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Abstract

The photosensitive resveratrol was successfully encapsulated in yeast cells for the first time, as characterized by FT-IR spectra, fluorescence and
confocal micrographs of the yeast cells, resveratrol and microcapsules. The release characteristic of the obtained yeast-encapsulated resveratrol in
simulated gastric fluid was evaluated, and its storage stability as a powder was investigated at 25 °C/75% relative humidity (RH), 25 °C/90% RH and
60 °C under the laboratory fluorescent lighting conditions (ca. 300 Ix) or in the dark. Also, the scavenging capacity of yeast-encapsulated resveratrol
on DPPH radical was compared with that of non-encapsulated resveratrol. It could be demonstrated clearly that no chemical changes occurred
during the encapsulation. Besides, the DPPH radical-scavenging activity increased after the encapsulation. In addition, the yeast-encapsulated
resveratrol exhibited good stability, and its bioavailability was enhanced as a result of increased solubility of resveratrol and sustained releasing.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Phenolic compounds have attracted considerable interest
for their beneficial effects for human health (Haslam, 1998).
Resveratrol, occurring in the trans- and cis-isomeric forms
(Fig. 1), a naturally occurring nonflavonoid polyphenolic com-
pound, presents both in edible materials, such as grapes, peanuts
and peanut products, berries, red wine, and numerous noned-
ible plants including Polygonum cuspidatum Sieb. et Zucc.
(Nonomura et al., 1963; Gao et al., 2002), and has drawn
extensive attention from researchers for its various beneficial
biological roles. Recently, it has been confirmed that coco and
chocolate are new sources of resveratrol (Counet et al., 2006).
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It was reported that the roots of the weed P. cuspidatum Sieb. et
Zucc. constituted one of the richest sources of resveratrol and
have long been used in the traditional Chinese medicine as a
drug against inflammation, allergy and hyperlipidemia (Vastano
et al., 2000). It is clearly known that plants produce resveratrol
in response to exogenous stress factors, such as injury, fungal
infections or UV irradiation. Therefore, it is a phytoalexin that
exhibits various biological (Fremont, 2000; King et al., 2006)
and pharmacological activities (Gusman et al., 2001), including
antioxidative activities (Li et al., 2006; Orallo, 2006), cardiovas-
cular protective effects (Bradamante et al., 2004; Delmas et al.,
2005), anti-inflammatory properties (de la Lastra and Villegas,
2005), platelet anti-aggregate (Olas and Wachowicz, 2005), anti-
cancer activities (Jang et al., 1997; Bhat and Pezzuto, 2002;
Savouret and Quesne, 2002; Aggarwal et al., 2004; Ulrich et
al., 2005; Choi et al., 2006; Hsieh et al., 2005) and estrogenic
functions (Gehm et al., 1997; Bhat et al., 2001).

The so-called “French Paradox” (Richard, 1987; Renaud and
de Lorgeril, 1993) (i.e., low incidence of cardiovascular events
in spite of diet relatively high in saturated fat in people of
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Fig. 1. Chemical structures of trans-/cis-resveratrol.

Southern France) and the publication of the pioneer work that
resveratrol is effective in blocking in vivo the three stages of
carcinogenesis: initiation, promotion and progression (Jang et
al., 1997) have greatly increased the interest of the scientific
community in resveratrol over the last year. It is reported that
the possible mechanisms for its various pharmacological activ-
ities involve modulating lipid metabolism, platelet aggregation,
and the inflammatory response (Norata et al., 2007; Shenouda
et al., 2004; Jarolim et al., 2004; Pacifici, 2004). Many arti-
cles (Wu et al., 2006; Pozo-Guisado et al., 2005; Gosslau et
al., 2005; Martin et al., 2004; Luzi et al., 2004) demonstrated
that the apoptosis-inducing effect was one of the most striking
biological activities of resveratrol soundly investigated during
the late years. Szabolcs et al. (2006) concluded that the bene-
ficial effects of resveratrol on acute pancreatitis seemed to be
mediated by its antioxidant effect or by an NF-kB-independent
anti-inflammatory mechanism. In summary, the biological prop-
erties of resveratrol are attributed to its ability to inhibit the
oxidation of human low-density lipoprotein, while the suppres-
sion of cyclooxygenase-2 and inducible nitric oxide synthase
(INOS) activities also contributes to its anti-inflammatory and
antioxidant effects (King et al., 2006).

Howeyver, the utilization of beneficial effects of resveratrol
is limited because it is an easily oxidizable and extremely pho-
tosensitive compound (Pifieiro et al., 2006). It is susceptible to
oxidative degradation (Signorelli and Ghidoni, 2005), and the
half-life of trans-resveratrol is only 30—45 min (Bertelli et al.,
1996). Abert Vian et al. (2005) demonstrated that 80-90% of
the trans-resveratrol in solution was converted to cis-resveratrol
if exposed to light for 1h. Trela and Waterhouse (1996) also
reported that frans-resveratrol was susceptible to UV-induced
isomerization, and converted to cis-form by irradiation at 366
and 254 nm in yields of 90.6% and 10% after a 1 h exposure
time, respectively. Moreover, after having investigated the rela-
tionship between resveratrol bioavailability and its effect on
tumor growth, Asensi et al. (2002) concluded that the poten-
tial anticancer effects of resveratrol strongly related to its low
bioavailability, while Wieder et al. (2001) observed that the

presence of 4’-OH together with stereoisomery in the trans-
conformation was absolutely required for the inhibition of cell
proliferation. In addition, Matsuoka et al. (2002) also revealed
that the 4’-hydroxy group was responsible for the in vitro cyto-
genetic activity of resveratrol. Thus, it is truly desirable and
challenging to stabilize resveratrol in order to preserve its bio-
logical and pharmacological activities.

In addition, the poor solubility of the highly lipophilic
resveratrol in water (L6pez-Nicolas et al., 2006) and the rapid
metabolism and elimination (Walle et al., 2004) emphasized this
challenge. Wenzel and Somoza (2005) provided an overview of
the metabolism and bioavailability of trans-resveratrol, and con-
cluded that the oral bioavailability of resveratrol was almost zero
due to the rapid and extensive metabolism.

Taking into account its short biological half-life, labile prop-
erties and rapid metabolism and elimination, it seems desirable
to stabilize resveratrol while preserving its biological activities
and enhance its bioavailability as it is the case of microencap-
sulation.

Microencapsulation, the envelopment of small solid particles,
liquid droplets or gases in a coating, is of growing application
in pharmaceuticals, cosmetic and food industries (Schrooyen
et al., 2001; Shahidi and Han, 1993; Nelson, 2002; Gouin,
2004) due to its extension of shelf-life, protection against oxi-
dation and control release of active component. Hence, those
impediments in resveratrol application can be partially over-
come by microencapsulation technology to protect it from light
and oxidative stress and to dissolve it in an aqueous environment.
The eukaryotic structure of yeast cell wall made it a potential
excellent encapsulating wall material and its natural properties
made it many benefits over other microencapsulation technol-
ogy (Nelson, 2002). In fact, yeast-cell-based microencapsulation
process has been successfully applied in the encapsulation of
essential oil and flavor (Pannell, 1990; Nelson et al., 1991;
Bishop et al., 1998). Moreover, baker’s yeast (S. cerevisiae) has
emerged as a convenient host for the development of a new
kind of drug delivery system (Blanquet et al., 2001, 2005). In
our previous work (Shi et al., 2007) we have encapsulated water-
soluble antioxidant chlorogenic acid into the modified yeast cells
successfully.

From the point of research on resveratrol, most of the stud-
ies thus far have focused on the demonstration of its biological
activities, evidence for its potent biological effects from clini-
cal studies and search for synergistic effect of resveratrol with
other diet/beverage components, little has been considered for
its stabilizing and the increasing of its bioavailability (Nam et
al., 2005; Lépez-Nicolas et al., 2006). According to Zlotnik et
al. (1984), the structure of the yeast cell wall is permeable to
both small polar and apolar molecules in aqueous solutions, but
the size (or molecular weight) and polarity properties of the
molecules are the two limiting factors. Scherrer et al. (1974)
reported that a molecule, with a molecular radius smaller than
0.81 nm or molecular weight lower than 620 Da, could pene-
trate through the yeast cell wall freely. Moreover, the results of
Normand et al. (2005) have shown that the dry yeast system
is well locked for the encapsulated flavor molecules. Accord-
ingly, the encapsulation of resveratrol with a molecular weight
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of 228 g/mol and a log P value of 3.08 into yeast cells is expected
to be feasible.

The objective of this study was to encapsulate resveratrol
in yeast cell, with an aim to achieve the sustained release and
improved solubility and bioavailability, to evaluate its charac-
terizations and to test its stability as a powder under different
conditions. Furthermore, in vitro releasing property of resvera-
trol was investigated to show applicable potential of yeast cell
as an effective control drug delivery carrier.

2. Materials and methods
2.1. Materials

Resveratrol was extracted and purified from P. cuspidatum
Sieb. et Zucc. Resveratrol standard was purchased from Sigma.
All the chemicals used for HPLC analysis were HPLC grade
and were purchased from Shanghai Chemical Reagent Factory
(Shanghai, China). All the products for yeast culture media
were from Dingguo Biochemical Ltd. (Beijing, China) and
other chemicals were analytical grade and supplied by Shanghai
Chemicals Reagent Factory (Shanghai, China). Double-distilled
water was used throughout the experiments.

2.2. Encapsulation of resveratrol

Yeast used in the experiments was S. cerevisiae (ATCC code
9804). Cells were grown in liquid culture medium to the early
stationary phase under optimal conditions obtained by response
surface method. Cells were harvested by centrifugation and
washed five times in water. Then the yeast cells were pre-treated
with a plasmolyser in appropriate experimental conditions to
remove most of the cytoplasmic material that occupies the cells
(Shi et al., 2007). Cells were centrifuged again, washed five
times in water and then lyophilized.

The preparation of microcapsules was based on the technique
adapted from Bishop et al. (1998). One hundred milligrams
resveratrol, 300 mg of cells and 5ml of absolute ethanol and
5ml of water were mixed and stirred in a 100 ml beaker to
form homogeneous solution. Then the beaker was put into a
close container under 25 MPa at 40 °C for 4 h. The cells were
then centrifuged for 10 min at 12,000 rpm (Himac CR 21G,
Japan). After decanting the supernatant solution, the cells were
washed three times with absolute ethanol and freeze dried for
48 h.

2.3. Determination of the encapsulated resveratrol and
encapsulation yield (EY)

Twenty milligrams yeast encapsulated resveratrol were
extracted exhaustively with 50ml of 50% ethanol at ambient
temperature protected from the light, the total resveratrol was
determined by HPLC (Shimadzu LC-10ATvp, consisting of a
binary pump and diode array detector). A Cg column (Waters
Symmetry 150mm x 3.9 mm, 5 pwm), coupled with a Waters
guard column (Waters Symmetry S mm x 3.9 mm, 5 pm), kept
at40 °C, was used under isocratic conditions with a mobile phase

consisting of water:methanol:glacial acetic acid (440:550:10,
v/v/v). The flow rate was 1.0 ml/min and the volume of injection
was 20 pl. Quantification was performed at 306 nm by external
standard calibration. Also, the spectrum of yeast encapsulated
resveratrol was recorded between 210 and 450nm. The EY
was calculated as the ratio of the mass of resveratrol encap-
sulated to the mass of the final product, and the result was
reported as milligram resveratrol per 100 mg of microcapsules
(n=5).

2.4. Microscopic observation

2.4.1. Fluorescence microscopy

Yeast encapsulated resveratrol was dispersed in double-
distilled water to form a suspension. The suspension was
then mounted on a glass slide and enclosed with a cover
slip. The particles were observed for fluorescence resulting
from entrapment of yeast encapsulated resveratrol. Brightfield
and fluorescence micrographs were acquired with the use of
fluorescence microscope (Motic BA 400, Xiamen, China), fit-
ted with a high-pressure mercury burner, DC 100 W, as light
source (Osram, Germany), the blue filter with an exciter filters
470/37 nm and barrier filters 515 LP nm was used, the objec-
tive used was 20x and digital images were processed by Adobe
Photoshop software. For comparison, the yeast cells used for the
encapsulation were also observed.

2.4.2. Laser confocal microscopy

Wet mounts of yeast encapsulated resveratrol and yeast cells
were observed under a laser scanning confocal microscope (FV
500+1IX 70) equipped with a blue exciter filter. The micro-
scope was set up so that both confocal and brightfield images
could be observed simultaneously via a monitor and the image
recorded digitally. The overlapped micrographs of confocal and
brightfield images were recorded also.

2.5. Fourier-transform infrared (FT-IR) spectroscopy

The IR spectra (KBr pellet) of resveratrol, yeast cells,
encapsulating powder and physical mixture of resveratrol and
yeast cells were collected on a Fourier-transform infrared
spectroscope (WQF-310, Beijing, China). For reliable sample
comparison, all the resveratrol-involved samples for the pellets
were the mixtures of 2 mg resveratrol and 200 mg KBr.

2.6. In vitro releasing property of resveratrol

In vitro resveratrol release was determined according to the
method adapted from Luan et al. (2006) with a slight modifica-
tion. In brief, 10 mg of microcapsules were suspended in 5 ml of
simulated gastric fluid without pepsin (pH 1.2). The suspension
was incubated in Eppendorf tube at 37 °C in an incubation shaker
(150 rpm). The sample was centrifuged at predetermined time
points and the supernatant was collected and replaced by fresh
medium. The collected supernatant was then filtered directly by
membrane filter of poly(tetrafluoroethylene) type with pore size
of 0.45 wm and analyzed by HPLC method described in Section
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2.3. The total mass of released resveratrol in each moment of
the experiment was calculated and expressed as a percentage
relative to the total resveratrol in the sample (n=3).

2.7. Effect of encapsulation on the solubility of
resveratrol

The solubility of non-encapsulated resveratrol (crystal and
amorphous form) and encapsulated powder in water were
measured at 25°C. Excess amount of microcapsules or
non-encapsulated resveratrol was placed in a 100ml crown
volumetric flask filled with 100 ml water. The samples were
placed in a shaking incubator and shaken for 8h at 25°C.
The saturated solutions were filtered by membrane filter of
poly(tetrafluoroethylene) type with pore size of 0.45 um and
then determined by the HPLC method given in Section 2.3.
The results were reported as milligram per 100 ml of water
(n=5).

2.8. Light stability

For light stability, 50% ethanol solution extracted from
yeast encapsulated resveratrol or non-encapsulated resveratrol
was exposed to laboratory fluorescent lighting conditions (ca.
1000 1x) at room temperature for 1 h. Aliquots of the solutions
were withdrawn, filtered and then determined for the resveratrol
by the HPLC method given in Section 2.3 (n=3) at prede-
termined time points. The effect of encapsulation on the light
stability of resveratrol was evaluated by the retention percent-
age, the ratio of the content of resveratrol retained to the original
one in the sample (n=3).

2.9. Effect of the relative humidity and illumination on the
stability of microcapsules

Microcapsules were stored in desiccators of constant temper-
ature and humidity to evaluate the stability of yeast encapsulated
resveratrol under light conditions. Approximately 30 mg micro-
capsules was weighed into open dishes, and placed in desiccators
containing a saturated salt solution of 75% relative humidity
(RH) and 90% RH, using sodium chloride for 75% RH and potas-
sium nitrate for 90% RH, respectively. The desiccators were
sealed and held in an air bath for 10 days under fluorescent light
(ca. 3001x) at 25 £2°C. The indicated samples were removed
and analyzed for their content of trans-resveratrol by HPLC
method given in Section 2.3 (n=3). The results were expressed
as retention percentage, shown in Section 2.8. For comparison,
non-encapsulated resveratrol was also stored and determined at
the same time.

2.10. Thermal stability

Microcapsules (30mg) and non-encapsulated resveratrol
(10 mg) were stored in closed containers at 60 °C for 10 days in
dark condition. The retention percentage shown in Section 2.8
was used to evaluate the thermal stability of resveratrol.

2.11. Assessment of DPPH radical-scavenging activity

The 2,2-diphenyl-1-picryl hydrazyl (DPPH) radical-
scavenging activity was assessed using the method of Okada
and Okada (1998) with a slight modification. One milliliter of
0.80 mM DPPH radical in ethanol was placed in Eppendorf
tube, 4 ml of ethanol extraction extracted from the microcap-
sules or resveratrol standard solution at different concentration
was added. The solution was mixed instantly, 15 min later, the
absorbance was measured at 517 nm with a spectrophotometer
(Agilent 8453, USA). The DPPH radical-scavenging activity
was estimated based on the method of Maisuthisakul et al.
(2007) with a slight modification and calculated as

DPPH radical-scavenging activity (%)
Ao — (A1 — Ay)
=~ x
Ao

100

where Ay is the absorbance of the control solution (containing
only DPPH), A; the absorbance of the DPPH containing resver-
atrol and Aq is the decrease of the absorbance of DPPH caused
by blank sample (extraction of the same weight of empty yeast
cells). The actual resveratrol concentrations of the microcap-
sules were confirmed by HPLC method described in Section
2.3. The data obtained at each point was the average of three
measurements.

2.12. Statistical analysis

The statistical processing of the data obtained from all stud-
ies was implemented by means of dispersion analysis with the
SigmaPlot 8.0 Demo Stat (version 8.0, SPSS Inc.) software.
Data are expressed as means =+ standard deviations (SD). Mean
values were compared with Duncan’s multiple range test.

3. Results and discussion
3.1. Analysis of resveratrol

Fig. 2 shows the typical HPLC chromatograms (1) and
UV-vis spectra (2) of the resveratrol standard and the yeast
encapsulated resveratrol. It can be seen from Fig. 2(1) that the
peak of resveratrol standard and the yeast encapsulated resver-
atrol had the same retention time at 2.52 min under the same
chromatographic conditions, and both of them were purity peaks
identified by the DAD detector. Besides, it can also be observed
from Fig. 2(2) that the UV—vis spectra of the resveratrol stan-
dard and the yeast encapsulated resveratrol had the same outline:
both of them had the same absorption maximum at 306 nm,
the second maximum absorption peak at 218 nm and the same
absorption minimum at 254 nm. This indicates that the two spec-
tra are homology and are in accordance with the results of Abert
Vian et al. (2005) and Trela and Waterhouse (1996). Thus, the
same HPLC retention time and UV-vis spectrum between the
standard and microcapsules indicate that no chemical change
has taken place during the encapsulation process. Besides, there
was a new peak at 2.92 min if the sample was exposed to light
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Fig. 2. Chromatograms (1) and spectra (2) of the resveratrol standard and the
yeast-encapsulated resveratrol.

illumination, and the area of this new peak increased with the
exposure time while the area of frans-resveratrol at 2.52 min
decreased. In addition, its UV spectrum is consistent with that
of cis-resveratrol (Abert Vian et al., 2005). Taking together, this
new peak can be deduced as cis-resveratrol that is converted
from trans-resveratrol due to the light illumination.

According to Zlotnik et al. (1984), the major mannoproteins
situated both on the surface and in deeper layers of the yeast wall.
It was reported that the outer layer of mannoproteins was heavily
glycosylated (Cappellaro et al., 1994) and resveratrol was more
associated with lipoproteins than with lipoprotein-free proteins
(Belguendouz et al., 1998). Hagerman et al. (1998) illustrated
that hydrogen bonding and hydrophobic interactions were the
main driving forces of phenolic compound—protein interactions,
and hydrophobic interactions were the main forces responsible
for the interactions with nonpolar phenolic compounds.

Moreover, according to Dardelle et al. (2007), the theoret-
ical encapsulation efficiency of resveratrol (Ef) is calculated
to be 18.75%, and the encapsulation yield (EY) should be
6.25%. However, the experimental encapsulation yield was
(4.52 + 0.05)% and the yeast cells have lost viability after encap-
sulation. The difference may be made for two possible reasons.
The solvent we used was not water but 50% of ethanol and
the encapsulation efficiency for one single molecular species
depended not only on the log P, volume of yeast and water, but
the size, shape, affinity with the wall material affected the yield
also (Dardelle et al., 2007). This indicates that resveratrol was
inside the yeast cells.

Besides, the encapsulation yield positively correlated with
the resveratrol concentration in the external medium and tem-

perature (data not shown), suggesting that the loading process
of resveratrol occurred by means of passive diffusion, similar to
the encapsulation of orange peel oil in the cell (Bishop et al.,
1998).

Taking together, although the external mannoprotein layer
can play a role in the stabilization of resveratrol, it is conceiv-
able that the resveratrol loading in the yeast cells was initially
driven by the concentration discrepancy between the external
medium and internal yeast cells, enhanced by the hydropho-
bic interactions. However, the hydrogen bonds between the OH
group of resveratrol and the NH;, OH, COOH in the polar
headgroups of lipids at the lipid—water interface should be help-
ful to attract and stabilize the penetrated resveratrol. This is
in accordance with the result of Lania-Pietrzak et al. (2004),
that resveratrol was potentially able to perturb the model phos-
pholipids bi-layers by decreasing enthalpy and temperature of
phase transition, influencing membrane fluidity and order. They
deduced that resveratrol can penetrate the hydrophobic core of
bi-layer, but its exact positioning in lipid membranes need to
be determined by further investigations. Thus, the dry system
of yeast is well locked for encapsulated resveratrol, the interac-
tions between resveratrol and yeast cells prevented the release
of resveratrol.

3.2. Fluorescence and confocal microscopy analysis

3.2.1. Fluorescence microscopy analysis

The brightfield and fluorescence micrographs of yeast cells
and microcapsules were photographed in Fig. 3. As can be seen,
the brightfield micrograph of yeast cells (Fig. 3(1)) showed a
granular cytoplasm visible within each cell, surrounded by a
thick cell wall. Besides, the brightfield micrograph of microcap-
sules (Fig. 3(3)) illustrated almost the same granular cytoplasms
within each intact mother cell and bud. In addition, nothing can
be seen in the fluorescence micrograph of yeast cells (Fig. 3(2)),
indicating that the yeast cells themselves could not emit fluores-
cence under the experimental conditions, as confirmed by the
results of Bishop et al. (1998). However, the fluorescence image
(Fig. 3(4)) of microcapsules has shown the bright profiles of
yeast cells. Considering the fluorescence property of resveratrol
(Gilirbiiz et al., 2007; Pifieiro et al., 2006) and our experimental
result showing the maximum emission wavelength of resveratrol
at 499 nm under the excitation wavelength 470 nm, as well as
the potential interactions between resveratrol and the proteins or
polysaccharides (Kroll et al., 2003; Jannin et al., 2004), it can be
deduced reasonably that the fluorescence of the microcapsules
was emitted by the encapsulated resveratrol where the fluores-
cence of resveratrol corresponded well within the position of the
yeast cells.

3.2.2. Confocal microscopy analysis

The confocal micrograph of yeast encapsulated resveratrol
and yeast cells are given in Fig. 4. The results of confocal micro-
graph of yeast encapsulated resveratrol (Fig. 4(1)) and yeast
cells (Fig. 4(2)) indicated that resveratrol existing in the yeast
cell wall was not so significant, since there was no fluorescence
emitted from the cell wall of the microcapsules. It is confirmed
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)

Fig. 3. Brightfield micrographs and fluorescence micrographs of yeast cells (1 and 2) and encapsulated resveratrol cells (3 and 4). The scale bar is 5 pm.

that the fluorescence of the microcapsules was emitted by the  yeastcells. As can be seen, the spectrum for yeast cells presented

encapsulated resveratrol that had stayed inside the yeast cells. in Fig. 5 is consistent with the results of Ci et al. (2002). By
analogy with the results of our previous study (Shi et al., 2007)

3.3. FT-IR analysis and the results of Larionova et al. (1999) and Ci et al. (2002),
the broad absorption band at ~3342cm™! may be attributed

Fig. 5 illustrated the IR spectra of resveratrol, yeast cells,  to the absorption bands of OH vibrations in polysaccharides of

encapsulating powder and physical mixture of resveratrol and  yeast cells and the resveratrol molecules. The absorption band

Fig. 4. Confocal (left), brightfield (middle) and overlapped (right) micrographs of yeast-encapsulated resveratrol (1) and yeast cells (2). The objective used was 40 x
and the scale bar is 20 pm.
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Fig. 5. FT-IR spectra of yeast cells (1), encapsulating powders (2), physical
mixture of resveratrol and yeast cells (3) and resveratrol (4).

at ~2854, ~2925 and ~2958 cm™! of microcapsules can be
assigned to the overlapping of the symmetrical CH, stretching
vibrations, asymmetrical CH; stretching vibrations, and asym-
metrical CHj stretching vibrations of nucleic acids, proteins and
lipids. While the absorption band at ~1537 and ~1657 cm™!
of microcapsules can be attributed to the protein amide II
and I bands of yeast cells overlapped by the conjugated C=C
stretching vibrations and aromatic ring skeletal vibrations of
resveratrol. In addition, the CH3 group of yeast cells gave rise
to the symmetric bending mode at ~1397 cm~! and the asym-
metric bending mode at ~1458 cm™! of the microcapsules, the
absorbance at ~1458 cm™! may be overlapped by the aromatic
ring skeletal vibrations of resveratrol also.

In summary, the microcapsules spectrum was almost the
overlaid spectrum of resveratrol and yeast cells in the region
4400-1300 cm~!. However, the differences between the micro-
capsules spectrum and the spectrum of yeast cells in the
fingerprint region (1300-650 cm™!) are rather complicated, and
a detailed interpretation is difficult to make at present.

It is worth noting that the large discrepancy existed in the FT-
IR spectrum of encapsulating powder and the physical mixture
of resveratrol and yeast cells. The characteristic IR absorption
peaks of resveratrol are almost as clear as that of the pure resvera-
trol in the physical mixture, which disappear in the encapsulating
powder. As the content of resveratrol in the pellet of encapsu-
lating powder and physical mixture is identical with that of pure
resveratrol, therefore the disappearance of the absorbance of
resveratrol in microcapsules at 1600, 1587, 1500 and 987 cm™!
indicated that resveratrol was encapsulated into the yeast cells.

3.4. In vitro resveratrol release

Fig. 6 illustrated the release profile in terms of percentage
release of resveratrol from yeast cells. The resulting release pro-
file showed that about 90% of resveratrol was released within
90 min in simulated gastric fluid. The present result is consis-
tent with the basical structure of S. cerevisiae (Lipke and Ovalle,
1998; Feuillat, 2003; Klis et al., 2002). It was reported that the
outer protein layer and the plasma membrane were responsible
for permeability barrier to the permeating molecule (Zlotnik et
al., 1984; Bishop et al., 1998). As they can be destroyed by acid,
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Fig. 6. Resveratrol release of microcapsules in simulated gastric fluid. Data are
given as means = S.D. (n=3).

associated with the trigger of the liquid water (Dardelle et al.,
2007), it makes the release of resveratrol possible.

It is worthy to note that there were no differences in the chro-
matograms and the spectra between the collected supernatants
of the simulated gastric fluid and the 50% ethanol extraction of
the encapsulating powder during the detection of the released
resveratrol by the HPLC method with the DAD detector. This
indicates that no new compound appeared during the release of
resveratrol from the yeast cells.

Hence, this release property is in favor of the enhancement
of its poor bioavailability due to the rapid metabolism and elim-
ination of resveratrol. According to Asensi et al. (2002), the
highest concentration of resveratrol in plasma, either after i.v. or
oral administration, reached within the first 5 min in rabbits, rats,
and mice, the highest levels in brain, lung, liver and kidney were
found within the first 10 min after administration and the resver-
atrol content was always below 1 nmol/g of fresh tissue due to
the removing of the circulating resveratrol by the liver. Although
resveratrol does not accumulate extravascularly, the 14.4 min
half-life of resveratrol in plasma, after i.v. administration of
20 mg t-resveratrol/kg b.wt., in rabbits, can be supplemented by
the sustained release, to some extent, on maintaining its biolog-
ical activities.

3.5. Solubility

The comparison of the solubility of encapsuled resveratrol
and the non-encapsulated resveratrol (crystal and amorphous
form) in water at 25 °C was listed in Table 1. As can be seen,
the solubility of resveratrol is significantly different (p <0.001)
among the three forms of resveratrol. The extraction solution of
microcapsules contained more than three times of the resveratrol

Table 1
Water solubility of resveratrol in different forms (n=>5)

Resveratrol form Solubility® (mg/100 ml)

Crystal 1.96 £ 0.01
Amorphous 3.06 + 0.02
Microcapsules 6.67 = 0.03

2 Solubility values for the three forms are significantly different (p <0.001).
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Fig. 7. Kinetic degradation curve of encapsulated and non-encapsulated resver-
atrol exposed to laboratory fluorescent lighting conditions. Each value represents
mean + S.D. (n=23).

than that of the crystal resveratrol, and more than two times than
the amorphous resveratrol in the same volume of water. This
is in accordance with the data reported by Asensi et al. (2002),
who reported that the resveratrol solubility in drinking water
was 0.023 mg/ml. Thus, the bioavailability of resveratrol can
be enhanced with the increased water solubility by yeast cell
encapsulation processing.

However, the exact reason is unclear at present. While
Lépez-Nicolas et al. (2006) revealed that the formation of B-
cyclodextrin (3-CD) inclusion complex increased the solubility
and bioavailability of resveratrol. It is possible that the increased
water solubility of yeast encapsulated resveratrol is associated to
the interactions among resveratrol, the yeast protein and polysac-
charide.

3.6. The influence of light irradiations on the resveratrol
stability

Photosensitive compound can be protected from pho-
todegradation by microencapsulation technique. This has been
confirmed by the results of Barbosa et al. (2005) who
reported that the carotenoid bixin, 6-methyl hydrogen 9'-cis-
6,6'-diapocarotene-6,6'-dioate, could be protected successfully
from both oxidative and photochemical degradation by encap-
sulated in edible polysaccharide preparations. The similar result
has obtained in our present study. The protective effect of the
yeast-cell-based microencapsulation on the light stress of resver-
atrol was investigated based on the 50% ethanol extraction of
yeast encapsulated resveratrol and resveratrol standard. Fig. 7
shows the kinetic curve for the degradation of encapsulated
resveratrol exposed to laboratory fluorescent lighting condi-

tions as compared to the photodegradation of non-encapsulated
resveratrol. As can be seen, resveratrol is a highly photosen-
sitive compound, this is in accordance with the data reported
by Abert Vian et al. (2005) and Trela and Waterhouse (1996),
who observed that more than 80% of the frans-resveratrol in
solution was converted to cis-resveratrol if exposed to light
for 1h, besides, the different conversion ratio resulted most
likely from the specific spectrum of light reaching the sample
(Trela and Waterhouse, 1996). However, it is also remarkable
that the extract of microcapsules exhibited greater stability than
non-encapsulated resveratrol, which indicates that the strong
photodegradation effect of light on resveratrol can be inhibited,
to some extent, by the yeast-cell-based encapsulation process-
ing. Taking together, the previous reports (Regev-Shoshani et
al., 2003; Krasnow and Murphy, 2004) that glycosylation can
inhibit enzymatic oxidation of resveratrol, thereby preserving
its biological activity and increasing its stability and bioavail-
ability, and the formation of inclusion complex (L6pez-Nicolas
etal.,2006) increased the bioavailability and solubility of resver-
atrol, the yeast cell wall component mannoprotein and fibrous
B1,3-glucan (Lipke and Ovalle, 1998) is likely to be attributed
to this inhibition of degradation influence of light on resveratrol.

3.7. Storage stability

One of the purposes of microencapsulation is to improve the
stability of active compounds. Taking into account the easily oxi-
dizable and extremely photosensitive properties of resveratrol
and the hygroscopic characteristic of yeast cells, we investigated
the storage stabilities of encapsulated and non-encapsulated
resveratrol at 25 °C/75% RH, 25°C/90% RH and 60 °C under
light/dark conditions. The influence of moisture on resveratrol
stability, under light conditions, is listed in Table 2. As can be
seen, the retention percentage values showed that the stability
of resveratrol was good during the thermal storage, in addi-
tion, there was no significant difference (p >0.001) between the
average of thermal retention percentage of microencapsules and
non-encapsulated resveratrol. However, this is not the case at
25°C/75% RH, 25°C/90% RH conditions. The retention per-
centage values are different significantly (p <0.001) between
the encapsulated and the non-encapsulated resveratrol. Mois-
ture and illumination have negative effect on the stability of
both the encapsulated and non-encapsulated resveratrol. In addi-
tion, moisture has a significant effect (p <0.05) on the retention
percentage values of encapsulated resveratrol while no signifi-
cant effect on that of the non-encapsulated resveratrol (p > 0.05).
Nevertheless, yeast cells have protected resveratrol, to some
extent, from oxidative degradation and photodegradation as
the retention percentage values of encapsulated resveratrol are

Retention percentage (mean =+ S.D., n=3) of microcapsules and non-encapsulated resveratrol under 25 °C/75% RH, 25 °C/90% RH and 60 °C for 10 days

Table 2

Retention percentage (%) 25°C/75% RH
Microcapsules 97.58+1.81b
Non-encapsulated resveratrol 79.88+£2.05a

25°C/90% RH 60°C
93.13+1.81c 99.39+0.37d
77.77+£1.50 a 99.63 +£0.66 d

Values in the column marked with a different letters are significantly different (p <0.05).
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Fig. 8. Scavenging effects of resveratrol on DPPH radicals. Each value repre-
sents mean + S.D. (n=3).

significant (p <0.001) greater than those of non-encapsulated.
According to Lancon et al. (2004), both the passive diffusion
and carrier-mediated process were involved in the uptake of the
highly lipophilic resveratrol by cells. Taking together, similar
to the CD complexation (Ueda et al., 1998), this fact may be
a result of insulation of resveratrol against various degradation
factors due to the particular structure of yeast cells, the network
composed mostly of mannoprotein and fibrous (31,3-glucan and
the bi-layer membrane of yeast cells inhibited the degradation
influence of light and moisture on resveratrol.

These results are supported by the results of Bishop et al.
(1998) and Nelson (2002), who had suggested that the bi-
layer membrane of yeast cell may act as a liposome during the
microencapsulation of essential oils and allowed the stabiliza-
tion of oil droplets within the cell, thus can provide a highly
stable product. Therefore, our results obtained here are in accor-
dance with the above observations, and it can be deduced that
yeast cells have effectively prevented the damage of resveratrol
from oxygen and light, etc., during storage.

3.8. DPPH radical-scavenging activity

Fig. 8 illustrated the DPPH radical-scavenging activities
of resveratrol standard solutions at different concentrations
(n=3). As can be seen, this result can be fitted fairly well
with the modified hyperbola III nonlinear regression function
with a regression coefficients of R*=0.9978. The determined
DPPH radical-scavenging activity values were (34.98 £ 1.12)%
at concentration 10.18 pg/ml, (50.68 £ 1.36)% at concentration
19.28 wg/ml and (63.35 £0.31)% at 31.21 pg/ml, respectively,
which were significantly higher than those of the pre-
dicted values 27.37% at concentration 10.18 wg/ml, 41.79% at
19.28 pg/ml and 53.84% at 31.21 wg/ml, respectively, obtained
from nonlinear regression function of the standard resveratrol
solutions, using Sigma Stat (version 8.0). This is consistent with
the results of Nam et al. (2005), who reported that the bioac-
tivity of resveratrol was not affected by immobilization in the
porous substrate particles as over 93% of antioxidant effect was
sustained after stabilized in the porous particles. The present
results have indicated that the DPPH radical-scavenging activ-

ity of resveratrol was enhanced significantly (p <0.001) by yeast
cell microencapsulation.

Thus, the DPPH radical-scavenging activity was not affected
by the wall material yeast cells. In contrast, the DPPH radical-
scavenging activity of microcapsules was stronger than that of
non-encapsulated resveratrol. As many of the biological proper-
ties of resveratrol are related to its antioxidant ability (Szabolcs
et al., 2006), therefore, the biological activities of resveratrol
can be enhanced by the yeast-cell-based microencapsulation.

4. Conclusions

In summary, we have demonstrated the successful prepa-
ration of yeast-encapsulated photosensitive resveratrol, as
confirmed by the fluorescence and confocal micrographs and
FT-IR spectra. Moreover, the same retention time and UV spec-
trum between the standard and microcapsule suggested that no
chemical change had taken place during the encapsulation pro-
cess. The yeast-encapsulated resveratrol showed two to three
times higher the water solubility, the slower photodecomposi-
tion and stronger free radical scavenging activity than that of
non-encapsulated resveratrol. In addition, the microcapsule was
more stable under wet and illumination stresses, and the sustain-
ing release profile suggested that the poor bioavailability due
to the rapid metabolism and elimination of resveratrol can be
supplemented, to some extent, by the yeast cell encapsulation
technology and thus maintained its biological activities. This
study would be helpful to promote the application of resvera-
trol and may have some general interests for the stabilizing of
other photosensitive substances and for potentially enhancing
the bioavailability of other lipophilic drugs.
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