FTERUPIENERBES: 20250860061
B

AT TIRIPEERE (L RF TIRImEFER)

AT ERUAENELS
2 TR =

22260419

IR TRRIFRERE AR (G - ) SR

T TIEIMERT G AZETREITER)

20255F06H01H



1B FR AR

— AR A R RO B i K AR R R
v ETHHRESFNE, E1FEEE.

. EHRMNU SRS AR, 1 A4T I T Eg
TN, A44CUEFTER,

=\ RPFYRNELZEHBIHE. BEEKE, E
EXXBETE, NATLHTEIAE .

WO\ AT B2 APPOrE P45 B TN # RS
» G I SR AL+ R AR ITERRR E b 26 51 (4104

N+HmAKE3AL, L1147,



— TARR

(—) EAFN [BS (WL TEFER GNIRRETEMER) TERELEATET
FITRFRIPH SHRIT) , AT WRH] (FiR) TR E AR, 2613

1. W AT RS RSV BAR R R E I (R TF2007)

EEWFEIFE, REASGBRTEMALE AREFRE. ARTEFFRLRE, BT
SEROFRGRERY, JUI S HE ELAE FA LR RN TR IRA B AR . B WHE (Food
Hydrocolloids) ZEEATISCHR, REZEERER & MEASUHATEEIRS, ERQEERAR B4R
AR S F BT T T IA

ESLIG BRI, MGBEBFTIR - FEEMMENT. SEMFEM | & 5SS T, TR PEREMA
SERAEHTVE, BEMOISERUMEE BB BIBER AT ARBE TE. TRKEE, A&xEEN
LIRS, BESITRLFHEMF TZ, HF-HITURAEFMIESCTIRI, EHAR
|5 R b 3 o R IR R G 2 T RE

BAIE B Ori gindb (T BB AT AL AL EE, SR Inage JHEAT B EEER ST, EidVeb of
ScienceflEndNote LB M IR R 5 & H . RFFEA10R U LT SCEREERE, EHS
EERZW, FREmRETLRET .

B IS I MR ERME NG &, TR T "R - BT &

R AL I e B ARIR R, BEBAT XA Tl S B o] R tH AR PR AR R T 5. RSRKE4R4E
RTEDREME B R ATURIIBE AL, AT LR R TR &

2. TREEBRNZTH (A>T 2009)

TEWHL A B R A TR A R T R Se R, (BT E AR AER T LR E BRI
R Tl aiirlisaraEm Lz s ek, WARRIM T HEEEEAMER, alFriti
FFRTETFEHALZEAAARNENT TZ. B RENLIPTT, IELHRERES (N
MR AL REOS THRER, LRMLLB-
WBEMAENREZFNS . FALES, BUTSBORIMEER: RABOBIREZHY
SMABRTRITRE, BEREFN R, JrER i, Bk,
S5#£GEARBRATZME, ZEARET FEMK. RESRET TR, (UEd
MM AT IR E L, B EZNERRSE . HARRFERATHIN, K
FSCIW I o BRIl Ze X —Rp € R 7= fh BRI TR AR SR G T Gl thoT =
, BERFTERMNSRES S, WLV A AT ERE L.

3. ELRF TEHEABHMEARRRE R TERBHRG (RD>T10007)

W E S EMAER, FEaRERE. ARG, ENEESSFEDEENR, AT
WEREFRMENT ROTZRR. 870, BT AERERNRSEMA, WaRbER S TLF
f R 2 BIPR ], HRE AR RAHET . A ETE I TRE AR IR T R BN XERY
A5, BOERANE, Rl Lz i e BBk E . FLRERRE —Fek L
TV N BRI R R OB R, B R —R . BRI E IR R R R
S g B M [ R SRR o, AMUEF R AR ENE, IERER T AR R
SR E SR, @TmTAEH. thoh, BRERREMARNRERT A, HRTEErEsR s
BRI, LM E R &M 2GR (bl S SIS DL 32 e JE 2t

TERTHASCER AT R, AR EHRGE AL B & 1 A MRS, EEZTEK
BN, RESHETIBREEALE, TEEMERERS. it AN TRRE
BB ARG . FESEIOVIH, WINEEANE T EER T MERIEMRBRAZER, I
R T RENLE TR, B —RIMEFENR, REEAFELREAESAAL

3




TR B RTE NGB, X—IR T T H AR BN,

FNENRFH BRI, REMSEFOZIMEITE S T EE 7422350 sh 6 FERE
T, B FRVER IS ESE S ME K E/EH 5 TERMEME. SEELLER
ERUENEHEAR, EEHHBEFEHENHNERNEE, RIMHENERE S ESE
G4 REABRN, BR=EMKZEHNHEEE LM, X— R NHERE S HEYHIR
Bt EERE.

EVERERIAEM B, S = TREMb B TN S H, SR ERERESA RIFHHE
FEATR B . Remae IR R 2 A R A A b RS . NS bR N E, B
BASL R ST T 14 R IR S SELS, e i E A E e SRR AR T B & 2 L R E k. 144
BALHAL LI R 7 H RS IR TR R R, Bon HAEThRE & S AU B A ¥ 77
XL RS PE R LIRS R IR (REEFERY WL 2T B RS R il & T E R4 Tl S E%
M AR .

AT H I K Ll i B PRSI ] & T EOR, BT RUR R RAE & R =AU T (
International Journal of Biological

Macromolecules) (DOI: https://doi.org/10.1016/]. ijbiomac. 2024. 134579) , FfFHiE
THEZKKHEF] (CN118772442A) o SEIHIFSE, ZBRIEL 5 FF 40 T2 RIA] SE 25
MERE AN, FrBr=mAMUERRBEIOVIERE (fEREEIA104Pa) FIHFMAE S (IBIHERLC
5%) , BERIHEEZENEMIGEN CIEIERFEMKO5%LL L) FIrT BRI . X
BERALRE R S EAF AT R T gk, FFAlREDRER SR EXNHE 1,
AP REAERGENEFRAGT . SR AIEF =M. BEATEHE, RIEZGS
FEERIAE XA H ) EE M ——
KEgeRmESEMMERIZMEE S, MURRT LhRNAXMES, FEAETAEFEFEMR
PR EGIEAR . T RSP B BIRE B TEMRAL SRS, AL ThAE g
MR T EESE, KR, BATEHE—SFFREWAABRRE, =S E R LA
PR TZREMERM, HFRRRREEARRA G RETIRNE AN, #3XmelE i
RSP KA TS E .




() AR (REME [RET, FHRTEHES (BRRRNRIC. HRIEE. 25

R REET . RS E SR AR SRR Sk, FFREAFHE—R]

1
ATFREREME [XRE. FARRE. REEER. FERESTLTENE. FERS. P

BRRE. AR EE]

e
R on s | REMT | TSR | 2
SR A TR zvtm%-wi;i%) %ﬁg{%’; Tf‘iﬂﬁﬁﬁ /%ﬂféﬁ B &VE
JERL. bR, Tk, B1E | iEpfiae | simimee | T
e e a E I
Oil-droplet anchors Internatio
accelerate the nal
gelation of ; ; 2024408 | Journal of SCIHAT
regenerated silk B Ho6H Biological /7 %
fibroin—based Macromolec
emulsion gels ules
ETHAZZEARNK Q0244207 FHig%5: CN
T8 P AH LR B REERHE Fo3g | 2024108844 2/2
&k 44. X
Nanchubbles create
hierarchical pores of
cryogels based on
chitosan and T Food
regenerated silk TOPHAT] 22§S;igz Hydrocollo | 2/5 Sféigj”
fibroin: Accelerating ids

0il absorption in
constructing foam—
templated oleogels




2. FARARRAE [ ERRS EREER N E . REURREN AR AR, SVEREERRTR. B
EFRBI B REAENL BoRME . BB, HREF R G TR RS SR
R, BLRERRE . TEER. SRS #EimbREHRIENERRRBREFEER
FE)




(=) ERHMER. TAERIIGRFARITHERENR

R GE O HRRESBEN TS 87 &

FUERINGHEE | 4. ;
VIS | iR L2 4 (BERIERMUE)
BELERE=ERUE | Spon’ oF )

TR TEER)
AR

AAFER: AN ERFHEREHSARER R, WHER, BRE—IRE
» FRULFEE !

RN KB Y




H# 2= I0

—. BEFRHEZTNRERVRIEGZLARER ﬂ&jiﬁ/;a
#%i?mﬁ &5 S ITERATN %ﬁim%&Iﬁﬁﬁ%&ﬁﬁ
"\ J eﬂs
ws Osg Oak  OFek  © Q%v

ERZ VN

B ST/ A TR A ETEET (A %»@%@ ﬁ{ﬁ{a

AT R

CEEY/AIN

RIEVPEE M, TREIMFEE EXT BIR A RBATAR B (HALRIERSE. Tk
SEERYIGRAT B BB 1% A0S0, RERMEFRHEI) . R ERM PR
B AR DTSN TAEH, BARARERINT:

Wbihus U@ (REER: )
TREMZRAZERPAZHFZET (AF) £ A H




Wi I K ¥ OB R & B
B4 4 B JOR B

5 22260419 PEg. Tk TR & il TRIM Bl EMSEL Sl 2. 54F
EENVIN BLAIGRIR: 26. 04> oIk 29. 0% NFEFEH: 2022-09 Eell AR H
ZERIE S HAVERS: BT AL

2 21 7] BRI 2R O G | R EeLanl| LY EEAN PEO Rig | REEE R
2022-2023 % KFHM | BREWIER 5 i\ BT Lo | 82 | i |2022-2023% @ R FHW | BACHIR ST A 2.0 8 | HdEig
2022-2023 % FKEHIT | GUFF iRt 7k 2.0 [ GBI | BAL#ER |2022-2023%F KA S |FH TR MM 3.0 88 | Tikzfrig
2022-2023 % F KB | TARBEAR BUH AT L5 | 88 | HibZGrif |2022-2023%4F XFEM |6 M & AR S EE 2.0 90 | Hlikfzig
2022-2023 RN | TR B 2.0 [ 93 | Tk [2022-2023%4E AT WO oh A6 4 A SIS 5 90 2.0[ 90
2022-2023 ¥4I | TR AT 2.0 [ 82 | AJESIR [2022-2023%4F KB [P AH AR NI 15| 90 | ki
2022-2023 % F M | @ AFHE IS LO| 89 | AJEAF |2022-2023% AR | A E 20| 93 | At
2022-2023ERA M | BRI XE (E1E S LO [ 79 | BkZrif |2023-2024%4F X F W |Gk BRI A AL AR T 2.0 81 | st
2022-2023:4F R W) | L & Wit bl 2.0 | 84 | Flkfrig Bk A v R 4 2.0| @iy

W 1T RRRE =R VA4 EA, PR GBS, D, R (. B. .
Kotk BRAE .
2. Hikh ‘w7 RREBRE.

RSN
BN TR
FTENH M 2025-06-03




International Journal of Biological Macromolecules 278 (2024) 134579

Contents lists available at ScienceDirect

International Journal of Biological Macromolecules

ELSEVIER

journal homepage: www.elsevier.com/locate/ijbiomac

Check for

Oil-droplet anchors accelerate the gelation of regenerated silk fibroin-based &=
emulsion gels

a,b,1

Huilan Zhang ", Qinbo Jiang ", Jiawen Li, Yifeng Sun*, Ruihao Zhang ", Liang Zhang

Hui Zhang ™
2 College of Biosystems Engineering and Food Science, Zhejiang University, Hangzhou 310058, China

Y Ningbo Innovation Center, Zhejiang University, Ningbo 315100, China
€ Future Food Lab, Innovation Center of Yangtze River Delta, Zhejiang University, Jiashan 314103, China

ARTICLE INFO ABSTRACT

Keywords:

Regenerated silk fibroin
Emulsion gel

Camellia oil

The oil fraction will affect the aggregation behavior and structural strength of emulsion gels. In this study, the
effect of the camellia oil (CO) fraction on the properties of emulsion gels stabilized by regenerated silk fibroin
(RSF) was studied. The results showed that CO was essential for gel formation, with oil droplets incorporated into
the RSF matrix as anchors to achieve rapid gelation of RSF. The gel hardness significantly increased from 20.03
to 53.35 g as the fraction of CO increased from 5 % to 25 %. The oxidation stability of the emulsion gels was also
improved, and the peroxide value (POV) decreased from 2419.3 to 839.9 pmol/kg. As the oil fraction rose from 5
% to 25 %, the percentage of released free fatty acids decreased from 73.24 % to 59.49 % due to forming a more
compact gel structure. In addition, the rheological results revealed that all emulsion gels had a shear-thinning
behavior and good temperature stability in the range of 5 to 90 °C. This study provided a theoretical basis for
preparing RSF-based emulsion gels, helps in the recycling of silk protein resources, and promotes the develop-
ment of emulsion gel applications in the food industry.

1. Introduction

The emulsion gel is a semisolid material in which oil droplets are
dispersed in a gel matrix. Due to its three-dimensional gel network, it
displays unique rheological behavior, strong physical stability, and
excellent functional properties, attracting much attention in food,
nutrition, medicine, and cosmetics [1]. In general, the oil fraction
significantly affects the stability, texture, and function of emulsion gels,
with higher oil content resulting in increased system viscosity and a
greater likelihood of phase separation [2]. High internal phase emul-
sions (HIPEs) are usually formed by a stable droplet-aggregated network
with a high level of oil fraction (>74 vol%). In recent years, HIPEs have
shown substantial potential in the applications of animal fat replacers,
and 3D printing of functional colloids [3]. A collagen peptide-fish oil
based HIPEs has been applied in 3D printing ink, improving the print-
ability of surimi gel [4]. The 3D printed products made of pea protein
source HIPEs with high shape stability [5]. The HIPEs stabilized with
lentil protein isolate successfully substituted pork back fat in Bologna

* Corresponding authors.

sausage, with texture and sensory properties comparable to the control
group [6]. However, excessive fat intake caused by HIPEs food products
(i.e., oil-in-water) may increase the risk of obesity and chronic metabolic
disease problems [7]. Hence, it is critically urgent to reduce and ratio-
nalize the oil fraction to advance emulsion gel formulations.

Recently, the development of emulsion gels with low oil fraction has
attracted considerable attention (especially in the food field) in accor-
dance with the principles of green life and human health needs. The low
oil Pickering emulsion gels as fat replacers were successfully applied to
ice cream [8]. In the report of Li et al., alginate-stabilized low oil phase
fractions emulsion gels show potential as low-fat mayonnaise [9]. Low-
oil emulsion gels can be produced by diverse gelation techniques,
including crosslinking, heat-, acid-, or enzyme-induced methods [10].
The semisolid and low-oil Pickering emulsion gels were developed by
k-carrageenan microgel particles through a top-down method at various
pH values and Kt concentrations [11]. By adjusting the pH values, the
synergistic adsorption of egg white protein-insoluble soybean fiber
(EWP-ISF) onto the oil-water interface was enhanced through increasing

E-mail addresses: zlcauer@126.com (L. Zhang), hubert0513@zju.edu.cn (H. Zhang).
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regenerated silk fibroin: Accelerating oil absorption in constructing
foam-templated oleogels

Qinbo Jiang?, Huilan Zhang *-", Jinlai Yang “, Liangru Wu“"-", Hui Zhang ™"

2 College of Biosystems Engineering and Food Science, Zhejiang University, Hangzhou, 310058, China

Y Ningbo Innovation Center, Zhejiang University, Ningbo, 315100, China

€ China National Bamboo Research Center, Hangzhou, 310012, China

d Key Laboratory of State Forestry and Grassland Administration on Bamboo Forest Ecology and Resource Utilization, Hangzhou, 310012, China

ARTICLE INFO ABSTRACT

Keywords: The oil absorption is the primary rate-limiting step in producing edible oleogels using the foam-templated

Nanobubble method, with considerable potential to be accelerated. In this study, nanobubbles were adopted to assist the

gll‘yt)ge} construction of cryogels with hierarchical pores based on chitosan and regenerated silk fibroin. Nanobubbles,
eoge

which were incorporated into pre-solutions, interfered with the generation of the network matrix formed by
biomacromolecules during the freezing process, generating branch pores with much smaller sizes than that of
ordinary pores in order to improve the mass transfer between main pores in cryogels. Negative charges of
nanobubbles neutralized positive charges of pre-solutions, enabling the expansion of branch pores and the
enhancement of hydrogen bonding between biomacromolecules. Comparatively large branch pores tended to
weaken the mechanical properties of cryogels. Generally, branch pores would significantly enhance the oil-
holding capacity of cryogels and slightly strengthen the viscoelasticity of oleogels. The oil absorption of cryo-
gels was quantified by the oil absorption kinetics, displaying a maximum increase in the apparent mass transfer
coefficient up to 177.1% caused by branch pores. The contribution of hierarchical pores in cryogels to the ac-
celeration of oil absorption was analyzed by the capillary action model, which revealed that branch pores
provided a maximum flux of up to 22.35 pL/s for mass transfer between the main pores. Constructing cryogels
with hierarchical pores using nanobubbles to accelerate oil absorption can boost the large-scale production of
oleogels based on edible and hydrophilic biomacromolecules, thus fostering their food industrial application.

Foam-templated method
Hierarchical pores
Oil-absorbing acceleration

1. Introduction

Food oleogels consist of edible oils and network matrixes (Liu et al.,
2024; Sabet et al., 2024). The conventional gelation of liquid oils mainly
adopts the crystal network of lipid-soluble materials driven by temper-
ature control to restrict the flow of liquid oils (J. Zhang, Wang, et al.,
2022). Due to the safety concerns of some lipid-soluble small molecules,
such as fatty acid esters, the research on oil structuring based on safer
and more nutritious structural agents has become a hot topic in the field
of edible oleogels (Silva et al., 2021). Edible biopolymers, such as
polysaccharides and proteins, are ideal for structuring edible oils
(Moradabbasi et al., 2021). However, the hydrophilic characteristics of
many biopolymers have become a major obstacle in directly gelling oils

(Zhu et al., 2024). Few polysaccharides or proteins can be directly
adopted to gel the oils without complex and risky processing (Naeli
et al., 2023). For example, ethyl cellulose-based oleogels require a glass
transition temperature of more than 100 °C to generate the gel network,
which will seriously affect the quality of liquid oils (Wang, Chandrapala,
et al., 2023). Therefore, some indirect methods for oil gelation have
been developed, which are based on the foam template (cryogel and
aerogel), emulsion template, and so on (Li et al., 2021; Vélez-Erazo
et al., 2022). The gel network based on hydrophilic biomacromolecules
is first designed and constructed in the aqueous phase, in which the
water phase is further removed and replaced by liquid oils (Zheng et al.,
2023). Among them, the foam-templated method is convenient for in-
dependent production of the network matrix to fabricate oleogels,

* Corresponding author. China National Bamboo Research Center, Hangzhou, 310012, China.
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