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A B S T R A C T

Food-grade high internal phase Pickering emulsions (HIPPEs) unify the stability of Pickering emulsions and the 
advantages of detergent-based high internal phase emulsions (HIPEs), making them attractive as nutritional 
products. However, as oral delivery systems, HIPPEs are usually prepared in the form of o/w emulsions, which 
are suitable mainly for oleophilic active ingredients and may suffer from leakage during gastric digestion. To 
better protect and deliver hydrophilic cargo molecules, we developed a HIPPE-based w/o/w double emulsion 
system. Zein nanoparticles and soybean lecithin are found to have a synergistic effect in stabilization — using 
both natural emulsifiers together results in the formation of w/o/w double emulsions with improved stability, 
which is further confirmed by the interfacial tension and rheology of zein- and/or lecithin-laden oil-water in
terfaces. A combination of zein nanoparticles and lecithin achieves the fastest interfacial tension decrease, 
indicating an improved interfacial activity. Besides, lecithin contributes to the strong surface elasticity of the 
interfacial films, which makes the formed emulsions even stabler. Simulated digestion experiments suggest that 
the inner aqueous droplets can be strongly protected from gastric fluids. This edible HIPPE with double emulsion 
morphology provides new ideas for designing healthy foods for nutrients delivery.   

1. Introduction

Particle-stabilized emulsions, namely Pickering emulsions (Aveyard,
Binks, & Clint, 2003), have attracted strong attention in the pharma
ceutics, agriculture, food, and personal-care fields in recent years (Ber
ton-Carabin & Schroën, 2015; Calabrese, Courtenay, Edler, & Scott, 
2018; Frelichowska et al., 2009; Tang, Quinlan, & Tam, 2015; Xia et al., 
2018). Compared with traditional emulsions stabilized by surfactants, 
Pickering emulsions are highly stable due to the nearly irreversible 
interfacial adsorption of particulate stabilizers (Binks, 2002), and can 
potentially exhibit improved biocompatibility (Wu & Ma, 2016). When 
the volume fraction Ф of the dispersed phase exceeds 0.74 (Lissant, 
Peace, Wu, & Mayhan, 1974), a unique type of emulsion, known as high 
internal phase Pickering emulsion (HIPPE), will be obtained. With a 
large interfacial area and tunable viscoelasticity, HIPPEs have attracted 

considerable attention especially in food products and templates for 
porous materials, and great efforts have been devoted to obtaining stable 
HIPPEs using various particles as stabilizers (Hu et al., 2016; Kimmins & 
Cameron, 2011; Yang, Hu, Wang, & Binks, 2017; Yuan et al., 2017). 
Menner (Menner, Ikem, Salgueiro, Shaffer, & Bismarck, 2007) and Ikem 
(Ikem, Menner, & Bismarck, 2009) reported the preparation of HIPPEs 
stabilized by rigid particles like titanium dioxide and silica. Ngai and 
co-workers (Li, Ming, Wang, & Ngai, 2009), on the other hand, chose the 
soft poly (N-isopropylamide)-co-(methacrylic acid) (PNIPAM-co-MAA) 
microgel particles as emulsifiers, and the formed HIPPEs had an internal 
phase fraction as high as 90%. With such advantages, however, further 
application of the obtained HIPPE is hindered by its poor biocompati
bility because of the potentially toxic polymer component. Thus, new 
types of natural and nontoxic stabilizers are desired for the formation of 
HIPPEs, and one of the possible sources is protein. Such 
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pr ot ei n- st a bili z e d HI P P E s w er e fir st r e p ort e d b y T a n et al., i n 2 0 1 4 u si n g 

c oll oi d al g el ati n p arti cl e s a s s ol e st a bili z er s ( T a n, S u n, Li n, M u, & N g ai, 

2 0 1 4 ).  I n  r e c e nt  y e ar s,  w h e y  pr ot ei n  i s ol at e  ( W PI)  ( Wij a y a,  V a n  d er 

M e er e n, Wij a y a, & P at el, 2 0 1 7 ) a n d p e a n ut pr ot ei n i s ol at e ( P PI) ( Ji a o, 

S hi,  W a n g, & Bi n k s,  2 0 1 8 )  h a v e  al s o  b e e n  utili z e d  a s  st a bili z er s  f or 

HI P P E s. 

N e v ert h el e s s, t h e r e p ort e d f o o d- gr a d e p arti cl e- st a bili z e d HI P P E s ar e 

all  si n gl e  e m ul si o n s  ( oil-i n- w at er,  o / w  or  w at er-i n- oil,  w / o).  F or  o / w 

Fi g.  1. Si n gl e  oil-i n- w at er  ( o / w)  e m ul si o n  st a bili z e d  o nl y  b y  z ei n  n a n o p arti cl e s  wit h  t h e  oil / w at er  r ati o s  of  1: 3  ( A),  2: 2  ( B),  a n d  3: 1  ( C),  r e s p e cti v el y;  ( D – F) 

A p p e ar a n c e of t h e fr e s hl y pr e p ar e d o / w e m ul si o n s a n d e m ul si o n s aft er 5 d a y s u n d er r o o m t e m p er at ur e, w hi c h ar e c orr e s p o n di n g t o ( A), ( B) a n d ( C). T h e a q u e o u s 

p h a s e i s d y e d wit h F S S. 

Fi g. 2. ( A) S c h e m ati c ill u str ati o n of a t w o- st e p pr o c e s s f or pr e p ari n g w / o / w HI P P E s wit h t h e c o or di n ati o n of l e cit hi n; ( B – G) C L S M i m a g e s of e m ul si o n s st a bili z e d b y 

z ei n n a n o p arti cl e s a n d l e cit hi n, a n d t h e l e cit hi n c o n c e ntr ati o n s ar e 0 %, 0. 1 %, 0. 2 5 %, 0. 5 %, 1 %, a n d 2 %, r e s p e cti v el y; ( H) M a g ni fi c ati o n of s e cti o n of ( F). 
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e m ul si o n s, o nl y oil- s ol u bl e i n gr e di e nt s c a n b e e n c a p s ul at e d, a n d m o st of 

t h e m w o ul d b e d e str o y e d i n t h e g a stri c j ui c e e n vir o n m e nt, r e s ulti n g i n 

t h e l e a k a g e of t h e tr a n s p ort e d n utriti o n al a cti v e s (M a nt o v a ni, C a v alli eri, 

N ett o, & C u n h a, 2 0 1 3 ; T a n et al., 2 0 1 7 ). O n t h e ot h er h a n d, t h e d e v el -

o p m e nt of w / o e m ul si o n s i s r ar el y p ur s u e d d u e t o t h eir u n pl e a s a ntl y oil y 

t a st e d uri n g or al d eli v er y. T h u s, d o u bl e e m ul si o n s, i n w hi c h di s p er s e d 

dr o pl et s of o n e li q ui d p h a s e c o nt ai n s m all er dr o pl et s of a n ot h er p h a s e 

(Di c ki n s o n, 2 0 1 1 ; M u s c hi oli k, 2 0 0 7 ), ar e a n i d e al alt er n ati v e f or d eli v -

eri n g w at er- s ol u bl e a cti v e i n gr e di e nt s, e s p e ci all y w at er-i n- oil-i n- w at er 

( w / o / w)  e m ul si o n s  ( C h e n  et  al.,  2 0 1 8 ).  B e si d e s  g o o d  pr ot e cti o n  f or 

n utri e nt s, t h e a d v a nt a g e s of d u al- d eli v er y, m a s ki n g of off fi a v or s, a n d 

r e d u ci n g  f at  c o nt e nt  al s o  m a k e  d o u bl e  e m ul si o n s  attr a cti v e  ( A dit y a 

et  al.,  2 0 1 5 ; M u s c hi oli k,  2 0 0 7 ; S a p ei,  N a q vi, & R o u s s e a u,  2 0 1 2 ; S er -

d ar o ğl u, Ö zt ü r k, & U r g u, 2 0 1 6 ). H o w e v er, t h e a s s o ci ati v e a d v a nt a g e s of 

HI P P E s  a n d  d o u bl e  e m ul si o n s  ar e  n ot  e a s y  t o  a c hi e v e  c o n c urr e ntl y 

b e c a u s e it r e q uir e s i n c or p or ati n g t h e m or p h ol o g y of a d o u bl e e m ul si o n 

i nt o a HI P P E w hil e a v oi di n g c at a str o p hi c p h a s e i n v er si o n at t h e s a m e 

ti m e.  L ei  et  al.  r e p ort e d  a  HI P P E  wit h  d o u bl e  e m ul si o n  m or p h ol o g y 

r e c e ntl y,  a n d  p ol y  ( 2-( di et h yl a mi n o) et h yl  m et h a cr yl at e)  ( P D E A) 

mi cr o g el p arti cl e s w er e u s e d a s t h e p arti c ul at e st a bili z er s ( L ei, Z h a n g, 

S hi, & Z h u, 2 0 1 6 ). Alt h o u g h t hi s e x a m pl e pr o vi d e s a v er s atil e pl atf or m 

f or f a bri c ati n g p or o u s s c aff ol d s, it i s f ar fr o m a p pli c ati o n i n t h e f o o d ar e a 

w h er e all- n at ur al m at eri al s ar e pr ef er a bl e. H e n c e, pr o d u ci n g e di bl e or 

f o o d- gr a d e HI P P E wit h d o u bl e e m ul si o n m or p h ol o g y i s d e sir a bl e. 

H er ei n, w e d e v el o p a w / o / w HI P P E b a s e d o n all- n at ur al m at eri al s, 

i n cl u di n g t h e oil p h a s e, a q u e o u s p h a s e, a n d st a bili z er s. I n t hi s w or k, z ei n 

pr ot ei n  n a n o p arti cl e s  s er v e  a s  Pi c k eri n g  e m ul si fi er s,  a n d  s o y b e a n 

l e cit hi n i s d e m o n str at e d t o h a v e a s y n er gi sti c eff e ct wit h z ei n pr ot ei n 

n a n o p arti cl e s f or t h e st a bili z ati o n of w / o / w HI P P E s. B a s e d o n t h at, t h e 

i nt erf a ci al b e h a vi or of t h e z ei n pr ot ei n p arti cl e s a n d l e cit hi n, a s w ell a s 

t h e  i nt erf a ci al  r h e ol o g y  i n d u c e d  b y  t h e m  ar e  st u di e d.  M or e o v er,  t h e 

m at eri al s f or t h e f or m ul ati o n of t h e e m ul si o n s, e. g. s q u al a n e, l e cit hi n, 

z ei n pr ot ei n, ar e all n utri e nt s t h at ar e k n o w n f or a v ari et y of h e alt h c ar e 

f u n cti o n s, a n d t h e s q u al a n e i s a ki n d of hi g h- p urit y oil c o m p ar e d wit h 

v e g et a bl e oil s f or a v oi di n g i n fl u e n c e of i m p urit y fr o m t h e oil, w hil e t h e 

s p e ci all y d e si g n e d t w o- c o m p art m e nt str u ct ur e e q ui p s t h e e m ul si o n wit h 

m ulti pl e pr ot e cti o n s a g ai n st si m ul at e d g a stri c j ui c e. I n t hi s w or k, w e tr y 

t o utili z e t h e s y n er g y of l e cit hi n a n d z ei n c oll oi d al p arti cl e s f or d e si g ni n g 

HI P E s  wit h d o u bl e  e m ul si o n  str u ct ur e, a s  t h e  HI P E s  h a v e  t h e  d e sir e d 

r h e ol o g y a n d s e n s or y pr o p erti e s, w hil e t h e d o u bl e e m ul si o n str u ct ur e 

pr o vi d e s t h e e m ul si o n s wit h alt er n ati v e e n c a p s ul ati o n. O ur w or k pr o -

vi d e s a gr e e n a n d s u st ai n a bl e c o n c e pt f or pr e p ari n g HI P P E s wit h d o u bl e 

e m ul si o n m or p h ol o g y a n d will o p e n u p a n e w a n d h e alt h y pl atf or m f or 

n utr a c e uti c al d eli v er y a n d c o s m eti c s. 

2.  M at e ri al s a n d m et h o d s

2. 1.  M at eri als 

Z ei n ( Z 3 6 2 5), fl u or e s c e nt s o di u m s alt ( F S S), p or ci n e li p a s e ( L 3 1 2 6, 

1 0 0 – 5 0 0 U / m g, t y p e II), p or ci n e p e p si n ( P 7 0 0 0, ≥ 2 5 0 U / m g), p or ci n e 

p a n cr e ati n  ( P 7 5 4 5,  8 × U S P  s p e ci fi c ati o n s),  a n d  bil e  b o vi n e  ( B 3 8 8 3) 

w er e  p ur c h a s e d  fr o m  Si g m a- Al dri c h  ( U S A).  H y dr o c hl ori c  a ci d  ( H Cl) 

( 3 7 %) a n d a b s ol ut e et h a n ol w er e p ur c h a s e d fr o m V W R ( F o nt e n a y- L e s- 

Fi g. 3. Cr y o- S E M i m a g e s of d o u bl e HI P P E st a bili z e d b y z ei n n a n o p arti cl e s a n d l e cit hi n ( 1 %). T h e d a s h e d r e ct a n gl e i n ( A) i s e nl ar g e d i n ( B). T h e y ell o w arr o w s i n ( B) 

i n di c at e  t h e l o c ati o n  of  i n n er  a q u e o u s  dr o pl et s. ( F or  i nt er pr et ati o n  of  t h e  r ef er e n c e s  t o  c ol or  i n  t hi s fi g ur e  l e g e n d, t h e  r e a d er  i s  r ef err e d  t o  t h e  W e b  v er si o n of 

t hi s arti cl e.) 

Fi g. 4. ( A) D y n a mi c i nt erf a ci al t e n si o n s of s q u al a n e / w at er i nt erf a c e b y a d s or pti o n of l e cit hi n, z ei n n a n o p arti cl e s, or b ot h. ( B) M a g ni fi e d i n t h e r a n g e of 0 – 8 0 s.  

H. Ji a n g et al.



B oi s,  Fr a n c e).  S q u al a n e  ( ＞ 9 8. 0 %)  a n d  l e cit hi n  fr o m  s o y b e a n  ( L - 

α - P h o s p h ati d yl c h oli n e)  w er e  p ur c h a s e d  fr o m  T CI  ( T o k y o,  J a p a n).  S o-

di u m h y dr o xi d e ( N a O H, ＞ 9 8. 5 %) w a s p ur c h a s e d fr o m S c h arl a u ( S e nt -

m e n at, S p ai n). P er yl e n e w a s p ur c h a s e d fr o m A cr o s Or g a ni c s ( U S A). All 

pr o d u ct s  w er e  u s e d  wit h o ut  p uri fi c ati o n  u nl e s s  ot h er wi s e  st at e d. 

D ei o ni z e d  w at er  ( Milli- Q  gr a d e,  1 8. 2  M Ω c m)  w a s  u s e d  i n  all 

e x p eri m e nt s. 

2. 2. S y nt h esis of z ei n pr ot ei n n a n o p arti cl es 

Z ei n  pr ot ei n  n a n o p arti cl e s  w er e  f a bri c at e d  b y  t h e  a nti- s ol v e nt 

m et h o d ( d e F olt er, v a n R uij v e n, & V eli k o v, 2 0 1 2 ). Bri e fi y, 1. 0 g z ei n 

pr ot ei n p o w d er w a s di s s ol v e d i n 4 0 m L 8 0 % ( v / v) et h a n ol a q u e o u s s o -

l uti o n u n d er m a g n eti c stirri n g t o f or m t h e st o c k s ol uti o n. T h e n t h e z ei n 

st o c k s ol uti o n w a s a d d e d dr o p wi s e i nt o 1 2 0 m L d ei o ni z e d w at er u n d er 

vi g or o u s stirri n g i n 2 – 3 mi n. Aft er t h at, t h e et h a n ol a n d p art of w at er i n 

t h e  z ei n  s ol uti o n  w er e  r e m o v e d  u n d er  r e d u c e d  pr e s s ur e  b y  r ot ar y 

e v a p or ati o n w hi c h r e s ult e d i n a c o n c e ntr at e d z ei n p arti cl e di s p er si o n. 

T h e p arti cl e di s p er si o n s w er e st or e d at 4 ◦ C. 

2. 3. Pr e p ar ati o n of s q u al a n e-i n- w at er e m ulsi o ns st a bili z e d b y z ei n pr ot ei n 

n a n o p arti cl es 

S q u al a n e-i n- w at er Pi c k eri n g e m ul si o n s wit h diff er e nt oil / w at er r a -

ti o s w er e s ol el y st a bili z e d b y z ei n pr ot ei n n a n o p arti cl e s. Bri e fl y, t h e t ot al 

v ol u m e of t h e s q u al a n e a n d z ei n di s p er si o n w a s k e pt a s 4 m L, wit h t h e 

oil / w at er v ol u m e r ati o v ari e d fr o m 1: 3 t o 2: 2 a n d 3: 1. T h e p H of t h e z ei n 

p arti cl e di s p er si o n w a s t u n e d t o 9 u si n g 2 M N a O H s ol uti o n b ef or e h a n d, 

Fi g. 5. ( A) S c h e m e of i nt erf a ci al s h e ar r h e ol o g y s et u p. I nt erf a ci al s h e ar r h e ol o g y of s q u al a n e / w at er i nt erf a c e b y a d s or pti o n of l e cit hi n, z ei n n a n o p arti cl e s, or b ot h: 

( B) 1 % z ei n, ( C) 1 % z ei n a n d 0. 2 5 % l e cit hi n, ( D) 0. 2 5 % l e cit hi n, ( E) 1 % l e cit hi n, r e s p e cti v el y.
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a n d t h e n t h e z ei n di s p er si o n w a s dil ut e d wit h a q u e o u s p h a s e of p H 9 t o a 

fi n al  c o n c e ntr ati o n  of  ar o u n d  1 %  ( w / v)  a n d  st ai n e d  wit h  F S S.  T h e n 

s q u al a n e oil w a s mi x e d wit h t h e z ei n di s p er si o n, f oll o w e d b y h o m o g e -

ni zi n g wit h a 1 0 m m h e a d at 1 0, 0 0 0 r p m f or 3 0 s. 

2. 4. Pr e p ar ati o n of w / o / w hi g h i nt er n al p h as e Pi c k eri n g e m ulsi o ns 

st a bili z e d b y z ei n pr ot ei n n a n o p arti cl es a n d l e cit hi n 

A t w o- st e p e m ul si fi c ati o n m et h o d w a s u s e d t o pr e p ar e w / o / w d o u bl e 

e m ul si o n s. B ot h t h e i n n er a n d e xt er n al a q u e o u s p h a s e s ( w 1 & w 2 ) w e r e 

t h e di s p er si o n s of z ei n pr ot ei n n a n o p arti cl e s. T h e mi d dl e oil p h a s e ( o) 

w a s s q u al a n e c o nt ai ni n g s o y b e a n l e cit hi n ( 0, 0. 1, 0. 2 5, 0. 5, 1, 2 % ( w / 

v)). T y pi c all y, t h e pri m ar y w 1 / o e m ul si o n w a s pr e p ar e d b y mi xi n g 0. 3 

m L of w 1 a n d 3 m L of oil p h a s e, f oll o w e d b y h o m o g e ni zi n g wit h a 1 0 m m 

h e a d at 2 0, 0 0 0 r p m f or 1 mi n. Aft er t h at, 0. 7 m L of t h e z ei n di s p er si o n 

( p h a s e  w 2 )  w a s  a d d e d  i nt o  t h e  pri m ar y  w 1 / o  e m ul si o n  a n d  t h e n  h o -

m o g e ni z e d at 1 0, 0 0 0 r p m f or 3 0 s. T h e p er c e nt a g e of d o u bl e dr o pl et s 

w a s  c al c ul at e d  b y  c o u nti n g  t h e  e m ul si o n  dr o pl et s  c o nt ai ni n g  d o u bl e 

e m ul si o n s a n d t h e t ot al n u m b er of e m ul si o n dr o pl et s fr o m t h e c o nf o c al 

mi cr o s c o p y i m a g e s. 

2. 5. I n v ersi o n of e m ulsi o n t y p e b y c h a n gi n g t h e oil fr a cti o ns 

T o i n v e sti g at e t h e p h a s e i n v er si o n of w 1 / o / w 2 d o u bl e e m ul si o n s, t h e 

a b o v e t w o- st e p e m ul si fl c ati o n pr o c e s s w a s a d o pt e d, b ut t h e t ot al v ol u m e 

fr a cti o n s of s q u al a n e w er e alt er e d a s 0. 3, 0. 5, 0. 7, 0. 7 5, 0. 8, a n d 0. 8 5. 

T h e r ati o of w 1 / o w a s k e pt a s 1: 1 0. 

2. 6.  M e as ur e m e nt of d y n a mi c i nt erf a ci al t e nsi o n of s q u al a n e / w at er 

i nt erf a c e 

M e a s ur e m e nt of d y n a mi c i nt erf a ci al t e n si o n s w er e c o n d u ct e d b y a n 

all- p ur p o s e c o nt a ct a n gl e m e a s uri n g & c o nt o ur a n al y si s s y st e m ( O C A 2 5, 

D at a p h y si c s)  at  a m bi e nt  t e m p er at ur e  ( 2 5 ◦ C).  T h e  i nt erf a ci al  t e n si o n 

w a s a ut o m ati c all y c al c ul at e d fr o m t h e s h a p e of a p e n d a nt z ei n di s p er -

si o n dr o p i n a b ul k p h a s e of s q u al a n e. F or m o nit ori n g t h e a d s or pti o n of 

z ei n  pr ot ei n  n a n o p arti cl e s  at  t h e  i nt erf a c e,  1 %  ( w / v)  z ei n  p arti cl e 

di s p er si o n ( p H 9) w a s u s e d a s t h e p e n d a nt dr o pl et. P ur e w at er ( p H 9) 

w a s u s e d a s bl a n k c o ntr ol. Diff er e nt a m o u nt s of l e cit hi n ( 0, 0. 1, 0. 2 5, 

a n d 1 % w / v) w er e a d d e d i nt o t h e oil p h a s e pri or t o t h e m e a s ur e m e nt. 

2. 7. Si m ul at e d di g esti o n of w at er-i n-s q u al a n e-i n- w at er hi g h i nt er n al 

p h as e Pi c k eri n g e m ulsi o n 

F or t h e si m ul at e d di g e sti o n e x p eri m e nt s, t h e w 1 / o / w 2 e m ul si o n w a s 

pr e p ar e d a s a b o v e wit h t h e mi d dl e oil p h a s e d y e d wit h p er yl e n e i n st e a d. 

Si m ul at e d g a stri c fl ui d ( S G F) w a s pr e p ar e d a c c or di n g t o t h e m et h o d of 

Mi n e k u s et al. ( Mi n e k u s et al., 2 0 1 4 ). T h e e m ul si o n ( 2 m L) w a s mi x e d 

wit h 1 2 m L of 1. 2 5 x S G F, a n d t h e p H of t h e mi xt ur e w a s a dj u st e d t o 2 b y 

1 M H Cl, f oll o w e d b y t h e a d diti o n of 4 m L of p e p si n s ol uti o n ( 6 4 m g of 

p e p si n). T h e r e s ulti n g mi xt ur e s w er e i n c u b at e d i n 3 7 ◦ C f o r 2 h u n d er 

c o nti n u o u s  stirri n g.  A  Ni k o n  E cli p s e  Ti  i n v ert e d  mi cr o s c o p y  ( Ni k o n, 

J a p a n) w a s utili z e d t o o b s er v e t h e m or p h ol o g y of e m ul si o n s d uri n g t h e 

di g e sti o n pr o c e s s. 

Fi g.  6. E m ul si o n s  st a bili z e d  b y  z ei n  n a n o p arti cl e s  a n d  l e cit hi n  wit h  v ari e d 

s q u al a n e / w at er r ati o t hr o u g h a t w o- st e p e m ul si fi c ati o n. 

Fi g. 7. ( A) S c h e m ati c d e s cri pti o n of w at er-i n- s q u al a n e-i n- w at er d o u bl e HI P P E i n t h e di g e sti o n pr o c e s s; ( B – D) C L S M i m a g e of t h e r e m ai ni n g w / o e m ul si o n aft er 

di g e sti o n f or 3 0, 6 0, a n d 1 2 0 mi n at 3 7 ◦ C, r e s p e cti v el y. T h e oil p h a s e i s st ai n e d wit h p yr e n e a n d a p p e ar s bl u e c ol or. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol or i n 

t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e W e b v er si o n of t hi s arti cl e.) 
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2.8. Interfacial shear rheology of the zein-laden squalane/water interface 
in the presence of lecithin 

Interfacial shear rheology was measured using the Double Wall Du 
Noüy ring geometry attached to a Discovery HR-3 hybrid rheometer (TA 
instruments) (Bollhorst et al., 2015). The Du Noüy ring was 
flame-cleaned before each measurement and brought into contact with 
the air-water interface before adding the oil phase. The volumes of 
aqueous phase and oil phase were kept at 5.8 mL and 3 mL, respectively. 
Zein nanoparticles were dispersed in the aqueous phase, while soybean 
lecithin was dissolved in squalane beforehand. The pH of the aqueous 
phase was maintained at 9, around which zein nanoparticles are highly 
interfacially active. Oscillatory measurements with defined frequency, 
amplitude and duration were carried out from which the interfacial 
viscoelastic shear moduli were calculated. Time sweep measurements 
were started right after forming a fresh oil-water interface. During these 
measurements the Du Noüy ring oscillated at 0.8% strain and 0.1 rad/s. 
The interface was monitored for 12 h. Amplitude (fixed frequency at 0.1 
rad/s) and frequency (fixed strain at 0.8%) sweeps were conducted after 
the time tests to verify the viscoelastic threshold and independency of 
the inertia of the measurement system, respectively. 

2.9. Characterization 

Confocal laser scanning microscopy (CLSM) images of the emulsions 
were taken with a Nikon Eclipse Ti inverted microscope (Nikon, Japan). 
Cryo-SEM images were obtained with a S-4800 cold-cathode field- 
emission scanning electron microscope (Hitachi) equipped with a 
PP3010T Cryo-SEM preparation system (Quorum). Dynamic light scat
tering (DLS) measurements were conducted with a Zetasizer Nano ZS90 
(Malvern). 

3. Results and discussion

3.1. Oil-in-water (o/w) emulsions stabilized only by zein nanoparticles 

To explore the possibilities of squalane-in-water HIPPE stabilized by 
zein nanoparticles, the oil/water ratio is gradually increased from 1:3 to 
3:1 while keeping the concentration of the zein nanoparticles constant. 
The diameters of the zein protein nanoparticles are around 100 nm, and 
the globular morphology is clearly observed from SEM (Fig. S1). As 
shown from confocal laser scanning microscopy (CLSM) in Fig. 1A, when 
the oil volume fraction is 0.25, an oil-in-water (o/w) emulsion is easily 
prepared. Increasing the oil fraction to 0.5, as anticipated, also results in 
o/w emulsions (Fig. 1B), and the creaming layer of the o/w Pickering 
emulsion (Fig. 1E) is more obvious compared with the one with oil/ 
water ratio of 0.25 (Fig. 1D). Noticeably, the emulsion droplets in 
Fig. 1B are not too crowded, and there are excess zein nanoparticles left 
in the continuous phase as the subnatant is not transparent, indicating 
the amount of zein nanoparticles is sufficient for adsorption at the 
emulsion interface. Further raising the oil/water ratio to 3:1 exceeds the 
critical oil fraction of HIPE (0.74). Interestingly, squalane-in-water 
HIPPE with oil fraction of 0.75 is successfully obtained, and the emul
sion droplets tend to be in contact with each other (Fig. 1C), which is 
similar to reported HIPEs (Huang et al., 2019). However, serious phase 
separation is found in all three groups of emulsions within 5 days under 
room temperature. In this case, zein particles fail as sole stabilizers for 
HIPPEs. Complexation with other emulsifiers might be helpful. 

3.2. Formation of w/o/w high internal phase emulsions: synergistic 
performance of lecithin and zein nanoparticles 

It has been reported that lecithin can interact with zein nanoparticles 
and has synergistic effects with many protein-based particles for stabi
lization of emulsions (Chuacharoen & Sabliov, 2016; Dai, Sun, Wang, & 
Gao, 2016; Xue & Zhong, 2014). On accounting of this, lecithin is 

introduced to improve the stability of the zein-stabilized HIPPEs. 
Moreover, a double emulsion morphology can be surprisingly generated 
by a two-step emulsification process (Fig. 2A). Specifically, in the first 
step lecithin is dissolved in the squalane oil, while zein nanoparticles are 
initially dispersed in the water (w1). After emulsification for the first 
time, a w1/o emulsion is produced (Fig. S2). Then, a second dispersion of 
zein nanoparticles (w2) is added to the primary w1/o emulsion followed 
by emulsification, giving a w1/o/w2 double emulsion. By keeping the 
total oil/water ratio as 3:1, a HIPPE with double emulsion morphology is 
obtained. 

Seeking to study the influence of lecithin on the two-compartment 
structure, varied concentrations of lecithin are used in the preparation 
of emulsions, ranging from 0 to 2%. Not surprisingly, HIPPE with no 
lecithin still results in single o/w emulsions via the two-step emulsifi
cation, as shown in Fig. 2B, which may be attributed to the difficulty of 
stabilizing w/o emulsion by zein nanoparticles alone. With 0.1% leci
thin, inner aqueous droplets can be observed in several oil emulsion 
droplets, as seen in Fig. 2C. Further increasing the concentration of 
lecithin leads to more and more w/o/w double emulsion droplets, as 
demonstrated in Fig. 2D and E. It is worth noting that over 90% of 
emulsion droplets have the two-compartment structure with clear inner 
aqueous droplets if the lecithin concentration is as high as 1% (Fig. 2E & 
F). The results reveal that lecithin can help to form the double-emulsion 
structure, which is probably due to the fact that lecithin is an oleophilic 
surfactant and can stabilize w/o emulsions on its own (Knoth, Scherze, 
& Muschiolik, 2005). 

In addition, the droplet size of the o/w2 emulsion is decreased with 
increasing lecithin concentration, and the percentage of double droplets 
is increased with increasing lecithin concentration, as shown in Fig. S3. 
There seems to be no obvious difference of the morphology of emulsion 
droplets when the lecithin concentration is further increased from 1% to 
2%, indicating that 1% lecithin is sufficient for producing double 
HIPPEs. The inner aqueous droplets are also directly observed by Cryo- 
SEM characterization (Fig. 3). Similar to the confocal images, the inner 
aqueous droplets stick to each other and they tend to stay near the o/w2 
interface, which is probably due to the density difference and hydro
phobic interaction. 

Moreover, we find that the addition of lecithin can not only help 
form HIPPEs with a high degree of double emulsion, but also improve 
the stability of the prepared double HIPPEs. Compared with HIPPE 
stabilized solely by zein nanoparticles, the addition of even 0.1% of 
lecithin can avoid demulsification and phase separation for at least a 
week, as shown in Fig. S4. 

For conventional Pickering emulsions stabilized by hard particles, 
the three-phase contact angle between oil, water and particle is an 
important parameter as it indicates the preferred emulsion type while 
the oil-water interfacial tension is usually not significantly changed 
(Smits, Vieira, Bisswurn, Rezwan, & Maas, 2019). However, the latter is 
usually significant for soft particles as they have much richer interfacial 
phenomena to be exploited (Kwok, Sun, & Ngai, 2019; Li et al., 2015). In 
this work, we measure the squalane-water interfacial tension as a 
function of time using pendant drop tensiometry, by which the 
adsorption of lecithin or zein nanoparticles at the interface can be 
dynamically monitored. 

Dynamic interfacial tension results show a cooperative interaction 
between zein and lecithin. The interfacial tension reaches the lowest 
value when both zein and lecithin are present (Fig. 4). A small amount of 
lecithin (0.1%) together with 1% zein results in a strong decrease of 
interfacial tension. Adding more lecithin (0.25%) increases the initial 
adsorption kinetics, but the IFT reaches a similar value before the IFT 
becomes so low that the droplet detaches. However, in the presence of 
zein, more lecithin (1%) can lead to an even lower interfacial tension 
compared with 0.25% lecithin, which means zein and lecithin cooperate 
at the interface, achieving a better interfacial activity than either zein or 
lecithin alone. 

To assess the mechanical stability of the thin interfacial films 
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comprising the emulsion systems, interfacial shear rheology was per
formed at the oil/water interface. A simplified scheme of the device set- 
up is shown in Fig. 5A. Zein nanoparticles and lecithin were dispersed in 
the aqueous and oil phases, respectively, beforehand. The Du Noüy ring 
was placed exactly at the oil-water interface and oscillated sinusoidally 
as programed and the elastic (G′) and viscous (G′′) moduli were recor
ded. It is found that zein alone cannot form an interfacial film strong 
enough to be detected (Fig. 5B), which is probably the reason why 
emulsions stabilized by zein alone destabilize within 5 days. Adding 
0.25% lecithin results in an interfacial film with increased G′ and G’’ 
(Fig. 5C). Without any zein nanoparticles, the pure lecithin-laden 
interface is barely detectable considering the signal-to-noise ratio of 
these measurements (Fig. 5D). Thus, a combination of zein and lecithin 
helps to form a strong and stable interface. However, increasing the 
lecithin concentration to 1% in the absence of zein, the strong increase 
in G′ and G′′ shows good film stability (Fig. 5E). Thus, in the case of pure 
lecithin, the interface with 1% lecithin is slightly stronger than that 
formed by 0.25% lecithin and 1% zein. Considering that the strength is 
mainly contributed by lecithin, it can be deduced that more lecithin 
results in higher G′ and G′′ regardless of the presence of zein, which is 
consistent with the emulsion results where the inner aqueous droplets of 
double emulsions are maintained the best when lecithin concentration is 
high (Fig. 2F & G), since the lecithin is dissolved in the middle phase, the 
synergetic effect contributes both to the w1/o and o/w2 interfaces. 

3.3. Phase inversion of w/o/w double emulsions stabilized with zein 
nanoparticles and lecithin 

The w/o/w emulsion is not always obtained if we keep increasing the 
oil fraction, as demonstrated in Fig. 6. By keeping the concentrations of 
zein nanoparticles and lecithin both unchanged as around 1% while 
changing the total squalane oil fraction from 0.3 to 0.85, we found w/o/ 
w emulsions are fabricated only when the oil fraction is below 0.8. When 
the oil fraction is less than 0.7, creaming becomes apparent. Further 
increasing the fraction of oil to 0.85 leads to w/o emulsions instead, as 
shown in Fig. 6. This means that the maximum fraction of squalane for 
preparation of w/o/w HIPPE should be below 0.85. Since lecithin is 
added, all the emulsions are stable without phase separation in the 
process of storage at room temperature for one week. 

3.4. Potential application in nutrients delivery protected against gastric 
juice 

Normally, food-grade emulsions are o/w or w/o emulsions, and the 
challenge lies in the digestion process, as most of the o/w emulsions 
would be unstable in the gastric juice, and the resulting leakage can lead 
to loss of nutritional effect for inner actives. A w/o emulsion can 
effectively protect the encapsulated actives by the oily layer, but this 
kind of emulsion may have an unpleasant taste in the mouth because the 
continuous phase is oil liquid. Our water-in-squalane-in-water HIPPE 
system solves this problem by introducing an outermost aqueous phase. 
To verify the potential of the w/o/w HIPPE as a delivery system, we 
conducted digestion experiments in simulated gastric fluid, as shown in 
Fig. 7A. Upon being delivered to the stomach, although the outermost 
aqueous phase may be destroyed by the gastric juice, the remaining w/o 
emulsion can still protect the inner nutrients, ensuring a more successful 
delivery to the intestine. As shown in Fig. 7B–D, the simulated digestion 
results show that the inner w/o morphology remains intact after 120 
min digestion in the simulated gastric juice. 

4. Conclusions

In summary, w/o/w high internal phase Pickering emulsion can be
successfully prepared via a two-step emulsification process, in which 
squalane can be used as the oil phase. The synergistic effect with lecithin 
improves the stability of zein protein particle stabilized double HIPPEs, 

and the double emulsion morphology is more obvious with increasing 
amount of lecithin. Moreover, the lecithin dramatically strengthens the 
elasticity of the oil/water interface. All materials or reagents involved in 
the fabrication of HIPPEs are from natural, renewable and nontoxic 
sources, and the simulated digestion results reveal that the double- 
emulsion structure provides strong protection for the interior droplets. 
Moreover, the structure of these HIPEs provide a better appearance, 
sensory quality, and unique rheology compared to conventional w/o/w 
double emulsions. We are convinced that this kind of edible w/o/w 
HIPPEs will have great potential to serve as a novel nutritional agents 
and carriers for personal care and healthcare applications. 
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