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ABSTRACT: Chitin nano�brils (NCh, �10 nm lateral size) were produced
under conditions that were less severe compared to those for other biomass-
derived nanomaterials and used to formulate high internal phase Pickering
emulsions (HIPPEs). Pre-emulsi�cation followed by continuous oil feeding
facilitated a “sca�old” with high elasticity, which arrested droplet mobility and
coarsening, achieving edible oil-in-water emulsions with internal phase volume
fraction as high as 88%. The high stabilization ability of rodlike NCh
originated from the restricted coarsening, droplet breakage and coalescence
upon emulsion formation. This was the result of (a) irreversible adsorption at
the interface (wettability measurements by the captive bubble method) and
(b) structuring in highly interconnected �brillar networks in the continuous
phase (rheology, cryo-SEM, and �uorescent microscopies). Because the
surface energy of NCh can be tailored by pH (protonation of surface amino
groups), emulsion formation was found to be pH-dependent. Emulsions produced at pH from 3 to 5 were most stable (at least for 3
weeks). Although at a higher pH NCh was dispersible and the three-phase contact angle indicated better interfacial wettability to the
oil phase, the lower interdroplet repulsion caused coarsening at high oil loading. We further show the existence of a trade-o�
between NCh axial aspect and minimum NCh concentration to stabilize 88% oil-in-water HIPPEs: only 0.038 wt % (based on
emulsion mass) NCh of high axial aspect was required compared to 0.064 wt % for the shorter one. The as-produced HIPPEs were
easily textured by taking advantage of their elastic behavior and resilience to compositional changes. Hence, chitin-based HIPPEs
were demonstrated as emulgel inks suitable for 3D printing (millimeter de�nition) via direct ink writing, e.g., for edible functional
foods and ultralight solid foams displaying highly interconnected pores and for potential cell culturing applications.
KEYWORDS: chitin nano�brils, high internal phase emulsion, Pickering emulsions, porous materials, material molding, direct ink writing

� INTRODUCTION
High internal phase emulsions (HIPEs) generally refer to those
containing a volume fraction of the dispersed phase � > 74%.1
They display a large surface area per volume of the continuous
phase,2 which a�ects uniquely their �ow behavior.3 Hence,
HIPEs have become a suitable choice in food products,4 tissue
engineering,5 multiphase soft materials,6 and porous material
template.7 Emulsions are kinetically stabilized by surfactants,8
which are used in high loadings in the case of HIPEs.9 This is
problematic given the possible impacts to the environment,10

which limits their applications. However, emulsions can be also
stabilized with colloidal particles,11,12 via Pickering stabiliza-
tion, which is e�ective in preventing droplet coalescence
because of the strong interfacial mechanical barrier generated
by the particles.13 Compared with those stabilized by
surfactants, Pickering emulsions o�er superior stability at
relative low addition of the particles.14 This is due to the
irreversible adsorption of the latter at oil/water interfaces.
Therefore, such high internal phase Pickering emulsions
(HIPPEs) are preferred over those stabilized by amphiphile

molecules,15 for instance, in the formulation of cost-e�ective
and environmentally friendly systems displaying superior
storage stability.16 Moreover, HIPPEs can be readily used to
generate porous materials,2,17,18 wherein the particles form a
template or sca�old.19

Biobased particles and colloids have been used to stabilize
HIPPEs;20�23 however, most often, they require surface
modi�cation,24�26 limiting them as alternatives to other
colloidal systems.27 Moreover, there are reasons to raise
concerns in the application of HIPPEs in pharmaceutical and
food products, which demand particles suitable for clean-
labeling, nontoxicity, biocompatibility, and biodegradability.28

A number of suitable systems has been used to achieve such a
goal, including globular proteins,29�32 zein-based particles,33

Received: December 27, 2019
Accepted: February 10, 2020
Published: February 10, 2020

Research Articlewww.acsami.org

© 2020 American Chemical Society
11240

https://dx.doi.org/10.1021/acsami.9b23430
ACS Appl. Mater. Interfaces 2020, 12, 11240�11251

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

�'�
R

�Z
�Q

�O
�R

�D
�G

�H
�G

���
Y

�L
�D

���
$�

$�
/�7

�2
���

8�
1�

,�9
���

R
�Q

���
1�

R
�Y

�H
�P

�E
�H

�U
���

���
���

���
���

���
���

D
�W

���
���

���
���

���
���

���
��8

�7
�&

���
�

�6
�H

�H
���

K
�W

�W
�S

�V
���

���
�S

�X
�E

�V
���

D
�F

�V
���

R
�U

�J
���

V
�K

�D
�U

�L
�Q

�J
�J

�X
�L

�G
�H

�O
�L

�Q
�H

�V
���

I�R
�U

���
R

�S
�W

�L
�R

�Q
�V

���
R

�Q
���

K
�R

�Z
���

W
�R

���
O

�H
�J

�L
�W

�L
�P

�D
�W

�H
�O

�\�
��V

�K
�D

�U
�H

���
S

�X
�E

�O
�L

�V
�K

�H
�G

���
D

�U
�W

�L
�F

�O
�H

�V
��

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siqi+Huan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Long+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annika+Ketola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuetong+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jukka+A.+Ketoja"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Orlando+J.+Rojas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Orlando+J.+Rojas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b23430&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23430?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23430?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23430?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23430?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.9b23430?fig=tgr1&ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b23430?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


and starch particles.34 Accessibility, cost-e�ciency, and
abundance are main factors in any e�ort to use natural
nanoparticles as replacement of synthetic counterparts.35

Considering this scenario, biomass-derived nanoparticles are
ideal candidates for green HIPPEs. For example, HIPPEs with
80% of the internal phase have been stabilized by octenyl
succinic anhydride-modi�ed cellulose nanocrystals (OSA-
CNCs).36 However, despite the fact that CNCs are renewable,
their grafting with food-grade OSA was required to achieve
hydrophobicity. CNCs coated with cationic bovine serum
albumin have also been reported in HIPPEs with 80% of the
internal phase,37 which limited the system to being pH-speci�c,
restricting the use. So far, unmodi�ed CNC for HIPPE has
been reported by Capron at al., who achieved the stabilization
of a nonedible oil.38 In such a system, salt was added to
promote CNC adsorption on the surface of the oil droplets.
Therefore, a demand exists for HIPPEs incorporating all clean-
label components at minimal loading, including the stabilizer
and the oil. In this respect, chitin, an insoluble polymer of N-
acetylglucosamine and one of the most abundant resources in
nature, stands out for being food-grade, biodegradable,
biocompatible, and nontoxic. Although chitin can be resourced
from insects and fungi, it is most often extracted from seafood
residuals.39 Chitin nanocrystals (ChNC) obtained by hydro-
chloric acid hydrolysis have been considered as a Pickering
stabilizer for hexadecane-in-water HIPPEs.40 However, such
e�orts were limited by the selection of a nonedible oil and the
need for salt addition; thus, the possibility remains open to
adapt other types of chitin-derived nanomaterials for the
purpose of HIPPEs. Only a few reports exist in relation to
related e�orts.41�43

There are many reasons for considering chitin in emulsion
stabilization. Individual nano�bril-like chitin is originally
assembled as bundles via strong hydrogen bonding, and can
be readily isolated by a two-step protocol that involves partial
deacetylation and mechanical nano�brillation,44 resulting in
positively charged chitin nano�brils (NCh). The disintegration
of chitin in acidic condition facilitates the deconstruction by
electrostatic repulsion due to the protonation of cationic amine
groups, naturally present in deacetylated chitin.45 Moreover,
the residual hydrophobic N-acetyl groups are randomly
distributed on NCh, as a result of the deacetylation, which is
not site-speci�c (nonselective),41 resulting in an increased
wettability of NCh at the interface and thus favoring Pickering
stabilization.42 Our recent study discussed NCh at low loading
level (0.5 wt % in aqueous phase) as an e�cient stabilizer of
Pickering emulsions with 50% sun�ower oil, yielding long-term
stability.41

Overall, progress in the area of HIPPEs hinges on the
anticipation of the adoption of fully green components, e.g.,
minimally modi�ed chitin nano�brils and food-grade oils,
which are generally more di�cult to be stabilized in emulsions,
given their high viscosity and relatively high interfacial tension
with water. Herein, we report a two-step approach to produce
HIPPEs stabilized solely by naturally derived chitin nano�brils.
The oil phase consisted of an edible oil (sun�ower oil), which
was used as the internal phase at a volume fraction as high as
88%. Remarkably, the loading of NCh was as low as 0.064 wt
% in the system (based on the total mass of the emulsion). The
stabilization mechanism is hypothesized by a dual function of
NCh in the HIPPEs: adsorption at the oil/water interface in
close-packed layers on the droplets, and excess NCh
structuring a network in the continuous phase. The prepared

HIPPEs are introduced for their versatility in molding and in
sustaining compositional changes of the internal phase. From
the HIPPEs, we synthesize 3D edible structures using
predesigned molds or via 3D printing (direct ink writing,
DIW). By changing the internal phase to a volatile mineral oil,
we synthesize lightweight NCh-based porous materials.
Overall, we o�er an alternative for the formulation of HIPPEs
that can be considered as core components in green systems.
The long-term goal is to use HIPPEs to engineer functional
materials.

� EXPERIMENTAL SECTION
Materials. �-Chitin was obtained from fresh crabs (Callinectes

sapidus), which were acquired in the local market (Helsinki harbor,
Finland). A puri�cation procedure followed our previous work.46 The
puri�ed, �akelike chitin was stored at 4 °C for further use. NaOH,
HCl, 100% acetic acid, Nile red, Calco�uor white stain, and
cyclohexane were purchased from Sigma-Aldrich (Helsinki, Finland).
Sun�ower oil was purchased from a local supermarket. All the
chemicals were used as received. Milli-Q water was obtained with a
Millipore Synergy UV unit (18.2 M� cm) and used throughout the
experiments.

Chitin Nano�bril Preparation. Chitin nano�brils (NCh) was
prepared following earlier protocols.45 Brie�y, puri�ed chitin was
directly subjected to deacetylation with 33 wt % NaOH solution at 90
°C for 3.5 h. The liquid-to-solid ratio was 25 mL/g. This
deacetylation step yielded partially deacetylated chitin (DE-chitin)
with a degree of deacetylation of ca. 27%.41 Afterward, DE-chitin was
washed with distilled water to reach neutral pH and further dried at
room temperature. Before mechanical nano�brillation, DE-chitin was
redispersed in Milli-Q water at a concentration of 0.2 wt %, following
by pH adjustment (3.0) with acetic acid under vigorous stirring. The
obtained coarse chitin suspension was homogenized into �ne �brils
using a high-speed digital homogenizer (T-25 Ultra-Turrax, IKA,
Germany). Ultrasonication was further applied to the �ne suspension
using a titanium tip sonicator (Soni�er 450, Branson Ultrasonics Co.,
Danbury, CT, U.S.A.) for 40 min at a power level set at 50% strength
with alternating on�o� cycles (5�2 s, respectively).

Chitin Nano�bril Characterization. Microstructure. The
morphology of NCh was observed by transmission electron
microscopy (TEM, JEM-2800, JEOL, Japan). A drop of diluted
NCh suspension (0.005%) was deposited on electron microscope grid
coated with carbon-reinforced formavar �lm, and negatively stained
by uranyl acetate solution before drying at room temperature.
Observation was conducted at an acceleration voltage of 120 kV.

�-Potential. The electrostatic charge of NCh in aqueous
suspensions at given pH (3 to 6) and 25 °C was measured using a
Zetasizer Nano (Malvern Instruments Ltd., UK). The pH was
adjusted by using 1 M NaOH and 1 M HCl. Prior to measurements,
the samples were diluted with bu�er solutions (same pH as the
samples) to avoid multiple scattering e�ects.

Interfacial Wettability. Three-phase contact angel (CA) was
measured to characterize the wettability of NCh at the oil/water
interface. The CA of a captive sun�ower oil droplet (5 �L) immersed
in water (Milli-Q water) underneath a thin NCh �lm was determined
by using an optical tensiometer (Attension Theta, Biolin Scienti�c,
Finland) with the captive bubble method.47 Brie�y, NCh suspensions
at di�erent pH values (3 to 6) were spin-coated onto freshly cleaned
mica prior to measurement. Before testing, the obtained �lm was
equilibrated in water for 10 min before releasing the oil droplet. Once
the droplet reached the surface of the �lm, the shape of the droplet
was recorded for 2 min with a digital camera. The CA is reported as
the angle between solid �lm and water (surrounding the droplet),
indicating the water wetting ability. All measurements were performed
under 50% humidity at room temperature.

HIPPE Preparation. A two-step approach including Pickering pre-
emulsi�cation followed by continuous oil feeding was applied to
prepare the oil-in-water HIPPEs. Brie�y, the �rst step involved the
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preparation of emulsions with 66% of the oil phase. For this, 7.5 mL
of NCh aqueous suspension (0.5 wt %) and 15 mL of sun�ower oil
were mixed at 22 000 rpm for 1 min using a high-speed digital
homogenizer (T-25 Ultra-Turrax, IKA, Germany). Afterward, aliquots
of 2 mL of sun�ower oil were continuously added while blending at
11 000 rpm until the desired internal phase fraction was achieved. The
�nal concentration of NCh according to the total weight mass was
0.064 wt %. Images of HIPPEs were acquired after storing the samples
for 24 h. Long-term stability was monitored and photographed after
storage for 14 days. All HIPPEs were kept at room temperature.

To visualize simultaneously NCh and sun�ower oil, we stained
sun�ower oil with Nile red before HIPPE preparation. Nile red
solution (1 mg/mL in ethanol) was thoroughly mixed with sun�ower
oil at a ratio of 1/25 overnight. A similar preparation procedure was
used to produce stained HIPPEs. The stained samples were stored at
4 °C before characterization.

HIPPE Characterization. Droplet Sizing. To measure the droplet
size, we observed HIPPEs at di�erent oil concentrations using optical
microscopy (Leica DM 750, Leica, Germany) with a 10× objective
lens. A drop of HIPPE was dripped onto a microscope slide and
covered with a glass coverslip (Assistent, Sondheim, Germany). The
droplet size was determined from optical microscopic images (at
di�erent magni�cations) via ImageJ software (imagej.nih.gov) by
counting at least 200 droplets.48

Rheology. The viscosity of HIPPEs was measured using a
rheometer (MCR 302, Anton Paar, Germany) equipped with a
parallel plate (PP25) and a gap �xed at 0.5 mm. All HIPPEs were
presheared at a shear rate of 10 s�1. The shear viscosity was
monitored at varying shear rates (0.01 to 100 s�1). For dynamic
viscoelastic measurements, the linear viscoelastic range was
determined with a strain sweep (0.01 to 100%) at a �xed frequency
of 10 rad/s. After this, a dynamic frequency sweep (0.1 and 100 rad
s�1) was conducted on the rheometer using the parallel plate
geometry (PP25) with a gap �xed at 0.5 mm and by applying a
constant strain of 1.0%, which was within the nearly linear region. The
dynamic spectra were obtained by recording the storage (G�) and loss

(G��) moduli as a function of frequency. To determine the yield stress
of HIPPE at 88% oil fraction, we carried out oscillatory measurements
at a constant frequency of 1 Hz and increasing stress from 1 × 10�2 to
102 Pa. All measurements were performed at 25 °C.

Observation of HIPPE Droplets. The HIPPE droplets were
examined using confocal laser scanning microscopy (CLSM) with a
40× objective lens (Leica DMRXE, Leica, Germany). The oil droplets
were gently collected from the top layer of the HIPPEs by using a
pipet since no creaming, sedimentation or oiling-o� occurred in none
of the samples. One hundred microliters of the oil droplets were
stained with 10 �L of Nile red solution prior to observation. After
homogeneously mixing with a pipet and equilibrating for 10 min at
room temperature, 6 �L of dyed samples were placed on a microscope
slide and covered with a glass coverslip without squeezing the
assembly. The coverslip was quickly �xed by nail polish to avoid
evaporation. The excitation and emission spectrum for Nile red are
488 and 539 nm, respectively.

Multichannel �uorescent microscopy (Zeiss Axio Observer optical
microscope, Zeiss, Germany) was used to simultaneously visualize
NCh and sun�ower oil in HIPPEs. A 63× oil immersion objective was
used for all sample imaging. Sun�ower oil was stained with Nile red
prior to HIPPE preparation and NCh was stained by Calco�uor white
for observation. All the sample preparation procedure was similar as
that used for CLSM. The excitation and emission spectra for
Calco�uor white stain are 365 and 435 nm, respectively. Merged
�uorescent images were processed by ImageJ.

To assess the structure and morphology of oil droplets in situ, we
conducted cryogenic microscope observation with a scanning electron
microscope (S4800 FESEM, Hitachi, Japan) using liquid nitrogen to
freeze the sample in the preparation and for cryo-transfer. Brie�y, a
drop of HIPPE was placed in a specimen holder and immediately
immersed in liquid nitrogen. Afterward, the sample was transferred to
the preparation unit of the cryo-SEM wherein the temperature was
�160 °C and the pressure was 1 × 10�6 mbar. After fracturing the
sample with a blade, a layer of Au was sputter-coated onto the sample.
The sample was inserted into the observation chamber equipped with

Figure 1. (a) Schematic illustration (not to scale) of the production of chitin nano�brils (NCh): untreated, never-dried chitin, that is, the
deacetylated chitin in the absence of any mechanical treatment, is produced in the form of small �akes. The NaOH-induced deacetylation leads to
structures comprising noncharged micro�brils, which are tightly bundled, particularly after removing extra water. Such material is insoluble and
nondispersible in water. However, the deacetylated chitin can be resuspended into water at pH 3 (with acetic acid), wherein surface amines are fully
protonated by the development of positively charges. Under proper mechanical treatment, the bundled chitin structures are e�ectively disintegrated
into chitin nano�brils, as shown. (b) TEM image of NCh initially suspended in water (pH 3). The scale is 500 nm. (c) �-potential (black square)
and three-phase contact angle (red circle) of NCh at pH values from 3 to 6 (Note: at high pH conditions, the possible e�ects of association or
aggregation of NCh should be considered in the measurements and for the intended uses). All measurements were performed at room temperature.
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a SEM cold stage module held at �140 °C throughout the
measurement.

Application of HIPPEs. Generation of Predesigned Shapes. The
moldability of the HIPPEs (0.064 wt % NCh at 88% sun�ower oil)
was demonstrated by fabricating a three-dimensional object using
direct cutting of the freshly prepared HIPPEs. The HIPPE was also
used as a printable ink for DIW-based 3D printing (BIO X,
CELLINK, Sweden) with a pneumatic printing head. The device
utilized 3 mL pneumatic syringe provided by CELLINK and sterile
blunt needles (plastic, Drifton, Denmark). The nozzle size of the
needle was 0.51 mm for all samples. Given designs were printed on a
plastic Petri dish using rectilinear in�ll patterns and 10�25% in�ll
density. Based on an initial optimization, the moving speed of the
printhead was 8 mm s�1, the extrusion speed was 0.012 mm s�1, and
the extrusion pressure was controlled in the range of 20�40 kPa.
Photographs of di�erent shapes were taken at least 1 h after
generation.

Porous Materials. To prepare all-NCh solid foams using HIPPE as
a template, we replaced the sun�ower oil by cyclohexane. The
procedure for preparation of cyclohexane-in-water HIPPE was the
same as that used for sun�ower oil. The concentration of NCh in the
continuous phase was 0.5 wt %. The �nal cyclohexane loading in this
study was over 74%. Afterward, freshly prepared HIPPE sample was
freeze-dried at least 2 days to obtain a porous material. The
morphology and structure of the porous material was observed by

SEM (Zeiss Sigma VP, German) operated under vacuum and at an
accelerating voltage of 2 kV. The samples were coated with a thin
layer of platinum (3 nm) using a high-vacuum sputter coater (Leica
EM ACE600) before imaging.

� RESULTS AND DISCUSSION
Chitin Nano�bril Properties. Chitin nano�brils (NCh)

were prepared by mechanical disintegration from deacetylated
chitin (DE-chitin) under acidic condition, as shown schemati-
cally in Figure 1a. The nano�brillation process simultaneously
exposed amine groups of deacetylated chitin, resulting in
positively charged NCh. Because deacetylation of N-acetyl
groups is nonspeci�c, a random distribution of amino groups
in NCh was expected. TEM micrograph of NCh initially
dispersed in aqueous media indicated well-dispersed �bril-like
particles, with no signs of aggregation (Figure 1b). The NCh
lateral size was close to that of individual chitin nano�brils
(�10 nm).49 This is attributed to the electrostatic repulsion
originated from the highly charged surface of NCh (Figure 1c),
as well as the strong mechanical deconstruction during
nano�brillation. The aspect ratio (length/width, L/w) of
NCh was calculated to be �16, which is similar to the value
reported earlier.41 It should be noted that drying e�ects during

Figure 2. (a) Schematic illustration (not to scale) of the two-step fabrication of high internal phase Pickering emulsion (HIPPE) using NCh
suspension and sun�ower oil. (b) Visual appearance and (c) droplet size of HIPPEs with sun�ower oil volume fraction of 66 to 88%. The pH of the
NCh aqueous suspension is 3. The oil fraction volume in (b) is indicated on top of each sample. (d) Shear thinning and (e) moduli of HIPPEs at
di�erent oil volume fractions. The storage (G�) and loss (G��) moduli are indicated with �lled and open symbols, respectively.
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TEM imaging to assess the NCh morphology may obscure or
cause associated artifacts. Any interpretation should keep this
in mind. NCh was easily produced under conditions that are
less severe compared to those that apply to typical biomass-
derived nanoparticles, such as nanocelluloses.

Because the protonation of amine groups is pH-dependent,
the properties of NCh can be tuned by pH shifts of the
aqueous medium. As shown in Figure 1c, the �-potential of
NCh in the interval of pH between 3 and 5 was fairly constant,
approximately +60 mV, but it sharply became less negative, less
than +30 mV, at pH above 6, which can be attributed to the
deprotonation of surface amino groups. Translucent, homoge-
neous, and less-surface-active NCh suspensions were observed
at pH �5 (Figure S1); however, a nonhomogeneous
suspension with a large number of trapped bubbles was

observed at pH 6, which was caused by aggregated NCh in the
medium.

The interfacial wettability of NCh, a�ecting Pickering
emulsion stabilization, was investigated via three-phase contact
angle (CA) (Figure 1c). The aqueous phase contacted the
NCh �lm �rst before a captive oil drop was released
underneath the �lm surface (Figure S2). The CAs measured
between NCh �lm and water increased from 24° to 40° by
increasing the pH from 3 to 5, that is, the originally hydrophilic
NCh surfaces become hydrophobic as the pH increased. This
is ascribed to the more limited protonation of surface amino
groups of NCh at higher pH (Figure 1c). Interestingly, the CA
decreased to 23° at pH 6, which is likely a result of partial
aggregation of NCh in the suspension and the high viscosity,
both of which limited the homogeneity of spin-coated �lm.

Figure 3. Fluorescent micrographs (multichannel �uorescent microscopy) of HIPPEs stabilized with NCh (pH 3) at oil volume fractions of (a) 66,
(b) 74, (c) 80, and (d) 88%. The concentration of NCh in continuous phase is 0.5 wt %. The left, middle, and right rows correspond to the stained
oil phase, dyed NCh, and merged images, respectively. The dashed boxes in d indicate the contour of oil droplets. The scale bar is 100 �m. All
samples were stored at room temperature for 24 h prior to observation.
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