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Dietary Fibre Concentrate (DFC) derived from vegetables side streams obtained during industrial processing can
be exploited as a fibre-rich food ingredient. In this study, colloid milling was investigated as an environmentallyfriendly physical method to improve the functional properties of asparagus DFC. Functional properties such as
swelling capacity, water holding capacity and emulsifying activity of asparagus DFC showed significant
improvement after intensive colloid milling. Scanning electron microscopic analysis showed that the micro
structure of the freeze-dried samples consisted of an intertwined three-dimensional network containing highly
branched micro-fibres. The fibre suspensions showed shear thinning behaviour, which could be explained by the
network formation. An additional thermal pre-treatment appeared to further enhance the positive effect of
colloid milling on the functional properties of DFC. This study shows that colloid milling is an effective process to
functionalize asparagus DFC, which could broaden its application in fibre-rich food products.

1. Introduction
Food waste remains a huge problem around the world. The global
volume of food waste is estimated at 1.6 billion tons of “primary product
equivalents” of which 1.3 billion tons is still edible (FAO, 2021). In terms
of fruits and vegetables, approximately 50% of the waste is generated
during industrial processing, in the form of peels, cores, pomace, unripe
or damaged fruits and vegetables (Gomez & Martinez, 2018). Those fruit
and vegetable wastes contain dietary fibre as the main component (up to
90% on dry matter basis) (Sharma et al., 2016). Therefore, a promising
strategy to valorise fruit and vegetable waste streams is the production
of dietary fibre concentrate (DFC).
DFCs are usually prepared via extraction, drying and fine milling to
obtain a powder ingredient of desired particle size and functionality
(Garcia-Amezquita, Tejada-Ortigoza, Heredia-Olea, Serna-Saldívar, &
Welti-Chanes, 2018; Ramírez-Pulido, Bas-Bellver, Betoret, Barrera, &
Seguí, 2021). They primarily consist of dietary fibre (DF) (>50%)
complemented with carbohydrates, proteins, lipids, and minerals (Gar
cia-Amezquita et al., 2018). DFC has a wide application in food products
thanks to its relatively high water holding capacity (WHC), high
swelling capacity (SWC) and thickening behaviour. For example,
fibre-rich ingredients obtained from fruits have been added to various
food products (e.g. meat, dough, jam) (Grigelmo-Miguel &

Martın-Belloso, 1999; Struck, Straube, Zahn, & Rohm, 2018; Özvural &
Vural, 2011). However, DFC contains insoluble fibre fractions which can
limit or hamper its application in food. For instance, the addition of wine
grape pomace powder can negatively impact the mouthfeel of yogurt
and salad dressings due to the presence of large fibre particles (Tseng &
Zhao, 2013). Also, sedimentation may occur in DFC-enriched beverages
during storage, and consumers may perceive the presence of fibres as
‘sand-like’ particles (Fallourd & Viscione, 2009, pp. 3–38; Sando
val-Peraza, Chel-Guerrero, & Betancur-Ancona, 2021).
To improve the functional properties of DFC and overcome its
negative impact on sensory properties, wet homogenisation of DFC has
been increasingly explored. Several techniques including microfluidisation, wet media milling and colloid milling have been investi
gated to enhance the properties of DFC in food applications (Serial et al.,
2021; Ullah et al., 2017; Yuan, Zeng, Wang, Cheng, & Chen, 2021).
Compared with dry milling methods, wet homogenisation shows
stronger positive impact on the properties of the fibres. One explanation
is that the water present during wet homogenisation facilitates the
breakage of the hydrogen bond inside the lignocellulosic polymers (C. Li
et al., 2021). Breaking the hydrogen bonds exposes more functional
groups, affecting the macroscopic properties of the fibres.
Among these wet homogenisation techniques, colloid milling is
widely used in food industry to produce emulsions. This technology has
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also been found to improve functional properties of DFC for different
agro-food materials (F. Li, Chen, & Fu, 2016; Valbuena, Springer, & Von
Ulardt, 2020). Colloid milling can be applied as a continuous process
and can handle materials with a wide range of viscosity (McClements &
David, 2015, pp. 55–98). During colloid milling, a strong shear force is
generated in the gap between a rotor (a rotating disk) and a stator (a
static disk) to break down particles or droplets. Several operational
parameters could influence the effectiveness of colloid milling treat
ment, including rotational speed and treatment time.
In food industry, processes such as thermal treatment and homoge
nisation or mixing can be combined to obtain a safe and better digestible
product with desired droplet or particle size. A thermal pre-treatment
can therefore be added prior to colloid milling of DFC suspension,
which not only improves food safety but may also increase the positive
effect of colloid milling on fibre tech-functionalities. Specifically, ther
mal treatment could soften the fibre materials and thus facilitates par
ticle size reduction. Moreover, upon heating the compact fibre structure
opens up due to decomposition of hemicellulose (Ullah et al., 2018). The
desired thermal treatment conditions (e.g. treatment time and temper
ature) depends on the type of fibre and the processing steps afterwards
(Gan et al., 2021). It is meaningful to evaluate the effect of thermal
pre-treatment on the functional properties of colloid-milled DFC sus
pension, to further improve the colloid milling efficiency.
Therefore, the aim of this study was to investigate the effect of
colloid milling on the microstructure and functional properties of
asparagus DFC suspensions. White asparagus was selected because it is a
crop with significant waste and about one third of the harvested stem is
wasted (Pegiou, Mumm, Acharya, de Vos, & Hall, 2019). The asparagus
waste contains around 70% total dietary fibre (w/w) in dry weight
(Agudelo Cadavid, Restrepo Molina, & Cartagena Valenzuela, 2015) and
abundant bioactive compounds (Makris & Rossiter, 2001; Sun, Powers,
& Tang, 2007). It is expected that the chemical composition of the
asparagus fibre does not change during the colloid milling treatment.
Therefore, this study focused on the techno-functional properties of the
samples. Asparagus fibres were extracted, dried and dry-milled into
coarse fibre. Subsequently, fibre suspensions were colloid milled at
different rotation speeds and treatment time, to reach different in
tensities of colloid milling, from mild to intense. Colloid-milled DFC
particles were analysed in terms of morphology, and DFC suspensions
were evaluated on their functional properties including water holding
capacity (WHC), swelling capacity (SWC), and viscosity. We hypoth
esised that the changes in the functional properties of DFC suspension
after colloid milling is related to the changes in its microstructure.
Finally, we investigated the effect of thermal pre-treatment combined
with colloid milling on the functionality of DFC suspension.

used as raw material in all experiments to prepare the final DFC sus
pensions. The coarse composition of the powders in dry weight is: total
fibres 68.23%, sugars 8.53%, protein 11.43%, ash 4.90%.
2.1.2. Colloid milling of the DFC suspension
Six grams of asparagus fibre powder was mixed with 594 g of Milli-Q
water to make a 1% (w/w) suspension. The suspension was treated using
the Magic Lab colloid mill (IKA, Staufen, Germany). Four conditions
were employed by varying the rotation speeds (10,000 or 23,000 rpm)
and the treating times (15 or 60 min). An untreated sample served as the
control. All the samples were made in triplicates. Table 1 listed how
samples with corresponding rotation speed and treatment time were
labelled. Work (kJ) used during colloid milling can be calculated based
on Equation (1) to evaluate the colloid milling intensity. Torque values
(N⋅m) during the treatment at various speed (rpm) and time (t, min)
were obtained from the device itself (see Table 1). The suspensions were
kept at room temperature overnight for further testing.
(1)

Work (kJ) = Torque (N.m)⋅Speed (rpm)⋅2π⋅t(min) / 1000

2.1.3. Thermal pre-treatment of colloid milled samples
To investigate the effect of thermal pre-treatment on the effective
ness of colloid milling, the DFC suspensions (1% w/w) were exposed to
thermal treatments at 80 ◦ C, 95 ◦ C and 121 ◦ C for 60 min, prior to colloid
milling, respectively. A sample without thermal treatment was taken as
the control. Each of the samples was prepared in duplicate. The samples
were labelled blank, T80, T95, T121, respectively. Thermal treatments
at 80 ◦ C and 95 ◦ C were done using a water bath. Specifically, dry DFC
powder was added to preheated water while stirring to obtain a 1% w/w
suspension. When the powder was dispersed, the sample was placed into
the water bath at set temperatures. After the treatment, the samples
were cooled immediately using ice-water bath. The samples treated at
80 ◦ C were cooled for 10 min and the samples that were treated at 95 ◦ C
for 14 min. The thermal treatment at 121 ◦ C was done using an auto
clave (CertoClav Sterilizer GmbH, Leonding, Austria) at 0.1 mPa. After
heating, the autoclave was cooled down to room temperature in ±20
min. All the thermal-treated DFC suspensions were colloid milled (IKA,
Staufen, Germany) for 10 min at a rotation speed of 23,000 rpm. Each
sample was prepared in duplicate, for further analysis.
2.2. Physical properties and microstructure observation
2.2.1. Particle size distribution & morphology
The particle size of the suspension samples was measured with the
Mastersizer3000 (Malvern Instruments, Worcestershire, UK), using the
Hydro-MV set-up for liquid samples. The refractive index of cellulose
was selected from the Malvern verified indexes (1.468). Three mea
surements were done per sample.
The Malvern Morphology 4 was used to observe the morphology of
the particles in wet state (Malvern Instruments, Worcestershire, UK). To
prepare the sample, 30 μL of sample was pipetted on a microscope glass
slide. Images were taken at a magnification of 5X.

2. Materials and methods
2.1. Preparation of asparagus dietary fibre concentrate
2.1.1. Dry milling of asparagus fibre
Fresh raw materials of asparagus bottom cut-offs were obtained from
a local producer (Teboza BV, Helden, The Netherlands). The cut-offs are
still edible but do not have the desired tender texture as the rest part of
the spear, therefore they are usually discarded. The cut-offs were juiced
with a juicing extruder and pomace was obtained (Angel Juicer, Busan,
South-Korea). The pomace was then dried in a fluidised-bed drier
(TG200, Retsch, Haan, Germany) for 3 h at 45 ◦ C with an airflow of 40
m3/h. After drying, the dried pomace was firstly pre-milled in a pin-mill
(Condux-Werk, Hanau-Wolfgang, Germany), and then milled in an
impact mill (Hosokawa-Alpine, Augsburg, Germany) with the following
settings: ZPS mode, Classifier speed of 4000 rpm, ZPS speed of 6000 rpm
and an airflow of 50 m3/h. The dry milled powder was sieved with an
Airjet sieve (Hosokawa Micron, Runcorn, United Kingdom) to obtain an
asparagus fibre-rich pomace powder with a particle size between 20 and
50 μm. This powder was produced in the same batch (around 500 g) and

Table 1
Work required to obtain colloid-milled samples at different rotation speeds and
treatment time.
Sample name

Speed (rpm)

t (min)

Torque (N⋅m)

Work (kJ)

Untreated
S10t15
S10t60
S23t15
S23t60

–
10,000
10,000
23,000
23,000

–
15
60
15
60

–
0.04
0.04
0.16
0.16

–
38
151
347
1387

Note: Untreated is the sample without treatment; S10 and S23 mean the samples
underwent colloid milling rotation speeds of 1000 rpm and 23000 rpm respec
tively; t15 and t60 mean the samples underwent the colloid milling period of 15
min and 60 min respectively.
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2.2.2. Microstructure of the freeze-dried DFC
Before visualization with SEM, DFC suspensions were freeze-dried
(2-10D LSCplus, Martin Christ, Osterode am Harz, Germany). A
portion of the freeze-dried samples was then taken and coated with a
thin layer of gold before visualization with SEM (JEOL Ltd., Tokyo,
Japan) at a voltage of 5 kV.

content (1%, w/w) of the suspension and Mpd (g) is the mass of the dried
pellet. Each measurement was done in triplicate.
2.3.3. Emulsifying activity
The emulsifying activity (EA) was determined according to the
method found in literature (Yasumatsu et al., 1972). In brief, 30 mL of a
DFC suspension (1% in w/w) and 7.5 mL of sunflower oil (Reddy,
Netherlands) were mixed in a tube to achieve a volume ratio of 4:1. The
mixture was homogenized with a T18 digital Ultra Turrax (IKA, Staufen,
Germany) at 10,000 rpm for 1 min. The stability of the emulsion was
evaluated on day 14 by observing the volume of the emulsified layer
compared to the total volume of the mixture. The emulsification activity
was calculated as follows (Eq. (5)):

2.2.3. Microstructure of the emulsion system
To evaluate the emulsifying properties of asparagus DFC, confocal
laser scanning microscopy (CLSM) (Stellaris 5 Confocal LSM Leica.,
Germany) was employed to observe the microstructure of asparagus
DFC emulsions. Asparagus fibre and oil in emulsion (c = 0.8% W/V, φ =
25% V/V) were prepared according to method described in section
2.3.3. The samples were stained with 25 μL Calcofluor white (0.1 g/L,
excitation at 405 nm) and 25 μL Nile red (1 g/L, excitation at 488 nm)
before imaging. After being blended, 20 μL of emulsion was then placed
onto a glass slide and covered with a cover slip. Images were acquired
using a 20X lens under a scanning frequency of 100 Hz and pixel of 512
× 512, processed by using LAS X Small software.

EA (%) =

VEL
*100
V

VEL is the volume of the emulsified layer (mL) and V is the total
volume of the mixture (mL).
2.4. Statistical analysis

2.2.4. Viscosity of the DFC suspensions
The viscosity of DFC suspensions was analysed with a MCR301
Rheometer (Anton Paar GmbH, Graz, Austria), using a concentric cyl
inder geometry (cup diameter 27 mm, gap 1 mm). During the mea
surements, the shear rate was increased from 0.1 to 100 s− 1 in 7 min.
The experiments were carried out at a controlled temperature of 20 ◦ C.

One-way analysis of variance (ANOVA) and Tukey’s HSD post hoc
test were performed and the difference between groups was determined
statistically significant if the p ≤ 0.05. The homogeneity of variance was
tested with Levene’s test. In the case of unequal variances, the Welch test
was used. All statistical analyses were performed with SPSS Statistics.25.

2.3. Functional properties

3. Results and discussion

2.3.1. Water holding capacity and swelling capacity
The water holding capacity (WHC) and swelling capacity (SWC)
were analysed following the method found in literature (Jongar
oontaprangsee et al., 2007). To measure the WHC, 30 mL of the sus
pension were centrifuged at 3000×g for 20 min at 20 ◦ C. The
supernatant was removed and the pellet was weighed and then dried
overnight in a hot air oven at 105 ◦ C. The dried samples were weighed
and the WHC (%) was calculated with Equation (2).

3.1. Physical properties of asparagus DFC

WHC =

Msf − Msd
Msd

3.1.1. Particle size distribution & morphology
In this study, various milling time (15 and 60 min) and rotation
speeds (10,000 rpm and 23,000 rpm) were applied to treat samples. The
intensity of each treatment was characterised as the work applied during
processing. As shown in Table 1, the work increased sequentially when
increasing rotation speed and treatment time, indicating an increase in
processing intensity during colloid milling. Rotation speed appears to
have a larger effect on the calculated work than the treatment time.
Therefore, it may be expected that adjusting rotation speed is more
effective in treating the fibres. This hypothesis could be verified in the
following results of particle size distribution and particle morphology

(2)

where Msf (g) is the mass of the fresh pellet and Msd (g) is the mass of the
dried pellet. All the measurements were done in triplicate.
To measure the SWC, 10 mL of the suspension was stored in a cen
trifugal tube. After equilibration of 24 h, the volume occupied by the
particles (a sediment at the bottom of the tube) was determined with the
bare eye using the scale on the centrifugal tube. To calculate the SWC in
mL/g, Equation (3) was used.
SWC =

Vs
Ms

(5)

(3)

where Vs (mL) is the volume of the particle sediment and Ms (g) is the
mass of the powder. Each measurement was done in triplicate.
2.3.2. Soluble components
To measure the water soluble components (SC), 30 mL of the sus
pension were mixed for 60 min by a Multi-Reax tube shaker (Heidolph
Instruments, Schwabach, Germany). Then the samples were centrifuged
at 10,000×g for 30 min at 20 ◦ C after which the supernatant was
removed. The pellet was dried overnight in air oven (Memmert,
Schwabach, Germany) at 105 ◦ C. The soluble fraction in percentages
was calculated with Equation (4).
Ms ⋅Xs − Mpd
Soluble components = (
)⋅100 %
Ms ⋅Xs

Fig. 1. Size distribution of DFC particles in wet state after various intensity of
colloid milling (No-treatment sample - black dotted line; Treatments using
rotation speeds and time of 10000 rpm/15 min (S10t15), 10000 rpm/60 min
(S10t60), 23000 rpm/15 min(S23t15) and 23000 rpm/60 min (S23t60) were
shown as blue solid line, blue dashed line, red solid line and red dashed line,
respectively). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

(4)

where Ms (g) is the mass of the suspension sample, Xs (%) is the DFC
3

Y. Lu et al.

LWT 169 (2022) 114013

changes.
The particle size distributions in Fig. 1 show the increase in particle
size of the DFC suspension upon colloid milling. The control sample (Notreatment) shows a single peak around 20 μm. With increased colloid
milling intensity, a bimodal particle size distribution can be observed
with an additional peak around 100 μm. However, in the sample sub
jected to the most intense treatment (S23t60), the particle size dropped
slightly as indicated by the shifting of the second peak. The average
particle size (D[4,3]) increased from 40.87 μm (No-treatment) to 87.70
μm (S23t15) with increased milling intensity and slightly decreased
again to 76.27 μm (S23t60).

The increase in particle size after colloid milling can be explained by
the defibrillation of the fibre particles. Irregular-shaped particles with
an increased size were created after the treatment. With increasing
milling intensity, the DFC particles were subjected to stronger shear
forces (D. J. McClements, 2004). The shear force will break the structure
of DFC particles and loosen them up. The stronger colloid milling, the
more loosened up will the particles become. This trend continues until
the treatment becomes extremely strong (S23t60) and the loosened-up
particles were probably torn apart into smaller fragments.
The optical microscopic images show the micro-structure of the
colloid-milled fibre particles (Fig. 2). Agglomeration of the particles was

Fig. 2. Optical microscope images (left column) of wet samples and SEM images (right column) of freeze-dried samples with different colloid milling speed and time;
each row shows two pictures of the same sample and the sample names are listed on the left (red arrows were pointed at illegible edges of some DFC particles). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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observed in the control sample (No-treatment). With increased colloid
milling intensity, the agglomerated solid particles became more
dispersed and were partly disrupted, and their edges became less clear.
In the sample subjected to the most intense treatment (S23t60), only few
particles still retained their original shapes while most of the particles
were broken up; a big number of elongated, branch-like particles
appeared in the suspension.
Depletion forces may explain the aggregation of particles in the
control sample. Souza studied the effect of depletion forces on stability
of cellulose fibre suspensions (Souza, Mariano, De Farias, & Bernardes,
2019). In colloid systems with large particles, the depletion force arises
due to steric interactions between particles leading to aggregation of
particles. Colloid milling applies work to the system, breaking and
dispersing the particles in the suspensions. Repulsive forces due to
charges at the surface of particles help to separate particles although
they are again counteracted by the depletion forces. Particle breakage
resulted in changes in the particle morphology as can be observed in the
microscopic images (red arrows pointed in Fig. 2). The particles were
partly broken in the mildly-treated samples while a large number of
elongated, branch-like fibrous fragments appeared in the
strongly-treated sample (S23t60). This observation is consistent with the
results from the particle size analysis.
Moreover, the SEM pictures (Fig. 2) show the micro-structure of
colloid milled samples in detail. The untreated particles were large and
solid with sharp edges. During colloid milling, these particles were
flattened and the fibre network became fluffier. More obvious changes
were observed for the sample subjected to the most intense treatment
(S23t60). In this sample, the flattened fibre particles were shredded and
the elongated fibres formed an intertwined three-dimensional network
structure.
The formation of a fibrous network after homogenisation has also
been observed by others for different raw materials (Yin et al., 2021).
observed the formation of a fibrous honeycomb network of soybean
insoluble fibre after homogenisation (Yuan et al., 2021). linked the in
tensity of the treatment to the morphology of the cellulosic fibres from
maple and birch. After mild homogenisation, the cylindrical cellulose
bundles were squashed under friction and extrusion force, exhibiting the
typical ‘band’ feature with micro-size in diameter. By contrast, after
more intense homogenisation, the banded structure was fibrillated,
resulting in individual long and flexible cellulose fibres forming a highly
entangled fibre network structure. The colloid milling of asparagus fi
bres in the current study showed similar effect on the fibre particle
morphology. The fibre bundle was flattened first, then fibrillated and
only formed a network structure with higher intensity of colloid milling
(Fig. 2). The formation of an entangled network is expected to have
significant impact on the functional properties of DFC suspensions,
which will be discussed in the next section.

Fig. 3. Effect of colloid milling treatment on shear viscosity of asparagus fibre
DFC suspension (1%, w/w; (No-treatment sample - black dotted line; Treat
ments using rotation speeds and time of 10000 rpm/15 min (S10t15), 10000
rpm/60 min (S10t60), 23000 rpm/15 min(S23t15) and 23000 rpm/60 min
(S23t60) were shown as blue solid line, blue dashed line, red solid line and red
dashed line, respectively). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

the microstructure and rheological properties on sensory properties
(Agarwal, Hewson, & Foster, 2018). A higher viscosity achieved by
adding fibres was found to improve sensory properties by prolonging the
release of the taste in the mouth and increasing emulsion stability.
Applying cellulose and microfiber was found to improve rheological
properties of edible inks for 3D printing (Armstrong, Yue, Deng, & Qi,
2022; Shahbazi, Ja¨ger, & Ettelaie, 2021).
3.2. Functional properties: swelling capacity (SWC), water holding
capacity (WHC), soluble component (SC) and emulsifying activity (EA)
The colloid-milled asparagus DFC were evaluated in terms of several
functional properties (Fig. 4). The results were plotted against the
required work (kJ) during the treatment as an indicator of treatment
intensity. The SWC, WHC and EA of the DFC suspensions significantly
increased with colloid milling intensity, while SC did not show a clear
trend.
This increase of SWC can be explained by the changes in particles’
microstructure. For the colloid milled samples, the particles were
loosened-up, fluffy and partly broken, which increased the particle size
and resulted in more elongated, branched fragments. These fibrillated
particles created a three-dimensional network that could partially block
particles movement and prevent the self-assembly into clusters (Souza
et al., 2019). The increasing size of the particles and the formation of a
stable network structure can lead to the increase of SWC.
The positive trend in WHC can also be explained by the micro
structure of the particles. Increased treatment intensity led to an in
crease in the surface area in the fibre network as more particles were
loosen up and connected. During the fragmentation process hydrogen
bonds are broken, which may also help explain the increase in WHC due
to the higher amount of hydrophilic groups exposed in solution (Dey,
Richter, Ek, Gu, & Ganjyal, 2021; Yu, Bei, Zhao, Li, & Cheng, 2018).
Compared with SWC, the increase in WHC is somewhat smaller. This
effect has also been observed by (Raghavendra et al., 2006) who
investigated the hydration properties of coconut fibres. It was found that
the WHC decreased when a certain particle size was reached due to
breakage of structures that were responsible for binding water. This
phenomenon has more impact on the WHC compared to the increase in
surface area of the particles. Willemsen et al. further demonstrated that
the swelling capacity of homogenized lemon peel fibre suspensions is
not closely correlated with the fibre hydration value (the amount of
strongly binding water) (Willemsen, Panozzo, Moelants, Wallecan, &
Hendrickx, 2020). In that study, high pressure homogenisation

3.1.2. Viscosity of the DFC suspensions
The three mildly treated samples (Control, S10t15, S10t60) showed
similar viscosity of around 1 mPa s which did not change much as the
shear rate increased (Fig. 3). This viscosity is similar to the viscosity of
water, which is extremely low even after DFC addition.
Compared to the untreated and mildly treated samples, the two
intensely treated samples (S23t15, S23t60) showed significantly higher
viscosity. These two samples behaved as shear thinning fluids, where the
viscosity decreases with increasing shear rate. This behaviour can be
explained by the branch-like micro-fibres in the intensively colloid
milled samples, which can easily form intertwined networks (Servais,
Jones, & Roberts, 2002). The formation of the 3D network might have
positively influenced the stability of the suspensions during storage
(Fig. A 1 in Appendix). The shear-thinning behaviour indicates that the
network is disrupted at higher shear rates, leading to a decrease in
apparent viscosity. Similar rheological behaviour of homogenized di
etary fibres has been reported previously for other raw materials (Serial
et al., 2021; Ullah et al., 2018). Some researchers studied the effect of
5
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Fig. 4. Functional properties of asparagus DFC suspensions treated with varying colloid milling intensity (expressed with working energy in axis-x); (A) Swelling
capacity; (B) Water holding capacity; (C) Soluble components fraction, (D) Emulsifying activity.

improved the viscoelastic properties of lemon peel fibre suspensions,
mainly due to the change in degree of fibre swelling rather than the
hydration value (i.e. water binding). Therefore, the changes of SWC and
WHC of asparagus DFC were based on different mechanisms and
therefore cannot be directly related.
The SC of the DFC is mainly determined by the soluble dietary fibres,
residues of soluble proteins and sugars as the samples were dietary fibre
concentrates instead of fibre isolates. Previous research has reported
that solubility of okara (i.e. soybean residue that consisted of mostly
insoluble dietary fibre) gradually increased with an increase in the wet
milling time (Ullah et al., 2018). It was speculated that wet milling
disintegrates the structure of okara fibre particles, which causes larger
exposure of hydrophilic groups in water. The disintegrated structure will
redistribute the insoluble fibre into soluble fibre leading to higher

solubility. However, in this study, the effect of colloid milling on the SC
of asparagus DFC was limited. One possible explanation could be that
the composition and structure of asparagus fibre is different from okara
fibre, making it more difficult to convert insoluble fibre into soluble
fibre by physical treatment.
Furthermore, the emulsifying activity (EA) of asparagus DFC signif
icantly increased when intense treatment was applied. It can be clearly
observed that the volume fraction of the emulsion layer increased in
sample S23t15 and S23t60 (Fig. A. 2 in Appendix). The change in
emulsification behaviour can also be observed in CLSM pictures, which
were prepared with untreated sample (Fig. 5a) and intensely treated
sample (Fig. 5b). Also, the intensively-treated sample showed lower
density of particles, which is related to the larger volume of the emul
sified layer (Fig. A. 2 in Appendix). As shown in the CLSM images, the

Fig. 5. CLSM images of oil-in-water emulsions prepared with untreated suspension (a) and S23t60 suspension (b) respectively, the oil droplets and fibre were shown
in red and green colour respectively (the arrows point at the oil droplets which are tightly wrapped by the fibre network). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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shape of untreated fibre particles was clear and sharp, while the inten
sively colloid milled particles were much more amorphous and the edges
were not recognisable. This is consistent with the changes in the
microstructure of the fibres. Another significant difference is that, in
untreated sample (Fig. 5 a), the oil droplets (i.e. red spheric part) were
scattered throughout the matrix and were not tightly bound to the fibre.
However, in intensely treated sample (Fig. 5 b), all oil droplets were
closely embedded in the fibre network (as indicated by white arrows)
and thus were separated from each other.
The separation of oil droplets from one another may have improved
the overall stability of the emulsion system. After emulsifying, the oil
droplets tend to move up in O/W emulsion because of their lower
density. During this process, the oil droplets coalesce and the emulsion is
broken resulting in demulsification. A three-dimensional network
formed by biopolymers can retard this process by entrapping the drop
lets, preventing coalescence (McClements & David, 2015, pp. 55–98).
Cellulosic fibres were previously used to stabilize Pickering emulsions
(Yuan et al., 2021). This seems consistent with the results in CLSM
pictures although other solubilised components may have also contrib
uted to emulsion stability. It can be concluded that colloid milled
improved the stability of emulsions prepared with asparagus DFC,
although there is still room for further improvement.
The observed changes in techno-functional properties of the colloid
milled fibers may broaden the applications of DFC in foods. Some ex
amples: 1) The increased swelling capacity may help to eliminate sedi
mentation in juices with extra fibre, 2) The better emulsifying activity
and fibrous network of colloid-milled DFC can promote the emulsion
stability in emulsion system, 3) The fine fibrous network structure can
improve sensory properties of fibres as these are less or not perceived
compared to larger fibre particles in the mouth.

capacity increased significantly with increasing thermal treatment
temperature while both water holding capacity and emulsifying activity
first increased and then decreased slightly.
We previously discussed that the change of DFC particle morphology
and the formation of fibre network were the main reasons for the in
crease in SWC. We also observed the change of microstructure in colloid
milled samples with different thermal pre-treatment intensities (Fig. A. 3
in Appendix). In samples with high-intensity thermal pre-treatment, the
fibrous particles were much more amorphous and the edges of DFC
particle fragments disappeared. It showed that thermal treatment in
combination with colloid milling can dramatically alter the structure of
dietary fibre, soften the fibres and increase their porosity, leading to an
increase in the effectiveness of the subsequent colloid milling step
(Guillon & Champ, 2000). However, intense thermal pre-treatment has
also been suggested to lead to hydrolysis of glycosidic linkages in dietary
fibre polysaccharides (Nyman & Haska, 2013, pp. 193–207). The hy
drolysis would influence the retention of water and oil by dietary fibre
polysaccharide, leading to a decrease of the WHC and EA when intense
thermal pre-treatment was applied (Ramasamy, 2014).
The different trends for SWC, WHC and EA exposed to increasing
temperatures also confirms the previous discussion that the SWC and
WHC are based on different mechanisms. Although high temperature
treatment increased the SWC of the DFC, it is noted that extremely high
temperature treatment may lead to a decrease in the WHC and EA. Given
that heat treatment is often necessary for food safety reasons, the ther
mal pre-treatment of DFC suspensions is probably already included in
the process.
4. Conclusion
We investigated the effect of colloid milling on microstructural
properties of asparagus fibre and the relationship to functional proper
ties of asparagus DFC. During colloid milling, fibre particles first loosenup and were then broken into elongated, branch-like micro-fibres. These
micro-fibres formed an intertwined three-dimensional network as
observed under SEM. Results also show that intense colloid milling
treatment significantly improved the functional properties of asparagus
DFC suspensions in terms of swelling capacity, water holding capacity
and emulsifying activity. The changes in functional properties were
explained by the fibrillation process of DFC particles and the formation
of micro-fibre networks. In addition, thermal pre-treatment had
different effects on functional properties tested, which could be com
bined with colloid milling treatment to further improve its effectiveness.
This study shows it is feasible to process asparagus fibre waste into food
ingredients with improved functionality. However, to further optimize
the colloid milling process, it is recommended to screen a wider range of
processing conditions and investigate the influence of other processing
parameters (e.g. the gap space between rotator and stator, sample vis
cosity) on fibre functionality. Moreover, more realistic food formulas
could be studied using the colloid milled asparagus fibre as a food
ingredient (e.g., 3D printing foods, juice, bakery foods).

3.3. Effect of thermal pre-treatment on functionality of asparagus DFC
Thermal treatment is a common process in food production to reduce
microbial load, modify texture, composition and flavour of foods
(Richardson, 2001). The focus of this study was to investigate the effect
of thermal pre-treatment on colloid milled DFC suspensions. The treat
ment temperatures were selected based on a previous study on
nano-sized okara insoluble dietary fibre (IDF) (Ullah et al., 2018). That
study showed that the effect of thermal pre-treatment on the physi
ochemical properties of IDF were mainly attributed to modification of
the structural characteristics of IDF and the degradation of IDF com
ponents. Therefore, the temperatures of 80 and 95 ◦ C (temperatures
often used for blanching) were chosen in the current work, as it was
expected that lower temperatures would have no or limited effect on the
structure and degradation of IDF. In addition, 121 ◦ C was chosen
because it is a common temperature for autoclaving (under pressure) in
the food industry for microbial safety. Table 2 shows that the swelling
Table 2
Functional properties of colloid milled asparagus DFC suspensions: samples
were subjected to thermal pre-treatment at different temperatures for 60 min
and were subsequently colloid milled for 10 min at a rotation speed of 23,000
rpm.
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Thermal treatment
Untreated

T80
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WHC (%)

15.1 ± 0.8bc

18.1 ± 0.8a

13.9 ± 0.4c

SWC (mL/g)

67.5 ± 1.7d

72.5 ± 1.7c

EA (%)

57.4 ± 1.1b
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0.5ab
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0.2b
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1.7b
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Appendix
Fig. A1 shows the changes in the appearance of DFC suspensions during storage. Fig. A2 shows the changes in the stability of emulsions prepared
with asparagus DFC after storing for 14 days. Fig. A3 shows the light microscopic images of colloid-milled asparagus DFC with or without thermal pretreatment. Table. A1 shows the particle size D(50) of colloid-milled asparagus DFC particles.
Table A 1
Particle size (D50) of colloid-milled samples
at different rotation speeds and treatment
time
Sample name

D50 (μm)

Untreated
S10t15
S10t60
S23t15
S23t60

27.2
32.5
37.7
54.2
50.7

± 0.4
± 0.8
± 0.6
± 0.4
± 0.3

Note: Untreated is the sample without
treatment; S10 and S23 mean the samples
underwent colloid milling rotation speeds of
1000 rpm and 23000 rpm respectively; t15
and t60 mean the samples underwent the
colloid milling period of 15 min and 60 min
respectively.

Fig. A 1. Pictures of colloid-milled suspensions at 1 w/w% concentration: (a) fresh, after storing for (b) 2 h, (c) 2 days, and (d) 10 days, at ambient temperature.
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Fig. A 2. Pictures of oil-in-water emulsion prepared with colloid milled suspension and vegetable oil (ratio of oil: fiber suspension = 1:4 in volume after storing at
4 ◦ C for 14 days)

Fig. A 3. Optical microscopic images of colloid milled asparagus DFC suspensions with different thermal pre-treatment intensity: unheated sample (left); treated at a
temperature 121 ◦ C, 0.1 mPa, 60 min (right).
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