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Figure 8 DPPH free radical scavenging activity of control yogurt samples (Control), yogurt
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5 Jsl sbass, s Yog-Milk-Cur-NLC L

b o (6L SIS ST e (e i
S| ol b Oloy CddS L Lol sls OLES ek gas
cools CS-Cur-NLC &, 5 ol zals of
Cle &gk ol olantl 3o 6 e SlnST o
5 Yog-Milk-Cur-NLC  slawses SlhenS| 5T
& IS pIYA 5355 55 Yog-Milk-CS-Cur-NLC
53 AL ol ul s Ao Y S EE L Ml S S
G Jals b 4 015 o 1, CS-Cur-NLC & 5

Sl s Bl Y S Olge 4 SlinS iy Nl sl

122

33 Joles glaol SlanST 5T cdlab ghls (w5 S
SR Osb oS 3 IS Glasss eles 3 Ao A
LS 5w Olg ey cdled ol b 3L s LG
Sty dox 5l asle 5 0l 53552 50 s S
(SSVad glag SL s 5l Lol s 1
gl Slap 3l Bl s dile S| ol slagpal
Jsb s sty apl gbodale 5 Jlasl sl

LEA] 5ls s jaass



VENO g a3 YF 6,95 VO ol

Qlﬂl L;l"lb Gw‘gf}l&&u

o S1aS e e 0L sy ol B (psemms 52

Sl Ll e s ol 51U 53 a5 58 0o 50 b
Ll as (5l 6 et Ssba [ adsl Slans] 2
S a Ol b 5o C bl bbb I35 O
b balotla gl ol oas i o lis 55 b e 2alS
b oSt ol cdled ax g LB L= 4 e 01328
YOg-MilK- i (ol by 135 0 (516 0555 0L
Slr ol 5 S5 S8l S 0lseaCS-Cur- NLC
5 YU SISt T b b e gl 3 glacle W5
Olsear Mo mlo 3 Ll 5 35500 (B AL
oI5 ) s i S s Gl el sl S

.Jﬁ)\}eswﬂa\s)jﬂeu&@;QYW%iﬁJa&

S S omis —t
Gl ol (6 8 580 48 5ls LS sy cnl sl
WL 63005 md xR Sl i)
s e Gl 5 G sSHS Slmns sl
Lol o « (PAV//A) Slhg s YL es3L 3350 sleda
0231 el po (FT-IR) 5o 3050k (minciih sl 52

b st 3,5 Aali b ol (08 0/ O 55T (e 55555

BT Y sl
Lix 5 ol Gl s 3 S LB Ol sS
5 Goslp Jsb 3 esSHS Slaes| ST cles
Ol by Sladised 53 Sosba e il S
Argles 3 el £ 51y (oo sS05S eiledly Ol
231 Ay 05 ladised ol 210 51 e (e )
ax S1as sl ol ST Cowle 53 s Jol 55U cpl s )8
L Jgeams g 5o (g B ol Sas L0 g
B RO N R FPESC SR WU W IR VSN S0 FTCI
okl W e s 5 S b ot | e
Goma 3 il Lo |y Jdcnsy oS 5 (65 Shas
Sleaga Blg oo i G Sladal b ann s
Jdces OS5 Sl 28 Laspulp glalle 4y

123

Joo ol PH 5 0381 5 ale stiSy 55 Jolpe
3 KU TP N A A P R P X SRR
stz 3y oo S0 ke 5 1 La bt b sl g SIS
IS b iy ol B S o (6,8 sbr 0T o 51
S5 o OF e 25 5l e S5 s Sl
2ol S e bis Ol b 3 1 0f cdled 53 S
5l 15 Slast sl el clls 55 Ol S (ol
Ll o 558 s 03 SeaksS 5 055N al 3 b
Jelse ol DA] a8 bl pl5dlen 31 iS5 5S L
Yog-Milk-CS-pni 55 5, 80as o mie 55
s1s Yog-Milk-Cur-NLCU aslis ,sCur-NLC
Loodd oals s 3l Sl eslizal opl gl oo
Slcale W5 Glp i Sl S Lls e O sS
Glaasl b Il Slst o] caols b dues gl 5
OLES oS 3yls Slpan ods laiass b anllas ol
Sl b la o500 as ity Ailesls
5SS Gl w8 Olhss wilb S8l
oAl Ol ey i e s b b OS5 pled
S S dob 53 Ol ams e
S Whosls Ol Sldlas (opman [£44] WS
(Sl 2lie ladazea j5 Sl S Sls iy 6L‘°p—“-~t-
Jasls (i 0 o ol 556 0 o (5 2 3 Shes
O dsb 5s Jsd pled SLS 5 s Joram
Sl e Yot (S ol slags ;S a5 0550
] ol s b cnls Lo gei 53 SlenST 2T ol
SolS (Yeve) ol Kes 5 Taghadosi «ioen [0
sl b Conle (ladpad SlAST 2T Cled oS Wsls
T 03 G SHS sl Slad S 5L 035380 51 e
Loaclie 53 g5 BB jsba (Uoys Y B Y) 2l
b ST BTl Sl 5 Bl Gl el sl
T O e = RFCHUPIP JIRVENHIPY

LYA] s esls s SN A



SO KV IS BRGNP PP K P

e VEVNYAY 5550 WOWVE ojled Ltay3 ol 3
oG 0S8 5 OB 8 e il 5 (55,58 sle oK
el 0l plol BT
S8 ks 5 Syl

Joos aasls (55T ma o talesT plil T 3,0

casIUzas é)bf}.@,su cdjf.m.a on.Iw..ij)' ‘;ﬂe} o
3 sk Jle dds ool bl by, b
Al Slg sl

e ilosl b 55 0y5lin 1SS gale sl Lo e

Al ‘.;.;.-)L- B laesls J:.L>e.7 &é)}l.&fb) J:"A}}ﬂ

..,\J‘objs

gl

[1] Teixé-Roig, J., Oms-Oliu, G., Odriozola-Serrano,
1., & Martin-Belloso, O. (2023). Emulsion-based
delivery systems to enhance the functionality of
bioactive compounds: Towards the use of ingredients
from natural, sustainable sources. Foods, 12(7), 1502.
[2] Hewlings, S. J.,, & Kalman, D. S. (2017).
Curcumin: A review of its effects on human health.
Foods, 6(10), 92.
https://doi.org/10.3390/foods6100092

[3]1JB, V. K., & Madhusudhan, B. (2015). Synthesis,
characterization and hemocompatibility evaluation of
curcumin encapsulated chitosan nanoparticles for oral
delivery. International Journal, 3(4), 604—611.

[4] Prakash, V., Reddy, B. V., & Rao, J. (2022).
Curcumin as a natural food additive: Functionality,
stability, and delivery strategies. Critical Reviews in
Food Science and Nutrition, 62(21), 5964-5982.
https://doi.org/10.1080/10408398.2021.1900057

[5] Tiwari, S. K., Agarwal, S., Seth, B., Yadav, A.,
Nair, S., Bhatnagar, P., ... & Gupta, K. C. (2014).
Curcumin-loaded nanoparticles potently induce adult
neurogenesis and reverse cognitive deficits in
Alzheimer’s disease model via canonical Wnt/f-
catenin pathway. ACS Nano, 8(1), 76—103.

124

9 ka:jﬂ BE) &Tjté) cgﬁji LSLAJ:"A}Ji L :jﬂ:k;a

Dy ey e 218 Gl e Sl L s
./
ol Al -0

°ﬁ.)}:“”L3Jf‘:’C’Sf:’MbL5":J“L§v;\f¢L?MJJ‘b
jlﬁ\&é&l}:@)d&@l—v szbwuw oK.;

ol

Losls o g3
Sl e e s addlles pl glaasl Olis slaesls

35 gn slaosls bl rodd 55158 s aled 5 Wl
el Wlis slals gad 5 Jslr s

e’L:.a slas

S pel) (il slas 6 S s o5 Al e oDl OB s 58
@L:;j oen s ol boddady s (Pl b s (b
RS NPty ol

Mo ol by

B s 5 0kl oK e85 s Jb coles U g ol

[6] Alavi, F., Emam-Djomeh, Z., Yarmand, M. S.,
Salami, M., Momen, S., & Moosavi-Movahedi, A. A.
(2018). Cold gelation of curcumin loaded whey
protein aggregates mixed with k-carrageenan: Impact
of gel microstructure on the gastrointestinal fate of
curcumin. Food Hydrocolloids, 85, 267-280.

[7] Araiza-Calahorra, A., Akhtar, M., & Sarkar, A.
(2018). Recent advances in emulsion-based delivery
approaches for curcumin: From encapsulation to
bioaccessibility. Trends in Food Science &
Technology, 71, 155-169.

[8] Martins, S., Sarmento, B., Ferreira, D. C., & Souto,
E. B. (2021). Lipid nanoparticles as drug delivery
systems: From development to applications. Current
Pharmaceutical Design, 27(1), 126-140.
https://doi.org/10.2174/13816128266662008121537
23

[9] Miiller, R. H., Radtke, M., & Wissing, S. A. (2002).
Solid lipid nanoparticles (SLN) and nanostructured
lipid carriers (NLC) in cosmetic and dermatological
products. Advanced Drug Delivery Reviews, 54(Suppl.
1), S131-S155.  https://doi.org/10.1016/S0169-
409X(02)00118-7



https://doi.org/10.3390/foods6100092
https://doi.org/10.1080/10408398.2021.1900057
https://doi.org/10.2174/1381612826666200812153723
https://doi.org/10.2174/1381612826666200812153723
https://doi.org/10.1016/S0169-409X(02)00118-7
https://doi.org/10.1016/S0169-409X(02)00118-7

VENO g a3 YF 6,95 VO ol

&lﬂl L;l‘j'b Gw‘gf‘y\&&u

[10] Doktorova, S., & Miiller, R. H. (2022).
Nanostructured lipid carriers (NLCs): A review of
formulation  strategies,  characterization, and
applications in food and pharmaceutical industries.
Trends in Food Science & Technology, 120,242-255.
https://doi.org/10.1016/j.tifs.2021.12.033

[11] Das, S., & Chaudhury, A. (2011). Recent
advances in lipid nanoparticle formulations with solid
matrix for oral drug delivery. A4PS PharmSciTech,
12, 62-76.

[12] Akanda, M., Mithu, M. S. H., & Douroumis, D.
(2023). Solid lipid nanoparticles: An effective lipid-
based technology for cancer treatment. Journal of
Drug Delivery Science and Technology, 86, 104709.
[13] Tang, C. H., Chen, H. L., & Dong, J. R. (2023).
Solid lipid nanoparticles (SLNs) and nanostructured
lipid carriers (NLCs) as food-grade nanovehicles for
hydrophobic nutraceuticals or bioactives. Applied
Sciences, 13(3), 1726.

[14] Boyd, B. J., Salim, M., Clulow, A. J., Ramirez,
G., Pham, A. C., & Hawley, A. (2018). The impact of
digestion is essential to the understanding of milk as a
drug delivery system for poorly water soluble drugs.
Journal of Controlled Release, 292, 13—17.

[15] Kumari, A., Yadav, S. K., & Yadav, S. C. (2010).
Biodegradable polymeric nanoparticles based drug
delivery systems. Colloids and Surfaces B:
Biointerfaces, 75(1), 1-18.
https://doi.org/10.1016/j.colsurfb.2009.09.001

[16] Muxika, A., Etxabide, A., Uranga, J., Guerrero,
P., & de la Caba, K. (2017). Chitosan as a bioactive
polymer: Processing, properties and applications.
International Journal of Biological Macromolecules,
105, 1358-1368.
https://doi.org/10.1016/.ijbiomac.2017.07.087

[17] Kumari, A., Yadav, S. K., & Yadav, S. C. (2010).
Chitosan based nanocarriers for drug delivery: An
overview.  Journal  of  Nanoscience  and
Nanotechnology, 10(11), 7125-7137.
https://doi.org/10.1166/jnn.2010.2778

[18] Li, Z., Chen, X., Xing, R., & Liu, S. (2016).
Antioxidant activity of chitosan and its derivatives: A
review. International Journal of Biological
Macromolecules, 92, 1007-1015.

[19] Akrawi, S. H., Gorain, B., Nair, A. B,
Choudhury, H., Pandey, M., Shah, J. N.,, &
Venugopala, K. N. (2020). Development and
optimization of naringenin-loaded chitosan-coated
nanoemulsion for topical therapy in wound healing.
Pharmaceutics, 12(9), 893.

[20] Dawoud, M. (2021). Chitosan coated solid lipid
nanoparticles as promising carriers for docetaxel.
Journal of Drug Delivery Science and Technology, 62,
102409.

[21] Behbahani, E. S., Ghaedi, M., Abbaspour, M.,
Rostamizadeh, K., & Dashtian, K. (2019). Curcumin
loaded nanostructured lipid carriers: In vitro digestion
and release studies. Polyhedron, 164, 113—122.

125

[22] Pirestani, S., Nasirpour, A., Keramat, J., Desobry,
S., & Jasniewski, J. (2018). Structural properties of
canola protein isolate—gum arabic Maillard conjugate
in an aqueous model system. Food Hydrocolloids, 79,
228-234.

[23] Mohammadian, M., Salami, M., Momen, S.,
Alavi, F., & Emam-Djomeh, Z. (2019). Fabrication of
curcumin-loaded whey protein microgels: Structural
properties, antioxidant activity, and in vitro release
behavior. LWT, 103, 94-100.

[24] Mohammadian, M., Salami, M., Momen, S.,
Alavi, F., Emam-Djomeh, Z., & Moosavi-Movahedi,
A. A. (2019). Enhancing the aqueous solubility of
curcumin at acidic condition through the
complexation with whey protein nanofibrils. Food
Hydrocolloids, 87, 902-914.

[25] Bashiri, S., Ghanbarzadeh, B., Ayaseh, A.,
Dehghannya, J., & Ehsani, A. (2020). Preparation and
characterization of chitosan-coated nanostructured
lipid carriers (CH-NLC) containing cinnamon
essential oil for enriching milk and anti-oxidant
activity. LWT, 119, 108836.

[26] Gomez-Estaca, J., Lopez de Dicastillo, B., &
Montero, P. (2014). Curcumin-loaded nanostructured

lipid carriers:  Optimization, physicochemical
properties, and in vitro digestion study. Food
Research International, 64, 569-576.

https://doi.org/10.1016/j.foodres.2014.07.033

[27] Comunian, T. A., Chaves, 1. E., Thomazini, M.,
Moraes, I. C. F., Ferro-Furtado, R., de Castro, I. A., &
Favaro-Trindade, C. S. (2017). Development of
functional yogurt containing free and encapsulated
echium oil, phytosterol and sinapic acid. Food
Chemistry, 237, 948-956.

[28] Taghadosi, M., Bolandi, M., & Baghaei, H.
(2024). Encapsulation of curcumin with Persian gum
and its application to the production of functional
yogurt:  Physicochemical, antioxidant, sensory
properties, and starter bacteria survival study. Food
Science & Nutrition, 12(11), 9379-9390.

[29] Li, Y., Zhang, Q., Wang, L., McClements, D. J.,
& Decker, E. A. (2020). Encapsulation of curcumin
within lipid nanoparticles improves its chemical
stability and antioxidant activity. Food Chemistry,
309, 125718.

[30] Gumireddy, A., Christman, R., Kumari, D.,
Tiwari, A., North, E. J., & Chauhan, H. (2019).
Preparation, characterization, and in vitro evaluation
of curcumin-and resveratrol-loaded solid lipid
nanoparticles. A4PS PharmSciTech, 20, 1-14.

[31] Al-Ziyadi, R. K. M., Hayati, N., Rezaei, M. R.,
&  Eshaghi, A. (2024). Preparation and
characterization of chitosan-coated nanostructured
lipid carriers (CS-NLC) containing (6)-gingerol and
investigating their toxicity against MCF-7 breast
cancer cell line. BioNanoScience, 14(1), 153—163.
[32] Livney, Y. D. (2010). Milk proteins as vehicles
for bioactives. Current Opinion in Colloid & Interface
Science, 15(1-2), 73-83.



https://doi.org/10.1016/j.tifs.2021.12.033
https://doi.org/10.1016/j.colsurfb.2009.09.001
https://doi.org/10.1016/j.ijbiomac.2017.07.087
https://doi.org/10.1166/jnn.2010.2778
https://doi.org/10.1016/j.foodres.2014.07.033

SO KV IS BRGNP PP K P

[33] Barth, A. (2007). Infrared spectroscopy of
proteins. Biochimica et Biophysica Acta (BBA) -
Bioenergetics, 1767(9), 1073—-1101.

[34] Esmaili, M., Ghaffari, S. M., Moosavi-Movahedi,
Z., Atri, M. S., Sharifizadeh, A., Farhadi, M., ... &
Moosavi-Movahedi, A. A. (2011). B-casein-micelle as
a nano vehicle for solubility enhancement of
curcumin; food industry application. LWT - Food
Science and Technology, 44(10), 2166-2172.

[35] Pan, K., Zhong, Q., & Baek, S. J. (2013).
Enhanced dispersibility and bioactivity of curcumin
by encapsulation in casein nanocapsules. Journal of
Agricultural and Food Chemistry, 61(25), 6036—6043.
[36] Chang, Y., Wang, T., Adhikari, B., & Chen, J.

(2017). Enhancement of curcumin bioavailability
using nanoemulsions: Influence of surfactant type and
formulation. Food Chemistry, 231, 147-154.

[37] Huang, X., Huang, X., Gong, Y., Xiao, H.,
McClements, D. J., & Hu, K. (2016). Enhancement of
curcumin water dispersibility and antioxidant activity
using core—shell protein—polysaccharide
nanoparticles. Food Research International, 87, 1-9.

[38] Hu, Q., Luo, Y., & Sun, Q. (2020). Development
of chitosan-coated liposomes for improved delivery of
curcumin. LWT - Food Science and Technology, 118,
108762.

[39] Karimi, N., Ghanbarzadeh, B., Hamishehkar, H.,
Mehramuz, B., & Kafil, H. S. (2018). Antioxidant,
antimicrobial and physicochemical properties of
turmeric extract-loaded nanostructured lipid carrier
(NLC). Colloid and  Interface Science
Communications, 22, 18-24.

[40] Fonte, P., Nogueira, T., Gehm, C., Ferreira, D.,

& Sarmento, B. (2011). Chitosan-coated solid lipid
nanoparticles enhance the oral absorption of insulin.

Drug Delivery and Translational Research, 1, 299—
308.

[41] Ban, C., Jo, M., Park, Y. H., Kim, J. H., Han, J.

Y., Lee, K. W., ... & Choi, Y. J. (2020). Enhancing the
oral bioavailability of curcumin using solid lipid
nanoparticles. Food Chemistry, 302, 125328.

[42] Nair, R. S., Morris, A., Billa, N., & Leong, C. O.

(2019). An evaluation of curcumin-encapsulated
chitosan nanoparticles for transdermal delivery. 4A4APS
PharmSciTech, 20(2), 69.

[43] Ramalingam, P., & Ko, Y. T. (2015). Enhanced
oral delivery of curcumin from N-trimethyl chitosan
surface-modified  solid  lipid  nanoparticles:

Pharmacokinetic and brain distribution evaluations.

Pharmaceutical Research, 32, 389—402.

[44] Akgiin, D., Giiltekin-Ozgiiven, M., Yiicetepe, A.,
Altin, G., Gibis, M., Weiss, I., & Ozcelik, B. (2020).

Stirred-type yoghurt incorporated with sour cherry
extract in chitosan-coated liposomes. Food
Hydrocolloids, 101, 105532.

[45] Zedan, H., Hosseini, S. M., & Mohammadi, A.

(2021). The effect of tarragon (Artemisia dracunculus)
essential oil and high molecular weight chitosan on

126

sensory properties and shelf life of yogurt. LWT, 147,
111613.

[46] Almurisi, S. H., Akkawi, M. E., Chatterjee, B., &
Sarker, M. Z. 1. (2020). Taste masking of paracetamol
encapsulated in chitosan-coated alginate beads.
Journal of Drug Delivery Science and Technology, 56,
101520.

[47] Liu, Y., Shi, L., & Li, J. (2018). Preparation and
physicochemical properties of curcumin fortified
yogurt. Hans Journal of Food and Nutrition Science,
7(4),311-321.

[48] Lopez-Exposito, 1., & Recio, 1. (2000).
Angiotensin-converting enzyme inhibitory activity in
milk products. Critical Reviews in Food Science and
Nutrition, 46(2), 107-120.

[49] Hu, Y., He, C., Jiang, C., Liao, Y., Xiong, H., &
Zhao, Q. (2020). Complexation with whey protein
fibrils and chitosan: A potential vehicle for curcumin
with improved aqueous dispersion stability and
enhanced antioxidant activity. Food Hydrocolloids,
104, 105729.

[50] Chen, S., Wu, J., Tang, Q., Xu, C., Huang, Y.,
Huang, D., ... & Wang, S. (2020). Nanomicelles based
on hydroxyethyl starch-curcumin conjugates for
improved stability, antioxidant and anticancer activity
of curcumin. Carbohydrate Polymers, 228, 115398.
[51] Kim, D. H., Cho, W. Y., Yeon, S.J., Choi, S. H.,
& Lee, C. H. (2019). Effects of lotus (Nelumbo
nucifera) leaf on quality and antioxidant activity of
yogurt during refrigerated storage. Food Science of
Animal Resources, 39(5), 792—-803.



JFST No. 175, Vol. 23, September 2026

Wi Journal of Food Science and Technology (Iran)

Homepage:www.fsct.modares.ir

Scientific Research

Improving the Stability and Antioxidant Activity of Curcumin in Stirred Yogurt Using
Chitosan-Coated Milk Fat-Based Nanostructured Lipid Carriers

Arash Abaee!, Mohammad Ghorbani®*, Alireza Sadeghi Mahoonak?, Sara Naji*

1- Ph.D. Student in Food Science and Technology, Department of Food Science and Technology, Faculty of Food
Sciences and Technology, Gorgan University of Agricultural Sciences and Natural Resources, Gorgan, Iran
2-  Professor, Department of Food Science and Technology, Faculty of Food Sciences and Technology, Gorgan
University of Agricultural Sciences and Natural Resources, Gorgan, Iran
3-  Professor, Department of Food Science and Technology, Faculty of Food Sciences and Technology, Gorgan
University of Agricultural Sciences and Natural Resources, Gorgan, Iran
4-  Associate Professor, Department of Food Nanotechnology, Research Institute of Food Science and Technology

(RIFST), Mashhad, Iran

ARTICLE INFO

ABSTRACT

Article History:
Received: 2025/09/15
Review: 2026/01/26
Accepted: 2026/02/03

Keywords:
Curcumin;

Lipid nanocarriers;
Milk fat;
Chitosan,;

Stirred yogurt

10.48311/fsct.2026.84096.0

*Corresponding Author E-

Abstract: The incorporation of bioactive compounds such as curcumin
into food products is a promising strategy for developing functional
foods with health-promoting properties; however, the stability and
bioavailability of these compounds remain challenging. In this study,
milk fat-based lipid nanocarriers were synthesized for curcumin
encapsulation and subsequently coated with chitosan. These
nanocarriers exhibited high curcumin-loading capacity, achieving an
encapsulation efficiency of 91.83%. Chitosan coating led to an
increase in particle size (from 306 nm to 497 nm) and a shift in zeta
potential (from —26.96 mV to +6.74 mV). FT-IR analysis confirmed
the formation of a stable lipid—curcumin/chitosan/milk protein
multilayer structure and indicated that curcumin was incorporated
into the lipid matrix in a non-crystalline (amorphous) form. Chitosan
coating significantly enhanced the thermal stability of curcumin: after
4 hours at 90 °C, 50.15% of curcumin remained in coated samples,
compared to only 5.1% in uncoated ones. Following freeze-drying,
the nanocarriers were incorporated into stirred yogurt to enrich its
curcumin content. Physicochemical and organoleptic evaluations
revealed that, although the lipid nanocarrier formulation enhanced
antioxidant activity (as assessed by the DPPH assay), its stability over
time was maintained only in the presence of the chitosan coating.
Moreover, chitosan coating effectively mitigated the negative sensory
impacts of curcumin enrichment on yogurt acceptability.
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