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Background and objectives: The glycation of Proteins is usually
considered the first step of the Maillard reaction. Studies have shown
that the functional properties of whey protein isolate have been
significantly improved by conjugation by carbohydrates through the
Millard process. Therefore, this research aims to stabilize double
emulsions (W/O/W) with whey protein isolate-inulin conjugates.

Materials and methods: The conjugation variables were WPI to
inulin ratios (1:1, 1:2, and 2:1 w/w) and incubation temperatures (60
and 80°C) at 79% relative humidity for 24 h. In this study, we
investigated the sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS- PAGE), Fourier transform infrared
spectroscopy (FT-IR), and the color of conjugates. The apparent
viscosity, particle size and distribution, zeta potential, and creaming
of W/O/W emulsions were measured during storage time.

Results: The droplet size of W/O/W emulsions stabilized with
conjugates produced at 80 © C was less than the conjugates prepared
at 60° C. The 2:1 and 1:2 weight ratios of whey protein isolate-inulin
showed the maximum and minimum droplet size of emulsions during
storage. Emulsions stabilized by conjugates produced by heating at
80°C had higher zeta potential than emulsions stabilized with
conjugates produced by heating at 60°C on the first day of production.
The W1/0O/W2 emulsions stabilized by a 1:2 ratio of whey protein
isolate-inulin conjugate showed a higher zeta potential value on the
first day and after 21 days of storage.

Conclusion: Generally, the results showed that whey protein isolate-
inulin conjugates have a favorable ability to stabilize double
emulsions, especially a weight ratio of 1:2, hence these emulsions can
be used for the encapsulation of various bioactive compounds.
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Figure 2. FTIR spectra of Inulin, WPI and WPI-Inulin conjugates (60 and 80°C).
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Table 2. The average particle size and PDI of emulsions stabilized by WPI-Inulin
conjugates on day 1 and day 21

Samples PDI
(W/O/W) (day1)

1:1 (CO 60° C) 0.469
lw:2 (CO 60° C) 0.453
2w:1 (CO 60° C) 0.475
1:1 (CO 80° C) 0.443
lw:2 (CO 80° C) 0.403
2w:1 (CO 80° C) 0.460
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Figure 3. The zeta potential of emulsions stabilized by WPI-Inulin conjugates on day 1 and day 21
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Figure 4. Apparent viscosity (Pa.s) of emulsions stabilized by WPI-Inulin conjugates
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Figure 5. Creaming profile of emulsions stabilized by WPI-Inulin conjugates during 21 days.

VY b ok oS el s
dbsjsﬁyﬂ\—ﬁgi&;}ﬂ ‘d,ﬁ\‘\f,}'ﬁs
Sdie (Wsg el A8 ol S Sle ams A P
3o VY Sl ey 5 e 555 05 L e U5 ey
ML o @l eamen Lols 0L (551
Cole yasia 30 (W/O/W) 8 55 s send sal
2l S G ol bosedsel
S sba anils SIS b b a0 5l
Pl s ol G5 S A ekt
S0 g sol Lo S psbae LIS el -
ol Sl egls VY S Cad s o s 4 A8 s
Sl S Losedsel ol 5l OIS e s

23 gl ealana) s Jled Coy LS 5

")

RS LE N
<W/O/W) ‘UKJJ leﬁdj?wj)ﬁ‘ Q\)bé a)‘.)u‘ BB,
ConS S0 g gl ol b 03101 Las 520 a5 515 OLES
Sarn A gles 3 sdil) 5 S 55 S L osld
AL Slad seed sal ol a3 o310 1 S s S sl
oy Pl s gds GbaSES L oedd
L;uuxml}d C)‘)a.; e)UJ W Sy b\;gg“ut.w
L.IZ'G)J‘% 4.‘_5;:\45)})5\“ Muou%ﬁ'ﬁg_}b
g a8 g gol plo i S Syl = i
et 5 bOsmd sl 4 Sany e n mb
S Lol S S8 53 sla0 gaed ol &S il
S sl = iy 2l s danl Sops

Aoy 0 g ol e 4l (6 RAe a5



Ol)Sep g (gaeme Adle / ...ailfgd Sl Gomlgel (S S 39 (b5
FLv%)

1. Tan, C., McClements, D.J. 2021. Application of Advanced Emulsion Technology in the Food
Industry: A Review and Critical Evaluation. Foods. 10(4): 812.

2. Vellido-Perez, J., Ochando-Pulido, J., Brito-de la Fuente, E., Martinez-Ferez, A. 2021a. Novel
emulsions—based technological approaches for the protection of omega—3 polyunsaturated
fatty acids against oxidation processes—A comprehensive review. Food Structure. 100175.

3. Qi, P.X., Xiao, Y., Wickham, E.D. 2017. Stabilization of whey protein isolate (WPI) through
interactions with sugar beet pectin (SBP) induced by controlled dry-heating. Food
Hydrocolloids. 67: 1-13.

4. Wang, C., Wang, H., Sun, X., Sun, Y., Guo, M. 2019. Heat-Induced Interactions between Whey
Protein and Inulin and Changes in Physicochemical and Antioxidative Properties of the
Complexes. International Journal of Molecular Sciences. 20(17): 4089.

5. O'Mahony, J.A., Drapala, K.P., Mulcahy, E.M., Mulvihill, D.M. 2017. Controlled glycation of
milk proteins and peptides: Functional properties. International Dairy Journal. 67: 16-34.

6. de Castro, R.J.S., Domingues, M.A.F., Ohara, A., Okuro, P.K., dos Santos, J.G., Brexd, R.P.,
Sato, H.H. 2017. Whey protein as a key component in food systems: Physicochemical
properties, production technologies and applications. Food Structure. 14: 17-29.

7. Chen, W., Wang, W., Ma, X., Lv, R., Watharkar, R.B., Ding, T., Ye, X., Liu, D. 2019. Effect
of pH-shifting treatment on structural and functional properties of whey protein isolate and its
interaction with (—)-epigallocatechin-3-gallate. Food Chemistry. 274: 234-241.

8. Sutariya, S., Patel, H. 2017. Effect of hydrogen peroxide on improving the heat stability of

whey protein isolate solutions. Food Chemistry. 223: 114-120.

9. de Oliveira, F.C., Coimbra, J.S.d.R., de Oliveira, E.B., Zuifiiga, A.D.G., Rojas, E.E.G. 2016.
Food protein-polysaccharide conjugates obtained via the Maillard reaction: A review. Critical
Reviews in Food Science and Nutrition. 56(7): 1108-1125.

10. Sun, W.-W., Yu, S.-]., Yang, X.-Q., Wang, J.-M., Zhang, J.-B., Zhang, Y., Zheng, E.-L.. 2011.
Study on the rheological properties of heat-induced whey protein isolate—dextran conjugate
gel. Food Research International. 44(10): 3259-3263.

11. Mulcahy, E.M., Fargier-Lagrange, M., Mulvihil, D.M., O'Mahony, J.A. 2017.
Characterisation of heat-induced protein aggregation in whey protein isolate and the influence
of aggregation on the availability of amino groups as measured by the ortho-phthaldialdehyde
(OPA) and trinitrobenzenesulfonic acid (TNBS) methods. Food Chemistry. 229: 66-74.

12. Al-Hakkak, J., Al-Hakkak, F. 2010. Functional egg white—pectin conjugates prepared by
controlled Maillard reaction. Journal of Food Engineering. 100(1): 152-159.

13. Evans, M., Ratcliffe, 1., Williams, P.A. 2013. Emulsion stabilisation using polysaccharide—
protein complexes. Current Opinion in Colloid & Interface Science. 18(4): 272-282.

14. Wong, B.T., Day, L., Augustin, M.A. 2011. Deamidated wheat protein—dextran Maillard
conjugates: Effect of size and location of polysaccharide conjugated on steric stabilization of
emulsions at acidic pH. Food Hydrocolloids. 25(6): 1424-1432.

15. Zhang, J., Wu, N., Lan, T., Yang, X. 2014. Improvement in emulsifying properties of soy
protein isolate by conjugation with maltodextrin using high-temperature, short-time dry-
heating Maillard reaction. International Journal of Food Science & Technology. 49(2): 460-
467.

16. Tamnak, S., Mirhosseini, H., Tan, C.P., Ghazali, HM., Muhammad, K. 2016.
Physicochemical properties, rheological behavior and morphology of pectin-pea protein
isolate mixtures and conjugates in aqueous system and oil in water emulsion. Food
Hydrocolloids. 56: 405-416.

17. Wang, L.-H., Sun, X., Huang, G.-Q., Xiao, J.-X. 2018. Conjugation of soybean protein isolate
with xylose/fructose through wet-heating Maillard reaction. Journal of Food Measurement and
Characterization. 12(4): 2718-2724.

18. Zha, F., Dong, S., Rao, J., Chen, B. 2019. The structural modification of pea protein
concentrate with gum Arabic by controlled Maillard reaction enhances its functional properties

"y



VEoF oF 0lowd IV 093 (21 g0 (6,105 9 (6918

and flavor attributes. Food Hydrocolloids. 92: 30-40.

19. Song, Y., Yang, S., Li, J. 2020. Effect of Maillard reaction conditions on the solubility and
molecular properties of wheat gluten—maltose conjugates. Food science & nutrition. 8: 5898-
5906.

20. Giarnetti, M., Paradiso, V.M., Caponio, F., Summo, C., Pasqualone, A. 2015. Fat replacement
in shortbread cookies using an emulsion filled gel based on inulin and extra virgin olive oil.
LWT - Food Science and Technology. 63(1): 339-345.

21. Leyva-Porras, C., Lopez-Pablos, A., Alvarez-Salas, C., Perez-Urizar, J., Saavedra-Leos, Z.
2015. Physical properties of inulin and technological applications. Polysaccharides; Ramawat,
KG, Mérillon, JM, Eds.; Springer: New York, NY, USA. 959-984.

22. Schmidt, U.S., Pietsch, V.L., Rentschler, C., Kurz, T., Endref3, H.U., Schuchmann, H.P. 2016.
Influence of the degree of esterification on the emulsifying performance of conjugates formed
between whey protein isolate and citrus pectin. Food Hydrocolloids. 56: 1-8.

23. Mohammadi, A., Jafari, S.M., Assadpour, E., Faridi Esfanjani, A. 2016. Nano-encapsulation
of olive leaf phenolic compounds through WPC—pectin complexes and evaluating their release
rate. International Journal of Biological Macromolecules. 82: 816-822.

24. Laemmli, U.K. 1970. Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature. 227: 680.

25. 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.

26. Martins, J.T., Cerqueira, M.A., Bourbon, A.IL., Pinheiro, A.C., Souza, B.W., Vicente, A.A.
2012. Synergistic effects between k-carrageenan and locust bean gum on physicochemical
properties of edible films made thereof. Food Hydrocolloids. 29(2): 280-289.

27.Yang, Y., Cui, S., Gong, J., Miller, S.S., Wang, Q., Hua, Y. 2015. Stability of citral in oil-in-
water emulsions protected by a soy protein—polysaccharide Maillard reaction product. Food
Research International. 69: 357-363.

28. Goémez-Ordofiez, E., Rupérez, P. 2011. FTIR-ATR spectroscopy as a tool for polysaccharide
identification in edible brown and red seaweeds. Food Hydrocolloids. 25(6): 1514-1520.

29. Zhu, X., Jia, C., Meng, X., Xing, M., Yi, Y., Gao, X. 2018. Synthesis, characterization of
inulin propionate ester, and evaluation of its in vitro effect on SCFA production. Starch-Stérke.
70(9-10): 1800037.

30. Barth, A. 2007. Infrared spectroscopy of proteins. Biochimica et Biophysica Acta (BBA)-
Bioenergetics. 1767(9): 1073-1101.

31. Sadeghi, S., Madadlou, A., Yarmand, M. 2014. Microemulsification—cold gelation of whey
proteins for nanoencapsulation of date palm pit extract. Food Hydrocolloids. 35: 590-596.

32. Ozel, B., Aydin, O., Oztop, M.H. 2020. In vitro digestion of polysaccharide including whey
protein isolate hydrogels. Carbohydrate Polymers. 229: 115469.

33. Lefévre, T., Subirade, M. 1999. Structural and interaction properties of B-Lactoglobulin as
studied by FTIR spectroscopy. International Journal of Food Science & Technology. 34(5-6):
419-428.

34.Ye, M., Zhou, R., Shi, Y., Chen, H., Du, Y. 2017. Effects of heating on the secondary structure
of proteins in milk powders using mid-infrared spectroscopy. Journal of Dairy Science. 100(1):
89-95.

35. Gonzalez-Martinez, D., Carrillo-Navas, H., Barrera-Diaz, C., Martinez-Vargas, S., Alvarez-
Ramirez, J., Pérez-Alonso, C. 2017. Characterization of a novel complex coacervate based on
whey protein isolate-tamarind seed mucilage. Food Hydrocolloids. 72: 115-126.

36. Shi, Y., Liang, R., Chen, L., Liu, H., Goff, H.D., Ma, J., Zhong, F. 2019. The antioxidant
mechanism of Maillard reaction products in oil-in-water emulsion system. Food
Hydrocolloids. 87: 582-592.

37. Nooshkam, M., Madadlou, A. 2016. Microwave-assisted isomerisation of lactose to lactulose
and Maillard conjugation of lactulose and lactose with whey proteins and peptides. Food
Chemistry. 200: 1-9.

Yy



u‘)&.o.h 9 G dsle / ...45155.3 ‘_glh u,ﬁmj,ol ‘_gl.h‘;ﬁs ‘jg))l

38. Dong, X., Du, S., Deng, Q., Tang, H., Yang, C., Wei, F., Chen, H., Quek, S.Y., Zhou, A., Liu,
L. 2020. Study on the antioxidant activity and emulsifying properties of flaxseed gum-whey
protein isolate conjugates prepared by Maillard reaction. International Journal of Biological
Macromolecules. 153: 1157-1164.

39. Apolinario, A.C., de Carvalho, E.M., de Lima Damasceno, B.P.G., da Silva, P.C.D., Converti,
A., Pessoa Jr, A., da Silva, J.A. 2017. Extraction, isolation and characterization of inulin from
Agave sisalana boles. Industrial Crops and Products. 108: 355-362.

40. Carpenter, J.F., Crowe, J.H. 1989. An infrared spectroscopic study of the interactions of
carbohydrates with dried proteins. Biochemistry. 28(9): 3916-3922.

41. Tan, S., Zhong, C., Langrish, T. 2020. Pre-gelation assisted spray drying of whey protein
isolates (WPI) for microencapsulation and controlled release. LWT. 117: 108625.

42. Nasrollahzadeh, F., Varidi, M., Koocheki, A., Hadizadeh, F. 2017. Effect of microwave and
conventional heating on structural, functional and antioxidant properties of bovine serum
albumin-maltodextrin conjugates through Maillard reaction. Food Research International.
100: 289-297.

43. Barbosa, J.M., Ushikubo, F.Y., de Figueiredo Furtado, G., Cunha, R.L. 2019. Oil in water
emulsions stabilized by maillard conjugates of sodium caseinate-locust bean gum. Journal of
Dispersion Science and Technology. 40(5): 634-645.

44, Einhorn-Stoll, U., Kastner, H., Drusch, S. 2014. Thermally induced degradation of citrus
pectins during storage—Alterations in molecular structure, colour and thermal analysis. Food
Hydrocolloids. 35: 565-575.

45. Perrechil, F., Santana, R., Lima, D., Polastro, M., Cunha, R. 2014. Emulsifying properties of
maillard conjugates produced from sodium caseinate and locust bean gum. Brazilian Journal
of Chemical Engineering. 31(2): 429-438.

46. Liu, G., Zhong, Q. 2015. High temperature-short time glycation to improve heat stability of
whey protein and reduce color formation. Food Hydrocolloids. 44: 453-460.

47. McClements, D.J., (2004). Food emulsions: principles, practices, and techniques. CRC press.

48. Zhou, Y., Teng, F., Tian, T., Sami, R., Wu, C., Zhu, Y., Zheng, L., Jiang, L., Wang, Z., Li, Y.
2020. The impact of soy protein isolate-dextran conjugation on capsicum oleoresin (Capsicum
annuum L.) nanoemulsions. Food Hydrocolloids. 108: 105818.

49. Weiss, J., Muschiolik, G. 2007. Factors affecting the droplet size of water-in-oil emulsions
(W/O) and the oil globule size in water-in-oil-in-water emulsions (W/O/W). Journal of
Dispersion Science and Technology. 28(5): 703-716.

50. Mutaliyeva, B., Grigoriev, D., Madybekova, G., Sharipova, A., Aidarova, S., Saparbekova,
A., Miller, R. 2017. Microencapsulation of insulin and its release using w/o/w double emulsion
method. Colloids and Surfaces A: Physicochemical and Engineering Aspects. 521: 147-152.

51. Pagano, A.P.E., Khalid, N., Kobayashi, 1., Nakajima, M., Neves, M.A., Bastos, E.L. 2018.
Microencapsulation of betanin in monodisperse W/O/W emulsions. Food Research
International. 109: 489-496.

52. Wilde, P.J. 2019. Improving Emulsion Stability Through Selection of Emulsifiers and
Stabilizers. Reference Module in Food Science.

53. Amid, B.T., Mirhosseini, H. 2014. Stabilization of water in oil in water (W/O/W) emulsion
using whey protein isolate-conjugated durian seed gum: Enhancement of interfacial activity
through conjugation process. Colloids and Surfaces B: Biointerfaces. 113: 107-114.

54. Delfanian, M., Razavi, S.M.A., Haddad Khodaparast, M.H., Esmaeilzadeh Kenari, R.,
Golmohammadzadeh, S. 2018. Influence of main emulsion components on the
physicochemical and functional properties of W/O/W nano-emulsion: Effect of polyphenols,
Hi-Cap, basil seed gum, soy and whey protein isolates. Food Research International. 108: 136-
143.

55. Flores-Andrade, E., Allende-Baltazar, Z., Sandoval-Gonzalez, P.E., Jiménez-Fernandez, M.,
Beristain, C.I., Pascual-Pineda, L.A. 2021. Carotenoid nanoemulsions stabilized by natural
emulsifiers: Whey protein, gum Arabic, and soy lecithin. Journal of Food Engineering. 290:
110208.

)yY¥



VFeF oF 0)losd VY 095 ¢ 21SE Blg0 (5,155 9 (5 91,

56. Danaei, M., Dehghankhold, M., Ataei, S., Hasanzadeh Davarani, F., Javanmard, R., Dokhani,
A., Khorasani, S., Mozafari, M. 2018. Impact of particle size and polydispersity index on the
clinical applications of lipidic nanocarrier systems. Pharmaceutics. 10(2): 57.

57. Bonnet, M., Cansell, M., Berkaoui, A., Ropers, M.-H., Anton, M., Leal-Calderon, F. 2009.
Release rate profiles of magnesium from multiple W/O/W emulsions. Food Hydrocolloids.
23(1): 92-101.

58. Leiva-Vega, J., Villalobos-Carvajal, R., Ferrari, G., Donsi, F., Zuiiga, R.N., Shene, C.,
Beldarrain-Iznaga, T. 2020. Influence of interfacial structure on physical stability and
antioxidant activity of curcumin multilayer emulsions. Food and Bioproducts Processing. 121:
65-75.

59. O’Regan, J., Mulvihill, D.M. 2010. Sodium caseinate—maltodextrin conjugate stabilized
double emulsions: Encapsulation and stability. Food Research International. 43(1): 224-231.

60. Lutz, R., Aserin, A., Wicker, L., Garti, N. 2009a. Double emulsions stabilized by a charged
complex of modified pectin and whey protein isolate. Colloids and Surfaces B: Biointerfaces.
72(1): 121-127.

61. Sun, C., Gunasekaran, S., Richards, M.P. 2007. Effect of xanthan gum on physicochemical
properties of whey protein isolate stabilized oil-in-water emulsions. Food Hydrocolloids.
21(4): 555-564.

62. Yildirim, M., Sumnu, G., Sahin, S. 2017. The effects of emulsifier type, phase ratio, and
homogenization methods on stability of the double emulsion. Journal of Dispersion Science
and Technology. 38(6): 807-814.

63. Herzi, S., Essafi, W., Bellagha, S., Leal-Calderon, F. 2014. Influence of the inner droplet
fraction on the release rate profiles from multiple W/O/W emulsions. Colloids and Surfaces
A: Physicochemical and Engineering Aspects. 441: 489-495.

64. Liu, J., Liu, W., Salt, L.J., Ridout, M.J., Ding, Y., Wilde, P.J. 2018b. Fish oil emulsions
stabilized with caseinate glycated by dextran: Physicochemical stability and gastrointestinal
fate. Journal of Agricultural and Food Chemistry. 67(1): 452-462.

65. Giroux, H.J., Constantineau, S., Fustier, P., Champagne, C.P., St-Gelais, D., Lacroix, M.,
Britten, M. 2013. Cheese fortification using water-in-oil-in-water double emulsions as carrier
for water soluble nutrients. International Dairy Journal. 29(2): 107-114.

66. Huang, H., Wang, D., Belwal, T., Dong, L., Lu, L., Zou, Y., Li, L., Xu, Y., Luo, Z. 2021. A
novel W/O/W double emulsion co-delivering brassinolide and cinnamon essential oil delayed
the senescence of broccoli via regulating chlorophyll degradation and energy metabolism.
Food Chemistry. 356: 129704.

67. Castel, V., Rubiolo, A.C., Carrara, C.R. 2017. Droplet size distribution, rheological behavior
and stability of corn oil emulsions stabilized by a novel hydrocolloid (Brea gum) compared
with gum arabic. Food Hydrocolloids. 63: 170-177.

68. Li, K., Woo, M.W., Patel, H., Selomulya, C. 2017. Enhancing the stability of protein-
polysaccharides emulsions via Maillard reaction for better oil encapsulation in spray-dried
powders by pH adjustment. Food Hydrocolloids. 69: 121-131.

Yo



