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Chapter 6
Characterization of blended beverage incorporated with curcumin-

enriched Pickering nanoemulsion

This chapter covers the research work done and the results obtained with respect to Objective
4 of the study. The chapter has been divided into two sections (6A and 6B). First section reports
the studies conducted on nanoemulsified beverage wherein specific concentration of curcumin-
enriched Pickering nanoemulsion was added to the blended beverage of defatted coconut milk
and pineapple juice, pasteurised, and stored at 2542 °C and 4+2 °C. In the second section, the
blended beverage was employed as the aqueous phase together with Tween 80 and coconut
waste nanocellulose to boost the curcumin concentration in the drink. This section presents the
data on the characterization of the blended beverage that were generated during storage at 25+2
°C and 4%2 °C and interprets the findings. /n vitro bioaccessibility of both kind of curcumin

nanoemulsified beverages was studied.

Section 6A
6A.1. Introduction

Research has concentrated on creating food-grade colloidal systems that can encapsulate
functional food constituents such as antimicrobials, flavours, food colourings, micronutrients,
and nutraceuticals (Joung et al., 2016). The creation of functional foods that promote health
can be achieved by incorporating bioactive components into food systems (Tapal and Tiku,
2012). Pickering emulsions are used for the encapsulation of bioactive compounds like
curcumin and carotenoids, and essential oils like marjoram essential oil, cumin seed oil, etc.
(Ngwabebhoh et al., 2018; Almasi et al., 2020; Chutia and Mahanta, 2021; Foo et al., 2022). A
controlled release of soluble and insoluble bioactive molecules from a Pickering emulsion is
desirable. Because of their biocompatibility, lack of cytotoxicity, and ability to degrade, solid
particles from natural sources have been utilised as stabilisers in Pickering emulsion systems
over time (Erdagi et al., 2020). Bioactive compounds can be more easily incorporated into food
and beverage systems with the help of the micro- and nanoencapsulation, which also helps to

disguise the colour and negative effects on sensory qualities (Kumar et al., 2016).

In India and other Asian countries, turmeric (Curcuma longa) is used as a food spice or
colouring ingredient. Curcumin, also known as diferuloylmethane, is a naturally occurring
hydrophobic yellow pigment that is derived from turmeric (Goel et al.,2008). Curcumin is well-

known for its range of biological properties, including antioxidant, antimicrobial, and
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antiproliferative properties (Tao et al., 2019). A stable curcumin nanoemulsion was prepared
by Joung et al. (2016) using different ratios of oil, surfactant, and water; the impact of these
ratios on stability was then investigated and authors reported that the nanoemulsion was
physically stable for 30 days. Curcumin nanoemulsion was further added to the drinking milk
system and was found to control lipid oxidation. Kumar et al. (2016) reported that maximum

dosage of 8 g/day of curcumin used in clinical trials showed limited toxicity.

Whether a blended beverage of defatted coconut milk and pineapple juice can be used as a
liquid medium to develop a stable nanoemulsified beverage enriched in curcumin has not been
reported. It is also not known whether such a nanoemulsified beverage can be stable and deliver
curcumin in the intestinal phase of in vitro digestibility is also not reported. Our aim of this
work was to add the most stable Pickering nanoemulsion (PN2) (reported in chapter 5,
containing curcumin, virgin coconut oil, Tween 80 and nanocellulose) into the blended
beverage of defatted coconut milk and pineapple juice so that the beverage becomes a source
of stable curcumin. This curcumin-enriched blended beverage was characterised for
morphology, curcumin storage stability, microbial load, physicochemical properties, and in

vitro bioaccessibility.
6A.2. Materials and methods

Fresh and mature coconuts (10—12 months) and ripe pineapples were purchased from the local
market in Tezpur. Standards were purchased from Sigma-Aldrich, TCI, Merck, Himedia or
SRL. Standard curcumin of >98% purity was used. Chemicals were purchased from Merck
(Mumbai, India), Sisco Research Laboratory (Mumbai, India), and HiMedia (Mumbai, India).

Solvents used for separation and identification were of HPLC grade.
6A.2.1 Pickering nanoemulsion preparation

The process for the synthesis of Pickering nanoemulsion (PN2) is described in section 5.2.5.

of chapter 5.
6A.2.2 Development of nanoemulsified blended beverage

Pineapple was peeled, and juice was extracted using a mixer grinder. The pulp was pressed
through a muslin cloth for complete extraction of juice using the method of Zheng and Lu
(2011). Coconut milk was extracted by scraping the coconut with the help of a tabletop coconut
scraper (Wise WCS001, India). The grated coconut was mixed with lukewarm water (2:1 ratio)
and pressed through muslin cloth to extract and separate the milk using the method of

Tangsuphoom and Coupland (2008). Coconut milk (CM) was defatted by centrifugation
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(Eppendorf, model 5430 R, Germany) at 19630 x g for 15 min. Defatted coconut milk coded
as C100 was blended with pineapple juice (P100) in equal ratios (C50:P50). Blended beverage
was brought to 3.5 pH with citric acid and the TSS was increased to 13°Brix. The blended
beverage of defatted coconut milk and pineapple juice was incorporated with PN2 at a
concentration of 10% and shaken well. This curcumin-enriched blended beverage sample was
pasteurized at 80 °C for 1.80 min (pasteurization temperature and time obtained from study

reported in chapter 4) and coded as CP-Cur.

6A.2.3. Morphology of Pickering nanoemulsion and curcumin-enriched nanoemulsified

blended beverage

Field emission scanning electron microscopy (FESEM) was performed at a voltage up to 10
kV and magnifications of 30,000x and 100,000x. The FESEM (JEOL, model- JSM 7200 F)
was used to examine the architecture of freeze dried nanocellulose and Pickering nanoemulsion
samples. Sample was placed on the holder using a double-sided cellophane tape and allowed

to dry for 24 h. The sample was then exposed to iridium for 15 min.
6A.2.4. RP-HPLC analysis of curcumin-enriched nanoemulsified blended beverage

The method of Lu et al. (2018) was used to determine curcumin content in the blended beverage
(CP-Cur). RP-HPLC unit (ThermoFisher Ultimate 3000), C18 column (S5pum, 120A, 4.6X 250
mm) and UV-Vis detector were used for the separation of curcumin using mobile phases of
0.1% formic acid in water (A) and acetonitrile (B) with the following gradient conditions: 60%
A and 40% B in the beginning decreased to 36% A at 7 min, maintained for 3 min, decreased
to 10% A at 15 min, and returned to original ratio at 17 min with column temperature at 35 °C,
flow rate at 1 ml/min and wavelength at 425 nm. Curcumin content was identified by
comparing retention time and absorption spectra and mass spectra of Pickering nanoemulsion
peaks with reference standards. Six different concentrations (0.1, 0.5, 1, 5, 10, and 15 pg/ml)
of curcumin standard were prepared in acetonitrile. The curcumin samples were then quantified

from linear regression equations.
6A.2.5. Microbial characterization of curcumin-enriched nanoemulsified blended
beverage

The aerobic plate count was determined through serial dilutions using pour plate method on

nutrient agar following the method of Pala and Toklucu (2013) with modification.
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The plates in duplicate were incubated for 48 h at 30 °C. The total yeasts and moulds were also
counted using the same dilutions and pour plate method on potato dextrose agar at 25 °C for

five days. The results were expressed as CFU (colony forming units)/ml.
6A.2.6. Peroxidase residual activity in curcumin-enriched nanoemulsified blended
beverage

The peroxidase (POD) activity was determined according to the method described by Kunitake
et al. (2014). For POD activity, phosphate buffer (pH 5.0), hydrogen peroxide, and alcohol-
based guaiacol solution were used and incubated for 15 min at 30°C. Sodium metabisulfite was
then used to stop the reaction. In a spectrophotometer (Cary 60 UV-Vis, Agilent), absorbance
was measured at 470 nm. Phosphate buffer solution added to the curcumin-enriched blended
beverage (which served as a substitute for the reagents) was taken as the blank. The
measurement for enzyme activity was in U/ml, where one unit was equal to a variation of 0.001

absorbance per ml per min of sample. The enzyme activity was determined using Eq. 6A.1:

Ab (sample)—Ab (blank)
0.001xt

Activity (U/ml) = (Eq. 6A.1)

where Ab (blank) is the blank absorbance; Ab (sample) is the sample absorbance; and t the

sample's reagent incubation period (min).
6A.2.7. DPPH radical scavenging activity of curcumin-enriched nanoemulsified blended
beverage

The Saikia et al. (2016) method was utilised to assess the DPPH (2,2-diphenyl-1-
picrylhydrazyl) radical scavenging activity of the sample extracts. In particular, 100 ml of a
curcumin-enriched blended beverage was mixed with 1.4 ml of a methanolic solution of DPPH
radical ((10* M). After 30 minutes, the absorbance at 517 nm was measured using a UV-vis
Spectrophotometer (Cary 60 UV-Vis, Agilent) against a blank (100 ml methanol in 1.4 ml of
DPPH radical solution). Results were reported in terms of the radical scavenging activity of

the beverage (Eq.6A.2).

Ac—As
Ac

Radical scavenging activity (%) = x 100 (Eq. 6A.2)
Where, As is absorbance of sample and Ac is absorbance of control blank.

6A.2.8. Determination of soluble solids

The total soluble solid was determined by method described in section 3.2.2.1 of chapter 3.

6A.2.9. Determination of pH
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The pH was measured by method reported in section 3.2.2.2 of chapter 3.
6A.2.10. In vitro bioaccessibility of curcumin from curcumin-enriched nanoemulsified
blended beverage

The bioaccessibility of ingested curcumin from CP-Cur in gastro-intestinal fluids was
determined after in vitro digestion process using the method described previously by Zhou et
al. (2021) with modifications.

Oral phase: Briefly, 5 ml of the sample were placed into a test tube, and 5 ml of simulated
saliva fluid which included 15 mg of mucin and different salts were then added. In order to
replicate the oral phase, the material was kept in it for 2 min at 37 °C while being continuously
swirled at 100 rpm.

Stomach phase: Following the completion of the oral phase digestion, 10 ml of the oral fluid
was collected, and 10 ml of double-distilled water and simulated gastric fluid containing HCI
and pepsin (activity 2000 U/ml) were added. After adjusting the pH to 3, the sample was kept
in the stomach phase for two hours at 37 °C while being continuously swirled to simulate the
gastric phase.

Intestinal phase: After gastric phase digestion, the resulting fluid (20 ml) was collected and
then transferred into 100 ml beaker. An equivalent volume of small intestinal fluid containing
bile extract (10mM), calcium chloride, and pancreatin (trypsin activity 100 U/ml and lipase
activity 2000 U/ml) was added. The pH was adjusted to 7 and kept at 37 °C for 2 h. After
completion of the entire process, the aliquot of digested sample of curcumin-enriched beverage
was centrifuged at 18000 rpm for 50 min at 4 °C. After centrifugation, the supernatant
containing the micelle fraction in which the curcumin had solubilized was collected and mixed
with acetonitrile in the ratio of 1.9, vortexed and centrifuged at 4000 rpm for 10 min at 25 °C.
The top acetonitrile layer with the solubilized curcumin was collected and analysed using the
RP-HPLC (detailed method given in section 6A.2.4).

The bioaccessibility of curcumin was calculated using Eq. 6A.3 below:

Bioaccessibility % = =<l ¥ 100 (Eq. 6A.3)

Cintial
Here, Cmicelle and Cinitial are the curcumin concentrations in the micelle phase (supernatant)
after digestion and the initial curcumin concentration in blended beverage before digestion,

respectively.

6A.2.11. Statistical analysis

149




Every component was analysed in triplicates, and the results are given as the mean + standard
deviation of all separate studies. The data analysis was performed using IBM SPSS 20.0
software. The analysis of variance (ANOVA) and the Duncan’s multiple range tests were
performed to determine if there were significant differences between the values (p < 0.05).

6A.3. Results and discussion

6A.3.1. Effect of pasteurization on curcumin stability in curcumin-enriched

nanoemulsified blended beverage during storage

As reported in chapter 5, the curcumin-enriched Pickering nanoemulsion (PN2) at 10% level
containing total curcumin concentration of 0.95 mg/100 ml was added to the blended beverage
of defatted coconut milk and pineapple juice and was pasteurised. This nanoemulsified
beverage was coded as CP-Cur. As the stability of curcumin in food systems is very low (Aditya
et al., 2015), a storage study for 80 days at 2542 °C and 4+2 °C was conducted to assess the
stability of curcumin in CP-Cur. The changes were compared with non-pasteurized curcumin-
enriched nanoemulsified blended beverages (coded as UNCP-Cur). As seen in Fig. 6A.1 (a-b),
there were significant changes in curcumin content during the storage period at 25+2 °C and
442 °C. The degradation of curcumin in non-pasteurized beverages was greater at room and
refrigeration temperatures than CP-Cur. The curcumin content in UNCP-Cur and CP-Cur
stored at 25+2 °C for 80 days (Fig. 6A.1. a) reduced from 0.95+0.02 mg/100 ml to 0.05+£0.01
mg/100 ml and from 0.73£0.004 mg/100 ml to 0.35+0.04 mg/100 ml, respectively.
Furthermore, curcumin content at 4+2 °C (Fig. 6A.1. b) ranged from 0.94+0.007 mg/100 ml to
0.11+0.01 mg/100 ml in UNCP-Cur and from 0.73+0.04 mg/100 ml to 0.40£0.07 mg/100 ml
in CP-Cur. In UNCP-Cur, curcumin concentration decreased by 88.2% at 4+2 °C and 94.9%
at 25+2 °C on day 80 of storage. On the other hand, reduction of curcumin concentration in
CP-Cur was 45.2% at 4+2 ° and 51.7% at 252 °C. Thus, curcumin degradation was observed
to be less at 442 °C as than at 2542 °C. Aditya et al. (2015) reported that curcumin-loaded
emulsions showed 91% and 87% curcumin stability after 15 days at 4 °C and 23 °C,
respectively. The number of variables, including temperature, co-excipients, and formulation
stability, may have a direct or indirect impact on stability. Baek et al. (2020) reported that the
stability of oil-soluble antioxidant compounds like (3-carotene in nanoemulsions depends on
the composition of the stabilizer used and the surrounding environmental factors, such as

exposure to UV radiation and high temperatures.
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Fig 6A.1: Effect of pasteurization on curcumin content of UNCP-Cur (curcumin-enriched
nanoemulsified blended beverage without thermal pasteurization) and CP-Cur (curcumin-
enriched nanoemulsified blended beverage with thermal pasteurization) on storage at (a)
2542 °C and (b) 4+£2 °C temperature.

6A.3.2. Effect of addition of curcumin-enriched Pickering nanoemulsion in blended

beverage on microbial load during storage

In this study, CP-Cur and pasteurised blended beverage without curcumin (Control) were
stored at 2542 °C and 442 °C. The total aerobic count (TAC) and yeast and mould count (YMC)
were determined at 10-day intervals. It was observed that the control and CP-Cur samples
showed no growth after pasteurization; however, on day 5 of storage, the TAC of the control
sample showed growth of 0.15+0.20 log CFU/ml at 25+2 °C, while CP-Cur did not show any
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growth. Hussain et al. (2022) reported that curcumin has antimicrobial properties, which might
be the reason in our study for no microbial growth on day 5 of storage at 25+2 °C (Fig. 6A.2.
a). On day 80 of storage at 25+2 °C and 442 °C, the TAC of Control was 8.17+0.04 log CFU/ml
and 5.95+0.01 log CFU/ml, respectively (Fig. 6A.2. a-b). In comparison, CP-Cur had
6.29£0.01 log CFU/ml and 4.86+0.1 log CFU/ml, respectively on storage at 2542 °C and 4+2
°C. Thus, a significant increase in microbial growth was observed in the Control sample

compared to CP-Cur.

YMC count on day 80 of storage at 25+2 °C and 4+2 °C for Control was 5.23+0.5 log CFU/ml
and 5.88+0.1 log CFU/ml, respectively, while CP-Cur showed 3.27+0.01 log CFU/ml and
2.67+0.47 log CFU/ml, respectively, as shown in Fig. 6A.3. a-b. Pasteurisation decreased the
microbial load during storage and extended the beverage shelf life. Citric acid serves as a
preservative by making prepared beverages more acidic, which creates an environment that is
unfavourable for the development of microorganisms (Mane et al., 2019). The aerobic plate
count as per the FSSAI microbial standard for pasteurized juice should not be more than 1x10*
/ml, and the yeast and mold counts should not exceed 1x10%/ml. At 4+2 °C and 25+2 °C, the
CP-Cur blended beverages did not exceed the maximum limit set by the FSSAI for total aerobic
count of pasteurized juice until day 70 and day 60 of storage, respectively, with a count of
3.74%+0.20 log CFU/mI and 2.25+0.01 log CFU/mI. With respect to the maximum limit set by
the FSSAI for YMC, pasteurised CP-Cur blended beverage at 25+2 °C and 4+2 °C did not
exceed the maximum limit until day 50 and day 80 of storage (1.59+0.2 log CFU/ml and
2.67+0.4 log CFU/mI), respectively. Joung et al. (2016) reported that the addition of curcumin
nanoemulsion to milk systems increased the storage stability of milk. Mwangi et al. (2019)
observed that unpasteurized carrot juice increased in bacteria counts by 3 logs after being kept
at 20°C for a day. The bacteria count in the juice surged tenfold even when refrigerated. At
20°C, the addition of curcumin (0.4 mM) in the form of curcumin-methyl-p-cyclodextrin
inclusion complex stopped the growth of microorganisms in the juice. It was observed that the
CP-Cur samples showed no growth of TAC and YMC at 4+2 °C up to day 20 and 30,
respectively, and at 25+2 °C up to day 10 and 20, respectively, which was attributed to the

antimicrobial property of curcumin present.

152



TAC (log CFU/ml)

TAC (log CFU/ml)

o KB N W M 01 O N

v OF—=— o

10

Time (days)

@=@um CONtro| @@= CP-Cur

(@)

10 20 30 40 50 60 70 80
Time (days

@@ CONtro| === CP-Cur

(b)

Fig. 6A.2: Effect of curcumin addition on total aerobic count of Control (pasteurized blended

beverage without curcumin) and CP-Cur (pasteurized curcumin-enriched nanoemulsified

blended beverage) on storage at (a) 25+2 °C and (b) 442 °C temperature.
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Fig. 6A.3: Effect of curcumin addition on yeast and mould count of Control (pasteurized
blended beverage without curcumin) and CP-Cur (pasteurized curcumin-enriched

nanoemulsified blended beverage) on storage at (a) 25+2 °C and (b) 4+2 °C temperature.

6A.3.3. Effect of addition of curcumin-enriched Pickering nanoemulsion in blended

beverage on physicochemical properties during storage

To evaluate the impact of adding curcumin-enriched Pickering nanoemulsion to blended
beverage (CP-Cur), total soluble solids (TSS) and pH were measured at 25+2 °C and 442 °C
during storage. The alterations were contrasted with the blended beverage that had Pickering

nanoemulsion but was not curcumin-encapsulated.

TSS content in blended beverages with and without curcumin after pasteurization are shown in
Fig. 6A.4. (a) and (b), respectively. It was observed that no significant difference of TSS on
day 30 of storage occurred (changed from 13.5+0.01 °Brix to 13.3+0.14 °Brix) but TSS
significantly decreased to 12.54+0.07 °Brix on day 80 of storage at 25+2 °C in Control sample.
In CP-Cur, no significant difference of TSS was observed until day 20 at 25+2 °C, but after
that the TSS increased significantly up to day 60 of storage and thereafter decreased to the
value at the start (Fig. 6A.4. a). The CP-Cur samples did not show any significant differences
during the 80 days of storage at 4+2 °C. In comparison, on day 80 of storage at 4+2 °C, as seen
in Fig. 6A.4 (b), TSS value of the Control sample significantly decreased from 13.5+0.01 °Brix
to 12.3+0.14 °Brix. Similar results were expressed by Shukla et al. (2017) in their study,
wherein the TSS of pasteurized mango-based dairy beverage, stored for 10 days at 5 °C reduced
from 15.91 °Brix to 14.84 °Brix. According to Rivas et al. (2006), the bacteria present cause
the fruit juice to deteriorate because of sugar fermentation through biochemical pathway, which

is responsible for the change in total soluble solids. The CP-Cur samples did not show any
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significant differences during the 80 days of storage at 4+2 °C. Perhaps because of the addition

of curcumin, which has antioxidant and antibacterial properties (Inal et al., 2022).
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Fig 6A.4: Effect of curcumin addition on TSS of Control (pasteurized blended beverage
without curcumin) and CP-Cur (pasteurized curcumin-enriched nanoemulsified blended

beverage) on storage at (a) 25+2 °C and (b) 4+2 °C temperature.

The changes in the pH of the blended beverage were obtained by monitoring the pH at 2512
°C and 4+2 °C during 80 days of storage, and the changes are presented in Fig. 6A.5. The initial
pH of the blended beverage was 3.5 and on day 80 of storage at 25+2 °C, no significant
difference was observed in CP-Cur, while pH in control sample significantly increased to
4.1+0.07 on day 80 of storage at 25+2 °C. At 4+2 °C, the pH on day 80 of storage was 3.0£0.2
in CP-Cur and for 4.5£0.01 in the control sample (Fig. 6A.5. a-b). Shukla et al. (2017) also
reported that the pH of pasteurized mango-based dairy beverage decreased from 6.57 to 5.99
within 10 days of storage at 5 °C. The sugar present in beverage, may be a source of microbial
spores. During storage, these spores and the bacteria converted the reducing sugars into acid.

However, the curcumin present in the beverage, because of its antimicrobial property, was able
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to check the growth of microbes and the resulting pH change. Igual et al. (2010) had reported
that in pasteurized grape juice, the °Brix and pH remained stable during storage for 60 days at

4 °C, indicating that the juice was not affected by storage time.
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Fig 6A.5: Effect of curcumin addition on pH of Control (pasteurized blended beverage without
curcumin) and CP-Cur (pasteurized curcumin-enriched nanoemulsified blended beverage) on
storage at (c) 25+2 °C and (d) 4+2 °C temperature.

6A.3.4. Effect of addition of curcumin-enriched Pickering nanoemulsion in blended
beverage on POD activity during storage

Peroxidase (POD) activity of CP-Cur (curcumin-enriched blended beverage), and Control
(pasteurized blended beverage without curcumin) ranged from 2.3+0.32 U/min to 15.7+0.07
U/min and 2.240.98 U/min to 29.6+0.14 U/min, respectively at 25£2 °C on 80 days of storage,
as shown in Fig. 6A.6 (a). CP-Cur registered lower peroxidase activity as compared to the
Control. Furthermore, at 4+2 °C, Control sample showed higher peroxidase activity range
(2.4£0.32 U/min to 28.4+0.13 U/min) as compared to CP-Cur (2.3£0.32 U/min to 12.8+0.20
U/min) during 80 days of storage (Fig. 6A.6. b). The study results revealed that the POD of
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CP-Cur at 25+2 °C was higher as compared to 4+2 °C during the entire period of storage.
Addition of curcumin-enriched Pickering nanoemulsion in blended beverages and thermal
pasteurization have positive effects on reducing the POD activity of blended beverages. Heat
treatment, such as pasteurization, is an essential component of fruit juice processing, and is
undertaken to inactivate enzymes like peroxidase that might cause unfavourable sensory and
nutritional alterations (Petruzzi et al., 2017). POD is a significant food quality-related enzyme
that has been linked to alterations in the nutritional value, color, and flavour of food (Tao et al.,
2019). POD requires at least five minutes of thermal treatment at 80 °C of mango juice to
achieve an 80% reduction in activity since it is more thermoresistant than PPO (Mandha et al.,
2023). The POD activity of CP-Cur and Control on day 80 at 25+2 °C showed an increase by
5.5 and 12.0-fold, respectively. On the other hand, peroxidase residual activity increase at 4+2
°C of CP-Cur and Control on day 80 of storage was 4.3 and 10.6-fold, respectively. The POD
residual activity increased with storage time in both the samples. Shaik and Chakraborty (2023)
reported that the untreated lime juice samples had 68.3% residual POD activity on 6 days of
storage at 25°C. POD gets revive with time and causes browning and oxidation of natural
compounds present in juice. The authors observed that the thermally treated lime juice residual
POD activity increased to 6.5% and 8% at 15 °C and 25 °C, respectively. Deng et al. (2023)
reported that curcumin is a promising therapeutic agent due to its natural and strong
antimicrobial, anti-inflammatory functions and antioxidant properties. The authors opined that
a possible explanation for curcumin ability to suppress enzymatic browning is because it
increases antioxidant capacity. Accordingly, the addition of curcumin-enriched Pickering

nanoemulsion provided antioxidant property to the beverage.

6A.3.5. Effect of addition of curcumin-enriched Pickering nanoemulsion in blended

beverage on antioxidant property during storage

The DPPH radical scavenging activity ranged from 78.6+0.37% to 20.3+0.38% in CP-Cur
stored at 442 °C during 80 days of storage and for control sample it ranged from 69.1+0.79%
to 10.1+0.38% (Fig. 6A.7. b). At 25+2 °C, DPPH activity significantly reduced in CP-Cur and
Control sample. The DPPH activity reduced from 78.4+0.31% to 10.0+0.88% and from
69.3+0.75% to 8.4+0.49%, respectively (Fig. 6A.7. a). Khaksar et al. (2019) reported that on
day 6 of storage, the DPPH values of the juices of guava, carrot, white dragon, and pineapple
drastically decreased at RT (~28 °C). However, no significant difference in DPPH activity was
observed during the refrigeration storage (4+2 °C) on day 6 of storage by the authors. DPPH
activity in CP-Cur at 4+2 °C showed no significant difference up to day 10 of storage. But with
further storage, DPPH activity of CP-Cur significantly decreased. The DPPH activity of CP-
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Cur at 25+2 °C decreased significantly with increase in storage time. Curcumin addition in
blended beverage CP-Cur showed positive impact as curcumin is reported to have strong

antioxidant activity (Inal et al., 2022).
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Fig 6A.6: Effect of curcumin addition on POD of Control (pasteurized blended beverage
C50:P50 without curcumin) and CP-Cur (pasteurized curcumin-enriched nanoemulsified

blended beverage) on storage at (a) 252 °C and (b) 442 °C temperature.
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Fig 6A.7: Effect of curcumin addition on DPPH free radical scavenging activity of Control
(pasteurized blended beverage C50:P50 without curcumin) and CP-Cur (pasteurized
curcumin-enriched nanoemulsified blended beverage) on storage at (a) 25+2 °C and (b) 4+2

°C temperature.

6A.3.6. Morphology of curcumin-enriched nanoemulsified blended beverage

The morphology of Pickering nanoemulsion (PN2) as given in Fig 6A.8 (a) was spherical and
the measured diameter was nearly similar (<259.6 nm) to the average particle size measured
by DLS (reported in Chapter 5, section 5.3.10 and Table 5.9). Ngwabebhoh et al. (2018) also
reported the spherical morphology of Pickering emulsion with a mean particle size of <200 nm
by DLS, whereas TEM study revealed diameter of 151 nm. The morphology of Pickering

nanoemulsified blended beverage of defatted coconut milk and pineapple juice showed the
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presence of agglomerated nanoparticles (Fig. 6A.8. ¢) which were not visible in blended

beverage of coconut milk and pineapple juice without Pickering nanoemulsion (Fig. 6A.8. b).

P T
(a)

Fig 6A.8: FESEM micrographs of (a) PN2 (curcumin-enriched Pickering nanoemulsion), (b)

C50:P50 (blended beverage), (c) CP-Cur (curcumin-enriched nanoemulsified blended

beverage).
6A.3.7. In vitro bioaccessibility of curcumin-enriched nanoemulsified blended beverage

Curcumin concentration in the micelle phase and total digesta were measured to investigate the
impact of the addition of PN2 to the blended beverage of defatted coconut milk and pineapple
juice (CP-Cur). PN2 had curcumin concentration of 0.95 mg/100 ml. The results demonstrated
that the bioaccessibility of curcumin from CP-Cur after digestion was 51.1%. Zhou et al. (2021)
reported the bioaccessibility of lipophilic polyphenol compounds from nanoemulsions
encapsulated with coconut oil to be 51.8%, which supports our results. The results showed that
the incorporation of Pickering nanoemulsion in blended beverages acted as a good carrier for
maintaining curcumin stability and curcumin delivery. The in vitro release percentages of
curcumin from nanocellulose-stabilized Pickering emulsion in stomach medium (pH-2.5) and
small intestinal fluid (pH-7) was 38.2% and 51.6% (Fig. 6A.9), respectively. These results
suggested that the simulated gastric phase did not affect curcumin release from the Pickering
emulsion, whereas higher release in the simulated intestinal phase might be attributed to the
destabilization of emulsion droplets (Tikekar et al., 2013). According to Ribeiro et al. (2022),
Pickering emulsion in the stomach phase face harsh conditions, namely they contact with
gastric fluids in stomach phase characterized by a highly acidic pH and high enzymes content.
Due to the better stability of PN2 in different pH condition (as reported in chapter 5 section
5.3.11), release of curcumin in stomach phase was observed to be lower as compared to
intestinal phase. Inal et al. (2022) reported that enzymatic lipid digestion occurs only in

intestinal phase with bile salts and pancreatin. The fatty acid release during invitro digestion of
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curcumin added echium oil nanoemulsion and echium oil nanoemulsion was 40.9%, and 33.9%
respectively. The amount of curcumin released in the intestinal phase of the CP-Cur was
greater than in the stomach phase, may be because of virgin coconut oil used for encapsulation
of curcumin. The increase in curcumin release from CP-Cur could be explained by lipase
dispersion between the aqueous phase and emulsion interface as lipase gets activated in
intestinal phase by enzymatic reaction. Ahmed et al. (2012) reported that the release of fatty
acid was higher for medium chain fatty acid (113%) as compared to long chain fatty acids
(68%). The relatively lower amount of fatty acid digestion of long chain fatty acid is due to its
property of accumulation at droplet surface, which inhibits lipase digestion of emulsion.
Medium chain fatty acid is known to dissolve easily in aqueous phase than long chain fatty
acid, and therefore is less likely to accumulate at droplet surfaces and inhibit the digestion of
lipids. The VCO used in curcumin encapsulation is rich in medium chain fatty acids and
contains nearly 49.3% lauric acid, 0.6% caproic acid, 7.4% caprylic acid, 5.9% capric acid,
18.5% myristic acid, 2.8% palmitic acid, and 6.1% stearic acid (chapter 5, section 5.3.7). The
nanoparticle concentration is an important parameter for coalescence stability. Stability is
typically assessed by analysing the physical changes in the emulsion over a practical period
(Jiménez and Capron, 2018). The resulting nanocellulose-stabilized, curcumin-enriched
Pickering nanoemulsion exhibited excellent stability in the gastric as well as intestinal phase.
Integrating curcumin into a blended beverage containing defatted coconut milk and pineapple

juice enhanced the bioavailability of curcumin.
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Fig 6A.9: In vitro bioaccessibility of curcumin-enriched blended beverage of defatted coconut

milk and pineapple juice (CP-Cur).
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6A.4. Conclusion

In this study 10% of PN2 was added to the blended beverage in order to control the amount of
water (as aqueous phase) and to keep the concentration of Tween 80 within permissible limit.
The stability of curcumin in CP-Cur after pasteurization was better than that of the UNCP-Cur
up to 30 days of storage at 25+2 °C and 4+2 °C. The morphology of Pickering nanoemulsion
(PN2) assessed by FESEM was spherical and the measured diameter was nearly similar to the
average particle size (<259.6 nm) measured by DLS. Dispersion of nanoparticles was observed
in CP-Cur after addition of PN2 to the blended beverage, which were not visible in blended
beverage of coconut milk and pineapple juice without PN2. CP-Cur did not exceed the
maximum threshold established by the FSSAI for the total aerobic count of pasteurized juice
until days 70 and 60 of storage, at 4+£2 °C and 25+2 °C, respectively. YMC of CP-Cur at 25+2
°C and 4+2 °C was within the maximum limit of FSSAI until days 50 and 80 of storage. As
the storage duration increased, there was a substantial decrease in the DPPH activity of CP-
Cur at 25+2 °C. On day 10 of storage, there was no significant difference in DPPH activity in
CP-Cur at 4+2 °C, but on day 80 of storage, there was a substantial drop. CP-Cur's TSS and
pH, however, did not significantly change over the course of storage at 2542 °C and 4+2 °C.
Blended beverage added with PN2 had curcumin concentration of ~0.95 mg/100 ml. The
curcumin-enriched nanoemulsified blended beverage increased the bioaccessibility of
curcumin in the intestinal phase in vitro. Curcumin bioaccessibility, which was 38.2% in the
gastric phase, increased to 51.6% during in vitro intestinal phase digestion. The results revealed
that Pickering nanoemulsions in blended beverages could successfully carry curcumin into the
intestinal phase in a stable form. It can be concluded that nanocellulose from coconut milk
waste residue has desirable characteristics that help stabilize Pickering nanoemulsions against

coalescence when incorporated into blended beverages and act as a carrier for stable curcumin.
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Section 6B
6B.1. Introduction

Emulsions are delivery systems that can be used to incorporate bioactive ingredients into food
or pharmaceutical products. These systems can shield ingredients from the adverse effects of
processing and allow for their controlled release at specific Gl tract locations, such as the
mouth, intestine, and stomach. Emulsifiers and surfactants are frequently used to stabilize
emulsion systems (Saffarionpour, 2020). Emulsifiers prevent flocculation, creaming,
coalescence, and sedimentation. Emulsification helps encapsulate, oxidatively stabilize, and
release bioactive molecules. Natural or artificial solid particles are used in Pickering emulsions
to stabilize the oil-water interface. These solids, like surfactants, reduce the free energy that
must be overcome to maintain system stability (Souza et al., 2022). The effectiveness of
Pickering emulsions in enhancing the oxidative stability of oils and the delivery of bioactive
ingredients was assessed (Cahyana et al., 2022). Nanoparticles improve the stability of
Pickering emulsions and bioavailability of drugs/functional components for delivery (Niu et
al., 2017). To provide nutraceuticals with therapeutic benefits and regulate their release in the
gastrointestinal tract, nanoemulsion systems stabilized with nanocellulose (NC) are created
(Saffarionpour, 2020). The anionic polysaccharides, nanocrystalline cellulose (NCC) and the
three-dimensional structure of nanofibrillated cellulose (NFC) stimulate electrostatic repulsive

forces that lead to more stable emulsions with less phase separation.

However, NFC produces larger number of oil droplets and a stronger negative charge than
NCC. Many reasons are assigned to emulsion stability, but two main ones are the bridging
flocculation phenomenon and the high viscosity that inhibits droplet movement (Fitri et al.,
2022). These days, a vast array of nutritious, extremely stable, and delicious foods are being
created globally using natural but complex mechanisms. Milk-based beverages tend to develop
serum separation due to the acidic fruit juice. Iranian natural gums were used in a study on the
serum separation of whey-based pina colada beverages, which analyzed the combination of
pineapple and coconut juice to improve stability (Dehghan et al., 2022). The particles in fruit
juice sediment easily because they do not contain substances that can slow down particle
motion. Juice sedimentation may be viewed as a technological challenge for the food sector.
Methods to prevent sedimentation include reducing particle size via homogenization or
grinding and adding thickening agents to enhance viscosity (Silva et al., 2019). Preservatives

continue to be one of the key methods for extending food shelf life and preserving food quality.
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The lingering risks that synthetic preservatives pose to the environment and human health have
come to light as knowledge about them has grown (Lan et al., 2023). The food industry is
searching for natural ingredients that are safe and non-toxic to replace preservatives as a result
of this trend. As a natural food preservative with effective broad-spectrum antibacterial and
antioxidant capabilities, curcumin is playing a crucial role in the preservation of food (Lan et
al., 2023). Numerous efforts have been made to find a way to overcome the low oral
bioavailability of curcumin and a great number of novel formulations have been developed by
researchers to achieve this goal (Liu et al., 2018). Several systems have been explored for their
capability to encapsulate and carry curcumin, including microemulsions, nanoemulsions, solid
lipid nanoparticles, liposomes, biopolymer nanoparticles, and microgels. On the other hand,
Pickering particle-stabilized emulsions have been reported to encapsulate more amount of
curcumin and do not show alteration in droplet size after curcumin incorporation and storage

(Neves et al., 2020).

Section 6A evaluated a blended beverage with a very low curcumin concentration (~0.95
mg/100 ml), as only 10% of curcumin-enriched Pickering emulsion was added to the coconut
milk and pineapple juice blend in order to control the amount of water (as aqueous phase) and
to keep the concentration of Tween 80 within permissible limit. The study reported in Section
B was carried out to develop a curcumin-enriched Pickering nanoemulsion using a blend of
defatted coconut milk and pineapple juice as the aqueous phase and virgin coconut oil as the
oil phase to increase the concentration of curcumin in blended beverage and decrease serum
separation. For this, a higher concentration of curcumin was added. Nanoemulsified blended
beverages were studied for their emulsion stability, morphology, creaming index stability, and
shelf-life after storage. Mechanism of curcumin release and bioaccessibility from Pickering

nanoemulsion.
6B.2. Materials and methods

Fresh and mature coconuts (10—12 months) and ripe pineapples were purchased from the local
market in Tezpur. Chemicals were purchased from Sisco Research Laboratory (Mumbai, India),
Merck (Mumbai, India), and HiMedia (Mumbai, India). Solvents used for the separation and
identification of sample were of HPLC grade. Standards were purchased from Sigma-Aldrich
(USA), TCI (Japan), Merck, Himedia or SRL make. Standard curcumin (purity >98%) was
used for HPLC study.
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6B.2.1. Beverage preparation of defatted coconut milk and pineapple juice

Extraction of pineapple juice and defatting of coconut milk (C50:P50) were done using the

methods described in chapter 3 (section 3.2.1).
6B.2.2. Preparation of nanocellulose

The nanocellulose ACU-10 was extracted from coconut milk waste residue using the method
described in section 5.2.2 and chapter 5.

6B.2.3. Curcumin-enriched Pickering nanoemulsion blended beverage

The Pickering nanoemulsion was prepared as described by Ngwabebhoh et al. (2018) with
some modifications. The Pickering nanoemulsion was developed using virgin coconut oil
(7%), Tween 80 (0.1 to 0.2%), and curcumin (0.2% in virgin coconut oil w/v, %) in blended
beverage. With the help of a high-speed homogenizer (IKA, Model T25, Digital Ultra Turrax),
the mixture was first coarsely homogenized for 5 min at 11000 rpm. Next, it was homogenized
under pressure (260 bar) for 5 passes by combining the organic phase, which consisted of VCO
Tween 80 and blended beverage, with nanocellulose in concentrations of 0.05, 0.1, and 0.2
wt%. The produced Pickering nanoemulsions were transferred to glass vials and kept at RT
(25+2 °C) for further investigations. The emulsions PNCP-Curl, PNCP-Cur2, and PNCP-Cur3
containing 0.1 wt% Tween 80 were added with 0.05, 0.1, and 0.2 wt% nanocellulose,
respectively. PNCP-Cur4, PNCP-Cur5, and PNCP-Cur6 containing nanocellulose
concentrations of 0.05, 0.1, 0.2 wt%, respectively were treated with 0.2 wt% Tween 80.

6B.2.4. Particle size measurement by dynamic light scattering (DLS)

Particle size of the Pickering nanoemulsion samples (PNCP-Curl, PNCP-Cur2, PNCP-Cur3,
PNCP-Cur4, PNCP-Cur5, and PNCP-Cur6) was measured following the method described in
section 5.2.6 of chapter 5.

6B.2.5. Morphology of curcumin-enriched blended beverage

The field emission scanning electron microscopy (FESEM) was used to determine the

morphology of curcumin-enriched blended beverage, as described in section 6A.2.3.
6B.2.6. RP-HPLC analysis of curcumin-enriched blended beverage

Curcumin content in Pickering nanoemulsions (PNCP-Curl, PNCP-Cur2, PNCP-Cur3, PNCP-
Cur4, PNCP-Cur5, and PNCP-Cur6) was determined by method described in section 6A.2.4.
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6B.2.7. Thermal stability of curcumin-enriched blended beverage

The Pickering nanoemulsion samples were stored at room temperature for 1 h before analysis.
Effect of heating conditions (63 °C for 30 min and 95 °C for 10 min) on curcumin content of
Pickering nanoemulsions (PNCP-Curl, PNCP-Cur2, PNCP-Cur3, PNCP-Cur4, PNCP-Curb5,
and PNCP-Cur6) was determined by the method described in section 5.2.14 of chapter 5.

6B.2.8. Creaming index of curcumin-enriched blended beverage

The physical stability of curcumin-enriched blended beverage was evaluated by determining
the percentage creaming index. For this, 50 ml of the samples was taken in bottles that were
firmly sealed and kept at 25 °C for 30 days. When the layers of water and oil were clearly
separated and were not recombining, nanoemulsion cracking was considered to have begun
(Pengon et al., 2018).

Using Equation 1, the creaming index (CMI%) was calculated.

CMI% = =X100 (Eq. 6B.1)

where CT is the total height of the emulsion layer and CC is the total height of the cream layer.

6B.2.9. In vitro bioaccessibility of curcumin-enriched blended beverage

The bioaccessibility of ingested curcumin from PNCP-Curl, PNCP-Cur2, PNCP-Cur3, PNCP-
Cur4, PNCP-Cur5, and PNCP-Cur6 in gastro-intestinal fluids was determined by the method
described in section 6A.2.5 of subsection 6A.

6B.2.10. Storage study of curcumin-enriched blended beverage

The curcumin-enriched blended beverage having maximum curcumin content and stability was
pasteurized at 80 °C for 1.80 min and coded as PNCP-Cur2. The selection of pasteurization

conditions has been reported in chapter 4.
6B.2.10.1. Microbial characterization of curcumin-enriched blended beverage

The total aerobic plate count and yeast and mould count were determined by the method

described in section 6A.2.6 of subsection 6A.
6B.2.10.2. Peroxidase residual activity of curcumin-enriched blended beverage

The peroxidase activity (POD) was determined by the method described in section 6A.2.7 of

subsection 6A.
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6B.2.10.3. DPPH radical scavenging activity of curcumin-enriched blended beverage

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity of the curcumin-
enriched blended beverage was determined by the method described in section 6A.2.8 of

subsection 6A.

6B.2.10.4. Determination of soluble solids

The total soluble solids was determined by the method described in 3.2.2.1 of chapter 3.
6B.2.10.5. Determination of pH

The pH was measured by the method described in section 3.2.2.2 of chapter 3.

6B.2.11. Antimicrobial activity of curcumin-enriched blended beverage

The defatted coconut milk (C100), pineapple juice (P100), blended beverage (C50:P50),
curcumin-enriched Pickering nanoemulsion added blended beverage (CP-Cur), and curcumin-
enriched blended beverages (PNCP-Cur2) were analysed for antimicrobial activity. The agar
well diffusion assay was used to evaluate the antibacterial efficacy against various test
organisms using the method of Singh et al. (2016) with some modifications. In order to assess
antimicrobial activity, 15-20 ml nutrient agar plates were prepared and left to solidify. The
agar plates were maintained at 4 °C for 1 h before wells were punctured out of the plates using
sterilized glass. Microbial inocula of E. coli and S. aureus were spread onto the agar plates by
sterile glass rods under completely aseptic conditions. Then, aliquots (0.1 ml) of all the samples
were pipetted into the wells, after that wells were sealed using one drop of soft agar. The plates
were again kept at 4 °C for 2—4 h to allow the supernatant to diffuse and then incubated for 24—
48 h at 37 °C. A clear zone of 1 mm or more (apart from the 6 mm well diameter) was deemed
positive inhibition. The inhibition zone surrounding the well was measured laterally.

6B.2.12. Statistical analysis

Every component was analysed in triplicate, and the results are presented as the mean +
standard deviation of all separate studies. All experiments on treated blended beverages are
shown as significant differences (p < 0.05) based on the findings of analysis of variance
(ANOVA) using IBM SPSS 20.0, and Duncan’s multiple range tests were performed.
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6B.3. Results and discussion
6B.3.1. Particle size of curcumin-enriched blended beverage

The particle size distribution for each curcumin-enriched Pickering nanoemulsified blended
beverage that was stabilized with coconut milk waste nanocellulose and developed via high-
pressure homogenization are shown in Fig. 6B.1 and Table 6B.1. For curcumin-enriched
beverage production, the aqueous phase of the nanoemulsified beverage was blended with
nanocellulose, which was selected as a stabilizer along with Tween 80 for better and longer-
term stability. In drug-delivery systems, particle size greatly influences in vitro release of
biomolecules. The PDI is the index of size distribution representing the similarity between
particles, and a large PDI value indicates that the particle sizes are substantially different. By
applying high-pressure homogenization to the oil, water, and surfactant mixture, nanoscale
emulsions, hereafter referred to as nanoemulsions, can be created with small droplet sizes (50—
200 nm) (Baek et al., 2020). An unequal particle size can result in irregular pharmacokinetic
parameters and affect the therapeutic efficiency of a drug formulation. The average particle
size and PDI value of PNCP-Curl, PNCP-Cur2, PNCP-Cur3, PNCP-Cur4, PNCP-Cur5, and
PNCP-Cur6 was 120.5, 131.7, 145.3, 137.1, 141.1, and 172.5 nm, respectively, and 0.241,
0.119, 0.245, 0.207, 0.238, and 0.105, respectively, as shown in Fig. 6B.1 (a-f). The results
indicated that the size and PDI of the nanoemulsified beverages were low. PDI measures the
size distribution, and broadness indicates the deviation from the mean particle size (Tadros et
al., 2004). The relatively lower PDI values of the nanoemulsions can be correlated with greater
stability during storage. Jusril et al. (2022) reported that PDI value <0.25 indicated a narrow
and concentrated particle size that gave better stability. Lei et al. (2022) reported that emulsions
exhibited larger droplets and even demulsification when the content of bamboo shoot
nanocellulose (BSNC) was increased. It is interesting to note that twice-shearing, which
essentially decreases droplet size, greatly enhances the physicochemical characteristics of the
emulsions. For the Pickering emulsions stabilized with a BSNC concentration of 0.5%-1.1%,
the surface coverage was more than 100%. The droplet size of curcumin nanoemulsified
beverages was significantly dependent on the oil, surfactant, and blended beverage ratios of
defatted coconut milk and pineapple juice. The particle size of curcumin-enriched
nanoemulsified beverages increased with increasing concentrations of the stabilizer
(nanocellulose) and surfactant (Tween 80) Aw et al. (2022) reported that a nanocellulose-
stabilized Pickering emulsion did not require a CNC concentration of more than 1.5 g/100 ml
because it formed a very thick, gel-like Pickering emulsion. In contrast, when the stabiliser

levels increase, the average particle sizes of the nanoemulsion stabilized with carboxymethyl
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cellulose (CMC) shifted towards larger average particle size. This agrees with the work of
Ntazinda et al. (2014), who found that increasing the CMC concentration above a certain level
(to 6 g/L) caused a broadening of the particle size peak toward larger sizes. Addition of
nanocellulose at a concentration of 0.05%, 0.1% and 0.2% with 0.1% Tween 80 increased the
particle size of PNCP-Curl, PNCP-Cur2, and PNCP-Cur3 to 120.5 nm, 131.7 nm, 145.3 nm,
respectively (Table 6B.1). However, nanocellulose at 0.05%, 0.1% and 0.2% concentration
with 0.2% Tween 80 concentration increased the particle size in samples PNCP-Cur4, PNCP-
Cur5, and PNCP-Cur6 to 137.1 nm, 141.1 nm, and 172.5 nm, respectively. A higher particle
size was observed in curcumin-enriched blended beverage with 0.2% Tween 80 (PNCP-Cur4,

PNCP-Cur5, and PNCP-Cur6) than with 0.1% Tween 80 (PNCP-Curl, PNCP-Cur2, and
PNCP-Cur3).
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Fig. 6B.1: Particle size and PDI values of curcumin-enriched Pickering nanoemulsified blended

beverage (a) PNCP-Curl, (b) PNCP-Cur2, (c) PNCP-Cur3, (d) PNCP-Cur4, (¢) PNCP-Cur5,
and (f) PNCP-Cur6.

Table 6B.1. Particle size and polydispersity index of curcumin-enriched blended

beverages
Samples Particle size (nm) Polydispersity index
PNCP-Curl 120.5 0.241
PNCP-Cur2 131.7 0.119
PNCP-Cur3 145.3 0.245
PNCP-Cur4 137.1 0.207
PNCP-Cur5 141.1 0.238
PNCP-Cur6 172.5 0.105

6B.3.2. Creaming index of curcumin-enriched blended beverage

Creaming index is a good indicator of the physical stability of nanoemulsified beverage. The
volume of the separated layer was expressed as %CMI of the curcumin-enriched Pickering
nanoemulsified blended beverage (Fig. 6B.2) on storage. %CMI of Control sample on day 5
was 27.3+0.94% and day 35 was 42.3+0.29%. Stability is commonly addressed by analysis of
physical alterations of the nanoemulsion over a practical length of time. PNCP-Curl, PNCP-
Cur2, PNCP-Cur3, PNCP-Cur4, PNCP-Cur5, and PNCP-Cur6 showed no separation until day
10. PNCP-Cur6 showed %CMI of 13.3£0.01% on day 15 of storage. PNCP-Curl exhibited
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cream separation on day 20 with %CMI of 15.3+£0.82%, PNCP-Cur3 and PNCP-Cur4 showed
%CMI of 15.6£0.29% 21.6+0.35% respectively, on day 25. While %CMI of Control, PNCP-
Curl, PNCP-Cur3, PNCP-Cur4, and PNCP-Cur6 on day 35 of storage was 40.0+0.01%,
43.3+£0.71%, 35.6+0.29%, 42.6+0.77%, 35.6+£0.29%, respectively. PNCP-Cur2 and PNCP-
Cur5 did not show any separation till day 35 of storage. PNCP-Cur2 with 0.1% nanocellulose
and PNCP-Cur5 with 0.2% nanocellulose registered 0 %CMI on day 35 and were the most
stable formulations (Fig. 6B.2). The stability of the nanoemulsified beverages is related to the
particle size and PDI value of droplets. Sari et al. (2015) reported that the individual use of
stabilizer like Tween 80 and whey protein concentrate-70 did not yield positive results in
stability of creaming index. Moreover, in the blended beverage of coconut milk and pineapple
juice, we used nanocellulose along with Tween 80 at a very low concentration. The absence of
any creaming in PNCP-Cur2 and PNCP-Cur5 may be due to its smaller particle size and PDI
value (Table 6B.1). Jusril et al. (2022) reported that PDI value <0.25 indicated a narrow and
concentrated particle size that is required for better stability. Pengon et al. (2018) have reported
that the type of surfactant used had a direct impact on the durability of emulsions. Aw et al.
(2022) reported that a nanocellulose-stabilized Pickering emulsion did not require a CNC
concentration of more than 1.5 g/100 ml because it formed a very thick, gel-like Pickering
emulsion. In contrast, when the stabiliser levels increase, the average particle sizes of the
nanoemulsion stabilized with carboxymethyl cellulose (CMC) shifted towards larger average
particle size. This agrees with the work of Ntazinda et al. (2014), who found that increasing
the CMC concentration above a certain level (to 6 g/L) caused a broadening of the particle size
peak toward larger sizes. The stability of curcumin-enriched Pickering nanoemulsified blended
beverage was affected by the concentration of nanocellulose used. PNCP-Curl and PNCP-
Cur4 having 0.05% nanocellulose started separation on day 20 and day 25, respectively. On
other hand, PNCP-Cur3 and PNCP-Cur6 with 0.2% nanocellulose showed separation on day
25 and day 15 of storage, respectively. Nanocellulose concentration has been reported to be an
important parameter for preventing coalescence of the Pickering emulsion droplets

(Ngwabebhoh et al., 2018).
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Fig 6B.2: Creaming index of curcumin-enriched Pickering nanoemulsion blended beverages

(PNCP-Curl, PNCP-Cur2, PNCP-Cur3, PNCP-Cur4, PNCP-Cur5, and PNCP-Cur6).

6B.3.3. Curcumin stability in curcumin-enriched Pickering nanoemulsified blended

beverages stored at different temperatures

The stability of curcumin in curcumin-enriched Pickering nanoemulsified blended beverages
was determined at two different temperatures, and the results are shown in Table 6B.2.
Curcumin content in PNCP-Cur3 and PNCP-Cur6 was low, i.e. 5.7+0.05 mg/100 ml and
5.3+0.04 mg/100 ml, respectively, at 63 °C, and 5.7+0.14 mg/100 ml and 5.2+0.24 mg/100 ml,
respectively at 95 °C. The maximum curcumin content of 7.1+0.22 mg/100 ml was observed
in PNCP-Cur2 at 63 °C. An increase in the concentration of nanocellulose increased particle
size, which affected the stability of curcumin-enriched Pickering nanoemulsion blended
beverages PNCP-Cur 3 and PNCP-Cur6 having the highest concentration of nanocellulose i.e.
0.2% registered particle size of 145.3 nm and 172.5 nm, respectively. The significantly lower
curcumin content was observed in samples PNCP-Cur6 and PNCP-Cur3 with 54% and 50.4%
drop in curcumin content at 63 °C and with 55.1% and 50.4% drop at 95°C, from initial
curcumin content of 11.6+0.26 mg/100 ml and 11.5+0.22 mg/100 ml, respectively.
Significantly higher curcumin content was retained in PNCP-Cur2 and PNCP-Cur5 where drop
of curcumin was 43.6% and 46.8% at 63 °C, and 51.5% and 51.2% at 95°C from initial
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curcumin content 12.6+0.68 mg/100 ml and 12.5+0.62 mg/100 ml, respectively. Curcumin
stability was observed to be related to creaming index, PDI, and particle size. The stability of
PNCP-Cur2 and PNCP-Cur5 was justified in section 6B.3.2 taking into account the fact that
there was no %CMI on day 35 of storage. The most stable formulation was obtained with 0.1%
nanocellulose and 0.1% or 0.2% Tween 80. Moreover, PNCP-Cur2 and PNCP-Cur5 also had
very small particle size of 131.7 nm and 141.1 nm, respectively and PDI values of 0.119 and
0.238, respectively. Jusril et al. (2022) reported that PDI value <0.25 correlated with more
stability on storage. According to Li et al. (2016), curcumin may migrate into hot water because
medium-chain triglyceryl oil and curcumin have improved water solubility at higher
temperatures. After release of curcumin from nanoemulsion droplets, it gets exposed to
oxidation and hydrolysis in the aqueous solution. However, the curcumin content in the
nanocellulose-stabilized curcumin-enriched Pickering nanoemulsion blended beverage at 63
°C for 30 min and 95 °C for 1 min showed no significant difference after treatment. No
significant difference in curcumin concentration was observed (6.1+£0.15 mg/100 ml and
6.1+0.14 mg/100 ml) at 95 °C for PNCP-Cur2 and PNCP-Cur5 having 0.1% nanocellulose and
0.1% and 0.2% Tween 80 concentration. Tween 80 concentration did not show any effect on
curcumin degradation of PNCP-Cur2 and PNCP-Cur5 at 95 °C. The nanoemulsified blended
beverage PNCP-Curl and PNCP-Cur4 having nanocellulose concentration of 0.05% and 0.1%
and 0.2%Tween 80 showed significantly lower curcumin content as compared to PNCP-Cur2
and PNCP-Cur5 at 63 °C (Table 6B.2). At 95 °C, the curcumin content of PNCP-Curl
(6.2+£0.23 mg/100 ml) had significantly higher curcumin content as compared to PNCP-Cur3
(5.7+0.14 mg/100 ml), PNCP-Cur4 (5.5+0.12 mg/100 ml), and PNCP-Cur6 (5.2+0.24 mg/100
ml) (Table 6B.2). No significant difference was observed in PNCP-Curl, PNCP-Cur2 and
PNCP-Cur5 at 95 °C (Table 6B.2). Winuprasith and Suphantharika (2015) reported that the
droplet size of an emulsion increases with an increase in the concentration of micro-fibrillated
cellulose due to its high viscosity and thus poorer mixing of the emulsion. In general,
electrostatic interactions, van der Waals forces, hydrophobic interactions, and hydrogen
bonding affect Brownian motion in solutions. The strong electrostatic repulsion between CNC
particles due to their high surface charges delayed their adsorption at the oil/water interface,
due to which nanocellulose alone cannot be used to produce Pickering nanoemulsion (Aw et
al., 2022). Sari et al. (2015) also reported that the individual use of stabilizer like Tween 80
and whey protein concentrate-70 did not yield positive results in stability of creaming index.
So, the use of nanocellulose along with Tween 80 extended the stability of curcumin-enriched
blended beverage. As the storage duration extended, the downward migration of nanocellulose

particles caused an increase in optical density. This occurred because intermolecular

173




interactions cannot keep larger particles balanced (Niu et al., 2017), which is why separation
happens in the Pickering nanoemulsion. Further, Aw et al. (2022) reported that the surface
coverage by cellulose nanocrystals (CNC) on the droplet interface is poor at low CNC
concentrations (i.e., 0.1 to 0.5 g/100 ml), suggesting that the PE is not completely covered by
solid particles. Curcumin is transferred more quickly from the oil phase into the aqueous phase
when a portion of the oil phase is in contact with curcumin, this accelerates curcumin
degradation. Aw et al. (2022) observed that the curcumin stability decreased at 50 °C when the
CNC concentration increased from 0.1 g/100 ml to 1.5 g/100 ml, suggesting that the rate of
curcumin degradation increases linearly with the increase in CNC concentration. For Pickering
emulsion stability, the cellulose content should not be excessively high or low. Increase in the
concentration of nanocellulose above 0.1% in curcumin-enriched Pickering nanoemulsion
blended beverage increased the degradation of curcumin at the treatment temperatures of 63
°C and 95 °C. Yuliarti et al. (2019) reported increased particle size in systems containing CMC
and a small amount of pectin. The increase in particle size with increased CMC may be because

of a limited depletion flocculation effect.

Table 6B.2. Stability test of curcumin in curcumin-enriched Pickering nanoemulsified

blended beverages at two different temperatures

Curcumin (mg/100 ml)

Samples
Control 63 °C 95 °C

PNCP-Curl 10.6+0.76°A 6.4+0.135B 6.2+0.232B
PNCP-Cur2  12.6+0.68** 7.1+£0.2228 6.1+0.15%B
PNCP-Cur3 11.540.22%4 5.7+0.0548 5.7+0.14°B
PNCP-Curd  10.6+0.34%A 6.2+0.10°B 5.5+0.12¢4B
PNCP-Cur5 12.540.6224 6.6+0.16"B 6.1+0.14%°B
PNCP-Cur6 11.6:+£0.26%°4 5.3+0.04°B 5.2:40.2498

&¢ Values with different superscripts vary significantly within a column at p<0.05

and ~BValues with different superscripts vary significantly within a row at p<0.05.
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6B.3.4. In vitro bioaccessibility of curcumin-enriched Pickering nanoemulsified blended

beverages

In order to gain further insight into the influence of the nanocellulose and surfactant
concentration on PNCP-Curl, PNCP-Cur2, PNCP-Cur3, PNCP-Cur4, PNCP-Cur5, and
PNCP-Cur6, the in vitro lipid digestibility of all curcumin-enriched Pickering nanoemulsified
blended beverages was examined using a simulated small intestine model. From Table 6B.3, it
was observed that more the lipids in curcumin were digested, the more curcumin was released
(). The curcumin content in curcumin-enriched Pickering nanoemulsified blended beverage
was significantly (P < 0.05) decreased in intestinal phase with nanocellulose concentration of
0.05% and 0.2%. The samples PNCP-Cur2 and PNCP-Cur5 had the highest curcumin content
in in vitro bioaccessibilty, with values of 62.2+0.33% and 61.4+0.67% respectively, that were
not significantly different, as shown in Table 6B.3. This was possibly due to its higher stability
as %CMI was not observed in PNCP-Cur2 and PNCP-Cur5 (Fig6bB.2). A lower in vitro
bioaccessibility of curcumin was observed in samples PNCP-Curl and PNCP-Cur4 having
0.05% nanocellulose with values of 36.3+0.49% and 48.44+0.38%, respectively. PNCP-Cur3,
and PNCP-Cur6 with 0.2% nanocellulose registered in vitro bioaccessibility of 51.2+0.27%
and 48.2+0.41%, respectively. Among all the samples PNCP-Curl had the lowest invitro
bioaccessibility (p<0.05) with lowest nanocellulose (0.05%) and PNCP-Cur2 and PNCP-Cur5
having the highest in vitro bioaccessibility with 0.1% nanocellulose concentration. Winuprasith
and Suphantharika (2015) reported that nanocellulose induces the development of porous,
multilayered organizations that act as bridges between oil droplets. This process is known as
the bridging flocculation phenomenon. The nanocellulose present on the surface of droplet of
Pickering nanoemulsified blended beverage prevent the curcumin release in oral and stomach
phase of PNCP-Cur2 and PNCP-Cur5. The lowest curcumin content was observed in oral phase
of PNCP-Cur2 and PNCP-Cur5 with 0.1% nanocellulose and 0.1% and 0.2% Tween 80 with
values of 12.1+0.81% and 12.4+0.52%, respectively. The significantly different and highest
curcumin content after digestion in the oral and stomach phases was observed in PNCP-Curl
with values of 24.06+1.49% and 46.514+0.53%, respectively. The results indicated that the
encapsulated curcumin was highly stable in PNCP-Cur2 and PNCP-Cur5, and was not
completely released from the delivery system during gastric phase of digestion. Resistance of
PNCP-Cur2 and PNCP-Cur5 in oral and stomach phases may be attributed to the resistance of
the nanocellulose to oral and gastric phases of digestion. The sample PNCP-Cur2 and PNCP-
Cur5 with 0.1% nanocellulose showed significantly lower curcumin release in oral phase, i.e.,
12.1£+0.81% and 12.540.52%, respectively. PNCP-Cur2 and PNCP-Cur5 showed significantly
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different and maximum curcumin content in the intestinal phase of digestion with values of
62.2+0.33% and 61.4+0.67%, respectively due to its better stability and no creaming, as
specified in section 6B.3.2. According to Ribeiro et al. (2022), Pickering emulsion in the
stomach phase faces harsh conditions, namely they contact with gastric fluids in stomach phase
characterized by a highly acidic pH and high enzymes content. Due to the better stability of
PNCP-Cur2 and PNCP-Cur5 in different pH condition (as reported in section 6B.3.3), release
of curcumin in stomach phase was observed to be lower as compared to intestinal phase. Inal
et al. (2022) reported that enzymatic lipid digestion occurs only in intestinal phase with bile
salts and pancreatin. The fatty acid release during in vitro digestion of curcumin-added echium
oil nanoemulsion and only echium oil nanoemulsion was 40.9%, and 33.9%, respectively. The
amount of curcumin released in the intestinal phase of the PNCP-Cur2 and PNCP-Cur5 was
greater than in the stomach phase, which may be because of virgin coconut oil that was used
for the encapsulation of curcumin. The increase in curcumin release from PNCP-Cur2 and
PNCP-Cur5 could be explained by lipase dispersion between the aqueous phase and emulsion
interface as lipase gets activated in intestinal phase by enzymatic reaction. Ahmed et al. (2012)
reported that the release of fatty acid was higher for medium chain fatty acid (113%) as
compared to long chain fatty acids (68%). The relatively lower amount of fatty acid digestion
of long chain fatty acid is due to its property of accumulation at droplet surface, which inhibits
lipase digestion of emulsion. Medium chain fatty acid is known to dissolve easily in aqueous
phase than long chain fatty acid, and therefore is less likely to accumulate at droplet surfaces
and inhibit the digestion of lipids. The VCO used in curcumin encapsulation is rich in medium
chain fatty acids and contains nearly 49.3% lauric acid, 0.6% caproic acid, 7.4% caprylic acid,
5.9% capric acid, 18.5% myristic acid, 2.8% palmitic acid, and 6.1% stearic acid (chapter 5,
section 5.3.7).

This Pickering nanoemulsion with blended beverage as an aqueous phase effectively increased
the stability of the blended beverage, ensuring the encapsulation of curcumin within the
beverage system. The strong electrostatic repulsion between CNC particles due to their high
surface charges delayed their adsorption at the oil/water interface. According to Aw et al. (2022)
addition of salt (sodium chloride) in CNC formulation reduced the electrostatic repulsion
between negatively charged nanoparticles of CNC, however the salts present in pepsin
digestion used in vitro bioaccessibility study may affect the release of curcumin from curcumin-
enriched Pickering nanoemulsion blended beverage. According to Ribeiro et al. (2022), in
stomach phase the Pickering emulsion faces harsh conditions, namely they contact with gastric

fluids in stomach phase characterized by a highly acidic pH and high enzymes content. Due to
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which the release of curcumin in stomach phase was more as compared to oral phase in all
samples of curcumin-enriched blended beverage. However, the release of curcumin in PNCP-
Curl was higher in stomach phase (46.5+0.53%) as compared to intestinal phase (28.5+0.77%)
with nanocellulose concentration of 0.05%, which may be due to its poor stability, as mentioned
in section 6B.3.2. The separation of PNCP-Curl started on day 20 with %CMI of 15.3+0.82%.
The sample PNCP-Cur2 with 0.1% nanocellulose showed significantly lower amount of
curcumin release in the oral phase (12.1£0.81%) and maximum amount in intestinal phase
(62.2+0.33%), due to its better stability as specified in section 6B.3.2, with no %CMI.
Curcumin release in the beverage samples followed the order: PNCP-Curl>PNCP-
Cur3>PNCP-Cur4>PNCP-Cur6 during the oral phase with 0.05% and 0.2% nanocellulose and
0.1% and 0.2% Tween 80 concentration. Fitri et al. (2022) reported that fibers keep the cluster
of oil droplets together when NCC and NFC concentrations increase from 0.05 to 0.20% (w/w).
In the NFC-stabilized emulsion, this behaviour was more evident. The NFC formed three-
dimensional networks in a continuous aqueous phase to provide functionality. Its diameter was

in the nanometre range, whereas its length was several micrometres or longer (Fitri et al., 2022).

Table 6B.3. In vitro release of curcumin from curcumin-enriched Pickering

nanoemulsified blended beverages

Samples Oral phase  Stomach phase Intestinal phase Bioaccessibility of
(%) (%) (%) curcumin (%o)
PNCP-Curl 24.1#1.49%°  46.5+0.53 28.5+0.77 36.3+0.49¢
PNCP-Cur2 12.1+0.81¢  34.5+0.45¢ 63.0+0.20° 62.2+0.33°
PNCP-Cur3 18.7+0.39°  40.3+0.21° 53.4+0.58° 51.2+0.27"
PNCP-Cur4 185+0.66°  43.1+0.17° 49.2+0.09¢ 48.4+0.38°
PNCP-Cur5 12.5+0.52¢ 29.4+0.46° 61.940.17° 61.4+0.672
PNCP-Cur6 15.1+0.11°  42.1+0.83" 45.3+0.47¢ 48.2+0.41°

#f\alues with different superscripts vary significantly within a column at P <0.05

6B.3.5. Morphology of curcumin-enriched Pickering nanoemulsified blended beverage

during in vitro bioaccessibility

Figure 6B.3 shows the field emission scanning electron microscopy (FE-SEM) images of
PNCP-Cur2 during the different phases of in vitro digestibility. In the initial images of PNCP-
Cur2, that are shown in (Fig. 6B.3. a) the droplets were oval or spherical with packed
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nanocellulose and Tween 80 layer observed around the oil droplets, confirming the efficient
stabilization role of the stabilizers. Liu et al. (2019) reported a similar spherical morphology of
Pickering emulsion systems on FESEM images as for PNCP-Cur2 in Fig. 6B.3. a. Jiménez and
Capron (2018) reported that distinct aspect ratios of nanocellulose exhibited diverse strategies
for stabilising lipid emulsions. In particular, TEMPO-CNFs behaved between CNF and CNC,
and cellulose nanocellulose fibre (CNF) with the largest aspect ratio was found to form an
interconnected network around lipid droplets, while cellulose nanocellulose crystal (CNC) with
the smallest aspect ratio could wrap outside each individual lipid droplet surface (Liu et al.,
2019). After exposure to the oral phase of in vitro digestibility, no change in shapes of PNCP-
Cur2 was observed, where no agglomerates were observed (Fig. 6B.3. b-c). Similar results
were reported by Ribeiro et al. (2022) using CLSM. CLSM analysis images of in vitro
bioaccessibility of vitamin E loaded nanohydroxyapatite Pickering emulsions show no changes
in oral phase, no agglomerates and no evident changes in droplet size were observed. In the
stomach phase, the PNCP-Cur2 faced stringent conditions, namely they came in contact with
gastric fluids characterized by extremely acidic pH. The acquired FE-SEM images (Fig. 6B.3.
d-e) revealed that stomach phase is where PNCP-Cur2 underwent some changes. Specifically,
it is clear from Fig. 6B.3. (d-e) that PNCP-Cur2 droplet size increased during the stomach
phase due to flocculation. Golding and Wooster (2010) explained the reasons for the increase
in particle size and floc presence. Firstly, as the emulsions moved from the mouth stage to the
stomach stage, the gastrointestinal environment became acidic instead of neutral, which
affected the surface charge of the Tween 20-coated oil droplets. Secondly, electrostatic
repulsion between droplets was reduced by counter-ions in the simulated gastrointestinal fluid.
Thirdly, bridging flocculation with mucin from artificial saliva may result in flocs and a larger
particle size. Nanocellulose stabilized PNCP-Cur2 did not exhibit any morphological changes
in the oral phase of digestion. Nanocellulose fiber was less efficient as an emulsion stabiliser
in the gastric phase than it was in the oral phase. Because nanocellulose fibrils or crystals have
larger pore size than the molecules size of lipase or lipid droplet (Liu et al., 2019),
nanocellulose did not impede the interaction between lipase and lipid droplets over time.
However, nanocellulose along with Tween 80 reduced the diffusion or molecular collision of
lipid droplets at a short time range. The change of shape of emulsion droplets in the present
study was observed in the intestinal phase (Fig. 6B.3. f-g) due to the breakdown of the outer
layer of surfactant and nanocellulose, which is desirable for the release of curcumin. FE-SEM
enabled the imaging of PNCP-Cur2 during each digestion phase and allowed us to explore the
emulsion stability of curcumin-enriched Pickering nanoemulsion blended beverage upon

environmental changes. Fitri et al. (2022) reported that after exposure to the small intestine
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phase, the mean particle diameters of all evaluated samples increased significantly (p < 0.05).
Fat digestion started in the small intestine and some oil phase was removed from the emulsions,
causing them to lose dimension. It was found that the biopolymer network's structure affects
lipid digestion. Because lipid droplets can disperse in liquid or embed in big particles or gels,
insight of the fiber's microstructure and that of the droplets during each stage of digestion is
crucial to comprehending the transformation and possible interactions between the emulsions

and the nanocellulose.

EHT= 5.00 kv Signal A= InLens Date: 17 Oct 2022 Frd]
WD = 3.8 mm Mag= 80.00 KX Time: 17:27:30

EHT = 500 kW Signal A = InLens Date: 17 Oct 2022

ZEISS)
e e o

EHT = 500 kv Signal A= InLens Date: 17 Oct 2022 B
WD = 3.3mm Mag= 50.00KX Time: 17:12:17

0 | ©

EHT = 5.00 kV Signal A= Intens Date: 17 Oct 2022
wD= 3.8 mm Mag= 50.00 KX Time: 17:24:15

1 pm EHT= 500 kv Signat A= Intens Date: 17 Oct 2022

| WD = 3.6 mm Mag= 30.00 KX Time: 17:25:27 ﬁ

(d) (e)

179



g €

5.00 kv Date: i7 Oct 2022
WD = 3.5 mm Mag= 1060KX Time: 17:35:43

t EHT= 500 kv Signal A= InLens Date: 17 Gct 2022 ﬁ

WD = 3.6 mm Mag= 2000KX Time: 17:43:59

(f) (9)

Fig 6B.3: FE-SEM micrographs of curcumin-enriched Pickering nanoemulsified blended
beverage in nanometre range and micrometre range: (a) PNCP-Cur2; (b & ¢) PNCP-Cur2 in
oral phase; (d & ¢) PNCP-Cur2 in gastric phase; (f & g) PNCP-Cur2 in intestinal phase.

6B.3.6. Effect of pasteurization on curcumin stability of curcumin-enriched Pickering

nanoemulsified blended beverages

The stability of curcumin in food systems is very low and therefore, the degradation of
curcumin during storage was evaluated. To ascertain the curcumin stability, the curcumin-
enriched blended beverage that had the maximum concentration of curcumin throughout the in
vitro bioaccessibility study, i.e., PNCP-Cur2 was stored for 80 days at 25+2 °C and 4+2 °C.
The effect of pasteurization was determined for curcumin stability in curcumin-enriched
blended beverage with pasteurization (PNCP-Cur2) and without pasteurization (UNPNCP-
Cur2). The initial curcumin content before pasteurization was 12.1+0.20 mg/100 ml and after
pasteurization significantly reduced to 8.5+0.40 mg/100 ml. Li et al. (2016) reported that
curcumin may migrate into hot water because medium-chain triglyceryl oil and curcumin
improve water solubility at higher temperatures. Release of curcumin from nanoemulsion
droplets exposes curcumin to oxidation and hydrolysis in the aqueous solution. As shown in
Fig. 6B.4. (a-b), during storage, degradation of curcumin without pasteurization was more
evident at room temperature and at refrigeration temperature. On day 80 of storage, the
curcumin content in UNPNCP-Cur2 and PNCP-Cur2 was 6.0+0.77 mg/100 ml and 7.3+0.13
mg/100 ml, respectively at 25+2 °C. The curcumin content at 4+2 °C of UNPNCP-Cur2 and
PNCP-Cur2 was 8.4+0.08 mg/100 ml and 8.0+0.01 mg/100 ml, respectively, on day 80 of
storage. Percentage drop of curcumin in UNPNCP-Cur2 and PNCP-Cur2 at 25+2 °C storage
temperature was 44.3% and 14.1%, and 47.1% and 3.2% at 4+2 °C storage temperature,

respectively. The curcumin degradation in UNPNCP-Cur2 was more as compared to PNCP-
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Cur2 during storage, which may be attributed to microbial or physicochemical changes in
UNCP-Cur2 during storage. However, curcumin is a naturally occurring polyphenol, its use in
food preservation is restricted by photosensitization, pH instability, hydrophobicity, and heat
sensitivity (Lan et al., 2023). Thermal pasteurization has proved to be a suitable method to
reduce the microbial spoilage in food (Peng et al., 2017) Curcumin along with pasteurization
reduced the microbial growth during storage of PNCP-Cur2 (section 6B.3.6). The storge
stability of PNCP-Cur2 was better in terms of curcumin stability as compared to non-
pasteurized curcumin enriched blended beverage. Aditya et al. (2015) reported that curcumin-
loaded emulsions showed 91% and 87% curcumin stability after 15 days at 4 °C and 23 °C,
respectively. When these emulsions were immediately placed in a model beverage system, a
notable difference was observed. Approximately 40% of the curcumin remained stable at 4 °C
and 23 °C, which was much less than the curcumin stability observed in the emulsion. The
findings of Aditya et al. (2015) suggest that several variables, including temperature, co-
excipients, and formulation stability, may have a direct or indirect impact on stability. Baek et
al. (2020) reported that the stability of oil-soluble antioxidant compounds like B-carotene in
nanoemulsions depends on the composition of the oil and surrounding environmental factors,
such as exposure to UV radiation and high temperatures during storage. The curcumin
degradation in unpasteurized curcumin-enriched blended beverage was more as compared to
pasteurized curcumin-enriched blended beverage, may be the effect of microbial and

physicochemical changes during storage.
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Fig 6B.4: Effect of pasteurization at (a) 252 °C and (b) 442 °C temperature on curcumin
content in UNPNCP-Cur2 (curcumin-enriched Pickering nanoemulsified blended beverage
without thermal pasteurization) and PNCP-Cur2 (curcumin enriched Pickering

nanoemulsified blended beverage with thermal pasteurization).

6B.3.7. Effect of processing treatments on microbial load of curcumin-enriched Pickering

nanoemulsified blended beverage during storage

The results of the bacteriological analysis of pasteurized blended beverage without curcumin
(Control) and pasteurized blended beverage with curcumin and nanocellulose (PNCP-Cur2)
are presented in Fig 6B.5. (a-b) and Fig. 6B.6 (a-b). After pasteurization, the Control sample
had 0.15 log CFU/ml total aerobic count (TAC) and 0.03 log CFU/ml yeast and mould count
(YMC) on day 5 of storage at 25+2 °C. In comparison, the TAC load of the Control and PNCP-
Cur2 registered no growth on day 5 of storage at 4+2 °C. PNCP-Cur2 did not exhibit any YMC
growth until day 60, while Control did not exhibit any YMC growth till day 10 of storage at
4+2 °C. However, on day 80 of storage, the Control and PNCP-Cur2 sample showed TAC of
8.17+0.04 log CFU/ml and 3.08+0.02 log CFU/ml at 25 °C, and 5.65+0.1 log CFU/ml and
0.77£0.1 log CFU/ml at 4 °C, respectively. These results clearly indicated that bacterial growth
was greater in Control than in PNCP-Cur2. The YMC of Control and PNCP-Cur2 on day 80 of
storage was 5.23+0.5 log CFU/ml and 2.26+0.1 log CFU/ml at 25 °C, 5.88+0.1 log CFU/ml
and 0.50+0.6 log CFU/ml at 442 °C respectively. Mane et al. (2019) reported that after
packaging, the produced turmeric-orange RTS beverage bottles were pasteurized, which
decreased the microbial load during storage and extended the beverage shelf life. Citric acid
also serves as a preservative by making prepared RTS beverages more acidic, which creates an

environment that is unfavourable for the development of microorganisms. As per the FSSAI
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microbial standard for pasteurized juice, aerobic plate count should not be more than 1x10*

/ml, and yeast and mould count not more than 1x10%/ml.

10

o]

TAC (log CFU/ml)

0 5 10 20 30 40 50 60 70 80
Time (days)
@@= Control PNCP-Cur2
(a)

10

TAC (log CFU/ml)
A o

h - f
O _T
0 5 10 20 30 40 50 60 70 80
Time (days)
@=@u== Control PNCP-Cur2
(b)

Fig 6B.5: Effect of curcumin on TAC of Control (pasteurized blended beverage C50:P50
without curcumin) and PNCP-Cur2 (pasteurized curcumin-enriched Pickering

nanoemulsified blended beverage) on storage at (a) 25+2 °C and (b) 4+2 °C temperature

It can be seen from Fig. 6B.5 and Fig. 6B.6 that as the storage period at 25+2 °C increased, a
gradual increasing trend was observed in the number of total aerobic counts, which increased
in both control and PNCP-Cur2, but the sample without curcumin showed more microbial
growth than the sample with curcumin. The TAC of blended beverage with curcumin in it did
not exceed the maximum limit set by FSSAI. No evidence of yeast or mould growth was
observed in PNCP-CUR?2 up to day 50 of storage at 25+2 °C temperature. However, some yeast
and mould growth were observed at 2.267 log CFU/ml on day 80, which was within the
maximum limit recommended by FSSAI. As a natural food preservative with effective broad-

spectrum antibacterial and antioxidant capabilities, curcumin is playing a crucial role in
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preservation of food (Lan et al., 2023). Mane et al. (2019) reported that during the entire storage
period at 2542 °C and 4+2 °C, there was no any evidence of yeast and mould, or coliform in
their prepared beverage (fresh turmeric rhizome-based orange RTS), and hence, it could be
stored without any detrimental changes for up to 90 days. However, there was a gradual
increase in the total plate count, but below the limit specified by the FSSAI. Chia et al. (2012)
reported that heat pasteurization reduced overall plate count and the counts of yeast and mould,
resulting in a longer shelf life. Mwangi et al. (2019) also reported the unpasteurized juice
increased in bacteria counts by 3 logs after being kept at 20°C for a day. The bacteria count in
carrot juice surged tenfold even when refrigerated. At 20°C, the addition of curcumin (0.4 mM)
in the form of curcumin-methyl-B-cyclodextrin inclusion complex stopped the growth of
microorganisms in the juice. Due to encapsulation of curcumin in blended beverage (PNCP-

Cur2), the antimicrobial property of beverage might have increased (Mwangi, et al., 2019).
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Fig 6B.6: Effect of curcumin on YMC of Control (pasteurized blended beverage C50:P50
without curcumin) and PNCP-Cur2 (pasteurized curcumin-enriched Pickering

nanoemulsified blended beverage) on storage at (a) 25+2 °C and (b) 4+2 °C temperature.
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6B.3.8. Effect of processing treatments on physicochemical properties of curcumin-

enriched Pickering nanoemulsified blended beverage during storage

Fig. 6B.7 shows the effect of storage time on the TSS and pH values of curcumin-enriched
Pickering nanoemulsified blended beverages. The initial TSS value of Control and PNCP-Cur2
was 13+0.07 °Brix and 15+0.14 °Brix, and on 80 days of storage at 2542 °C the TSS value was
12.5+0.35 °Brix and 15.4+0.07 °Brix, respectively. No significant changes in TSS were
observed in pasteurized PNCP-Cur2 sample during storage period of 80 days at 25+2 °C. Chia
et al. (2012) reported that the thermally pasteurised pineapple juices did not show significant
changes in TSS during storage of 13 weeks. However, in the Control sample, TSS significantly
decreased with storage time. According to Rivas et al. (2006), the bacteria that cause the fruit
juice to deteriorate as a result of sugar fermentation is responsible for the change in total soluble
solids. The method by which bacteria cause fermentation is the breakdown of glucose through
biochemical pathway. On the other hand, on storage at 4+2 °C, the TSS value decreased in
Control (12.3+£0.07 °Brix) and no significant change was observed for PNCP-Cur2 (15.2+0.12
°Brix), as shown in Fig. 6B.7.b on day 80 of storage.

The initial pH values of the Control and PNCP-Cur2 samples was 3.5+0.21 and on 80 day of
storage was 2.0+0.07 and 3.5%0.13, respectively. The PNCP-Cur2 sample showed no
significant difference in pH at 2542 °C storage temperature. The pH of the Control and PNCP-
Cur2 samples at 4+2 °C before storage was 3.5£0.01, whereas on 80 day of storage 4.5+0.01
and 3.6+0.21, respectively. The pH increase in Control can be related to TSS decrease,
illustrated in Fig. 6B.7 and Fig. 6B.8. The TSS decrease may be due to the microorganisms
that cause juice spoilage (Chia et al., 2012). Shukla et al. (2017) also reported that the pH of
pasteurized mango-based dairy beverage decreased from 6.57 to 5.99 within 10 days of storage
at 5 °C. The sugar present in beverage, may be a source of microbial spores. During storage,
these spores and the bacteria converted the reducing sugars into acid. Igual et al. (2010) had
reported that in pasteurized grape juice, the °Brix and pH remained stable during storage for

60 days at 4 °C, indicating that the juice was not affected by storage time at low temperature.
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Fig 6B.7: Effect of curcumin on TSS of Control (pasteurized blended beverage C50:P50
without curcumin) and PNCP-Cur2 (pasteurized curcumin-enriched Pickering

nanoemulsified blended beverage) on storage at (a) 25+2 °C and (b) 442 °C temperature.
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Fig 6B.8: Effect of curcumin on pH of Control (pasteurized blended beverage C50:P50
without curcumin) and PNCP-Cur2 (pasteurized curcumin-enriched Pickering
nanoemulsified blended beverage) on storage at (a) 25+2 °C and (b) 4£2 °C temperature.

6B.3.9. Effect of processing treatments on POD activity curcumin-enriched Pickering

nanoemulsified blended beverage during storage

The initial POD at 25+2 °C of Control and PNCP-Cur2 after pasteurization was 2.28+0.98
U/min and 1.07+0.96 U/min, respectively, and on 80 days of storage significantly increased to
29.66+0.14 U/min and 4.72+0.22 U/min, respectively. The initial POD activity at 4+2 °C of
Control and PNCP-Cur2 was 2.45+0.32 U/min and 1.68+0.20 U/min, respectively, and on day
80 of storage was 28.45+ 0.13 U/min and 3.34% 0.28 U/min, respectively (Fig 6B.9. a-b). The
POD activity significantly increased in Control and PNCP-Cur2, but Control has higher POD activity
as compared to PNCP-Cur2. POD gets regenerated with time and causes browning and oxidation
of natural compounds present in juice (Shaik and Chakraborty, 2023). POD is a significant
food quality-related enzyme that has been linked to alterations in the nutritional value, color,
and flavour of food (Tao et al., 2019). The POD activity of PNCP-Cur2 was lower as compared
to the Control. At 25+2 °C, Control and PNCP-Cur2 samples showed 12 and 3.4-fold increase
in POD activity, respectively on day 80 of storage. The POD activity increases for Control and
PNCP-Cur2 samples at 4+2 °C was 10.6 and 0.98-fold on day 80 of storage. The study results
revealed that the POD of PNCP-Cur2 at 25+2 °C was higher as compared to 442 °C during the
entire period of storage. Addition of curcumin and increasing its concentration in PNCP-Cur2
(12.6 mg/100ml) as compared to CP-Cur (0.95 mg/100 ml from Chapter 6A) along with
thermal pasteurization had positive effects on reducing the POD activity of blended beverages
PNCP-Cur2. The peroxidase activity increase in CP-Cur was 5.5 and 4.3-fold on day 80 of

storage at 2542 °C and at 442 °C, respectively (section 6A, subsection 6A.3.4). Curcumin as a
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natural food preservative with effective broad-spectrum antibacterial qualities is crucial to the
preservation of food (Lan et al., 2023). Deng et al. (2023) reported that curcumin is a promising
therapeutic agent due to its natural antioxidant properties and strong anti-inflammatory and
antimicrobial functions. The authors opined that a possible explanation for curcumin ability to
suppress enzymatic browning is because it increases antioxidant capacity.

35
30
25
20
15
10

5

Enzyme activity POD (U/min)

0 5 10 20 30 40 50 60 70 80
Time (days)
@=@== Control PNCP-Cur2
(a)

Enzyme activity POD (U/min)

0 5 10 20 30 40 50 60 70 80
Time (days)
@=@== Control PNCP-Cur2
(b)

Fig 6B.9: Effect of curcumin on POD of Control (pasteurized blended beverage C50:P50
without curcumin) and PNCP-Cur2 (pasteurized curcumin-enriched Pickering

nanoemulsified blended beverage) on storage at (a) 25+2 °C and (b) 4£2 °C temperature.

6B.3.10. Effect of processing treatments on antioxidant properties curcumin-enriched

Pickering nanoemulsified blended beverage during storage

The total antioxidant activity that assessed through DPPH radical scavenging activity assay of
defatted coconut milk and pineapple juice blends at different treatment conditions like without
curcumin (Control) and with curcumin (PNCP-Cur) after pasteurization. The initial DPPH
scavenging activity was 69.2+ 0.75% and 78.9+ 0.11%, respectively and after 80 days of
storage at 25+2 °C was 8.4+0.49% and 34.7+1.88%, respectively, registering a drop of 87.8%
and 56%. The antioxidant activity decreased significantly during the storage period.
Correspondingly, initial DPPH scavenging activity of Control and PNCP-Cur was 69.1+0.79%
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and 78.7+0.12% at 4+2 °C. The DPPH activity of Control and PNCP-Cur was 10.0+£0.38% and
50.4+0.20% on 80 days of storage at 4+2 °C, suggesting a drop by 85.5% and 35.9% (Fig.
6B.10. a-b). Amanina et al. (2019) reported that the DPPH activity of pineapple-mango juice
blends after thermal treatment was considerably reduced after 9 weeks of storage. No
significant difference in DPPH activity was observed during the refrigeration storage (442 °C)
from day 10 to day 70 of storage of PNCP-Cur2. The DPPH of PNCP-Cur2 dropped from
initial value of 78.9% to 55.7% on day 5 of storage at 25+2 °C. During storage at 252 °C,
change in DPPH activity in PNCP-Cur2 was insignificant from day 5 to day 10. Khaksar et al.
(2019) reported that on day 6 of storage, the DPPH activity values of pineapple, guava, carrot,
and white dragon juices drastically decreased at RT (~28 °C). whereas no significant difference
in DPPH activity was observed during the refrigeration storage (4+2 °C) on day 6 of storage
by the authors. DPPH activity of PNCP-Cur2 significantly decreased with storage time at 25+2
°C and on day 80 the activity was 34.7+1.88%. During the entire storage period at both
temperatures, DPPH activity of PNCP-Cur2 remained higher than the Control sample, which

indicated that the antioxidant property of curcumin was retained to a great extent.
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Fig 6B.10: Effect of curcumin on DPPH free radical scavenging activity of Control
(pasteurized blended beverage C50:P50 without curcumin) and PNCP-Cur2 (pasteurized
curcumin-enriched Pickering nanoemulsified blended beverage) on storage at (a) 252 °C
and (b) 4+2 °C temperature.
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6B.3.11. Antimicrobial activity blended beverages
Impact of antibiotics and curcumin-enriched blended beverage on the growth of E. coli

and S. aureus

Fig 6B.11 presents the antimicrobial susceptibility of blended beverage and curcumin-enriched
blended beverages samples for E. coli. From the antibiotic susceptibility patterns, E. coli was
found to be susceptible to VVancomycin (VA), Streptomycin (S), Linezolid (LZ), Gentamycin
(GEN), Ciprofloxacin (CIP), and tetracycline (TE), and the zones of inhibition was 12+1.6 mm,
14+1.0 mm, 20+0.2 mm, 14+£0.1 mm, 22+0.2 mm, 13+£0.5 mm, respectively as shown in
Fig.6B.11. It was also observed that P100, C50:P50, CP-Cur, and PNCP-Cur2 were susceptible
to E. coli, and the zones of inhibition were 10.0+1.4 mm, 12.0+1.4 mm, 15.0+1.4 mm, and
16.5+£2.1mm; however, C100 was resistant as it did not show any zone of inhibition against E.
coli. The maximum inhibition zone was observed for PNCP-Cur2>CP-Cur>C50:P50>P100,
indicating that the presence of curcumin provided inhibitory property against E. coli. Hussain
et al. (2022) reported that curcumin has antimicrobial properties.

Staphylococcus aureus was found to be susceptible to the following antibiotics: vancomycin
(VA), Penicillin (P), Streptomycin (S), Linezolid (LZ), Gentamycin (GEN), Ciprofloxacin
(CIP), and tetracycline (TE), and the zones of inhibition were 21+0.1 mm, 20+1.4 mm, 22+1.6
mm, 10£0.5 mm, 24+£0.6 mm, 25£0.2 mm, and 24+0.1 mm, respectively (Fig.6B.12). For S.
aureus sample, the zones of inhibition of P100, C100, C50:P50, CP-Cur, and PNCP-Cur2 were
12.5+2.1 mm, 11.0+£1.4 mm, 12.5£0.7 mm 13.0+£0.7 mm, and 19.0£2.8 mm, respectively.
Singh et al. (2016) observed the antimicrobial activities of whey-based fermented soy
beverages supplemented with curcumin, and found maximum inhibitory zone against E. coli,
followed by S. aureus. When the curcumin concentration was increased, the inhibition zone
spanned from15-24 mm. Curcumin, a naturally occurring phenylpropanoid derivative that is
edible and GRAS (generally recognised as safe), has drawn interest as a possible "green"
antibacterial agent (Mwangi, et al., 2019). The present study reiterates the antimicrobial
efficiency of curcumin contained in blended beverages CP-Cur and PNCP-Cur2 in
nanoemulsified form. The curcumin-enriched beverages could inhibit the growth of E. coli and

S. aureus.
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6B.4. Conclusion

This study showed that physically stable curcumin-enriched Pickering nanoemulsified blended
beverage can be prepared using 0.1% nanocellulose and 0.1% Tween 80. The curcumin-
enriched blended beverages stabilized with nanocellulose and Tween 80 provided good
encapsulation property, had small droplet size, showed long-term stability, and demonstrated

good in vitro bioaccessibility. The microbial stability of PNCP-Cur2 (curcumin-enriched) was
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better than that of blended beverages without curcumin. The results showed that PNCP-Cur2
was able to restrict microbial growth because of which total aerobic count (TAC) and yeast and
mould count (YMC) during storage at 2542°C and 4+2°C remained below FASSI
specifications. Using a blended beverage as the aqueous phase increased the concentration of
curcumin that could be incorporated (~12.63 mg/100ml). In section 6A, only 10% of the
curcumin-enriched Pickering nanoemulsion was added to a blended beverage and the
nanoemulsified beverage (CP-Cur) contained ~0.95 mg/100 ml of curcumin. Due to the
increase in the concentration of curcumin in PNCP-Cur2 the storage properties of PNCP-Cur2
also improved. PNCP-Cur2 registered lower microbial load, higher antioxidant property,
reduced peroxidase activity and better physicochemical properties as compared to CP-Cur. The
in vitro bioaccessibility of PNCP-Cur2 was superior to CP-Cur, with greater amount of
curcumin being released in the intestinal phase of digestion. These results have important
implications for the design of functional blended beverage of defatted coconut milk and
pineapple juice to encapsulate and release curcumin in intestinal phase and increase the storage
stability of blended beverages due to the antimicrobial and antioxidant property of curcumin in
it.
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