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Abstract: Reducing fat intake from our daily diet serves to be an effective way to
combat the rising obesity issue worldwide. Hence, reducing fat content in may-
onnaise, a high fat food product, is one of the primary trends in the food industry.
To date, research on the use of nanocellulose, a new and emerging form of fat
mimetic, in mayonnaise formulation remains limited. This study sets out to for-
mulate reduced fat 5%, 15%, and 30% mayonnaise using varying concentration
of nanocellulose synthesized from palm pressed fiber followed by a 20-day sta-
bility study. Nanocellulose was synthesized with particle size of 106.0 ± 18.7 nm
and zeta potential of −72.5 ± 2.26 mV. It was used as fat mimetic in mayonnaise.
Rheological analysis conducted showed that incorporation of nanocellulose into
reduced fatmayonnaise formulationwas able to counteract the loss of viscosity in
mayonnaise caused by fat content reduction. This finding was further supported
by the smaller oil droplets that are closely packed in reduced fat mayonnaise
formulation when viewed under light microscope. Nonetheless, significant oil
droplet coalescence was found in reduced fat mayonnaise formulations during
storage periodwhich could lead to loss of viscosity. Taken together, these findings
suggest that CNFwas able to act as fat mimetic upon formulation of mayonnaise
but the same cannot be said during long term storage of mayonnaise.
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Practical Application: We successfully isolated nanocellulose from palm
biomass (palmpressed fiber) using green approach andused it as a fat replacer for
preparation of 5%, 15%, and 30% reduced fat mayonnaise. A computation study
revealed a strong binding affinity of the nanocellulose on the lipase active site
essential to inhibit the digestion of fats and oils. Therefore, nanocellulose demon-
strated a huge potential to be used as not only as fat replacer but also rheological
modifier for the development of reduced fat or vegan foods.
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1 INTRODUCTION

Obesity is a complex and multifaceted health disorder
that has become a pressing public health challenge of
the 21st century. It is associated with poor health out-
comes and increased mortality risks. In order to combat
the rising obesity rate worldwide, the food industry has
a pivotal role in promoting healthier eating habits by
reducing the total calorie intake from fat, an energy-dense
macronutrient contributing 9 kcal g−1. This is evidenced
by the widely available low-calorie, reduced-calorie, and
zero-calorie products on market shelves.
Mayonnaise is a versatile and widely used condiment

that has a high fat content of 70–80%. As such, low
fat and reduced-fat versions of mayonnaise are gradually
populating supermarket shelves as a healthier option for
consumers. However, when fat content in mayonnaise is
reduced, oil droplet density in mayonnaise decreases as
well, resulting in the loss of stability, firmness, and vis-
cosity of the mayonnaise (Mirzanajafi-Zanjani et al., 2019).
Usually, fat replacers such as protein, carbohydrate, and
fat are utilized to reduce the calorie content in mayon-
naise (Chang et al., 2017; Li et al., 2014; H. Liu et al., 2007).
Nonetheless, carbohydrates like starch and high fructose
corn syrup have the potential to increase the risk of dis-
eases such as diabetes and heart diseases. Fat mimetics
derived from dietary fiber sources serve as an alternative
to conventional fat replacers that confer to health benefits
and negate the adverse effects mentioned above.
Nanocellulose is a nanoscaled biopolymer made up of

𝛽-1,4 linked D-glucoanhydropyranose. It has a diameter
usually in the range of 5–40 nm and length of 100–500 nm,
which can be produced from a range of cellulosicmaterials
(Endes et al., 2016). Owing to the many desirable prop-
erties of nanocellulose such as biocompatibility, viscosify-
ing properties, zero-calorie properties, chemical inertness,
and amphiphilic nature, nanocellulose has attracted great
interest among researchers as a green, renewable, and sus-
tainable raw material for food applications (Serpa et al.,
2016). This is in accordance with the current food trend
where sustainable development is part of the core focus
area. One of the most distinctive features of nanocellulose,
especially cellulose nanofibers (CNF) is its viscosifying
properties. Entanglement of cellulose fibers gives rise to a
stable three-dimensional gel network which is able to act
as a rheological modifier in reduced fat food products. The
use of CNF in combination with other food additives such
as starch and guar gum in low-fat mayonnaise formulation
has shown improved organoleptic properties with high
stability during storage (Golchoobi et al., 2016; Heggset
et al., 2020). According to US Food and Drug Administra-
tion (FDA) regulations, nutrient comparative claim can be
done when a product has reduced nutrient content of at

least 25% compared to its reference food (Wartella et al.,
2011). To the best of our knowledge, the use of CNF alone
in reducing mayonnaise fat content up to 30% has yet to
be studied, thus posing an interesting research gap in the
current literature to investigate its ability to act as rheolog-
ical modifier in reduced fat mayonnaise. Besides, several
mechanisms have also been proposed by past researches
in regard to the putative health benefits of nanocellulose,
especially on its antiobesity effect. For example, CNF can
lower lipolysis rate by hindering access of lipase to lipid
droplets and binding to bile salt in the body (Bai et al.,
2019; DeLoid et al., 2018; Liu & Kong, 2019). Furthermore,
the nanosized cellulose acts as a prebiotic in the gut which
boosts production of short chain fatty acid and alters the
gut microbiome (Nsor-Atindana et al., 2020).
In light of the growing trend towards the use of sus-

tainable raw materials in food products, this study aims
to study the effect of incorporating CNF synthesized
from palm pressed fiber (PPF), an underutilized oil palm
biomass in Malaysia, as a rheological modifier and fat
mimetic in reduced fat mayonnaise. The physicochemical
properties of reduced fat mayonnaise (5%, 10%, and 30%)
and its storage stability over a period of 20 days were eval-
uated. Additionally, this study examined the antiobesity
effect of CNF via in silicomolecular docking between CNF
and human pancreatic lipase (HPL).

2 MATERIALS ANDMETHODS

2.1 Materials

Palm kernel olein oil (PKOO) and PPF were supplied by
Sime Darby Research Plantation Sdn Bhd (Pulau Carey,
Malaysia), while 1,3 specific Lipozyme TLIM lipase were
purchased from Novozymes A/S (Bagsvaerd, Denmark).
Flaxseed oil (FO), soybean oil, egg yolk, vinegar, sugar, and
salt were sourced from the local supermarkets. FO and soy-
bean oil were used to produce medium and long chain
triacylglyceride (MLCT), a type of antiobesity functional
oil, using the optimized reaction conditions obtained in a
previous study conducted by Lee et al. (2015). Substrate
ratio of PKOO and FO (90:10 w/w) were interesterified
with 5% of TLIM at 50◦C for 7.26 h. Upon completion
of reaction, the synthesized oil was filtered to separate
enzyme lipase from oil and acidified using 15%NaOH solu-
tion at 1:20 (w/w) NaOH to oil ratio to eliminate free fatty
acid. The final free fatty acid content achieved was 0.035%,
which was below 0.1% according to the standard set by
The PalmOil Refiners Association ofMalaysia(2000). Sub-
sequent high-performance liquid chromatography anal-
ysis revealed a total yield of 71.24% MLCT triglyceride
formed after interesterification reaction. All chemicals
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and reactants used in this research were of analytical
grade.

2.2 Synthesis of palm-based CNFs

2.2.1 Cleaning of PPF

Before use, big substances like stones, seeds, and leaves
were removed from PPF by handpicking. PPF were then
soaked in distilled water for 3 h, followed by rinsing with
hot water (60◦C) to remove dirt adhering to the fiber sur-
face. After washing, the PPF were dried overnight in an
oven at 60◦C. The dried PPF were then grounded using a
PX-MFC90D lab mill (Polymix, Switzerland) with a 2-mm
sieve attachment and sifted with a 60-mesh sieve. Ground
PPF were then stored at 4◦C until further use.

2.2.2 Alkali and bleaching treatments

Firstly, ground PPF were soaked in 4% NaOH at a fiber
to solution ratio of 1 g:15 ml at room temperature for 2 h.
Next, the ground PPF were heated in 17.5% NaOH at 80◦C
with stirring at a fiber to solution ratio of 1 g:15 ml for
4 h. The alkali-treated fibers (AT-PPF) were filtered and
washed with distilled water to remove excess alkali until
neutral pH was obtained.
Peracetic acid solution was prepared beforehand by

combining glacial acetic acid and 30% hydrogen perox-
ide solution at a ratio of 6:4 (in ml) followed by 1.5%
of sulfuric acid. The solution was then stirred at room
temperature for 72 h before use. After alkali treatment,
bleaching treatment was conducted by adding AT-PPF to
80◦C peracetic acid solution at a fiber to solution ratio
of 1 g:20 ml for 1 h. The bleaching treatment was con-
ducted twice. The bleached fiber were then stirred in
1.0 M NaOH for 1 h (1 g:20 ml) to neutralize the peracetic
acid. Finally, distilled water was used to wash the alkali-
treated and bleached fibers (AB-PPF) until pHof neutrality
was reached.

Extraction of CNFs
The pretreated cellulose were dispersed in distilled water
at a concentration of 1% and passed through PandaPLUS
2000 High Pressure Homogenizer (HPH) (GEA Group,
Düsseldorf, Germany). The cellulose slurry were passed
throughHPHunder different pressures at 30MPa, 50MPa,
and 70 MPa for one cycle which were labeled as CNF-30,
CNF-50, and CNF-70 respectively. Samples from CNF-70
were further subjected to different cycles of HPH treat-
ment. Cycles 2, 3, and 4 of HPH treatment at 70MPa corre-
spond to CNF-70(2), CNF-70(3), and CNF(4), respectively.
The CNF were then stored at 4◦C until further use.

2.3 Characterization of CNFs

2.3.1 Color measurement

Color of raw PPF and AB-PPF was analyzed using color
spectrophotometer (Colorflex EZ, Hunterlab, Melbourne,
Australia) following the L*, a*, b* system to evaluate color
changes in the fiber after chemical pretreatments.

2.3.2 Zeta potential

Zeta potential of 0.05% CNF dispersed in distilled
water were measured using Malvern Nano-ZS Zetasizer
(Malvern Instruments Ltd, Worcestershire, UK) at room
temperature (25◦C) using electrophoretic light scattering
method.

2.3.3 Rheology measurement

Rheology properties of CNF were measured using a MCR
302 modular compact rheometer (Anton Paar, Graz, Aus-
tria) with a parallel plate (50 mm diameter and 1 mm
gap) at 25◦C. The viscosity of CNF samples were ana-
lyzed by varying the shear rate from 0.01 s–1 to 300 s–1.
The flow curve obtained were then analyzed using the
Hershel-Bulkley model:

𝜎 = 𝜎0 + 𝐾𝛾𝑛 (1)

where σ= shear stress (Pa), σ0 = yield stress (Pa), γ= shear
rate (s−1), K = consistency coefficient (Pa sn), n = flow
behavior index.

2.3.4 Fourier transform infrared
spectroscopy

Fourier transform infrared (FTIR) spectra of raw PPF,
AT-PPF, AB-PPF, and CNF-70(2) were analyzed using an
infrared Fourier-transform spectrometer (Perkin Elmer
Spectrum Two, Perkin Elmer, Waltham, MA, USA) to
examine changes in functional groups during CNF pro-
duction. The FTIR spectra analyses were performed at a
resolution of 4 cm–1 in the infrared region of 400–4000
cm–1 with a total of 16 scans for each sample.

2.3.5 Field electron scanning electron
microscope

Prior to viewing under field electron scanning electron
microscope (FE-SEM), the samples were first fixed on a



Nanocellulose in reduced fat mayonnaise 3545

carbon-filled tape and coated with gold at a sputtering cur-
rent of 30 mA, sputter time of 38 s and tooling factor of 1.10
using a rotary pumped coater (Quorum Q150R S, Quorum
Technologies, Lewes, UK). The morphology and diame-
ter of freeze-dried raw PPF, AB-PPF, and CNF-70(2) were
examined using FE-SEM (Hitachi SU8010, Tokyo, Japan)
at 10 kV accelerating voltage undermagnifications of 100×,
500×, and 1000×. ImageJ softwarewas used tomeasure the
diameter of raw PPF, AB-PPF, and CNF-70(2).

2.4 Preparation of mayonnaise

Mayonnaise were formulated based on the formulation in
Table 1. Egg yolk, vinegar, water, sugar, salt, and CNF-70(2)
were blended using an ultra Turax homogenizer (IKA T25,
Staufen, Germany) at 350 rpm for 5 min. Soybean oil and
MLCTwere then added in a dropwise manner to the aque-
ous phase while increasing the speed of homogenizer to
550 rpm for 10 min. Mayonnaise samples were placed in a
tube and stored at 25◦C for 20 days. Samples were collected
at day 1, 10, and 20 for analysis.

2.4.1 Characterization of mayonnaise

Rheology analysis
Viscoelastic property of the mayonnaise samples were
evaluated using a MCR 302 modular compact rheometer
(Anton Paar, Graz, Austria) attached with a 50-mm par-
allel plate with 1-mm gap at 25◦C. The linear viscoelastic
region (LVR) of each sample was determined using strain
sweep oscillatory test with strain ranging from 0.01% to
100% at a fixed frequency of 1 Hz. Subsequently, frequency
sweep test ranging from 0.01 Hz to 100 Hz were performed
at 1% strain, which was within the LVR region of the
mayonnaise samples. The components of storage modulus
(G′), loss modulus (G″), and tan δ versus frequency of all
mayonnaise samples were obtained.

Micromorphology of mayonnaise
Mayonnaise samples were spread thinly on a microscope
slide and covered with a cover slip prior to viewing under
light microscope (Olympus BX51, Tokyo, Japan) at a mag-
nification of 400× to observe the morphology and size of
oil droplets.

Color measurement
Color of mayonnaises were inspected using a color spec-
trophotometer (Colorflex EZ, Hunterlab, Melbourne, Aus-
tralia) following the L*, a*, b* system.
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Separation/creaming Index
The external appearance of each tube was observed for
macroscopic defects such as the occurrence of syneresis
and/or emulsion separation during long-term storage. The
extent of creaming was evaluated quantitatively by first
measuring the height of emulsion (HE) and the height of
serum layer (HS). Creaming indexwas calculated using the
formula below:

%CI = (HS∕HE) × 100 (3)

pH measurement
pH of mayonnaise were measured using pH meter
(Seven2Go pHmeter S2-Std-Kit, Mettler Toledo, OH, USA)
at room temperature (25◦C).

2.5 Statistical analysis

Statistical analyses were carried out using IBM SPSS
Statistics version 27. Statistical differences between sam-
ples were evaluated using analysis of variance (ANOVA)
approach followed by post hoc LSD test.

2.6 Molecular docking

As the antiobesity effect of CNF has been established
in several studies, it is of interest to examine and ver-
ify the possible interaction between CNF and HPL. The
structure of HPL (PDB ID: 1lpb) and orlistat (PubChem
CID: 3034010) was downloaded from Protein Data Bank
and PubChem. The structure of CNF was constructed
and downloaded using an online tool known as Cellulose
Builder. The molecular docking procedures were carried
out using AutoDock Vina software version 1.1.2. The dock-
ing results were visualized and analyzed using Pymol
version 2.5.1. and Discovery Studio Visualizer version 4.0.

3 RESULTS AND DISCUSSION

3.1 Isolation and characterization of
CNFs

3.1.1 Color analysis

Figure 1a portrays the appearance of raw PPF as brown in
color due to the presence of lignin and other chromophore
components. After alkaline and bleaching pretreatments,
the PPF turned into a white, soft mass as depicted in
Figure 1c. The significant change in color may be due
to the solubilization of lignin and decomposition of per-
acetic acid, forming hydrogen peroxide, which reacts with

the chromophoric portion of PPF through chemisorptions
(Dungani et al., 2017). The color changes of PPF were
further measured quantitatively using color spectropho-
tometer, and the results are shown in Table 2. The L* value,
representing the lightness of the sample, increased signifi-
cantly after chemical pretreatments. This is attributed to
the bleaching effect of peracetic acid that enhances the
brightness andwhiteness of PPF by removing dark colored
tannins and lignin

3.1.2 Zeta potential

Zeta potential measures the magnitude of negative charge
on nanocellulose surface that confers to colloidal stabil-
ity due to same charge electronic repulsion. In this study,
as HPH pressure increases from 30 MPa to 70 MPa, abso-
lute zeta potential of CNF increases from −44.1 ± 1.37 mV
to −57.7 ± 1.82 mV. These results are related to HPH pro-
cessing that fibrillates cellulose via a shearing action. As
a result, more hydroxyl groups in cellulose were exposed,
increasing the negative charge on CNF surface. Besides,
oxidation of functional groups on CNF surface takes
place due to increased contact between CNF and oxygen,
thus increasing the absolute zeta potential value of CNF
(Ni et al., 2020). This finding was consistent with the
study by Ni et al. (2020) who reported increment in abso-
lute zeta potential value from −41.4 mV to −52.6 mV
with increasing HPH pressure (10 MPa to 70 MPa). By
increasing the number of cycles of HPH processing, cel-
lulose fibers were further fibrillated as shown by the
significant increase in absolute zeta potential value from
−57.7 ± 1.82 mV to −72.5 ± 2.26 mV after two rounds
of HPH treatment at 70 MPa. Contrary to expectations,
absolute zeta potential value decreased at three and four
cycles of HPH treatment, which could be due to the re-
agglomeration of CNF fibers. As the fibers re-agglomerate
together, less negatively charged functional groups will be
exposed on the fiber aggregate surface, thus reducing the
zeta potential measured. This justification was supported
by Lenhart et al. (2020) who reported that increasing num-
ber of HPH cycle beyond the optimum energy needed for
cellulose fibrillation could cause re-agglomeration of CNF
due to increase in exposed hydroxyl groups onCNF surface
and the subsequent hydrogen bonding between functional
groups. The re-agglomeration of CNF decreases the mag-
nitude of negative charge on CNF surface, thus lowering
its ability to confer to colloidal stability (Table 3).

3.1.3 Rheology

CNF exhibits a gel-like behavior after HPH processing
due to the entanglement of thin, long cellulose fibrils that
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F IGURE 1 Images of (a) raw PPF, (b) AT-PPF, (c) AB-PPF
Abbreviations: AB-PPF, alkali-treated and bleached palm pressed fiber; AT-PPF, alkali-treated palm pressed fiber; PPF, palm pressed fiber

TABLE 2 Color coordinates and color changes of raw PPF and AB-PPF

Colour
coordinates L* a* b* △E
Raw PPF 28.50 ± 0.01a 6.10 ± 0.02a 15.42 ± 0.05a 49.20 ± 0.02
AB-PPF 74.16 ± 0.00b −0.90 ± 0.00b −1.50 ± 0.02b

Note: Results are expressed mean ± standard deviation of triplicate analysis. Different superscript alphabets in the same column indicate a significant difference
at p < 0.05.
Abbreviations: AB-PPF, alkali-treated and bleached palm pressed fiber; PPF, palm pressed fiber.

TABLE 3 Zeta potential measurement of AB-PPF and CNF

Samples
Zeta potential
(mV)

AB-PPF −37.2 ± 5.08a

CNF Pressure
(MPa)

Number of
cycles

CNF-30 30 1 −44.1 ± 1.37b

CNF-50 50 1 −43.4 ± 0.06b

CNF-70 70 1 −57.7 ± 1.82cA

CNF-70(2) 70 2 −72.5 ± 2.26B

CNF-70(3) 70 3 −46.9 ± 1.97C

CNF-70(4) 70 4 −51.95 ± 5.44AC

Note: Zeta potential is expressed as the mean ± standard deviation of tripli-
cate measurements of each sample. Different lowercase superscript alphabets
indicate a significant difference between samples at different pressure at p <
0.05. Different uppercase letter superscripts indicate a significant difference
between samples at different number of cycles at p < 0.05.
Abbreviations: AB-PPF, alkali-treated and bleached palm pressed fiber; CNF-
30, CNF treated at 30 MPa; CNF-50, CNF treated at 50 MPa; CNF-70, CNF
treated at 70 MPa; CNF-70(2), CNF treated at 70 MPa for two cycles; CNF-
70(3), CNF treated at 70 MPa for three cycles; CNF-70(4), CNF treated at 70
MPa for four cycles.

forms a fiber network. The shear flow properties of CNF
under different HPH conditions in this study are shown
in Figure 2. Shear stress of all the CNF samples increased
with shear rate, indicating that CNF exhibits a shear thin-
ning behavior. Figure 2 also shows a stepwise increment

in viscosity of CNF as homogenization pressure increases
from 30 MPa to 70 MPa. Higher homogenization pressure
applied on the cellulose slurry causes degree of cellulose
fibrillation to increase, thus reducing cellulose particle
size and increasing the aspect ratio of CNF. By increas-
ing the aspect ratio of CNF, the number of fibril contact
points rises, entrappingmore water within the gel network
and shifting the rheology of the cellulose slurry to a more
viscous and gel-like behavior (Ang et al., 2019; Moberg
et al., 2017). Increasing number of homogenization cycle
at 70 MPa to two cycles further increased the viscosity of
CNF. This was in line with the work by Lenhart et al.
(2020) who observed formation of a more viscous CNF gel
during each additional homogenization cycle. Contrary to
expectation, no observable changes in CNF viscosity were
spotted when homogenization cycle increases to three and
four cycleswhich can be attributed to the re-agglomeration
of cellulose fibers.

3.1.4 FE-SEM

Figure 3a,b depicts the surface morphology of raw PPF
which was rough with irregularly shaped pits on the sur-
face due to presence impurities and macromolecules such
as wax, pectin, lignin, hemicellulose, and fatty substances.
As can be seen in Figure 3c,d, the surface of AB-PPF is
smoother and cleaner with no observable pits. Besides,
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F IGURE 2 Flow curve of shear stress versus shear rate of CNF under varying HPH conditions
Abbreviations: CNF-30, CNF treated at 30 MPa; CNF-50, CNF treated at 50 MPa; CNF-70, CNF treated at 70 MPa; CNF-70(2), CNF treated at
70 MPa for two cycles; CNF-70(3), CNF treated at 70 MPa for three cycles; CNF-70(4), CNF treated at 70 MPa for four cycles

thin fibril structures in parallel with the fiber axis can be
observed after chemical pretreatments. The drastic change
in the surface morphology is ascribed to the dissolution
of noncellulosic materials on fiber surface from the com-
bined action of NaOH and peracetic acid (Ho et al., 2011).
Besides changes in surface morphology, the fibers experi-
enced significant size reduction from 188.4 µm ± 5.6 µm to
5.87 µm ± 1.4 µm (p < 0.05) after chemical pretreatments.
Subsequent HPH treatment at 70 MPa for two cycles was
used to delaminate fiber fragments via high pressure,
shear, turbulence, and cavitation (Nagarajan et al., 2021).
This led to the physical unwinding of native cellulose
fibers, producing a heterogeneousmixture of thin cellulose
fibers with different diameters that are highly entangled
as shown in Figure 3e,f. The approximate diameter of
CNF-70(2) measured using ImageJ was 106.0 ± 18.7 nm.

3.1.5 FTIR

Changes in fiber functional groups at different stages of
CNF production are shown in Figure 4 and Table 4. In the
FTIR spectra of raw PPF, the peak at 2850 cm–1 represents
C = O functional group in fatty acid molecule, indicat-
ing the presence of residual oil on fiber surface. Following
alkali treatment, the peak at 2850 cm–1 disappeared which
shows that residual oil on PPF surface was successfully
removed. Attenuation of absorption peak at 2918 cm–1, cor-
responding to the symmetric and asymmetric stretching
of lignocellulosic aliphatic–CH groups, and the disappear-
ance of the peak at 1709 cm–1, corresponding to the C =

O carbonyl functional groups in hemicellulose and lignin,
following alkali treatment implied the removal of small
amounts of lignocellulosic material, which is consistent

with the findings reported by Chieng et al. (2017). The peak
shift at 2918 cm–1 to 2892 cm–1 and disappearance of peaks
ranging from 1500 cm–1 to 1630 cm–1 corresponding to the
C = H bond in aromatic ring and C–H vibration in lignin
in AB-PPF illustrate the effective removal of lignin in PPF
during bleaching process. It is also noted that the peak
at 895 cm–1, representing the anomeric vibration specific
to beta glucosidic linkage between sugar units, was not
evident in raw PPF but was present in AT-PPF, AB-PPF,
and CNF. This may due to the presence of hemicellulose,
lignin, and other noncellulosic components that encrusts
cellulose in raw PPF (Shanmugarajah et al., 2015). After
bleaching process, two new peaks emerged in the FTIR
spectra of AB-PPF which are the peaks at 1427 cm–1 and
1159 cm–1, corresponding to –CH group and C–O–C groups
in cellulose, respectively. From these results, it can be sug-
gested that the removal of noncellulosic material from
PPF helps expose more cellulose functional groups. After
HPH treatment, new peaks formation at 1637 cm–1 and
1107 cm–1 that corresponds to water absorption by cel-
lulose molecule and C–O stretch in secondary alcohol,
respectively, as well as increase in intensity in both peak
at 1637 cm–1 and 1313 cm–1 (O–H bend in phenol or ter-
tiary alcohol) were observed. These results can be related
to the fibrillation action of HPH treatment that led to
increase in exposed –OHgroups on fibril surface andwater
absorption by CNF (Freitas et al., 2015; Shanmugarajah
et al., 2015).

3.2 Characterization of mayonnaise

Considering the relatively high zeta potential and viscosity
of CNF produced at 70 MPa and two cycles as compared to
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F IGURE 3 FE-SEM images of raw PPF (a and b), AB-PPF (c and d) and CNF-70(2) (e and f) at magnification of 100×, 500× and 1000×
Abbreviations: AB-PPF, alkali-treated and bleached palm pressed fiber; CNF-70(2), CNF treated at 70 MPa for two cycles; PPF, palm pressed
fiber

the other counterparts, this CNF is regarded to be an ideal
candidate to act as a fat mimetic and emulsion stabilizer in
food system. Henceforth, the emulsion-stabilizing effect of
this CNF in a reduced-caloriemayonnaisewas investigated
in the subsequent study.

3.2.1 Rheology analysis

The viscoelastic behavior of mayonnaise samples were
measured and the storage modulus (G′) and loss modu-
lus (G″) of each sample are presented in Figure 5–7. From
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F IGURE 4 FTIR spectra of raw PPF, AT-PPF, AB-PPF, and CNF-70(2)
Abbreviations: AB-PPF, alkali-treated and bleached palm pressed fiber; CNF-70(2), CNF treated at 70 MPa for two cycles; PPF, palm pressed
fiber

F IGURE 5 Graph of storage modulus (G′) indicated by square markers and loss modulus (G″ indicated by triangle markers versus
frequency of full fat (FF) and reduced fat 5% (RF5) mayonnaise
Abbreviations: FF, full fat; RF5M1, reduced fat 5% formulation 1; RF5M2, reduced fat 5% formulation 2; RF5M3, reduced fat 5% formulation 3

Figure 5–7, it can be observed that the G′ value of all
samples are higher than G″ values (G′ > G″). This shows
that the mayonnaise samples have an elastically dominant
characteristic over viscous characteristic which is consis-
tent with previous studies (Carcelli et al., 2020; Phuah
et al., 2016).

In our study, all reduced fat mayonnaise samples except
RF30M1 and RF30M2 had a higher G′ value than full fat
mayonnaise despite their lower fat content (Figure 5–7).
The greater fat level reduction in RF30 caused an incre-
ment of water content inmayonnaise which led to reduced
firmness and viscosity. Hence, a higher concentration of
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F IGURE 6 Graph of storage modulus (G′) indicated by square markers and loss modulus (G″) indicated by triangle markers versus
frequency of full fat (FF) and reduced fat 15% (RF15) mayonnaise
Abbreviations: FF, full fat; RF15M1, reduced fat 15% formulation 1; RF15M2, reduced fat 15% formulation 2; RF15M3, reduced fat 15%
formulation 3

CNF at 0.3% was required to mitigate the loss of rheo-
logical property in mayonnaise. Nonetheless, the results
of this study reflect the ability of CNF to form a 3D gel
network in the continuous phase of mayonnaise which
helps to compensate for the loss of viscosity caused by
reduction in mayonnaise fat content. This is supported by
the microstructure analysis of mayonnaise that revealed
smaller oil droplet size which are tightly packed in reduced
fat mayonnaise samples (except RF30M1 and RF30M2)
as compared to full fat mayonnaise (Table 6). Compact
packing of oil droplets confers to the elastic behavior and
deformation resistance in mayonnaise, resulting in the
higher G′ value observed (H. Liu et al., 2007). These results
are in agreement with previous research that reported
restoration of viscosity and moduli in reduced fat mayon-
naise with the incorporation of food additives such as CNF
and modified starch (Carcelli et al., 2020; Heggset et al.,
2020). In addition, the incorporation of CNF which has a
high number of –OH groups exposed may induce the for-
mation of various molecular interactions with protein and
fat within the food matrix which confers to the formation
of a strong gel network.

3.2.2 Emulsion stability and microstructure

Food emulsions are thermodynamically unstable food sys-
tem that have tendency towards coalescence, flocculation,
and creaming, leading to the separation of oil and aque-
ous phase. Creaming index of allmayonnaise sampleswere
0.00% over the 20 days of storage at room temperature,
indicating high emulsion stability. Visual assessment of the
mayonnaise samples on day 1, 10, and 20 of storage also
revealed no signs of macroscopic defects such as syneresis
or oil separation (Table 5). These results were within our
expectationswhich could be due to the high emulsification
property of egg yolk that helpsmaintain emulsion stability.
Droplet microstructures of the formulated mayonnaise

were observed under a light microscope and are shown
in Table 6. Microscopic appearance of full fat mayon-
naise revealed closely packed spherical oil droplets that are
relatively uniform in size surrounded by the continuous
aqueous phase. The oil droplet particle sizes in RF5 and
RF15 samples were smaller compared with FF and some of
the oil droplets in RF5 and RF15 samples lost their spheric-
ity and adopted a distorted shape due to close packing of
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F IGURE 7 Graph of storage modulus (G′) indicated by square markers and loss modulus (G″) indicated by triangle markers versus
frequency of full fat (FF) and reduced fat 30% (RF30) mayonnaise
Abbreviations: FF, full fat; RF30M1, reduced fat 30% formulation 1; RF30M2, reduced fat 30% formulation 2; RF30M3, reduced fat 30%
formulation 3

the oil droplets. It can also be observed that the decrease in
oil droplet sizewasmost prominent in RF5M3 andRF15M3
due to higher concentration of CNF added.
A trend of decreasing oil particle size can also be

clearly observed with increasing CNF concentration for all
reduced fat mayonnaise formulations. This phenomenon
is due to the higher concentration of CNF added that con-
tributes to the formation of amore rigid and closely-packed
gel network with smaller pore formations that entraps
the oil droplets. Besides, as CNF causes increased vis-
cosity of the continuous aqueous phase in mayonnaise,
this decreases the Brownian motion and collision between
oil droplets, hence reducing the size of oil droplets. The
smaller oil droplet size gives rise to the higher viscosity
of mayonnaise as small oil droplets have a bigger surface
area that generates a higher frictional force, restricting
free flowing of the sample (Phuah et al., 2016). These
results are consistent with the rheological analysis dis-
cussed above that showed G′ and G″ value increasing with
the addition of CNF.
However, when fat content in mayonnaise was reduced

by 30%, microstructure of the mayonnaise showed larger
oil droplets than the full fat mayonnaise. In 30% RF
mayonnaise, more water is added into the formulation,

leading to a less viscous emulsion formed. This increases
Brownian motion and collision between oil droplets, lead-
ing to oil droplet coalescence. Larger oil droplets formed
could lead to emulsion instability and decreased viscos-
ity. For mayonnaise formulations with higher concen-
tration of CNF added (all formulations except RF5M1
and RF5M2), streaks of CNF can be observed in the
micrograph of mayonnaise which is similar to the results
reported by Carcelli et al. (2020) that used modified
corn flour gel as fat replacer in reduced fat mayonnaise
formulation.
Although macrophotos of mayonnaise indicated emul-

sion stability, significant changes in microstructure of
mayonnaise were observed throughout the 20-day stor-
age period. As mayonnaise age, the size distribution of
oil droplets will change, producing larger oil droplets over
time due to Brownian motion, and coalescence of oil
droplets (Ariizumi et al., 2017). Consistent with the liter-
ature, this study found that oil droplet size increased in
tandem with storage period for all mayonnaise samples
(Table 6). One unanticipated finding was that the increase
in oil droplet size was larger in reduced fat mayonnaise
samples with CNF added as compared to full fat may-
onnaise. Previous studies have reported that oil droplet
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TABLE 5 Creaming index of mayonnaise samples on day 1, day 10, and day 20 storage at 25◦C

Note: Results are expressed mean ± standard deviation of triplicate analysis.
Abbreviations: FF, full fat; RF5M1, reduced fat 5% formulation 1; RF5M2, reduced fat 5% formulation 2; RF5M3, reduced fat 5% formulation 3; RF15M1, reduced
fat 15% formulation 1; RF15M2, reduced fat 15% formulation 2; RF15M3, reduced fat 15% formulation 3; RF30M1, reduced fat 30% formulation 1; RF30M2, reduced
fat 30% formulation 2; RF30M3, reduced fat 30% formulation 3.

movement in reduced fat products are usually restricted by
the addition of thickening agent (Carcelli et al., 2020). The
results in this study may be due to the decrease in pH on
day 10 (Table 8). Reduction in pH led to the increased in
protonation of carboxyl groups on CNF, further enhanc-
ing interfibril interaction via the dimerization of carboxyl
groups. This results in the formation of dense gels of CNF

in the aqueous phase that are segregated from the bulk liq-
uid, thus causing the loss of gel formation in the aqueous
phase that encapsulates the oil droplets. This justifica-
tion is supported by L. Liu et al. (2018) that observed
separation of nanocellulose gel from bulk liquid under
low pH condition. Consequently, viscosity of the aqueous
phase decreases, leading to the increasedBrownianmotion
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TABLE 6 Visual assessment of mayonnaise on day 1, day 10, and day 20 storage at 25◦C

(Continues)
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TABLE 6 (Continued)

Abbreviations: FF, full fat; RF5M1, reduced fat 5% formulation 1; RF5M2, reduced fat 5% formulation 2; RF5M3, reduced fat 5% formulation 3; RF15M1, reduced
fat 15% formulation 1; RF15M2, reduced fat 15% formulation 2; RF15M3, reduced fat 15% formulation 3; RF30M1, reduced fat 30% formulation 1; RF30M2, reduced
fat 30% formulation 2; RF30M3, reduced fat 30% formulation 3.
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of oil droplets and further promoting the occurrence of
coalescence.

3.2.3 Color

Color of mayonnaise originates from egg yolk and oil, with
carotenoids present in egg yolk being the primary source
of the distinct yellow color of mayonnaise. The color of all
mayonnaise samples are shown in Table 7. In our study, a
small increase in L* value can be observed as the concen-
tration of CNF increases for each reduced fat mayonnaise
formulation, with the most significant change observed
in RF30M3. This may be ascribed to the light scattering
ability of CNF that shifts the color paradigm of emulsion
from grey to white (Golchoobi et al., 2016). A significant
lowering of a* value (redness) was observed in RF15 and
RF30 mayonnaise which can be related to reduced oil con-
tent and increased lightness of mayonnaise, causing colors
in mayonnaise to fade. The b* value (yellowness) of all
reduced fat mayonnaise samples were insignificantly dif-
ferent from FF except RF30M2 and RF30M3 samples. This
could be due to the greater reduction in fat content coupled
with higher CNF concentration added that causes color of
RF30M2 and RF30M3 to be paler.
During the 20-day storage period, decrease in a* and

b* values were observed in all samples, whereas L* value
decreased in all samples except in RF30 samples. In accor-
dance with the present results, previous studies have
reported that decrease in L* value was ascribed to the
increase in oil particle size during long-term storage
of mayonnaise (Ghorbani Gorji et al., 2019). Significant
decrease in both a* and b* value reflects changes inmayon-
naise color which could be due to oxidative decomposition
of different ingredients in mayonnaise, especially oil. The
incorporation of omega-3-enriched MLCT further aggra-
vates the autoxidation process as polyunsaturated fatty
acids aremore susceptible to radical attacks as compared to
saturated fatty acids. Besides oxidation of oil, carotenoids
present in egg yolk may oxidize and degrade as they con-
tain large number of double bonds. This is justified by a
study that reported a correlation between loss of α- and β-
carotene with decrement in b* value (Lennersten & Lingn-
ert, 2000). The change in color in mayonnaise samples
were further supported by ΔE values. It can be seen from
the data in Table 7 that ΔE values exceeded 5.0 on day 20 of
storage, indicating that the color change was more promi-
nent and may affect consumer’s sensory acceptability.

3.2.4 pH

From a microbiological standpoint, mayonnaise made
with unpasteurized egg yolk should have a pH of 4.1 or
below to control Salmonella growth. As can be seen in

TABLE 8 pH of mayonnaise samples on day 1, 10, and 20
storage at 25◦C

pH
Samples Day 1 Day 10 Day 20
FF 2.43 ± 0.03 2.51 ± 0.05 3.64 ± 0.06
RF5 M1 2.28 ± 0.05 2.33 ± 0.03 3.40 ± 0.20
RF5 M2 2.29 ± 0.01 2.28 ± 0.04 3.50 ± 0.03
RF5 M3 2.24 ± 0.04 2.28 ± 0.03 3.41 ± 0.06
RF15 M1 2.32 ± 0.02 1.96 ± 0.05 3.58 ± 0.03
RF15 M2 2.36 ± 0.06 1.88 ± 0.12 3.54 ± 0.06
RF15 M3 2.36 ± 0.06 2.02 ± 0.27 3.52 ± 0.06
RF30 M1 2.35 ± 0.02 2.11 ± 0.02 3.53 ± 0.08
RF30 M2 2.42 ± 0.05 2.26 ± 0.05 3.53 ± 0.06
RF30 M3 2.36 ± 0.02 2.39 ± 0.04 3.55 ± 0.02

Note: Results are expressed mean ± standard deviation of triplicate analysis.

F IGURE 8 Docking position of CNF (yellow) in active site of
HPL (pink)

Table 8, the pH of mayonnaise samples in this study are
below 4.1, thus ensuring microbial safety of mayonnaise.
It can also be observed that the pH of reduced fat mayon-
naises were lower than full fat mayonnaise. This may be
ascribed to the residual peracetic acid present in CNF that
causes the lowering of pH in mayonnaise. In this study,
the pH of mayonnaises were found to be lower than the
literature value that ranges between 3.51 and 4.25 (Kishk &
Elsheshetawy, 2013; Naznin et al., 2010). This may be due
to the higher amount of vinegar added to the formulation
and the residual FFA present in the synthesized MLCT
oil. The lower pH of mayonnaise formulated in this study
could promote gelling property of CNF. Pääkkö et al.
(2007) and Ni et al. (2020) reported increment in shear
viscosity of CNF at lower pH due to neutralization of
negative charge by hydrogen ions (COO– +H+ → COOH)
which in turn enhances interfibrillar interaction between
cellulose fibrils.
After storage of 10 days, the pH of all mayonnaise

samples decreased slightly. Autoxidation of double bonds
in unsaturated fatty acid esters and hydrolysis of the
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TABLE 9 Binding affinity and interaction of orlistat, acarbose, and CNF with HPL and HPA

Protein Compound
Binding affinity
(kcalmol–1) Interaction with amino acids

Hydrogen bonding
Hydrophobic
interaction Attractive charge

Human
pancreatic
lipase (HPL)

Orlistat −7.5 His151, Ser152, Leu153 Phe216, Ile78,
Leu264, Arg256

His263

CNF −5.8 His151, Arg256, His263,
Asn189, Asp79, Asn212,
Asn229, Phe77, Asn212,
Ala259, Glu233

– –

Abbreviation: CNF, cellulose nanofibers.

acylglycerols may take place in the presence of water in
mayonnaise and atmospheric oxygen in the headspace of
mayonnaise, leading to the formation of FFA (Abu-Salem
& Abou-Arab, 2008). This was shown in the study by
Chukwu and Sadiq (2008) that recorded increase in FFA
content from 0.73% to 2.40% in mayonnaise throughout 6
weeks of storage. The increase in FFA content results in
the initial decrease of pH as observed in this study. Sur-
prisingly, increase in mayonnaise pH were observed after
20 days of storage but the pH values were still below 4.1,
which means that the mayonnaise were still safe from
a microbiological aspect. This result is at odds with pre-
vious studies that reported stable pH or decrease in pH
during long-term storage of mayonnaise (Heggset et al.,
2020; Triawati et al., 2016). Interestingly, Choublab and
Winuprasith (2018) that utilized CNF as emulsifier in the
formulation of egg yolk-free mayonnaise also reported a
significant increment in pH after 6–8 weeks of storage.
A possible explanation for this result is the formation of
strong hydrogen bonds between CNF fibers over time that
led to formation of heterogeneous clumps of fibers in the
aqueous phase. Thismay lead to the expulsion of water ini-
tially trapped within the CNF gel network, thus causing
increase in amount of free water present in mayonnaise
and the subsequent dilution of acetic acid.

3.3 Molecular docking

3.3.1 Human pancreatic lipase

Human pancreatic lipase (HPL) consisting of key amino
acids Ser152, Phe215, Arg256, His263, and Leu264 present
in the duodenum is responsible for 50–70% of lipolysis of
triglycerides in the body (Vu et al., 2017). Ser152 plays a
vital role in hydrolyzing ester bonds during lipolysis of
fats and oil (Vu et al., 2017). Orlistat showed strong bind-
ing to HPL with the formation of six hydrogen bonds at
His151, Ser152, and Leu153, among which four hydrogen
bonds were formed with Ser152 (Table 9). Besides hydro-

gen bonding, orlistat also interacts with amino acids in
HPL via hydrophobic interaction and attractive charges.
Al-Suwailem et al. (2006) stated that orlistat forms a sta-
ble complex with lipase by binding covalently to its active
site and inducing conformational changes in lipase which
subsequently leads to the inactivation of lipase. Nonethe-
less, intake of orlistat has been associatedwith adverse side
effects such as fatty stools and irregular bowel movements
(Al-Suwailem et al., 2006).
The interaction between CNF and HPL were weaker at

−5.8 kcal mol–1 as compared to interaction between orlis-
tat and HPL at −7.5 kcal mol–1. Furthermore, interaction
between CNF and HPL existed only in the form of hydro-
gen bonding. A total of 11 hydrogen bonds were formed
between CNF and HPL, among which two of the hydro-
gen bonds were interacting with Arg256 and His263. Based
on the docking pose of CNF, CNF occupies the catalytic
site of HPL (Figure 8), suggesting that CNF can poten-
tially reduce lipolysis reaction by either decreasing the
binding of triglycerides toHPLor inducing conformational
changes in lipase. However, these results differ from a
molecular dynamic simulation study conducted byDeLoid
et al. (2018) that reported insignificant and short-lived
interactions between CNF and HPL. This rather contrary
results may arise from the discrepancy in study design and
computational software used.

4 CONCLUSION

In this study, CNF with diameter of 106.0 ± 18.7 nm
and zeta potential of −72.5 ± 2.26 mV was successfully
isolated from PPF via a combination of chemical pre-
treatments involving NaOH and peracetic acid as well as
mechanical treatment usingHPH at 70MPa for two cycles.
Based on the rheology analysis of reduced fat 5%, 15%,
and 30% mayonnaise, CNF is able to counterbalance the
loss of viscosity and moduli caused by fat reduction in
mayonnaise. Besides, oil droplet size in reduced fat 5%
and 15% mayonnaise were smaller as compared to full fat
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mayonnaise but not in reduced fat 30% mayonnaise. The
20-day stability study conducted showed that although
no observable macroscopic defects were detected in may-
onnaise samples, microstructure analysis of mayonnaise
found a greater extent of oil droplet coalescence in reduced
fat mayonnaise. This finding can be related to the drop
in mayonnaise pH at day 10 which causes formation of
dense CNF gel that is segregated from bulk liquid, hence
reducing viscosity of aqueous phase. To sum up, CNF syn-
thesized in this study was able to exhibit viscosifying effect
inmayonnaise upon formulation ofmayonnaise. However,
significant oil droplet coalescencewas observed in reduced
fat mayonnaise during storage.
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