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ABSTRACT: In this work, a core—shell biopolymer microsphere comprising a carvedilol-loaded yeast cell wall polysaccharides core sur-
rounded by a silk fibroin shell layer is developed to eliminate the risks of using synthetic polymers for drug encapsulation on human
health and to avoid burst release and to prolong the release time. Transmission electron microscopy, Fourier-transform infrared, con-
focal laser scanning microscope, and phase contrast microscopy analysis indicate that yeast treated with Tris—HCI containing cetyltri-
methylammonium bromide, EDTA, and NaCl could provide much larger space for host drug as compared to plasmolyzed cells
because the former can help maintain the original shape of yeast cells. In addition, its permeability barrier is significantly altered and
nucleus becomes pyknotic. In contrast, plasmolyzed cells can hardly maintain the rigidity and integrity of their cell walls and will
finally end up with cell fragments. SEM observation reveals that the carvedilol-loaded cells maintain very similar shape and size before
and after coating with 0.1% silk fibroin. In vitro release studies show that a drug delivery system using the carvedilol-loaded cells can
achieve a sustained drug release up to 20 days probably due to the electrostatic interaction between the positively charged carvedilol
and the negatively charged yeast cells at the pH 7.4 and to the stability of the yeast cell helped by silk fibroin that provides an effec-
tive diffusion barrier. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41782.
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INTRODUCTION

In recent 20 years, core—shell microspheres, also known as
double-walled microspheres, with a drug-encapsulating particle
core surrounded by a drug-free shell layer have attracted consid-
erable attention thanks to their outstanding properties and their
promising applications in the pharmaceutical and medical fields.
Nevertheless, most of them are made of poly(lactic-co-glycolic
acid) (PLGA) and poly(lactide) (PLA).' Although PLGA and
PLA are FDA-approved biodegradable macromolecules,'* due to
their high hydrophobic nature, the polymers need to be dis-
solved in an organic solvent, usually methylene chloride, chloro-
form, or ethyl acetate,"'®™® which are undesirable for safety
and environmental reasons.'>'® Moreover, the acidic by-
products from their degradation can reduce the local solution
pH and cause inflammatory responses and foreign body
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reactions in vivo. Therefore, alternative approaches are
needed for the preparation of core—shell microspheres.

Yeast-based microencapsulation technology has progressed well
in food, agrochemicals, cosmetics, and pharmaceuticals as yeast
cell envelope is a natural “preformed” capsule, with a lipid
bilayer membrane and an outer cell wall that consists of a f-
1,3-glucan (ca. 60% of the cell wall dry mass) network, a man-
noprotein (ca. 40% of the cell wall dry mass) layer, and a small
amount of chitin (ca. 2% of the cell wall dry mass), the double
carbohydrate wall/lipid membrane capsule prevents volatile
products from evaporation, and damage from light, oxidation,
and excessive heat, therefore, providing a highly stable product
with extended shelf-life. Moreover, it is cost-effective against all
known microencapsulation technology.'*?° So a hollow, porous
micrometer-sized baker’s yeast shells composed primarily of f3-
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1,3-p-glucan has recently been prepared by treating baker’s yeast
with high concentration of sodium chloride or a series of sodium
hydroxide, hydrochloric acid, and solvent extractions, and has
been used as factories for the encapsulation of both hydrophobic
and hydrophilic molecules such as resveratrol,”! DNA,?* siRNA,>
and curcumin.?* However, it is well known that both hydrochlo-
ric acid and sodium hydroxide are extremely corrosive, and can
probably disrupt the yeast cells.”> Moreover, high sodium chlo-
ride concentrations may also have a negative impact on the
integrity and potency of biologicals.’® Fortunately, a new tech-
nique using cytochalasin B-treated mouse fibroblasts (3T3 cells)
or human embryonic kidney cells (HEK293 cells) as factories has
been developed to produce cell membrane capsules in the size
range of cells. Although this technique has achieved the first suc-
cess in encapsulation of drugs and nanoparticles,”” it costs far
more than that of yeast cells.

In our previous report, cetyltrimethylammonium bromide
(CTAB) permeabilized brewer’s yeast cells have been successfully
used as the whole cell biocatalysts for the synthesis of chiral
alcohols, in which permeability barrier of the cell membrane to
substrates and/or products has been significantly reduced by the
permeabilization treatment.?® In addition, the earlier work indi-
cated that permeabilized cellular geometric relationships and
protein concentrations were similar to those of living cells.”’ In
this study, we use brewer’s yeast treated with Tris—HCI contain-
ing CTAB mixtures as production workshop to manufacture cell
wall polysaccharides core for encapsulation of drugs, which was
then coated with silk fibroin (SF) to avoid burst release and
prolong the release time.*!

The morphologies and characteristics of yeast cells untreated
and treated with sodium chloride, alkaline/acid, and Tris—HCI
containing CTAB mixtures were investigated using transmission
electron microscopy, Fourier infrared transmission spectroscopy,
and phase contrast microscopy to compare their similarities,
differences, and analyze their feasibilities as core materials. The
cell permeability was examined by encapsulation of rhodamine
B in yeast cell wall polysaccharides, followed by observing fluo-
rescence using confocal laser scanning microscope. The in vitro
drug release of the core—shell microspheres formed by SF coat-
ings on the drug-loaded brewer’s yeast was studied and the
morphology before and after drug release was investigated by
scanning electron microscope.

EXPERIMENTAL

Materials

Cocoons of Bombyx mori silkworm silk were kindly supplied by
China National Silk Museum (Hangzhou, China). Carvedilol with
purity of 99.3% was obtained from Adamas Reagent (Shanghai,
China). CTAB was purchased from Chengdu Kelong Chemical
Reagent Factory (Chengdu, China). Rhodamine B (RhB) was
acquired from China National Pharmaceutical Group Corpora-
tion, Shanghai Chemical Reagents Company (Shanghai, China).
Other chemicals used were of reagent grade except where noted.

Brewer’s Yeast and Pretreatment
Fresh brewer’s yeast slurry (a strain of Saccharomyces cerevisiae),
a by-product from brewery with a solids content of about 20%,
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was purchased from Chongqing Beer Group (Chongging,
China). The fresh yeast cells were harvested by centrifugation at
3000 rpm for 10 min. The yeast pellet was again diluted two to
three times with 0.9% NaCl (saline) at 0-2°C, screened on a
100 mesh screen and centrifuged at 5000 rpm for 30 min, and
then permeabilized as previously described®®*® or plasmolyzed
with 10% (w/v) sodium chloride solution®* or with a series of
sodium hydroxide, hydrochloric acid, and solvent extrac-
tions.”**® Nevertheless, 0.2% (w/v) CTAB permeabilization
solution was replaced with 0.01M Tris—HCI, pH 7.0 containing
0.2% (w/v) CTAB, 0.1M EDTA tetrasodium salt, and 0.02M
sodium chloride.”"** Finally, the untreated and the treated cells
were again centrifuged, washed twice with distilled water, and
then freeze-dried.

Feasibility Analysis of Brewer’s Yeast as Core Material

The untreated, permeabilized, and plasmolyzed cells were eval-
uated for their morphology, membrane integrity, permeability
for Rhodamine B, and drug loading capacity. The cell morphol-
ogy was observed using transmission electron microscopy
(TEM). Samples were prepared by treating the freeze-dried cells
with 3.6% glutaraldehyde in 0.1M phosphate buffer, pH 7.2, at
4°C for 2 h, and postfixed with OsO, in the same buffer. Then,
the treated cells were dehydrated with sequential ethanol con-
centrations (30-100%), and embedded in Epon 812 for 48 h.
Sectioning was performed using an Ultracut E microtome, and
sections were post-stained with uranyl acetate and lead citrate
before being studied by TEM model JEOL122 at 80 kV (Tokyo,
Japan).

The untreated and treated yeast cells were also analyzed by the
Fourier-transform infrared (FTIR), model 5DXC Nicolet, Madi-
son, WI. Each sample was prepared by KBr disk method and
scanned 64 times from 500 to 4000 cm ™'

-1
4cm .

with a resolution of

To evaluate the cell permeability, 10 mg of freeze-dried yeast
cells were dispersed in 10 mL of distilled water to form a sus-
pension. Suspension (1 mL) was added to 0.2% (w/v) (1 mL)
rhodamine B aqueous solution and mixed well, and then kept
in dark for 4 h. The mixture was then centrifuged at
10,000 rpm for 15 min. After decanting the supernatant solu-
tion, the cells were rinsed with ice-cold PBS for three times,
and treated with fresh 4% (w/v) paraformaldehyde for 20 min
at room temperature. The cells were the studied using a Zeiss
LSM 510 confocal laser scanning microscope (Carl Zeiss, Ober-
kochen, Germany).

In addition, freeze-dried yeast cells were also dispersed in dis-
tilled water to form a suspension and the pyknosis was then
studied by a phase contrast light microscope (Carl Zeiss, Jena,
Germany) equipped with a Sony Exwave HAD 3CCD color
video camera.

Preparation of Carvedilol-Loaded Brewer’s Yeast
Microcapsules

To prepare microcapsules loaded with carvedilol in brewer’s
yeast core, 120 mg of carvedilol was dissolved in 75 mL of abso-
lute ethyl alcohol and vortexed for 60 s. The resulting solution
was slowly added into 75 mL of 0.5% (w/v) cells suspension

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41782



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

A 4 0
It LD .
] "M! - é:ﬁ{ h

WILEYONLINELIBRARY.COM/APP

. .'\;.- - | 7
L o
1% i & =

CIENCE

= (EN &

Figure 1. TEM images of brewer’s yeast untreated (a) and treated with 0.01M Tris—-HCI, pH 7.0 containing 0.2% (w/v) CTAB, 0.1M EDTA tetrasodium
salt, and 0.02M sodium chloride (b), 10% (w/v) sodium chloride (c), and a series of sodium hydroxide, hydrochloric acid, and solvent extractions (d).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

under gentle stirring at a rate of 60 mL/h and allowed to equili-
brate for another 7 h at 40°C. The mixture was then sonicated
for 30 s at 25 W output. The resulting microcapsules were then
centrifuged at 4000 rpm for 15 min to remove free carvedilol
and freeze-dried for 48 h. The absorbance of free drug in the
supernatant was measured by UV-vis spectrophotometry (V-
630, Jasco) at 240 nm and the drug concentration was calcu-
lated based on the absorbance spectrum. Weight of carvedilol in
cells was determined by the difference between the carvedilol
added and remained in the supernatant. Thus, the drug loading
capability (LC) of the cell microcapsules was calculated using
the following formulae™:
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LC (% ):weight of carvedilol in cells

X100%.
weight of cells ’

Silk Fibroin Coating

SF aqueous stock solutions were prepared as described previ-
ously.®* Briefly, cocoons of B. mori were boiled two times for
1 h in an aqueous solution of 0.02M sodium carbonate and
rinsed thoroughly with water. The extracted SF was dissolved in
9M LiBr solution to obtain a 10% (w/v) solution. This solution
was dialyzed against water for 2.5 days using Slide-a-Lyzer dialy-
sis cassettes (MWCO 3500, Pierce) to remove the salt. The
resulting solution was centrifuged to remove impurities and
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Figure 2. High-resolution TEM images of brewer’s yeast cell wall untreated (a) and treated with 0.01M Tris—HCI, pH 7.0 containing 0.2% (w/v) CTAB,
0.1M EDTA tetrasodium salt, and 0.02M sodium chloride (b), 10% (w/v) sodium chloride (c), and a series of sodium hydroxide, hydrochloric acid, and

solvent extractions (d).

aggregates that were formed during dialysis. The final concentra-
tion of silk fibroin aqueous solution was approximately 8% (w/v).
This concentration was determined by weighing the residual solid
of a known volume of solution after drying. Silk solutions used
for coating formation were prepared by diluting the stock silk
solution with distilled water to a concentration (in w/v) of 0.1%,
0.2%, and 0.3%, respectively. Surface coating of carvedilol-loaded
brewer’s yeast microcapsules is achieved by electrostatic layer-by-
layer assembly techniques between CTAB*"** and SE** Briefly,
0.3 g of carvedilol-loaded cell microcapsules were suspended in
10 mL of 0.2% (w/v) CTAB aqueous solution. The suspensions
were sonicated for 30 s to ensure uniform mixing and gently
shaken for 2 min at room temperature, followed by the free CTAB
was removed by centrifugation for 5 min at 10,000 rpm. The
obtained microspheres were dried by a gentle flow of dry nitrogen
gas, and then immersed in the SF aqueous solution and sonicated
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for 30 s, followed by gently shaken for 2 min at room temperature.
To remove free SE, the microspheres suspension was centrifuged
for 5 min at 10,000 rpm, and then the microspheres were dried by
a gentle flow of dry nitrogen gas. The resulting microspheres were
again coated with CTAB and SE respectively. The above proce-
dures were repeated three times to get the silk-coated core—shell
microspheres. SEM images of the microspheres were obtained
using an S-3000N instrument (Hitachi, Japan). The SEM sample
was prepared by dispersing the microspheres in distilled water and
dropped onto freshly cleaved cover glass, and then dried at 60°C.
Subsequently, a few nm thick layer of gold was sputtered onto the
surface of cover glass prior to imaging.

In Vitro Release Studies

In vitro release study was conducted in PBS.""** Briefly, 100 mg
of the dried samples was dispersed into 10 mL of PBS, of which
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Figure 3. FTIR spectra of brewer’s yeast untreated (a) and treated with
0.01M Tris—HCI, pH 7.0 containing 0.2% (w/v) CTAB, 0.1M EDTA tetra-
sodium salt, and 0.02M sodium chloride (b), 10% (w/v) sodium chloride
(c), and a series of sodium hydroxide, hydrochloric acid, and solvent
extractions (d). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

0.5 mL of the mixture was collected and placed into dialysis
tubing, well immersed in the 30 mL PBS at a pH of 7.4. The
tubes were then incubated in a water-bath shaker at 37°C with
continuous shaking at 120 rpm. Release medium (1.0 mL) was
withdrawn at predetermined time intervals and replaced with
fresh PBS. All measurements were performed in triplicate
(n=13). The samples were analyzed by UV-vis spectrophotome-
try at 240 nm as applied for LC determination. The percentage
of drug released at each time point was calculated using the fol-
lowing formulae:

Carvedilol in supernatant (ug/mL) X 100%
0.

D 1 %)=
rug release (%) Initial carvedilol in microspheres (ug/mL)

Statistical Analysis

All values were expressed as means * standard deviation (SD).
Statistical data analyses were performed using a one-way
ANOVA (Origin Pro 9.0) for n=3. A difference of P <0.05 was
considered statistically significant.

RESULTS AND DISCUSSION

Cell Morphology

For a better understanding of the morphological effect of envi-
ronmental changes on brewer’s yeast, the cells were, respectively,
treated with and without sodium chloride, alkaline/acid, and
Tris—-HCl containing CTAB mixtures, and then observed by
TEM. As shown in Figure 1, the cells with different treatment
strategies exhibited a completely different morphology. More
specifically, untreated cells showed well preserved morphology
in size and shape [Figure 1(a)] and the cells treated with CTAB
[Figure 1(b)] were similar to untreated ones as well. This is in
agreement with the previous study® which indicated that the
wall/cell membrane can be permeabilized with 0.2% (w/v)
CTAB without the fragmentation of the cells. However, the cells
treated with sodium chloride or acid/alkaline showed severe
deformation and fragmentations [Figure 1(c,d)]. We believe this
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is due to the damages and disruptions of the glycosidic linkage
in the cell skeleton.

It is well-known that at the non-reducing ends of the 1,3-f-glu-
can molecules in the yeast cell wall, highly branched 1,6--glu-
can chains are linked together by glycosidic linkages, while at
the inside of the 1,3-f-glucan network in the lateral walls, chitin
is covalently linked through its reducing end to 1,3-f-glucan
and 1,6-f-glucan.’® To prepare hollow, porous micrometer-sized
shells composed primarily of f1,3-glucan through treating
baker’s yeast with a series of alkaline, acid, and solvent extrac-
tions by remove other cell wall polysaccharides,” the glycosidic
linkages of the covalent link to f1,3-glucan network must be
broken so that 1,6-f-glucan and chitin are free to pulling away
from the cell wall. Unfortunately, the break of chemical bond is
in general random and not specific to any one glycosidic linkage
and the internal f1,3-linkages in 1,3-f-glucan can also break,
resulting in the weakening of the cell walls that finally would
break into cell fragments [Figure 1(c,d)]. Therefore, these cells
are not usable for core material until they are permeabilized.

Indeed, it can be seen more clearly from high-resolution TEM, as
shown in Figure 2, that the untreated cells have smooth and
intact surface morphology [Figure 2(a)], while the walls of the
cells treated with both sodium chloride and alkaline/acid were
seriously damaged or destroyed [Figure 2(c,d)]. The lack of
structural integrity in the walls of the treated cell is a direct evi-
dence that the 1,3-f-glucan network is cleaved under the envi-
ronmental stresses. We can also see that their plasma membranes
have been seriously damaged as well. On the contrary, cell wall
and plasma membranes of brewer’s yeast have only small changes
with no fragmentation after treatment with CTAB [Figure 2(b)].
These results further demonstrated that the CTAB-permeabilized
cells should be far more efficient and reliable as a core material
for drug encapsulation than plasmolyzed cells.

Characterization of Brewer’s Yeast

FTIR was used to further estimate whether permeation or plas-
molysis had modified the structure of the membrane. As shown
in Figure 3, the absorption peak associated with hydroxyl
groups (a broad band in the range 3500-3200 cm™ '), carbonyl
group (~1650 cm '), and asymmetric stretching of the glyco-
sidic linkages (~1130) of the chemically treated yeast cells were
increased, in agreement with previous report,” there are consid-
erable differences between the spectra of plasmolyzed, CTAB-
permeabilized, and untreated cells. The most notable spectral
changes were found in the 2990-2820 c¢cm™'
associated to the asymmetric and symmetric stretch of CH; and
CH, from lipids.”® Obviously, the lipid absorption of the cells
treated with sodium chloride [Figure 3(c)] or with alkaline/acid
[Figure 3(d)] strongly increased as compared to untreated cells
[Figure 3(a)]. These variations are probably related to the bio-
chemical changes resulting from the disorganization of mem-
brane systems, particularly of the plasma membrane.”® The lipid
absorption of CTAB-permeabilized cells has only slight changes
[Figure 3(b)], indicating that the plasmatic membrane has not
been disrupted, which is consistent with the TEM observations.

regions mainly

The effect of different stress conditions on the permeability of
brewing yeast was visualized by staining with rhodamine B. It
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Figure 4. Confocal (left), brightfield (middle), and overlapped (right) micrographs of rhodamine B-loaded brewer’s yeast untreated (a) and treated with
0.01M Tris—HCI, pH 7.0 containing 0.2% (w/v) CTAB, 0.1M EDTA tetrasodium salt, and 0.02M sodium chloride (b), 10% (w/v) sodium chloride (c),
and a series of sodium hydroxide, hydrochloric acid, and solvent extractions (d) (scale bar: 30 um). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

was found that only a few untreated yeast cells display red fluo-
rescence in the confocal micrograph [Figure 4(a)] while the cells
treated with CTAB have the highest fluorescence, penetrating
deep into yeast cells and the cells are intact [Figure 4(b)].
Although sodium chloride-treated cells also exhibit a strong flu-
orescence, many of them have been broken into the cell frag-
ments and aggregated together [Figure 4(c)]. The cells treated
with a series of alkaline, acid, and solvent extractions display
the lowest fluorescence signal, almost invisible in most wide
field imaging systems [Figure 4(d)]. These results intuitively
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indicate that cell membrane permeabilization is indeed achieved
by treating yeast with 0.2% (w/v) CTAB, thereby rhodamine B
can be uploaded through their cell membranes and enters rap-
idly into the inner regions of the cell by passive diffusion. This
observation is consistent with previously reported study that
rhodamine 6G can effectively be encapsulated in cell membrane
capsules (CMCs),?” and damaged cells can cause either alkaline,
acid, or solvent extractions and sodium chloride is no longer
able to accumulate significant amounts of rhodamine B. Based
on the above analysis we come to a conclusion that CTAB-
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Figure 5. Carvedilol-loading capability (LC) of brewer’s yeast. Cells treated
with 0.01M Tris—=HCI, pH 7.0 containing 0.2% (w/v) CTAB, 0.1M EDTA tet-
rasodium salt, and 0.02M sodium chloride (a), 10% (w/v) sodium chloride
(b), and a series of sodium hydroxide, hydrochloric acid, and solvent extrac-
tions (c). Each point represents the mean = SD (n = 3). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

permeabilized cells are one of the best candidates for a human-
ized core material for preparing double-walled microspheres.

To evaluate the capability of drug loading using permeabilized
yeast cells, carvedilol, a non-selective beta-blocker with «-
blockage, vasodilatation, and antioxidant effects, was chosen as
model drug and plasmolyzed yeast cells were used as control.
UV-vis spectroscopy was used in this work to monitor the
incorporation of the model compounds. The results were shown
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in Figure 5. Obviously, after an equilibration time of 7 h under
the experimental conditions, permeabilized yeast cells showed a
maximum loading of 29.3% [Figure 5(a)], which was much
higher than that of the cells either with sodium chloride or a
series of alkaline, acid, and solvent extractions [Figure 5(b,c)].
This revealed that permeabilized cells could indeed effectively
enhance drug encapsulation. This is because that the permeabil-
ity barrier of the cells was altered to enable the penetration of
drug molecules not permeable through the intact cell membrane
while the cells still remained spherical in shape like untreated
cells [Figure 6(a)], but with a pyknotic instead of nucleus [Fig-
ure 6(b)]. Pyknosis is the result of chromatin condensation and
is visible by light microscopy.” The pyknotic cells have a high
density of nuclear material that is uniformly and aggregate in
some areas of the nucleus, while the cell membrane remains
intact [Figure 2(b)], thus provided a good encapsulation work-
shop, promoting drugs retention. Nevertheless, from the biolog-
ical perspective, pyknotic cells may undergo initial stages of
apoptosis, in which the cell membrane remains intact. However,
this theory has not been proven and the precise biological sig-
nificance of pyknotic cells is unclear.*>*® In contrast to perme-
abilized yeast, most of plasmolyzed cells are serious damaged
and densely aggregated together [Figure 6(c,d)] in the treatment
process. These cells have lost their integrity and lysis occurs,
thus it is difficult to enclose drug in these cells with acceptable
drug loading capacity [Figure 5(b,c)].>'~*

Silk Fibroin Coating and In Vitro Drug Release Profiles
Ideally, the drug delivery vehicles should be able to efficiently
load high weight fraction of drugs. Because the carvedilol
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Figure 6. Phase-contrast micrographs of brewer’s yeast untreated (a) and treated with 0.01M Tris—=HCl, pH 7.0 containing 0.2% (w/v) CTAB, 0.1M
EDTA tetrasodium salt, and 0.02M sodium chloride (b), 10% (w/v) sodium chloride (c), and a series of sodium hydroxide, hydrochloric acid, and sol-
vent extractions (d). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Cumulative percentage of drug release. (a) Carvedilol-loaded brewer’s yeast and (b) carvedilol-loaded yeast cells were coated with CTAB/SE.
Cells were treated with 0.01M Tris—HCI, pH 7.0 containing 0.2% (w/v) CTAB, 0.1M EDTA tetrasodium salt, and 0.02M sodium chloride. The CTAB/SF
rate was (w/v %): 0.2 : 0.1. The right figure shows the initial release profiles within the first 24 h. Each point represents the mean = SD (n = 3). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

loading by plasmolyzed cells is quite low [Figure 5(b,c)], study
on their release characteristics is not very useful. Figure 7
showed the in vitro drug release profiles of the carvedilol-loaded
permeabilized yeast cells before and after SF coating. As shown,
the yeast cells without coating exhibited a burst release of 64%
within the first 2 h [Figure 7(a)] while the coated cells showed
significantly retarded carvedilol release [Figure 7(b)]. The result
is consistent with the results from the study by Wang et al. who

12um

WD14 .2mm 20 .0kV x2Sk

SE 08-Mar-13

SE 08-Mar-13 WD14.1mm 20.0kV x2.0k

demonstrated that SF coatings would not only stabilize PLGA
microspheres from degradation but also sustain drug release
from the microspheres by providing an effective diffusion bar-
rier.”* Nevertheless, unlike the SF coating on PLGA micro-
spheres, which was primarily driven by the hydrophobic
interactions,” coating yeast cells with SF are based on the alter-
nate deposition of oppositely charged CTAB and SF onto surfa-
ces. SF becomes a new family of advanced biomaterials and has

SE 08-Mar-13

08-Mar-13

Figure 8. SEM images of the double-walled biopolymer microsphere consisting of a carvedilol-loaded brewer’s yeast cell wall polysaccharides core sur-
rounded by a CTAB/SF shell layer. The CTAB/SF rate was as follows (w/v %): 0.2 : 0.1 (a), 0.2 : 0.2 (b), and 0.2 : 0.3 (c). SEM image of (a) after 20

days of sustained release in vitro (d). The scale bar for (a) and (c) is 12 um while for (b) and (d) it is 18 um. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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been widely used as coating materials,”®***' thanks to its aque-

ous solubility, processability under very mild conditions, supe-
rior mechanical properties, and better biocompatibility both in
vitro and in vivo as compared to commonly used biomaterials,
such as PLA, PGA, and collagen. In drug delivery applications,
CTAB is commonly used to introduce a positive surface charge
to nanoparticles and has exhibited significant improvement in
cellular uptake with comparison to non-modified particles.*'
As the outer surface of yeast contains numerous negatively
charged groups at a pH >3.0,* the cationic head groups of the
surfactant CTAB could be easily attached to the yeast cell wall
by the electrostatic interactions. This electrostatic assembly then
become a solid base for a negatively charged SF (SF having a pI
of about 4.2)° to be absorbed on the outer layer of the CTAB-
coated yeast cells. After this process was repeated three times,
SEM images of the resulting microspheres are shown in Figure 8.
We can see in Figure 8(a) that when 0.1% SF is used as the coat-
ing solution, the size and shape of the as-prepared microspheres
are roughly the same to those of permeabilized yeast cells and
there seems to have an even distribution of yeast cells with no
aggregation and the microspheres have indeed a smooth outer
coating of dehydrated SF-based gel layers with no observed
defects or cracks. As a result, the burst release of carvedilol from
the microspheres decreased by 18% within the first 2 h [Figure
7(b)]. However, after 24 h, more than 90% of carvedilol was
released from the uncoated microspheres [Figure 7(a)], In con-
trast, within the same time period only 40% of carvedilol was
eluted from the SF-coated microspheres and a sustained release
was observed over the following 19 days [Figure 7(b)]. Obvi-
ously, the results are attributed to the formation of core—shell
microspheres with a core (carvedilol-loaded permeabilized yeast
cells) and a second shell (a CTAB/SF-formed coat), where SF
coatings not only stabilized yeast cell from aggregation and
decomposition but also provided an effective diffusion barrier.
Therefore, it can exhibit a reduction in the initial burst release
and provide a sustained drug release. However, a slight aggrega-
tion phenomenon occurred and the resulting microspheres were
covered with a thin layer of SF when the concentration of SF
increased to 0.2% [Figure 8(b)]. Further increase of the SF con-
centration to 0.3%, the obtained microspheres come into close
contact with each other and form a very dense aggregate with
rough-textured surface and ill-defined interfaces, in which indi-
vidual microspheres are not distinguishable [Figure 8(c)]. There-
fore, the optimal coating concentration is considered to be 0.1%.
The coating thickness was estimated to be approximately 0.55
um, which was determined by the difference between the largest
microsphere with the size of approximately 5 pum [marked in
Figure 8(a) with yellow rectangle] and the largest cell with the
size of approximately 3.9 um [marked in Figure 1(b) with red
rectangle]. It is also important to note that we did not observe
complete degradation of the silk coatings even after 20 days of
sustained release [Figure 8(d)]. This is attributed to the superior
mechanical strength and long-term degradability of the SE*°

CONCLUSIONS

In this study, we investigated the feasibility of using brewer’s
yeast treated with Tris-HCI containing CTAB mixtures as work-
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shop to encapsulate drug and SF as an external coating for fabri-
cating core—shell biopolymer microspheres. Results demonstrated
that the procedure can produce smooth and spherical-shaped
microspheres, and their diameter is only slightly larger than that
of the cells itself. More importantly, the microspheres prepared
with this technique exhibit good drug loading capacity and sus-
tained release and the SF membrane can be maintained on the
cell surface for more than 20 days at neutral pH. In addition, the
technique is environmental friendly, of low cost, readily available,
and very easy to handle. Therefore, the as-prepared core—shell
biopolymer microspheres are more promising than porous hol-
low micrometer-sized baker’s yeast shells or traditional polymer
microsphere release systems made of PLGA and PLA for medi-
cines in the drug delivery applications.
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