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Molecular Dynamics Simulation to Study the Oil/Water Interfacial Behavior of

Nanoemulsions Stabilized by Different Emulsifiers

YANG Yishuang, XIONG Housheng, XIE Xin’an, LI Pan, DU Bing, LI Lu®
(College of Food Science, South China Agricultural University, Guangzhou 510642, China)

Abstract: To reveal the difference in the oil/water interfacial behavior of nanoemulsions prepared separately with three
emulsifiers, octenyl succinic anhydride (OSA)-modified starch, Tween-80/Span-80 (T/S80), and lecithin, this study employed
a rheometer and a contact angle meter to analyze the shear rheological properties and interfacial adsorption dynamics of
the emulsion systems. Furthermore, molecular dynamics simulation was utilized to delve into the underlying mechanisms
of their microscopic oil/water interfacial behavior. The findings revealed that OSA exhibited the lowest interfacial tension
at the oil/water interface, while T/S80 demonstrated the highest diffusion rate within the oil/water interfacial layer. This
was primarily attributed to the carbon chain-based structure of T/S80, which facilitated its dispersion in water. The number
of hydrogen bonds formed between the OSA-modified starch-stabilized emulsion and water molecules was the largest,
approximately 1 300, indicating stronger hydrophobic effect and explaining why the emulsion droplets were the closest to
a sphere in shape. OSA-modified starch and T/S80 molecules tended to form van der Waals force with water molecules. In
contrast, the two carbon chains of lecithin, with glycerol as its backbone, showed a more diverse range of weak interactions
because of their mutual repulsion.
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interfacial behavior; nanoemulsion
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Table 1  Effects of different emulsifiers on the potential, particle size and

polydispersion index of nanoemulsion
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Fig. 1  Optical micrographs of curcumin nanoemulsions stabilized by
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AATITE T AL IR 23 3 ASB R LAk 1/

IKFHAEY . BB EAE. 3 B AT RAE MK 5
112 B B 3 2 i B3 s, A PN X, 26
M — RN —INBEEH (KD ; HERRE /R
SrEAEERE (K) Y. NFR2ALLEH, K43 EE



40 2024, Vol.45, No.23 BRlEE XA
FANTK,, ULEH3 PR 515 /7K ST A B3 320 by
B R [B1ZE K T F B RO B, 5 R AT RE A3 Fh LR 3.15
ST 2 o LA 4 T B B L, R £t
HEf JLEE /N T K AR 237 “M&OS
2.5  MDBLREF A B FLAFITE DR FLIH /K FHRAT N
251 AFEFAAIRT IR E Z 5 1R 3400(') 1000 2000 3000 4000 5000
Y ZE (root mean square deviation, RMSD) IH1El/ps
4 2 A1 3o R o A 40 000 5 T 45 4 R4 6 2454 S,
Z A 22 5B, AT DL i RMS D s [a] 28 44 Sk A6 5, 225
WARGMAREME. OSA. HiL80. AL 80M Ul fif 5 £ = 2207
7 LR IRMSD A W B4R %, 4 FLALHI IRMSD igiwhwmxﬁkﬁwﬂMﬂwmww
1£4 000 ps/aa T Ha €, RMSDIEMIM/N T RS 2.05 -
BB TP BT SRR LAk o B SRS 2.00 ' ' ' ' !
0 1000 2000 3000 4000 5000
MT/S8ONE A A, FEABP BB NER, FH IR T /ps
:%B‘JRMSDE‘J%E%tKOSAsfc’Wﬁ‘lJE?jHHE K 4a, it .
, TR 8O ] AE8OM 1 46752 000 ps:2 J5 L F- B & 76— zzg 3
i, X R W IE 80 R H] £4807E2 000 ps /& 45 b — . 2401
M 7E Bl 4,7 O IR FL I A 3 Hh 22 3 3 I RMSD R 41 5235'
SOCMRMIR I, AU R 1) o
FE b, IR R BB AR P R BE T R e Hh A 2 T 230

T T T T 1
0 1000 2000 3000 4000 5000
I ] /ps

a. FLLAE RAIRMSDIE A #i Z; b. %42 (radius of gyration,
R BRI R4, FAR1~3.20511RFLOSA. T/SSOF G
P4 3 RhFLAEHIR 2 RMSDIA 7% th 2R FR, bifi
BB 1 AR 5L

Fig. 4  Evolution curves of RMSD and radius of gyration as a function of

RMSD/nm

T T T T 1 simulation time for three emulsifier molecules
0 1000 2000 3000 4000 5000

e R T U040 T R, R T BT K
AN B R BEBUURT I8 % R I B 4bF R,

I ng :lu\f/jso 0~5 000 psHla], 3 FrAMTAIR,ME 2 TRk Hr,
£ 1.0- G AR B AHIR E e K, #29£0.3 nm; OSAFIT/S80f
5 RGBS, 2150, nm, KT RE A IIREAG 5
Ea&ﬂﬁwﬂm FRAHEK M.

o] 252 FULAIS TIREHE 5 RET NI A

1000 2000 3000 4000 5000 Y7547 # (mean square displacement, MSD) J&%r T
I TE/ps AN — AN e &R BlSals 14 Moy
FHIMSDAEA, FLAr, i80S RS8OI HIZELE2 000 ps

157 % :ggﬂ;ﬁ ooMer ZEIVTF—3, S HAER P RITR %, JLTE
£ Lo o e VER—ABARLEIR B, A T T/S8OME N E A AL
é W fERMAENE. 546, AMSDIAR LA KRE, BRI
Z 0.5 /,wﬂ*’”” [6]7E4 000 psfFOSAFLIA RUIELLL BFF, Wah A K: i

WWWWWW T/S8OFH Il i LI A& &R IMSDE e K, 1X 7] e A2

0.0 - - - - ! KHOSAFLIE i 1 15 B30 I FLA R 2, A AR i

0 1000 2000 3000 4000 5000
i ] /ps

R E™



| =2 2024, Vol.45, No.23 41

XA ML
872 — GRRE
— OSA

. 6 — S80
£ —_T80
(=}
3 41 —
E —

2_

0

T T T T 1
0 1000 2000 3000 4000 5000
5} [ /ps

0 3 6 9 12 15
x/nm

a. aeHJc A FIIMSDE: b. 4% ERE. Fhs
4.5 FRFKOSA, HIE80. F#80. UIMEAR .
I%I 5 FUEAIS 1 MSDIGE I AR fL R 4K 1
Fig.5  MSD vs time plot and 2D density plots of emulsifiers

M SR LLE WA 1 %5 FL AT 7E FL IR R 4y
A, 20 X I KA e BB iy, WA O Xk K ) 55
FERRAG . OSAVE R FLIR I % 8 K B 41 Hoi N 5 %, Ui B
OSAFLMFITEFLIB R T Y AR T 2% FER S R, X5
MSDP 2 45 58 —3, T/S8OMINHE R AL AL I AE I 514
A AE LI T A I
253 AFEFAT ST FEAT R
2531 SN

AR AR s R TS HAHENAR T2
(B P AR EAE T, i) DU 27 [l AR 0] DU 20 1 I o
ERN—Me e AR T AR, S8y 4B e ) M BAE H
SR, (HELILAEREEUO. A AU bR v R I T A R T
RS2 AR 2 M BE &, BARO-Hees ORI A B . /KT
T2 T PR 20 R R A R A2 R SR 1 22 1) PR B S )
F3.5A, O-HeeeOHE I /N T30°7", K6akin T4 Ff
FAFN T 5K F A ER L, HINER /N T
3.5 AfEE . HAPOSAS FHKPAENEA#EKE, N
1300 X247, BT OSAMIER/AK/E- SR, TMinkiEso.
F] B8O IR Bl A 1 B K VR AR ZE A K

Fiak, OSAZFFIGPREAR 7 T 5K T I S s = b
(BN — R Al fE, A AR TR A, XY
R AR T SRR, A FAL I 5 1A
BTSSR EH B WT/SS0S A U2 A Lk
Hl, nlReSReE - AEa, RIS AR,

M3 AT AR R E SR (Bleb) AIE
B R, OSAEM AWM MEAS REIERE, X2
BT 2 A R 2 (I OS AFLAL N S (s ma 58 K, B
LS il R R L S T A ot R AR R T AL A
) FTH W 1 o 1T ORI A TR K, ESP oA X ek AH X 4
W, R AR E AU, R 5K T2 IR A
Bykb, HABEASWZETT/SS0FL K



42 2024, Vol.45, No.23

E6miltl Z

XA MY

1400
=
= 1300
i% 1200

1100

T T T T 1
0 1000 2000 3000 4000 5000
I ] /ps

T T T T 1
1000 2000 3000 4000 5000
fif ] /ps

T T T T 1
0 1000 2000 3000 4000 5000
i ] /ps

T T T T 1
0 1000 2000 3000 4000 5000
i} ] /ps

a. FLAL T 5 K i U BB I ) e A B R AR L~ 4.0 5
RFEOSA, 80, BIENE. w480, b.FLifIA R
ZIBERE: ThR1~3.0HIAKOSA, T80/S80. BH N
Pl 6 FLATH G K i 2l BB IR 1] 68 53 A P e L L Pk 2R 1Y
IZIEEM (PhsurfEEER)
Fig. 6  Distribution plots of the number of hydrogen bonds between
three different emulsifiers and water as a function of time and final

morphology of their stabilized emulsions (shown in surf form)

2532 3 FELAHIIFRE R

S LA 4 7 22 T HUES PN 89548 10 40 M7 4 B T
TR FOSLAL S SOAR S T MM LA A 7
3 FSLALAS TR IUESPEFITAE A . 1E70 3

P 4 €8 11 T X IR TR AR AEAS e LS5, 1 WA R P A7 X3
FORAHORGIER . 2 F R BRG] SRR T 4 W
JE R 4 T

MBI 7a, 7T LB E], OSAH & ILOR F 1 X I8 2
ESPHHE, I HOREEBESPEFE—/#%. Kl7a,TOSATE
AR AR R B3, AR T IIX R
WeHERR, TR TR B AL E 2B B0 S 71, AR
RO B AR 38 oy A P8 T SR s RV . 7E—
SEFEE LIS T X MR IS EAER, RWOKE 15
KT Z PR B A AR, AR T A, A
7 448 5 L E S K ST R B g 7M. B 7D, e T,
T/S80H H A U6 HEL 1 1 O J&L -1 1 X 3 3 3t 1A S 1) 471
ESPHFIE, T HER 75 O Ji - FH % (1 o7 B D) SR 0 o I =55 11
IEESPHRHIE. B2 HIBR T REEKEM S i, Hn
T STESPA T niik, KIESPA M. PRtk, w] BAHED
T/S8OM) 7r v & o i BE [, T A5 v A& o /K B 15 T8O i
BB L, RS EBRIIER, X5EmKeE
CERRNTE Z (R R T, AR T R L
TSOLLS8O M fik J5i T~ 5 %, W& €201 47 S5 11T [X 338 79 A7 7E ik
JEF R, EREER S b o BOCR  B. TiTE R 7d,
HETLLE R, SIOLOJE T 1 X ik 52 A ESPARFAE, F H ik
b BYESPHRIE 555, 1T A€ E7d,H 908 s e e
JIe R AR B2, TS SR 7 I X IR I A8 4
JFo SRBENGSA PN IREE, R R TR LA B R A
B S 77, BN KIREEA — e A EHERERM . X T
eI AR /K S I HES 7 20, H L UESPRFEFIYE
A AT 2 O E R BE WS AT RO IR B 5 A e LT

a. OSA; b. T80; c. S80; d.BNEAHG. FARIA2.205]
R By TR T ESP I R/ T3 M i (R 2 35 14
Bl 7 3 FhFLALAINY 2 i S8 5 B

Fig.7  Surface potential energy analysis of three emulsifiers



XA Sl A 2024, Vol.45, No.23 43

2533 MHBEAERH by
K FH P 55 A LA A LA 43 BT 7 0 Re B 4 T AR R
F > FHIEE R AT R . sign(A,)pKs B A b BIAS A
P T~ 25 B ARG 5 P o S T b, S 55 AH LA I
KA, FHREorF Z A0 [ AE ELAE AT AR A
ME8a, 1 HT LUE HHOSAIB R 5K 0 T IR T S5
FEAEE S, KRR KR HE T ESPE IE 1™, ik
SLOJE TN 5K A #EAEH JI. E8b R, {ET/S80F fzg sign(,)plk /N fzg sign(lo)p 4 fig
IKZ AR T YA 70, i LA I O JE 7 2 1o & 47
ML, BRI 2 M5 5 T B 2 A BAE . El8c, ‘@u&ém;ﬂa:‘ ﬁ@%ﬂem / ‘&E#Wﬂa:‘
G i PR 2% K Sk B3 Y e e i IS HELBRR R, TP R IR Sk, TR o S5 R
B 5K 5y 7ol OB ploalseE, MR T (TR EL 2

FEi A h ) e A ) 5 B B R T AR LA, SRR 0015
YRR Sk A, Tk T DA RO A o000
B, UL IE AT R EUR T 5K THE R S S0 A 0000
FET o DR 008 OB 10 LA 70 6 7T O A5 4 7 4R R 0,010
E BT B 50 S B 0 35 K- L R 40 7K 2 oo
FIPERT . RDGELAE (B8a,~c,) iR, OSAFIT/S80L ‘ ; : :8853
U [ sign(,)p7E0.00~ —0.02 18], 17 BF A A A 2 i) i oo+—i® " TN W "Wl 035
Hsign(A,)p7E0.00~ —0.01 Z I S A Tk, 3 s S §%¢§iiﬁg°§‘@§“*@
ST RDGHS B 0 i sign(y)p BN R4, signd)p

3 M AT B R B T IRES AL R AN o AR S LIS &
Ao A R 7K i R R B R B T Y S IR T 4
m, B RE T TR, (i 7 RER
I o

a

p>0  sign(L)pli/  p~0  sign(pdEI p>0
7,<0 1~0 71,>0

p>0 signUopl/h  p~0  sign(oplln  p>0
2,<0 1,20 12>0

U J L ] L J
i v

SR 51 - S A R :
L . RS R, S RIS
SRR GIVER Yo AR T FAE 0.020
S, O R Ry S8 A B AL R 0.015
0.010
0.005
0.000
0.020 —0.005
0.015 —0.010
0.010 —0.015
0.005 —0.020
0.000 —0.025
—0.005 I B : —0.030
—0.010 . T .I T T T - B —0.035
—0.015 Q@ QQ“‘ Q& Q@f > QQQ & Q@' e“’ be‘ Q"
—0.020
70025 Slgn(ll)p
A —0.030 a. OSA; b. T/S80; c.Bi#ifiE. FhrlAn2.
2 - PP W AR M. 0.035 43 AR R RD G %5 8 177 B AMRDG A B o
@" FEIS S Q@' Q@ J & P8 3 FRFUILAIRDG 4 i IRDG i

sign(4,)p Fig. 8 RDG isosurface and RDG scatter plots of three emulsifiers



44 2024, Vol.45, No.23 B3

=

XA MY

3 & #®

ARG LA R P SE S AIMDAS L T B 3 b 7L AL R
AN FLIR AR 52 1k B AL /7K SR T AT D 22 SR AT Wk
7T, KILOSATEN R S AMRAIIFT AR AL R e 1, IX
FEANTHA AR, A5k TR E R
YRR, 385 1 HAE /K S (W e 70, AT AR 1 %8
BUHM AR TISSOFLAGTE /Ny AL, s
ZERIAE L ) TAE K 20, AT PR S A VR B A9
FE BRI, T SRR E I ST R . T IR W AE ) T
HABKMBREEN R I NSRS 1, X S EAE/K
Frm ERHESIAT B, 880 7 S AR E . BEAh,
FLAGTT 2R T 5 R AN 59 A TLAE I 70 r kW, OSA 5K
TR EAE e, T T/S8OFN BN  IR I AH AR F#% 55,
R EAE LB I R g MR S AT A o BE T4
SR B g LA TAE AR IR B AR AL B 1 5 EAE
B, WONEFE . BB IR AR E FLHE A R R SR A
WA -

ZE MR-

(1] ZkEf, A&, WA, 55 o A 40K SRR ) 2 K X i sy
YREERCR[J/OL]. v [F 54 £k e 24k, 2024: 1-9. DOI:10.19958/
j.enki.cn31-2031/5.20230908.002.

[2] NEUMANN S M, WITTSTOCK N, VAN DER SCHAAF U S, et al.
Interactions in water in oil in water double emulsions: systematical
investigations on the interfacial properties and emulsion structure
of the outer oil in water emulsion[J]. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2018, 537: 524-531.
DOI:10.1016/j.colsurfa.2017.10.070.

[3] ACOSTA E. Bioavailability of nanoparticles in nutrient and
nutraceutical delivery[J]. Current Opinion in Colloid & Interface
Science, 2009, 14(1): 3-15. DOI:10.1016/j.cocis.2008.01.002.

[4] KANDUC M, REED J, SCHLAICH A, et al. Molecular dynamics
simulations as support for experimental studies on surfactant interfacial
layers[J]. Current Opinion in Colloid & Interface Science, 2024, 72:
101816. DOI:10.1016/j.cocis.2024.101816.

[5] DE S, MALIK S, GHOSH A, et al. A review on natural surfactants[J].
RSC Advances, 2015, 5(81): 65757-65767. DOI1:10.1039/
C5RAI11101C.

[6] LLAMAS S, SANTINI E, LIGGIERI L, et al. Adsorption of sodium
dodecyl sulfate at water-dodecane interface in relation to the oil in
water emulsion properties[J]. Langmuir, 2018, 34(21): 5978-5989.
DOI:10.1021/acs.langmuir.8b00358.

[7] RAVERA F, FERRARI M, LIGGIERI L, et al. Liquid-liquid interfacial
properties of mixed nanoparticle-surfactant systems[J]. Colloids
and Surfaces A: Physicochemical and Engineering Aspects, 2008,
323(1/2/3): 99-108. DOI:10.1016/j.colsurfa.2007.10.017.

(8] W, Vrais. ¥R A AR RO 75 FLAL R 1 % B 78
SERIU[I]. ABECIE R, 2023, 40(6): 25-32; 112. DOI:10.3969/
j.issn.1002-0268.2023.06.004.

[9] FENG T, HU Z S, WANG K, et al. Emulsion-based delivery
systems for curcumin: encapsulation and interaction mechanism

between debranched starch and curcumin[J]. International Journal

[10]

[12]

[13]

[14]

[15]

[1e]

[17]

[18]

[19]

[20]

[21]

[22]

of Biological Macromolecules, 2020, 161: 746-754. DOI:10.1016/
j-ijbiomac.2020.06.088.

LUZ A M, DOS SANTOS T J P, BARBOSA G D, et al. A molecular
study on the behavior of polyethoxylated alkyl ethers surfactants in a
water/n-alkane interface[J]. Colloids and Surfaces A: Physicochemical
and Engineering Aspects, 2022, 651: 129627. DOI:10.1016/
j.colsurfa.2022.129627.

JIAO B, SHI A M, LIU H Z, et al. Effect of electrostatically charged
and neutral polysaccharides on the rheological characteristics
of peanut protein isolate after high-pressure homogenization[J].
Food Hydrocolloids, 2018, 77: 329-335. DOI:10.1016/
j-foodhyd.2017.10.009.

XIONG H S, XIE X N, LI1Y, et al. Stabilization mechanism of
different emulsifiers using dissipative particle dynamic simulation[J].
Colloids and Surfaces A: Physicochemical and Engineering Aspects,
2023, 673: 131797. DOI:10.1016/j.colsurfa.2023.131797.

VASILE F E, MARTINEZ M J, PIZONES RUIZ-HENESTROSA V M,
et al. Physicochemical, interfacial and emulsifying properties of a non-
conventional exudate gum (Prosopis alba) in comparison with gum
Arabic[J]. Food Hydrocolloids, 2016, 56: 245-253. DOI:10.1016/
j-foodhyd.2015.12.016.

ZHAO Q L, HONG X, FAN L P, et al. Freeze-thaw stability and
rheological properties of high internal phase emulsions stabilized
by phosphorylated Perilla protein isolate: effect of tea saponin
concentration[J]. Food Hydrocolloids, 2023, 134: 108001.
DOI:10.1016/j.foodhyd.2022.108001.

WANG S N, YANG J J, SHAO G Q, et al. Soy protein isolated-
soy hull polysaccharides stabilized O/W emulsion: effect of
polysaccharides concentration on the storage stability and interfacial
rheological properties[J]. Food Hydrocolloids, 2020, 101: 105490.
DOI:10.1016/j.foodhyd.2019.105490.

WANG S N, YANG J J, SHAO G Q, et al. Dilatational rheological
and nuclear magnetic resonance characterization of oil-water
interface: impact of pH on interaction of soy protein isolated and
soy hull polysaccharides[J]. Food Hydrocolloids, 2020, 99: 105366.
DOI:10.1016/j.foodhyd.2019.105366.

XIONG W F, REN C, LI J, et al. Characterization and interfacial
rheological properties of nanoparticles prepared by heat treatment of
ovalbumin-carboxymethylcellulose complexes[J]. Food Hydrocolloids,
2018, 82: 355-362. DOI:10.1016/j.foodhyd.2018.03.048.

PALL S, ZHMUROV A, BAUER P, et al. Heterogeneous
parallelization and acceleration of molecular dynamics simulations in
GROMACSIJ]. Journal of Chemical Physics, 2020, 153(13): 134110.
DOI:10.1063/5.0018516.

ARUNAGIRI C, ANITHA A G, SUBASHINI A, et al. Synthesis, X-ray
crystal structure, vibrational spectroscopy, DFT calculations, electronic
properties and Hirshfeld analysis of (E)-4-Bromo-N’-(2,4-dihydroxy-
benzylidene) benzohydrazide[J]. Journal of Molecular Structure, 2018,
1163: 368-378. DOI:10.1016/j.molstruc.2018.03.023.

LU T, CHEN F W. Multiwfn: a multifunctional wavefunction
analyzer[J]. Journal of Computational Chemistry, 2012, 33(5): 580-
592. DOI:10.1002/jcc.22885.

HUMPHREY W, DALKE A, SCHULTEN K. VMD: visual molecular
dynamics[J]. Journal of Molecular Graphics, 1996, 14(1): 33-38.
DOI:10.1016/0263-7855(96)00018-5.

PAL R. Rheology of simple and multiple emulsions[J]. Current
Opinion in Colloid & Interface Science, 2011, 16(1): 41-60.
DOI:10.1016/j.cocis.2010.10.001.



XA ML

E6oill=

2024, Vol.45, No.23 45

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

ZHOU B B, TOBIN J T, DRUSCH S, et al. Interfacial properties of
milk proteins: a review[J]. Advances in Colloid and Interface Science,
2021, 295: 102347. DOI:10.1016/j.¢is.2020.102347.

CHEN N N, ZHAO M M, SUN W Z, et al. Effect of oxidation on
the emulsifying properties of soy protein isolate[J]. Food Research
International, 2013, 52(1): 26-32. DOI:10.1016/j.foodres.2013.02.028.
ZHAO X, WU T, XING T, et al. Rheological and physical properties
of O/W protein emulsions stabilized by isoelectric solubilization/
precipitation isolated protein: the underlying effects of varying
protein concentrations[J]. Food Hydrocolloids, 2019, 95: 580-589.
DOI:10.1016/j.foodhyd.2018.03.040.

YE J F, HUA X, ZHAO QYY, et al. Chain conformation and rheological
properties of an acid-extracted polysaccharide from peanut sediment
of aqueous extraction process[J]. Carbohydrate Polymers, 2020, 228:
115410. DOI:10.1016/j.carbpol.2019.115410.

HAN Y, CHENG Z, ZHANG Y T, et al. Effect of metal ions and pH
on the emulsifying properties of polysaccharide conjugates prepared
from low-grade green tea[J]. Food Hydrocolloids, 2020, 102: 105624.
DOI:10.1016/j.foodhyd.2019.105624.

WANG Y, ZHANG P, LIN H W, et al. Pickering emulsions stabilized
by f-lactoglobulin-rosmarinic acid-pectin nanoparticles: influence of
interfacial behavior and rheology performance[J]. Food Hydrocolloids,
2024, 154: 110084. DOI:10.1016/j.foodhyd.2024.110084.

LUZ A M, BARBOSA G, MANSKE C, et al. Tween-80 on water/
oil interface: structure and interfacial tension by molecular dynamics
simulations[J]. Langmuir, 2023, 39(9): 3255-3265. DOI:10.1021/acs.
langmuir.2¢03001.

PEREZ A A, CARRARA C R, SANCHEZ C C, et al. Interfacial
dynamic properties of whey protein concentrate/polysaccharide
mixtures at neutral pH[J]. Food Hydrocolloids, 2009, 23(5): 1253-
1262. DOI:10.1016/j.foodhyd.2008.08.013.

KHEZRI A, KARIMI A, YAZDIAN F, et al. Molecular dynamic
of curcumin/chitosan interaction using a computational molecular
approach: emphasis on biofilm reduction[J]. International Journal
of Biological Macromolecules, 2018, 114: 972-978. DOI:10.1016/
j-ijbiomac.2018.03.100.

COUTSIAS E A, WESTER M J. RMSD and symmetry[J]. Journal of
Computational Chemistry, 2019, 40(15): 1496-1508. DOI:10.1002/
jec.25802.

SONG X Y, BAO B, TAO J B, et al. Deswelling dynamics of
thermoresponsive microgel capsules and their ultrasensitive sensing
applications: a mesoscopic simulation study[J]. The Journal of Physical
Chemistry C, 2019, 123(3): 1828-1838. DOI:10.1021/acs.jpcc.8b09998.

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

GOODARZI F, KONDORI J, REZAEI N, et al. Meso- and
molecular-scale modeling to provide new insights into interfacial
and structural properties of hydrocarbon/water/surfactant systems[J].
Journal of Molecular Liquids, 2019, 295: 111357. DOI:10.1016/
j-molliq.2019.111357.

OKURO P K, GOMES A, COSTA A L R, et al. Formation and
stability of W/O-high internal phase emulsions (HIPEs) and derived
O/W emulsions stabilized by PGPR and lecithin[J]. Food Research
International, 2019, 122: 252-262. DOI:10.1016/j.foodres.2019.04.028.
DENG CY, CAO C, ZHANG Y Y, et al. Formation and stabilization
mechanism of #-cyclodextrin inclusion complex with C,, aroma
molecules[J]. Food Hydrocolloids, 2022, 123: 107013. DOI:10.1016/
j.foodhyd.2021.107013.

XIA X, MA J, LIU F, et al. A novel demulsifier with strong hydrogen
bonding for effective breaking of water-in-heavy oil emulsions[J].
International Journal of Molecular Sciences, 2023, 24(19): 14805.
DOI:10.3390/ijms241914805.

LI G T, ZHU F. Physicochemical, rheological, and emulsification
properties of nonenyl succinic anhydride (NSA) modified quinoa
starch[J]. International Journal of Biological Macromolecules, 2021,
193: 1371-1378. DOI:10.1016/j.ijbiomac.2021.10.199.

LU T, MANZETTI S. Wavefunction and reactivity study of benzo[a]
pyrene diol epoxide and its enantiomeric forms[J]. Structural
Chemistry, 2014, 25(5): 1521-1533. DOI:10.1007/s11224-014-0430-6.
LU T, CHEN Q X. Van der Waals potential: an important complement
to molecular electrostatic potential in studying intermolecular
interactions[J]. Journal of Molecular Modeling, 2020, 26(11): 315.
DOI:10.1007/s00894-020-04577-0.

KAJIMOTO S, YOSHII N, HOBLEY J, et al. Electrostatic potential
gap at the interface between triethylamine and water phases studied by
molecular dynamics simulation[J]. Chemical Physics Letters, 2007,
448(1/2/3): 70-74. DOI:10.1016/j.cplett.2007.09.077.

A, KR, ERE S5 AN R A TG VAR AE A ST Ak
G AT R 5353 3 # R ). 57 g S FIH, 2021, 41(2):
44-51. DOI:10.13779/j.cnki.issn1001-0076.2021.02.007.

LIN, SUN Z Q, SUN J H, et al. Deformation and breakup mechanism
of water droplet in acidic crude oil emulsion under uniform electric
field: a molecular dynamics study[J]. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2022, 632: 127746.
DOI:10.1016/j.colsurfa.2021.127746.

ABE H, YOSHIICHI Y, HIRANO T, et al. Hydrogen bonding of
nanoconfined water in ionic liquids[J]. Journal of Molecular Liquids,
2022, 367: 120383. DOI:10.1016/j.molliq.2022.120383.



