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Two water-soluble polysaccharide derivatives, carboxymethylated and quarternized glucans (CMGP and
QGP) were synthesized for the first time from water-insoluble polysaccharides (GP) extracted from Gano-
derma lucidum. Hollow microspheres were constructed using electrostatic layer-by-layer (LbL) deposition
of the CMGP and QGP polyelectrolytes onto colloidal ZnO particles followed by the core decomposition
with an acid solution. The structures of the multilayered CMGP/QGP microspheres were investigated by
transmission electron microscopy (TEM), zeta potential and dynamic light scattering (DLS). The results
revealed that the multilayer thickness increased regularly from 48 to 145 nm as the number of deposited
CMGP/QGP layers was increased from two to seven, and the mean increment of thickness was ~25 nm per
layer, reflecting the high regularity of the layer-by-layer assembly. This work provided an easy method
to construct hollow microcapsules with biocompatibility and controlled dimensions.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Layer-by-layer assembly by alternating adsorption is a pow-
erful approach for the construction of multilayered films on solid
substrates (Decher, 1997). Compared with the other techniques
of creating ultra-thin membranes, LbL has many advantages such
as the broad selection of membrane material, including synthetic
polyelectrolytes (Ackern, Krasemann, & Tieke, 1998; Decher, Hong,
& Schmitt, 1992; Ferreira, Cheung, & Rubner, 1994; He et al., 1999;
Laschewsky et al., 1996), charged organic molecules (Ariga, Lvov, &
Kunitake, 1997; Lvov, Kamau, Zhou, & Rusling, 1999; Van Cott et al.,
2002; Zhang, Gao, Kong, Sun, & Shen, 1994), organic/inorganic
particles (Ostrander, Mamedov, & Kotov, 2001; Rogach, Koktysh,
Harrison, & Kotov, 2000; Schmitt et al.,, 1997; Sun et al., 1997;
Wang, Sasaki, et al., 2003; Wang, Xing, Xu, & Yu, 2003) as well
as charged biomacromolecules (Caruso, Caruso, & Mohwald,
1998a; Caruso, Furlong, Ariga, Ichinose, & Kunitake, 1998b; Caruso,
Lichtenfeld, Giersig, & Mohwald, 1998c; Jiang & Liu, 2004; Kong
et al., 1994; Lvov, Lu, Schenkman, Zu, & Rusling, 1998; Serizawa,
Yamaguchi, & Akashi, 2003; Taton, Mucic, Mirkin, & Letsinger,
2000; Thierry, Winnik, Merhi, Silver, & Tabrizian, 2003; Zhou & Li,
2004). The multilayered ultra-thin films can be assembled from
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biomacromolecules in aqueous solution at room temperature, lead-
ing to the retention of the native chain conformation. In addition, in
this approach there is no need to consider the influence of the sub-
strate structure on the film-forming biomacromolecules, which can
ensure the bioactivity to the maximum extent. Therefore, LbL tech-
nology has been extensively used in the biomedical field (Chluba
etal., 2001; Chung & Rubner, 2002; Lvov & Sukhorukov, 1997; Lvov
et al., 1998; Pei, Cui, Yang, & Wang, 2001; Qiu, Leporatti, Donath,
& Mohwald, 2001; Vazquez, Dewitt, Hammond, & Lynn, 2002).
Hollow microcapsules fabricated via the LbL self-assembly of
oppositely charged polyelectrolytes have a good prospect in a wide
range of applications. Donath et al. have pioneered the research on
the construction of hollow capsules by colloid-templated consec-
utive polyelectrolyte adsorptions followed by the decomposition
of the templating core (Donath, Sukhorukov, Caruso, Davis, &
Mohwald, 1998). The use of removable, charged colloidal par-
ticles as assembly templates for the sequential deposition of
polyelectrolytes allowed the fabrication of three-dimensional hol-
low polymer shells. By applying the electrostatic self-assembly
strategy, a variety of polyelectrolyte systems with novel struc-
tures have been investigated (Caruso, Caruso, et al., 1998; Caruso,
Furlong, et al, 1998; Caruso, Lichtenfeld, et al., 1998; Donath
et al., 1998; Sukhorukov, Donath, Davis, et al., 1998; Sukhorukov,
Donath, Lichtenfeld, et al., 1998; Sun & Chu, 2009; Zhu, Zhang,
Wu, & Shen, 2002), leading to great practical applications. Gener-
ally, synthetic polymers are the most commonly used as the wall
material in electrostatic LbL assembly, such as poly (allylamine
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hydrochloride) (PAH), sodium polystyrene sulfonate (PSS) and
poly (diallyldimethylammonium chloride) (PDADMAC). However,
these synthetic polymers have serious disadvantages for poten-
tial biomedical applications due to their non-biocompatibility and
non-biodegradability (Hiller, Leporatti, Schndckel, Typlt, & Donath,
2004). Thus, multilayered materials constructed from biopolymers
have attracted considerable attention in recent years. Ladet and
his colleagues have reported the fabrication of the multilayered
onion-like hydrogels of chitosan by changing the balance between
hydrophilic and hydrophobic interactions (Ladet, David, & Domard,
2008). This novel multilayered, complex architecture with highly
controlled physical properties holds great promise in both the fields
of tissue engineering and drug delivery (Elisseeff, 2008). In our
laboratory, ampholytic hydrogels with pH and salt responsive prop-
erties have been synthesized by cross-linking quaternized cellulose
and carboxymethyl cellulose. When the number of fixed positive
charges is equal to that of fixed negative charges in the hydro-
gel, strong electrostatic attractions occur in the hydrogel networks,
resulting in a dense network structure (Chang, He, Zhou, & Zhang,
2011). Therefore, the oppositely charged polysaccharide-based
polyelectrolytes could be assembled into multilayered structure
by electrostatic attraction. The construction of the microcapsules
prepared from natural polymers is an important objective. These
microcapsules from natural polymers have not only excellent
release properties but also good biocompatibility and biodegrad-
ability.

In our previous work, a linear water-insoluble 3-(1— 3)-p-
glucan has been obtained from the fruiting bodies of Ganoderma
lucidum (Wang & Zhang, 2009). It has been reported that G.
lucidum polysaccharides and their derivatives have significant
immunomodulatory effects and anti-tumor activity (Cao & Lin,
2002; Wang, Zhang, Yu, & Cheung, 2009), as a result of the abil-
ity of specific binding to a variety of cell surface receptors in
human (Czop & Austen, 1985a; Czop & Austen, 1985b; Czop &
Kay, 1991). We are interested in chemical modification of this
linear polysaccharide by carboxymethylation and quaternization,
respectively, to prepare the oppositely charged derivatives with
water-solubility, and to construct microcapsules through electro-
static layer-by-layer self-assembly in water. On the basis of the
excellent characteristics of non-toxic side effects (Li, Li, Wu, Ong, &
Loutfy, 2009) and easy removal with dilute acetic acid, we selected
ZnO microspheres as the colloidal template to construct core-shell
composite microspheres. The hollow capsules can be obtained by
dissolving the ZnO cores. The hollow microcapsules prepared from
the polysaccharides-based polyelectrolytes should have excellent
biocompatibility and safety, which makes it a good candidate for
potential applications in the biomedical fields.

2. Experimental
2.1. Chemicals and materials

3-Chloro-2-hydroxypropyltrimethylammonium chloride (CHP-
TAC) and chloroacetic acid were purchased from Guofeng Fine
Chemical Co., Ltd., and Sinopharm Chemical Reagent Co., Ltd.,
respectively. Zinc acetate dihydrate (Zn(Ac),-2H,0), diethylene
glycol and other analytical-grade chemical reagents were pur-
chased in China, and used as received without further purification.
Ultrapure water used in all experiments and for all cleaning steps
was obtained by a Milli-Q water purification system (Millipore) and
had a resistivity higher than 18.2 M2 cm.

Alinear water-insoluble 3-(1 — 3)-D-glucan was extracted from
the fruit body of G. lucidum (gift from Longyan College in Fujian,
China) according to our previous method (Wang & Zhang, 2009).
The defatted fruit body powder was immersed stepwise in 0.9%
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Fig. 1. Reaction scheme of carboxymethylation (CMGP) and quaternization (QGP)
of Ganoderma lucidum (GP) in NaOH aqueous solution.

aqueous NaCl at 25°C, 40°C and 95 °C, respectively. The mixture
was mechanical stirred for 24 h in each step. The resultant residue
was extracted with 1M NaOH aqueous for 8 h at 40 °C, the extrac-
tion was centrifugated and then the supernatant was neutralized
by acetic acid. The precipitation was collected and washed with dis-
tilled water ten times, then lyophilized to get a white powder. The
polysaccharide was dissolved in dimethylsulfoxide (DMSO) at 25 °C
overnight with stirring and then centrifuged to remove the insolu-
ble substance. The supernatant was dialyzed by using regenerated
cellulose tubes (M,y cut-off 8000, USA) against tap water for five
days and distilled water for three days to obtain the white precipi-
tate, which was the pure sample. The pure sample was lyophilized
with a lyophilizer (Christ Alpha 1-2, Osterode am Harz, Germany) to
give the white powder, coded as GP, which was the same as GL-IV-I
in reference (Wang & Zhang, 2009).

2.2. Preparation of polysaccharide derivatives

The derivatization reaction strategy is shown schematically in
Fig. 1. From the water-insoluble GP sample, water-soluble car-
boxymethylated polysaccharide was firstly synthesized. 500 mg of
the polysaccharide GP was suspended in 15 mL of isopropanol at
room temperature. To the mixture, 10 mL of 30% aqueous NaOH
solution was slowly added within 10 min with vigorous stirring for
90 min, then 3 g of chloroacetic acid was added. Subsequently, the
mixture was allowed to react for 2 h at 50 °C. The reacted mixture
was delaminated and then neutralized with HCl to give a homo-
geneous solution of the carboxymethylated polysaccharide. The
resultant derivative solution was dialyzed against tap water for
five days and then distilled water for three days. Finally, the solu-
tion was lyophilized to get the white scale-like carboxymethylated
glucan sample, coded as CMGP, which was a polyelectrolyte.

Into a 100 mL round bottom flask, 2 g of GP was dissolved in
20mL of 1M NaOH aqueous solution at room temperature, and
then 4 mL of aqueous CHPTAC solution was added dropwise into
the polysaccharide solution. The mixture was reacted at 70°C for
3 h under N, protection. The reacted product was neutralized with
aqueous HCI, and dialyzed against distilled water for seven days
to give the quarternized polysaccharide solution. The solution was
finally lyophilized to obtain the quaternized polysaccharide deriva-
tive, coded as QGP, which was a polyelectrolyte.

2.3. Preparation of ZnO microspheres

For the synthesis of the ZnO microspheres, 120 mL of diethylene
glycol and 3 g of zinc acetate dihydrate were added into a 250 mL
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round bottom flask. The mixture was heated to 150 °C under mag-
netic stirring until zinc acetate dihydrate completely dissolved. The
solution was heated to 180°C and reacted for 2 h. Subsequently,
the milky-white reacted product was cooled in an ice bath and
then centrifuged. The precipitate was washed with absolute alco-
hol, 50% (v/v) ethanol/water solution and water, respectively, and
finally lyophilized to obtain white ZnO microspheres.

2.4. Stepwise deposition of polysaccharide-based polyelectrolyte

Typical alternating adsorption conditions were used to create
the polyelectrolyte multilayers on the colloidal ZnO microspheres,
i.e., 1mg/mL of the polyelectrolyte (CMGP or QGP) in 0.5M Na(l,
and ZnO particle concentration of 1.5 wt%. The adsorption time was
20 min. Centrifugation speeds of 6000 rpm were more than suf-
ficient to settle the polyelectrolyte-coated particles. Prior to the
addition of the next polyelectrolyte, the particles were washed
three times with ultrapure water to ensure complete removal of
the non-adsorbed polyelectrolytes.

In order to achieve stepwise deposition of the CMGP/QGP
polyelectrolytes on the colloidal particles, positively charged ZnO
microspheres were initially suspended in negatively charged CMGP
aqueous solution. After electrostatic adsorption, the excess CMGP
molecules were removed by three-time centrifugation and wash-
ing with ultrapure water. The next layer deposition was carried out
with positively charged QGP aqueous solution via the same proce-
dure. Consecutively, alternating adsorption of oppositely charged
polyelectrolyte layers was carried on until the desired number of
layers was deposited.

2.5. Fabrication of hollow microcapsules

After four bilayers of CMGP/QGP had been deposited
onto the colloidal ZnO particle, the composite microspheres
ZnO/(CMGP/QGP)4 were treated with 0.1 M acetic acid solution.
With the HAc solution added dropwise, the core was decom-
posed immediately, as evidenced by the fact that the initially
milk-white suspension became essentially transparent within a
few seconds. The mixture solution was then dialyzed against tap
water for five days and ultrapure water for three days to remove
the excess acid and the ZnO degradation products, and finally
lyophilized to obtain the hollow microcapsules, which consist only
of polysaccharide-based polyelectrolytes.

2.6. Characterizations

Fourier-Transform Infrared Spectra (FTIR) of the native polysac-
charide and its derivatives were recorded on a Nicolet 170SX
FTIR (Spectrum One, Perkin Elmer Co., USA) spectrometer in the
range of 4000-400 cm~! using the KBr-disk method. 13C NMR mea-
surements of the samples were analyzed on a Mercury 600 NMR
spectrometer (Varian Inc., USA) at room temperature. The concen-
trations of GP and its derivatives were adjusted to 80 mg/mL for
NMR experiments. DMSO-dg was used as the solvent for GP and
99.96% D, 0 was used as the solvent for the derivatives, respectively.

Transmission electron microscopy (TEM) of the colloidal ZnO
microspheres was carried out with a JEOL JEM-2010 (HT) electron
microscope at an accelerating voltage of 200 kV. High-resolution
transmission electron microscopy (HRTEM) image was taken on a
JEOL JEM 2010 FEF (UHR) microscope at 200 kV. Scanning electron
microscopy (SEM) measurements were performed with a FESEM
(SEM, SIRION TMP, FEI) operated at an accelerating voltage of
20kV. The surface of the specimens for SEM observations was
sputter-coated with about 5 nm of Au film under vacuum, and then
observed and photographed.

The zeta potentials of ZnO microspheres alternately coated with
CMGP and QGP were measured using Zetasizer Nano-ZS (Malvern
Instruments, UK) in ultrapure water at 25°C. All measurements
were performed in triplicate. Mean values and corresponding
standard deviations (mean 4 SD) were shown as results.

The viscosity of the polysaccharide derivatives in water was
determined by using an Ubbelodhe capillary viscometer at 25°C.
The kinetic energy correction was always negligible. The Huggins
equation was used to estimate the intrinsic viscosity ([n]) value
by extrapolation of concentration (c) to zero as follows (Huggins,
1942),

B2 — )+ ki M
where nsp/c is the reduced specific viscosity, and k is the constant
for a given polymer in given conditions.

A modified commercial instrument consisted of an
ALV/DLS/SLS-5000E light scattering goniometer (ALV/CGS-8F, ALV,
Germany) with vertically polarized incident light of wavelength
632.8 nm from a He-Ne laser equipped with an ALV/LSE-5003 light
scattering electronics and multiple tau digital correlator was used
to measure the hydrodynamic radius (Ry,) and the hydrodynamic
radius distribution f{Ry,) for the colloidal ZnO particles and the
microspheres alternately deposited with eight-layer polyelec-
trolytes [ZnO/(CMGP/QGP)4] in water at 25°C. The normalized
autocorrelation function g(2)(t,q) of scattered light intensity, which
related to the z-average translational diffusion coefficient D,
and q(4mnsin(6/2)/1¢) was measured at 90°. The Ry, value was
calculated with the Stokes-Einstein relation as follows (Zhang
et al.,, 2000),

_ kBT
N 6]‘[770DZ

h (2)
where kg, T and 7o denote the Boltzmann’s constant, absolute
temperature and the solvent viscosity, respectively. The hydro-
dynamic radius distribution f(R;,) can also be calculated from the
Laplace inversion of the measured intensity-intensity time corre-
lation function G(2)(t) by using the CONTIN program.

3. Results and discussion
3.1. Chemical structure of CMGP and QGP

G. lucidum polysaccharide (GP) was water-insoluble, whereas
its derivatives, CMGP and QGP, were water-soluble. Fig. 2a shows
the IR spectra of GP and its derivatives. All samples displayed a sig-
nificant absorption at 3400 cm~!, which is due to the stretching
vibration of -OH. There was a significant absorption at 890 cm™!,
which is the key characteristic peak of the B-glycosidic bond, indi-
cating that the GP and its derivatives were from [3-D-glucan (Kiho,
Sakushima, Wang, Nagai, & Ukai, 1991). For CMGP, there were
two new absorption peaks at 1620 and 1430cm~!, which were
attributed to the asymmetric stretching vibration of -COOH and
the symmetric stretching vibration of -COOH, respectively (Wang,
Zhang, & Ruan, 2004; Zhang, Zhang, Chen, & Zeng, 2001). In the
IR spectra of QGP, new characteristic absorption peaks appeared
at 1480cm~! and 1417 cm~!, which were assigned, respectively,
to characteristic absorption peak of the methyl (-CH3) in quater-
nary ammonium groups (Loubaki, Ourevitch, & Sicsic, 1991) and the
stretching vibration peak of C-N in quaternary ammonium groups
(Kacurakova, Ebringerova, Hirsch, & Hromadkova, 1994; Pal, Mal,
& Singh, 2005). The results of IR indicated that the derivatization
of GP were completed to give carboxymethylated and quaternized
glucans. To further characterize their structure, 13C NMR measure-
ments were carried out. Fig. 2b shows the 13C NMR spectra of GP
and its derivatives of CMGP and QGP. The original polysaccharide
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Fig. 2. (a) FT-IR spectra of native GP and its derivatives CMGP and QGP. (b) '*C NMR
spectra of GP in DMSO-dg, CMGP and QGP in D,0.

GP contained only six uniform peaks, at 103.7, 86.8, 77.0, 73.5, 69.1
and 61.5 ppm, which were attributed to C1, C3, C5, C2, C4 and C6 of
[3-p-glucan, respectively. This result was consistent with the litera-
ture, indicating that the GP was a linear 3-(1 — 3)-p-glucan (Colson,
Jennings, & Smith, 1974). Usually, the linear 3-(1 — 3)-D-glucan is
water-insoluble, because the side chains contribute mainly to the
solvation of polysaccharide in aqueous solution, whereas the back-
bone is relatively hydrophobic. Compared with the GP, the 13C NMR
spectrum of the anionic polysaccharide CMGP exhibited a clear sig-
nal peak at § =177.8 ppm, attributed to the C=0 carbon. Meanwhile,
the signals at § = 70.0 ppm, 74.4 ppm and 81.3 ppm were attributed
to substituted C6’, C4’ and C2/, respectively. Fig. 2b also shows the
13C NMR spectrum of the cationic polysaccharide QGP. The chem-
ical shift of 102.6 ppm corresponding to C1 was shifted to lower
field due to the influence of derivatization. The peaks at 84.1, 75.7,
73.4, 68.2 and 60.8 ppm were attributed to C3, C5, C2, C4 and C6,
respectively. The peaks of C2’, C4’ and C6’ substituted by quater-
nary ammonium were at 81.7, 74.3 and 65.5 ppm, respectively. The
peaks of C7,C8 and C9 were at 74.3,65.0 and 69.7 ppm, respectively.
The strongest peak at 54.3 ppm was attributed to the methyl carbon
of (CH3)3N*. The NMR results further confirmed that QGP was the
quaternary ammonium cationic derivatives of GP, and CMGP was
carboxymethylated glucan. In view of these results, it can be con-
cluded that the water-soluble anionic and cationic polysaccharides
(CMGP and QGP) were synthesized successfully from the water
insoluble polysaccharides of G. lucidum.

3.2. Electrostatic force between CMGP and QGP

It is well known that the intrinsic viscosity is a measure of
the hydrodynamic volume of macromolecules, and it can reflect
the extent of the expansion of the polymer chains by electro-
static repulsion (Mitchell, 1979; Lapasin & Pricl, 1995). In plots
of reduced viscosity versus polyelectrolyte concentration, there is
usually a change in slope in the extremely dilute concentration
regime (Fuoss & Strauss, 1948). As shown in Fig. 3, the reduced
viscosity (7sp/c) of the two kinds of derivatives (CMGP and QGP)
increased significantly with a decrease in the concentration (c),
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Fig. 3. Plots of reduced viscosity (7sp/c) against concentration (c) of polysaccharide-
based polyelectrolytes in pure water at 25°C.

indicating the typical electrostatic repulsion effects of the poly-
electrolytes in water. The introduction of the carboxyl methyl or
quaternary ammonium groups through derivatization, resulted in
the polyelectrolytes with negative charge or with positive charge.
There was the mutual repulsion between the groups with similar
charge in the polyelectrolyte chains in pure water. The electro-
static repulsion between the similarly charged groups led to the
expansion of the polyelectrolyte chains. Thus the nsp/c value rapidly
increased upon the dilution of the polymer solution (Zhou et al.,
2001). From the results in Fig. 3, the nsp/c values of QGP were much
more than that of CMGP, indicating that the QGP chains exhibited
relatively large electrostatic force and stiffness.

3.3. Structure and size of the ZnO colloidal particles

Zinc acetate was used as the precursor. The product generated
by solvothermal reaction at 180°C was centrifuged to discard the
supernatant, subsequently anhydrous ethanol was added and then
ultrasonic dispersed into suspension for thorough cleaning. This
step was repeated twice, after which the white ZnO powder was
obtained by freeze-drying. Fig. 4a and b shows the TEM images of
the sample thus prepared. Clearly, there existed a wide distribution
of the ZnO microspheres diameters ranging from 400 to 1100 nm.
Fig. 4d shows the typical energy-dispersive spectrum (EDS) of the
ZnO microspheres, indicating the presence of only elements Zn
and O (the element Cu arose from the copper grid), and further
confirming that the product was ZnO. The selected area electron
diffraction (SAED) in Fig. 4c shows the typical diffraction circles,
corresponding to (100), (002), (101), (102), (003) and (110)
planes (Wang, Sasaki, et al., 2003; Wang, Xing, et al., 2003). This
indicated that the microspheres were wurtzite ZnO.

Fig. 4e shows the SEM results of the ZnO particles. The particles
exhibited a better spherical morphology. Our statistical analysis
revealed that the average microsphere size was 712 +£ 119 nm, con-
sistent with that in the TEM. It indicated that we have successfully
fabricated ZnO microspheres by the solvothermal method.

3.4. Construction of ZnO/CMGP/QGP microspheres

The LbL self-assembly technique was used to consecutively
deposit the oppositely charged CMGP and QGP on the surface of
the ZnO particles, rendering the formation of core-shell composite
ZnO/(CMGP/QGP)4 microspheres with the ZnO particles as the core
and the multilayer polyelectrolytes of CMGP and QGP as the shell.
The main driving force in the alternate adsorption was thought to
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Fig. 4. Typical TEM images of ZnO microspheres (a,b); the SAED pattern of the ZnO microspheres showing diffraction circles corresponding to (100), (002),(101),(102),
(003)and (110) planes of the wurtzite ZnO (c); and typical EDS spectra from the same single microsphere (d). SEM image of the ZnO microspheres (e).

be electrostatic interaction between CMGP with negative charges
and QGP with positive charges. To verify the stepwise deposition
of two polyelectrolytes, the changes in the surface zeta potential of
the colloidal CMGP/QGP coated microspheres during the assembly
process were characterized. Fig. 5a shows the variation of the zeta
(¢) potential of the coated microspheres as a function of the num-
ber of deposited polyelectrolyte layers. The ¢-potential value for the
original ZnO particles was +30.1 mV. When adsorbed with one layer
of anionic polyelectrolyte CMGP, the surface ¢-potential changed
to —17.0mV. Then with the adsorption of a layer of cationic poly-
electrolyte QGP, the {-potential became +28.0 mV. With alternately
adsorption of oppositely charged polyelectrolytes, the ¢-potential
values varied periodically between positive and negative. The
results demonstrated strongly that the CMGP/QGP realized layer-
by-layer assembly on the surface of the ZnO microspheres. Since the
charges of the polyelectrolyte monolayer deposited onto colloidal
particles were the same, the electrostatic force between chains
made the adsorption capacity increased hardly, and to some extent
became saturated, thus ensuring the shell stability.

To provide additional direct evidences on the structure of
the ZnO/CMGP/QGP core-shell microspheres, TEM was used to
investigate the morphology of the microspheres. Fig. 6 shows
the typical TEM images of the core-shell composite micro-
spheres with different layers assembled by alternating deposition
of CMGP and QGP onto ZnO microspheres. All the composite
microspheres with different shell layers, such as ZnO/(CMGP/QGP)
with two layers, ZnO/(CMGP/QGP),/CMGP with five layers and
ZnO/(CMGP/QGP)3/CMGP with seven layers exhibited typical
core-shell structure. Clearly, the difference in the contrast between
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the ZnO core and the CMGP/QGP multilayers shell was the result of
the orderly assembly of oppositely charged polyelectrolytes alter-
nately deposited onto the ZnO microsphere surface by electrostatic
attraction. It was noted that the self-assembly process was carried
out in 0.5M NacCl aqueous solution, so the inorganic salts would
partially shield the ionic groups of the polyelectrolytes, leading to
the reduction of the electrostatic repulsion. When adsorbed to the
oppositely charged surface, the coiling chain conformation made
it difficult to tile on the surface, eventually leading to the surface
with non-uniform morphology and increasing roughness (Lvov,
Ariga, Ichinose, & Kunitake, 1996; Schmitt et al., 1997). With an
increasing number of deposited polyelectrolyte layers, the shell
thickness exhibited aregular growth. The TEM results revealed that
the shell thickness was about 48 nm for two layers; 101 nm for
five layers; 145 nm for seven layers, respectively. Thus, the aver-
age polyelectrolyte monolayer thickness could be calculated to be
~20-24 nm. These results indicated that the alternating deposition
of the polyelectrolyte had a growth rate of layer thickness, which
was consistent with the number of layers.

Fig. 5b shows the hydrodynamic radius distribution of the
microspheres before and after the CMGP/QGP multilayer depo-
sition. In the absence of the adsorbed polyelectrolytes, its
hydrodynamic radius (R;,) of the ZnO microspheres was 348 nm,
or a diameter of about 700 nm. However, for the microspheres
with eight adsorbed layers of polyelectrolytes, the size of the
ZnO/(CMGP/QGP)4 microspheres exhibited significant growth to
give the Ry, value of 565 nm. From the data of DLS, the average
monolayer thickness could be calculated to be about 27 nm, very
close to that obtained from TEM. The DLS results further supported
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Fig. 5. (a) {-potential as a function of layer number for ZnO particles coated with alternatively CMGP (odd) and QGP (even) as the outer layer. The line is to guide the eye and
has no physical meaning. (b) Hydrodynamic radius distribution [f{Ry, )] of colloidal ZnO particles (I) and ZnO particles coated with eight-layer polyelectrolytes (II) in aqueous

solution at 25°C.
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Fig. 6. TEM micrographs of colloidal ZnO particles coated with different layers of CMGP/QGP (a: 2 layers; b: 5 layers; c: 7 layers). Regular growth of the polyelectrolyte
multilayers can be clearly seen, evidenced by an increase in the thickness of the polyelectrolyte shell.
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Fig. 7. TEM micrographs of CMGP/QGP hollow microcapsules with different magnification.

strongly that the polyelectrolyte monolayer adsorbed by the col-
loidal ZnO particle had a thickness of ~25 nm.

3.5. Creation of hollow microcapsules

Fig. 7 shows the TEM images of the microcapsules stained
by 0.1% (w/v) phosphotungstic acid aqueous at different magni-
fications. The stained polyelectrolyte layer surrounding the less
stained shell interior can be clearly identified. Interestingly, after
the removal of the ZnO template, the hollow microcapsules col-
lapsed into an ellipsoidal shape, and the capsule size was reduced
slightly but still comparable with the core-shell composite micro-
spheres. Moreover, the hollow capsules were found to be intact,
indicating that the removal of the ZnO core did not rupture the
microcapsule. The capsule deformation was a result of the large
osmotic pressure between the inside and outside of the capsule
during core removal process, which commonly exists in the prepa-
ration of polyelectrolyte capsules. The folds in the surface of the
capsules were generated by drying during the preparation. The
proteins, nucleic acids, drugs and other active substances could be
easily encapsulated in the hydrophilic microcapsules, providing the
potential applications in the field of controlled drug-delivery.

On the basis of the results described in previous sections,
a schematic description of the assembly of the quaternized
polysaccharide and the carboxymethyl polysaccharide by alternate
deposition onto the ZnO particles is proposed in Fig. 8. As shown
in Fig. 8 (a), the colloidal ZnO particles with positive charge was
added firstly into the excess negatively charged CMGP solution,
leading to the adsorption of CMGP on the surface of the ZnO parti-
cles, supported by the results in Fig. 5a. After the excess CMGP was
removed by centrifugation and washing, a positively charged QGP
solution was selected to repeat the process. As shown in Fig. 8b
and c, the oppositely charged polyelectrolytes were stepwisely
adsorbed on the surface of the ZnO particles, forming the com-
posite microspheres with ZnO as the core and CMGP/QGP as the
shells, supported by the results in Figs. 5 and 6. Finally, the micro-
capsules were constructed by removing the ZnO core, as shown

a(_rr’\'\.‘

-

d‘

hollow capsule

————-

j stepwise deposition

collmdal ZnO particle
CMGP/QGP multllayers

stepwise adsorpty adsorption
core-shell microsphere

Fig. 8. Schematic illustration of the polysaccharide-based polyelectrolytes deposi-
tion progress and of the subsequent core decomposition. The red and dark green
molecules represent polyanions and polycations, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

in Fig. 8d. The hollow microcapsules were confirmed by the data
from DLS and TEM in Figs. 5b and 7. It is well reported that the
G. lucidum polysaccharide is a 3-glucan with excellent bioactivity
and biocompatibility as well as non-toxic side effects. Therefore, the
hollow microcapsules constructed by the glucan derivatives have
a great potential in the drug-delivery systems.

4. Conclusion

A water-insoluble linear 3-(1— 3)-p-glucan was successfully
used as raw material to synthesize the carboxymethyl polysac-
charides (CMGP) and the quaternary ammonium polysaccharides
(QGP) in the NaOH aqueous solution. The CMGP and QGP samples
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were water-soluble, and showed a typical polyelectrolyte effect in
aqueous solution as a result of strong electrostatic force. Thus, the
negatively charged CMGP and the positively charged QGP were
alternately layer-by-layer deposited easily on the surface of the
ZnO colloidal particles with positive charge, leading to the forma-
tion of the multilayered composite microspheres. The thickness of
the shell could be controlled by the number of layers of the CMGP
and QGP polyelectrolytes alternately deposited, and increased from
48 to 145 nm with an increase of the number of layers from two
to seven. The CMGP/QGP hollow microcapsules were constructed
by removing the ZnO core with acetic acid. Due to the benefi-
cial health properties of the 3-p-glucans, the CMGP/QGP hollow
microcapsules were safe and biocompatible, that will have poten-
tial applications in the field of controlled drug release.
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