
Sustainable
Food Technology

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/1
9/

20
26

 1
0:

50
:1

2 
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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Formulation of c
aDepartment of Food Technology, Harcou

208002, India
bDepartment of Food Science and Technolog

Entrepreneurship and Management, Kundli,
cDepartment of Food Science and Postharves

Bihar Agricultural University, Sabour, Bh

anitkumarsingh09@gmail.com
dDepartment of Biotechnology, University

University, Mohali, Punjab, 140413, India.
eUniversity Centre for Research and Devel

Mohali, Punjab, 140413, India

† Authors contributed equally.

Cite this: Sustainable Food Technol.,
2026, 4, 842

Received 4th September 2025
Accepted 1st November 2025

DOI: 10.1039/d5fb00558b

rsc.li/susfoodtech

842 | Sustainable Food Technol., 20
asein–curcumin nanodispersions
using microfluidization and nano-precipitation
methods: cytotoxicity and in vitro release in
a mango drink

Maanya Mehrotra,†a Shashank Singh,†a Nikita Kansal,†a Kiran Verma, b Anit Kumar*c

and Narashans Alok Sagar *de

Curcumin is a bioactive compound obtained from turmeric (Curcuma longa). It has several biological

properties, such as antioxidant, anti-inflammatory, antimicrobial and anticancer activities. The

therapeutic efficacy and bioavailability of curcumin are low due to its poor water solubility and instability.

Nanoencapsulation has emerged as a promising approach for curcumin delivery in food systems that

can address the aforementioned challenges. In this study, casein–curcumin nanodispersions were

developed by two different technologies, microfluidization and nano-precipitation, to enhance the

stability, cytocompatibility and the controlled release of curcumin in a mango-based beverage. The

results showed that the nanoparticles made from nanoprecipitation were bigger than those made from

microfluidization. The PDI values showed that the microfluidized particles were more uniform in size,

while the nano-precipitated ones were almost uniform. The zeta potential of the nanoprecipitated

particles (−23.63 mV) showed that they were more stable than the microfluidized particles, which had

lower values (−13.5 mV and −8 mV). Cytotoxicity was assessed using the MDCK (normal) and HepG2

(cancer) cell lines, indicating that the curcumin nanoparticles reduced cancer cell viability, particularly at

higher concentrations, while maintaining a high biocompatibility with normal cells. From the in vitro

release analysis, the nanoprecipitated curcumin dispersions exhibited a more controlled and sustained

release in the mango drink than the microfluidized samples, which exhibited a faster initial release.

Overall, our results show that the casein–curcumin nanodispersions produced by both methods (the

nanoprecipitation and microfluidization methods) hold potential as effective functional food ingredients

for targeted and sustained curcumin delivery.
Sustainability spotlight

This study promotes sustainable food innovation using casein (a natural milk protein) to encase curcumin from turmeric. This process improves its solubility,
stability, and therapeutic effectiveness in a mango-based drink. By applying eco-friendly nano-encapsulation techniques like microuidization and nano-
precipitation, the research presents a safe, biocompatible, and functional delivery system for curcumin that supports health and cuts down on the need for
synthetic additives. These methods not only enhance the value of natural bioactives but also support sustainable food system goals by encouraging plant- and
protein-based functional ingredients with potential uses in nutraceuticals and health-focused beverages.
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1 Introduction

Curcumin is a bioactive phytopolyphenol extracted from the
rhizomes of the plant Curcuma longa, generally known as
turmeric. It is a yellow-coloured pigment that has been
commonly used as a household spice and natural food coloring
agent in South Asian (Indian, Pakistani, Bangladeshi, and
Chinese) food preparations since ancient times.1 The use of
turmeric in these countries dates back more than 2000 years.
Curcumin is known to have a broad spectrum of biological
activities, including antioxidant, antimicrobial, anti-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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inammatory and anticancer activities.2 Because inammation
has been shown to be a causative factor behind the proliferation
of tumour cells, curcumin, with its potent anti-inammatory
properties, can inhibit carcinogenesis.1 As an antioxidant, cur-
cumin is known to hinder the formation of various reactive
oxygen species. However, the poor pharmacokinetic and phar-
macodynamic properties of curcumin, which are mainly related
to its low water solubility, short half-life, photodegradation,
chemical instability, and rapid metabolism in the gastrointes-
tinal tract, result in its low bioavailability, vastly reducing its
remedial potential. To overcome these problems, researchers
have considered numerous approaches, including the prepa-
ration of nanocurcumin in the form of nanoemulsions, lipo-
somes, suspensions and dispersions.2–4 Furthermore, the
loading of curcumin into micelles can provide a promising
approach for stabilizing the compound and developing formu-
lations suitable for further pharmaceutical and food studies.
The nanoencapsulation of curcumin helps with its easy incor-
poration into different beverages and can improve its poor
solubility. Furthermore, casein–curcumin-based nano-particles
are relatively stable under the processing conditions, and are
easy to prepare, and their size distribution can be easily moni-
tored. Various research and review studies have been published
on the nanoencapsulation of bioactive compounds using
protein-based emulsions.5–7 Because casein has distinct hydro-
philic and hydrophobic domains, various mechanical
approaches have been generally used to reduce the particle/
droplet size of systems that contain curcumin. These mechan-
ical approaches include homogenization, sonication and high-
pressure homogenization (microuidization) utilizing high
energy.8

Microuidization is a novel technique in the eld of food
processing, although it has been widely used for pharmaceu-
tical applications. Microuidization is a type of advanced high-
pressure homogenization process that creates nely dispersed
suspensions and emulsions on a nanoscale. A uid passes
through microchannels that divide the uid stream into two
ne jets in the interaction chamber. The two ne jets are then
directed at each other at right angles at high pressures of up to
40 000 psi. As the two microstreams collide, there is a sudden
pressure drop, and as a result of turbulence, cavitation and
shear effects, the impact leads to the production of a uid with
much smaller droplets than the initial uid. Microuidization
reduces the mean particle size depending on the number of
passes and applied pressure. As the number of passes and
pressure increase, the droplet size decreases up to a certain size
depending upon the uid. According to Bucci et al.,9 there is
little reduction in particle size beyond the third pass. Micro-
uidization can be applied to the improvement of the
bioavailability and fast release of curcumin.10

On the other hand, nanoprecipitation is a conventional
approach for producing nanoparticles. This approach involves
a partially water-miscible solvent (saturated in water) and an
organic phase, which are then emulsied in a solution con-
taining a stabilizer, leading to the formation of nanoparticles.11

Any delivery system used to deliver curcumin should be able to
release it within the gastrointestinal tract aer ingestion. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
slow release of curcumin from a nanoparticulate formulation
increased the bioavailability of the delivered curcumin.2

There is very limited information available on the formula-
tion and cytotoxicity of casein–curcumin nanodispersions
prepared using microuidization and nanoprecipitation, as
well as their application in beverages.12–14 Hence, this study is
necessary for advancing the understanding and exploration of
the potential applications of casein–curcumin nanodispersions.
The present study investigates microuidization and nano-
precipitation as methods for utilizing casein as a delivery
vehicle for curcumin, providing an alternative approach for
food applications. Additionally, microuidization and nano-
precipitation are both are eco-friendly methods due to their
reduced energy and solvent consumption, avoidance of toxic
chemicals and minimal waste creation. This study is divided
into three sections: the rst section focuses on the development
of curcumin nanoparticles using microuidization and nano-
precipitation, the second section presets analyses of the particle
size, zeta potential and cytotoxicity of curcumin, and the third
section presents the application of curcumin nanoparticles in
a mango drink and a discussion of their release behavior.

2 Materials and methods
2.1. Chemicals and reagents

Casein and curcumin were received from Sigma-Aldrich Ban-
galore, India. All the reagents, polyvinyl alcohol (PVA), Dimethyl
Sulfoxide (DMSO), ethanol, chloroform, phosphate-buffered
saline (PBS), Tween-80, DMEM and trypsin, used for the
experiments were purchased from Sigma-Aldrich, Bangalore,
India. The MDCK and HepG2 cell lines were procured from
NCCS, Pune, India. PLGA 50 : 50 (inherent viscosity 0.16–0.24 dl
g−1, acid terminated), which was kindly provided by BSBE,
Indian Institutes of Technology, Kanpur, India, was used to
prepare the nanoparticles. Ripe mangoes (Mangifera indica cv.
Alphonso) were procured from a local market in Kanpur, India.

2.2. Preparation of nanoparticles using microuidization

The microuidized casein–curcumin dispersions were made
following the method described by Pinheiro et al.15 Briey,
100 mg of curcumin, with and without 30 mg casein, was di-
ssolved in 500 ml of ethanol. The resultant mixture was then
homogenized (Ultra Turrax, T18 digital, Germany) at 12 000 rpm
for 2 minutes. The homogenized solution was then passed
through a microuidizer (Model M110P, Microuidics Corpo-
ration, USA) at 20 000 psi pressure and the sample was collected
aer different passes (1st, 3rd and 5th). However, for the stan-
dard curcumin solution, 100 mg curcumin was dissolved in
500 ml of ethanol and a similar procedure to that used for the
casein–curcumin dispersions was followed. The sample codes
of the different samples are presented in Table 1.

2.3. Preparation of nanoparticles using nanoprecipitation

The casein–curcumin nanoparticles (C0) were prepared using
a nanoprecipitation method adapted with slight modications
from Joshi and Thakur.16 Casein (15 mg) and curcumin (1 mg)
Sustainable Food Technol., 2026, 4, 842–850 | 843
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Table 1 Sample codes used in present study

S. no. Treatment Codes

1 100 mg curcumin in 500 ml ethanol without microuidization A0
2 100 mg curcumin in 500 ml ethanol aer 1st pass A1
3 100 mg curcumin in 500 ml ethanol aer 3rd pass A2
4 100 mg curcumin in 500 ml ethanol aer 5th pass A3
5 100 mg curcumin and 30 mg casein in 500 ml ethanol without microuidization B0
6 100 mg curcumin and 30 mg casein in 500 ml ethanol aer 1st pass B1
7 100 mg curcumin and 30 mg casein in 500 ml ethanol aer 3rd pass B2
8 100 mg curcumin and 30 mg casein in 500 ml ethanol aer 5th pass B3
9 Casein–curcumin nanoparticles prepared by nanoprecipitation method C0

Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/1
9/

20
26

 1
0:

50
:1

2 
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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
were dissolved in 1 ml of DMSO and vortexed for 10 minutes,
yielding a uniformly dispersed solution of particles. This
mixture was then ultrasonicated for 8 min in an ice-bath
surrounding the Eppendorf tube to prevent excessive heat and
avoid casein denaturation. The resulting solution appeared
completely transparent with a reddish-brown hue. Using
a syringe infusion pump, this solution was then added into
10 ml of 3% aqueous PVA at a consistent owrate of 120 ml h−1

under moderate stirring (700 rpm) with a magnetic stirrer. A
syringe needle was submerged in the PVA solution to ensure
controlled mixing. Stirring was maintained for 30 minutes,
which facilitated the thorough blending of DMSO and the
aqueous PVA solution. Following this step, DMSO was evapo-
rated from the mixture using a rotary vacuum evaporator at 40 °
C for 2 hours.

To prepare the casein–curcumin nanoparticles, a stock
solution was created by dissolving the casein–curcumin
dispersion in DMSO aer applying a disaggregation protocol.
From this stock solution, a volume equivalent to 75 mg of
casein–curcumin solution and 15 mg of PLGA was added,
reaching a nal volume of 1 ml in DMSO. The nanoparticles
were then collected by ultracentrifugation at 90 000 g for 50
minutes (Sorvall Micro-ultracentrifuge, Thermo Scientic
Ltd, Rotor S-55-S). Aer the rst centrifugation, the super-
natant was removed, and the nanoparticles at the bottom of
the tube were collected and washed with 1 mL of distilled
water. Ultracentrifugation was repeated at 60 000 g for 10
minutes, followed by an additional wash with 1 mL of
distilled water.
2.4. Size, polydispersity index and zeta potential analysis

The nanoparticles were characterized by their size, poly-
dispersity index (PDI), and zeta potential using dynamic light
scattering (DLS, Malvern Zetasizer Nano ZS90, UK) equipped
with a 633-nm laser source and a detector positioned at a 90°
angle. The particle size and distribution were represented as
the intensity-weighted hydrodynamic diameter and the
number of particles by percentage (%), respectively; these
parameters are mathematically well correlated. The zeta
potential measurements were calculated using the Smo-
luchowski approximation, following the method described by
Joshi and Thakur.15
844 | Sustainable Food Technol., 2026, 4, 842–850
2.5. Cell line assay

A cell line assay was carried out as detailed by Fan et al.17 Briey,
the MDCK and HepG2 cell lines were cultured prior to the
experiment. The cell lines were then placed in trypsin and
incubated for 10 min at 37 °C and a CO2 concentration of 10%.
Aer incubation, DMEM (2 mL) was added to deactivate trypsin
and the cell lines were allowed to grow for 24 h. Different
concentrations of the curcumin nanoparticles (25, 50 and 75 mL)
and a control (without nanoparticles) were then added for
determining the effect of the nanoparticles on the cells. DMEM
(2 mL) and 10% fetal bovine serum (FBS) were added to the
cells, which were kept for 24 hours. At the end of this period,
readings were taken on a plate reader. Using the control reading
for 100 cells, the readings of the various concentrations were
calculated relative to the control of 100 cells; the readings were
taken in triplicate.

2.6. In vitro release

Amango was peeled and the pulp was extracted using a grinder.
The bers were then removed from the pulp and the juice was
stored in sterilized glass bottles. The initial total soluble solids
(TSS) and pH of the mango juice were 12° Brix and 3.62,
respectively. To prepare the mango drink, the TSS was adjusted
to 14° Brix by adding a sugar syrup solution. The mixture was
then placed on a shaker for 20 minutes, which ensured uniform
blending. The prepared drink was then pasteurized at 80 °C for
5 minutes and stored in sterilized glass bottles at a refrigeration
temperature of 4 °C ± 2 °C.

The in vitro release was assessed in the mango-drink matrix.
A volume of 600 mL of the mango drink was dispensed into each
well of a 24-well plate and mixed with 300 mL of the micro-
uidized and nanoprecipitated casein–curcumin nanoparticles.
The mixture was placed on a shaker, and 100 mL aliquots were
collected at various time intervals (0, 5, 10, 20, 30, 45, and 90
minutes). Each 100 mL sample was then mixed with 200 mL of
chloroform to dissolve the casein nanoparticles. The absor-
bance readings were taken using a SpectraMax M3 Multi-Mode
Microplate Reader (Molecular Devices).

2.7. Statistical analysis

All the experiments were performed in triplicate (n = 3) and the
obtained data were analyzed using one-way ANOVA with the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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application of the sigmaPlot soware (version 12.0, Systat
Soware Inc., San Jose, California, USA). Duncan's multiple
range test was utilized to separate means and the results were
presented as the mean ± S.D.
3 Results and discussion
3.1 Size, polydispersity index and zeta potential analysis

The size, polydispersity index and zeta potential of the nano-
particles prepared with different methods are presented in
Table 2. These results show that microuidization reduced the
particle size up to 80 nm. However, this reduction of the particle
size of curcumin in ethanol was achieved aer the 2nd pass and
in the presence of casein a similar reduction in particle size was
achieved aer the 3rd pass, which can be attributed to the
hindrance provided by casein. Indeed, it has been previously
reported that there is a hydrophobic interaction between cur-
cumin and casein that forms a thick interfacial layer around
lipophilic compounds.18 The decrease in particle size was likely
due to the increase in the number of passes, which further
degraded the particles, and their decreased stability was likely
due to the formation of the aggregated nanoparticles. The
particle size of the nanoparticles obtained by nanoprecipitation
was larger than those in the microuidized dispersions.

The polydispersibility index (PDI) provides information
about the distribution of particles. Sadeghi et al.19 reported that
suspensions with a PDI value lower than 0.3 with single-size
distribution peaks are close to being classied as a mono-
dispersed suspension. The PDI value for the microuidized
nanoparticles was lower than 0.3, while it was greater than 0.3
for the nanoprecipitated nanoparticles. However, an increase in
the PDI value of the microuidized nanoparticles was likely due
to the encapsulation of curcumin by casein, which could have
caused the particles to accumulate. The range of the PDI value
of the dispersions indicated that microuidization produced
a dispersion that was monodispersed, while the nano-
precipitated nanoparticles were close to possessing a mono-
dispersed nature. The results also show a narrow and uniform
distribution of particles within the desired limit of 200 nm.20

The zeta potential of a dispersion, which is based on the
supercial charge present on the surface of the particles,
determines the particle stability in such a system. The zeta
Table 2 Size, polydispersity index and zeta potential analysisa

Sample Particle size (d, nm) PDI Zeta potential (mV)

A0 160.100 � 6.151 0.152 � 0.030 −21.867 � 2.155
A1 151.800 � 6.954 0.101 � 0.009 −16.233 � 0.737
A2 81.090 � 1.369 0.215 � 0.010 −12.180 � 2.238
A3 80.177 � 1.793 0.209 � 0.018 −13.500 � 3.132
B0 189.567 � 15.683 0.206 � 0.015 −15.467 � 0.404
B1 190.133 � 12.716 0.332 � 0.036 −11.167 � 2.686
B2 103.893 � 17.803 0.337 � 0.108 −8.607 � 3.248
B3 88.113 � 0.989 0.167 � 0.017 −8.810 � 0.053
C0 195.944 � 30.790 0.401 � 0.088 −23.633 � 3.732

a Values in mean ± SD.

© 2026 The Author(s). Published by the Royal Society of Chemistry
potential of the nanoparticles should be either less than 30 mV
or higher than +30 mV; at these ranges, they are considered to
have highly charged surface particles, which contributes to the
stability of their suspensions.21 The zeta potential of the nano-
precipitated nanoparticles was observed to be −23.63 mV,
which indicated a higher stability than the microuidized
nanoparticles with and without casein (−13.5 and −8 mV,
respectively). Raviadaran et al.22 also reported the optimized
nanoemulsion of curcumin using 1–10 cycles of microuidizer
at a pressure of 20 305.3 psi (140 MPa). They used Tween 80 as
a surfactant for stabilizing the nanoemulsion, which gave an
average zeta potential of−56, making the nanoemulsion stable.
3.2 Cell line analysis

The cell viability of the MDCK and HepG 2 cells was determined
by a plate reader machine. Cell line analysis showed that the
MDCK cells had almost 100% viability at all concentrations of
the nanoprecipitated curcumin nanoparticles indicating that
the curcumin dispersions did not have adverse effects on the
MDCK cells. However, the viability of the cancer cells (HepG 2)
decreased drastically. On the other hand, the viable cell count of
the MDCK cells exposed to the nanoprecipitated nanoparticles
increased as the concentration decreased from 75 to 25 mL.
When the concentration of the curcumin nanoparticles was 25
mL, the viable cells increased to a maximum. This observation
can be attributed to the fact that when the cells were given low
concentrations of the foreign curcumin nanoparticles for the
rst time, they adapted and replicated more than at other
higher concentrations. The viability of the cancer cells (HepG2)
decreased as the concentration of the nanoparticles increased.
There was a low number of viable cancer cells at a 75-mL
concentration of curcumin nanoparticles. This observation was
likely due to the anti-carcinogenic property of curcumin, which
kills more cancer cells at high concentrations than at low
concentrations (Fig. 1). The inhibition of FAS (fatty acid syn-
thase) in cancer cells has been observed to induce apoptosis,
which suggests that inhibiting the activity of FAS should be
a reasonable approach for the treatment of cancer. Moreover, it
was reported that curcumin is a natural FAS inhibitor.23 Cur-
cumin was able to induce HepG2 cell apoptosis by inhibiting
intracellular FAS activity, downregulating FAS expression and
the mRNA level. This novel nding supported the important
role of FAS in cancer cells. These results suggest that curcumin
can be considered to have potential applications in the treat-
ment of cancer, providing some useful ideas and new clues in
developing target-directed anticancer drugs for further in vivo
studies.17

In the case of the microuidized nanoparticles, the viability
of both the MDCK and HepG2 cells decreased regardless of the
number of microuidizer passes. For the MDCK cells, the cur-
cumin control sample (3 passes) showed a decline in cell
viability as the nanoparticle concentration increased from 25 to
75 mL. The lowest viability was observed in the rst-pass sample
at a 75 mL concentration, compared to the 50 mL and 25 mL
samples. This reduction in cell viability may be attributed to the
increased concentration of the free, non-encapsulated
Sustainable Food Technol., 2026, 4, 842–850 | 845
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Fig. 1 Concentration of cells at various concentrations of the nanoparticles for nanoprecipitation (values are means ± SD, n = 3; bars with
different superscripts (a–c) are significantly different (P < 0.05) by Duncan's multiple range test).
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curcumin nanoparticles, which likely overwhelmed the cells
due to their smaller size and cytotoxic nature, leading to
increased cell death. Among all the microuidized samples, the
curcumin nanoparticles subjected to three passes demon-
strated the most effective results (Fig. 2). For the HepG2 cancer
cells, a similar trend was observed, where higher curcumin
nanoparticle concentrations (particularly at 75 mL) led to
a greater reduction in cell viability compared to 25 mL and 50 mL.
However, for the third-pass sample, the lowest cell viability was
unexpectedly recorded at 25 mL, although a difference across
concentrations was not found. In the h-pass sample, cell
viability exhibited a minimal variation across concentrations,
with the lowest viability at 75 mL; additionally, the standard
deviations were the smallest observed, indicating consistent
results.

These results suggest that microuidization created ne and
more uniform nanoparticles due to high shear force, which not
only improved their stability, but could have caused a partial
breakdown of the casein matrix, releasing more free curcumin
Fig. 2 Concentration of the MDCK cells at various concentrations of the
SD, n = 3; bars with different superscripts (a–d) are significantly differen

846 | Sustainable Food Technol., 2026, 4, 842–850
and increasing cytotoxicity at higher concentrations. In contrast
to microuidization, nanoprecipitation occurred under milder
conditions, which likely led to a better encapsulation of cur-
cumin within the casein matrix. This results suggest that larger,
but more biocompatible nanoparticles release curcumin grad-
ually, maintaining high cell viability in normal cells and
retaining their anticancer effects. Thus, although micro-
uidization enhanced particle uniformity, it likely increased
cytotoxicity at higher concentrations, while nanoprecipitation
improved biocompatibility through a controlled curcumin
release; however, the third-pass sample showed an anomalous
behavior in the HepG2 cell line, which could not be clearly
explained (Fig. 3).
3.3 Release study of the mango drink

The results of the release study of the curcumin (microuidized
and nanoprecipitated) nanoparticles are presented in Fig. 4.
The release of the curcumin nanoparticles was determined
using the optical density method, which shows the degradation
nanodispersions obtained from microfluidization (values are means ±
t (P < 0.05) by Duncan's multiple range test).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Concentration of the HepG2 cells at various concentrations of the nanodispersions obtained from microfluidization(values are means ±
SD, n = 3; bars with different superscripts (a–c) are significantly different (P < 0.05) by Duncan's multiple range test).

Fig. 4 Release curve of the microfluidized sample (data show mean ± SD).
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of the curcumin nanoparticles. The results obtained for the
microuidized curcumin nanoparticles showed a gradual
release of curcumin, which decreased with time (Fig. 4).
Initially, the release of curcumin was 9.1%, which continuously
decreased at a rate of 0.03% per min, reaching 5.5% at 120 min.
However, the release of curcumin from the nanoprecipitated
curcumin nanoparticles increased with time. Initially, the
release was very low (0.15%) compared to the microuidized
curcumin nanoparticles (9.1%); however, it increased at a rate
of 0.001% per min and nally reached 0.27% aer 120 min
(Fig. 5). The higher initial burst release of the microuidized
curcumin nanoparticles was due to the partial exposure of the
curcumin molecules on the surface of the nanoparticles, which
allowed them to diffuse quickly into the surrounding medium.
Over time, as the surface-associated curcumin was depleted, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
release rate decreased, which led to a gradual decline in the
curcumin concentration.

The nanoprecipitated curcumin nanoparticles had a lower
curcumin release than the microuidized curcumin nano-
particles, showing that the effective encapsulation of curcumin
is crucial for the slow release of curcumin. The release study of
the nanoprecipitated sample in the mango drink showed that
the release of curcumin from the mango drink exhibited
a gradual decrease (Fig. 6). Initially, the curcumin release was
2.3%, which decreased at the rate of 0.02% per min and reached
0.4% aer 90 min. Obeid et al.24 reported a similar trend in the
release study of niosomal nanoparticles from the encapsulated
curcumin. They also used microuidization for sample prepa-
ration, concluding that microuidization allowed for the small
and controlled distribution of particles, which led to a sudden
Sustainable Food Technol., 2026, 4, 842–850 | 847
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Fig. 5 Release curve of the nanoprecipitated sample (data show mean ± SD).

Fig. 6 Release curve of the mango drink with the nanoprecipitated sample (data show mean ± SD).
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release of curcumin that reached a maximum within two days.
In another study, Li et al.25 also reported an initial burst release
of curcumin. However, this trend was not observed in this study
for the microuidized sample of curcumin nanoparticles
loaded into the mango drink, but it was similar for the nano-
particles prepared from nanoprecipitation. Taha et al.26 recently
studied curcumin-loaded milk proteins and observed that
among the curcumin-loaded caseins, the highest release of
curcumin was from the curcumin-loaded casein nanoparticles,
a-lactalbumin and b-lactoglobulin nanoparticles. The release of
curcumin from the food matrix can be dependent upon the
hydrophobic interaction of curcumin with food constituents.
The stronger the interaction of curcumin with other
compounds, the slower the release of curcumin from the
matrix.27
Conclusions

This study concluded that the curcumin nanodispersions with
relatively small particle size, low polydispersity index and
848 | Sustainable Food Technol., 2026, 4, 842–850
controlled zeta potential were developed by using micro-
uidization. A slight delay in the reduction of the particle size of
curcumin resulted from the hydrophobic interaction of casein
with curcumin. The microuidized nanodispersions exhibited
better monodispersity than the nano-precipitated ones, sup-
ported by the obtained PDI values below 0.3, indicating
a uniform particle distribution for the microuidized nano-
dispersions. However, the zeta potential values indicated that
the nanoprecipitated nanodispersions were relatively more
electrostatically stable compared to the microuidized nano-
dispersions. Based on the physicofunctional properties,
microuidization was effective in producing uniform nano-
particles (<200 nm); however, the surface charge and stability
can be further improved by using appropriate encapsulating
agents or stabilizers. The biofunctional properties of the cur-
cumin nanodispersions prepared by the nanoprecipitation
method showed no cytotoxic effects on the MDCK cells and
demonstrated dose-dependent anticancer activity against the
HepG2 cells. Comparatively, a reduced cell viability in both cell
types was found for the microuidized nanodispersions. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
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release studies of the mango drink revealed a faster initial
release of curcumin followed by a gradual decline for the
microuidized nanodispersions, while the nanoprecipitated
particles showed a much slower and sustained release. These
ndings suggest that the casein–curcumin nanodispersions
developed using the nanoprecipitation and microuidization
techniques are promising as functional food ingredients for the
targeted and sustained delivery of curcumin. In future studies,
blank nanocarriers (casein nanoparticles without curcumin)
could be used as controls to better understand any carrier-
specic effects on cell lines.
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7 M. Pateiro, B. Gómez, P. E. S. Munekata, F. J. Barba,
P. Putnik, D. B. Kovačević and J. M. Lorenzo,
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