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ARTICLE INFO ABSTRACT

Keywords: Solvent-free f-carotene high loaded microcapsules formulated by octenyl succinic anhydride (OSA)-starch and

p-Carotene trehalose were prepared by a combination of wet-milling and spray drying. The influence of different mass ratios

I/[r?halose . of OSA-starch to trehalose on the particle size distribution, storage stability, hygroscopicity and redispersibility
1crocapsule

of p-carotene microcapsules was investigated. The optimized microcapsules exhibited a small average diameter
(228.2 nm) after rehydration with high encapsulation efficiency and loading capacity (99.06% and 10.32%,
respectively). The phase separation in the OSA-starch and trehalose composite matrix was observed in the
presence of trehalose at a high level, which was favorable for the prominent storage stability of p-carotene
(96.16% for 50 days). The half-life of rehydrated p-carotene microcapsules was also extended by 2.23- and 1.25-
folds during the thermal- and photo-degradation treatments. The crystallinity of p-carotene microcapsules was
largely reduced due to the enhanced hydrogen bonding interaction between OSA-starch and p-carotene as
analyzed by FTIR. SEM images showed that the morphology of B-carotene microcapsules was regulated by the
level of trehalose. Confocal Raman spectrum microscopy and hygroscopic variation jointly verified the entrap-
ment of B-carotene into a glassy matrix formed at a high level of trehalose. Moreover, a high level of trehalose
could improve the spontaneous sinkability and dispersibility of p-carotene microcapsules, which were completely
rehydrated in less than 1 min.

Wet-milling
Physicochemical stability

1. Introduction

Poor solubility and stability are two major obstacles that restrict the
application of hydrophobic bioactive ingredients in functional foods.
Several well-known hydrophobic compounds such as p-carotene, cur-
cumin, coenzyme Q10, astaxanthin and resveratrol belong to this type of
food ingredients. Numerous scientists have attempted to overcome these
drawbacks by various technological strategies, which can be roughly
divided into the bottom-up and top-down approaches (Li et al., 2015).
The bottom-up methods based on the spontaneous association of mol-
ecules, including anti-solvent precipitation (Wei, Yu, et al., 2019),
emulsification evaporation (Wei et al., 2018) and chemical crosslinking
(Kong et al., 2020), have suffered from various limitations in industrial
production such as low loading capacity, residual organic solvents and
thermodynamically unstable system (Colombo et al., 2018; Li et al.,
2015). In comparison to the bottom-up processes, the top-down methods
are mainly based on the mechanical size reduction through focused

collision, shearing and friction stresses, which can offer the significant
advantage of minimal use of chemical additives (Zhang et al., 2019).
Most recently, the top-down methods have been widely reported to
fabricate nanosuspensions, polymer nanoparticles and Pickering emul-
sions to improve the bioavailability and stability of poorly water-soluble
ingredients (Colombo et al., 2018; Liu, Q. et al., 2020; Lu et al., 2018).

Wet-milling, an effective top-down method, is considered as the most
promising and universal technique for the preparation of hydrophobic
compound nano-delivery system, owing to its organic solvent-free
treatment, high loading capacity (usually more than 5%) and easy
scale-up of industrial production (Colombo et al., 2018; Semba et al.,
2019). The milling-induced reduction in the average diameter of hy-
drophobic ingredients provides larger surface areas and thereby im-
proves their physical stability and dissolution property. Up to date,
many studies have concentrated on the preparation of bioactive com-
pound nanosuspensions based on the wet-milling technique to enhance
the saturation solubility and bioavailability. For example, Liu, Q. et al.
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(2020) established the cilnidipine nanosuspension stabilized by a hy-
drophilic polymer and surfactant with excellent oral bioavailability and
storage stability. The cilnidipine nanosuspension presented a narrow
particle size distribution with an average size of 312 nm, and a
remarkable increase of the dissolution rate in different media was
observed compared with bulk cilnidipine. Nevertheless, liquid nano-
suspensions are prone to be subjected to many inevitable instability
problems, including precipitation, Ostwald ripening and crystal aggre-
gation (Figueroa & Bose, 2013). Besides, nanosuspensions, because of
their liquid media, are more likely to cause bacterial growth during
transportation and storage (Malamatari et al., 2016). Therefore, the
conversion of nanosuspensions to more convenient dosage forms (e.g.
capsules, tablets, pellets etc.) is necessary to guarantee the adequate
stability during storage.

Spray drying is such a common approach of solidification to manu-
facture microcapsule powders through the flash evaporation of liquid
solvent by means of a hot drying gas. Compared with other drying
methods, spray drying is quicker and more cost-effective to obtain
powders with particular characteristics (e.g. morphology, moisture
content and density) by adjusting the formulation and operating pa-
rameters (e.g. feed rate, inlet and outlet temperatures) (Malamatari
et al., 2015). Despite of the fact that spray drying is feasible for the
solidification of nanosuspensions, the exposure of nanosuspensions to
intense desiccation stress may facilitate the transformation of crystal
structure and alter the interfacial properties of nanosuspensions (Kumar
et al., 2014). Especially in the high-loaded systems, water evaporates
relatively quickly, and the adjacent nanoparticles tend to adhere to each
other under the surface tension and van der Waals force, which may lead
to the particle aggregation as well as the decrease of product solubility
(Malamatari et al., 2016; Zuo et al., 2013). In order to solve these
problems, several glycosyl carbohydrates, including sugars (e.g.
maltose, lactose) and sugar alcohols (e.g. maltitol, xylitol), have been
regarded as favorable matrix formers to prevent nanocrystal aggregation
during spray drying and thereby improve the reconstitution perfor-
mance of powders (Kumar et al., 2014).

As a potential matrix former for spray drying, trehalose is a natural
non-reducing disaccharide consisting of two glucose molecules, which
can interact intensively with the surface of macromolecules due to its
great associativity and flexibility (Muhoza et al., 2020). Compared with
other disaccharides, trehalose has a higher glass transition temperature
(Tg, up to 120 °C) and is less hygroscopic, and these properties make
trehalose an ideal flavor retention or protective agent for food-grade
spray dried products. Moreover, trehalose is also effective on the pres-
ervation of vegetables and meats due to its crucial role in preventing
starch retrogradation and protein degeneration (Cesaro et al., 2008; Wu
et al., 2014). The impact of trehalose addition on physiochemical
properties of various systems such as spray-dried carotenoid emulsion
(Lim & Roos, 2017) and spray-dried lutein loaded layer-by-layer emul-
sion (Lim et al., 2016) have been investigated. The researchers found
that trehalose played an important role in preventing the encapsulated
components from agglomeration and degradation, and improving the
redispersibility of powders. However, to the best of our knowledge, the
physiochemical characteristics of p-carotene high loaded microcapsules
fabricated by wet-milling coupled with spray drying, and the influence
of trehalose concentration on the physicochemical properties of
B-carotene high loaded nanosuspensions before or after spray drying
have been not yet investigated.

In this work, the amphiphilic OSA-starch derived from esterification,
which has been widely applied to encapsulate bioactive compounds for
spray drying due to its superior emulsifying and film-forming properties,
was applied as both the emulsifier and the wall material to formulate the
fB-carotene high loaded microcapsules. The monitoring mechanism of
trehalose on enhancing the physicochemical stability of p-carotene mi-
crocapsules was elucidated in this study. To achieve this objective, the
impact of OSA-starch and trehalose mass ratios on the particle size
distribution, storage stability, hygroscopicity and spontaneous
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sinkability of p-carotene microcapsules was evaluated. Fourier trans-
form infrared spectroscopy (FTIR) was employed to figure out the
variation of intermolecular interactions between OSA-starch and
B-carotene, and X-ray diffraction (XRD) was utilized to identify the
crystalline transformation of p-carotene microcapsules on account of the
incorporation of trehalose. Differential scanning calorimeter (DSC) was
employed to detect heat flow related to phase transition of the micro-
capsules on the basis of temperature. The microstructure and relative
phase distribution of spray-dried B-carotene microcapsules were char-
acterized by scanning electron microscope (SEM) and confocal Raman
spectrum microscopy (CRSM). The retention rate of p-carotene in the
microcapsule powders was estimated at 55 °C during storge. The
retention rate of p-carotene in the rehydrated microcapsules and milled
nanosuspensions during thermal and light treatments was also evaluated
to demonstrate the oxygen suppression of composite wall materials.

2. Materials and methods
2.1. Materials

f-Carotene (98% pure, UV method) was kindly provided by Xinhe-
cheng Co., Ltd. (Xinchang, Zhejiang Province, China). Octenyl succinic
anhydride (OSA)-modified waxy maize starch (HI-CAP 100, molecular
weight: 9.6 x 10° g/mol, degree of substitution: 3.7%, moisture content:
6.32%, 32 < DE < 37) was purchased from Ingredion Company
(Shanghai, China). Trehalose (>98%, crystalline dihydrate, molecular
weight 342 Da) was purchased from Huiyang Biological Technology Co.,
Ltd. (Dezhou, Shandong Province, China). Hexane and ethanol with a
purity of 99.99% were purchased from Beijing Chemical Works (Beijing,
China).

2.2. Preparation of f}-carotene high loaded microcapsules

B-Carotene high loaded microcapsules were fabricated by using the
wet-milling and spray drying coupling technique. Firstly, OSA-starch
was dissolved in 400 mL distilled water at 85 °C in water bath with
magnetic stirring at 600 rpm until completely dissolved. Then, different
weights (10, 30, 50, 60 and 70 g) of trehalose were added into OSA-
starch solution to obtain five different OSA-starch to trehalose mass
ratios of 9:1, 7:3, 5:5, 4:6 and 3:7. The sample without trehalose was set
as the control group. Since p-carotene was hard to be well embedded
when the trehalose level was higher than 70% (w/w) in the composite
wall material, the OSA-starch to trehalose mass ratio of 3:7 was the
limited level. After the solution was cooled to room temperature (25 °C),
B-carotene crystal (15.0 g) was added to the OSA-starch and trehalose
mixed solution and simultaneously homogenized at 8000 rpm by an
Ultra-Turrax homogenizer (T25, Ika-Werke, Staufen, Germany) until the
fB-carotene crystal was completely dispersed. Subsequently, the resulting
coarse suspension was added into a 1 L ball mill (FSW-1.0, Elemix,
Shanghai, China) containing 2.5 kg zirconia beads (0.4-0.6 mm in
diameter) with a circulating water cooler (the temperature was set to
5 °C). The milling process was performed by rotating the grind shaft at
2100 rpm for 150 min with the suspension temperature constant at
around 20 °C. After milling, the obtained suspension was spray-dried
[(SD-BASIC, Labplant, UK) |with the feed speed of 300 mL/h, input
temperature of 165 °C and outlet temperature of 80 °C. The microcap-
sule powders were collected and stored in the refrigerator at —18 °C for
further analysis.

2.3. Particle size and its distribution

The determination of particle size and polydispersity index (PDI) of
rehydrated microcapsules and freshly milled nanosuspensions was
analyzed with a Zetasizer Nano-ZS90 (Malvern Instruments, Worces-
tershire, UK) based on the principle of dynamic light scattering ac-
cording to Wei, Zhang, et al. (2019). The particle size was obtained on
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the basis of the Stokes-Einstein equation and expressed as cumulative
average diameter. The rehydrated microcapsules (0.1%, w/v) were
diluted 100 times with distilled water to avert multiple light scattering
effect. All the measurements were conducted at room temperature in
triplicate with each sample being balanced for 120 s.

2.4. Encapsulation efficiency and loading capacity of powdered
microcapsules

The encapsulation efficiency and loading capacity of p-carotene high
loaded microcapsules were determined according to Wei, Zhang, et al.
(2019) with some modifications. The p-carotene was extracted from the
rehydrated dispersion by using a mixture of absolute ethanol and
n-hexane (1:3, v/v). The absorbance of the extract was analyzed with a
UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) at a
wavelength of 450 nm. The content of f-carotene was quantified by a
standard curve of p-carotene (y = 0.2623x + 0.0247, R? = 0.9996). The
encapsulation efficiency and loading capacity of -carotene in the mi-
crocapsules were calculated by following the equations below:

Encapsulated  — carotene

Encapsulation efficiency (%) = x 100%

Total } — carotene

Ei lated f — 1
ncapsulated  — carotene % 100%

Loadii ity (%) =
oading capacity (%) Total mass of microcapsule

2.5. Differential scanning calorimeter (DSC)

The thermal behaviors of individual ingredients, f-carotene micro-
capsules and unloaded microcapsules were evaluated by a differential
scanning calorimeter (TA Instruments, Newcastle, DE, United States).
The melting peak temperature and enthalpy of f-carotene in the mi-
crocapsules were determined according to the method of Bilgili et al.
(2018). Briefly, about 5 mg microcapsule powder was placed onto a
standard aluminum pan and sealed tightly by a perforated aluminum
slice. The obtained sample was heated from 25 to 185 °C at a constant
rate of 10 °C/min with a constant purging of high purity nitrogen at a
rate of 20 mL/min. An empty aluminum pan was regarded as the
baseline. The glass transition temperature of the unloaded microcap-
sules (i.e. the microcapsules prepared by the wet-milling and spray
drying coupling approach in the absence of f-carotene) was obtained by
a heat-cool-heat cycle (Chen et al., 2020). Briefly, about 5 mg micro-
capsule powder was placed onto a standard aluminum pan and sealed
tightly by a perforated aluminum slice. The sample was firstly heated to
160 °C at a rate of 20 °C/min and held at this temperature for 5 min, and
then cooled down to —10 °C at a rate of 20 °C/min. After being equili-
brated for 5 min, the sample was reheated to 160 °C at a rate of
20 °C/min, and the glass transition behavior was determined based on
the second heating ramp. DSC patterns were analyzed by using universal
analysis software (TA Instruments, Newcastle, DE, United States). The
midpoint of the glass transition region was processed and defined as the
glass transition temperature.

2.6. X-ray diffraction (XRD)

The crystallinity of the powders was determined by an X-ray
diffractometer (Brucker D8, Odelzhausen, Germany). The individual
ingredients and p-carotene microcapsules were evenly ground, respec-
tively and then spread on the sample pool. The scan was ranged from 3°
to 60° (20) with a step size of 0.02° and a step time of 5 s. X-ray
diffraction patterns were analyzed by using software (MDI Jade 6) and
calculated as relative crystallinity (%) according to the equation below
(Lu et al., 2017):
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Sum of crystalline peak areas

Relative crystallinity (%) =
Y v (%) Total crystalline and amorphous peak areas

x 100%

2.7. Fourier transform infrared spectroscopy (FTIR)

The possible interactions among OSA-starch, trehalose and fp-caro-
tene were detected by a Spectrum 100 Fourier transform infrared
spectrometer (PerkinElmer, Waltham, USA). Briefly, 2.0 mg microcap-
sule powder was mixed with 198 mg of desiccated potassium bromide
and thoroughly ground, and pressed into flakes and tested under 64
scans at a wavenumber range from 4000 to 400 cm~! with a 4 cm™!
resolution. The native potassium bromide flake was set as a baseline.

2.8. Observation of the microcapsule microstructure

2.8.1. Optical microscopy

The microstructures of the rehydrated microcapsules and nano-
suspensions were observed at 25 °C with an optical microscope (Leica
108, Heidelberg, Germany). The rehydrated solutions or nano-
suspensions were pumped by an eyedropper and dropped onto the sur-
face of the slide, then covered with a cover glass for observation.

2.8.2. Confocal Raman spectrum microscopy

The phase composition and distribution of two components, namely
OSA-starch and trehalose, in the unloaded microcapsules were detected
by a confocal Raman microscopy (XperRam 200, Nanobase, Korea) since
the presence of p-carotene could interfere with the detection of Raman
signals (Chen et al., 2019). The excitation laser, laser power, exposure
time and accumulation time were 532 nm, 15 mW, 5 s and 20 s,
respectively. The Raman spectrum was obtained with a 1200 lines/mm
grate ranging from 200 to 2760 em L A sweep range of 1600-1900
em ™, corresponding to the characteristic peak of carbonyl groups of
OSA-starch, was analyzed to illustrate the phase distribution of
OSA-starch in the microcapsules. Raman images were generated by
using LabSpec 6 software. The red and green regions in the images
denoted a high and low concentration of carbonyl groups, respectively.

2.8.3. Scanning electron microscopy (SEM)

The microstructure of p-carotene high loaded microcapsules was
acquired using a field emission scanning electron microscopy (SU8010,
Hitachi, Tokyo, Japan). The microcapsule powders were placed onto a
double faced adhesive tape covered by a thin layer of gold and observed
under 10.0 kV acceleration voltage.

2.9. Bulk density, water activity and hygroscopic property of f-carotene
microcapsules

The bulk density was determined by weighing 10 g of the micro-
capsule powder and then depositing into a 25 mL glass cylinder. The
bulk density of the microcapsule powders was directly calculated by
dividing the mass and volume; The water activity (Aw) was acquired by
direct reading on a hygrometer (Aqualab, Pullman, United States) after
the Aw value was stable; The hygroscopic property of p-carotene mi-
crocapsules and individual ingredients was investigated according to the
method described by Cai and Corke (2000). Briefly, B-carotene micro-
capsule powders and individual ingredients were preliminarily dried by
a moisture analyzer (MJ 33, Mettler Toledo, China) until the value was
constant. Then, 0.2 g dried microcapsule powder was dispersed in cul-
ture dishes and placed into a desiccator with a preset saturated solution
of CaCly, which corresponded to a relative humidity of 75% at 25 °C. The
microcapsule powders were weighed once a day for a week and the
hygroscopicity was expressed as the increase in mass per 100 g of
powders by taking up water.
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2.10. Spontaneous sinkability and dispersibility of -carotene
microcapsules

The spontaneous sinkability and dispersity of f-carotene microcap-
sule powders were assessed by a Turbiscan Lab Expert (Formulaction,
France) on the basis of the backscattering and transmission detections of
the microcapsules during sedimentation. Briefly, 1.5 g of powder sample
was added into a borosilicate glass bottle containing 15 mL deionized
water. Near-infrared light was utilized to scan glass bottles from bottom
to top for 30 min with an interval of 25 s at 25 °C. The obtained spec-
trograms represented the change in the delta backscattering (ABS) and
delta transmission (AT) of the sample as a function of the height of the
glass bottle. The peak thickness and sediment velocity were calculated
by Turbisoft 2.0 software with a selected area of the bottom of the bottle
(ranging from O to 5 mm).

2.11. Stability of rehydrated f-carotene microcapsules and milled
[f-carotene nanosuspensions

2.11.1. Physical stability

The physical stability of the rehydrated microcapsules and milled
nanosuspensions was determined using a LUMi-Sizer (L.U.M. 290
GmbH, Germany) to expedite the appearance of flocculation and
creaming (Wei et al., 2020). The samples were exposed to near-infrared
light under the action of centrifugal pull to evaluate the transmission
intensity. The measurement was operated with the liquid volume of 1.2
mlL, rotational speed of 4000 rpm, operation time of 3600 s and time
interval of 10 s.

2.11.2. Thermal degradation kinetics

A first-order model was used to evaluate the thermal degradation
kinetics of the p-carotene according to a method reported by Spada et al.
(2012). Briefly, 1% (w/w) rehydrated microcapsules and nano-
suspensions were placed in small transparent glass bottles and incubated
at 80 °C for 1, 2, 3, 4 and 5 h in a thermostatic water bath and then
cooled to 25 °C for p-carotene content analysis. The first-order degra-
dation kinetic constant k and the half-life t;,» were calculated by
following the equations below:

c

In(=
n(CO

)= —kt

(2
12= X

In the equations above, Cg and C represent the initial content and the
content of p-carotene at the specified time, respectively.

2.11.3. Light degradation kinetics

The first-order model aforementioned was also used to evaluate light
degradation kinetics of p-carotene in the rehydrated microcapsules and
milled nanosuspensions. Briefly, 1% (w/w) rehydrated microcapsules
and nanosuspensions were placed into transparent light-specific bottles
and incubated at a simulated light cabinet (light intensity: 0.35 w/m?,
temperature: 40 °C) (Q-Sun, Q-Lab Corporation, Ohio, USA), and the
content of f-carotene in the samples was determined every 2 h for 10 h.
The first-order degradation kinetic constant k and the half-life t; ,, were
calculated by following aforementioned equations in 2.11.2.

2.11.4. Storage stability

B-Carotene high loaded microcapsule powders were stored in a
thermostatic storage bin (55 °C) for 50 days. The change of f-carotene
retention in the absence or presence of air was simultaneously measured
by using the method described earlier during storage.
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2.12. Statistical analysis

All experiments were performed in triplicate. Mean =+ standard de-
viation (SD) was utilized to express the experimental data, which was
analyzed using the SPSS 20.0 software. Statistically significant differ-
ences were determined using one-way ANOVA followed by Turkey’s
multiple-comparison test. Difference was considered to be statistically
significant as p < 0.05.

3. Results and discussion

3.1. Effect of wet-milling time on the characteristics of [j-carotene
suspensions and microcapsules

In order to better elucidate the transformation of $-carotene crys-
talline structure and the potential interaction between OSA-starch and
f-carotene during wet-milling, the effect of wet-milling time on the
characteristics of B-carotene suspensions and microcapsules stabilized
by solely OSA-starch was preliminarily investigated. As shown in
Fig. S1, with the extension of milling time, both the average diameter
and polydispersity index (PDI) of p-carotene suspensions were decreased
gradually, which could be explained by the pulverization of p-carotene
crystals under the friction, collision, and shearing forces. Moreover, an
equilibrium stage was achieved after milling for 150 min regardless of
prolonging milling time, indicating that the diameter of p-carotene fine
crystals was hard to be further minished due to the increased specific
surface area and surface energy (Li et al., 2015; Monteiro et al., 2013).
Similarly, both the encapsulation efficiency and loading capacity of
B-carotene in the microcapsules were gradually increased with the
extension of milling time (Fig. S2), suggesting that the amphiphilic
OSA-starch was absorbed onto the surface of hydrophobic $-carotene
crystals through the interaction between them (Bockuviene & Ser-
eikaite, 2019). To verify this interaction, FTIR analysis was conducted
and the result was shown in Fig. S3A. The spectrum of the physical
mixture only exhibited the dominant absorption bands of p-carotene and
OSA-starch, which confirmed that no obvious interaction occurred be-
tween the two components without milling. With extending milling
time, the broad band corresponding to the O-H was eventually shifted
from 3381.7 to 3372.8 cm ™!, unraveling that there existed hydrogen
bonding interaction between amphiphilic OSA-starch and hydrophobic
B-carotene. As for XRD analysis, the peak positions remained the same
despite a slight reduction in the peak intensity for physical mixture
(Fig. S3B), indicating the physical coverage of p-carotene crystals by
OSA-starch. The relative crystallinity of the microcapsules was
dramatically decreased to 20.83% after milling for 150 min, implying
the partial amorphization of p-carotene and/or the formation of inclu-
sion structure induced by wet-milling (Hecq et al., 2005).

3.2. Particle size and its distribution

The particle size and the size distribution of the milled nano-
suspensions and rehydrated dispersions were presented in Fig. 1. The
addition of trehalose exhibited scarcely impact on the particle size of the
nanosuspensions, as the average diameter was all around 200 nm and
had the similar narrow peaks of size distribution. Compared with the
nanosuspensions, the size of the rehydrated dispersions was significantly
(p < 0.05) increased and the size distribution became wider and more
cluttered when the nanosuspensions were spray-dried into microcapsule
powders and rehydrated. This result indicated that the agglomeration of
B-carotene nanocrystals occurred during spray drying. As could be
clearly found in the optical images, numerous carmine crystal aggre-
gates were generated after drying and rehydration. This phenomenon
was attributed to the dramatic decrease of both nucleation rate and
supersaturation degree of p-carotene nanosuspensions during the rapid
moisture evaporation (Malamatari et al., 2015). In addition, the high
thermal stress-induced entanglement of starch chains and the
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Fig. 1. Optical microscope images and particle size distribution of milled p-carotene nanosuspensions and rehydrated p-carotene dispersions (before and after heat

treatment) with different OSA-starch to trehalose mass ratios.

inactivation of steric stabilization might further exacerbate this aggre-
gation (Malamatari et al., 2015). However, with increasing the level of
trehalose, there was a decreasing trend of the average diameter for the
rehydrated dispersions. This result suggested that a higher level of
trehalose could effectively prevent the high temperature-induced
agglutination of p-carotene nanocrystals during spray drying, probably
due to the reduced magnitude of interactions between starch molecules
by intermolecular filling of trehalose, thus inhibiting the formation of
crystal aggregates (Kumar et al., 2014; Yamasaki et al., 2011).

3.3. Encapsulation efficiency and loading capacity of f-carotene

The encapsulation efficiency was determined to guarantee the ma-
jority of p-carotene was well embedded inside the composite wall ma-
terials, otherwise the bioactive compound on the surface of
microcapsules could directly contact with external environments (heat,
O and light), and thus resulted in degradation and isomerization of
B-carotene (Zhan et al., 2020). The encapsulation efficiency and loading
capacity of f-carotene high loaded microcapsules were shown in Fig. 2.

The encapsulation efficiency was gradually increased from 98.22% to
99.13% when the mass ratio of OSA-starch to trehalose was changed
from 10:0 to 5:5, which was ascribed to the lower diffusion of f-carotene
onto the microcapsule surface as a result of the improvement of
microcapsule integrity (Kumar et al., 2014). Besides, the stronger spatial
stability obtained in the presence of trehalose at a high level was also
responsible for the superior integrity of the microcapsule structure
(Muhoza et al., 2020). When the OSA-starch and trehalose mass ratio
was lower than 5:5, the encapsulation efficiency reached the plateau,
indicating that both the encapsulation and emulsifying capacity of
OSA-starch were close to the limit as its concentration was less than 50%
(w/w) in the composite wall material. The loading capacity of p-caro-
tene was significantly (p < 0.05) decreased from 11.6% to 10.3% with
the elevation of trehalose concentration. This result was presumably
ascribed to that the binding sites of hydrophobic groups in the wall
material became saturated when the mass ratio of OSA-starch and
trehalose was 3:7, thus any additional B-carotene crystals could not be
incorporated into the wall material (Guo et al., 2021). Absolutely, it
could be supposed that OSA-starch, an amphiphilic macromolecular
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Fig. 2. Encapsulation efficiency and loading capacity of p-carotene in the mi-
crocapsules with different OSA-starch to trehalose mass ratios (Different su-
perscript letters (a, b, ¢ ... A, B, C ...) in the figure indicate significant
differences (p < 0.05)).

wall material, played the essential role of encapsulation and emulsifi-
cation in the preparation of f-carotene microcapsules, while trehalose
lacked similar characteristics due to its low emulsifying property and the
inability to balance the interfacial tension of the nanosuspensions (Han
et al., 2020). Therefore, the OSA-starch and trehalose mass ratio of 3:7
was the limited level in this work.

3.4. FTIR and XRD

The infrared spectra of individual ingredients and p-carotene mi-
crocapsules with different OSA-starch to trehalose mass ratios were
depicted in Fig. 3A. The strong bands located at 3027.2 and 2915.4 cm ™ *
were identified as the characteristic skeleton stretching of C—C and
aliphatic —CH groups of f-carotene crystal. The small peaks at 1712.6,
1559.6 and 1443.6 cm ™! were assigned to the aromatic ring stretching,
C—=C bending and methylene deformation of carotenoids, respectively
(Alma & Jolanta, 2019). However, these peaks were rarely observed in
the spectra of the microcapsules, which confirmed that p-carotene was
successfully encapsulated by the OSA-starch and trehalose composite
matrix. The broad band corresponding to ~OH groups of the microcap-
sules for the control group was shifted from 3401.5 cm™! to 3389.4
em™!, suggesting that hydrogen bonding interactions between f-caro-
tene and OSA-starch occurred in the absence of trehalose (Kumar et al.,
2014). With the incorporation of trehalose, the vibration intensity of
FTIR spectra of the microcapsules was obviously increased and the peak
of —OH group was further shifted from 3389.4 ecm ! to 3332.1 cm ™.
These results implied that the hydrogen bonding interaction was further
enhanced due to more available ~OH groups derived from trehalose
molecules (Kumar et al., 2014; Muhoza et al., 2020). To verify this
statement, the FTIR analysis of the unloaded microcapsules was also
performed to clarify the possible interaction between OSA-starch and
trehalose in the absence of B-carotene. As shown in Fig. 3B, there was no
obvious spectrum shift in the ~OH group region regardless of increasing
the level of trehalose, manifesting less or no interaction between the two
components. This result was consistent with the finding of Jain and Roy
(2008) that trehalose preferentially bound to water molecules rather
than directly interact with the biomolecules either in dried powders or
solutions. Furthermore, only single broad peak was found at 1026.9
cm ! despite increasing the level of trehalose and no new peak was
generated in the range of 1047 to 995 cm™!. This phenomenon
demonstrated that the amorphous state of OSA-starch was well main-
tained even after the incorporation of crystalline trehalose.

The solubility and stability of hydrophobic bioactive ingredients
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Fig. 3. FTIR analysis of individual ingredients, p-carotene loaded (A) and
unloaded (B) microcapsules with different OSA-starch to trehalose mass ratios,
and XRD (C) patterns of individual ingredients and p-carotene microcapsules
with different OSA-starch to trehalose mass ratios.

were strongly associated with their crystalline states (Zhan et al., 2020).
The crystalline diffraction patterns of individual ingredients and the
microcapsules formulated by OSA-starch and trehalose at different mass
ratios were presented in Fig. 3C. It could be observed that pure p-caro-
tene and trehalose were highly crystallized with particularly sharp
diffraction peaks occurring in the 20 range of 10-25° and 15-45°,
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respectively. Conversely, there was only one broad peak (19.3 + 0.1°) in
the diffraction pattern for OSA-starch, indicating the amorphous nature
of the wall material. The peak intensity of the microcapsules decreased
dramatically after milling process, which was attributed to the
milling-induced transformation of crystalline structure of p-carotene
(Alma & Jolanta, 2019). The absence of sharp diffraction peaks in
trehalose suggested its existence as the amorphous nature after spray
drying rather than crystalline state in the microcapsules, which was
similar to the finding of Malamatari et al. (2015). When the level of
trehalose increased, the relative crystallinity of the microcapsules was
gradually decreased from 20.83% to 3.36% and reached its minimum at
the OSA-starch and trehalose mass ratio of 3:7, which was consistent
with the reduction of B-carotene crystalline aggregates and the average
diameter of the rehydrated dispersions. The relatively low crystallinity
of the final microcapsules could be ascribed to less breakage of the mi-
crocapsules and lower possibility of crystal agglomeration in the pres-
ence of trehalose at its high level (Kumar et al., 2014). The remaining
crystallinity of 3.36% suggested that f-carotene was not completely
transformed into the amorphous state after the wet-milling and spray
drying coupling process, which was probably ascribed to that the pres-
ence of water triggered the recrystallization of partial amorphous
p-carotene during wet-milling (Colombo et al., 2018; Malamatari et al.,
2015).

3.5. DSC

As exhibited in Fig. S4, native p-carotene and trehalose were highly
crystallized with strong endothermic peaks at specific temperatures,
while OSA-starch scarcely presented any sharp melting peak due to its
amorphous nature. The disappearance of endothermic peak for the
incorporated trehalose indicated its existence as the amorphous distri-
bution in the formation of microcapsules (Fig. 4A), which was confirmed
by the XRD analysis aforementioned. The melting peak Ty, of p-carotene
in the microcapsules was shifted to a lower temperature around 172 °C,
indicating the reduction in crystallinity due to the decreased particle
size of p-carotene as well as the favorable hydrogen bonding interaction
between OSA-starch and fp-carotene (Lv et al., 2019). With increasing
the level of trehalose, the fusion enthalpy AH,, corresponding to the
melting of p-carotene was gradually decreased, unraveling that less
energy was required to melt p-carotene in the microcapsules with
reduced cohesive energy (Bilgili et al., 2018). This result might be owing
to that trehalose promoted the formation of p-carotene crystal defects
and crystal lattice disorders during spray drying, which further
confirmed the partial amorphization of crystalline p-carotene (Liu, Q.
etal., 2020). The lowest AH,, of 10.2 J/g was obtained at the OSA-starch
to trehalose mass ratio of 3:7, manifesting that less crystal aggregates
were generated and the integrity of the microcapsules was well main-
tained in the presence of trehalose at its high level.

The vitrification of the unloaded microcapsules was also detected in
order to explore the pivotal components that affected the microcapsule
characteristics. According to the report of da Silva Carvalho et al.
(2016), the glass transition temperature of the microcapsule powders
was not only depended on the Tg of the wall material but also related to
the interactions among individual ingredients. As shown in Fig. 4B, only
single Tg was found when the mass ratio of OSA-starch to trehalose was
higher than 7:3, indicating the good compatibility and miscibility of
both components in the presence of trehalose at its low level. When the
level of trehalose was further increased, two Tgs were observed, which
verified the occurrence of amorphous-amorphous phase separation in
the OSA-starch and trehalose composite matrix. Hughes et al. (2016)
reported that phase separation promoted to form a denser molecular
structure and reduced free volume of the carbohydrate polymer matrix,
which was consistent with our findings in terms of micromorphology
and storage stability of the microcapsules. Compared with the study of
Chen et al. (2019), the Tg of OSA-starch and trehalose matrix was higher
than that of OSA-starch and sucrose matrix in the case of phase
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Fig. 4. DSC curves of p-carotene loaded (A) and unloaded (B) microcapsules
with different OSA-starch to trehalose mass ratios.

separation. This phenomenon could be explained by the preferential
exclusion theory that the addition of trehalose to bulk water sequestered
water molecules away from the biopolymers, suppressing the reduction
in Tg of the composite matrix in the absence of water as a plasticizer
(Hughes et al., 2018; Jain & Roy, 2008).

3.6. SEM and CRSM

During spray drying, the rapid dehydration of wall materials occurs
due to the flash evaporation of water, resulting in uneven shrinkage or
structural fracture of the microcapsule surface. As shown in Fig. 5A, the
microcapsules without trehalose exhibited obvious ruptures and wrin-
kles, revealing that the chain structure of starch molecules was not firm
enough to encapsulate p-carotene at a high level in the absence of
trehalose, which was in agreement with the relatively low encapsulation
efficiency and poor redispersibility of the microcapsules. Interestingly,
some of the microcapsules retained their completely spherical shape
with the smooth surface, whereas their insides were hollow. This phe-
nomenon could be explained by the “ballooning effect” that the micro-
capsules were blown up by the inlet hot air during spray drying due to
the poor rigidity of wall materials and the incompact construction of the
microcapsules. The formation of air vesicles, which could lead to the
fracture of microcapsules, was reported at higher exhaust temperatures
during spray drying (Salminen et al., 2019). With increasing the level of
trehalose, the probability of the particle rupturing was decreased, and
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Fig. 5. SEM (A) images of powdered f-carotene microcapsules and CRSM (B)
images of unloaded microcapsules with different OSA-starch to trehalose
mass ratios.

the inflated microcapsules with the smooth surface and large particle
size were barely detected. The result revealed that the incorporation of
trehalose contributed to the reduction of free volume between p-caro-
tene and wall materials since less air was encased inside the microcap-
sules, resulting in the decrease of the particle size. The diminishment of
free volume was consistent with the increase of poured bulk density of
the microcapsules shown in Table 1. When the concentration of treha-
lose was further elevated, slight aggregation of the microcapsules was
observed, which could be attributed to bridging agglomeration by the
excessive trehalose molecules (Muhoza et al., 2020).

Confocal Raman spectrum microscopy was employed to figure out
the phase distribution of the wall materials based on the interactions
between the excitation light and samples (Liu, X. et al., 2020). The direct
visualization of phase distribution between OSA-starch and trehalose in
the unloaded microcapsules was displayed in Fig. 5B. The optical maps
exhibited opportunely the same regions mapped by the Raman micro-
scope, while the Raman maps uncovered the molecular distribution. The
red and green regions in the Raman maps represented a high and low
concentration of carbonyl groups, respectively. In the control sample,
the green regions were continuously distributed in the powder, indi-
cating the relatively uniform dispersion of OSA-starch in the internal

Table 1
The water activity and bulk density of OSA-starch, trehalose and p-carotene
microcapsules with different mass ratios of OSA-starch to trehalose.

Sample Water activity Bulk density (g/mL)
OSA-starch 0.245 =+ 0.003¢ 0.49 + 0.01¢
Trehalose 0.438 + 0.006* 0.85 + 0.01*
Microcapsule control 0.302 + 0.005° 0.52 + 0.02¢
Microcapsule o 0.305 + 0.002° 0.53 4+ 0.02¢
Microcapsule 7.3 0.301 + 0.007° 0.57 + 0.01°
Microcapsule 5.5 0.289 + 0.004¢ 0.63 + 0.02°
Microcapsule 4.¢ 0.284 + 0.003¢ 0.66 + 0.01°
Microcapsule 5.7 0.273 + 0.0034 0.68 + 0.01°

Values are means + SD (n = 3). Different superscript letters (a, b, ¢, d and €) in
the same column indicate significant differences (p < 0.05).
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and external parts of the microcapsules (Liu et al., 2016). After the
incorporation of trehalose, a blended region containing both high and
low concentrations of carbonyl groups were detected around the outer
part of the microcapsule. This result confirmed the favorable compati-
bility and miscibility of trehalose and OSA-starch in the microcapsules
due to their hydrophilic nature (Liu, X. et al., 2020). When the level of
trehalose was further elevated, the relative distribution of carbonyl
groups in the microcapsules was altered greatly. The carbonyl groups
were independently dispersed in the powder without any adhesions, and
most of them were concentrated in the interior of the microcapsules to
form red regions, manifesting the formation of a layer-by-layer structure
in the microcapsules. This phenomenon could be explained by the phase
separation that the blend of OSA-starch and trehalose no longer existed
as a heterogeneous phase after spray drying in the presence of trehalose
at a high level, and the starch phase tended to be assembled due to the
differences in viscosity and molecular weight of the two components
(Chen et al., 2019; Kilpelainen et al., 2020). In this case, the outer
trehalose around the inner starch could act as a dense barrier that
effectively prevented oxygen from penetration, and this layer-by-layer
structure could explain why f-carotene became much more stable in
the presence of trehalose at a high level.

3.7. Water activity (Aw) and hygroscopic property

Water activity (Aw) is a common indicator to predict the storage
stability of the microcapsule powders. Generally, several undesirable
phenomena can take place such as caking, crystallization or stickiness in
powders with high Aw and moisture hygroscopicity. Additionally, there
exists a negative correlation between Aw and vitrification transition of
food components, i.e. once the Aw decreases, the Tg increases. Among
the samples in Table 1, trehalose exhibited the highest Aw of 0.438 +
0.006 due to its dihydrate crystalline nature, while OSA-starch had a
relatively low Aw of 0.245 + 0.003. The results indicated that the Aw
values of all the spray-dried microcapsules ranged from 0.273 + 0.003
to 0.305 + 0.002, unraveling that the side reactions including enzymatic
reaction and microbial growth were well inhibited under such low Aw.
The decreased Aw value of the microcapsules revealed that anhydrous
trehalose was obtained due to the rapid evaporation of moisture during
spray drying. The lowest Aw was found at the OSA-starch and trehalose
mass ratio of 3:7, which was attributed to that the large quantity of
trehalose preferentially bound to water molecules on the starch surface,
leading to the formation of an effective moisture absorption layer, thus
facilitating the water transmission from the external surface of the mi-
crocapsules during spray drying (Muhoza et al., 2020). Due to the lower
Aw, the microcapsules at the OSA-starch and trehalose mass ratio of 3:7
might exhibit a superior retention rate of bioactive compounds during
the storage.

Hygroscopicity was measured for the microcapsule powders to gain
an insight into their physical stability in case of storage under a high
humidity atmosphere. The moisture adsorption kinetics of the prelimi-
narily dried microcapsules was shown in Fig. 6, by means of relative
moisture increment as a function of time. Compared with the dried OSA-
starch, the anhydrous trehalose exhibited a faster rate of moisture ab-
sorption and a relatively higher hygroscopicity of 5.45 + 0.08 g/100 g
after storage for one week. All the microcapsule powders showed high
hygroscopicity with the final moisture adsorption ranging from 4.26 +
0.15 to 5.19 + 0.03 g/100 g. Faster moisture adsorption rate was found
in the samples on the first 2 days and turned slower in the following
days. Noteworthily, when the level of trehalose was relatively low, the
hygroscopicity of the microcapsules was slightly restricted. This result
could be explained by the water replacement theory that the water
molecules absorbed onto the surface of the microcapsules could be
substituted by the trehalose-forming hydrogen bonds, which could
maintain the three-dimensional structure of the microcapsules and
retard the intrusion and diffusion of moisture through the micropores of
the microcapsules (Jain & Roy, 2008; Muhoza et al., 2020).
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Fig. 6. Hygroscopic property of powdered p-carotene microcapsules with
different OSA-starch to trehalose mass ratios.

Nevertheless, the hygroscopicity of the microcapsules was increased
with elevating the trehalose level when the mass ratio was lower than
9:1. This gradual increment reflected that excessive trehalose located on
the outer layer of the microcapsules promoted the vapor absorption. The
anhydrous trehalose in the amorphous state exhibited an easier moisture
adsorption due to the presence of more numbers of hydrophilic groups
and short chains (da Silva Carvalho et al., 2016). Moreover, the water
adsorption rate of the microcapsules constituted by trehalose at a high
level was much faster than that at a low level, thus verifying that the
outer layer of the microcapsules was filled with a large amount of
trehalose. The variation in the hygroscopic property of the microcap-
sules further confirmed the entrapment of B-carotene into the glassy
matrix formed at a high level of trehalose.

3.8. Spontaneous sinkability and dispersibility

Sinkability and dispersibility are two important factors to assess the
quality of powdered microcapsules. As displayed in Fig. 7A, negative
ABS values with uneven spectral curves were detected for the control
group and the sample with a low level of trehalose, indicating their
heterogeneous and relatively slow settlement. With increasing the level
of trehalose, the final ABS of the microcapsules was elevated from 40%
to 60%, and the spectral curves of AT were barely altered during mea-
surement. This result manifested that more powders settled to the bot-
tom of glass bottle at a faster sinking velocity, and a homogeneous
rehydration system was consequently obtained, which was further
confirmed by the optical scan images shown in Fig. S5. The variation of
peak thickness located in the bottom of the glass bottle was shown in
Fig. 7B. The peak thickness of the sample with a high level of trehalose
was much larger than that of the control group, and the slope of peak
thickness was increased from 4.95 mm/h to 105.99 mm/h. This result
also confirmed the crucial role of trehalose in improving the redis-
persibility of the microcapsule powders. The enhanced instant solubility
might be ascribed to the increasing the wettability of the powdered
microcapsules (Kumar et al., 2014). Since the wettability of sugars was
superior compared to that of polysaccharides, the wettability of the
microcapsules consisting of a high level of trehalose was largely
enhanced. In this case, the adsorption capacity of water on the surface of
the microcapsules was stronger, and the outer layer of the microcapsules
could be wetted more quickly (Yamasaki et al., 2011). In addition, a
higher bulk density of the microcapsules was also favorable for the
improved dispersibility of the microcapsules, because food powders
with a larger bulk density could be rehydrated more easily than those
with a smaller bulk density due to their better penetration performance
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(Camargo Novaes et al., 2019). Moreover, the existence of planetary
agglomerations surrounded by many small microcapsule particles as
observed in SEM images was also responsible for the enhanced disso-
lution. On one hand, these surrounded microcapsule particles had
smaller sizes with greater specific surface areas, and thus exhibited a
more prominent wettability; on the other hand, there existed the for-
mation of capillary effect during rehydration (indicated by the yellow
arrow in Fig. 7C) due to this unique aggregate structure, which could
facilitate the moisture penetration through capillary interstice between
the microcapsules and small particles (Wu et al., 2019).

3.9. Physicochemical stability

3.9.1. Physical stability

The stability of the rehydrated dispersions was indicated as the
evolution of the transmission-space profiles during centrifugation. The
curve of instability index as a function of time presented an intuitive
insight into the difference in physical stability of the nanosuspensions
and their rehydrated dispersions (Fig. 8A), and the lower instability
index corresponded to the better physical stability (Zhan et al., 2020).

The nanosuspensions were much more stable than their rehydrated
dispersions because of the smaller average diameter (around 190 nm) of
the nanosuspensions, and there seemed to be no difference in the sta-
bility of distinct nanosuspensions due to their similar particle size dis-
tribution and optical microstructure. With regard to the rehydrated
dispersions, the higher level of trehalose was conducive to the
improvement of stability, which could be deduced from the less varia-
tion of the integrated transmissions and the smaller instability indexes.
This result might be ascribed to the dominant role of trehalose in
maintaining the particle size of the microcapsules during spray drying.
In the case of strong thermal stress from spray drying, the f-carotene
microcapsules encapsulated by single OSA-starch tended to be damaged,
and the interior p-carotene crystals were more likely to be aggregated,
which increased the sedimentation velocity of the rehydrated micro-
capsules (Malamatari et al., 2015).

3.9.2. Thermal stability and photostability

The degradation kinetics of the microcapsules during the exposure to
UV light irradiation or thermal treatment was investigated. The slope
value (k), half-life (t;,2), and correlation coefficient (R?) were calculated
from the fitted linear equations and summarized in supplementary in-
formation tables (Tables S1 and S2).

The thermal degradation kinetics of the nanosuspensions and rehy-
drated microcapsules with different OSA-starch and trehalose mass ra-
tios were shown in Table S1. It could be found that the t; /5 values of the
nanosuspensions were much higher than those of the rehydrated mi-
crocapsules. This result suggested that adverse effects associated with
the physicochemical stability of the nanosuspensions occurred after
spray drying. Furthermore, crystalline aggregates were hardly observed
after heating with a high level of trehalose. The thermal stability of both
B-carotene nanosuspensions and rehydrated microcapsules was also
improved during heating as the level of trehalose increased. This result
might be owing to that less oxygen could be dissolved into the liquid
system in the presence of more number of hydroxyl groups (Chen et al.,
2019). Penicaud et al. (2012) also declared that the oxygen solubility
and diffusivity were restricted when sucrose concentration increased,
and the oxygen solubility could be expressed as a function of sucrose
concentration.

The light degradation kinetics of the nanosuspensions and rehy-
drated microcapsules with different OSA-starch and trehalose mass ra-
tios were also conducted (Table S2). The t;/» values of p-carotene in
different nanosuspensions were increased from 14.53 h (without
trehalose) to 14.69, 16.42, 17.07, 17.32 and 17.55 h for the nano-
suspensions with the OSA-starch and trehalose mass ratios of 9:1, 7:3,
5:5, 4:6, 3:7, respectively. Similarly, the t;,5 values of B-carotene in
distinct rehydrated microcapsules were also increased. These results
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microcapsules in the presence or absence of oxygen.

revealed that p-carotene embedded in the composite wall material
became more stable, and the increasing trehalose concentration was also
favorable to the photostability of all the samples. This result could be
ascribed to that the chemically reactive groups of B-carotene were
effectively protected from UV irradiation through the formation of a
denser protective carrier at a high level of trehalose.
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3.9.3. Storage stability

Enhancing the air impermeability and oxygen resistance of wall
materials is of great importance to the storage performance and com-
mercial application of the microcapsules. The spray-dried microcapsule
powders with different OSA-starch to trehalose mass ratios were stored
in the presence or absence of air (Fig. 8B and C) at 55 °C to explore
whether the microcapsules were still stable under a long-term storage.
The difference of p-carotene retention rate became more obvious when
stored in contact with air, indicating that the presence of oxygen
accelerated the chemical degradation of p-carotene. The p-carotene in
the microcapsules with a high level of trehalose presented a better
retention rate around 95%, which was much higher than that with a low
level of trehalose (around 55%). The improved storage stability of the
microcapsules with a high level of trehalose could be explained by two
aspects. On one hand, the incorporation of trehalose conduced to the
reduction of free volume between f-carotene and the wall material,
leaving less air encased inside the microcapsules; on the other hand, the
compact glassy matrix formed at a high level of trehalose was considered
as an effective oxygen barrier so that less oxygen could infiltrate into the
microcapsules through fine holes on the wall material surface. Likewise,
Boerekamp et al. (2019) also found that the reduction of free volume
was responsible for the limited oxygen permeability and diffusivity of
fish oil-loaded microcapsules. Apart from the two main reasons above,
the microcapsules were stored at 55 °C, which was lower than the Tg of
the wall materials, suggesting that the glassy state of the wall materials
was maintained during storage. In this case, the wall materials behaved
like solids and the mobility of starch chains in the glassy matrix was
largely limited, which could effectively prevent oxygen from infiltration
(Chen et al., 2019).

4. Conclusion

In this study, p-carotene high loaded microcapsules were successfully
fabricated by wet-milling coupled with spray drying. Trehalose acted as
a glassy matrix former or hydroxyl groups supplier in the formation of
B-carotene microcapsules. As the level of trehalose was increased, the
physicochemical stability of both p-carotene microcapsule powders and
rehydrated dispersions was obviously improved. The incorporation of
trehalose was favorable to preventing p-carotene nanocrystals from
agglutination during spray drying due to the enhancement of hydrogen
bonding interactions between p-carotene and OSA-starch. The phase
separation of the wall material occurred in the presence of trehalose at a
high level, which could effectively prevent oxygen from penetration.
The reduced free volume of the p-carotene microcapsules was respon-
sible for their prominent storage stability since less oxygen could be
encased inside the microcapsules. The stability of both f-carotene
nanosuspensions and rehydrated microcapsules was also increased due
to the reduction in the solubility and diffusivity of oxygen in the pres-
ence of more hydroxyl groups. Furthermore, the microcapsules formu-
lated with a high level of trehalose exhibited the instant dissolution
property due to the enhanced wettability and the existence of planetary
agglomerations.
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