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Abstract: This study investigated the emulsifying properties
of a protein—polysaccharide hybrid nanoconjugate system
comprising cellulose nanocrystals (CNC, 1% w/v) and soy pro-
tein isolate at various concentrations (SPI, 1-3% w/v). The
average particle size of the nanoconjugate increased, and
the zeta potential decreased when 3% (w/v) of SPI was
used. The contact angle and thermal stability of CNC improved
with the conjugation of SPI. Upon Pickering emulsification,
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Graphical abstract

0.5% (w/v) of CNC-SPI nanoconjugate as particle stabilizer
was sufficient to obtain stable emulsions. The CNC-SPI1
formulation (CNC to SPI, 1:1) provided the emulsion with
the smallest droplet size and higher emulsifying activity.
Intriguingly, ultrasound (US) pre-treatment on nanoconju-
gates before emulsification significantly reduced the size
of the emulsion. The rheological assessment demonstrated
that the CNC-SPI-stabilized emulsions exhibit shear thinning
behavior at a lower shear rate and shear thickening behavior
at a higher shear rate, indicating the interruption of existing
attractive interactions between the CNC particles. All emul-
sions exhibited higher elastic modulus (G’) than viscous
modulus (G”), suggesting high viscoelastic properties of
the emulsions. This study demonstrates that CNC-SPI
nanoconjugate with optimum protein to polysaccharide
ratio has great potential as a natural particle stabilizer in
food and nutraceutical emulsion applications.

Keywords: Pickering emulsion, nanoconjugate, protein—
polysaccharide, stability, rheology

1 Introduction

An emulsion is a mixture of two or more immiscible
liquids in a single system and is thermodynamically
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unstable. To form a stable emulsion, surfactants are con-
ventionally used to lower the surface tension between the
two immiscible liquids. However, surfactants-stabilized
emulsion often resulted in tissue irritation and cell damage,
hence retarding their use in food-related applications
[1]. Thus, utilizing food-grade solid particles as emulsion
stabilizers has emerged as a crucial direction in food and
nutraceutical industries, allowing the fabrication of solid
particles-stabilized emulsions, commonly known as Pick-
ering emulsion [2,3]. Furthermore, Pickering emulsion is
outstanding against coalescence due to forming a protective
physical barrier via the irreversible adsorption of solid par-
ticles onto the interface of the immiscible liquids [4,5].

Various particulate emulsifiers, such as graphene,
silica, polysaccharide, and protein, have been exten-
sively studied to form Pickering emulsion over the past
decades [6]. Food-grade natural biopolymers such as
polysaccharides and proteins have gathered more atten-
tion due to their lower human toxicity and environmental
impacts than inorganic nanoparticles [7,8]. Among the
employed polysaccharides (e.g., alginate [9], chitosan
[10,11], and cellulose [12-14]), cellulose nanocrystals (CNC)
are of immense interest among food and nutraceutical tech-
nologists due to their abundant availability, biodegrad-
ability, and eco-friendliness [15,16]. However, CNC with
high hydrophilic properties often suffers from poor emulsi-
fication performance, dramatically limiting its practical
applications [17]. To overcome such issues, various topo-
chemical surface modification approaches involving cova-
lent chemistry and polymer coatings [18] have been applied
to modify the surface characteristics of CNC to generate an
effective Pickering emulsifier.

Surface functionalization or complexation employing
natural proteins has emerged as a new technique to
increase the surface hydrophobicity of particles for food
emulsion stabilization [19,20]. One of the popular plant-
based proteins, soy protein isolate (SPI), extracted from
soybean, has been widely used as a food ingredient
because of its high nutritional value and steady supply
[21]. Furthermore, SPI is preferred among material scien-
tists for the fabrication of functional particles in micro-
and nano-sizes due to their excellent biocompatibility,
biodegradability, and wide availability of various func-
tional groups (-OH, —-NH,, -COOH, and —SH) that could
be utilized for chemical crosslinking [22-24].

Studies have demonstrated that emulsion droplets
stabilized by hybrid protein/polysaccharides contribute
to excellent stability through their aggregation and
absorption behaviors at the interface of the liquids. For
instance, Sarkar et al. physically mixed CNC (1-3% w/v)
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with whey protein (1% w/v) to stabilize Pickering emulsion
and found that a higher CNC content enhanced the stabi-
lity of the emulsions and further delayed lipid digestion
[25]. Besides, Hu et al. reported on improving the stability
of emulsion droplets stabilized by sodium caseinate (2%
w/v) when regenerated cellulose (0-2% w/v) was added
[26]. Liu et al. successfully formed a high internal phase
Pickering emulsion with an oil fraction of 0.8 using bovine
serum albumin-stabilized CNC [17]. All these studies
showed superior performance of physically mixed polysac-
charide/protein as an emulsion stabilizer. Nonetheless, the
performance of Pickering stabilizing of chemically bonded
polysaccharide/protein remains poorly documented. To the
best of our knowledge, no study has been conducted to
unravel the physical and rheological properties of Pickering
emulsion stabilized by CNC-SPI hybrid nanoconjugates.

This study investigates the physical, colloidal, and
rheological properties of CNC-SPI hybrid nanoconju-
gates-stabilized Pickering emulsions in the above context.
The CNC-SPI hybrid nanoconjugate was synthesized via
a bioinspired approach using 3,4-dihydroxy-pr-phenylala-
nine as the linker. The present study intends to reveal
the ideal protein to polysaccharide ratio of the nanoconju-
gate, which would improve the stability and rheological
properties of the resultant Pickering emulsions. Such
findings would be significant in offering new insights
and knowledge toward the design and construction
of biocompatible and stable protein/polysaccharide-
based Pickering emulsion for food and nutraceutical
applications.

2 Experimental methods

2.1 Chemicals and materials

CNC (Freeze-dried, 0.96% [w/v] of sulfur content) were
procured from the University of Maine, United States. SPI
was provided by Shandong Wonderful Industrial Group
Co., Ltd (Shandong, China). L-Dopa, N-hydroxysuccini-
mide (NHS, 98%), N-(3-dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride (EDC, 98%) were purchased
from Sigma Chemicals Co. (St. Louis, MO, USA). Red palm
superolein (275 ppm B-carotene, melting point 19°C) was
acquired from Sime Darby Jomalina Sdn. Bhd., Malaysia.
Ultrapure water (18.2 MQ/cm), obtained using the Milli-Q®
Plus apparatus (Millipore, Billerica, USA), was used in
all the experiments.
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2.2 Synthesis of CNC-SPI nanoconjugates

1% w/v of CNC and 1% w/v of L-dopa were first dispersed
in Tris-HCl solution at pH 8.5. The mixture was magneti-
cally stirred at 700 rpm for 12h at 40°C to form poly(r-
dopa) (PLD) on the CNC surfaces. The resultant CNC-PLD
was purified by dialyzing against deionized water for two
days and freeze-dried. Then, CNC-PLD, EDC, and NHS at
1:10:10 ratio were added into 2-(N-morpholino)ethane-
sulfonic acid (MES) buffer to activate the carboxyl groups.
The mixture was magnetically stirred at 700 rpm for 4 h
at 25°C. The resultant CNC-PLD-NHS was purified by
washing with 50% of ethanol twice and centrifuged,
and the pellet was freeze-dried. 1% w/v of CNC-PLD-
NHS and 1-3% w/v of SPI were dispersed in 3% w/v of
N,N-diisopropylethylamine solution. The resulting mix-
ture was magnetically stirred at 700 rpm for 24h at
25°C. The resultant CNC-PLD-SPI was purified by washing
with 80% of ethanol twice and centrifuged. The pellet
was freeze-dried and kept for further analysis. For sim-
plification, CNC-PLD-SPI will be referred to as CNC-SPI in
this work. Four CNC-SPI nanoconjugates were synthe-
sized using CNC to SPI ratios of 1:1, 1:1.5, 1:2, and 1:3
denoted as CNC-SPI1, CNC-SPI1.5, CNC-SPI2, and CNC-SPI3,
respectively.

2.3 Preparation of Pickering emulsions

Pickering emulsions were prepared using the as-synthe-
sized CNC-SPI nanoconjugate as solid stabilizers with
red palm olein as the dispersed oil phase and deionized
water as the continuous aqueous phase. Emulsions were
prepared by mixing 20% (v/v) of palm olein with aqueous
suspensions of 0.5% (w/v) of CNC-SPI nanoconjugate
at pH 7, adjusted by 1M of HCl and 1M of NaOH.
Subsequently, the mixture was emulsified using an ultra-
sonic horn at 60 W, 20 kHz, and 20 pulse cycles for 5 min.
The freshly prepared emulsion was stored in glass vials
for further analysis.

2.4 Physicochemical characterization

2.4.1 Attenuated total reflectance Fourier transform
infrared (ATR-FTIR)

The molecular spectroscopy of the CNC—-SPI nanoconju-
gates, CNC, and SPI was examined through ATR-FTIR in
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the frequency range of 400-4,000/cm, using FTIR spec-
trometer (Nicolet iS10, Thermo Scientific, USA).

2.4.2 Bradford assay

The SPI contents and conjugation efficiency were deter-
mined by the Bradford assay method. Bovine serum
albumin was used as the standard. First, a known amount
of CNC-SPI nanoconjugates was dissolved in 1 mL of DMSO.
Ten microliter sample was then added with 1 mL of Bradford
reagent (Bio-Rad, USA) and mixed thoroughly. The SPI con-
tent was determined spectrophotometrically at 595 nm after
5min at 25°C in the dark. Triplicates were conducted for
each sample, and the results were averaged. The conjuga-
tion efficiency and conjugation content were determined by
employing the following equations (1) and (2):

Conjugation efficiency (%)
. . . 1
_ Weight of S.PI in the nanoconjugate % 100%, o
Weight of used SPI

Conjugation content (%)
. . . 2
_ Weight c?f SPI in the nan'ocon]ugate X 100%. )
Weight of nanoconjugate

2.4.3 Size and zeta potential

The average particle size and zeta potential of the CNC—SPI
nanoconjugates, CNC, and SPI samples were measured
using dynamic light scattering and Laser Doppler micro-
electrophoresis techniques, respectively, (Zetasizer Nano,
Malvern Instruments, UK) at pH 7.5 and 25°C. Triplicates
were conducted for each sample, and the results were
averaged.

2.4.4 Thermal analysis (TGA)

The thermal profile of the CNC—SPI nanoconjugates, CNC,
and SPI was assessed using a thermogravimetric analyzer
(Q50 TGA, TA Instrument, USA) in the range of 25-900°C at a
heating rate of 10°C/min in N, atmosphere. Triplicates were
conducted for each sample, and the results were averaged.

2.4.5 Contact angle

The surface wettability (contact angle, Oi;.water) Of the
CNC-SPI nanoconjugates, CNC, and SPI was measured
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via the sessile drop method using a contact angle goni-
ometer (Ramé-hart, Ramé-hart Instrument, USA) at 25°C.
The samples were dispersed in deionized water and soni-
cated for 5 min before transforming into films by casting
onto glass slides and dried overnight in an oven at 60°C.
Seven replicates were performed for each sample, and the
results were averaged.

2.4.6 Droplet size and zeta potential of Pickering
emulsions

The zeta potential of Pickering emulsion was reflected by
characterizing the surface charges of emulsion droplets
using the Laser Doppler micro-electrophoresis technique
(Zetasizer Nano, Malvern Instruments, UK) at 25°C. The
average droplet size of the freshly prepared emulsions
was measured using a Mastersizer (Mastersizer 3000,
Malvern Instruments, UK) equipped with a Hydro EV
wet dispersion unit. Average droplet size measurement
was reported as volume-average diameter (d,s) from
the particle size distribution. The average and standard
deviations were calculated on five measurements with
triplicate samples. Triplicates were conducted for each
sample, and the results were averaged. For the storage
stability study, the emulsion droplet size and visual
observation were taken on days O and 30.

2.4.7 Visualization and localization of Pickering
emulsion droplet

The size and morphology of CNC—-SPI-stabilized Pickering
emulsions were observed using an inverted optical micro-
scope (Nikon Eclipse TS100, Nikon Instruments Inc., USA)
at 20x magnification. The CNC-SPI nanoconjugates at the
oil/water (O/W) interface were checked using an upright
fluorescent microscope (Nikon Eclipse 90i, Nikon Instru-
ments Inc., USA). One milliliter of emulsion was added with
80 pL of 0.1% of Nile blue (protein staining dye) and 0.01% of
Nile red (oil staining dye) and mixed gently. The emulsion
was diluted and immediately observed under the microscope.
Samples were excited with laser beams at 514 nm for the Nile
red and 633 nm for the Nile blue.

2.4.8 Emulsifying activity index (EAI) and emulsion
stability index (ESI)

EAI and ESI were determined by the turbidimetric method
with minor modification [27]. First, 0.1 mL of emulsion was
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diluted with 0.1% (w/v) of sodium dodecyl sulfate (SDS)
solution at a ratio of 1:100 (v/v). After vortexed for 10 s, the
absorbance of the diluted emulsion was determined at
500 nm using a UV-Vis spectrophotometer (Genesys 10S
UV, Thermo Fisher Scientific, USA) immediately against a
blank SDS solution (0.1% w/v of SDS). The EAI and ESI
values were calculated using the following equations (3)
and (4), respectively:

2
EAI(m):2x 2303 x A4y x N 3)

g ) cx ®xLx10,000

A

ESI(min) =
o — Ao

xt, (4)
where N is the dilution factor, c is the protein concentra-
tion (g/m?), @ is the oil volume fraction (v/v) in the emul-
sion, L is the optical path length (1 cm), Ap and A, are the
absorbance of the diluted emulsions at 0 and 10 min,
respectively, and t is the time (10 min). Measurements
were performed in triplicates.

2.4.9 Rheological properties

The viscosity and viscoelastic properties of Pickering
emulsions were measured using small amplitude oscilla-
tory measurements with MCR 102 rheometer (Anton Paar
Co., Austria) which is equipped with a double gap mea-
suring system. The apparent viscosity of the emulsions
was analyzed at the shear rates of 1-100/s. For the vis-
coelasticity properties, a range of experiments including
an amplitude sweep with the shear rates of 0.1-10 Pa
(frequency = 0.5Hz) and frequency sweep of 0.1-10 Hz
(strain = 0.1%) were carried out at 25°C. The measurements
were performed within the linear viscoelastic region of the
Pickering emulsions.

3 Results and discussion

3.1 Synthesis of CNC-SPI nanoconjugates
as Pickering stabilizer

CNC-SPI nanoconjugates with different CNC to SPI ratios
were synthesized according to synthesis routes shown in
Figure 1. 1.-Dopa was utilized to crosslink the surface
hydroxyl groups of CNC with the amino groups of SPI,
forming CNC—-SPI nanoconjugate. The solution color gra-
dually changed from colorless to black, demonstrating
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the polymerization of 1-dopa into poly(i.-dopa) on the CNC
surface under a weak alkaline environment. Furthermore,
carbodiimide chemistry involving NHS/EDC coupling reagent
was used to activate the poly(r-dopa) carboxyl groups on the
CNC surface, facilitating direct amidation with SPI [28]. In-
depth characterization of the formed CNC-SPI nanoconju-
gate can be obtained from our previous study [29].

FTIR was employed to determine the chemical compo-
nents of the obtained CNC—SPI nanoconjugates. Typical
spectral peaks at 1,054 and 1,028/cm were recognized as
the C—H stretching of CNC, and the absorption bands in
the region of 3,100-3,500/cm were attributed to the O-H
stretching vibrations of CNC [30]. Following conjugation
with SPI, two distinctive peaks appearing at 1,626, and
1,532/cm were ascribed to the C=O0 stretching of amide I
and N-H bending of Amide II [31], respectively, as shown
in Figure 2a. CNC conjugation with a different weight ratio
of SPI further led to new peaks over 1,530-1,630/cm,
reflecting the prominent peak for SPI (Figure 2b). Notably,
the intensity of the peaks increased as the weight ratio of
SPI increased in the formulations, while the typical peaks
of CNC remained the same.

The SPI content and conjugation efficiency were then
determined using the Bradford assay (Figure 2c). The
observed results exhibit that the SPI concentration
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increased from 38.22 + 1.21 to 60.80 + 3.37% as the weight
ratio of SPI changed from 1 to 3% (w/v). It was deduced
that the amount of SPI that could conjugate on the surface
of CNC is controlled by the availability of vacancy sites
(free activated carboxyl groups on poly(.-dopa)). When a
higher concentration of SPI was used, the amount of
vacancy becomes limited, thus reducing the conjugation
efficiency. On the contrary, the conjugation efficiency
reduced from 76.45 + 2.78 to 40.53 + 2.60% upon increasing
the SPI content, which could be due to the insufficient
anchoring sites on the CNC template for higher SPI conju-
gation. Nevertheless, these results indicate successful bio-
inspired conjugation of SPI on the CNC surface with the
assistance of an r-dopa linker.

3.2 Physicochemical properties of CNC-SPI
nanoconjugates as Pickering stabilizer

The average particle size and zeta potential of the as-synthe-
sized CNC-SPI nanoconjugates are shown in Figure 3a.
The CNC particle size increased tremendously with the
conjugation of SPI. The average particle size of the nano-
conjugates increased from 309.97 + 8.04 to 339.57 + 10.89 nm

COOH

+

Step 3: Synthesis of CNC-PLD-SPI
through direct amidation

SPI

Step 1: Synthesis of CNC-PLD intermediate

. pH8.5 AN N
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Figure 1: Synthetic routes of CNC-SPI nanoconjugates using poly(.-dopa) as a linker and NHS/EDC as the coupling reagent.
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Figure 2: FTIR spectra of (a) CNC, SPI, and CNC-SPI nanoconjugate,

(b) SPI, CNC-SPI1, CNC-SPI1.5, CNC-SPI2, and CNC-SPI3, and (c) SPI

content and conjugation efficiency of CNC-SPI1, CNC-SPI1.5, CNC-SPI2, and CNC-SPI3 determined by the Bradford assay. Error bars

represent the standard error of measurement.

upon increasing the SPI content from 1 to 3% (w/v). On
the other hand, the zeta potential for CNC and SPI were
—-40.73 + 1.82 and -22.03 + 0.31 mV, respectively. CNC is an
anionic polysaccharide with abundant hydroxyl groups on
its surface, providing highly negative charges [32]. The net
zeta potential of CNC-SPI nanoconjugate reduced with an
increase in the SPI content. Thus, it can be inferred that
poly(r-dopa) molecules would absorb onto the CNC sur-
face by linking with the hydroxyl groups and then conju-
gate with SPI, favoring the reduction in zeta potential for
better interfacial adsorption upon stabilizing Pickering
emulsion.

To evaluate the influence of SPI immobilization on
the wettability of CNC, water contact angle on casted
sample dispersion was performed using the sessile drop
method. The continuous and dispersed phases should par-
tially wet the particles used for stabilizing the Pickering
emulsion. Still, they should not be completely dissolved in
any phases [33,34]. The most substantial adsorption of
particles occurs when the contact angle is near 90° for
the Pickering emulsion to reach the highest stability [6].
As shown in Figure 3b, the attachment of SPI to the CNC

surface led to a higher water contact angle, indicating
the increased hydrophobicity of CNC after modifying pro-
tein. However, with a further increase in the SPI content
(CNC-SPI2 and CNC-SPI3), the water contact angle
declined slightly due to the hydrophobic nature of SPI,
reducing the aqueous dispersibility of CNC—SPI nanocon-
jugate at higher content of SPI. This causes difficulty
forming a highly homogenized dispersion into a casted
film, leading to a slight drop in the water contact angle.
The contact angle of CNC-SPI1.5 nanoconjugate exhibited
the most suitable wettability (63.7° + 1.3°) as a Pickering
stabilizer among the tested formulations.

The thermal stability of CNC-SPI nanoconjugates,
CNC, and SPI was evaluated by TGA (Figure 3c). All the
samples present a similar behavior with two main stages
of mass loss: removing adsorbed and bound water at
80-120°C and the main thermal decomposition stage in
the range of 200—-350°C. Generally, the thermal stability
of CNC-SPI nanoconjugate with different SPI content
was enhanced compared to the unmodified CNC. The
temperature contributing to 50% weight loss for unmodi-
fied CNC increased from 297 to 331°C after the addition of
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SPI. The residual mass was more remarkable in CNC—-SPI
nanoconjugates, which suggests that the presence of SPI
leads to the formation of a more stable protein—polysac-
charide network. The improved thermal stability can be
explained due to the robust polymerization of the aromatic
structure of PLD followed by the conjugation of SPI on the
surface of CNC [35]. However, considering the thermogra-
vimetric profiles of all the CNC-SPI nanoconjugates, it can
be stated that the thermal stability of the nanoconjugates
has negligible influence on different SPI contents.

3.3 Localization and emulsification
properties of CNC—SPI nanoconjugates

The localization of CNC-SPI nanoconjugates at the O/W
interface was determined using fluorescent microscopy.
As shown in Figure 4, the samples were prepared by the

double staining method: Nile red was used to stain the
red palm olein, while Nile blue was utilized for staining
the nanoconjugates. The double staining method assists
in differentiating the oil phase and the nanoconjugates in
the emulsion system. The oil phase and CNC-SPI were
visualized in the red and blue halo, respectively. The
combined image uncovered the nanoconjugates around
the red palm olein in the O/W Pickering emulsion. To
evaluate the emulsifying ability of the as-synthesized
CNC-SPI nanoconjugates, CNC nanoconjugates with dif-
ferent SPI content were used to form the Pickering emul-
sions. As described using the percentage conjugation
efficiency, the content and surface coverage of CNC by
SPI was distinct, resulting in different surface charges
and partial wettability, ultimately affecting the emulsi-
fying properties of the nanoconjugates.

Besides, before emulsification, ultrasound (US) pre-
treatment was performed on the CNC-SPI nanoconju-
gates to distribute the nanoconjugates evenly in the
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Figure 4: Fluorescent micrographs of O/W Pickering emulsion stabilized by CNC-SPI nanoconjugates with double staining. The scale bar

corresponds to 50 pm.

aqueous phase to achieve the greatest emulsification
performance as a Pickering stabilizer. Figure 5a and b
demonstrates the droplet size distribution plot of the
CNC-SPI-stabilized Pickering emulsions formed without
and with 30 s US treatment, respectively, and their corre-
sponding photographs are shown in Figure 5c and d.
Based on the observation, CNC-SPI1 and CNC-SPI1.5
nanoconjugates could form homogenized emulsion dro-
plets even without US treatment, and emulsion stabilized
by CNC-SPI1 displayed a unimodal distribution of droplet
size. In contrast, the emulsions stabilized by CNC-SPI2
and CNC-SPI3 nanoconjugates possess larger droplets
and exhibit slight creaming (Figure 5c). Nevertheless,
the emulsions stabilized by all the CNC-SPI nanoconju-
gates were improved with better homogeneity in the pre-
sence of US pre-treatment (Figure 5d).

Furthermore, US application also increased the func-
tional properties of SPI by decreasing its particle size and
increasing its surface hydrophobicity, resulting in improved
emulsifying performance [36]. Proteins are usually large
macromolecules with folded regions that hold amphiphilic
properties, boosting the interfacial adsorption at multiple
contact points [37]. The unfolding of proteins using US
may increase the exposure of the conjugated proteins in
the emulsion system, thereby favoring the formation of
Pickering emulsion droplets with stronger adsorption of
patrticles.

The differences in the average droplet size produced
with and without US pre-treatments are shown in Figure 5e.
Generally, the obtained droplet size is significantly
smaller for Pickering emulsions generated with US pre-
treatment than those prepared without US pre-treatment.
The US pre-treatment aids to better disperse the nano-
conjugates in the continuous phase and minimize self-
aggregation. Hence, the well-dispersed CNC-SPIs attach
to the O/W interphase, forming the highly stable Pickering

emulsions with better interfacial particle distribution. For
emulsions stabilized by CNC-SPI1, the smaller average
size of 5.58 + 2.59 um was achieved with US pre-treatment
as compared to that prepared without US pre-treatment
(23.13 £ 2.17 pm). The zeta potential values of the emulsion
stabilized by different CNC—SPI nanoconjugates were slightly
changed, ranging from —28.45 + 1.11 to —33.12 + 0.51mV for
CNC-SPI3 and CNC-SPIL. The optical micrographs in Figure
5g display the morphology and droplet size of the formed
emulsion droplets. Compared to the uniformly dispersed
Pickering emulsions prepared using CNC-SPI with a lower
SPI ratio, the Pickering emulsions formed by CNC-SPI2 and
CNC-SPI3 exhibit droplets aggregation and coalescence. In
addition, the degree of droplets agglomeration increased
without US pre-treatment, resulting in the elevated average
droplet size as obtained from Mastersizer analysis. The smal-
lest emulsion droplets were observed in the current study
when US pre-treated CNC-SPI1 was employed as the Pick-
ering emulsion stabilizer.

As shown in Figure 5h, the emulsions stabilized by
CNC-SPI1 and CNC-SPI1.5 exhibited the best stability
with insignificant changes in droplet size compared to
emulsions stabilized by CNC-SPI2 and CNC-SPI3 throughout
the storage of 30 days. On the other hand, emulsions stabi-
lized with higher SPI ratios also demonstrated phase separa-
tion at day 30 (Figure 5i). The increase in droplet size was
primarily due to the coalescence of smaller droplets into
larger droplets, as evidenced by the multimodal distribution
plots for emulsions stabilized by CNC-SPI2 and CNC-SPI3
(Figure 5b). The droplets coalescence resulted in merged
larger droplets rise to the top of the emulsion and being
separated by the continuous phase.

To further evaluate the emulsifying properties of
CNC-SPI nanoconjugates at the O/W interface, the emul-
sifying activity of the colloidal particles was investigated
by measuring the EAI and ESI, as shown in Table 1. The
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Figure 5: Droplet size distribution of the Pickering emulsions formed (a) without ultrasound treatment, (b) with ultrasound treatment before
emulsification and visual observations, (c) without ultrasound treatment, (d) with ultrasound treatment before emulsification, (e) average
droplet size, d, 5 values, (f) zeta potential, (g) optical micrographs of the Pickering emulsion stabilized by CNC-SPI nanoconjugates, (h)
average droplet size, d, 3 values, and (i) visual observation of emulsions at days 0 and 30. The error bars represent the standard error of

measurement.
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Table 1: : The emulsifying properties (EAl and ESI) for the emulsions
stabilized by CNC, SPI, and CNC-SPI nanoconjugates

Samples EAl (m?/g) ESI (min)
CNC 122.4 +16.9 105.3 + 11.9
SPI 100.4 + 4.8 98.4+ 9.5
CNC-SPI1 180.3 + 8.9 154.4 + 21.8
CNC-SPI1.5 162.3 + 6.8 137.9 + 24.7
CNC-SPI2 151.4 + 4.0 128.7 +10.1
CNC-SPI3 140.4 + 7.8 117.9 + 2.1

EAI values of the emulsions stabilized by CNC, SPI, and
CNC-SPI1 were 122.4 + 16.9, 100.4 + 4.8, and 180.3 + 8.9,
respectively, indicating a drastic improvement in the
emulsifying activity of CNC with the conjugation of hydro-
phobic protein. Similar results were obtained by Dong
et al, where the emulsifying activity of flaxseed gum
was significantly enhanced when whey protein isolate
was conjugated and used together as a hybrid polysac-
charide—protein conjugate emulsifier [27]. The CNC-SPI1
exhibited the highest emulsifying activity compared to
other formulations. This could be attributed to the decrease
in the surface charges of CNC, lowering the electrostatic
repulsion between the particles for stronger interfacial
adsorption (Figure 3a) [38].

On the other hand, a similar trend was observed for
ESI, where the CNC-SPI nanoconjugates displayed higher
ESI values than the individual CNC and SPI. CNC-SPI1
attained the maximal ESI value, and it decreased with an
increase in the SPI content. This observation agrees with
the results of average particle size (Figure 3a) and the
contact angles of particles (Figure 3b), whereby smaller
particles with optimum wettability led to more stable
emulsions. These results suggest that the 1:1 ratio of CNC
to SPI is the most desired in forming stable Pickering emul-
sions, enabling balanced hydrophilic-lipophilic groups and
promoting effective anchoring of particles at the O/W inter-
face to improve the emulsion properties [39].

3.4 Rheological behaviors of Pickering
emulsions

The rheological properties of food-based materials are
very useful pre-requisites for their successful application
in predicting the performance during processing and
evaluating the food quality and stability. Therefore, it is
crucial to study the rheological properties by measuring
the dynamic viscoelasticity and steady flow behavior of
the Pickering emulsions. For the steady flow test, the
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viscosity curves of the emulsions stabilized by CNC,
SPI, and different CNC-SPI nanoconjugates are shown
in Figure 6a. The CNC- and SPI- stabilized emulsions
show a typical shear-thinning behavior, where the visc-
osity decreases as the shear rate increases. In contrast,
the CNC-SPI nanoconjugates-stabilized emulsions exhibit
shear thinning behavior at a low shear rate and behave
like a Newtonian fluid at a higher shear rate, where shear
plateau or shear thickening is observed. The shear-thin-
ning behavior of the emulsions could be due to the weak
attractive interactions between the particles (hydrogen
bonds). In contrast, the turnover of the rheological beha-
vior from shear-thinning to Newtonian behavior could be
due to the disruption of the existing particle-particle net-
work [40].

The results illustrate increased viscosity for the emul-
sions stabilized by CNC—SPI nanoconjugates compared to
CNC-stabilized emulsions. Therefore, it can be assumed
that the presence of SPI led to a more robust floc struc-
ture, reducing the flowability, as evidenced by their larger
droplet size (Figure 5e) and optical images (Figure 5g). It is
deduced that smaller emulsion droplets with higher visc-
osity could reduce the phase partition by minimizing the
gravitational separation rate when CNC-SPI hybrid parti-
cles are used as stabilizers [39]. Angkuratipakorn et al.
reported similar findings where adding 2.5% of gum Arabic
in CNC/surfactants-stabilized emulsions resulted in an
enhanced apparent viscosity at high shear rates [41].
This suggests that SPI moieties on CNC nanoconjugates-
stabilized emulsions would give rise to the formation of a
stronger gel network, which slows down the movement of
the droplets.

The viscoelasticity profiles of Pickering emulsions
stabilized by CNC-SPI nanoconjugates demonstrated by
oscillatory stress sweep and frequency sweep are shown
in Figure 6b and c, respectively. For all the emulsions, the
elastic modulus (G’) is always larger than the viscous
modulus (G”) at lower amplitudes, similar to the finding
where a hybrid protein—polysaccharide emulsifier was
used [42]. A crossover point between G’ and G” could
be observed as the amplitude increases, indicating the
rearrangement of emulsion droplets forming a percolating
network structure. The emulsion stabilized by pure CNC
displayed the crossover point at the lowest amplitude
compared to the rest of the emulsions, demonstrating
improved viscoelastic behavior when CNC—-SPI nanocon-
jugates were used (Figure 6b). This can be explained by the
higher viscous properties of protein—polysaccharide com-
plexes or coacervates than the CNC linear polysaccharide
[41], enabling the formation of emulsions with typical gel-
like behavior and considerably enhanced stability.
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Figure 6: (a) Viscosity for the O/W emulsions stabilized by CNC, SPI, and CNC-SPI nanoconjugates as a function of shear rate. The G’ and G”
for the O/W emulsions stabilized by CNC, SPI, and CNC-SPI nanoconjugates as a function of (b) shear strain and (c) frequency.

On the other hand, Figure 6c shows that all the emul-
sions exhibited higher storage modulus (G’) than loss
modulus (G”), and both moduli are nearly independent
on frequency (0.1-10 Hz), suggesting a high elasticity of
the solution. There is no crossover point between G’ and G”
as a function of frequency for all the emulsions except for
the emulsions stabilized by pure CNC and SPI. A crossover
point at a frequency of around 7 Hz was observed for both
the emulsions, demonstrating less elastic behavior when a
single biopolymer was used as the stabilizer. Higher sto-
rage modulus could provide excellent creaming stability
due to the droplet flocculation [43], higher internal rheo-
logical resistance, and emulsion stability [44]. This indi-
cates that CNC—SPI nanoconjugates can be absorbed in the
O/W interface to favor forming a 3-D network structure
with enhanced interfacial viscoelasticity.

Similarly, CNC—-SPI nanoconjugates with the highest
SPI content exhibited the most significant increment in

the storage modulus, indicating a greater solid-like struc-
ture. Materials with a higher storage modulus have a
stronger recovery force, thus, having more resistance
against deformation [42]. This could be due to the lower
surface repulsive force between the materials expressed
by the lower zeta potential (Figure 3a). Thus, the choice
of stabilizer with different protein to polysaccharide ratios
would be critical to generate O/W Pickering emulsion with
the required viscoelasticity as displayed by the ratio-
dependent surface properties of the nanoconjugate.

4 Conclusion

This study investigated the stability and rheological pro-
perties of Pickering emulsion stabilized by CNC—SPI nano-
conjugates with different SPI contents. The conjugation
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efficiency of SPI onto CNC was reduced with an increase in
SPI to CNC weight ratio due to the possible insufficient
anchoring sites on the CNC template. It was found that
the interactions between CNC and SPI increased the par-
ticle size, reduced the surface charges, increased the sur-
face hydrophobicity, and improved the thermal stability
of the nanoconjugates compared to pristine CNC. The
Pickering emulsions stabilized by CNC-SPI1 displayed
higher physical stability, with monomodal size distribu-
tion and enhanced emulsifying activity indicated by higher
EAI and ESI values. Before emulsification, the US pre-treat-
ment on the nanoconjugates also significantly reduced the
size of resultant Pickering emulsions to better-dispersed
nanoconjugates in the continuous phase and minimized
self-aggregation. For the rheological assessment, emulsions
stabilized with CNC-SPI nanoconjugates with the highest
SPI content showed the highest viscosity, and the viscosity
decreased with an increased shear rate. In addition, all the
emulsions exhibited higher storage modulus (G’) than loss
modulus (G”), indicating the high elastic properties of emul-
sions, resulting in higher emulsion stability. A proper SPI to
CNC ratio as the stabilizer is crucial for forming emulsion to
obtain the desired viscoelastic characteristics. An in-depth
study about the molecular interaction of CNC and SPI on the
liquid-liquid interface could be explored further to demon-
strate the efficacy of using a stabilizer with combined bio-
polymers. This study provides valuable information on the
physical stability and rheological properties of Pickering
emulsions stabilized by the hybrid protein—polysaccharide
nanoconjugate system. It is believed that it may be applied
to improve the quality of relevant emulsion products.
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