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Abstract

The effects of operating conditions and Z-isomer content of astaxanthin on coprecipitate
formation of polyvinylpyrrolidone (PVP) and astaxanthin by solution-enhanced
dispersion by supercritical fluids (SEDS) process were investigated. Using this process,
nano-sized (100-200 nm) and water-soluble PVP/astaxanthin inclusion complex was
successfully prepared. As the operating pressure increased from 8 to 15 MPa at a
constant temperature, astaxanthin content in the coprecipitates decreased, and increasing
the operating temperature from 40 to 60 °C at a constant pressure, the particle size and
the astaxanthin content increased. Increasing the PVP ratio for astaxanthin in the range
of 5:1 to 20:1, the particle size decreased and when 10:1 of the ratio, the astaxanthin
content in the coprecipitates was the highest (60 °C, 10 MPa). Additionally, as the Z-
isomer content of astaxanthin increased, the astaxanthin content decreased slightly.
However, the coprecipitates rich in astaxanthin Z-isomers, which have higher

bioavailability and antioxidant capacity, were obtained.

Keywords: Carotenoid, Polyvinylpyrrolidone, Coprecipitation, Supercritical anti-

solvent, £/Z isomerization
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1. Introduction

Carotenoids are the most common fat-soluble pigments that give yellow, orange,
and red colors to plants and animals, and more than 750 different types have been
characterized until now [1]. The daily consumption of carotenoids-rich foods would be
beneficial for human health because of the prevention effect of various diseases such as
certain cancers and atherosclerosis as well as high antioxidant capacity [2—4].
Moreover, carotenoids are attracting attention as safe natural colorants in food products
and as an alternative to synthetic colorants which are not well accepted by consumers.

Astaxanthin is a keto carotenoid containing 13 conjugated double bonds, and is
found abundantly in the marine world of algae and aquatic animals with a dark-red color
[5]. As with other carotenoids, astaxanthin has high antioxidant capacity and ability to
prevent and treat various diseases such as cancers, chronic inflammatory diseases, and
cardiovascular diseases [4—6]. For these reasons, there is a strong interest in using
astaxanthin as functional and natural colorant in food industry. However, the poor water
solubility of astaxanthin has made its use problematic for food formulations and the
favorable effects of astaxanthin are limited. Furthermore, the low solubility in water of
functional lipid bioactive compounds would be prone to reduce the bioavailability [7,8].
Therefore, it is very important to improve their dispersibility in water by emulsification
for food industry and increment their bioavailability. When preparing carotenoids
dispersions, nano-level particle size is preferable due to the high dispersibility and
bioavailability [9,10].

Polyvinylpyrrolidone (PVP; Fig. 1A) is a hydrophilic carrier and has acquired
broad applications in food and pharmaceutical industries [11]. It has the effect of

suppressing crystal growth of compounds with high crystallinity [12] and can improve
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the solubility of poorly water-soluble compounds [13]. In addition, since PVP contains a
proton acceptor, it is able to form H-bonds with a proton donator group [14,15]. The H-
bonding enhances the extent of interaction between the proton donator and PVP so that
the matrix can exist stably. Therefore, PVP is considered to be a suitable carrier for
carotenoids having high hydrophobicity and crystallinity. Moreover, its use is
considered to be more suitable for xanthophylls such as astaxanthin and lutein, which
contain proton donator groups, e.g. hydroxyl group. There is limited evidence that water
dispersibility of carotenoids such as B-carotene and lutein was improved using PVP
[11,14,15].

In many studies, the formation of carotenoids-containing nanodispersions is
conducted by emulsification-evaporation, emulsification-diffusion, and solvent-
displacement techniques [16]. However, these techniques use toxic organic solvents to
dissolve carotenoids in oil phase and have a concern that the solvents remain in the
obtained emulsions [8,16,17]. Thus, in recent years, the formation of nanodispersions
utilizing supercritical CO; (SC-CO.), which is non-toxic and easily separated from the
products, has been extensively examined. The supercritical anti-solvent (SAS) process
is one of the micronization methods which can be applied for preparing fine particles
from various materials such as pharmaceuticals, coloring matters, biopolymers
[11,18,19]. In this study, the coprecipitation of PVP and astaxanthin was carried out
using the method of solution-enhanced dispersion by supercritical fluids (SEDS), which
is a modified version of the SAS process [20,21]. In this process, the solution and SC-
CO; are sprayed into a precipitator by a coaxial nozzle. In a typical SEDS process, an
anti-solvent fluid (SC-CO>) and a solution containing compounds to be processed are

injected via the nozzle into a precipitation vessel continuously, and particles are formed
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when supersaturation of the compounds is achieved. Additionally, the particle size is
easily controlled by the preparation conditions such as pressure and temperature.
Although there are limited number of literatures, water dispersibility of carotenoids
was improved by coprecipitate formation with several hydrophilic carriers using SC-
CO3 as the anti-solvent [11,21-25]. For example, Prosapio et al. [11] have reported that
[-carotene-containing nanoparticles with high water dispersibility could be obtained by
coprecipitation of the carotenoid and PVP using SAS process. Moreover, an example of
improving the water dispersibility of lycopene using B-cyclodextrin as a carrier by the
solution-enhanced dispersion by SEDS process has also been reported by Nerome et al.
[21]. However, to the best of our knowledge, there have been no reports about
coprecipitation of astaxanthin and PVP using SC-CO; as an anti-solvent, and the
previous literatures on coprecipitation of carotenoids and hydrophilic carriers using SAS
or SEDS method evaluated only particle morphology, particle size, and dissolution
efficiency in water of obtained coprecipitates, while carotenoid content and
encapsulation efficiency of astaxanthin in the coprecipitates was not assessed
[11,21-25]. Furthermore, the effect of Z-isomerization pre-treatment of (all-£)-
astaxanthin was also investigated in this study (Fig. 1B—D). Since Z-isomers of
carotenoids have higher solubility and lower crystallinity than the all-E isomers
[26—29], the mean diameter, particle morphology, and astaxanthin content of the
obtained particles would be affected. In fact, Kodama et al. [20] have reported that
when lycopene was micronized by SEDS process, as the Z-isomer content of lycopene
increased, the size of obtained particle became smaller. Additionally, since Z-isomers of
astaxanthin have higher bioavailability [30] and antioxidant capacity [31,32] than the

all-E-isomer, to obtain coprecipitates of PVP and Z-isomer-rich astaxanthin would result



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

in the improvement of the functional value. Therefore, the aim of the study is to clarify
the effect of operating conditions and Z-isomer content of astaxanthin on coprecipitate

formation of astaxanthin and PVP using SEDS process.

2. Materials and methods
2.1. Chemicals

High purity (all-FE)-astaxanthin (synthetic) and PVP (average molecular weight
10,000) were obtained by Sigma-Aldrich Co. Ltd. (Dorset, United Kingdom). High-
performance liquid chromatography (HPLC)-grade methanol, acetonitrile, and
dichloromethane (CH>Cl,) were purchased from Kanto Chemical Co., Inc. (Tokyo,
Japan), and HPLC-grade acetone and analytical grade ethanol were purchased from

Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

2.2. Preparation of astaxanthin Z-isomers

Astaxanthin that contains a large amount of Z-isomers was prepared by the thermal
isomerization and filtering technique from (all-£)-astaxanthin described previously
[20,33,34]. Briefly, (all-E)-astaxanthin was dissolved in CH>Cl, at a concentration of 1
mg/mL and heated at 80 °C for 3 h. Then, the thermally treated astaxanthin solution was
evaporated to dry under reduced pressure at 40 °C and the residue (ca. 50 mg) was
suspended in 10 mL of hexane. The insoluble substances, mostly consisting of (all-£)-
astaxanthin, were removed using a 0.2-um polytetrafluoroethylene (PTFE) membrane
filter (DISMIC-25HP, Advantec, Tokyo), and hexane was removed under reduced
pressure at 40 °C. In this study, (all-E)-astaxanthin, thermally Z-isomerized astaxanthin,

and the filtered astaxanthin after thermal treatment were used as raw materials for
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coprecipitate formation using the SEDS process.

2.3. Equipment and procedure

A schematic diagram of the SEDS micronization is shown in Fig. 2. The apparatus
includes a chiller (CCA-1111, Tokyo Rikakikai Co., Ltd., Tokyo), two high-pressure
pumps, one for CO, (PU-2086, Jasco Co., Tokyo) and the other for the astaxanthin and
PVP solution (LC-20AT, Shimadzu Co., Ltd., Kyoto, Japan), a heating chamber (EI-
700B, As One Co., Osaka, Japan), a coaxial nozzle with inside diameter 0.5 mm (SUS-
316), a filter for collecting particles (500 nm SUS-316) placed inside a Swagelok filter
housing, a back-pressure regulator (BPR; Akico Co., Ltd., Tokyo), and a wet gas meter
(Shinagawa Co., Ltd., Tokyo). Liquid CO; flowing from the CO- cylinder was
compressed and controlled with the high-pressure pump which was cooled with a chiller
to keep COz in a liquid state. In the heating chamber, CO, was transformed into a
supercritical state by heating.

The coprecipitation of PVP and astaxanthin using the above apparatus was
performed according to the following procedures [11,20,21]. SC-CO> was flowed to the
filter at a flow rate of 15 mL/min until the desired pressure and temperature conditions
were reached. The astaxanthin and PVP solution (acetone/ethanol, 19:1, v/v) were then
injected at 0.1 mL/min for 1 h. At the end of each experiment, SC-CO, was pumped to
flow continuously for 30 min to eliminate the remaining organic solvent from the
particles. Finally, the particles were collected from the membrane filter after
depressurization. The experiment was carried out at pressures of 8—15 MPa and
temperatures of 40—60 °C. The contents of PVP and astaxanthin in acetone/ethanol

solution were 0.73-2.94 and 0.14 mg/mL, respectively: PVP/astaxanthin ratio:
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approximately 5:1-20:1, and the range of Z-isomer contents of astaxanthin were 0—
66.2%. Table 1 shows the summary of experimental conditions with the results of mean

diameter and astaxanthin content of the coprecipitates obtained.

2.4. SEM analysis

The shape and surface characteristics of the PVP/astaxanthin coprecipitates as well
as PVP and (all-E)-astaxanthin, which were raw materials, were observed by scanning
electron microscopy (SEM; JSM-6390LV JEOL, Tokyo, Japan). The samples were
sputter-coated with gold in a high-vacuum evaporator and examined using SEM at 15
kV [20]. Particle size and size distributions were measured using Image J software for at

least 250 particles collected at each experiment [20,21].

2.5. FT-IR analysis

The characteristics of chemical structures of the PVP/astaxanthin coprecipitates as
well as PVP and (all-FE)-astaxanthin, which were raw materials, were analyzed by a
Spectrum One Fourier transform infrared (FT-IR) spectrophotometer (Perkin-Elmer
Ltd., Buckinghamshire, United Kingdom). The samples were placed directly in the
diffuse reflectance attachment sample holder. Pre-flattening of the sample in a diamond
cell was necessary prior to mounting. The spectra were measured in ATR (attenuated
total reflectance) mode (golden single reflection ATR system, P/N 10500 series, Specac)

at 4 cm™! resolution. The scanning wavenumber ranged from 4000 to 500 cm™ [35].

2.6. Powder XRD analysis

Powder X-ray diffraction (XRD) measurements of PVP/astaxanthin coprecipitates as
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well as intact PVP and (all-E)-astaxanthin were carried out on a Rigaku FR-E X-ray
diffractometer. Cu Ko radiation (A = 1.542 A) was used with a beam size of
approximately 300 pum x 300 um, with a camera length of 70 mm. The powder sample
was placed in a capillary tube (1.0 mm) and was irradiated with the X-ray beam

without further adjustments [20].

2.7. Encapsulated astaxanthin content

Content of encapsulated astaxanthin in PVP was determined by measurement of
the absorbance of the prepared coprecipitates at 480 nm using an UV/VIS
spectrophotometer (V-550, JASCO Co., Tokyo, Japan). Before the measurement, the
obtained coprecipitates were accurately weighed using an analytical balance (0.1 pg,
XP2UV, Mettler-Toledo, Inc., Columbus, OH, USA) and diluted with distilled water
until the absorbance at the wavelength (480 nm) was between 0.3 and 1.0 absorbance
units. The absorbance determined with this method is proportional to the amount of
astaxanthin dispersed in solution. However, since the particles of crystalline astaxanthin
are not stabilized in the suspension, they do not contribute to the absorbance determined

with this method [36,37].

2.7. HPLC analysis

To determine Z-isomer content of astaxanthin, reversed-phase HPLC analysis with
a Cig column (STR-ODS 11, 250 % 4.6 mm i.d., Shinwa Chemical Industries Ltd.,
Kyoto, Japan) was carried out according to the method described previously [33]. The
mobile phase consisted of methanol/acetonitrile/CH>Cly/water (85:5.5:5:4.5, v/v), and

the flow rate and column temperature were set at 1 mL/min and 30 °C, respectively. The



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

quantification of Z-isomers of astaxanthin was carried out by peak area integration at
480 nm by a photodiode array detector (SPD-M10A, Shimadzu, Kyoto, Japan).
Astaxanthin isomer peaks were identified according to HPLC retention times, visible
spectral data, and relative intensities of the Z-peak at approximately 370 nm to the
absorption maximum of the isomer (% Dg/Dr), as described previously [33,38,39].
When determining the Z-isomer content in the coprecipitates, before the HPLC analysis,
astaxanthin isomers were extracted by ethanol/hexane (2:3, v/v) according to the
method of Yuan et al. (2008) [40]. The extracted astaxanthin was dissolve in the same
solution as the mobile phase and filtered through a 0.2-um PTFE membrane filter. The
astaxanthin Z-isomer content (%) was estimated as the amount of total Z-isomers to the

amount of total astaxanthin isomers including the all-E-isomers.

3. Results and discussion
3.1. General characteristics of PVP/astaxanthin coprecipitates

The characteristics of coprecipitates of PVP and (all-E)-astaxanthin obtained by
SEDS process were assessed. The evaluation was conducted for the coprecipitates
obtained at pressure of 10 MPa and temperature of 60 °C for 1 h, and 20:1 of PVP/(all-

E)-astaxanthin ratio.

3.1.1. Particle morphology and size

SEM images of the PVP/(all-E)-astaxanthin coprecipitates as well as intact PVP
and (all-E)-astaxanthin are shown in Fig. 3. Before the SEDS process, PVP was white
powder (Fig. STA) and approximately 30-pm-diameter spherical particles (Fig. 3A), and

(all-E)-astaxanthin was dark reddish-black powder (Fig. S1B) [5] and approximately 3-

10
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um-diameter flake-shaped crystals (Fig. 3B). On the other hand, after the SEDS process,
the obtained coprecipitates was bright-red powder (Fig. S1C) and approximately 200-
nm-diameter spherical particles (Fig. 3C). Prosapio et al. [11] and Nerome et al. [21]
have also reported that when carotenoids such as B-carotene and lycopene were treated
with SAS or SEDS process together with hydrophilic carriers such as PVP and f3-

cyclodextrin, nano-level spherical particles were obtained.

3.1.2. Solubility in water

The solubility in water of the obtained coprecipitates were investigated using the
UV/VIS spectrophotometer. The evaluations were conducted for PVP, (all-E)-
astaxanthin, and the coprecipitates which were dissolved in water to be the same
concentration (wt%). Fig. 4A shows the absorption wavelengths of the samples in water.
The coprecipitate had the absorbance in the range of 400 to 600 nm, which was
astaxanthin-specific absorbance [33,38,39]. On the other hand, water-dissolved (all-E)-
astaxanthin had no absorbance. The compound-specific absorbance can be observed
when the compound disperses in the solution [36,37]. Therefore, this results indicated
that water-soluble PVP/astaxanthin inclusion complex had been successfully formed
using the SEDS process. Moreover, since the absorbance determined by UV/VIS
spectrophotometer is proportional to the amount of astaxanthin dispersed in solution and
only astaxanthin encapsulated by PVP was detected [36,37], the quantification of

astaxanthin was conducted by using the method in this study.

3.1.3. FT-IR analysis

Fig. 4B shows the FT-IR spectra of PVP/astaxanthin coprecipitates as well as intact

11
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PVP and (all-E)-astaxanthin. As for PVP and (all-E)-astaxanthin, the same spectra
patterns were observed in previous studies [41,42]. The spectrum of the coprecipitates
showed the same pattern with that of intact PVP: although IR spectrum of pure
astaxanthin showed the characteristics of very strong absorption band at 1547 cm™! for
stretching vibration of C=C in the hexatomic ring and 974 cm™! for C—H stretching
vibration in C, C conjugate system, those absorption band were disappeared. This is
probably because (all-E)-astaxanthin was encapsulated in PVP. In fact, a number of
studies have reported that when compounds were encapsulated in carriers including

PVP, the FT-IR spectra shows the same pattern as those [42,43].

3.1.4. Powder XRD analysis

Fig. 4C shows the powder XRD patterns of PVP/astaxanthin coprecipitates as well
as intact PVP and (all-E)-astaxanthin. As for PVP and (all-E)-astaxanthin, the same
spectra patterns as previous studies were observed [44—46]. On the other hand, as for
the coprecipitates, the spectra peculiar to (all-E)-astaxanthin disappeared completely
and showed PVP-like XRD patterns: two broad peaks were observed at a diffraction
angle 20 value of 10-25°. This result has observed in previous studies which prepared
coprecipitation by supercritical antisolvent process using PVP as a carrier [45,46], and it

indicated that (all-£)-astaxanthin formed complexes with PVP.

3.2. Effect of pressure
3.2.1. Particle morphology and size
The effect of operating pressure on particle morphology and size of obtained

coprecipitates was investigated by SEM analysis. The obtained particles were spherical

12
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and there were no significant differences in particle morphology at any pressure (Fig.
S2). The mean particle size was approximately 150 nm at 8 and 10 MPa, while when
processing at 15 MPa, the mean particle size increased slightly (175 nm) and the
particle size distribution expanded (Table 1, Fig. 5A). Generally, increasing the
operating pressure, the obtained particle size become smaller due to increase of anti-
solvent (SC-CO») density: fast mixing and mass transfer at higher densities lead to
smaller particles [46]. Several studies using PVP under SAS process has been also
reported that as the operating pressure increased, the particle size decreases [11,45,47].
However, as the anti-solvent density increases, the diffusivity of the organic solvent
decreases and the mass transfer and mixing would slow down. That may result in
increment of the particle size [46,48]. As an example, Uzun et al. [44] reported that
when preparing PVP/cefuroxime axetil inclusion complex by SAS process from the
methanol solution, the obtained particle size increased by increasing the operating

pressure.

3.2.2. Encapsulated astaxanthin content

The encapsulated astaxanthin content corresponding to operating pressure was
determined using an UV/VIS spectrophotometer. When the coprecipitation of PVP and
(all-E)-astaxanthin by SEDS process was performed at temperature of 40 °C and
pressures of 8, 10, 15 MPa, the astaxanthin content of obtained particles were 0.51,
0.33, and 0.07%, respectively. It seemed that the lower the pressure resulted to the
higher the astaxanthin content in the coprecipitation. It has been known that operating
pressure may give effects on the CO; density in supercritical condition and the viscosity

of solution. It also affected to the mass transfer of solutes, in particular, organic solvents

13



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

having low molecular weight, in SC-CO; during precipitation process. Namely, as the
operating pressure reduced, the mass transfer of the organic solvents increased and they
immediately diffused into SC-CO,. As the result, PVP and astaxanthin might rapidly
form complexes and thus the recovery of astaxanthin increased [49,50]. Although the
astaxanthin content in the particles was highest at pressure of 8 MPa, here, the
subsequent experiments were performed at pressure of 10 MPa. Martin et al. [51]
conducted experiments for coprecipitation of carotenoids and bio-polymers with the
supercritical anti-solvent process. They reported that the carotenoid particles were
covered partially by polymer as a coprecipitator when the experiments were performed
at pressure of 8 MPa. Hence, in this work, the operating pressure of experiments were
fixed at 10 MPa.

On the other hand, since PVP/astaxanthin ratio in the starting solution was 20:1, if
all PVP and astaxanthin precipitated by this process, astaxanthin content should be
approximately 5%. However, the content was significantly lower than 5%. This is
probably because astaxanthin has much higher solubility in SC-CO, than PVP (about
100 times higher) [52,53], i.e. since a large amount of astaxanthin was the dissolution
state in SC-COa, it passed through the particulate collection filter and/or astaxanthin

was extracted from coprecipitates in the 30 min of organic solvent removal process.

3.3. Effect of temperature
3.3.1. Particle morphology and size

The influence of operating temperature on particle morphology and size of
PVP/astaxanthin coprecipitates was evaluated. The temperatures were varied between

40—60 °C. All the obtained particles were spherical, and there was no significant

14
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difference in particle morphology at any temperatures at operating pressure of 10 MPa
(Fig. S3). On the other hand, increasing the operating temperature, the particle size
increased and particle size distribution expanded (Table. 1, Fig. 5B). Generally, in SAS
precipitation, as the temperature increases, since the density of SC-CO, decreases, the
mass transfer rate decreases. In accordance with that, the supersaturation ratio decreased
and larger particles were formed [46]. This tendency was also observed in other studies

of SAS coprecipitation using PVP as a carrier [45,47].

3.3.2. Encapsulated astaxanthin content

When the SEDS process was performed at temperatures of 40, 50, 60 °C and
pressure of 10 MPa, the astaxanthin content in the obtained particles were 0.33, 0.49,
and 1.43%, respectively. It showed that the higher operating temperature resulted in the
higher astaxanthin content of the obtained coprecipitates. As with operating pressure,
the temperature also gave effects on the CO» density in supercritical condition and the
viscosity of solution, and consequently, it affected to the mass transfer of the solutes, in
particular organic solvents. Raising the operating temperature, the mass transfer of
organic solvents increased, they immediately diffused into SC-CO», and then PVP and
astaxanthin might rapidly form complexes. As the result, it is considered that the
recovery of astaxanthin increased [49,50]. Moreover, the nucleation rate of solute also

increased with increasing operating temperature at a constant operating pressure.

3.4. Effect of PVP/astaxanthin ratio
3.4.1. Particle morphology and size

The obtained particles were spherical, and there was no significant difference in

15
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particle morphology at any PVP/astaxanthin ratio at pressure of 10 MPa and
temperature of 60 °C (Fig. S4). On the other hand, as the PVP ratio decreased, the
particle size decreased and particle size distribution was narrow (Fig. 6A). This
tendency was also observed in the other studies of SAS coprecipitation using PVP as a
carrier [45,48]. It is considered that the supersaturation ratio of PVP/astaxanthin
coprecipitates in SC-CO> increased by decreasing PVP ratio so that the particle size

decreased.

3.4.2. Encapsulated astaxanthin content

In the case of processing in the PVP/astaxanthin ratio of 20:1, 10:1, and 5:1 under
the operating conditions at temperature of 60 °C and pressure of 10 MPa, the
astaxanthin content of the coprecipitates were 1.43, 3.91, and 3.90%, respectively. It
showed that when the PVP/astaxanthin ratio as a feed solution was 10:1, the highest of
astaxanthin content in particles products was found. Regarding to the active compounds
encapsulation, essentially, there are two tendencies: the active compounds can be coated
by a thin layer of polymer or the active compounds and polymer can be precipitated to
produce fine particles with the active compounds impregnated into polymeric particles
[50]. Generally, the active compounds coated by polymer is better when the polymer
concentration is increased and a shift in the polymer concentration may lead to change
morphology of particles. However, as shown above, there was no significant difference
in particle morphology at any PVP/astaxanthin ratio between 5:1 and 10:1.
Additionally, when the ratio was 10:1, the amount of coprecipitates obtained was
approximately 1.3 times higher than 5:1 of the ratio. Based on the result, the subsequent

experiments were performed in the PVP/astaxanthin ratio of 10:1, which has the highest
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recovery of astaxanthin.

3.5. Effect of Z-isomer content of astaxanthin
3.5.1. Profile of astaxanthin isomers obtained by thermal isomerization and filtration
Ample studies have demonstrated that (all-E£)-carotenoids easily isomerized to the
Z-isomers in organic solvents by heating [20,26,33]. (all-E)-Astaxanthin was also
isomerized to the Z-isomers by heating at temperature of 80 °C in CH>Cl; for 3 h in this
study. After the heating, the total Z-isomer content reached 39.4%. Furthermore, after
the thermally treated astaxanthin was dissolved in hexane and filtered by a 0.2-pm
PTFE membrane filter, the total Z-isomer content further increased to 66.2%. This was
because Z-isomers of carotenoids were more soluble in solvents than the (all-E)-isomers
[20,26—28], i.e. since (all-E)-astaxanthin was low solubility in hexane, the isomer was
removed by the filtration. The reversed-phase HPLC charts of (all-£)-astaxanthin and
the thermally Z-isomerized and filtered samples are shown in Fig. 7. Peaks in Fig. 7
were tentatively identified by those absorption spectra and relative intensities of the Z-
peak (% Dg/Du) referring to literatures (Fig. S5 and Table S1) [33,38,39]. As with
previous studies of thermal isomerization of (all-£)-astaxanthin in organic solvents
[33,38], (92)- and (13Z)-astaxanthin emerged. The coprecipitation of PVP and
astaxanthin containing 39.4% and 66.2% of the Z-isomers was performed by SEDS

process.

3.5.2. Particle morphology and size
The effect of Z-isomer content of astaxanthin on particle morphology and size of

obtained coprecipitates was investigated by SEM analysis. The obtained particles were
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spherical, and when using astaxanthin having the highest Z-isomer content (66.2%), a
small number of agglomerated particles were observed (Fig. S6). Thus, although the
mean particle size did not have a big difference by the Z-isomer content, when 66.2% of
Z-isomer content astaxanthin was used as the raw material, the particle size distribution
expanded slightly (Fig. 6B). The physical properties such as solubility and crystallinity
of carotenoids significantly changed by the £/Z isomerization [26—29]. Those changes
would affect the particle size and particle size distribution of the coprecipitates with
PVP. In fact, Prosapio et al. [54] showed that components difference affected the

particle size of coprecipitates with PVP obtained by SAS precipitation.

3.5.3. Encapsulated astaxanthin concentration

When using (all-E)-astaxanthin and astaxanthin of which the Z-isomer contents
were 39.4% and 66.2% as raw materials of the PVP/astaxanthin coprecipitation by
SEDS process at pressure of 10 MPa and temperature of 60 °C, the astaxanthin content
of obtained particles were 3.91, 3.78, and 3.56%, respectively, and the total Z-isomer
contents were 8.2, 40.2, 58.7% (Fig. S7), respectively. Although it was a slight change,
the higher the Z-isomer content in the raw material, the lower the astaxanthin content in
the obtained coprecipitates. Z-Isomers of carotenoids are more soluble in solvents
including SC-CO; than the all-E-isomer [26—28]. Therefore, it is considered that since
the supersaturation ratio of astaxanthin in SC-CO; increased by the Z-isomerization pre-
treatment, the efficiency of coprecipitation formation decreased, or in the solvent
removal process after coprecipitation formation, several Z-isomers including in the
coprecipitates was extracted due to the high solubility in SC-CO,. However, by using

PVP as a carrier, most of astaxanthin Z-isomers were successfully included in it and
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formed nanocoprecipitates. Our previous study [20] have attempted to obtain Z-isomer-
rich lycopene particles from lycopene containing a large amount of the Z-isomer by
SEDS precipitation, though since the Z-isomers had high solubility in SC-CO,, the
particles could not be formed. As with other carotenoids such as lycopene [55—57], Z-
1somers of astaxanthin have higher bioavailability [30] and antioxidant capacity [31,32]
than the all-E-isomer. Thus, although the encapsulation efficiency of astaxanthin is
slightly lowered, the use of Z-isomer-rich astaxanthin as the raw material for
PVP/astaxanthin coprecipitation by SEDS process would result in improvement the

functionality of the coprecipitates.

4. Conclusion

Water-soluble PVP/astaxanthin nanocoprecipitates were successfully prepared by
SEDS precipitation. It was found that the operating pressure, temperature,
PVP/astaxanthin ratio, and Z-isomer content of astaxanthin affect the particle size
and/or astaxanthin content in the coprecipitates: increasing the pressure in the range of
8—15 MPa, the astaxanthin content decreased; increasing the temperature in the range of
40—60 °C, the particle size and the astaxanthin content increased; increasing the PVP
ratio for astaxanthin in the range of 5:1-20:1 the particle size increased and when 10:1
of the ratio, the astaxanthin content was the highest; increasing the Z-isomer content of
astaxanthin in the range of 0—66.2%, the astaxanthin content decreased. Therefore, it is
considered that fine and high astaxanthin content water-soluble particles can be
obtained by optimizing these parameters. Furthermore, it is known that since the Z-
1somers of carotenoids have high solubility in solvents including SC-CO», preparation

of the fine particles by anti-solvent processing is difficult. However, by the
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coprecipitation with PVP, the fine particles rich in Z-isomers of astaxanthin successfully
obtained. As the Z-isomers of astaxanthin have higher bioavailability and antioxidant
capacity than the all-E-isomer, the use of Z-isomers of astaxanthin as the raw material

of PVP/astaxanthin coprecipitation would improve the functionality of the coprecipitate.
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Figure captions

Fig. 1. Chemical structures of (A) polyvinylpyrrolidone (PVP) and typical astaxanthin

isomers: (B) (all-E)-astaxanthin; (C) (92)-astaxanthin; (D) (13Z)-astaxanthin.

Fig. 2. Schematic diagram of the SEDS process.

Fig. 3. SEM images of intact (A) PVP and (B) (all-E)-astaxanthin, and PVP/(all-E)-
astaxanthin (20:1) coprecipitates obtained by SEDS process at temperature of 60 °C and

pressures of 10 MPa.

Fig. 4. (A) Absorption spectra, (B) FT-IR spectra, and (C) XRD patterns of raw
materials and PVP/(all-E)-astaxanthin (20:1) coprecipitates obtained by SEDS process

at temperature of 60 °C and pressures of 10 MPa.

Fig. 5. Particle size distributions of PVP/(all-E)-astaxanthin (20:1) coprecipitates
obtained by SEDS process (A) at temperature of 40 °C and various pressure, and (B) at

pressures of 10 MPa and various temperature.

Fig. 6. Particle size distributions of (A) PVP/(all-E)-astaxanthin (various ratio)
coprecipitates and (B) PVP/various Z-isomer content of astaxanthin (10:1)

coprecipitates by SEDS process at temperature of 60 °C and pressures of 10 MPa.

Fig. 7. Reversed-phase HPLC chromatograms of (A) (all-£)-astaxanthin, (B) thermally
treated astaxanthin at 80 °C for 8 h, and (C) the filtered astaxanthin. (92)- and (132)-

Astaxanthin designated in the chromatograms were identified according to previous
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studies [33,38,39].
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Fig. 5
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Fig. 6
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Fig. 7
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Table 1
Summery of SEDS experimental conditions.

PVP/astaxanthin . 2 Mean — Astaxanthin
No. Pressure Temperature ratio isomer diameter content
(MPa) (°O) a content (nm) (%)°
(W/w) 0/ \b
(%)
1 8 40 20:1 - 152.7 0.51
2 10 40 20:1 - 132.6 0.33
3 15 40 20:1 - 175.0 0.07
4 10 50 20:1 - 174.4 0.49
5 10 60 20:1 - 203.1 1.43
6 10 60 10:1 - 124.8 3.91
7 10 60 5:1 - 99.1 3.90
8 10 60 10:1 39.4 105.6 3.78
9 10 60 10:1 66.2 141.7 3.56

PVP and astaxanthin were dissolved in acetone/ethanol (19:1, v/v).
b Total Z-isomer content of astaxanthin. —, not detected substantially.
¢ Astaxanthin content in obtained PVP/astaxanthin coprecipitates by SEDS process.
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