulated canthaxanthin was characterized using

FTIR, SEM, and XRD analyses. The Higuchi model provided the best fit for release kinetics from the

cyclodextrin–pectin blend matrix (R2 = 0.97). Flowability of the encapsulated powder was evaluated

using Carr index, Hausner ratio, and bulk density measurements. Overall, the produced canthaxanthin

demonstrates strong potential as a bioactive colorant for applications in the food and nutraceutical sectors.
Sustainability spotlight

This study focused on addressing two issues at once: canthaxanthin production from the acid-treated rice straw residue while also mitigating waste and
minimizing the health risk due to the consumption of synthetic dye. Canthaxanthin not only leads to colored food products but also enhances the antioxidant
properties of food products. Encapsulation of canthaxanthin into different food wall materials improves its release kinetics, which makes it perfect for utili-
zation in the food industry. This process is best t in the circular bioeconomy, which utilizes agro-waste and produces commercially viable bioactive compounds
that meet the criteria of SDGs.
1 Introduction

Canthaxanthin, also known as 4,40-diketo-b-carotene, has
a vibrant orange appearance. It is a member of the carotenoid
xanthophyll family.1 For centuries, color has been a part of our
daily existence. The market for dyes and pigments is projected
to be worth USD 33.20–49.10 billion by 2027.2 However, the
majority of coloring agents and dyes used today are produced
chemically. However, submerged fermentation (SmF) can yield
more stable microbial pigments while avoiding contamination
and requiring less control than solid-state fermentation (SSF).3

The food sector has made extensive use of this approach for the
production of pigments by using glucose or rice our as the
primary carbon source.4 To lower the pigment production cost
and promote sustainable raw material utilization, several
Institute (BRIC-NABI), Formerly CIAB,
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y the Royal Society of Chemistry
studies have used plentiful agricultural waste materials (ligno-
cellulosic materials) like rice straw, jackfruit seeds, bagasse
from sugarcane, and corn cobs.3 Rice straw (RS) is one type of
biomass.5 India produces 126.60 million metric ton (MMT) of
RS and 22.40 MMT of rice.5 Historically, RS leovers have either
been burned or allowed to naturally decompose in the elds;
both of these methods have serious negative effects on the
environment and the economy.6

The most important sensory component in food selection is
vision since it allows one to evaluate the quality of food before
consuming it. The inherent color of a food acts as a visual
signal, training the brain to quickly identify acceptable and
secure food types.7 Articial coloring is widely used in the world
food supply chain. However, according to in vivo research, they
can result in adverse effects such as allergies, asthma, and
tumor growth. These chemicals have been most closely linked
to toxicological concerns to human health throughout the past
century. Nevertheless, because they are more affordable, stable,
and vibrant than natural ones, the food sector employs them.7 A
Sustainable Food Technol.
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previous study has reported the production of monascus
pigments from the hydrolysate of rice straw by submerged
fermentation.3 Several studies have reported canthaxanthin
production by different species of Dietzia as mentioned in Table
2. Dietzia natronolimnaea HS-1 and Dietzia maris AURCCBT01
produce canthaxanthin respectively using glucose as a carbon
source.4,8 The use of waste whey and hydrolyzed molasses has
also been reported for canthaxanthin production.9,10 In biolog-
ical systems, canthaxanthin is synthesized from b-carotene
employing b-carotene ketolase enzyme with echinenone serving
as an intermediary xanthophyll.11 Canthaxanthin has a ketone
functional group, which is responsible for several biological
activities like anti-oxidant, anti-cancer, anti-inammatory, and
anti-aging properties.1 Owing to these properties, it has attrac-
ted considerable market attention. A report showed that the
pigment's market has grown from USD 135 million to USD 444
million with 2.6% CAGR from 2024 to 2032, and the Asia Pacic
is a major player in the canthaxanthin market (GMI, 2025).
Canthaxanthin is used in animal feed, food colourants, nutra-
ceuticals, beverages, and cosmetics.11 The WHO Expert
Committee on Food Additives has recommended an ADI
(Average Daily Intake) of canthaxanthin of 0.03 mg per kg BW.
An expert committee of the European Food Safety Authority
(EFSA) also agreed with this ADI.12 Several companies like BASF
(Germany), DSM (USA), Dynadis SARL (France), Novepha
(China) and Taiyo Group (India) have commercial products
around the world containing canthaxanthin.11 This highlights
the future potential and commercial viability of canthaxanthin.

Carotenoids are hydrophobic in nature, which makes it
difficult for them to get solubilized in aqueous systems. Various
approaches have been applied for the solubility enhancement of
carotenoids, like encapsulation. Carotenoids like astaxanthin,
canthaxanthin, b-carotene and many others act as guest mole-
cules, while encapsulating agents like cyclodextrin (CD), mal-
todextrin (MD), pectin (PC) and protein hydrolysate act as host
molecules. These host materials not only enhance the solubility
of canthaxanthin, but also increase its shelf life, and preserve
bio-activity and thermal and photo-degradation of caroten-
oids.13 Various encapsulation techniques have been employed,
including spray drying, freeze drying, emulsion-based methods,
and electrospinning. Among these techniques, freeze drying is
preferred over spray drying as it is more suitable for thermola-
bile products.14

Many studies have investigated canthaxanthin production in
Dietzia strains; however, no study has been reported on
canthaxanthin production by Dietzia kunjamensis using rice
straw as a substrate. The aim of this study is sustainable
production of canthaxanthin from the residual fraction of ATRS
using Dietzia kunjamensis. Fermentations were systematically
compared with acetate and citrate buffer-based media to
determine the optimal buffer system for efficient saccharica-
tion and fermentation compatibility. To further enhance
canthaxanthin production, the effects of different monovalent
and divalent salts and nitrogen sources were evaluated during
fermentation. In addition, the study investigated the antioxi-
dant activity, pH stability, encapsulation efficiency, and release
kinetics of puried canthaxanthin. To identify the best suitable
Sustainable Food Technol.
encapsulating wall matrix for industrial applications,
a comparative assessment of the Carr index (CI) and Hausner
ratio (HR) was conducted for all encapsulating materials, with
the aim of selecting a bioactive colorant for the food and
nutraceutical sectors.

2 Materials and methods
2.1 Chemicals and reagents

All the solvents utilized in this study were of analytical grade
and acquired from Sigma-Aldrich (USA). b-Glucanase (1 Umg−1)
from Trichoderma longibrachiatum, cellulase (0.8 U mg−1) from
Aspergillus niger, and HPLC grade canthaxanthin(>95% purity)
were purchased from Sigma-Aldrich (USA). Sodium hydroxide
(NaOH), MD,CD, sodium caseinate (SC), PC, poly-
vinylpyrrolidone (PVP), glucose and silica gel were purchased
from CDH (New Delhi, India).Yeast extract (YE) was purchased
from Hi-media (Maharashtra, India).

2.2 ATRS procurement and potential microbe isolation

ATRS was procured from the Food Engineering and Nutrition
Lab, Center of Innovative and Applied Bioprocessing (CIAB),
Mohali, Punjab, India. Soil was collected from CIAB
(30.66836072641783, 76.72042073813246). To isolate pigment-
producing microbes, stock solution of the soil sample was
prepared by adding 1 g of soil in 100 ml water, and then serially
diluting with nutrient agar media. Serially diluted samples were
incubated for seven days at 32 °C (Memmert, Germany). Aer
isolation of the desired pigment-producing strain, it was iden-
tied at Institute of Microbial Technology (IMTECH), Chandi-
garh, India.

2.3 Alkali treatment of ATRS and saccharication

Previously, ATRS generated aer xylitol and prodigiosin
production from hemicellulose content, by our research
group,15,16 was washed and dried in an oven (Memmert, Ger-
many) at 45 °C for 7 h. A modied,17 technique was used to treat
5% (w/v) dried ATRS with four different concentrations of NaOH
(w/v), namely 1%, 2%, 3%, and 4%, at 121 °C for 15 min. Alkali
treated ATRS was washed and dried. 3% (w/v) of alkali treated
residue was saccharied with 0.5 mM acetate and 0.5 mM
citrate buffer18,19 with three different combinations of b-gluca-
nase and cellulase enzymes at 52 °C for 72 h at 150 rpm in
a shaker with 0.2% (w/w) enzyme loading (Innova 42, New
Brunswick, USA). In the rst combination b-glucanase and
cellulase were taken in a 65 : 35 ratio, in the second combina-
tion an equal ratio of both enzymes was used, and in the third
combination a 35 : 65 ratio was used. Glucose concentration
was determined by HPLC (Agilent Innity 1290, California, USA)
in a HiPlexH column (Agilent, California, USA) using a 5 mM
H2SO4 mobile phase with a 0.6 ml min−1

ow rate, and column
temperature was maintained at 65 °C.

2.4 Canthaxanthin production by SmF

Canthaxanthin was produced by using saccharied glucose
from ARTS as a carbon source with acetate and citrate buffer at
© 2026 The Author(s). Published by the Royal Society of Chemistry
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neutral pH.4 Prepare 30 ml seed culture in nutrient broth with
10 g per l commercial glucose at 150 rpm and 32 °C in a 100 ml
ask. Aer 96 h, seed culture was used as the inoculum for
canthaxanthin production. Furthermore, the standard curve
was plotted with lyophilized dry cell biomass against O.D, for
the determination of cell biomass concentration in a fermented
broth at 600 nm by UV-vis spectroscopy. Colour difference due
to acetate and citrate buffer was measured by using a handheld
spectrophotometer (RM200, Lovibond, China). Colour param-
eters L*, a*, b*, and C* were selected from Commission Inter-
nationale de l'Eclairage (CIE). L* represents lightness and
darkness of the sample; if the a* value is positive it showed
redness while negative a* represents greenness, positive
b* represents yellowness while negative represent blueness of
the sample and C* represents chroma of the sample. The effect
of the nitrogen source and salt concentration on the biomass
production was also determined.
2.5 Optimization of pigment production

Optimization of canthaxanthin production was done by the
Design Expert soware (version 12.0.11.0, Stat-Ease, Inc., Min-
neapolis, USA). In the present study, the experiments were
performed in 100 ml conical asks with 30 ml media under
conditions of RPM: 150 rpm, time: 120 h and temperature: 32 °
C. For detailed optimization, ve independent parameters were
selected for optimization within a certain range: glucose
concentration (1–2.5%, w/v), YE (0.5–2% w/v), NaCl (0.5–1.5%,
w/v), pH (6–8), inoculum concentration (0.5–2.5%, v/v). These
parameters were coded as A, B, C, D and E, respectively. Statis-
tical analysis was performed using an ANOVA table generated by
Design Expert soware.4,16
2.6 Extraction and purication of the intracellular pigment

Microbial cell biomass was concentrated using a centrifuge
(Sorvall ST8R, Thermo scientic, USA) from fermented broth
and the intracellular pigment was extracted in 100% ethanol
with and without bath ultrasonication (Sonica Ultrasonic
Cleaners, Soltec, Italy) at 40 °C for 45 min.20 Silica gel column
chromatography was used to purify the raw pigment. Different
pigment fractions were separated using silica with pore sizes of
60 Å and mesh sizes of 200–400. For elution, 4–40% (v/v) ethyl
acetate in hexane was used to obtain the pure form of the
pigment canthaxanthin.
2.7 Characterization of the pigment

2.7.1 UV-vis spectrophotometer. The puried pigment was
dissolved in ethanol and characterized by using a UV-vis Spec-
trophotometer (UV-1900i SHIMADJU, Japan) with standard
canthaxanthin in the spectrum range of 350 nm to 600 nm.

2.7.2 TLC (thin layer chromatography). For the TLC anal-
ysis, the sample and standard were spotted on a pre coated
silica gel plate (Merck, USA). Hexane and ethyl acetate were used
as the mobile phase in a 6 : 4 ratio. The Rf value was calculated
by using the formula described by Miglani et al. (2023).16
© 2026 The Author(s). Published by the Royal Society of Chemistry
Rf ¼ disance travel by solute

distance travel by solvent
(1)

2.7.3 UPLC (ultra performance liquid chromatography).
The puried pigment was further validated by UPLC (Waters,
Milford, MA, USA) with standard canthaxanthin; the ratio of
acetonitrile and methanol in a 7 : 3 ratio was used as the mobile
phase in a C18 reverse phase column (Agilent Zorbax eclipse
plus C18, USA).10 ml sample was injected with a ow rate of 0.8
ml min−1 at 30 °C.21

2.7.4 MS (mass spectrometer). The puried pigment frac-
tion and standard canthaxanthin were dissolved in ethanol. The
mass (m/z) range selected from 450–650 m/z ratio in MS (6120,
Agilent, USA). Electron spray ionization (ESI) and a quadrupole
mass analyzer detector were operated in scan mode for the
detection of the m/z ratio of the puried pigment and
standard.22

2.8 Encapsulation of canthaxanthin in different wall
materials

Various encapsulating wall materials were used to encapsulate
puried canthaxanthin for use in food applications. The
modied16 method was used for the encapsulation; various wall
materials, including MD, CD, SC, PC, and PVP, were employed.
Each of these wall materials can be used separately and in
combination with PC to create a higher-quality encapsulated
product. Aer dissolving 300 mg of wall material each in 20 ml
of 70% (v/v) ethanol with 1 mg of core material, the mixture was
agitated at 400 rpm for ve hours at 50 °C. The same conditions
were used when 50 mg more of PC was added to each wall
material. Aer stirring, the solution was sonicated for 2 min,
and solvent was evaporated and freeze-dried to obtain the
encapsulated nal product. Encapsulation efficiency was
calculated by using formula (2).23

Encapsulation efficiencyð%Þ

¼ total canthaxanthin� surface canthaxanthin

Theoretical canthaxanthin
� 100 (2)

For total canthaxanthin content determination, 2 mg of the
encapsulated product was dissolved in 100% ethanol, and vor-
texed for 10 min followed by centrifugation at 7500 rpm for
10 min. The supernatant was ltered by using a 0.45 mm lter
and absorbance was calculated at 475 nm for the canthaxanthin
determination. For determination of surface canthaxanthin
content, 2 mg encapsulated material was dissolved in 1 ml of
hexane and vortexed for 5 s and ltered. Absorbance was
measured at 475 nm and concentration was determined.

2.9 Characterization of the encapsulated material

2.9.1 FTIR (Fourier transform infrared) spectroscopy. The
interaction study between the pigment and wall materials was
done by FTIR (IRSpirit-X, Shimadzu, Kyoto, Japan). The scan
range was set between 500 nm and 4000 nm with 32 scans per
sample.
Sustainable Food Technol.
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2.9.2 XRD analysis. The crystalline structure of wall mate-
rials and the encapsulated core material was determined
(Smartlab SE, Rigaku, Japan) by XRD and the scatter (2q) range
was from 5° to 50° with a scanning speed of 15° min−1.24 The
standard wall materials and encapsulatedmaterials were placed
on a quartz plate for XRD analysis.

2.9.3 SEM analysis. For the morphological analysis of each
of the encapsulated products and standards, 1 mg of each
sample was placed on carbon tape for gold sputtering. Aer
sputtering, the samples were analyzed by using a SEM micro-
scope (JEOL6000 Benchtop, Japan).25

2.10 Release kinetics of encapsulated canthaxanthin

For the release of canthaxanthin from the encapsulated matrix,
different kinetic models were evaluated. For the release of
canthaxanthin, a modied method by Mahalakshmi et al.
(2020) was used;23 briey, 50 mg of encapsulated powder was
dissolved in phosphate buffer with 1% (v/v) tween 80 at pH 7.2.
The solution was placed on a magnetic stirrer at 300 rpm for 2 h
and at room temperature. 1 ml sample was taken at intervals of
30 min to maintain the total volume. 1 ml fresh solution was
added at every interval and canthaxanthin content was deter-
mined based on UV absorbance. The release kinetics of
canthaxanthin were evaluated using zero-order (eqn (3)), rst-
order (eqn (4)), second-order (eqn (5)), and Higuchi models
(eqn (6)), as described by Li et al. (2024).26

A = −kt + A0 (3)

ln(A) = −kt + ln(A0) (4)

1

½A�t
¼ kt þ 1

½A�0
(5)

Q ¼ kH
ffiffi
t

p
(6)

where A was the released canthaxanthin aer time t, A0 was the
initial encapsulated canthaxanthin, k was the rate constant, Q
was the cumulative release canthaxanthin and kH was the
Higuchi dissolution constant.

2.11 pH stability

pH stability of the pigment was determined in the pH range of
2–12. Puried canthaxanthin was dissolved in ethanol and pH
was adjusted by using 1 M HCl and 1 M NaOH.27

2.12 Antioxidant activity determination

Antioxidant activity of the puried pigment was determined by
a modied method of Castangia et al. (2022);1 0.5 mM solution
of DPPH was prepared. The 200–800 mg ml−1 range of puried
canthaxanthin was also prepared. An equal amount of DPPH
and pigment was dissolved and incubated for 30 min in the
dark; and absorbance was obtained at 517 nm. DPPH activity
was determined by using the formula:

% DPPH activity ¼
�ðAc � AsÞ

Ac

� 100

�
(7)
Sustainable Food Technol.
Ac-absorbance of control (DPPH dissolved in methanol); As-
absorbance of the sample.
2.13 Water activity (aw), Carr index (CI) and Hausner ratio
(HR)

Flowability and compressibility of the encapsulated pigment in
different food matrices were calculated by using the HR and CI
value modied formula.28 For the estimation of the HR, bulk
and tapped volume were calculated by using a tapped density
meter (Tap Density Tester, QS-2010, Mumbai, India). The
instrument's measuring cylinder was lled with 2 g of each
sample, and tap was set at 250 tap per min under rotating
conditions for one minute with 3 mm stroke length. Bulk and
tapped volume of the powder were noted. A CI of less than 15%
is considered as very good, 15–20% is good, 20–35% is fair, 35–
45% is bad and more than 45% is considered as very poor
owability.29

HR = (Vbulk/Vtapped) (8)

CI = ((Vbulk − Vtapped)/Vtapped) × 100 (9)

Vbulk was the bulk volume and Vtapped was the tapped volume of
the sample.

Water activity of the encapsulated pigment was determined
by using a water activity meter (Lab Swi, Novasina, Switzer-
land) at room temperature. Two-thirds of the sample tray was
lled with the sample.
3 Results and discussion
3.1 Isolation and phylogenetic analysis of the pigment-
producing strain

A variety of colored colonies were obtained by plating a serially
diluted sample of soil on a nutrient agar plate. One orangish red
coloured colony was selected, because it provides the visual hint
of canthaxanthin presence in microbial species.30 Combining
morphological traits, biochemical testing and 16S rRNA gene
sequence analysis, the pigment-producing strain was deter-
mined to be Dietzia kunjamensis. A phylogenetic tree was con-
structed by the by neighbor-joining method and evolutionary
distance was calculated by the maximum composite likelihood
method in MEGA X. The phylogenetic tree and microscope
image of Dietzia kunjamensis is shown in SI Fig. 1.
3.2 Alkali treatment and saccharication of ATRS

Maximum glucose concentration was obtained in the sample
treated with 4% (w/v) alkali i.e. 58% (w/v) in 72 h. 77.75% (w/v)
xylose recovery was noticed in liquid hydrolysate from hemi-
cellulose of RS, following dilute acid pretreatment, as reported
in a previous study by our research group,15 while keeping lignin
and cellulose contents intact. A previous study showed the
synergetic effect of 0.5% (v/v) H2SO4 and 1.5% (w/v) NaOH and
recovered 30.3% (w/v) of glucose on saccharication of RS.
During autoclaving, H2SO4 created hydronium ions that broke
down hemicellulose and le behind xylan and broken bers of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Colour value of fermented broth in different buffer systems
and the control

Sr. no. Colour parameter Acetate buffer Citrate buffer Control

1 L* (lightness) 29.60 � 0.5 20.70 � 0.4 41.60 � 0.07
2 a* (redness) 14.72 � 0.7 18.27 � 0.9 25.30 � 0.08
3 b* (yellowness) 24.76 � 0.4 18.60 � 0.1 46.00 � 0.05
4 C* (chroma) 28.81 � 0.3 26.18 � 0.8 51.30 � 0.10
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RS.16 Alkali treatment released the lignin and loosened cellulose
by solvation and saponication of RS, thus easing the accessi-
bility of cellulase and b-glucanase enzymes for saccharication.
Increasing the amount of NaOH improved glucose recovery up
to a certain point, as shown in SI Fig. 2. A previous study showed
that a combination of acid and alkali treatment yielded
353.1 mg per g glucose from RS derived cellulose, which is less
than that in our study.31 An enzyme ratio of cellulase and b-
glucanase of 65 : 35 showed better glucose recovery as compared
to the other two combinations. b-Glucanase helps to cleave the
internal bond, which generates reducing and non-reducing
ends, while cellulase helps to cleave at the terminal of cellu-
lose bers.32 Substrate loading for saccharication was kept at
3% (w/v) because a previous study showed that high substrate
loading decreases the glucose yield due to the increase in
viscosity of the slurry, and limitations in mass transfer and
product inhibition.32

3.3 SmF for canthaxanthin production

Cell growth in the seed culture reached 6.72 mg ml−1 aer 96 h,
and this culture was subsequently used as the inoculum for the
next set of experiments. Initially fermentation was done in
media comprising 15 g per l glucose, 10 g per l YE and 5 g per l
NaCl at 32 °C under 150 rpm shaking conditions at pH 7.
Glucose was completely consumed at 144 h, and maximum
biomass was obtained at 120 h as shown in Fig. 1. The culture
medium was further supplemented with 10 g per l peptone as
an additional nitrogen source to enhance the production of
canthaxanthin. Peptone supplement was unable to enhance the
canthaxanthin production, as previously reported.33 However,
excess nitrogen source enhanced the protein synthesis while
nitrogen decient conditions increase the synthesis of energy
rich molecules like lipids. Lipid molecules capture the apolar
carotenoids and ux out from the metabolic pathway thus
minimizing product inhibition.33 Monovalent salts showed
more biomass yield as compared to divalent salts as shown in SI
Fig. 3. In the presence of monovalent salt, NaCl showed
Fig. 1 Glucose consumption, cell biomass growth profile and
canthaxanthin production.

© 2026 The Author(s). Published by the Royal Society of Chemistry
enhancement in biomass yield as compared to KCl. This is
because NaCl has a strong effect on the membrane, which helps
in more substrate uptake.34

For the canthaxanthin production from ATRS-derived
glucose, aer saccharication, glucose was ltered by
vacuum ltration, and the pH was adjusted with 1 M NaOH.
However, when the glucose concentration was made equal for
both acetate and citrate buffer, the subsequent canthaxanthin
production was nearly the same in both buffer systems. This
yield was about 20% lower than the yield achieved when using
commercial glucose as a control, which was further conrmed
by the increased colour values in the control. But colour values
of acetate buffer and citrate buffer were different; citrate buffer
had a dull appearance as compared to acetate buffer and this
was further conrmed by the L* values of citrate and acetate
buffer of 20.70 and 29.70 respectively. Lower L* and C* values
in citrate buffer were observed because citric acid is stronger
than acetic acid and can chelate with the trace metal elements
present in YE, resulting in browning of the media, which
appeared darker and redder than acetate buffer.35 Chroma is
related the colour saturation, which is high in the control
sample, while acetate chroma is better than that of citrate,
which signies that acetate buffer is better than citrate buffer
for canthaxanthin production. Redness in acetate buffer
decreased, but yellowness and chroma increased as compared
to those of the citrate buffer; both buffer systems were
compared with commercial glucose used for fermentation as
a control. Colour values of buffer and synthetic media are
given in Table 1. Citric acid and acetic acid are both weak
acids, and their undissociated forms can easily pass through
the plasma membrane and dissociate in the cytosol lowering
the intracellular pH of cells, which is limiting the growth of
cells.36 Thus, this results in a decrease in canthaxanthin
production in acetate and citrate buffer-derived glucose
fermentation as compared to commercial glucose fermenta-
tion, which was further supported by a decrease in L*, a*,
b* and C* colour values in both acetate and citrate buffer
fermentation.

3.4 Optimization of canthaxanthin production

The determination and statistical optimization of the signi-
cant variables inuencing canthaxanthin production was con-
ducted using the central composite design (CCD) model of
RSM. RSM was used to evaluate the impact of the input condi-
tions and their interactions on the output (canthaxanthin
concentration) (Fig. 2). Under optimized conditions, 8.54 g per l
biomass was obtained which is the highest for this strain;
Sustainable Food Technol.
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Fig. 2 3D RSM plots showing the impact of interaction of input parameters on canthaxanthin production namely (i) AB, (ii) AC, (iii)AD, (iv) AE, (v)
BC, (vi) BD, (vii) BE, (viii) CD, and (ix) CE.
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previously reported canthaxanthin production by different
strains is shown in Table 2. The best optimized set of conditions
out of 50 runs was 1.75% (w/v) glucose, 1.25% (w/v) YE, 1% (w/v)
NaCl, pH 7 and 1.5% (v/v) inoculum size, which led to 135 mg
l−1 yield of canthaxanthin. A pigment to biomass yield of 0.015
gpigment gDCW

−1 was observed. A previous study reported the
highest canthaxanthin production from Dietzia maris NIT-D
Table 2 Comparative study of canthaxanthin production

Sr. no. Name of the organism Substrate

1 Dietziakunjamesis Glucose
2 Dietzia maris NIT-D Glucose
3 Dietzia natronolimnaea HS-1 Enzymatic hy
4 Dietzia natronolimnaea HS-1 Whey lactose
5 Dietzia maris AURCCBT01 Glucose
6 Dietzia natronolimnaea HS-1 Glucose

Sustainable Food Technol.
which showed 7.39 g l−1 of biomass and 122 mg l−1 of
canthaxanthin.37 The following equation established the rela-
tionship between canthaxanthin yield and variables of the
model:

Y = −955.43 + 95.07A + 32.89B + 11.34C + 241.04D + 74.10E

+ 5.61AB + 14.75AC− 0.79AD− 7.92AE− 9.75BC + 4.45BD
Yield (mg l−1) References

135 Present study
122 37

drolysed molasses 14.63 10
2.9 9
3.1 4
4.99 38

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Different fractions of the pigment, (b) UV-vis spectrum of standard and sample canthaxanthin, (c) TLC of the crude extracted pigment
and standard canthaxanthin, (d) UPLC chromatogram showing overlapped peaks of standard and sample canthaxanthin, and (e) crude pigment
peaks in UPLC.
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+ 3.12BE + 1.43CD− 1.06CE + 0.09DE− 26.11A2 − 24.85B2

− 15.25C2 − 16.36D2 − 18.66 × 102 (10)

where Y is the canthaxanthin yield (mg l−1) and A, B, C, D, and E
are independent input variables of the model; the R2 value of
the model appeared to be 0.99 whereas predicted and adjusted
R2 values were 0.97 and 0.98 respectively in the suggested
quadratic model. The p-value of the model was less than 0.0001,
which showed the signicance of the model at the 95% con-
dence level. The p-value of pair interactions of AB, AC, AE, BC
and BD was signicant for this model while that of AD, BE, CD,
CE and DE was insignicant (SI Table 1). The F-value of the
model was 240.67, which indicates that the model is signicant
and there is only 0.01% chance of error due to noise.

3.5 Extraction and purication of the pigment

Canthaxanthin was extracted in ethanol with ultrasonication at
40 °C for 45 min, and absorbance was analyzed at 475 nm every
15 min. The non-sonicated sample treated under similar
conditions was considered as the control. The ultrasonicated
© 2026 The Author(s). Published by the Royal Society of Chemistry
sample showed higher absorbance as compared to the non-
sonicated sample. However, in both the samples, absorbance
did not increase aer 45 min. The ultrasonicated method
showed 16.67% more pigment extraction as compared to the
control. Ultrasonic waves work on acoustic cavitation; when
ultrasound waves pass through a liquid medium, it generates
alternating low and high pressure cycles, which form micro-
scopic bubbles. When these microscopic bubbles collapse, they
disrupt the cell wall, leading to the release of intracellular
canthaxanthin in ethanol.39 The extracted pigment was further
puried with silica gel column chromatography using hexane
and ethyl acetate as the mobile phase. Ethyl acetate concen-
tration from 4% (v/v) to 40% (v/v) was used with hexane to get
the different pigment fractions as shown in Fig. 3(a). The rst
fraction is possibly b-carotene which is an intermediate product
in canthaxanthin biosynthesis.40

3.6 Characterization of the pigment

3.6.1 UV-vis spectrophotometer. The puried pigment
fraction and standard canthaxanthin showed maximum UV-vis
Sustainable Food Technol.
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absorbance at 474 nm as shown in Fig. 3(b). A previous study
showed that canthaxanthin UV absorbance ranges from 468 nm
to 475 nm in cyclohexane.41

3.6.2 TLC. Three different bands were observed on a TLC
plate. These bands showed Rf values of 0.32, 0.49 and 0.79. The
standard canthaxanthin showed a similar Rf value i.e. 0.32 to
sample canthaxanthin as shown in Fig. 3(c) spot (iii). Cantha-
xanthin co-produce along with b-carotene in the Dietzia natro-
nolimnaea HS-1 (ref. 40) spot (i) was b-carotene with Rf value
0.73, and also detected in MS, while spot (ii) unknown pigment.

3.6.3 UPLC analysis. The crude extracted pigment showed
three different peaks as shown in Fig. 3(e), while puried
canthaxanthin exactly overlapped with the standard cantha-
xanthin as shown in Fig. 3(d), conrming it to be canthaxan-
thin. In the extract the canthaxanthin has 69% area with 8.25
retention time and b-carotene with 19% area eluted at 6.96 min,
while the remaining area corresponds to an unknown pigment
in the ethanolic extract.

3.6.4 MS analysis. The ESI method was used to protonate
the puried sample and standard canthaxanthin. The molec-
ular weight of canthaxanthin is 564.8, that of the protonated [M
+ H]+ form of puried canthaxanthin was 565.2, and that of the
standard canthaxanthin was 565.8. Canthaxanthin has a keto
functional group, which helps to obtain the protonated form.
This result aligns with the previous reports.22,42 Toluene (MW: 92
amu), xylene (MW: 106), water (MW: 18) and acetic acid (MW: 60)
are the products which are eliminated during the fragmentation
process of xanthophylls.43 Puried pigment mass (m/z) at 459.2
[(M + H)+ − 106] showed xylene elimination from puried
canthaxanthin, while standard canthaxanthin showed elimi-
nation of acetic acid [(M + H)+ − 60], as revealed by the peak at
505.8 as shown in SI Fig. 4(a and b). Other than canthaxanthin,
the column puried rst fraction showed an m/z value of 537.6,
which corresponds to the presence of b-carotene in the extrac-
ted pigment, as shown in SI Fig. 4(c).

3.7 Encapsulation efficiency (EE)

The highest EE was observed in 75% PVP whereas the lowest
was observed 3% in SC incorporated with PC. MD (62%), SC
(46%) and PVP showed improved EE when canthaxanthin was
encapsulated individually but EE decreased when incorporated
with PC as shown in SI Table 2. PC has an adhesive nature,
which could result in a decrease in EE.44 In the CD treated
sample, the EE was greatly improved by adding PC from 24% to
54%. CD has a cage like structure with a hydrophobic core,
which facilitates the interaction of hydrophobic canthaxanthin,
and PC addition improved the EE. PC individually showed 35%
EE of canthaxanthin. A previous study showed 73% cantha-
xanthin encapsulation in MD by the spray drying method.40

Hydrolysate of soy protein showed 77.46% EE,45 while another
study showed 70.60% EE in an alginate – high methoxy pectin
emulsion.46

3.8 Characterization of encapsulates

3.8.1 FTIR analysis. FTIR analysis was used to determine
how the wall and core materials interacted. All the standard and
Sustainable Food Technol.
wall materials showed a stretch in the common spectrum range
of 3200–3600 cm−1 which mainly showed O–H vibrational
stretching.47,48 As per the previous studies, CH2 vibration
stretching has been observed between 2910 and 2945 cm−1 for
all standards (PC 2939 cm−1, CD 2925 cm−1, MD 2913 cm−1, SC
2916 cm−1 and PVP 2917 cm−1).43,48–50 Puried canthaxanthin
showed symmetrical and asymmetrical vibrations at 2849 cm−1

and 2917 cm−1 respectively as shown in Fig. 4(a). Asymmetrical
vibration of the C]O group was observed at 1731 cm−1 while
CH2 scissoring was observed at 1471 cm−1. In encapsulated CD
with canthaxanthin, the intensity of the characteristic peaks of
carbohydrate at 1018 cm−1, 1077 cm−1, and 1155 cm−1 did not
change much, but adding PC enhanced the intensity of these
peaks as shown in Fig. 4(b). On adding PC, the 1155 cm−1

wavenumber changed to 1149 cm−1 which showed interac-
tion.44 In the case of MD, the characteristic peaks of the stan-
dard at 924 cm−1, 1077 cm−1 and 1147 cm−1 were observed. The
encapsulating core material enhanced the intensity but no
signicant shi in peaks was seen even aer adding PC as
shown Fig. 4(c). A similar interaction was also previously re-
ported.51 The characteristic peak of canthaxanthin at 1731 cm−1

disappeared in MD which showed the formation of hydrogen
bonding with MD. The standard SC showed characteristic peaks
at 1600 cm−1 to 1200 cm−1, C]O and N]H vibration was
observed at 1582 cm−1 and 1500 cm−1 respectively.52 When
canthaxanthin was encapsulated in SC, characteristic peaks of
SC disappeared; in contrast, addition of PC with SC, resulted in
the reappearance of the peak as shown in Fig. 4(d). It might be
pectin which was stabilizing the deformation of SC during the
encapsulation process. In the case of standard PVP, the peaks
were observed at 1656 cm−1, 1420 cm−1, and 1275 cm−1. The
peaks at 1656 cm−1 and 1275 cm−1 are attributed to vibration
stretch of C]O and C]N or CH2 twisting respectively. On
binding with canthaxanthin, the 1656 cm−1, peak shied to
1652 cm−1 as shown in Fig. 4(e) which validated binding of
canthaxanthin with PVP.53 Canthaxanthin encapsulation in PC
led to peak shiing from 1050 cm−1 to 1016 cm−1 which showed
encapsulation of canthaxanthin in PC. The characteristic peak
at 1731 cm−1 disappeared as shown in Fig. 4(a).

3.8.2 XRD characterization. Encapsulation of the pigment
in the wall material changes the crystalline structure of wall
materials. The standard CD structure showed peaks at 6.3, 9,
10.7, 12.5, 17.8, 22.8, and 27.2° showing the crystalline nature of
CD. The intense peak at a lower 2q value and a lower peak at
a higher 2q value validate the cage like structure of CD which
was previously reported.24 On encapsulation of canthaxanthin
in CD, the crystalline peak of standard CD changed, which is
due to hydrogen bonding between the polar group of cantha-
xanthin and CD.54 In the mixture of PC and CD, more peak
broadening and a decrease in the intensity of peak were
observed, which revealed the amorphous structure of encap-
sulated powder as shown in Fig. 5(a). A broader peak was
observed in the MD which corresponds to the amorphous
structure.55 Encapsulating the core material in MD alone and in
a mixture of PC and MD did not change the amorphous nature
of encapsulated MD which is shown in Fig. 5(b). MD has
a disordered structure, which resulted in peak broadening,
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00696a


Fig. 4 FTIR analysis of encapsulated canthaxanthin in (a) PC and canthaxanthin, (b) CD, (c) MD, (d) SC, and (e) PVP.

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 6
:1

2:
09

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
which is a characteristic of an amorphous material.56 In the case
of standard SC, the 2q values were observed at 21.6 and 25.1°
and some broadened peaks were observed beyond 25°, which
© 2026 The Author(s). Published by the Royal Society of Chemistry
showed the crystalline nature of this wall material. These peaks
get diminished when encapsulated with canthaxanthin which
indicate hydrogen bonding of canthaxanthin with SC.57
Sustainable Food Technol.
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Fig. 5 XRD analysis of canthaxanthin encapsulated in (a) CD, (b) MD, (c) SC and (d) PVP.
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Crystallinity of SC with canthaxanthin increased when it was
incorporated with PC, which has a semi-crystalline structure.58

Themajor peak intensities were observed at 17.8, 23.6 and 28.4°
which showed improved crystallinity of encapsulated SC when
added with PC. Broad peaks in standard PVP were observed at
11.2 and 20.2° which showed the amorphous nature of PVP.59

On encapsulating canthaxanthin in PVP no change was
observed in the peak but intensity decreased. Pectin incorpo-
ration in PVP also did not change the peak value but enhanced
the intensity of peaks at 11.2 and 20.2° which was an amor-
phous characteristic of an encapsulated material as shown in
Fig. 5d.

3.8.3 SEM analysis. SEM analysis of encapsulated powder
showed structural changes in each wall material. In the case of
CD, hydrogen bonding of canthaxanthin with the core of CD
formed a occulant structure while adding PC with CD
Sustainable Food Technol.
improved the surface as shown in Fig. 6a(iii). Standard MD
showed a structured arrangement, while on freeze drying, stress
developed due to sublimation of water, resulting in its wrinkle
sheet like surface as shown in Fig. 6b(iii).60 Standard PVP
showed round irregular surface morphology, while on encap-
sulation, canthaxanthin thin sheets were observed in PVP and
PVP with PC (Fig. 6c(iii)). When canthaxanthin was encapsu-
lated in SC, the morphology of SC changed from a sponge like
structure to agglomerates, while adding PC made a protective
layer on it, making a clump like structure, hence reducing the
encapsulation of canthaxanthin61 as shown in Fig. 6d(iii).
3.9 Release kinetics of canthaxanthin

The release kinetics of canthaxanthin varied in different matrices.
The fastest release was observed in SC, while MD showed the
slowest canthaxanthin release. Aer 30 min of stirring, almost
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM micrographs of (a(i)) standard CD, (a(ii)) canthaxanthin encapsulated in CD, (a(iii)) canthaxanthin encapsulated in CD–PC, (b(i))
standard MD, (b(ii)) canthaxanthin encapsulated in MD, (b(iii)) canthaxanthin encapsulated in MD–PC, (c(i)) standard PVP, (c(ii)) canthaxanthin
encapsulated in PVP, (c(iii)) canthaxanthin encapsulated in PVP–PC, (d(i)) standard SC, (d(ii)) canthaxanthin encapsulated in SC, and (d(iii))
canthaxanthin encapsulated in SC–PC.
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more than 95% of the canthaxanthin was released in both cases
(individual SC and SC incorporated PC). The R2 value of experi-
mental tted data in shown in Table 3; in different models, the
highest R2 value was 0.97 obtained for the MD in the Higuchi
model and for PVP R2 was found to be 0.95 in the samemodel. The
least t R2 value was found for the SC in all the models.
3.10 pH stability

For the food application, a compound must be stable in a wide
pH range. The puried pigment was tested in the pH range of 2
to 12. Under acidic conditions, the pigment colour changed
signicantly, but under basic conditions, no colour change was
Table 3 R2 value of release kinetics of canthaxanthin in different matric

S. no. Encapsulating matrix

R2

Zero order

1 CD 0.81
2 MD 0.96
3 SC 0.61
4 PVP 0.92
5 PC 0.91
6 CD–PC 0.89
7 MD–PC 0.87
8 PVP–PC 0.86
9 SC–PC 0.89

© 2026 The Author(s). Published by the Royal Society of Chemistry
observed. At pH 2, the pigment degraded and turned colourless
aer 15 h, which was further conrmed by the UV-vis spectro-
photometer spectrum as shown in Fig. 7(b–f). A previous study
reported that canthaxanthin degraded at high concentrations of
triuroacetic acid (>0.1 M); acidic conditions help in proton-
ation of carotenoids which results in colour loss and peak
broadening of carotenoids.62
3.11 Antioxidant activity

Carotenoids show antioxidant activity due to the presence of
a functional group and long polyene chain. In the case of
canthaxanthin, it has a C]O functional group and 13 double
es

First order Second order Higuchi model

0.77 0.76 0.88
0.91 0.83 0.97
0.61 0.61 0.70
0.90 0.87 0.95
0.91 0.91 0.88
0.89 0.90 0.88
0.73 0.69 0.86
0.84 0.82 0.92
0.89 0.89 0.91

Sustainable Food Technol.
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Fig. 7 (a) Antioxidant activity of canthaxanthin and effect of pH on canthaxanthin at (b) 1 h, (c) 5 h, (d) 15 h, (e) 25 h, and (f) 60 h.
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bonds. This makes it an excellent antioxidant compound to
scavenge DPPH. DPPH is a nitrogen-centered free radical ion.
Canthaxanthin transfers an electron from its conjugated p

system to scavenge the DPPH63 resulting in a decrease in the
absorbance. Maximum antioxidant (47%) activity was achieved
at 800 mg ml−1 of canthaxanthin as shown in Fig. 7(a).
3.12 Water activity, HR and CI

The owability of powder depends upon the amount of water
entrapped by that powder.64 A previous study showed that the
ow factor decreased when water activity increased in MD, milk
Table 4 Water activity, Hausner ratio and Carr index of canthaxanthin w

Sr. no. Sample Water activity(aw)

1 CD 0.10 � 0.015
2 MD 0.05 � 0.011
3 SC 0.05 � 0.015
4 PVP 0.07 � 0.005
5 PC 0.10 � 0.005
6 CD–PC 0.15 � 0.005
7 MD–PC 0.08 � 0.011
8 SC–PC 0.06 � 0.01
9 PVP–PC 0.09 � 0.005

Sustainable Food Technol.
powder and some crystal sugar.65 Water activity was enhanced
when PC was additionally added in CD andMD, whichmight be
due to the enhancement of the free water in these two walled
materials. In the case of PVP, no change was observed in the aw,
adding PC in SC led to a decrease in aw from 0.044 to 0.014, as
shown in Table 3; this might be possible due to ionic, hydro-
phobic interactions between SC and PC which help to reduce
the free water.66 A value of aw below 0.6 indicated a dehydrated
food product, and these food products are less susceptible to
chemical and biological degradation as compared to higher aw
food products.67
ith matrices

Hausner ratio (HR) Carr index (CI) (%)

1.75 � 0.025 43
1.70 � 0.02 41
1.76 � 0.025 43
1.53 � 0.011 35
1.75 � 0.023 42
1.43 � 0.005 30
1.64 � 0.026 38
1.69 � 0.017 41
1.60 � 0.015 38

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The CI and HR are the most important parameters of
powders. The CI signies the compressibility, and HR signies
the cohesiveness and packability of powders.68 A HR value more
than 1.25 indicates poor owability of encapsulated powder.
Both the HR (30.55%) and CI (1.44) were minimum for CD–PC
encapsulated powder. CD–PC reduces interparticle space thus
increasing the bulk volume and reduces both parameters.68 CD
showed good owability as compared to all other wall materials.
PVP and MD showed a CI of 35% and 41.66% respectively, while
when these two added with PC, it led to an almost similar value
of CI as shown in Table 4.
4 Conclusion

The present study optimized the canthaxanthin production
from ATRS. Under optimized conditions, 135 mg l−1 of
canthaxanthin was produced. NaCl showed enhanced biomass
production as compared to other tested salts in fermentation.
Ultrasound assisted extraction showed 16.67% more cantha-
xanthin yield than that without ultrasonication. Puried
canthaxanthin showed an antioxidant activity of 47% in DPPH
assay and pH stability above pH 2. It was further encapsulated
into different host materials. PVP showed the highest EE of 75%
and also showed improved release kinetics in the Higuchi
model. CD–PC and PVP both showed 30% and 35% Carr index
and Hausner ratio respectively. This study not only nds a way
for sustainable production of canthaxanthin but also showed
the potential application of canthaxanthin in the food and
nutraceutical sectors.
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