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Research progress on the preparation and application of whey
protein-based microcapsules
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NIE Chen-Guo', ZHANG Shen-Yuan®

[1. School of Science and Chemical Engineering, Ningxia Institute of Technology, Shizuishan 753000, China;
2. Pharmaron (Ningbo) Technology Development Co., Ltd., Ningbo 315000, China]

ABSTRACT: In recent years, microcapsule technology has shown broad application prospects in food science and
biomedicine due to its protection and controlled release characteristics of active ingredients. Among a variety of wall
materials, whey protein has become a promising candidate due to its natural non-toxicity, biocompatibility and
biodegradability. This paper first provided an overview of the putamen structure of whey protein-based
microcapsules. Secondly, this paper mainly discussed the modification methods of whey protein wall materials:
Building composite wall materials with other biological macromolecules; structural modification by physical or
chemical methods, as well as improvement of interface properties by Maillard reaction. This paper analyzed the
technical characteristics of spray drying, freeze drying and complex coacervation methods and their effects on the
properties of whey protein-based microcapsules. The results showed that the embedding rate and stability of

microcapsules could be significantly improved by precisely regulating the process parameters. Finally, in the field of

ks HHEA: 2025-02-13
HEeWE: TEM T 246 2024 4E013575 | F L B (LGKY2024019); 7° B [ 5 X 58l AR 25 87 24 VE MR 5 A5 H (Cxy2021024)
F—EEBEEE: H5%(1996—), L, Wititsd, FEME T AEY Y. E-mail: 870949347@qq.com



246 B dn 2 4 R R I A 4R

%16 &

application, whey protein-based microcapsules could not only effectively protect the activity of probiotics and

achieve targeted delivery of active substances, but also showed application potential in biomedical fields such as

controlled drug delivery systems and wound dressings.

KEY WORDS: whey protein; microcapsules; preparation

0 51 &

TR BEF A HE A A | W B S 6 P o 0 3
TEVEVERER b, T T ORA . PRI 1) 328 26 ) BE R 0%
Pt PEREOR R AR KR, H o T2 BB R RERE
E R R KA o M R BT BEAL B AR,
BER (A T B e T HLROR I D AP, FERER O
Vel B b NGB AR LT HORMED o 2 DR b HA AT
FOEPE, R RERS 5 R P> Z ) AR AN RSN [
R TEA A S AR LA & e i, BT 2R G
2 ERER I P AR AP

A BVE R T E AT AR RAAATRL, BRI
FiA: PR ES, BRSO BERE b i T A )
b, FUEE O RYIEE AR BRI, B 2R EORE A,
A3 o-F7%5 %5 3 (alpha-lactalbumin, a-LA). p-FLERE A
(beta-lactoglobulin, B-LG). 4 IfiLi% 1 £ [1 (bovine serum
albumin, BSA). Bk 1L RALEAE, JEEA
VE bR A Z R ) ae R, Hrf, a-LAFIB-LG HA
FULPERE, A B T8 FLIRRR I B7 (A8 B 5, T By
IEREEE), B-LG HAT W B S AR AN 35 A W 2 LR, M Tfi
FEAERUEATE S . LR A Ak, M E A
MA K, BATRSEAPT ARG, TR EREAE, A
EEE N IREMEREM B SR RGP AN H 482 o
SN LI L BE A D RR ) B R AR RLAR RN . A
Fr e o kA R HATE A IS R LI
1A S RERFPE AN T 7L 2 (AKX R 58, VP25
AL rp A AT 8 118 528 BE A GO 1T PR 5 Y T AT 1
o BRI, BT ELVE EE AR R 5 5 LRI A
AZEIR B TEMEIR FLIE 5 U B I 4548 . R IR A L,
THEFVEER | FLG 8 P AR GUR B ) A R S O T, DA
NEETFE R ORI BT A7 T 4R (R ) LA

1 FBEAEMKESY

T 38 5 i SO ROTAE 1~1000 pm B HAT 7%
SR ORI 53 N SR O R R RN 2 A%
TR, [RIRE, ARG EEAS 200 o 52 BB BTN 22 )2 Tl
B BB AR R T T (U TS ] () M R R, P 3¢
o PRSI HA BRI O BUE S I a4, 2
—RIETER L IR AR, H— BANERR, A s

B, 2 2R AE J¢ 12 h S BOR TR & P v] LS %
RN, TE I )2 o 6 AR R B G P T DL SE BRI,
LR 25 R . XU RO B it DR AE I FH 7 AR
PR A g W LU B R B bR 2 B
RIS ZFM231 TAtR, RAZLEBER A, 40Uz
W, HABHFIRF] 89.46%; % H HRAE B W P AU 4
1.96 U, IFEEAIAR G BiRikT] 86.56%, LML
L G

2 HFEREMER

FLIE B LR B AR FLRE A B R] 430 3 2 PR
TR IR, R L & B e —RER Y B
FLIE ISR 2, R LI B R A o A LA
SiRRE R ERERY B4 LIS A 1 SRR, FLIEE AT A
WL bSO B, T U B R
LRk F 7 2 AU R S BURR R R AE R
21 BIAEEBEEM

RARRAS 1 FLIE 26 11 1 B0 9 BOIR B (T 4Lk, F2 %8
WA B-LG Fl a-LA. B-LG 4 SFLIEE A B K 50%, B
Ao —H . P “HMPULELE; a-LA 247 LT
EAM 20%, KEZ45HH IO, HG e R, 21
HEAARGREEFRNE RS, 0TI Rk
PR, AN, GBI RS pH . B TR AR AR A, T
eV I g OB TETE W 11 ol = s S LI (335 e
DUONGTHINGOC Z> N 235 5 (VA pH 2%,
FIFHBERING:, AW TR B e W B P 45
FWIEAE TR SR E pH 45 T FLi 28 P P AR TE 1
BERE, MO R T HE T I B TR A AT R  KHEM 260031
T AR O BEAE, S W 55 T e b R R ) FL R TR TR PR
A17 1 B21, Z55SREIIZMMLTRALE 20 °CTF By A7 U561 1)
PREEIG S0 8 JB. SR, SRPLIE A A SR B AR A A
N R R 2 BB AR R . BRI, R AL
T AR URE R B8 1 14 L3 2R (1 R 1 e 2, i
PR rp R IR S R AR P AR
22 ERIFEEREEM
22,1 LFEaR L85

VERY . LTHEZE . STIME . AR SR N SRR T T
FRAE M 220, AT R R R PR e AR A SR DL SR SR DT
B ESFBERAVERE Y, WTecEFLR pH e,



5512 4]

d S, A FLIE R RGO 00 ) S S 247

FHR AR . ZHAO P IR G b T 4% B3 fy A FL
TR LA A K A B R AL, IR AR
FARM I TE . FrGRRER I 1L 4 Ve HA R A 7L
fePERE, SR E AR B, O R R AR CR N, B
e E B A L3 R A O T e R 0 ) A M R RN B i
LIS SR GNP I 48 11 o S A R, fudi SRk
W F . BHREM, SR KRG 4R -3- a1
HEL, G R R B A S bR AR RE F1, 16 B WA i
WIER R R A KL AR . A REM AT LUK
& ZEMHE . TIN R R B3P WIRS hRE, 7,
TR AMEE, SRS A REM B 245 )7 1, BT B %
FERZ MRN8 A8 e 43T TR R AR FE 8 o i e
MR M. S5 RRW, IZMIR TR RNy 36.80%, BEHTT
SR T 24 h R 52 4 76.09%, X R R HAT R4S
B AIE % R Bos B R AT . FLIEED
i 1 5 2 AR R A VR T S i R A, A
R T BRUPLIE B ) SRR B i R B R pHL AU
222 LEEafEMFEaR

FLIEHE AT LS B . ROK AR RIS 26 (1 25 A TE i
ERE S A RER B2 FUSTIER 2B LI & 140 B9
A0 W R BERE, DU JRRAF I R atibt, 1l e & A BE A
R T L R AR T MU BE RO B AL M B . 45 SRR, 0.5%3,
TR TR 0.75%F R RSl ) i 22 JZ FLIAE 21 d )5 3R i
A AR E, 2 T f B 0 R AT 800 T R 2 B L 4
TS5 RFFMAR A . HU 2654910 80%08 85 11 Fl 20%FL
T8 K PV B A Fu SIS0 3 R 4 At i, 45 LI, S A
G M eI R TR AR AR S S R BCR R I N & 77.7%F1
41.7%, TR0 I T 11 R 03 AR 1 /K A 22 ) 2 i 2 I
HSE . (35 B FLTE B 0 U 1 RE M e £ R i 4570,
AIREE f TRV B A AL TS A ERIRE A, S S8R
AL AP A o) A5 B, R R B A S R AR )
ZHUNG 250Vt F 3L 37 85 1R 26 1 IR 4k 0 52 4 il 5 4
PO IR e . 5 R X S i B FLA A IR A G
R R E T, 13X 0] BE IR R i 2 (X Rl 4> T BB IR S
JRE AR A R 5 T BRI SR, 5 ) e 0 A O R 1
23 EIRNIELEERREM
23.1 IS

FLIEE T B-LG Tl a-LA ¥ B iR,
B-LG T EHAEESIIS ARE, BB REIRMEET,
BAR o-LA TGS ERERN, H—H B-LG Fif A RE,
U REAS SRR . SRS AR, S
AR A AR, S TE S E A RO S %
454, DUONGTHINGOC “ I FLiE E U N BES, P
TH R FTE 70~90 °CIWE%E T ¥/ A8k, Xt R IR S
AL BT V) 7E— #2126 5 2 F BRI 2 AR Fa
o RPN )y AT 2 Ak | G Rk 2R S

(R AT 5 LAty 2 R B 22 (0 I A
232 R B

EARSZmEAEMESERNESY, BTl
B A B, W] IR 2 WG, 2B 5 AT Ll
LI R 11 R A S R, SR BE AT A R e D
FAN %N ad [ i 3kl 6 TR B SR EFIL
E-3-WETFWRE (R, Fok AR ke fae #kfa
Mo Z5REW, ZMEY LI HLALEE A R PLAE
fiE )1 FEI %ML, 2L & s I prit 5% 8 FiR- IR
JLZREREC B, FLAER AU T 14.9 min, BEAN, FL
HEASEETR-JFILARBRING & 65 & B AL PR R
ST 17.92 °C, RIZILME AWM E A g
ROJAS-MORENO 5l F#RIR . —JRBEIRHN . A ILEERR
FE A MG ] 5260, % 7L 2 19 42 A BE M ET Tk
P, R AERT . 4532 2 WSS HRBE M Bl H o
AR, 5E%E ST EEM A RS T 400%. (HZ B
AL A 2 B EERE TR A EAE A, X —FEE S
BOACHR T EL A = pH AN TR B s, AR T
LRI & AU R P 2 .
233 EifERE

P 7 B — A AR R A AR Tk, B E A
a5 Z PN R DO AR R e R A, DT B 2 1 0
R P A T, WEL AR T AR M N I
i JiE 1421 T 4 S A N 7 ) 2 B HE AR R R B SR AR T A
R4 9 FL AL M BE A R B M RE, T A T o U B I B AR
FRREERHIS], LIAO 25 UR G Sk il 75 7L 35 B UMLK
B SERLAR SN 1, ) W o T 38 R A LA I
WE ST BE M H8 8 T O S A AR T A 2 B P i AR E 1k
AMINIKHAH ZWWE 2 5 1 . K08 & A MRS 2%
ZEMPIRG 8 o L b S AR B, SRS T A Satureja
khuzestanica #§iM, JIESEFLIE 8 1-22 ZEMEMIRG 2 & BEM 4L
ORI RN 89.27%, HLIET 5 hi A8 52 o A e 2 B A 1L
B R-Z AR B S PR IR . WANG 25100
FLIE A RN ZZ 2R £ SRR S N PR, SRR RLIE R
RIHELF AL . R mbr A etERE. FUHALEEA-
RN R R 4 A e, HlA EIEARN 87.41% 440
PR B . FLIE B -2 ZEMIEAE S BE AT B A L 2 146
T &M AR E T

3 FAAEREMRENSIESE

FLIE AR R AT, OB HA PR S
Fay R B SR (A R A S, R A L A
SR A R A O FLBE AT, L 2 1 S RE B de i T B34
B ) 26 A WS 3 TR A VR TS, W Tk R
A RWGES L ERET . AR A SRR A, I
LI AR —E R ARIBRE M VR FLAL PR W v T



248 B dn 2 4 R R I A 4R

%16 &

Fi AR BEAE AR B A0 B2 25 PR R b A7 T4, ol A At
i, BRI A YT E Y T . 20 % T R K PR i
XiF R 1 A AS AL 4, A SR A A AR Y
3.1 BEFREEE

WE 5 R RO AR TR R S BE R b
VR s K R, S IR SR TR, Ok LR
o TR IR AL I TR, R A U B Y, X
T2 AT DA A T A R 2 2 7 R TR Y
KRB W5 R RV E T B | IR R s8R AR IR
AR T2 Ko (R FEARIRE S Z Lk
Ji L A RAUR L2 AR, T s U 2 TE A |
A | ALHR | W IR RN g 4005 CALVA-ESTRADA
25 50330 b % 5 g b R R FL R AR P A K FL AT B
EAEA, USROG A T TS T, Wit e G
R Rl B S AR RE 2 T AL A5 D A 4 P 2R i L ZHANG 255
W 7L R P R R At W B AR T L9 i 4 BEAA, AL
PHMER, 45 R RV R R L i E A S B R
B AR TN i, BUR R . FEFRED )
B FLE B A2 FLUe 4 B (I VE M BEM, LIS Rk £
AL FE I TR R e bF, 38 2o 8% 25 T4 1 O X s el e
LER LA LIFLIE R O RER, RSB 1:8 MUK
MR AR, AR A R TR . A FL M AR
BER, HLAR AR R, RifLIRZ, HSH 4k
SRR DR, SRR AARER | PN RERT H ) |
FEFE AT AR LU B T L2500 T3 T 7L 8 A SRR
PER e MR B R H L,
32 AGTFHRE

VA VR T — Rl ek T A VR i i 45 AN R U v
JEZ AL R R B AR o O IZ AR ZEARIR T UEFT, BT LA
) F R A7 IS P 4 0 35 A TS 801 LEDRI %5160
PAZZ ZERARE FPL s 26 O REME, DAV VR T AR RnmE 25 1
JEf W 25 T O A I RS, 4 R SV R TR
FO IS 55 T M A SO i 4 X . CHAABANE 25011
2 ZEMEWURE AL 2 O BEAS, 2 5SS R R R T
JoR ) 2 O o TR, 45 SRR, TS TR AL PR 1
JiE 8 S BUERCIR U1 S5 M, 20 ¥4 VR T M8 A TR 10 AR M % 2%
SRR, RIMAFN . ERATTE £ D), 375 5 (1 iz
AR Ay B, 3 2ok % 55 A A0 4 VR T MR T 4% 44 0 T
B, AREM, S TR L, BEE T MK
WHA TP AR . EE AR, BET
PR B e T A B IRRAL, TR TR R R £
Floo ¥ VR TR B AR B VA Vi ok R R R 2 5 R DK S T B,
T W e 8 43 0 0 S T B L3 FLIZ 0 3 R g het i €
VR A B T ) T A A i, 3k e DR 2R 2 B i o T
FEMI R A o

33 EAREE

52 A Bl R T 28 TR T 1 IR R TR E AT,
I g R B AR PR 5 | 7R EL A A ] i A 1) A 93 0 B A
ghd, R B EER MR, Mg v A 2%y
REBRATABEASZWNE AR, BN
pH B FEI N f LA, W8 RS S LT A B A, —
A L A AR R 5105 3 e A v SR 1 A U R 1Y
WA BOmAC ], BT DU KRR M 84 . HUANG
S 1061y 2 3 B 11 - BRORE S AT T B TR R D R R A R
FCRERY, T AZL S AL, R R 3 B0 N B Y
A BHOIRFE S5 AL, EHERIR T 96%, HEE SRR
AAbBE T SEAREM S A WATEIR S . BN A
pH. REWIKE . REVHTEHFZANREEWELGER
SEY A TE BN Gl A P 3R E758 . MICHEL 251U 7L 35 4
RSB A BE b, SR A2 2R T U B AL BN AR SR L),
2k SRR BT i i R TR 2% pHL.

4 ABEERENRENNA

FLIF B 1 S0 3 1 R AT 43k £ R LA W B
M. FUEEOHASERME, TR
U5 o BONFLIEE A HA RAFABERCTERE, FLIE M SO
PEXEAT LRI o AT R P (B, g5 A s AR . B
SRALAE . 94h, FLIEE A RAFM PR VORI e Y,
FEA W R % 1, QN2 s 1 R T RORL S8 HLAT AR K
KT,

41 BEmBF
411 BARKY

A AR TR R N 3R AR A, XL TR A
(5 R B IN . 25 2E R AIAE B S AR L I R A
iR R RS 7Y RO AL AR TR R A
RAERGAE HIE PG R, BT854 Uk 2k
FRAA R A 1 g B2 4 J6#EP) . KHORSHIDI 2617411
LI 2R R B R 3 O BE A ) G IR LT R AR, 45 IR
P 550 B AR B, TR Ak g TR LT TR AE R 4 v 3 )
e, 7EELEE R 2.16 log CFU/g, TEkiflE il 4%
£ 3.52 log CFU/g., HAN %57 LE (50 )1 2L FF B4 1k
Bk, WA DUZREM V)2 Ay S R 5 S 1 2L
E 0 BRI i, HM2 R FH 1 3 1 A 28 B 45 5 1 ik
JEE IR B o 25 R 3 W 2 B e 0 v 25 26 TR I A7 T RN 3%
R F] 41.26%. CABUK ZEUSI RS & M-k N
R TR ARG FRFLFT B NRRL-B4495, 45 RERWAEHILE
W, 3 fk NRRL-B4495 1140{X N 1.17 log CFU/g; 7
ARITER AW e & b, M 2Efk NRRL-B4495 U T
1.35 log CFU/g, BB RESR T+ NRRL-B4495 75 B W Al
HF R e e P . CHEN 28 USER S AL F AR, DALY



5512 4]

d S, A FLIE R RGO 00 ) S S 249

B RN A BE AL 6 BRI ZLAF I ZFM231 TRk, il
BRI, 25 R KW, 78 4 °C T EFF 28 d /7, ZFM231
HHUL TR 1.57 log CFU/g, 7E 25 °C N EgAF 14 d, HECF
[% 1.79 log CFU/g, iiHHMUZ Rl DL g & 3 m 4n s ny
BTFRE ST .
412 AL

FLUE O AR & 5 Tk A = A 20,
ERTLABEGURE . PUE A RBUR A R, FIF KA AR
WK A SHBEE = 8. KIM 25071 A2 16 3 & e 0 - 235 o
MR G Y)-22 MRS 2 a0 R, M gAY &,
45 SRR WY R TSR SIS R T2 ZEE RS N S R A R
MIWIRTE B astbgn, 25 p-I% N R R EE,
BB R T B = IR 7 i o CRUZ-MOLINA %578
67 FH 2L 375 11 R R 3 Ao 0 DK I 35 b B A A v 2 T,
WHE M ZBmPtE e = TS 2B, H 82%/F|#E
HpE AL, R A R EE R s Ty, B
FIH AL AE ST . MOUSA Z5 U SLi5 85 1 RV 358 R A X AL
IEFFF A F-35 A TR, I A T2 I T (4 PR % 286 3 A it
PERETE, AT AR 8 B R 5 1 AR R
42 EYIE#H

5 78 FLIE B KA W0 b LA AR U M 2 K
F 53X 26 22 R AL 43 11 F 4258 . B IOE ORI 2L 700 A% g ).
XA FRBET AR YE TE A A R L, LB EAKEY
© LI i SR F T KR VRS SR Y. MEZERJI
RSN B TERY . 22 ZEMRIDRG 7L 5 2R e 46 R BE R L
FAT T B2 W, K ILAN TR L 32 M BOR M KA R B
ANER, /N B PR T RGN, U T O 7 A R R 5 ARk,
FUNZ A 3 T XN K I AP IR . ZHANG 258211
B IRIREE M LE R OO R L T, WA B W
BRI 1% . BRI E ARG RO T
FrEFESE B PRI, FEMESS S h, 34.1% 0 T EMER
AT G R ENCERCR 3.5%, FRIIRER 46
NG 3 v BRI SR, I 7 3 s o 1 e A ek R v B
WCE A . AHAD 250311 L35 85 1 R BT A1 T3 e Ay B Ao
TR A ZEIM AR, S5 TR, X Eb BT RLA R R R 2,
FLIHE MR R i =k 89.57, X KM A A 1
124 16.64 mm, X} 4 A BRI A EA2 0 22.68 mm,
FLIE R (SR RE SR B o R IRV P . VARG, HRAR
EEASSEREM A A E S gaE R T E RN
I, (AT HARE:, puptE . BEAUE . APHAE
PERA DR PE, FLUEEE R RATREM TE 255k . 24
YRR D R S AR Y B 2 T A B .

5 ZERiE

ASCERIR T AL 8 A 0 BEM I RO B AL H A < (1)

FUIHE AL MR 7 A, Q)FLIEE PRy O BE A
AL, FTAESZ BIFRBE IR R A SEmT, 8w 5 2Ry
JTR A Bt USRI B BEAE, R T A T A FLiE 3R
F5 HABARE I A BER, 9 R Ve )FLIE A
SRR T 25 T 05, LUEBEM I AL 5o B 2%
2, BEMISAY . BEL LR pH 45 R R 2 i HAE T (4)
FLIE A RO e i T O B b T R, U HTE 73
HETE ORI T ARRATY T ZER R AT A 5L 8 SR
TEE Y BR 25T T R, 4 SlFL i o PR UK 2 T REfL
K S, DLl AR U Y — RS T SR AP, g
AT 555 1

SE B

[1] DAI C, LI W, ZHANG C, et al. Microencapsule delivery systems of
functional substances for precision nutrition [J]. Advances in Food and
Nutrition Research, 2024, 112: 199-255.

[2] SUN D, ZHANG H, ZHANG X, et al. Robust metallic microcapsules: A
direct path to new multifunctional materials [J]. ACS Applied Materials &
Interfaces, 2019, 11(9): 9621-9628.

[3] DHAKAL SP, HE J. Microencapsulation of vitamins in food applications
to prevent losses in processing and storage: A review [J]. Food Research
International, 2020, 137: 109326.

[4] MAD, YANG B, ZHAO J, et al. Advances in protein-based microcapsules
and their applications: A review [J]. International Journal of Biological
Macromolecules, 2024, 263: 129742.

[5] Stability and bioavailability of protein matrix-encapsulated astaxanthin
ester microcapsules-Yang-2022-journal of the science of food and
agriculture-wiley online library [Z].

[6] Synthesis and characterization of lotus seed protein-based curcumin
microcapsules with enhanced solubility, stability, and sustained
release-Su-2022-journal of the science of food and agriculture -wiley
online library [Z].

[77 CHEN L, SUBIRADE M. Chitosan/f-lactoglobulin  core—shell
nanoparticles as nutraceutical carriers [J]. Biomaterials, 2005, 26(30):
6041-6053.

[8] EUSTON SR, FINNIGAN SR, HIRST RL. Aggregation kinetics of heated
whey protein-stabilized emulsions [J]. Food Hydrocolloids, 2000, 14(2):
155-161.

[97 HU M, MCCLEMENTS DJ, DECKER EA. Impact of whey protein
emulsifiers on the oxidative stability of salmon oil-in-water emulsions [J].
Journal of Agricultural and Food Chemistry, 2003, 51(5): 1435-1439.

[10] DEMIR R, SARITAS S, BECHELANY M, et al. Lactoferrin: Properties
and potential uses in the food industry [J]. International Journal of
Molecular Sciences, 2025, 26(4): 1404.

[11] LEKSHMI RGK, RAHIMA M, CHATTERJEE NS, ef al. Chitosan-whey
protein as efficient delivery system for squalene: Characterization and
functional food application [J]. International Journal of Biological
Macromolecules, 2019, 135: 855-863.

[12] GAMLATH CJ, LO KY, LEONG TSH, et al. Protein fortification of

model cheese matrices using whey protein-enriched double emulsions [J].



250

LR

G A A

%16 &

[13]

[14

[15

[16]

(18]

[19]

[20

[21]

[24]

[25

[26]

[27]

Food Hydrocolloids, 2023, 135: 108209.

HA HK, LEE MR, LEE WIJ. Oxidative stability of DHA in
[-lactoglobulin/oleic acid-modified chitosan oligosaccharide nanoparticles
during storage in skim milk [J]. LWT, 2018, 90: 440-447.
KALLAI-SZABO N, FARKAS D, LENGYEL M, ef al. Microparticles
and multi-unit systems for advanced drug delivery [J]. European Journal
of Pharmaceutical Sciences, 2024, 194: 106704.

PAULA DA, MARTINS EMF, COSTA NA, et al. Use of gelatin and gum
arabic for microencapsulation of probiotic cells from Lactobacillus
plantarum by a dual process combining double emulsification followed by
complex coacervation [J]. International Journal
Macromolecules, 2019, 133: 722-731.

XIAO Y, HAN C, YANG H, et al

of Biological
Layer (whey protein
isolate)-by-layer(xanthan gum) microencapsulation enhances survivability
of L. bulgaricus and L. paracasei under simulated gastrointestinal juice
[J].
Macromolecules, 2020, 148: 238-247.

MENG Q, ZHONG S, WANG J, et al. Advances in chitosan-based

and thermal conditions International Journal of Biological

microcapsules and their applications [J]. Carbohydrate Polymers, 2023,
300: 120265.

CHEN L, QIAN WW, ZHOU S, et al. Fabrication of whey protein/pectin
double layer microcapsules for improving survival of Lacticaseibacillus
rhamnosus ZFM231 [J]. International Journal of Biological Macromolecules,
2023, 242: 125030.

KHEM S, SMALL DM, MAY BK. The behaviour of whey protein isolate
in protecting lactobacillus plantarum [J]. Food Chemistry, 2016, 190:
717-723.

MA D, YANG B, ZHAO J, et al. Advances in protein-based microcapsules
and their applications: A review [J]. International Journal of Biological
Macromolecules, 2024, 263: 129742.

WANG D, LIU L, LIU T, et al. Microcapsules stabilized by cellulose
nanofibrils/whey protein complexes and modified with cinnamaldehyde:
Characterization and release properties [J]. Food Chemistry, 2025, 473:
143094.

MCINTOSH GH, ROYLE PJ, LE LRK, et al. Whey proteins as functional
food ingredients? [J]. International Dairy Journal, 1998, 8(5): 425-434.
TANG CH. Assembly of food proteins for nano- encapsulation and
delivery of nutraceuticals (a mini-review) [J]. Food Hydrocolloids, 2021,
117: 106710.

CHENG H, CHEN W, JIANG J, et al. A comprehensive review of
protein-based carriers with simple structures for the co-encapsulation of
bioactive agents [J]. Comprehensive Reviews in Food Science and Food
Safety, 2023, 22(3): 2017-2042.

DUONGTHINGOC D, GEORGE P, KATOPO L, et al. Effect of whey
protein
Saccharomyces boulardii [J]. Food Chemistry, 2013, 141(3): 1782-1788.
KHEM S, SMALL DM, MAY BK. The behaviour of whey protein isolate

agglomeration on spray dried microcapsules containing

in protecting Lactobacillus plantarum [J]. Food Chemistry, 2016, 190:
717-723.
ZHAO W, ZHANG B, LIANG W, et al. Lutein encapsulated in whey protein

and citric acid potato starch ester: Construction and characterization of

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

microcapsules [J]. International Journal of Biological Macromolecules, 2022,
220: 1-12.

LI X, WANG Y, JIANG Y, et al. Microencapsulation with
fructooligosaccharides and whey protein enhances the antioxidant activity
of anthocyanins and their ability to modulate gut microbiota in vitro [J].
Food Research International, 2024, 181: 114082.

JIN Y, ZHANG S. Adenosine encapsulation and characterization through
layer-by-layer assembly of hydroxypropyl-f-cyclodextrin and whey
protein isolate as wall materials [J]. Molecules, 2024, 29(9): 2046.
Exploring in vitro release and digestion of commercial DHA
microcapsules from algae oil and tuna oil with whey protein and casein as
wall materials-food & function (RSC publishing) [Z].

MILANOVIC J, PETROVIC L, SOVILI V, et al. Complex coacervation
in gelatin/sodium caseinate mixtures [J]. Food Hydrocolloids, 2014, 37:
196-202.

DAMERAU A, OGRODOWSKA D, BANASZCZYK P, et al. Baltic
herring (Clupea harengus membras) oil encapsulation by spray drying
using a rice and whey protein blend as a coating material [J]. Journal of
Food Engineering, 2022, 314: 110769.

FUSTIER P, ACHOURI A, TAHERIAN AR, et al. Protein-protein
multilayer oil-in-water emulsions for the microencapsulation of flaxseed
oil: Effect of whey and fish gelatin concentration [J]. Journal of
Agricultural and Food Chemistry, 2015, 63(42): 9239-9250.

HU Z, WU P, WANG L, et al. Exploring in vitro release and digestion of
commercial DHA microcapsules from algae oil and tuna oil with whey
protein and casein as wall materials [J]. Food & Function, 2022, 13(2):
978-989.

HINNENKAMP C, REINECCIUS G, ISMAIL BP. Efficient encapsulation
of fish oil: Capitalizing on the unique inherent characteristics of whey
cream and hydrolyzed whey protein [J]. Journal of Dairy Science, 2021,
104(6): 6472-6486.

ZHUANG F, LI X, HU J, et al. Effects of casein micellar structure on the
stability of milk protein-based conjugated linoleic acid microcapsules [J].
Food Chemistry, 2018, 269: 327-334.

FRYDENBERG RP, HAMMERSH@J M, ANDERSEN U, et al. Protein
denaturation of whey protein isolates (WPIs) induced by high intensity
ultrasound during heat gelation [J]. Food Chemistry, 2016, 192: 415-423.
MENG Y, LI C. Conformational changes and functional properties of
whey protein isolate-polyphenol complexes formed by non-covalent
interaction [J]. Food Chemistry, 2021, 364: 129622.

FAN Y, LIU Y, GAO L, et al. Oxidative stability and in vitro digestion of
menhaden oil emulsions with whey protein: Effects of EGCG conjugation
and interfacial cross-linking [J]. Food Chemistry, 2018, 265: 200-207.

FEI X, YAN Y, WANG L, et al. Protocatechuic acid and gallic acid
improve the emulsion and thermal stability of whey protein by covalent
binding [J]. Food Research International, 2023, 170: 113000.
ROJAS-MORENO S, OSORIO-REVILLA G, GALLARDO-VELAZQUEZ
T, et al. Effect of the cross-linking agent and drying method on encapsulation
efficiency of orange essential oil by complex coacervation using whey
with  different Journal of

protein  isolate

Microencapsulation, 2018, 35(2): 165-180.

polysaccharides [J].



5512 4]

B,

S5 FLIEE A AL RUR S R ) 55 S PRI ot T

251

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

SUN X, WANG H, LI S, et al. Maillard-type protein—polysaccharide
conjugates and electrostatic protein-polysaccharide complexes as delivery
vehicles for food bioactive ingredients: Formation, types, and applications
[J/OL]. Gels, 2022, 8(2): 135.

JIANG ZM, BAI LN, YANG N, er al. Stability of p-carotene
microcapsules with Maillard reaction products derived from whey protein
isolate and galactose as coating materials [J]. Journal of Zhejiang
University-Science B, 2017, 18(10): 867-877.

LIAO Y, HU Y, FU N, et al. Maillard conjugates of whey protein
isolate—xylooligosaccharides for the microencapsulation of Lactobacillus
rhamnosus: Protective effects and stability during spray drying, storage
and gastrointestinal digestion [J]. Food & Function, 2021, 12(9):
4034-4045.

AMINIKHAH N, MIRMOGHTADALIE L, SHOJAEE-ALIABADI S, et al.
Investigation of structural and physicochemical properties of
microcapsules obtained from protein-polysaccharide conjugate via the
Maillard reaction containing Satureja khuzestanica essential oil [J].
International Journal of Biological Macromolecules, 2023, 252: 126468.
WANG KL, YU BK, ZHAO HF, et al. Preparation and characterization of
microcapsules for tuna oil by Maillard reaction products of whey protein
isolate and arabic gum via complex coacervation [J]. Food Chemistry,
2025, 475: 143269.

LUO M, MA L, GUO Y, et al. Preparation and characterization of
microcapsules and tablets for probiotic encapsulation via whey protein
isolate-nanochitin complex coacervation [J]. International Journal of
Biological Macromolecules, 2025, 285: 138225.

CABUK B, AND-HARSA ST. Improved viability of lactobacillus
acidophilus NRRL-B 4495 during freeze-drying in whey protein-pullulan
microcapsules [J]. Journal of Microencapsulation, 2015, 32(3): 300-307.
RAHIM MA, REGENSTEIN JM, AL-ASMARI F, et al. Optimized
spray-dried conditions’ impact on fatty acid profiles and estimation of in
vitro digestion of spray-dried chia/fish oil microcapsules [J]. Scientific
Reports, 2024, 14: 14802.

DIAZ-MONTES E. Wall materials for encapsulating bioactive compounds
via spray-drying: A review [J]. Polymers, 2023, 15(12): 2659.

HELLER MC, CARPENTER JF, RANDOLPH TW. Manipulation of
lyophilization-induced phase separation: Implications for pharmaceutical
proteins [J]. Biotechnology Progress, 1997, 13(5): 590-596.
SAMBORSKA K, BOOSTANI S, GERANPOUR M, et al. Green
biopolymers from by-products as wall materials for spray drying
microencapsulation of phytochemicals [J]. Trends in Food Science &
Technology, 2021, 108: 297-325.

SHI X, LEE Y. Encapsulation of tributyrin with whey protein isolate (WPI)
by spray-drying with a three-fluid nozzle [J]. Journal of Food Engineering,
2020, 281: 109992.

MOSER P, FERREIRA S, NICOLETTI VR. Buriti oil microencapsulation in
chickpea protein-pectin matrix as affected by spray drying parameters [J].
Food and Bioproducts Processing, 2019, 117: 183-193.

CALVA-ESTRADA SJ, LUGO-CERVANTES E, JIMENEZ-FERNANDEZ

M. Microencapsulation of cocoa liquor nanoemulsion with whey protein

using spray drying to protection of volatile compounds and antioxidant

[56]

[57]

[59]

[60]

[61]

[62]

[64]

[65]

[66]

[67]

[69]

capacity [J]. Journal of Microencapsulation, 2019, 36(5): 447-458.
ZHANG X, ZHANG B, GE X, et al. Fabrication and characterization of
whey protein-citrate mung bean starch—capsaicin microcapsules by spray
drying with improved stability and solubility [J]. Foods, 2022, 11(7):
1049.

FEFEIR, WA, TRmG. FLE A UK TE LI L0 I Ik AR B R e M
T BRI 4R, 2018, 9(16): 4381-4386.

ZHUANG FC, HU JH, ZHOU P. Study on microencapsulation of
conjugated linoleic acid by milk protein and its stability [J]. Journal of
Food Safety & Quality, 2018, 9(16): 4381-4386.

MUHOZA B, YUYANG H, URIHO A, et al. Spray-and freeze-drying of
microcapsules prepared by complex coacervation method: A review [J].
Food Hydrocolloids, 2023, 140: 108650.

SHARIFI S, REZAZAD-BARI M, ALIZADEH M, et al. Use of whey
protein isolate and gum arabic for the co-encapsulation of probiotic
Lactobacillus plantarum and phytosterols by complex coacervation:
Enhanced viability of probiotic in Iranian white cheese [J]. Food
Hydrocolloids, 2021, 113: 106496.

LEDRI SA, MILANI JM, SHAHIDI SA, et al. Comparative analysis of
freeze drying and spray drying methods for encapsulation of chlorophyll
with maltodextrin and whey protein isolate [J]. Food Chemistry: X, 2024,
21: 101156.

CHAABANE D, MIRMAZLOUM 1, YAKDHANE A, et al
Microencapsulation of olive oil by dehydration of emulsion: Effects of the
emulsion formulation and dehydration process [J]. Bioengineering, 2023,
10(6): 657.

ERATTE D, WANG B, DOWLING K, et al. Complex coacervation with
whey protein isolate and gum arabic for the microencapsulation of
omega-3 rich tuna oil [J]. Food & Function, 2014, 5(11): 2743-2750.

BI H, XU Y, FAN F, et al. Effect of drying methods on Lactobacillus
rhamnosus GG microcapsules prepared using the complex coacervation
method [J]. Journal of Food Science, 2022, 87(3): 1282-1291.

XIAO Z, LIU W, ZHU G, et al. A review of the preparation and
application of flavour and essential oils microcapsules based on complex
coacervation technology [J]. Journal of the Science of Food and
Agriculture, 2014, 94(8): 1482-1494.

COMERT F, AZARIKIA F, DUBIN PL. Polysaccharide zeta-potentials
and protein-affinity [J]. Physical Chemistry Chemical Physics, 2017,
19(31): 21090-21094.

HUANG J, LIU D, WANG Q, ef al. Preparation and characterization of
resveratrol-loaded microcapsules with whey protein and flaxseed gum by
membrane emulsification and complex coacervation methods [J].
International Journal of Biological Macromolecules, 2025, 306: 141783.
COMUNIAN TA, ARCHUT A, GOMEZ-MASCARAQUE LG, ef al. The
type of gum arabic affects interactions with soluble pea protein in complex
coacervation [J]. Carbohydrate Polymers, 2022, 295: 119851.

PLATI F, PARASKEVOPOULOU A. Hemp protein isolate-gum arabic
complex coacervates as a means for oregano essential oil encapsulation.
Comparison with whey protein isolate-gum arabic system [J]. Food
Hydrocolloids, 2023, 136: 108284.

MICHEL MR, AGUILAR-ZARATE M, ROJAS R, et al. The insecticidal



252

LR

G A A

%16 &

[70]

[71]

[72

(73]

[74

[75]

[76]

activity of azadirachta indica leaf extract: Optimization of the
microencapsulation process by complex coacervation [J]. Plants, 2023,
12(6): 1318.

OLVERA-ROSALES LB, CRUZ-GUERRERO AE, GARCIA-GARIBAY
IM, et al. Bioactive peptides of whey: Obtaining, activity, mechanism of
action, and further applications [J]. Critical Reviews in Food Science and
Nutrition, 2023, 63(30): 10351-10381.

SAH BNP, VASILJEVIC T, MCKECHNIE 8, et al. Antioxidative and
antibacterial peptides derived from bovine milk proteins [J]. Critical
Reviews in Food Science and Nutrition, 2018, 58(5): 726-740.
KHORSHIDIAN N, YOUSEFI M, MORTAZAVIAN AM. Chapter
three-fermented milk: The most popular probiotic food carrier [Z].
AFZAAL M, SAEED F, SAEED M, et al. Survival and stability of free
and encapsulated probiotic bacteria under simulated gastrointestinal and
thermal conditions [J]. International Journal of Food Properties, 2020,
23(1): 1899-1912.

KHORSHIDI M, HESHMATI A, TAHERI M, et al. Effect of whey
protein-and xanthan-based coating on the viability of microencapsulated
lactobacillus acidophilus and physiochemical, textural, and sensorial
properties of yogurt [J]. Food Science & Nutrition, 2021, 9(7):
3942-3953.

HAN C, XIAO Y, LIU E, et al. Preparation of Ca-alginate-whey protein
isolate microcapsules for protection and delivery of L. bulgaricus and L.
paracasei [J]. International Journal of Biological Macromolecules, 2020,
163: 1361-1368.

CABUK B, TELLIOGLU HARSA S. Protection of Ilactobacillus
acidophilus NRRL-B4495 under in vitro gastrointestinal conditions with
whey protein/pullulan microcapsules [J]. Journal of Bioscience and

Bioengineering, 2015, 120(6): 650-656.

[77]

[78]

[79]

[80]

[81]

[82]

[83]

KIM W, WANG Y, VONGSVIVUT J, et al. On surface composition and
stability of f-carotene microcapsules comprising pea/whey protein
complexes by synchrotron-FTIR microspectroscopy [J]. Food Chemistry,
2023, 426: 136565.

CRUZ-MOLINA AVDL, GONCALVES C, NETO MD, et al.
Whey-pectin microcapsules improve the stability of grape marc phenolics
during digestion [J]. Journal of Food Science, 2023, 88(12): 4892-4906.
MOUSA AH, KORMA SA, ALI AH, et al. Microencapsulation of
Bifidobacterium bifidum F-35 via modulation of emulsifying technique
and its mechanical effects on the rheological stability of set-yogurt [J].
Journal of Food Science and Technology, 2023, 60(12): 2968-2977.
MADADLOU A, ABBASPOURRAD A. Bioactive whey peptide particles:
An emerging class of nutraceutical carriers [J]. Critical Reviews in Food
Science and Nutrition, 2018, 58(9): 1468-1477.

MEZERIJI ZK, BOSHROUYEH R, RAZAVI SH, et al. Encapsulation of
Polygonum bistorta root phenolic compounds as a novel phytobiotic and
its protective effects in the mouse model of enteropathogenic Escherichia
coli infection [J]. BMC Complementary Medicine and Therapies, 2023, 23:
49.

ZHANG Y, WANG QC, YU H, et al. Evaluation of alginate-whey protein
microcapsules for intestinal delivery of lipophilic compounds in pigs [J].
Journal of the Science of Food and Agriculture, 2016, 96(8): 2674-2681.
AHAD T, GULL A, MASOODI FA, et al. Protein and polysaccharide
based encapsulation of ginger oleoresin: Impact of wall materials on
powder stability, release rate and antimicrobial characteristics [J].

International Journal of Biological Macromolecules, 2023, 240: 124331.

(% THIH 45 %)



