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Table 2 The binding situation of prolamin with polysaccharides
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Fig1 Schematic diagram of the interaction between polyphenols and prolamin
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Fig 2

Schematic illustration of the self-assembly mechanism ’
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Fig 3 Intelligent delivery of prolamin nanocarriers in various fields
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Table 3 Characteristics and comparative analysis of prolamin—based nanodelivery systems in nutraceutical, pharmaceuti-

cal, and agricultural applications

FHIE  EFEmidE (ThRgteaah)

2k CEMEEYD

R HIE R

TRy s /R SRR ARHERL IR ST . A RIE . SOBRAEERDERR . B R RIS g SREAAR L SR

o
EEEW b B AU 1)

NG G AN AN N

LRI PR A A D14

HilEAR UV, #. KD fEEK

B . GUEFLFRM. A EWARENE. IRRER . RARRE . Z3/AEIT A

FREEER

YooR R E . T B % A RIBomMIE (pH. GSH. B 6D, BEAERRRERE ) D7 20

M [106]

FII N R % AR . R
BERAF . ot HERE AR AL D)

HFECAE (MFER. RGDRK. #ifd) Eahtin P PEGIL#E WHGRYPZ (ZHEEA) MK

oo ZTEEEN (ZHERE) MR
Witk B Gl R s g Lo 105)

PHI B FUGLE S BB 35

BRI 0, RUMTISLEAE. (PHEURER A, R, BRY) B WSRREIYE. VR O
B AEREIG S AR Fases e o o)

B R B )
FoIPE G R (EAE KR S

EENFL R GEAEIRYT ) s RSO BB (R RO S pHY

R 7R I ORI, R

FEMBE) s SRR PN CRA I /5

GSH/EHfiAR): LIRZIMI LR, HA g R Lol

SRR [108-109]

VTR R U
A FFIGRASYR

TR s FRERIB Gtk ) B

BRI B R e AR
PR X A A RSB AT B AR W 1) 3
63 [s]

FRRVEEE SR A/ AT ) E Ry e ik

LA AN E R A
%5t SDITEREARRLA M

FERI MBS RE K 75 2 o BEAMEY)
AR

BREM N M iR% . pH. GSH. BE. b . Wims

AR S H IR RS IRAEIA . RS
TEREHE: BRAUKBIRSL, B SCEH TA TR

e ENT S e i D)
B iEpH. B, By R
Ioa

RO EOR IR

IEERR BRI 2 R AR
PUE T 2 IR, T ARR
FEE bk

KR PERABEEA SO (. 2. s, MUEARS "4, BREZuEEHKEE. DR E AR R

s

1% FUBR A2 GRS VE VT S 32 P e, 308 e HLAR o 1R FH 2

WG SRR R DUEATE PR I )

T2 A8 HI AR ) A AT 8 T T e P o P A3 = A AR P ) T S il

4 BEERE

UEARRE, B Y ANKIEIE R ST T T
KA BEL, HAZOGHRTC WA R A R A4
B, Wl T Z TR SR B, B
W A ANRORE A Ak I, AR T A7 A
TREEA R IR, Wl 53R RE S, T
AR AR PE, PR aR AR AR e T . 2
PR MR RO . XSRS BT T R R
HESYVE B IL BRI S I E . R, B &
GEal LA AR m S IR TR AR, 7Sy
Py 1] 1 7 T B ORI Sy, JFE U &R

G FERNERE I .

ET AR, R ER 2R YA
RYEARAR S SR R AT R R ARTHELL . D3I
SRR

BRet S ZURet: AR E RIT A RERS I
BRI SR R RE” R R G, Bt
XPREE pHAE . i AR RS BN . 4K
W5 R A= M N Y 2 A, T LSRR 254
RIS o) A s (e A TAE R, o R R P RO IR
IR

BIT M5 B2 R (i1
REPEAURALT ) SiRT At R AR TR E AR



HHGE, & NBERIIBHEX: BREASTEAY

XXXX; XX (XXO

R E PRI B SR I S RIE R A -15-

wEET, W 2R PR XMEAhE
ST B FTAARI W B R YT L AT
ROR B SE I HE I, O A P ARG o 12 97 42 43 5 R
TH.

Z RS IR . BERPIRAE S5 2 N R S A B 1Y
RITROR, MR SRR A a5 i, Sl
bl 22 i 25 1) I3 [R) 3 10K RO DTS PR . il
KAy 254 S 2y e R 3L mlidas , A B v i ih
R ZAmi b, S 1+ 1>27 R RURYT
FOR . HPRE ARG AW k-5
S-PEET PRI

DitEARBETt . BT A 254 5 B
XA O, R R IR AR A B BT R
W EI TR G AR IR R (A
JELHEE) | T LG T A Gy 3 36 D[] P AL 1] F fE
1, RFERFARNBOPERRITTE], JF42 i
WERE, FEE R O A ik R 58

S [l 3 S ELR SIS W N IR
AAN A, mE RN BRRTT R R
BWEEFRI LY | AR B SR U A AN B8 SR
BT RIR | 24 nT A (41838 R G TE AR
FRPHE T I 1 RN I BEE 0 I I i g7 s BOR e o 22 )
it

£ % ik

[1] Sudhakar Gomte S, Sanjay Shewale R, Kedarnath Vidhate M, ez al.
Zein-based
fabrication, targeting strategies and biomedical applications. J
Biomater Sci Polym Ed, 2025,36(8): 1124-1171

[2] Oleandro E, Stanzione M, Buonocore G G, et al. Zein-based

nanoparticulate systems: a journey through

nanoparticles as active platforms for sustainable applications:
recentadvances and perspectives. Nanomaterials (Basel), 2024, 14
(5):414

[3] LiuX, Zhang M, Zhou X, et al. Research advances in zein-based
nano-delivery systems. Front Nutr, 2024, 11: 1379982

[4] Liu G, An D, Li J, et al. Zein-based nanoparticles: preparation,
characterization, Front

Pharmacol,2023,14: 1120251

[51  Yan X, LiM, Xu X, ef al. Zein-based nano-delivery systems for

and pharmaceutical application.

encapsulation and protection of hydrophobic bioactives: a review.
FrontNutr, 2022,9: 999373

[6] Corradini E, Curti P S, Meniqueti A B, ef al. Recent advances in
food-packing, pharmaceutical and biomedical applications of zein
and zein-based materials. Int J Mol Sci, 2014, 15(12): 22438-
22470

[71 LiuY,An D, Meng X, et al. Zein-based nanocarriers: advances in
oral drug delivery. Pharmaceutics, 2025,17(7): 944

[8] Dong S, Mu G. Investigation of self-assembled flexible zein

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

nanoparticles and their sensitivity to complex environments.
Foods, 2025, 14(5): 859

Liu J, Zhang Y, Liu W, et al. A novel zein-based composite
nanoparticles for improving bioaccessibility and anti-
inflammatory activity of resveratrol. Foods, 2021,10(11): 2773
Lei Y, Lee Y. Nanoencapsulation and delivery of bioactive
ingredients using zein nanocarriers: approaches, characterization,
applications, and perspectives. Food Sci Biotechnol, 2024, 33(5):
1037-1057

Liu L, Yang S, Chen F, et al. Polysaccharide-zein composite
nanoparticles -~ for enhancing cellular uptake and oral
bioavailability of curcumin: characterization, anti-colorectal
cancer effect, and pharmacokinetics. Front Nutr, 2022, 9: 846282
Yuan Y, Li H, Liu C, et al. Fabrication and characterization of
lutein-loaded nanoparticles based on zein and sophorolipid:
enhancement of water solubility, stability, and bioaccessibility. J
Agric Food Chem,2019,67(43): 11977-11985

De M 1. Zein microparticles and nanoparticles as drug delivery
systems. Polymers (Basel), 2022, 14(11): 2172

Abdelsalam A M, Somaida A, Ayoub A M, et al. Surface-tailored
zein nanoparticles: strategies and applications. Pharmaceutics,
2021,13(9): 1354

Xing J, Li Z, Zhang W, et al. The composition, structure, and
functionalities of prolamins from highland barley. Molecules,
2023,28(14):5334

YuanY, Li H, Zhu J, et al. Fabrication and characterization of zein
nanoparticles by dextran sulfate coating as vehicles for delivery of
curcumin. Int JBiol Macromol, 2020, 151: 1074-1083

Tran P H, Tran T T. Design of zein conjugation and surface
modification for targeting drug delivery. Curr Drug Targets, 2020,
21(4):406-415

Huang W, Liu S, Li Z, et al. Analysis of the differences in self-
assembly behaviour, molecular structure and drug delivery
performance between o and f-Zein. Ind Crops Prod, 2022, 181:
114822

Meewan J, Somani S, Almowalad J, et al. Preparation of zein-
based nanoparticles: nanoprecipitation versus microfluidic-
assisted manufacture, effects of PEGylation on nanoparticle
characteristics and cellular uptake by melanoma cells. Int J
Nanomedicine, 2022, 17: 2809-2822

Preetam S, Duhita Mondal D, Mukerjee N, ez al. Revolutionizing
cancer treatment: the promising horizon of zein nanosystems. ACS
Biomater Sci Eng, 2024, 10(4): 1946-1965

Yuan Y, Ma M, Wang D, et al. A review of factors affecting the
stability of zein-based nanoparticles loaded with bioactive
compounds: from construction to application. Crit Rev Food Sci
Nutr, 2023, 63(25): 7529-7545

Li M, Yu M. Development of a nanoparticle delivery system based
on zein/polysaccharide complexes. J Food Sci, 2020, 85(12):
4108-4117

Shehzad Q, Liu Z, Zuo M, et al. The role of polysaccharides in
improving the functionality of zein coated nanocarriers:
Implications for colloidal stability under environmental stresses.
Food Chem, 2024,431: 136967



16

EMUFESEYYIRHR

Prog. Biochem. Biophys.

XXXX; XX (XXO

[24]

(23]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Lotos E D, Mihai M, Vasiliu A L, et al. Zein/polysaccharide

nanoscale electrostatic ~ complexes:  preparation,  drug
encapsulation and antibacterial properties. Nanomaterials, 2024,
14(2): 197

Davidov-Pardo G, Joye I J, Espinal-Ruiz M, et al. Effect of
Maillard conjugates on the physical stability of zein nanoparticles
prepared by liquid antisolvent coprecipitation. J Agric Food Chem,
2015,63(38): 8510-8518

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. Gels, 2022, 8(2): 135

M, Amrein D, Gemmecker G,
polysaccharide/zein conjugate as an alternative green plastic. Sci
Rep,2023,13(1): 13161

Liu S, Luo S, Li Y, et al. Influence of the Maillard reaction on

Tallawi et al. A novel

properties
nanofibers. Foods, 2023,12(3):451

Podaralla S, Perumal O. Influence of formulation factors on the

of air-assisted electrospun gelatin/zein/glucose

preparation of zein nanoparticles. AAPS PharmSciTech, 2012, 13
(3):919-927

Cheng C J, Jones O G. Stabilizing zein nanoparticle dispersions
with -carrageenan. Food Hydrocoll, 2017, 69:28-35

Li D, Wei Z, Sun J, et al. Tremella polysaccharides-coated zein
nanoparticles for enhancing stability and bioaccessibility of
curcumin. Curr Res Food Sci, 2022, 5:611-618

Yang J, Lin J, Zhang J, ef al. Fabrication of zein/Mesona chinensis
polysaccharide nanoparticles: characteristics and
delivery of quercetin. ACS Appl Bio Mater, 2022,5(4): 1817-1828

Wang X, Fan M.
characteristics of zein/NaTC nanoparticles. RSC Adv, 2019, 9(10):
5748-5755

Hu K, McClements D J. Fabrication of biopolymer nanoparticles

physical

Interaction behaviors and structural

by antisolvent precipitation and electrostatic deposition: zein-
alginate core/shell nanoparticles. Food Hydrocoll, 2015, 44:
101-108

Zhang Y, Wang B, Wu Y, et al. Fabrication and characterization of
zein composite particles coated by caseinate-pectin electrostatic
complexes with improved structural stability in acidic aqueous
environments. Molecules, 2019,24(14): 2535

Huang X, LiT, Li S. Encapsulation of vitexin-rhamnoside based on
zein/pectin nanoparticles improved its stability and bioavailability.
CurrResFood Sci, 2022, 6: 100419

Wang J. Characterization and stability of zein/pectin-loaded
curcumin nanoparticle preparation. BIO Web Conf, 2025, 182:
01008

LiH, Wang D, Liu C, et al. Fabrication of stable zein nanoparticles
coated with soluble soybean polysaccharide for encapsulation of
quercetin. Food Hydrocoll, 2019, 87: 342-351

Bautista G F M, Vidallon M L P, Salamanez K C, et al.
Nanodelivery system based on zein-alginate complexes enhances
in vitro chemopreventive activity and bioavailability of pomelo
[Citrus maxima (Burm.) Merr.] seed limonoids. J Drug Deliv Sci
Technol, 2019,54: 101296

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

[48]

[49]

[50]

(511

[52]

[53]

[54]

Sun C, Dai L, Gao Y. Formation and characterization of the binary
complex between zein and propylene glycol alginate at neutral pH.
Food Hydrocoll, 2017, 64: 36-47

Sun C, Dai L, Gao Y. Binary complex based on zein and propylene
glycol alginate for delivery of quercetagetin. Biomacromolecules,
2016,17(12):3973-3985

Sun C, Wei Y, Li R, et al. Quercetagetin-loaded zein-propylene
glycol alginate ternary composite particles induced by calcium
ions: structure characterization and formation mechanism. J Agric
Food Chem, 2017, 65(19): 3934-3945

LuoY, Zhang B, Whent M, ef al. Preparation and characterization
of zein/chitosan complex for encapsulation of a-tocopherol, and its
in vitro controlled release study. Colloids Surf B Biointerfaces,
2011,85(2): 145-152

Li M F, Chen L, Xu M Z, et al. The formation of zein-chitosan
complex coacervated particles: Relationship to encapsulation and
controlled release properties. Int J Biol Macromol, 2018, 116:
1232-1239

Chen S, Li Q, McClements D J, et al. Co-delivery of curcumin and
piperine in zein-carrageenan core-shell nanoparticles: Formation,
structure, stability and in vitro gastrointestinal digestion. Food
Hydrocoll, 2020,99: 105334

Li J, Xu X, Chen Z, et al. Biological macromolecule delivery
system fabricated using zein and gum Arabic to control the release
rate of encapsulated tocopherol during in vitro digestion. Food Res
Int, 2018, 114:251-257

Chen G, Fu Y, Niu F, ef al. Evaluation of the colloidal/chemical
performance of core-shell nanoparticle formed by zein and gum
Arabic. Colloids Surf A Physicochem Eng Aspects, 2019, 560:
130-135

SIBBE /N TR 1 2R AR T () A S AT 4 3
BB SE[D]. Tefh 1L R R, 2019
Wu W H. Preparation of Wheat

Compositeparticles and Their Ability to Encapsulate Resveratrol

Gliadin-polysaccharide

[D].Wuxi: Jiangnan University, 2019

Zhang X, Wei Z, Sun Y, et al. Preparation of core-shell hordein/
pectin  nanoparticles as  quercetin  delivery  matrices:
Physicochemical properties and colon-specific release analyses.
Food ResInt,2023,170: 112971

Wang D, Li J, Yang H, et al. Production, characterization, and
application of zein-polyphenol complexes and conjugates: a
comprehensive review. Food Chem, 2025, 467: 142309

Quan T H, Benjakul S, Sae-leaw T, et al. Protein - polyphenol
conjugates: functionalities and their
applications. Trends Food Sci Technol, 2019,91: 507-517

XuY, Wei Z, Xue C, et al. Covalent modification of zein with

antioxidant property,

polyphenols: a feasible strategy to improve antioxidant activity
and solubility. J Food Sci, 2022, 87(7): 2965-2979

FIEE, BERIN, R IE I, 55 FORBER R -2 AR AR 2 S
Yol f 5 RAL . Fr iR, 2022,43(2):8-17

GaoJ,LiangH S, ZhaoJY, etal. Food Sci, 2022,43(2): 8-17

Lu W, Song Z, Cai J, et al. Formation of phenolic compound-
loaded zein films at the air-liquid interface and their controlled

release profiles: Effects of the polarity of phenolic compounds.



HHGE, & NBERIIBHEX: BREASTEAY

XXXX; XX (XXO

R E PRI B SR I S RIE R A 17-

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Food Chem,2023,413: 135636

Wang X, Li M, Liu F, et al. Fabrication and characterization of
zein-tea polyphenols-pectin ternary complex nanoparticles as an
effective hyperoside delivery system: Formation mechanism,
physicochemical stability, and in vitro release property. Food
Chem,2021,364: 130335

FengY, Jin C, Lv S, et al. Molecular mechanisms and applications
of polyphenol-protein complexes with antioxidant properties: a
review. Antioxidants (Basel), 2023, 12(8): 1577

Zhang K, Huang J, Wang D, et al. Covalent polyphenols-proteins
interactions in food processing: formation mechanisms,
quantification methods, bioactive effects, and applications. Front
Nutr, 2024, 11: 1371401

Ahammed S, Easdani M, Liu F, et al. Encapsulation of tea
polyphenol in zein through complex coacervation technique to
control the release of the phenolic compound from gelatin-zein
composite film. Polymers (Basel),2023,15(13): 2882

Huang X, Liu Y, Zou Y, et al. Encapsulation of resveratrol in zein/
pectin core-shell nanoparticles: stability, bioaccessibility, and
antioxidant capacity after simulated gastrointestinal digestion.
Food Hydrocoll, 2019,93:261-269

Nichols J A, Katiyar S K. Skin photoprotection by natural
polyphenols: anti-inflammatory, antioxidant and DNA repair
mechanisms. Arch Dermatol Res, 2010,302(2): 71-83

Kim S. Protection of a-tocopherol from UV-induced degradation
by encapsulation into zein nanoparticles. Molecules, 2024, 29(16):
3911

Zhang Z, Miao W, Ji H, et al. Interaction of zein/HP- 3 -CD
nanoparticles with digestive enzymes: enhancing curcumin
bioavailability. Food Chem, 2024, 460(Pt 3): 140792

Sun Y, Wei Z, Xue C. Development of zein-based nutraceutical
delivery systems: a systematic overview based on recent
researches. Food Hydrocoll, 2023, 137: 108368

Yan X, He Y, Bai X, ef al. Development and application of
hydrophilic-hydrophobic ~dual-protein Pickering emulsifiers:
EGCG-modified caseinate-zein complexes. Food Res Int, 2022,
157: 111451

Hong S S, Thapa R K, Kim J H, ez al. Role of zein incorporation on
hydrophobic drug-loading capacity and colloidal stability of
phospholipid nanoparticles. Colloids Surf B Biointerfaces, 2018,
171:514-521

Neves M A D, Jesus C M, Oliveira J L, ef al. Zein nanoparticles-
loaded flavonoids-rich fraction from Fridericia platyphylla:
potential antileishmanial applications. Pharmaceutics, 2024, 16
(12):1603

Wang Q, Rao Z, Jiang L, et al. The assembly mechanism of Zein/
EGCG/PEG nanoparticles in a water system and their adsorption
behavior at the oil-water interface. Food Chem, 2025, 463(Pt 1):
141051

Hu J, Liu M, Dong L, et al. Self-assembly behavior of zein on two
different substrates visualized by atomic force microscopy.
Microsc Res Tech, 2025, 88(5): 1360-1366

Rahmani-Manglano N E, Fallahasghari E Z, Mendes A C, et al.
Oxidative stability of fish oil-loaded nanocapsules produced by

[70]

(711

[72]

(73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

[81]

[82]

[83]

[84]

[85]

[86]

electrospraying using kafirin or zein proteins as wall materials.
Antioxidants (Basel), 2024, 13(9): 1145

Weissmueller N T, Lu H D, Hurley A, et al. Nanocarriers from
GRAS zein proteins to encapsulate hydrophobic actives.
Biomacromolecules, 2016,17(11): 3828-3837

Wang X, Huang H, Chu X, et al. Encapsulation and binding
properties of curcumin in zein particles stabilized by Tween 20.
Colloids SurfA Physicochem Eng Aspects, 2019, 577:274-280
Liu X, Lee Y. Fabrication of zein-nanoparticles via ultrasonic
treatment and encapsulation of curcumin. LWT, 2023, 188: 115299
Korkut O ¢, Ozdemir G. Encapsulation of resveratrol in
rhamnolipid-zein nanoparticles using a pH-driven method: kinetic
modeling on controlled release from nanoparticles. J Dispers Sci
Technol, 2024, 45(6): 1096-1106

Liu Q, Jing Y, Han C, ef al. Encapsulation of curcumin in zein/
caseinate/sodium  alginate with

nanoparticles improved

physicochemical ~and  controlled Food
Hydrocoll, 2019,93:432-442

LuisATS, Campos E VR, de Oliveira J L, et al. Zein nanoparticles

release properties.

impregnated with eugenol and garlic essential oils for treating fish
pathogens. ACS Omega, 2020, 5(25): 15557-15566

Dai L, Zhou H, Wei Y, et al. Curcumin encapsulation in zein-
rhamnolipid composite nanoparticles using a pH-driven method.
FoodHydrocoll, 2019, 93:342-350

Bhasin S, Patel R. Enhanced oral bioavailability of alitretinoin by
lipid drug delivery system. Pharm Anal Acta, 2015, 6(10): 1000433
Wang C, Wang J, Sun Y, et al. Enhanced stability and oral
bioavailability of cannabidiol in zein and whey protein composite
nanoparticles by a modified anti-solvent approach. Foods, 2022,
11(3):376

Penalva R, Esparza I, Larraneta E, ef al. Zein-based nanoparticles
improve the oral bioavailability of resveratrol and its anti-
inflammatory effects in a mouse model of endotoxic shock. J Agric
Food Chem, 2015, 63(23): 5603-5611

Nie Y, Kong Y, Peng J, et al. Enhanced oral bioavailability of
cannabidiol by flexible zein nanoparticles: in vitro and
pharmacokinetic studies. Front Nutr, 2024, 11: 1431620

Zhao Y, Lin S, Fang R, et al. Mechanism of enhanced oral
absorption of a nano-drug delivery system loaded with trimethyl
chitosan derivatives. IntJ Nanomedicine, 2022, 17: 3313-3324
Patel A R, Bouwens E C M, Velikov K P. Sodium caseinate
stabilized zein colloidal particles. J Agric Food Chem, 2010, 58
(23):12497-12503

Wang Y, Wusigale, Luo Y. Colloidal nanoparticles prepared from
zein and casein: interactions, characterizations and emerging food
applications. Food Sci Hum Wellness, 2023, 12(2): 337-350
Honda R, Gyobu T, Shimahara H, ef al. Electrostatic interactions
between acid-/ base-containing polymer nanoparticles and
proteins: impact of polymerization pH. ACS Appl Bio Mater,
2020,3(6): 3827-3834

Park S J. Protein-nanoparticle interaction: corona formation and
conformational changes in proteins on nanoparticles. Int J
Nanomedicine, 2020, 15: 5783-5802

Hu L, Zhao P, Wei Y, et al. Preparation and characterization study



18-

EMUFESEYYIRHR

Prog. Biochem. Biophys.

XXXX; XX (XXO

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

of zein-sodium caseinate nanoparticle delivery systems loaded
with allicin. Foods, 2024, 13(19): 3111

Ahmed O AA, Hosny K M, Al-Sawahli M M, et al. Optimization of
caseinate-coated simvastatin-zein nanoparticles: improved
bioavailability and modified release characteristics. Drug Des
Devel Ther, 2015,9: 655-662

Ferenczy G G, Kellermayer M. Contribution of hydrophobic
interactions to protein mechanical stability. Comput Struct
Biotechnol J,2022,20: 1946-1956

Lins L, Brasseur R. The hydrophobic effect in protein folding.
FASEBI, 1995,9(7): 535-540

Sun P, Sun W, Wei Z, et al. Soy protein nanoparticles prepared by
enzymatic cross-linking with enhanced emulsion stability. Soft
Matter, 2023,19(11):2099-2109

Madsen M, Khan S, Kunstmann S, et al. Unaided efficient
transglutaminase cross-linking of whey proteins strongly impacts
the formation and structure of protein alginate particles. Food
Chem (Oxf),2022,5:100137

Fuchs S, Kutscher M, Hertel T, et al. Transglutaminase: new
insights into gelatin nanoparticle cross-linking. J Microencapsul,
2010,27(8): 747-754

Huang Y, Zhan Y, Luo G, et al. Curcumin encapsulated zein/
caseinate-alginate nanoparticles: release and antioxidant activity
under in vitro simulated gastrointestinal digestion. Curr Res Food
Sci, 2023, 6: 100463

Pascoli M, de Lima R, Fraceto L F. Zein nanoparticles and
strategies to improve colloidal stability: a mini-review. Front
Chem,2018,6:6

Catassi G N, Pulvirenti A, Monachesi C, et al. Diagnostic accuracy
of IgA anti-transglutaminase and IgG anti-deamidated gliadin for
diagnosis of celiac disease in children under two years of age: a
systematic review and meta-analysis. Nutrients, 2021, 14(1): 7
Demir M, Ramos-Rivera L, Silva R, ef al. Zein-based composites
in biomedical applications. J Biomed Mater Res A, 2017, 105(6):
1656-1665

Huang W, Yao F, Tian S, ef al. Recent advances in zein-based
nanocarriers for precise cancer therapy. Pharmaceutics, 2023, 15
(7): 1820

Yang J, Wang H, Lou L, et al. A review of chitosan-based
electrospun nanofibers for food packaging: from fabrication to
function and modeling insights. Nanomaterials, 2025, 15(16):
1274

Puthiyaveetil Yoosaf M A, Jayaprakash A, Ghosh S, et al. Zein film
functionalized with gold nanoparticles and the factors affecting its
mechanical properties. RSC Adv,2019,9(43): 25184-25188

van Ballegooie C, Man A, Pallaoro A, et al. Gold-protein
composite nanoparticles for enhanced X-ray interactions: a
potential formulation for triggered release. Pharmaceutics, 2021,
13(9): 1407

Le DT, Chu H D, Le N Q. Improving nutritional quality of plant
proteins through genetic engineering. Curr Genomics, 2016, 17
(3):220-229

Sethi M, Singh A, Garg M, et al. Elucidation of zein isoforms

associated with high protein quality traits for targeted

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

improvement in maize-based nutrition. Cereal Chem, 2024, 101
(2):418-430

INAREL, RN, T MG . R EHE A -2 WK I 5 W R
WOT . BRI FRAE XD WP S e . B AR, 2020,
41(9):323-331

SunCX, SongJR, FangY P. Food Sci, 2020, 41(9): 323-331
ALL, JAER, 2, 45 BRI B - R OK g
BRI BB Al TRz, 2021, 37(16): 279-286
LiSH, ZhouJJ, Chen G Y, et al. Trans Chin Soc Agric Eng, 2021,
37(16):279-286

Huang H, Li X, Wang J, et al. Recent progress in prolamines as a
food nutrient carrier. Food Sci, 2019, 40(19): 318-325

B, AR, ORGSR A RO R D R A3 BT Y
PER A hRRE, 2019,40(19): 318-325

Huang H, Li XY, Wang J W, et al. Food Sci,2019,40(19): 318-325
B SEIE, DU, N LB, & | SEORME VA AR RGN R AIURE Y il 2 K
N FHTFFTSE I iR, 2021,42(15): 285-292
GeST,JiaR,LiuHM, etal. Food Sci, 2021, 42(15):285-292

Li S, Zhou J, Chen G, et al. Preparation and properties of zein-
chitosan nano-nutrient delivery particles. Trans Chin Soc Agric
Eng,2021,37(16).

Chang C, Wang T, Hu Q, ef al. Zein/caseinate/pectin complex
nanoparticles: formation and characterization. Int J Biol
Macromol,2017,104(PtA): 117-124

Samota M K, Kaur M, Selvan S S, ez al. Shaping the future of food:
3D-printed personalized nutrition and sustainable production
pathways. Food Humanity, 2025,4: 100625

Jiang H, Zheng L, Zou Y, et al. 3D food printing: main components
selection by considering rheological properties. Crit Rev Food Sci
Nutr, 2019, 59(14): 2335-2347

Domzalska Z, Jakubczyk E. Characteristics of food printing inks
and their impact on selected product properties. Foods, 2025, 14
(3):393

Tejada-Ortigoza V, Cuan-Urquizo E. Towards the development of
3D-printed food: a rheological and mechanical approach. Foods,
2022,11(9): 1191

Liu X, ChengY, Sun T, et al. Recent advances in plant-based edible
emulsion gels for 3D-printed foods. Annu Rev Food Sci Technol,
2025,16(1): 63-79

Pereira T, Barroso S, Gil M M. Food texture design by 3D printing:
areview. Foods, 2021,10(2): 320

XieY, Liu Q, Zhang W, et al. Advances in the potential application
of 3D food printing to enhance elderly nutritional dietary intake.
Foods,2023,12(9): 1842

Guo Z, Arslan M, Li Z, et al. Application of protein in extrusion-
based 3D food printing: current status and prospectus. Foods,
2022,11(13): 1902

Taneja A, Sharma R, Ayush K, et al. Innovations and applications
of 3-D printing in food sector. Int J Food Sci Technol, 2022, 57(6):
3326-3332

KA, SRz, B FORBEE A PR 25 SR A I 5 it
J& . w5y T, 2013(11): 49-53

Zhang W, Zhang CY, Lu C H. Polym Bull, 2013(11): 49-53

Alharbi H M, Alqahtani T, Alqalawi N A, et al. Exploring the



HHGE, & NBERIIBHEX: BREASTEAY

XXXX; XX (XXO

R E PRI B SR I S RIE R A -19-

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

potential of zein nanoparticles in personalised cancer therapy,
highlighting their various methodologies, applications and
challenges. J Cell Mol Med, 2025, 29(15): ¢70752

Huang S, LiY, Sun S, et al. Prolamin and prolamin-polysaccharide
composite nanoparticles for oral drug and nutrient delivery
systems: areview. IntJ Biol Macromol, 2024,283(Pt 1): 137567
FETLEE MRAR DR, AR ET AT, S5 . o) [ R 94 K b AR RO RTS8 0 e
rhE 2GR 25 ], 2020, 51(4): 418-424

Tang K Q,Lin HQ, Li S H, et al. ] China Pharm Univ, 2020, 51(4):
418-424

FhEE AR, RRLT, 45 IR I8 25 R e AL B . A=
A2 54 W3 2, 2023, 50(6): 1272-1285

Du S, Cui S H, Chen XY, et al. Prog Biochem Biophys, 2023, 50
(6): 1272-1285

WA ATHT, R A, BT YURE AR 251 158 3% 5K s S
HAEFEREIRYT TP AR L BH#50 41, 2023, 68(32): 4346-4372
XuYS,Ren XY, YuMZ, et al. Chin Sci Bull, 2023, 68(32): 4346-
4372

Luo X, Wu S, Xiao M, et al. Advances and prospects of prolamine
corn protein zein as promising multifunctional drug delivery
system for cancer treatment. Int J Nanomedicine, 2023, 18: 2589-
2621

Pourhossein A, Rafizadeh M, Chen P. Stimuli-responsive zein-
based nanoparticles as a potential carrier for ellipticine: Synthesis,
release, and in vitro delivery. Polym Adv Technol, 2020, 31(9):
2007-2019

Pefia-Bahamonde J, Herrera G, Lupini S, et al. Zein nanoparticles
for controlled intestinal drug release for the treatment of
gastrointestinal infections. ACS Appl Nano Mater, 2023, 6(23):
21707-21720

XA, e, A, 5F . GURZI ik RGeS IR YTY
. A Ak 5 A M I, 2022, 49(12): 2292-2304
Liu XY, Hao Y, Song H J, et al. Prog Biochem Biophys, 2022, 49
(12):2292-2304

Chang W, Shen J, Liu Z, et al. Application of organic nanocarriers
for intraocular drug delivery. Journal of Zhejiang University
Medical sciences, 2023,52(3): 259-266

HOV-TE . pH 5 I S5 7 B 2R P B A R 25 Ak A
A 5 MRS 25 1A [D]. K HE K HER %, 2016

Huang P S. Construction of pH and Redox Responsive
Polyzwitterion Nano Carriers for Tumor Targeting Drug Delivery
[D]. Tianjin: Tianjin University, 2016

SKIE, X R I5, FLIGEY, 55 . FAT B8 1R DG S R e
PRI 25 2 10 1 o S 4 R R L o 2 AR
25T, 2022,38(2): 131-139, 146

Zhang L, LiuY Q, Ju X J, et al. Polym Mater Sci Eng, 2022, 38(2):
131-139, 146

BRAR, 2 RR, TR R TR, 55 AR 15 R GE LML AL (6] B A
ST IR L AR Ak S A ) B R R, 2024, 51(1):
70-81

QuJ, Yan S, Lei L, ef al. Prog Biochem Biophys, 2024, 51(1):

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

70-81

Voci S, Fresta M, Cosco D. Gliadins as versatile biomaterials for
drug delivery applications. J Control Release, 2021, 329: 385-400
Tran P H L, Duan W, Lee B J, et al. Drug stabilization in the
gastrointestinal tract and potential applications in the colonic
delivery of oral zein-based formulations. Int J Pharm, 2019, 569:
118614

Huang H, Liu X, Lang Y, et al. Breaking barriers: bacterial-
microalgae symbiotic systems as a probiotic delivery system. J
Nanobiotechnology, 2024, 22(1): 371

Tivano F, Chiono V. Zein as a renewable material for the
preparation of green nanoparticles for drug delivery. Front
Biomater Sci, 2023,2: 1156403

Lin X, Wang Y, Liu L, et al. Enhanced bone regeneration by
osteoinductive
scaffolds loaded with levofloxacin. RSC Adv, 2024, 14(21):
14470-14479

Pina S, Ribeiro V P, Marques C F, ef al. Scaffolding strategies for

and angiogenic zein/whitlockite composite

tissue engineering and regenerative medicine applications.
Materials (Basel),2019,12(11): 1824

Fadda M, Lenzuni M, et al. Biocompatible and biodegradable
plant-based burn dressings: a sustainable approach for skin
regeneration. ACS Sustainable Chem Eng, 2025, 13(35): 14238-
14253

Mamidi N, Delgadillo R M. New zein protein composites with
high performance in phosphate removal, intrinsic antibacterial,
and drug delivery capabilities. ACS Appl Mater Interfaces, 2024,
16(29):37468-37485

ST OO, B S0, 55— DASE IR R A AR 1 SR
AL A AR EE IR Z B 45 77, CN106957458A2017-03-27

Xia N,He X Y, Teng J W, et al. A method for the preparation of
chitosan-zein composite edible films or coatings. CN106957458A
2017-03-27

FRIGREE, G0, B2 55 . FORBA AR /8 K — S AR 2 15 T
HE A 5 )73, CN111138868B.

2020-01-13 Ren X F,Hou T, Chen Y, et al. Preparation of zein/
nano-silica composite preservation film. CN111138868B. 2020-
01-13

LR, B SRR IR IR EE R OB . B S TR
2£,2024(1):31-40

MaTF,JiaF. Hans J Food Nutr Sci, 2024(1): 31-40

Lan X, Zhang X, Wang L, et al. A review of food preservation
based on zein: the perspective from application types of coating
and film. Food Chem, 2023, 424: 136403

Singh K, Singhal S, Pahwa S, et al. Nanomedicine and drug
delivery: a comprehensive review of applications and challenges.
Nano Struct Nano Objects, 2024,40: 101403

Wu D, Dai Y, Huang Y, ez al. Metal-phenolic network covering on
zein nanoparticles as a regulator on the oil/water interface. J Agric
Food Chem, 2020, 68(31): 8471-8482



EMUZESEYYIERRE  Prog. Biochem. Biophys. XXXX; XX (XX)

From Self—assembly to Smart Delivery: Construction Strategies and Frontier
Applications of Prolamin—-based Multicomponent Complex Nanocarriers”

HUANG Yun-Jie"”, Qi Li-Li"”, MEI Han-Fang”, WANG Meng-Ting"”, YU Yong”, WANG Jin-Bo""
(VSchool of Biological and Chemical Engineering, NingboTech University, Ningbo 315100, China;
)College of Chemical & Biological Engineering, Zhejiang University, Hangzhou 310058, China
DAmy Insists on Biopharmaceuticals Co., LTD, Ningbo 315600, China)

Graphical abstract
Food Preservation & Agriculture (ca{‘O“ 2o, Biomedicine
AN o,
P ) 6\°& e J?»}eo
(= — o &R O o
== ‘ ‘QO (VRS &) \ 0]00’ o
6 : < ’
) © %5
- QO ©
‘ o %‘b' () '?éx ° Jq?].
3 fo.6° ( C N @) .
> ° x y U Cancer targeting
>
@0 & O O o o
& F VStability C{AL ¥ Antioxidant 9
& 7 Y ctiviey
pH/Salt ) Vv
Tolerance PeiEn m— . YStability
. 424 Biocompatibility
Hydrophobicity Biodegradability
%y, nanoparticlg \ Break through
) \ >
Yo Wi Prolamin i the oral barrier
Funct N ¥ ;U
Sional nanocarrier 2 3
l’@ comp- < §
OC‘ onent @ L 3‘ <) .
(8] ‘g Self-assembly Easy U 4 5
2 imperfection MagficatiCH 'v' §
2, : ‘
m =% Drug loading / §
% capacity of v' Immunogenicity §‘ 3 ° °
< v emulsibility & Build a micro-environment
‘ conducive to tissue repair

\
T
Yonpy, ipouw o3po-3umit Build foods with personalized
nutritional components

F I O“ hydrophobic drugs
! L >,
‘\ ) =
S |

Functional Foods & Nutraceuticals

This review synthesizes recent advances in prolamin-based multicomponent nanocarriers, with a focus

Abstract
on their physicochemical properties, modification strategies, and potential applications in functional foods

biomedicine, and sustainable agriculture. The abundance of hydrophobic amino acid residues in prolamins
facilitates spontaneous self-assembly into nanoparticles, making them promising carriers for poorly water-soluble
bioactive compounds such as curcumin and resveratrol. However, native prolamin nanoparticles suffer from
limitations including poor colloidal stability, tendency to aggregate under processing or physiological conditions
(e.g., pH, ionic strength, enzymatic degradation), and limited functional diversity. To address these drawbacks,
extensive research has been devoted to modification strategies aimed at enhancing stability, structural integrity,
and cargo protection. Polysaccharide modification enables the formation of stable core - shell structures through
electrostatic interactions, hydrogen bonding, and steric hindrance. Coatings with pectin, chitosan, or alginate
improve stability across a broad range of pH values and ionic strengths, enhance resistance to gastric digestion,
and enable sustained release in the intestine, thereby improving bioavailability. Polyphenol modification

introduces hydrogen bonding, hydrophobic interactions, and occasionally covalent cross-linking, which modify
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nanoparticle structure and surface properties. These composites exhibit improved hydrophilicity, colloidal
stability, and resistance to oxidative or UV-induced degradation, along with intrinsic antioxidant activity. Lipid
modification leverages hydrophobic interactions with oils or fatty acids to form composite nanoparticles or
Pickering emulsions. This approach increases the loading capacity for hydrophobic compounds, creates a
protective barrier, and enhances oral bioavailability by promoting emulsification and intestinal absorption.
Additional strategies include the incorporation of auxiliary proteins (e. g., casein, whey protein) to improve
stability and emulsifying capacity, as well as the use of inorganic nanomaterials (e.g., — % k. fd:, AuNPs) to
impart mechanical reinforcement, antibacterial properties, and stimuli-responsive functions. Genetic engineering
further allows molecular-level tailoring of amino acid sequences to fine-tune hydrophobicity, amphiphilicity, and
self-assembly behavior. These engineered nanocarriers exhibit advanced functionalities. They enable sustained
and stimuli-responsive release triggered by pH, redox potential, enzymes, temperature, or light, facilitating on-
demand delivery that maximizes efficacy while minimizing off-target effects. Targeting can be achieved passively
through the enhanced permeability and retention (EPR) effect, or actively via conjugation with ligands,
antibodies, or peptides that recognize specific receptors. The applications of these systems are broad. In functional
foods and nutraceuticals, prolamin-based carriers improve the stability, bioavailability, and controlled release of
sensitive bioactive ingredients, supporting personalized nutrition. In biomedicine, they enhance oral drug delivery,
enable targeted cancer therapy with reduced systemic toxicity, and serve as scaffolds for tissue engineering. In
agriculture, they facilitate the controlled release of pesticides, fertilizers, and growth regulators, helping to reduce
environmental contamination and promote sustainable practices; they are also being explored for smart food
packaging applications. Despite significant progress, challenges remain in clinical and industrial translation.
There is an urgent need for standardized characterization methods, comprehensive in vivo safety and efficacy
evaluations, and scalable, regulation-compliant manufacturing processes. Future research should adopt rational
design principles to develop multi-stimuli-responsive and sustainable systems. The integration of artificial
intelligence and data-driven approaches may further accelerate the development of personalized theranostic
platforms and co-delivery systems. Continued innovation is expected to solidify the role of prolamin-based

nanocarriers in advancing global health and sustainable development.
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