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Preparation, characterization, and stability of Pickering emulsions

stabilized by theaflavins-bovine serum albumin complexes

FU Zhixuan' CAO Qian' WU Yuanjie’ WU Haoren® SHI Meng'

(1. College of Food Science and Technology, Hunan Agricultural University, Changsha, Hunan 410128, China; 2. Hunan
Tea Group Co., Ltd., Changsha, Hunan 410126, China)

Abstract: [ Objective] To construct theaflavins (TFs)-bovine serum albumin (BSA) complex-based Pickering emulsions to enhance the
multiple stability of Pickering emulsions. [ Methods] TFs at different mass concentrations (0~20 mg/mL) were used to prepare complexes
with BSA, which were then employed to prepare Pickering emulsions with rapeseed oil. The microstructure, particle size, Zeta potential, and
rheological properties of the emulsions were characterized. The effects of TFs mass concentration on the stability of the emulsions under
centrifugation, storage, and sodium ion stress were further analyzed. [ Results] TFs formed stable complexes with BSA, and the resulting
Pickering emulsions exhibited spherical droplets. As the TFs mass concentration increased, the particle size of the emulsions first decreased
and then increased. At a TFs mass concentration of 10 mg/mL, the emulsion showed the smallest particle size (D,;=34.4 pm) and the
highest absolute Zeta potential (34.96 mV), and formed the strongest three-dimensional gel network. Stability analysis revealed that the
emulsion at a TFs mass concentration of 10 mg/mL exhibited good water-holding capacity (59.44%), the highest sodium ion stability, and
good low-temperature storage stability (4 °C, 20 d). [ Conclusion] At a TFs mass concentration of 10 mg/mL, the complexes formed through
interactions between TFs and BSA can effectively improve the multiple stability of Pickering emulsions.
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Figure 2 Fluorescence spectrum of the complex

J7 1, TFDG 4544 o (1 2 3L BE 1% 5 BSA ) ASP-108 \ARG-
458 \HIS-145 S5 5% B )l 2 AU i, #E4C  0.25~0.41 nm,
B 4b 5 AR AR S, B AT UFSEIESE TFDG Y
2 HT] 5 BSA I C—N #l C=0 4547, F ik, BSA
AR A F G2 08 FL 45 T AN RE NS A R 9N TFs 40 1, O
i 8 B 7K AR P R A P IR 808 T R E Y B T —
ZMELY

" Protein
Ligand
Water
Charge Center

~ Aromatic Ring Center

Metallon

- Hydrophobic Interaction

— Hydrogen Bond

) { -+ ar —Cation Interaction
reeLEe % Halogen Bond
Salt Bridge

TFDG-BSA

—47.7 kJ/mol

B3 TFDG-BSA % F x4
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Figure 4 Appearance and optical microscopy of emulsions
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Figure 5 CLSM images of emulsions
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Figure 6 Particle size and Zeta potential of Pickering emulsion
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Figure 7 Strain sweep curves of emulsions
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Figure 8 Frequency sweep curves of emulsions
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Figure 9 Apparent viscosity curves of emulsions
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Figure 12 Particle size and Zeta potential of emulsions under different storage conditions

SR AR R B R R R ¥, HLBR TFs i R E R
10 mg/mL A FE 5 1 Zeta FL A7 48 %] (B i 25 98 /1N (P<C0.05)
X — G TT I PR P AR IR 4 R T SUIm B R A 1 B AR K
A ELAE TR AR, 3 LR A I 5 9T A SR 4 R R
W4 PL R FE AL . XY TFs i S W0 10 mg/mL B, 2L
SO0 A R A AR TR N A S T R R AR
AN T Zeta B AL 20 X 19 B AIG L TE BT duc R AR T 9 44
FRE5H . HEMIIE B RN TFs §8 B2 L 30 K 119 2 fa) 437 BH5E e
Yy S B W L O B R T AR E M AT AR B vl v
Rghte ol
3 g5
ZMRAMARERZLSFMEAEORERESY,
B AL T A% 8 B — AR T AR R A
Pickering FLW , ¥R 5% T A E RZ R i Wl E X ALk £ Hfa
FEVEN S o 25 R R W], % I I L R i WM 2R
P25 b B s 0 B K M e A K R A B AR L
S AEASE PR AERLE—F MG AEAES
Yo FHE A P g9 &5 N AH Pickering FLIR AR R, 2
A 2R A M B 10 mg/mL B, 4% 8 25— 1L
TR AW AE KR = i o 45 25 0, AR T AL Ok A
M Zeta A, 3R T LB o FaE MEIPAL 25 R R, Y
FE FE LR N 10 mg/mL I, FLIRAK BB O &4t
TS R R R O SR AT, BRI R P o R . X
TF 5 00 6 (1 5 0% 3 25 R S ik 4l 4y, T 38 & T & =l
0o WFFE B 1 2% B 3 I8 0T 4 vk BE X Pickering FL K Y
AH G A FNRR GE PRS2 B HAOE FRLMR &, R4 R
FPCYIE PN o 5 ST K FLVON T T RE M K
Jig 5 R AR A g B I P T e A3 T 3 K A R R AR B
TN I P RS U, T AR IR R A L I e T
LS i AR R T R A A AR L B Pickering FLIRAY

Pl

5% 3k

(1] Z=m e, J e B . A 2% K J s g W R (0], A e 2 i, 2019,
41(4): 215-217.

LI L H, ZHOU Y F. A preliminary exploration of the
development history of black tea in the world[J]. Tea in Fujian,
2019, 41(4): 215-217.

[2] BAJPAI S K, BAJPAI M, SHAH F F. Alginate dialdehyde (AD)-
crosslinked casein films: synthesis, characterization and water
absorption behavior[J]. Designed Monomers and Polymers,
2016, 19(5): 406-419.

[31 BAJPAT S K, SHAH F F, BAJPAI M. Dynamic release of
gentamicin sulfate (GS) from alginate dialdehyde (AD) -
crosslinked casein (CAS) films for antimicrobial applications
[J]. Designed Monomers and Polymers, 2017, 20(1): 18-32.

[4] XA, A7 ¥, G, 5 KRB FILKRKLE TIRE—4

I3 1A 11— 25 1 R I Pickering LW M 28 0 R G M 25 0T
ST, &S R BE T, 2025, 51(14): 265-272.
LIU Y J, YANG T, FU Z X, et al. Stability of epigallocatechin
gallate-bovine serum albumin-high-esterified pectin Pickering
emulsion[J]. Food and Fermentation Industries, 2025, 51(14):
265-272.

[5] A P& . OSA MVE Y 3k e b i Pickering FL IR IZ # 14 5 B & L

i B AR FE[D]. A L : AL Tl K2, 2020: 43-44.
YU Z Y. Stabilization mechanism and characteristics of
Pickering emulsion delivery system based on OSA modified
taro starch[D]. Hefei: Hefei University of Technology, 2020:
43-44.

[6] F ¥ 5%, TR &F, 10 E M8, 45 . WE M 44 K FORL Pickering FLIK 1Y
st Je R PR ST (0], v R 2741, 2024, 39(3): 98-109.
WANG H Y, ZHANG S, FENG Y C, et al. Construction and
stability

study of Pickering emulsion with dual protein

39



40

E Al 33 FUNDAMENTAL RESEARCH

nanoparticles[J]. Journal of the Chinese Cereals and Oils
Association, 2024, 39(3): 98-109.

(7] A A . 5 T4 ML 1 B 1 50 5 2 T A A 2 A L
FILHE AL D). WM R R VE R4, 2023: 27.

HU X M. Construction of multi-output molecular logic circuit
based on the combination of bovine serum albumin and schiff
base[D]. Zhangzhou: Minnan Normal University, 2023: 27.

[8] Z i M . B HRAET 14 1B X 43 i 8 7 0 2 1L T AR T RY
KA FE[D]. T TP R, 2020: 19.

CAI H H. Research on the synthesis of fluorescent probe and its
detection of metal ions and bovine serum albumin[D]. Nanning:
Guangxi University, 2020: 19.

[9] TABASSUM S, AL-ASBAHY W M, AFZAL M, et al
Synthesis, characterization and interaction studies of copper
based drug with human serum albumin (HSA): spectroscopic
and molecular docking investigations[J].  Journal of
Photochemistry and Photobiology B: Biology, 2012, 114:
132-139.

[10] 2 B &, Wl X0k . 43 F 0 R S OLIE R R R TR

TN A2 LY 118 AR AR 0], B Tk B, 2016, 37
(18): 158-164, 191.
ZHU G F, TENG T, DENG B. Study on the interaction
between propyl gallate and bovine serum albumin using
fluorescence spectroscopy and molecular docking[J]. Science
and Technology of Food Industry, 2016, 37(18): 158-164, 191.

[11]SHIM, LU Y T, WU J L, et al. Beneficial effects of theaflavins
on metabolic syndrome: from molecular evidence to gut
microbiome[J]. International Journal of Molecular Sciences,
2022, 23(14): 7 595.

[12]HAN S, CUI F Z, MCCLEMENTS D J, et al. Structural
characterization and evaluation of interfacial properties of pea
protein isolate-EGCG molecular complexes[J]. Foods, 2022, 11
(18): 2 895.

[13]ABDULLAH S M S, FATMA S, RABBANI G, et al. A
spectroscopic and molecular docking approach on the binding
of tinzaparin sodium with human serum albumin[J]. Journal of
Molecular Structure, 2017, 1 127: 283-288.

[14]LIU Y J, WU Y J, ZHANG J Y, et al. Bovine serum albumin-
EGCG particles increase high internal phase Pickering
emulsions stability: the leading role of EGCG concentrations
[J]. LWT-Food Science and Technology, 2025, 218: 117496.

[IS] AR . Can 2 b 2 2 3R 2 AL 5 W 1 12 B 5 6 0 ) 92 30 £ ik 4R

5101 BHEER, 2022(34): 145-147.
CUI P. Overview of a comprehensive experiment of extraction
and identification of theaflavins from black tea[J]. Technology
Wind, 2022(34): 145-147.

[16JVU H T, SONG F V, TIAN K, et al

Systematic

characterisation of the structure and radical scavenging
potency of Pu'Er tea polyphenol theaflavin[J]. Organic &

Biomolecular Chemistry, 2019, 17(46): 9 942-9 950.

B 2958 | 2026 F 5 A | BR&SHM

[177PHAN H T T, YODA T, CHAHAL B, et al. Structure-
dependent interactions of polyphenols with a biomimetic
membrane system[J]. Biochimica et Biophysica Acta, 2014,
1 838(10): 2 670-2 677.

[18] sk Al idi, TP 4L, sk &M, 45 . KR K UKL AS E Pickering 3L

YR 14 BIF 5 T e JFC A At it v i RE (D], 0K A4k T, 2022,
39(12):2377-2 386, 2 397.
ZHANG Q J, WANG P L, ZHANG D M, et al. Research
progress and cosmetic applications of Pickering emulsion
stabilized with natural solid particles[J]. Fine Chemicals, 2022,
39(12):2377-2 386, 2 397.

[19] H RUR . ZL1E 43 25 8 11 7 4E Pickering FL IR 1A 5 9 1 2 e H

386 3% ) i B (9 W T (D] J52PH - 74 b e AR Bl 4 K%, 2022:
32-33.
CUI F Z. Construction of whey protein isolate fibrils Pickering
emulsion and its application for delivery of functional
ingredients[D]. Xianyang: Northwest A & F University, 2022:
32-33.

[20] J7 4R, sk, MBS, 45 . WAL 25 A B R i X A R S

W E AL AR B B ). £ A S HLR, 2024, 40(11):
12-18.
WAN J, ZHANG X Q, DENG B W, et al. Effects of
glycosylation combined with tannic acid modification on the
emulsification properties of molten globule egg white protein
[J]. Food & Machinery, 2024, 40(11): 12-18.

[21] XUE F, LI C, ADHIKARI B. Physicochemical properties of

conjugates

soy  protein  isolates-cyanidin-3-galactoside

produced wusing free radicals

Ultrasonics Sonochemistry, 2020, 64: 104990.

[22] SKRT M, BENEDIK E, PODLIPNIK C, et al. Interactions of

induced by ultrasound[J].

serum albumin using

docking[J]. Food

different polyphenols with bovine
fluorescence quenching and molecular
Chemistry, 2012, 135(4): 2 418-2 424.

[23] Phok K, o, X Sksk, 45 KERIREA—Z M EFELE S
PV etk 7 BE R[], T IR 2441, 2022, 22(6): 382-389.
SUN B Y, GAO Y, LIU L L, et al. Research progress in the
interaction of soybean prolipoprotein-polyphenol and the
properties of complex[J]. Journal of Chinese Institute of Food
Science and Technology, 2022, 22(6): 382-389.

[24]LI Z K, WANG X H, ZHANG M, et al. The loading of
epigallocatechin gallate on bovine serum albumin and pullulan-
based nanoparticles as effective antioxidant[J]. Foods, 2022, 11
(24): 4 074.

[25]LIU H H, WANG B, BARROW C J, et al. Relating the
variation of secondary structure of gelatin at fish oil-water
interface to adsorption kinetics, dynamic interfacial tension
and emulsion stability[J]. Food Chemistry, 2014, 143: 484-491.

[26] XU J, HUANG Y, WEI Y, et al. Study on the interaction

theaflavin multi-

mechanism  of with whey protein:

spectroscopy analysis and molecular docking[J]. Foods, 2023,



F&M | Vol.42, No.5

12(8): 1 637.

[27]LI X X, JIANG H T, PU Y J, et al. Inhibitory effect of
condensed tannins from banana pulp on cholesterol esterase
and mechanisms of interaction[J]. Journal of Agricultural and
Food Chemistry, 2019, 67(51): 14 066-14 073.

[28] SHI J H, PAN D Q, JIANG M, et al. Binding interaction of
ramipril with bovine serum albumin (BSA): insights from
multi-spectroscopy and molecular docking methods[J]. Journal
of Photochemistry and Photobiology B-Biology, 2016, 164:
103-111.

[29] ZHANG R J, CHENG L R, LUO L, et al. Formation and
characterisation of high-internal-phase emulsions stabilised by
high-pressure homogenised quinoa protein isolate[J]. Colloids
and Surfaces A: Physicochemical and Engineering Aspects,
2021, 631: 127688.

[30] CHEN Y, YAO M Y, PENG S, et al. Development of protein-
polyphenol particles to stabilize high internal phase Pickering
emulsions by polyphenols' structure[J]. Food Chemistry, 2023,
428:136773.

[31] SEMEF . T oK B 2R 1 40 K J0RL A0 2T 4k 28 240K & 1) 7] 72
4 Bz S MOW R FLIR[D]. B8 LRI R %, 2022: 2-3.

GONG S Q. Pickering double emulsion synergistically
stabilized by zein nanoparticles and cellulose nanocrystals[D].
Wuxi: Jiangnan University, 2022: 2-3.

[32] WANG C Z, WU J H, WANG C H, et al. Advances in
Pickering emulsions stabilized by protein particles: toward
particle fabrication, interaction and arrangement[J]. Food
Research International, 2022, 157: 111380.

[331ZHAO Q L, ZAABOUL F, LIU Y F, et al. Recent advances on

internal emulsions

protein-based Pickering high phase

(Pickering  HIPEs):  fabrication, characterization, and
applications[J]. Comprehensive Reviews in Food Science and
Food Safety, 2020, 19(4): 1 934-1 968.

[34] KULSHRESHTHA A K, WALL O N S, WALL G M.
Pharmaceutical suspensions[M]. New York: Springer, 2010: 978.

[35] CHEN X W, FU SY, HOU J J, et al. Zein based oil-in-glycerol

emulgels enriched with f-carotene as margarine alternatives[J].

BEHE . FHERLFNEAEAE S Pickering LM H & RIERBEMERAR

Food Chemistry, 2016, 211: 836-844.

[36] VAN VLIET T. Rheological properties of filled gels. Influence
of filler matrix interaction[J]. Colloid and Polymer Science,
1988, 266(6): 518-524.

[37] B R I3 . T oK I 5 5 111 98 KORE 7 11V 3 49 K it P 1) 5 1
Pickering ZLWK [D]. T4 : V1M K%, 2021: 61.

TAO S N. Pickering emulsion symergistically stabilized by
zein nanoparticles and starch nanocrystals[D]. Wuxi: Jiangnan
University, 2021: 61.

[38] BASYIGIT B, ALTUN G, YUCETEPE M, et al. Locust bean
gum provides excellent mechanical and release attributes to
soy protein-based natural hydrogels[J]. International Journal of
Biological Macromolecules, 2023, 231: 123352.

[39]CAO M M, ZHANG X C, ZHU Y Q, et al. Enhancing the
physicochemical performance of myofibrillar gels using

Pickering emulsion fillers: rheology, microstructure and
stability[J]. Food Hydrocolloids, 2022, 128: 107606.
[40]YUAN F, LT X D, DOU J Y, et al. Preparation of poly
(butadiene-styrene-vinyl pyridine)/poly (acrylonitrile-butadiene)
core-shell nanoparticles by intermittent seeded emulsion
polymerization and their catalytic
Catalysts, 2024, 14(4): 277.

[41]CHENG J R, SHEN S W, YANG H G, et al. Improved

latex hydrogenation[J].

physicochemical stability and bioaccessibility of astaxanthin-

loaded oil-in-water emulsions by a casein-caffeic acid —

glucose ternary conjugate[J]. Food Research International,
2023, 163: 112153.

[421 GAO W, WU T, CHENG Y M, et al. Highly water-resistant
paper via infiltration with polymeric microspheres from

nanocellulose-stabilized  plant  oil-derived = monomer[J].
International Journal of Biological Macromolecules, 2024,
267: 131539.

[43] WANG L C, CHENG X Y, LAN H Y, et al. Development and
characterization of novel ultra stable high internal phase
Pickering emulsions gel: interface structure, stabilization

mechanism, and applications[J]. Food Hydrocolloids, 2024,

151: 109817.

41



