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sulation in Pickering emulsions co-
stabilized by starch nanoparticles and chitin
nanofibers

Yeong-Sheng Lee,a Rodrigo Tartéb and Nuria C. Acevedo *b

This study examined the stability and release of curcumin encapsulated in Pickering emulsions stabilized by

starch nanoparticles and chitin nanofibers under different conditions. Curcumin stability under UV exposure

and the release of curcumin from Pickering emulsions in excess water were evaluated over 24 h; while the

storage stability of curcumin was assessed over 16 d. The amount of curcumin remaining in the emulsions

was quantified spectrophotometrically to characterize its stability and kinetics of release. The progress of

lipid oxidation was also monitored by determining peroxide (PV) and p-anisidine (AV) values. The results

of passive release measurements indicated over 60% of curcumin was retained after 24 h. SNP/ChF-

stabilized Pickering emulsions showed approximately 50% and 45% of curcumin retention upon 16 d of

storage and under UV exposure, respectively. Moreover, significant improvement in the curcumin

retention was found when higher concentrations of both solid nanoparticles were used. The degradation

kinetics of curcumin over storage time and under UV exposure were found to follow first order kinetics.

When both emulsifiers were doubled (C4S2), shelf-life was extended to longer than 60 d (AV < 10). This

study provides a promising approach to protect encapsulated curcumin, which could potentially be used

in functional food products with extended shelf-life.
1. Introduction

Curcumin is a natural polyphenolic compound with many
biological and pharmacological activities including anti-
inammatory, antioxidant, anticarcinogenic, antimutagenic
and anticoagulant, among others.1–5 Curcumin is safe for
human consumption at higher doses (8–12 g day�1) than those
needed to trigger health benets.6–8 These characteristics have
motivated researchers to study the possibility of using curcu-
min as an ingredient in functional food products. However,
delivering curcumin to the body has always been a challenge
due to its poor solubility in water, rapid metabolic degradation,
and rapid elimination from the body.9 Curcumin can be
degraded when exposed to UV light through the process of
photochemical degradation.10

In recent years, much research has been conducted
exploring the ability of different systems to protect bioactive
compounds and its delivery efficiency.11,12 Due to the excellent
stability and scarce safety concerns of Pickering emulsions, they
have been considered as ideal candidates to protect and deliver
curcumin.13 In Pickering emulsions, the presence of a dense
physical barrier at the interface can hinder curcumin
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degradation. Tikekar et al. found that a larger amount of cur-
cumin is retained when encapsulated in Pickering emulsions
when compared to water.14 Additionally, different aspects of
encapsulation of curcumin in Pickering emulsions have been
studied, such as photostability, oxidative stability, delivery
efficiency, and release of bioactive ingredients.14,15

Among all the Pickering stabilizers, starch nanoparticles
have received considerable attention, as they stabilize emul-
sions by forming a 3-D structure to inhibit the upward move-
ment of droplets.16–17 On the other hand, chitin has shown to
have a large impact on emulsion stability. For instance, Zhang
et al. found that low concentration of regenerated chitin
nanobers could produce stable emulsions;18 furthermore Zhu
et al. effectively prepared high-internal-phase Pickering emul-
sion using chitin nanobers.19 Even though a great deal of work
has been performed on the use of starch or chitin nanoparticles
to stabilize Pickering emulsions in an effort to deliver bioactive
ingredients,20–23 the combined use of these nanoparticles to
stabilize emulsions as potential delivery system remains largely
unexplored.

In a previous work, we demonstrated that the combination of
1% w/v starch nanoparticles (SNPs) and 0.2% w/v chitin nano-
bers (ChFs) have a synergistic effect on the physical stabiliza-
tion of emulsions (Lee, Tarté, & Acevedo, Food Chemistry,
submitted). This work focuses on studying encapsulation
ability, chemical stability and in vitro release of curcumin using
SNP/ChF-stabilized Pickering emulsions. Therefore, in the
RSC Adv., 2021, 11, 16275–16284 | 16275
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current study, we prepared and optimized SNP/ChF-stabilized
Pickering emulsions in an attempt to determine their suit-
ability as a curcumin delivery system.
2. Materials and methods
2.1. Materials

Waxy corn starch (Novation® Prima 350) was generously
provided by Ingredion Incorporated (Westchester, IL, United
States), and soybean oil was donated by ADM (Chicago, IL,
United States). Chitin powder (from shrimp shells, practical
grade, white to brown powder) was purchased from Thermo
Fisher Scientic (Waltham, MA, United States), and n-Octenyl
Succinic Anhydride (OSA) powder (95% purity, 147 �C ash
point) was obtained from TCI America (Portland, OR, United
States). Curcumin (mixture of curcumin, demethoxycurcumin,
and bisdemethoxycurcumin, 98% assay, 183 �C melting point)
was purchased from ACROS Organics (Fair Lawn, NJ, United
States). All chemicals used were of analytical grade and
commercially available.
2.2. Preparation of starch nanoparticles

Starch nanoparticles were prepared according to the method
reported previously (Lee et al., Food Chemistry, submitted).
Briey, 4 g of waxy maize starch powder were dispersed in
200 mL of water and gelatinized at 100 �C for 30 min. The starch
solution was cooled to 20 �C, ethanol was poured slowly into the
starch solution, and the mixture subsequently centrifuged at
3000�g. The supernatant was discarded, and the precipitate
was le in the hood overnight (to allow for the ethanol to
evaporate) and freeze-dried. The dried starch was modied
chemically with 3% w/v octenyl succinic anhydride (OSA) to
increase its hydrophobicity, as previously described.24 The
process was followed by centrifuging the suspension at 3000�g
for 10 min. Aer removal of the supernatant, the modied
starch was freeze-dried for further experiments.
2.3. Preparation of chitin nanobers

The preparation of the chitin nanobers was adapted from
previous work (Lee et al., Food Chem., submitted). Briey, 20 g of
chitin powder was incubated in 200 mL of 1 M NaOH and 1 M
HCl to remove the residual protein and calcium carbonate. The
pellets were washed with water until a constant pH (�4.2) is
reached. Puried chitin was stored at �20 �C overnight and
freeze-dried for subsequent storage. Three g of puried chitin
were wetted with water and mixed with 150 mL of phosphoric
acid in a shaking bath for 12 h to form a clear solution. Aer-
ward, 750 mL of water was added to dilute the chitin suspen-
sions to obtain a milky dispersion, followed by centrifugation at
17 000�g (Beckman Coulter J-20 XPI, Indianapolis IN, USA) for
15 min. Aer the supernatant was removed, the pellets were
dialyzed with water until a constant pH value (�4.2). The
concentration of chitin in the nal dispersion was gravimetri-
cally determined to be 1.0% w/v.
16276 | RSC Adv., 2021, 11, 16275–16284
2.4. Curcumin–oil blend preparation

Curcumin was added to soybean oil at a level of 1000 mg mL�1,
mixed at 75 �C and stirred for 30 min. A preliminary study to
determine the effects of heat and sonication treatment on cur-
cumin solubility in oil was performed. Curcumin–oil blends
were prepared in two batches: with and without 2 min sonica-
tion. The sonication treatment was performed with a probe with
a 1.27 cm diameter at 35% pressure amplitude for 2 min (Sonics
and Materials VC-750, Newtown, CT, USA). In order to control
the temperature during the sonication process, a double-walled
cylindrical chamber with a circulating coolant uid through
a jacket was used. Each batch was divided into portions andmixed
at 25 �C, 50 �C, and 75 �C for 120 min. The concentration of cur-
cumin in oil was measured every 30 min as shown in Table 1.

At each time, an aliquot of the curcumin–oil blend was
separated and centrifuged at 13 200�g for 10 min to separate
the undissolved curcumin. The undissolved curcumin was
precipitated, and the supernatant was collected for measure-
ment. A volume of 0.50 mL of the curcumin–oil blend was
added to 4.50 mL of methanol to mimic the oil fraction used in
emulsion preparation. With the proper dilution, 200 mL of the
blend was mixed with 1.2 mL of methanol, and the absorbance
was measured at 425 nm using a UV-Vis spectrophotometer
(Thermo Fisher Scientic GEN10S Vis, Madison WI, USA).25 The
following calibration curve was developed: absorbance¼ 0.0405
� curcumin [microgram mL�1] � 0.0384 (R2 ¼ 0.96). The initial
concentration of curcumin in soybean oil, when heated at 75 �C
with sonication, was found to be the highest, 368 mg mL�1

(Table 1). Despite the sonication treatment being an effective
method to improve the dissolution of curcumin in oil, a rancid
aroma was perceived in all sonicated curcumin–oil blends,
which is undesirable. As a result, heating at 75 �C for 30 min
without sonication was selected as the standard method to
dissolve curcumin in oil (335 mg mL�1, Table 1).
2.5. Preparation of oil-in-water emulsion

Chitin solution was diluted to concentrations of: 0.2% w/v and
0.4% w/v. Modied starch (1–2% w/v) was added to the chitin
solution, followed by the addition of curcumin–oil blend to
form a 10% oil-in-water Pickering emulsion. The mixture was
emulsied using a high-shear mixer at 22 000 rpm for 2 min.
The emulsions were prepared with different concentrations of
ChFs and SNPs, as described in Table 2. The emulsions were
termed according to the concentrations of nanoparticles used
for their stabilization. For instance, sample C2S1 contains 0.2%
w/v ChFs and 1% w/v SNPs. and A curcumin–oil blend was
evaluated as control to determine the degradation rate of cur-
cumin when it is not under protection. The formulations of the
CSNP/ChF-stabilized Pickering emulsions in this work were
selected according to the results reported in our previous work.
The smallest droplet sizes and highest EI values upon storage
were observed in emulsions stabilized with 0.2% ChFs and 1.0%
of SNPs (C2S1samples) (Lee et al., Food Chem., submitted).
Higher concentrations of solid nanoparticles were chosen in
this study to investigate if encapsulation ability of the emulsion
system could be further improved.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Changes in the concentration of curcumin dissolved in oil with or without sonicationwhen subjected to different temperatures. 1000 mg
of curcumin was initially added to 1 mL of soybean oil

Temperature (�C) Sonication treatment Treatment time (min) Concentration (mg mL�1 oil)

25 No 0 130.62 � 1.75
30 170.12 � 12.22
60 202.22 � 8.73
90 219.51 � 5.24
120 163.95 � 5.98

Yes 0 140.49 � 1.75
30 171.36 � 0.01
60 224.44 � 8.73
90 217.04 � 15.71
120 167.65 � 1.75

50 No 0 154.07 � 17.46
30 230.62 � 45.39
60 246.67 � 33.17
90 324.44 � 6.98
120 240.49 � 0.01

Yes 0 188.64 � 41.90
30 218.27 � 52.38
60 273.83 � 8.73
90 304.69 � 0.01
120 267.65 � 0.01

75 No 0 242.96 � 3.49
30 335.56 � 12.22
60 257.78 � 8.73
90 321.98 � 13.97
120 270.12 � 0.01

Yes 0 215.80 � 3.49
30 367.65 � 40.15
60 275.06 � 0.01
90 336.79 � 0.01
120 302.22 � 0.01
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2.6. Characterization of curcumin concentration in SNP/
ChF-stabilized Pickering emulsions

2.6.1. Measurement of retained curcumin in the systems.
To be able to measure retained curcumin, methanol was used to
break the emulsions. 200 mL of the emulsion sample were added
to 1 mL of methanol and centrifuged at 13 200�g for 10 min in
order to remove the solid nanoparticles.14 The absorbance of the
remained curcumin was measured as described in Section 2.4.
The residual curcumin level was obtained as:

%CR ¼ C

C0

� 100 (1)

where,C¼ quantity of curcumin (mg) at any designated time point
during UV radiation, C0 ¼ initial quantity of curcumin (mg).
Table 2 Formations of Pickering emulsions

Sample ChFs concentration (%) SNPs con

Bulk oil — —
Control 0.2 1.0
C2S1 0.2 1.0
C2S2 0.2 2.0
C4S1 0.4 1.0
C4S2 0.4 2.0

© 2021 The Author(s). Published by the Royal Society of Chemistry
At least three replicates were analyzed and the results are
shown as the average � standard deviation.

2.6.2. Microscopic observations of Pickering emulsions.
Emulsions were observed under an optical microscope (BX53,
Olympus Corporation, Canter Valley, PA, USA) connected to
a digital color video camera (QImagingMicropublisher, Surrey, BC,
Canada) and CellSens Dimension soware (Olympus Corporation,
Center Valley, PA, USA). A drop of the sample was carefully placed
over a glass slide and covered with a glass coverslip. All observa-
tions were obtained using a 40� objective lens at room tempera-
ture. Additionally, auto-exposure of the video camera was used to
obtain the images. During each microscopic observation, at least
ve images from each replicate were taken and analyzed. All the
observations were carried out at room temperature.
centration (%) Curcumin concentration (mg mL�1 oil)

335
0
335
335
335
335

RSC Adv., 2021, 11, 16275–16284 | 16277
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2.7. Release of curcumin from the Pickering emulsions in
excess water

Release of curcumin was measured based on the decrease in
curcumin concentration in the emulsions as a function of time
during dialysis in excess water. 10 mL of the Pickering emul-
sions encapsulating curcumin were placed in a presoaked
dialysis cassette (molecular weight cut off 3500 Da). This dial-
ysis cassette was placed in a 1 L of distilled water at room
temperature. Water in the dialysis system was replaced with
freshwater aer every measurement to maintain a relatively
constant concentration gradient across the dialysis membrane.
Aer denite time intervals (0, 1, 2, 3, 6, 9, 12, and 24 h), 200 mL
of the emulsion samples were collected, and curcumin
concentration encapsulated in the emulsion sample was
measured as described in Section 2.6.1.

2.8. Storage stability of curcumin in the Pickering emulsion

Curcumin stability in SNP/ChF-stabilized Pickering emulsions
was measured as a function of storage time. Emulsions were
stored in the dark at 20 �C for 16 d. Aer determined time
intervals (0, 1, 2, 3, 4, 6, 8, 10, 12, 14, and 16 d), curcumin
concentration in the emulsions was measured as described
earlier in Section 2.6.1.

2.9. Stability of encapsulated curcumin in emulsions against
ultraviolet (UV) light exposure

The curcumin–oil blend and SNP/ChF-stabilized Pickering
emulsions were exposed to UV radiation (6 W, 365 nm) via a UV
lamp in a lightproof cabinet. The remaining curcumin
concentration in the emulsions was measured at t¼ 0, 1, 2, 3, 6,
9, 12, and 24 h of irradiation. At the designated time points, 200
mL of the sample were collected for measurement according to
the procedure explained in Section 2.6.1.

2.10. Degradation kinetics of curcumin

Zero-, rst-, and second-order models were used to characterize
the degradation kinetics of curcumin under different condi-
tions. R2 values were obtained to determine the quality and the
best t.

The zero-, rst- and second-order kinetics models are
dened respectively as:

mt ¼ mb + k0t (2)

ln(m0 � mt) ¼ ln(m0) � k1t (3)

1

ðm0 �mtÞ ¼
1

m0

� k2t (4)

where, mt ¼ quantity of the curcumin released (mg) over time t,
mb ¼ quantity of the curcumin solution before release (mg; it is
usually 0), k0 ¼ zero-order release rate constant (mg d�1 & mg
h�1); k1 ¼ rst-order rate constant (d�1 & h�1); k2 ¼ second-
order rate constant [(mg d)�1 & (mg h)�1]; and t ¼ time (d & h).

Additionally, the half time (t1/2), which is the time necessary
for curcumin quantity to decrease to 50% of its initial concen-
tration, was calculated as:
16278 | RSC Adv., 2021, 11, 16275–16284
t1/2 ¼ �ln(0.5) � k�1 (5)

The decimal reduction time (D value), which is the time
necessary for the curcumin concentration to decrease by 90%,
was calculated as:

D ¼ ln 10 � k�1 (6)

where, k ¼ reaction rate constant.

2.11. Lipid oxidation measurements of Pickering emulsions

The prepared emulsions were placed into glass vials, sealed
hermetically, covered with aluminum foil and placed in an oven
at 45 �C for 60 d. Aliquots were withdrawn periodically to
measure oxidation products. As our previous work showed that
emulsions stabilized by 0.2% ChFs and 1% SNPs were stable
(Lee et al., Food Chem., submitted), this emulsion formulation
was used as control. The effect of curcumin on the lipid
oxidation was determined by comparing the control and the
C2S1 sample. Higher concentrations of solid nanoparticles were
used to investigate if the lipid oxidation can be further reduced.

2.11.1. Peroxide value (PV) determination. Primary oxida-
tion product was determined by the peroxide value (PV)
method, according to Shantha & Decker with modications.26

Briey, 200 mL of Pickering emulsions were mixed with 1 mL of
2-propanol/isooctane (1 : 3, v/v) solvent mixture, vortexed for
30 s, and centrifuged at 10 000�g for 5 min. Aer that, 200 mL of
the organic phase (transparent upper solvent layer) were added
to 2.8 mL of methanol/1-butanol mixture (2 : 1, v/v) and 30 mL of
thiocyanate/ferrous iron solution. The thiocyanate/ferrous iron
solution was prepared by mixing 15 mL of 3.94 M NH4SCN
(ammonium thiocyanate solution) and 15 mL of Fe2+ (ferrous
iron solution). The ferrous iron solution was obtained from the
supernatant of a mixture of 25 mL BaCl2 solution (0.13 M of
BaCl2 in 0.4 M HCl) and 25 mL of 0.144 M FeSO4 solution. Aer
each addition, the reaction tubes were vortexed for a few
seconds and kept in dark conditions for 20 min. Aerward, the
absorbance of the obtained solutions was measured at 510 nm
using a UV-visible spectrophotometer (Thermo Scientic Gen-
esys 10S Vis, Madison WI, USA). The measurements were per-
formed in triplicate for all samples, and the average � STD are
reported.

2.11.2. p-Anisidine value (AV) determination. Secondary
products of lipid oxidation were measured using the p-anisidine
value (AV) method (AOCS) CD 18-90 (1998). This method is
based on the reaction of p-anisidine with unsaturated alde-
hydes, resulting in the formation of a yellowish product that
absorbs at wavelength 350 nm. The AV values were calculated
using the method described in AOCS CD 18-90 (1998):

AV ¼ 25ð1:2A2 � A1Þ
m

(7)

where, m ¼ mass of the sample (g).

2.12. Statistical analysis

Statistical analysis was performed using a one-way analysis of
variance (ANOVA) procedure with JMP Pro version 13.0
© 2021 The Author(s). Published by the Royal Society of Chemistry
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statistical analysis soware (SAS Institute, Cary, NC, USA), and
the differences between themeans of the trials were determined
by using Tukey's honest signicant difference (HSD) test (P <
0.05). All samples were prepared in three replicates and
analyzed, and the results are presented as the mean � standard
deviation.
3. Results
3.1. Release proles of encapsulated curcumin from the
Pickering emulsions in excess water

The release proles over 24 h incubation in water of curcumin
encapsulated in SNP/ChF-stabilized Pickering emulsions are
shown in Fig. 1.

An initial steady and signicant release of curcumin as
a function of incubation time was observed in the curcumin–oil
blend. When curcumin is not encapsulated in SNP/ChF-
stabilized Pickering emulsions (curcumin–oil blend), approxi-
mately 40% of curcumin was lost in the rst 2 h, and 90% of
curcumin was released aer 24 h incubation time. When the
emulsion system was used to encapsulate curcumin (C2S1), its
retention was signicantly improved, only 35% of curcumin was
released aer 9 h. Interestingly, our results showed a steady
decrease in the percent of residual curcumin during the rst 9 h,
followed by a stabilization and plateau at longer times. Different
studies have previously reported that about 25–50% of curcumin
was lost in excess water within 8 h.27–30 These results supported our
ndings and suggested that C2S1 has similar encapsulation and
retention efficiency as those reported for other systems.

Similar results to those for C2S1 were observed in C2S2 and
C4S1, which implies that an increase in either solid nano-
particles (SNPs or ChFs) does not signicantly improve the
curcumin retention in excess water. Nevertheless, it is note-
worthy that doubling the concentrations of both solid nano-
particles (C4S2) signicantly improved the curcumin retention
when compared to C2S1. In C4S2, 80% of curcumin remained
encapsulated aer 9 h, while 75% of curcumin was successfully
retained aer 24 h. Furthermore, this system seems to have
superior performance than previously reported similar emul-
sion systems.27–30
Fig. 1 Release profiles of curcumin from curcumin–oil blend and
SNP/ChF-stabilized Pickering emulsions over 24 hours of storage in
excess water. Data points represent the average � standard deviation
(n ¼ 3).

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2. Storage stability of curcumin in the Pickering emulsions

The preservation of curcumin in a curcumin–oil blend and SNP/
ChF-stabilized Pickering emulsions as a function of time at
20 �C under dark conditions is depicted in Fig. 2A. In the cur-
cumin–oil blend (not encapsulation), approximately half of the
curcumin was degraded aer 6 d of storage and only 20% of
curcumin remained aer 16 d. A signicant improvement in
curcumin stability was observed when SNP/ChF-stabilized
Pickering emulsions were used to protect curcumin. In C2S1,
the percent residual curcumin that remained in the system aer
16 d storage was approximately 50%, which is close to 2.5 times
higher than the amount of curcumin remaining in the curcu-
min–oil blend. These results are supported by previous works
where emulsions were stabilized by a combination of two
different particles including chitosan-gum arabic nano-
particles, carboxymethyl cellulose-cationic chitosan nano-
particles or milled starch nanoparticles. The aforementioned
studies reported approximately 10% curcumin degradation
aer 24 hours storage.31–33 Nevertheless, the mentioned emul-
sions systems showed a shorter curcumin half-life (50% cur-
cumin degradation) when compared to C2S1 which suggested
emulsions stabilized by ChFs/SNPs show advantage in curcu-
min encapsulation. Notably, the % residual curcumin is also
much higher in these SNP/ChF-stabilized Pickering emulsion
Fig. 2 Residual curcumin level of curcumin–oil blend and Pickering
emulsions stabilized by different concentrations of solid nanoparticles
(A) during 16 days of storage at 20 �C under dark conditions; (B) under
UV exposure for 24 h. Data points represent the average � standard
deviation (n ¼ 3).
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compared to other encapsulation systems previously studied.
For instance, about 80% of curcumin was retained aer 24 h when
curcumin was protected by starch granules.34 Moreover, studies
have shown that approximately 40% of curcumin was usually
retained aer 24 h of storage bymany encapsulation systems, such
as by sodium dodecyl sulfate micelles and liposomes.35,36

Furthermore, chitosan-tripolyphosphate-nanoparticles-stabilized
Pickering emulsions were reported to have a half-life of 5 d.37

Comparatively, SNP/ChFs-stabilized Pickering emulsions showed
to have a curcumin extended half-life (16 d) and thus, they are
more effective in encapsulating curcumin.

The results indicate that no signicant difference (P < 0.05)
on the percentage of residual curcumin was observed when
either solid nanoparticles was increased from C2S1 (C2S2 and
C4S1). This observation indicates that doubling the amount of
one type of solid nanoparticle was not enough to have a signif-
icant improvement on curcumin retention. By doubling the
concentrations of both solid nanoparticles (C4S2), the retention
of curcumin was signicantly improved to approximately 70%
aer 24 h, which is about 3.5 and 1.3 times higher than the
curcumin–oil blend and C2S1, respectively. This phenomenon
could be attributed to the high concentrations of solid nano-
particles, which formed a denser layer at the water–oil interface
and thus prevented the interaction between pro-oxidants and
curcumin.38
3.3. Stability of encapsulated curcumin upon ultraviolet
(UV) light exposure

Pickering emulsions have been proven to be a promising
approach to deliver sensitive compounds in the nutraceuticals
eld.39 Optimized SNP/ChF-stabilized Pickering emulsions were
used to evaluate their ability to protect curcumin when sub-
jected to UV irradiation. The residual curcumin concentration
as a function of irradiation time is shown in Fig. 2B.

When curcumin–oil blend was exposed to UV radiation, the
degradation was maximal as UV induced about 50% degrada-
tion of curcumin upon 9 h of UV exposure and only 20% of
curcumin remained aer 24 h. Under these conditions, the
energy transmitted to curcumin was maximum, and thus, the
degradation rate was the highest. The energy gained from the
UV light broke down the carbonyl groups of curcumin and,
quickly, oxidized the intermediates (ferulic aldehydes) to ferulic
acid, vanillin, or vanillin acid.40,41 In the case of encapsulated
curcumin, curcumin stability against UV radiation was signi-
cantly improved. For example, in the C2S1 sample, approxi-
mately 70% of curcumin was retained aer 9 h of radiation,
which is 2.5 times more than in the bulk oil, while approxi-
mately 45% of curcumin remained aer 24 h. This is because in
these emulsions, the solid nanoparticles loaded at the interface
are able to shelter the curcumin-containing oil droplets from
direct contact with UV light; as a result, the curcumin degra-
dation is signicantly reduced.42

Previous works studied the UV stability of curcumin encap-
sulated on Pickering emulsion systems under similar or less
severe irradiation conditions and found that Pickering emul-
sions stabilized by karin nanoparticles and Tween-80 retained
16280 | RSC Adv., 2021, 11, 16275–16284
about 60% and 50% of curcumin aer 270 min of UV expo-
sure.43 Another study reported that in ovotransferrin bril-
stabilized Pickering emulsions, about 40% of curcumin was
lost aer 12 h of UV irradiation.44 Hence, SNP/ChF-stabilized
Pickering emulsions seem to be a more efficient system to
protect curcumin from UV degradation.

To determine if the stability of encapsulated curcumin can
further be improved, SNPs and/or ChFs amounts were doubled
and the Pickering emulsions were analyzed (Fig. 2B). The results
agreed with our previous discussions that duplicating the
concentration of either SNPs (C2S2) or ChFs (C4S1) did not lead
to a signicant improvement from C2S1 in curcumin stability (p
< 0.05) upon UV exposure. On the other hand, aer 24 hours of
UV light exposure, C4S2 retained the highest amount of cur-
cumin (approximately 50%). This indicates that both solid
nanoparticles needed to be doubled in order to signicantly
increase the curcumin retention. This observation suggests
that, as discussed in previously, a thicker barrier at the oil–water
interface reduces the amount of curcumin that can be degraded
by UV light.
3.4. Curcumin degradation kinetics

The analysis of the degradation kinetics of curcumin in SNP/
ChF-stabilized Pickering emulsions using the zero, rst and
second kinetic mathematical models are shown in Tables 3 and
4. Analysis of the data showed that the curcumin retention
results during storage and UV exposure was tted best by the
rst-order kinetic model with the highest regression coeffi-
cients (R > 0.923).

The degradation kinetics parameters of curcumin in curcu-
min–oil blend and SNP/ChF-stabilized Pickering emulsions
over 16 d of storage under dark conditions (Table 3) indicate
that the degradation rate of curcumin in C2S1 is half the value
of the curcumin–oil blend. In addition, C2S1 showed that the
half-life could be extended from 13 d to 28 d, while the time
required for 90% of the curcumin to be degraded was increased
to 3 months.; i.e., 48 d longer than for the curcumin–oil blend.
When either of the Pickering stabilizers was doubled (samples
C2S2 and C4S1), no signicant differences were found in the
kinetic values, half-life, and D-value. However, by comparing
both samples (C2S2 and C4S1) to C2S1, a 3 day extension in
half-life was observed. Additionally, the time required for 90%
of curcumin in C2S2 and C4S1 to be degraded increased to
approximately 103 d, about 10 d longer than for C2S1. Even
though �31 d of half-life and �101 d of D-value is an
improvement on curcumin stability relative to the curcumin–oil
blend, it might not be enough for the food industry. Hence, by
simultaneously doubling the concentrations of both solid
nanoparticles (C4S2), the degradation rate was found to be the
lowest, while the half-life and D-value were remarkably
extended by 50% (P < 0.05). This implies that doubling the
concentrations of both stabilizers can positively affect the
stability of the encapsulated curcumin.

Table 4 presents the kinetic parameters of curcumin stability
when exposed to UV radiation. As expected from the previous
results, the curcumin degradation rate was the highest when it
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Kinetic parameters of curcumin degradation over 16 days of storage time in bulk soybean oil and in SNP/ChF-stabilized Pickering
emulsions when analyzed with different kinetic models: reaction rate coefficient (k), correlation coefficient (R2), half-life (T0.5) and D-value of
degradation

Kinetic model Kinetic parameters Oil C2S1 C2S2 C4S1 C4S2

Zero order k0 � 10�1 (mg d�1) 1.25 � 0.04 0.54 � 0.06 0.44 � 0.01 0.44 � 0.02 0.35 � 0.01
R2 0.8964 0.9624 0.9484 0.9788 0.9324
t0.5 (d) 5.55 � 0.18 12.92 � 1.54 15.61 � 0.42 15.70 � 0.85 19.75 � 0.30
D value (d) 18.44 � 0.58 42.91 � 5.11 51.85 � 1.41 52.16 � 2.84 65.61 � 1.00

First order k1 � 10�2 (d�1) 5.09 � 0.04 2.50 � 0.35 2.27 � 0.06 2.20 � 0.11 1.51 � 0.02
R2 0.9427 0.9799 0.9536 0.9786 0.9304
t0.5 (d) 13.62 � 0.11 28.05 � 3.90 30.50 � 0.77 31.61 � 1.64 45.81 � 0.63
D value (d) 45.24 � 0.38 93.19 � 12.94 101.33 � 2.56 105.02 � 5.46 152.17 � 2.11

Second order k2 � 10�2 (mg d�1) 2.17 � 0.03 1.17 � 0.19 1.18 � 0.07 1.10 � 0.06 0.66 � 0.01
R2 0.9371 0.9657 0.9212 0.9755 0.9135
t0.5 (d) 31.94 � 0.42 60.31 � 9.88 59.04 � 3.51 62.95 � 3.43 105.58 � 1.84
D value (d) 106.12 � 1.38 200.34 � 32.83 196.14 � 11.66 209.11 � 11.40 350.72 � 6.11

Best t First order
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was not protected from UV degradation. When curcumin was
encapsulated in Pickering emulsions (C2S1), a 40% of reduction
in degradation rate was noticed when compared to the curcu-
min–oil blend. As a result, a 14 h extension in the half-life was
shown in C2S1 emulsions compared to the curcumin–oil blend
(�13 h); i.e., in C2S1 emulsions, �27 h of UV exposure time is
required to degrade 50% of curcumin. Furthermore, the time
required to degrade 90% of the curcumin was extended by 33 h
in the comparison with the curcumin–oil blend. Although the
degradation rates in C2S2 and C4S1 decreased �1.25 times,
while the half-life and D-value were increased �1.25 times in
comparison to C2S1, no signicant differences were found (P <
0.05). This observation indicates that doubling the concentra-
tions of either solid nanoparticle did not have a signicant
impact on the curcumin protection. As previously discussed
(Fig. 2B), the protective effect of the emulsion system on cur-
cumin was found to be the highest with the synchronized two-
fold increase from the C2S1 of both solid nanoparticles. The
degradation rate was found to be the lowest (P < 0.05) and the
half-life and D-value were further extended �3.5 times as
compared to the curcumin–oil blend. As previously stated, this
phenomenon can be explained by the superior droplet coverage
that reduces the interaction between UV light and curcumin.
Table 4 Kinetic parameters of curcumin degradation occurred under U
rate coefficient (k), correlation coefficient (R2), half-life (T0.5) and D-valu

Kinetic model Kinetic parameters Oil C2S1

Zero order k0 � 10�1 (mg h�1) 3.77 � 0.06 0.99 �
R2 0.8591 0.9340
t0.5 (h) 1.84 � 0.03 7.33 �
D value (h) 6.12 � 0.09 24.34 �

First order k1 � 10�2 (h�1) 5.28 � 0.23 2.54 �
R2 0.9675 0.9433
t0.5 (h) 13.15 � 0.58 27.42 �
D value (h) 43.69 � 1.93 91.09 �

Second order k2 � 10�3 (mg h�1) 8.20 � 0.85 6.05 �
R2 0.9631 0.9007
t0.5 (h) 84.99 � 8.79 114.64
D value (h) 282.31 � 29.21 380.83

Best t First order

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.5. Microstructure of SNP/ChF-stabilized Pickering
emulsions

The optical microscopic analysis showed the presence of coa-
lescence in most of SNP/ChF-stabilized Pickering emulsions
over 16 d (storage stability), as shown in Fig. 3. The inserts show
the visual appearance of the emulsions. The overall droplet
sizes and degree of coalescence of emulsions slightly increased
over 16 d of storage. Nevertheless, the C4S2 was the exception as it
showed excellent storage stability, as evidenced byminimal degree
of coalescence, and unaffected droplet size aer 16 d of storage.
These ndings are consistent with our previous work where Pick-
ering emulsions stabilized by 0.2% w/v of ChFs and 1% w/v of
SNPs (C2S1) was stable up to 28 d of storage (P < 0.05) (Lee et al.,
Food Chem., submitted). In addition, observation of the micro-
scopic appearance and the yellow intensity of the prepared emul-
sions suggested that SNP/ChF-stabilized Pickering emulsions
could be a candidate to provide excellent protection on the cur-
cumin, as each sample remained similar aer 16 d.
3.6. Oxidative stability

Lipid oxidation is the leading cause of deterioration of food
quality, leading to rancidity and shortening of shelf life.
V light exposure when analyzed with different kinetic models: reaction
e of degradation

C2S2 C4S1 C4S2

0.20 0.39 � 0.01 0.42 � 0.08 0.35 � 0.02
0.9416 0.9737 0.9137

2.11 17.71 � 0.10 16.87 � 3.22 19.82 � 1.05
7.00 58.82 � 0.32 56.04 � 10.70 65.85 � 3.49

0.19 2.09 � 0.06 1.99 � 0.25 1.45 � 0.01
0.9698 0.9841 0.9273

2.07 33.26 � 1.02 35.19 � 4.39 47.80 � 0.33
6.86 110.49 � 3.37 116.91 � 14.58 158.80 � 1.10

0.21 9.87 � 2.34 9.55 � 0.50 6.03 � 0.3
0.9467 0.9681 0.9070

� 4.02 61.97 � 3.13 72.68 � 3.77 115.02 � 4.76
� 13.35 205.85 � 10.40 241.43 � 12.51 382.08 � 15.82

RSC Adv., 2021, 11, 16275–16284 | 16281
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Fig. 3 Representative optical micrographs of SNP/ChF-stabilized
Pickering emulsions over 16 days of storage at room temperature.
Insets are the glass vials that show the appearance looks of emulsions.
All samples were kept under dark conditions without exposure to light.
The scale bar is 50 mm.
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Oxidation affects all signicant components in foods; however,
carbohydrate is less sensitive as compared to lipid and
protein.45 In order to investigate the impacts of concentrations
of solid nanoparticles and curcumin on the oxidative stability of
the oil, the progress of lipid oxidation was monitored for 60 d.

According to Fig. 4, lipid oxidation was signicantly affected
by the solid nanoparticle content used to stabilize the emul-
sions. Fig. 4A and B shows PV and AV values of the emulsions,
respectively. PV and AV for emulsions that contained curcumin
were lower than for the control (emulsion without curcumin).
This indicated that curcumin is able to reduce the formation of
hydroperoxides, which participate as reactants for the produc-
tion of aldehydes.46 In addition, chitin can act as antioxidant to
reduce the progress of lipid oxidation.47 It is possible that with
the increased amounts of solid nanoparticles, ChFs that were
not absorbed to the interphase may locate in the aqueous phase
Fig. 4 Progress of hydroperoxide concentration (A) and p-anisidine value
the left shows hydroperoxide concentration (primary products), while the
points represent the average � standard deviation (n ¼ 3). The error bar

16282 | RSC Adv., 2021, 11, 16275–16284
and play a role delaying oxidation. As shown in Fig. 4A, the PV
values for all samples were below 10 mEq/kg oil, which is the
limit commonly used to indicate oxidation of oil.48,49 The results
suggest that all samples were not considerably oxidized.

Furthermore, AV of 10 is the standard used in the industry to
determine good quality of an edible oil.50 In this experiment, the
control and C2S1 samples exceeded AV values of 10 on day 36,
indicating that both emulsions were oxidized (Fig. 4B). Despite
having high AV values, the C2S1 sample showed lower AV values
than the control even aer 60 d of storage under 45 �C storage (P
< 0.05). The difference in the AV values between the C2S1 and
the control shows the antioxidant effect of curcumin. In addi-
tion, our results suggest that the combined use of multiple solid
nanoparticles exerted a positive impact against oxidation. In
a previous study, Kargar et al. reported in sodium-caseinate-
stabilized Pickering emulsions, hydroperoxide concentrations
and AV values of approximately 8 mM and 2.5, respectively, aer
7 d of storage at 45 �C.38 Similarly, they also found that Tween-
20-stabilized emulsions had hydroperoxide concentration and
AV values of approximately 23 mM and 6, respectively.38

In this study, when either solid nanoparticle was increased
(samples C2S2 and C4S1), the oxidative stability was signi-
cantly improved as they exceeded AV of 10 on day 60 (P < 0.05).
By doubling the concentrations of both solid nanoparticles
(C4S2), the shelf life was extended to longer than 60 d. It can be
hypothesized that the higher concentrations of solid nano-
particles provided better area coverage and reduced the inter-
actions between oil and oxygen.38 With higher concentrations of
solid nanoparticles at the water–oil interface, the formation of
dense barriers prevents the pro-oxidants in the aqueous phase
from interacting directly with susceptible unsaturated fatty
acids prone to oxidize.

As shown in Fig. 5, emulsion droplets became signicantly
larger with coalescence being observed in some samples aer 60
d incubation. By comparing the control and sample C2S1,
droplet size and degree of coalescence were observed to be
similar. This is because they are stabilized by equal concentra-
tions of solid nanoparticles (0.2% w/v ChFs and 1%w/v SNPs). It
is apparent that yellow intensity, which indicates the presence
of curcumin, decreased over time. The reduction in color
intensity is probably due to interactions occurring between
(B) in different SNP/ChF-stabilized Pickering emulsions. The graph on
graph on the right shows p-anisidine value (secondary products). Data
s that are not visible are smaller than symbols.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Representative optical micrographs of SNP/ChF-stabilized
Pickering emulsions that were stored under oxidative conditions for 60
days. Insets are the glass vials that show the appearance looks of
emulsions. All samples were kept under dark conditions without
exposure to light. The scale bar is 50 mm.
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curcumin and pro-oxidants from the aqueous phase leading to
the oxidation of curcumin. When observing the glass vials upon
60-d incubation, the yellow color was more intense at higher
stabilizer concentrations, which is due to the formation of
thicker droplet surfaces. When either solid nanoparticle was
doubled (C2S2 and C4S1), the difference in droplet sizes was
large, even on d 0. Freshly prepared C4S1 was found to have
larger droplets than all other samples. Hence, we hypothesize
that long-bril ChFs dominated the surface of oil droplets, and
since they cannot completely cover the droplets' surface, this
resulted in low external coverage. The same observation was
also reported in our previous work (Lee et al., Food Chem.,
submitted). Furthermore, C4S2 was able to maintain limited
coalescence and a slight increase in droplet size aer storage.
This observation indicates that emulsion stability can be
improved by doubling the concentrations of both stabilizers.
4. Conclusion

In this work, curcumin has been successfully encapsulated in
SNP/ChF-stabilized Pickering emulsions and its stability under
different conditions was evaluated. The sonication treatment
was an efficient method to improve solubility of curcumin in oil.
However, it can lead to oxidation and thus to lower the
consumer acceptance. Hence, the use of heating treatment was
more suitable to dissolve the curcumin in oil while maintaining
© 2021 The Author(s). Published by the Royal Society of Chemistry
emulsion quality. The results on the passive release of curcumin
encapsulated in SNP/ChF-stabilized Pickering emulsions
suggest that these emulsions are a promising system to effec-
tively encapsulate and retain curcumin. By its encapsulation in
SNP/ChF-stabilized emulsions, curcumin stability was signi-
cantly improved aer 16 d of storage and 24 h of UV exposure.
Additionally, an increase in either one of the solid nanoparticles
(C2S2 and C4S1) did not signicantly improve the protective
effect of Pickering emulsions on curcumin, but rather a signi-
cant improvement in curcumin retention was found when the
concentrations of both solid nanoparticles were doubled
(C4S2). Oxidative stability could be improved in SNP/ChF-
stabilized Pickering emulsions as they were chemically stable
for 36 d (exceeded 10 AV on day 36); with a further increase to at
least 60 d when the concentration of stabilizers was increased.
The use of multiple clean-label stabilizers could be an ideal
carrier to entrap, protect and deliver bioactive ingredients.
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