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Nanoporous  poly(l-glutamic  acid)/chitosan  (PLGA/CS)  multilayer  microcapsules  were  fabricated  by
layer-by-layer  (LbL)  assembly  using  the  porous  silica  particles  as sacrificial  templates.  The  LbL  assem-
bled  nanoporous  PLGA/CS  microcapsules  were  characterized  by  Zeta-potential  analyzer,  FTIR,  TGA, SEM,
TEM  and CLSM.  5-Fluorouracil  (5-FU)  was  chosen  as  model  drug.  The  drug  loading  content  of  PLGA/CS
microcapsules  depends  on loading  time,  loading  temperature,  pH  value  and  NaCl  concentration.  High
loading  capacity  of  microcapsules  can  be  achieved  by  simply  adjusting  pH value  and  salt  concentration.
anoporous
ayer-by-layer assembly
oly(l-glutamic acid)
hitosan
rug delivery systems

Moreover,  5-Fu  loaded  microcapsules  take  on  a sustained  release  behavior,  especially  in  an  acid  solu-
tion, in  contrast  to burst  release  of bare  5-Fu.  The  kinetics  of  5-Fu  release  from  PLGA/CS  microcapsules
conforms  to  Korsmeyer-Peppas  and Baker-Lonsdale  models,  the  mechanism  of which  can  be  ascribed  to
priority  of  drug  diffusion  and  subordination  of polymer  degradation.  The  MTT  cytotoxicity  assay  in  vitro
reveals  the satisfactory  anticancer  activity  of the  drug-loaded  PLGA/CS  microcapsules.  Therefore,  the
novel  nanoporous  PLGA/CS  microcapsules  is  expected  to find  application  in  drug  delivery  systems.
. Introduction

The polyelectrolyte microcapsules prepared by layer-by-layer
LbL) assembly technique have attracted particular interest because
f their tailored properties, such as size, composition, surface func-
ionality and so on (Donath et al., 1998; Caruso et al., 2001), and find
otential applications in medicine, drug delivery, micro-reactor,
atalysis, etc. (Antipov and Sukhorukov, 2004; Ye et al., 2005; Liang
t al., 2005; He et al., 2005).

With the LbL technique, various spherical templates can be used
o fabricate polyelectrolyte multilayer hollow microcapsules with
ontrolled wall permeability. Different drugs have been loaded

nto the hollow microcapsules by simply adjusting the permeabil-
ty of the capsule wall at different pH value or salt concentration
Johnston et al., 2006). However, in the application of drug delivery
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system, hollow microcapsules still have several shortcomings as
follows: (1) Hollow microcapsules are ready to rupture or collapse
due to lack of the internal support, so more adsorption steps of
polyelectrolytes during LbL assembly process are needed to get the
thicker mutilayer wall. (2) The drug loadings achieved are typically
low, as the maximum concentration of drug inside the capsules is
often limited to the concentration in the solution (Johnston et al.,
2006; Mao  et al., 2005). (3) The polyelectrolytes employed for the
LbL assembly mainly focus on non-degradable synthetic polyelec-
trolytes or nature polyelectrolytes with uncontrollable structure
and properties because of different natural sources and batches.

In order to improve the drug loading amount, a technique
combining porous particles and LbL assembly has been developed.
The drug is absorbed within a porous particle, such as silica (Yu
et al., 2005) and calcium carbonate (Wang et al., 2006) that can be
subsequently LbL-coated. However, the activity and loading con-
tent of the drug may  be affected in the process of porous templates
removal. Wang et al. have reported the nanoporous polyelectrolyte
microcapsules fabricated by LbL absorption of poly(acrylic acid)
(PAA) and poly(allylamine hydrochloride) (PAH) onto the pores of

the porous silica spheres and removing the silica template (Wang
et al., 2006). Comparing with hollow microcapsules, nanoporous
microcapsules with internal support of polyelectrolyte network
and high surface area ensure their properties of good structural

dx.doi.org/10.1016/j.ijpharm.2012.01.025
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:yrduan@shsci.org
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Fig. 1. Schematic illustration for the prep

tability and high drug loading capability. However, both PAA
nd PAH are non-degradable synthetic polyelectrolytes, which
imits the biomedical applications. Moreover, the drug loading and
elease behavior is not detailed researched.

As for the wall substance of polyelectrolyte microcapsules,
iodegradable synthetic polyelectrolytes have the advantages of
ontrollable chemical structure, molecular weight, and various
erformances, which are superior to non-degradable synthetic
olyelectrolytes or nature source-related polyelectrolytes. So the
ybrid polymeric microcapsules combining natural and biodegrad-
ble synthetic polyelectrolytes are expected to make up for the
eficiencies of nature polymers.

Here, in order to improve the forementioned dimerits of
ollow microcapsules as drug delivery vehicle, nanoporous poly(l-
lutamic acid)/chitosan (PLGA/CS) multilayer microcapsules were
eveloped for drug delivery system using porous silica as tem-
lates. 5-Fluorouracil (5-Fu), an antineoplastic drug, was used as
odel water-soluble drug to research the loading and release prop-

rties of the microcapsules. The polyelectrolytes selected for this
tudy, poly(l-glutamic acid) and chitosan, make a pair of a synthetic
olypeptide and a nature polysaccharide with opposite charges.
LGA, as a synthetic polypeptide, is unique in that it is composed
f naturally occurring l-glutamic acid linked together through
mide bonds (Li, 2002). It possesses controlled molecule weight,
esigned structure and excellent biocompatibility. CS is a partially
eacetylated form of chitin, an abundant polysaccharide present

n crustacean shells (Janes et al., 2001). CS is well-known for its
iological properties such as biodegradability and biocompatibility
llowing its use in drug delivery systems.

The LbL assembly process of PLGA/CS microcapsules, the 5-FU
oading and release properties were investigated. The nanoporous
LGA/CS microcapsules show stable structure of the walls, high
oading and sustained release of 5-FU, demonstrating a good
rospect of application in controlled drug release.

. Materials and methods

.1. Materials

Poly(l-glutamic acid) (M� = 2.0 × 104) was prepared in our lab-

ratory. CS (M� = 4.0 × 104) was purchased from Jinan Haidebei
arine Bioengineering Corp. (Shangdong, China). 1-Ethyl-3-(3-

imethylaminopropyl) carbodiimide hydrochloride (EDC) was
urchased from Covalent Chemical Technology Co., Ltd (Shanghai,
n of nanoporous PLGA/CS microcapsules.

China). Fluorouracil (5-FU) was  purchased from Nantong Pharmacy
Co., Ltd (Jiangsu, China). Other reagents were all analytical grade
and used as received.

2.2. Preparation of nanoporous PLGA/CS microcapsules

Porous silica microspheres were used as template in this work.
They were prepared through controlled hydrolysis of sodium
metasilicate using cetyltrimethylammonium bromide as a struc-
ture directing agent, as reported previously (Schulz-Ekloff et al.,
1999). The surface of nanoporous silica microspheres was function-
alized using �-aminopropyltriethoxysilane. Amine ( NH2) surface
functional groups were introduced and the positive charged silica
microspheres were achieved.

The absorption of polyelectrolyte PLGA/CS multilayers on the
surface of nanoporous silica microspheres was performed using
LbL assembly technique, as shown in Fig. 1. The positively charged
porous silica microspheres (10 mg)  were incubated with 4 mL  aque-
ous PLGA solution (5 mg/mL, containing 0.5 M NaCl, pH = 4.4). 2 h
was allowed for adsorption at 25 ◦C. NaCl was used to facili-
tate the infiltration of polyelectrolytes in the pores (Wang and
Caruso, 2006). And the electrostatic bonding of COOH and NH2
is strongest at pH = 4–5 (Dai et al., 2007). Excess PLGA was removed
by two cycles of centrifugation (13,000 rpm, 3 min) and wash-
ing with NaCl solution (0.5 M,  pH = 4.4). Cross-linking of absorbed
polyelectrolyte layer was performed by immersing the sample in
0.5 mL  EDC (60 mg/mL, pH = 5.5) for 2 h. The following CS layer was
deposited with 4 mL  CS solution (5 mg/mL, containing 0.5 M NaCl,
pH = 4.4, and the processes of centrifugation/washing/crosslinking
were performed as above. The PLGA and CS adsorption steps were
repeated until two pairs of PLGA/CS coating was reached.

The porous microcapsules were obtained by exposing the
PLGA/CS coated silica template to 2 mL  HF (5 M)  aqueous solu-
tion for 30 min. After several cycles of centrifugation (26,000 rpm,
3 min) and washing with deionized water, nanoporous PLGA/CS
microcapsules were lyophilized for further use.

2.3. 5-Fu loading and release

1 mg  PLGA/CS microcapsules were dispersed in 5 mL  5-Fu

aqueous solution (1 mg/mL) for absorption. Various factors that
affect the loading content of microcapsules were studied, includ-
ing loading time, temperature, pH value and salt concentration.
After being incubated under various conditions, the 5-FU-loaded
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icrocapsules were centrifuged (16,000 rpm, 5 min), washed 2
imes with de-ionized water, centrifuged and freeze-dried for
urther use in release experiments. The concentration of 5-FU
emained in the supernatant after centrifugation was  measured at
65 nm wavelength, which is the UV-vis spectroscopy characteris-
ic absorption wavelength. The 5-FU inside the microcapsules was
alculated through the difference between the input amount and
he amount in the supernatants produced during the washing pro-
ess. According the following formula to reckon the 5-Fu loading
ontent into microcapsules:

oading content = (md/mt) × 100%

here md is the mass of 5-Fu into microcapsules and mt the total
ass of 5-Fu-loaded microcapsules.
For the examination of 5-Fu release, 10 mg  5-Fu loading micro-

apsules were put into dialysis bag and exposed to either 100 mL
hosphate buffer solution (PBS) (pH 7.4) or hydrochloric acid buffer
olution (pH 1.0). 5 mL  buffer solution was fetched from release
ystem at each interval and measured at 265 nm by UV-VIS spec-
rophotometer. 5-Fu cumulative curve can be plotted according to
-Fu PBS (pH = 7.4) release calibration curve and cumulative release
ormula:

 = 100 × Ct +
t−1∑

i=1

5 × Ci

% = (Q/md) × 100%

here Q is total quantity of 5-Fu released from microcapsules in
g, Ct is 5-Fu concentration in buffer solution at time t and md the
ass of 5-Fu in microcapsules.
For comparison, the drug release experiment of bare 5-FU and

-FU loaded porous silica was conduct.

.4. In vitro cytotoxicity measurement

The antitumor activity of 5-Fu-loaded PLGA/CS microcapsules
as evaluated by MTT  method. LM3  cells (human hepatocellu-

ar carcinoma cells) were cultured on a 96-well tissue culture
lates (100 �L/well; Cellstar) at 1 × 105 cells/mL in DMEM (Dul-
ecco’s modified Eagle’s medium; Sigma–Aldrich, USA) containing
0% fetal bovine serum (FBS, Biochrom Ag, Germany), and then

ncubated at 37 ◦C in 5% CO2 for 12 h. Then, the culture medium
as replaced by 100 mL  of medium containing different concen-

rations of 5-Fu-loaded PLGA/CS microcapsules. The cell viability
ultured with DMEM medium was used as control. 25 �L of MTT  (3-
4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide,

 mg/mL) was added into each well followed by 2 h incubation
t 37 ◦C. Dimethylsulfoxide (100 �L) was added into each well
nd incubated for 15 min. The reaction was optically monitored
t 570 nm (A570) using a 96-well microtiter plate reader (Bio-Rad
odel 550, USA). All experiments were carried out in triplicate. The

nhibitory rate of LM3 cells was calculated according to following
quation (Huang et al., 2007):

nhibitory rate = A570(control) − A570(drug)
A570(control)

here A570(control) was the absorbance in the control groups, and
570(drug) was the absorbance in the 5-Fu-loaded PLGA/CS micro-
apsules groups.
.5. Characterization

Zeta (�) potentials were determined with Malvern Zetasizer
000HS equipped with MPT-1 titrator (Malvern, Worcestershire,
armaceutics 427 (2012) 443– 451 445

UK). Electrophoretic mobilities were converted to �-potentials
using Smoluchowski’s equation.

Scanning electron microscopy (SEM, JEOL, JSM-6700F) and
transmission electron microscopy (TEM, JEOL JEM-200CX, operated
at 120 kV) were used to examine the morphologies of the sam-
ples. Samples for SEM observation were prepared by depositing
suspensions of porous silica or PLGA/CS microcapsules on Si slides.

The FTIR spectra were recorded using a spectrophotometer
(AVATAR 370, Nicolet, USA) in the region of 4000–500 cm−1.

UV-vis spectra were recorded on an Agilent 8453 UV-vis spec-
trophotometer.

TGA experiments were conducted using Simultaneous Thermal
Analysis (STA409PC). The samples were heated from 25 to 950 ◦C
with a heating rate of 10 ◦C/min in air.

Confocal micrographs of PLGA/CS microcapsule samples were
taken with an LSM700 confocal laser scanning microscopy (CLSM)
(Carl Zeiss Inc.). CS was conjugated using rhodamine B isothiocy-
nate, which is a fluorescent dye, with excitation at 510–550 nm and
fluorescence emission of red light. The rhodamine B-labeled CS and
was used to prepare PLGA/CS microcapsules as described in Section
2.2.

3. Results and discussion

3.1. Preparation of nanoporous PLGA/CS microcapsules by LbL
assembly

As mentioned above, in order to increase the stability of
microcapsules fabricated by LbL assembly, nanoporous silica
microspheres were chosen as templates and crosslinking of poly-
electrolytes was performed to form a network sustainment. So the
porous microcapsules can be obtained by depositing less polyelec-
trolyte layers. Fig. 2 shows the characterization of LbL assembly of
polyelectrolytes and the resultant PLGA/CS microcapsules.

The LbL assembly of PLGA and CS on porous silica templates is
followed by microelectrophoresis. The surface of modified porous
silica possesses a large number of NH2 groups, which turns to be

NH3
+ with positive charge after ionized in aqueous solution. In

a similar way, PLGA with COO− possess negative charge while
CS with NH3

+ is positive charged. As shown in Fig. 2a, the silica
particles with outermost layers of PLGA and CS yield alternating
�-potentials of −16 to −38 mV  and +26 to +42 mV.  The alternating �-
potentials observed with each coating step suggest that multilayers
are formed on porous silica templates with the main driving force
of electrostatic adsorption (Schüler and Caruso, 2001; Tao et al.,
2006). The �-potential increases with polyelectrolyte concentra-
tion, which can be attributed to the increasing charge density of
outmost polyelectrolytes on the particles.

Morphology observation of silica microspheres and PLGA/CS
microcapsules was conducted using SEM and TEM, as shown in
Fig. 2b. The silica templates have a rough surface with an average
diameter of about 2 �m,  as shown in Fig. 2b-A and b-E. Upon high
magnification, nanoporous structure is clearly seen in Fig. 2b-C with
pore size of 10–20 nm.  Compared with silica templates, PLGA/CS
microcapsules retain the original shape of silica templates with no
sign of rupture or collapse, but the size of which is much smaller
than that of bare silica template, as shown in Fig. 2b-B and b-F.
Wang et al. also found the shrinkage of polymer-based spheres
after dissolve the templates (Wang et al., 2006). High magnifica-
tion of the SEM observation also shows the nanoporous structure
of PLGA/CS microcapsules. The integrity and nanoporous structure

of PLGA/CS microcapsules indicates their high potential in drug
delivery system. TGA curve of PLGA/CS microcapsules shows very
little remaining weight (about 2.3 wt%) after heated to 950 ◦C in
air, as shown in Fig. 2b-G, revealing substantial remove of silica
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Fig. 2. Fabrication of nanoporous PLGA/CS microcapsules by LbL assembly. (a) The �-potential versus layer number for the LbL self-assembly of PLGA and CS on porous SiO2

particles. The odd layer numbers correspond to PLGA deposition and the even layer numbers to CS adsorption. (b) SEM (A–D) and TEM (E and F) images of porous SiO2

particles (A, C and E) and PLGA/CS microcapsules (B, D and F), TGA curve of PLGA/CS microcapsules (G), and CLSM image of PLGA/CS microcapsules (CS was  labeled using
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hodamine B isothiocynate). (c) The FTIR spectra of PLGA, CS, PLGA/CS microcapsul
olymers in PLGA/CS microcapsules.

emplates. Fig. 2b-H shows the CLSM image of PLGA/CS microcap-
ules. Uniform fluorescence can be observed across the particle
ross-sections due to the homogeneous distribution of rhodamine

 isothiocynate-labeled CS throughout the PLGA/CS microcapsules,
eflecting the non-hollow structure and the porous nature of the
LGA/CS microcapsules, which is in contrast to ring fluorescence
or traditional hollow microcapsules (Gao et al., 2001; Tao et al.,
006).

Fig. 2c presents the FTIR spectra of silica templates, PLGA,
S and PLGA/CS microcapsules. For PLGA, the absorption bands

ocated at 3429, 1734, 1628 and 1545 cm−1 originate from O H,
 O, amide I and II, respectively. With respect to CS, the character-
stic absorption band at 3429 cm−1 is attributed to the stretching
ibration of the N H group bonded to the O H group, and the
eaks at 1657 and 1597 cm−1 are ascribed to amide I and II bands
Dai et al., 2007; Song et al., 2009). The silica template shows
 SiO2 templates. (d) Schematic illustration for the interaction between component

the characteristic band at about 1063 cm−1, which is ascribed to
the stretching vibration of Si O Si band (Yan et al., 2004). This
characteristic absorption of silica template can hardly be detected
in the spectrum of PLGA/CS microcapsules, indicating the sub-
stantial removal of silica templates. For PLGA/CS microcapsules,
the original characteristic absorptions of C O group at 1734 cm−1

and amide II group at 1545 cm−1 for PLGA almost disappear, also
do those of amide I and II bands for CS. New absorption bands
that appear at peaks of 1730 and 1637 cm−1, which means strong
interaction between PLGA and CS. As mentioned above, there
exists strong electrostatic interaction between negatively charged
carboxylic acid ions ( COO−) on PLGA and the positively charged

amino groups ( NH3

+) on CS, which facilitates the alternating
deposition of PLGA and CS. What is more, in order to further
improve the stability of microcapsules, EDC treatment was used to
form amide bonds between the COOH groups in PLGA and NH2
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ig. 3. 5-Fu loading in various conditions. (a) Drug content of PLGA/CS microcap
emperature. (c) 5-Fu content as a function of pH value of loading solution. (d) Dru
A)  PLGA/CS microcapsule and (B) partial enlargement of polyelectrolyte wall in dif

oieties in CS (Pouyani et al., 1992, 1994; Kuo et al., 1991). While
bsorption band at 3431 cm−1 represents the non-crosslinked
OH and NH2 groups of PLGA and CS. According to the result of
TIR analyzing, only partial crosslinking have occurred between

arboxyl groups of PLGA and amino groups of CS. The presence of
oth ionic interaction and amide bone linkage provides tenacity
nd sensitivity to pH and salt. The interaction between PLGA and
S in the microcapsules is schematically depicted in Fig. 2d.
and SiO2 as a function of loading time. (b) 5-Fu content as a function of loading
ent of microcapsules as a function of NaCl concentration. (e) Schematic diagram of

 pH values.

3.2. 5-Fu loading in various conditions

5-Fluorouracil (5-FU), a water-soluble fluorinated pyrimidine
analog, is an antineoplastic drug, yet its short half life, bad

oral absorption and unneglectable side effect restrain its clini-
cal application (Bonglev et al., 2003). Here, 5-FU was  used as
model drug to study the loading and release behavior of PLGA/CS
microcapsules.
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Fig. 3 shows 5-Fu loading content of PLGA/CS microcapsules in
arious conditions. A comparison study of 5-Fu loading capabil-
ty between PLGA/CS microcapsules and porous silica templates

ith loading time is shown in Fig. 3a. The concentration of 5-FU
s set at 1 mg/mL. As a whole, the loading capability of microcap-
ules is superior to that of silica templates. The initial higher 5-Fu
oncentration in aqueous solution makes it diffuse into microcap-
ules and templates quickly. The loading capacity increases rapidly
nd reaches the maximal value of 49% at 1.5 h. Then it slowly
ecreases and reaches equilibrium. The 5-FU content in microcap-
ules decreases more quickly than that in templates, which may  be
ttributed to the rearrangement of polymer chains and formation
f more compact structure, with desorption of some 5-Fu from the
icrocapsules.
The influence of temperature on 5-FU loading capacity is

epicted in Fig. 3b. The loading capacity increases gradually from
6.1% to 37.1%, when the loading temperature increases from 20 to
0 ◦C. Increasing temperature has two effects on the 5-FU loading:
nhancing the penetrating movement of 5-FU through the PLGA/CS
ultilayer wall and accelerating the rearrangement of the poly-
er  chains in the shell to form more compact structure (Ye et al.,

006). For the PLGA/CS microcapsules, the structure change of shell
s relatively small because of both ionic interaction and amide bone
inkage between component polyelectrolytes, as aforementioned.
he first effect seems to be dominant, so the drug loading increases.

Fig. 3c demonstrates the influence of pH value on the 5-FU load-
ng capacity. The loading content increases with the growth of pH
alue, from 19% of loading capacity in acid solution to 40% in alkali
olution. The pH dependence of 5-FU loading can de ascribed to
hange of both the pore size of entire PLGA/CS microcapsules and
ermeability of multilayer walls.

The charge density and conformation of the weak polyelec-
rolyte in solution can be readily regulated by pH values of bulk
olutions (Hiller and Rubner, 2003; Yang et al., 2003), changing pH
alue can initiate imbalance charge distribution between polyan-
ons and polycations, leading to the formation and disappearance of
ittle “holes” of capsule wall with the role of on-off switch (Mauser
t al., 2004). For porous PLGA/CS microcapsules, the outermost
S layer plays a dominant role in pH-sensitivity. As pH values
ecreases, the charge density on the CS chains increases, the molec-
lar chains on the surface assumes a linear conformation due to
lectrostatic repulsion. That is, its permeability of multilayer walls
ncreases with decreasing pH values, as illustrated in Fig. 3d-B.
owever, there exist a lot of pores generated from the nanoporous

emplates, as characterized in Fig. 3b-D, providing more space for
he expansion of the CS molecular chain (Ito et al., 1990). So the
ores are squeezed, as shown in Fig. 3d-A. As the pores of microcap-
ule are much bigger than the “holes” resulting from permeability
ariation of multilayer walls, as a whole, the latter influence seems
o be dominant, so the drug loading deceases with decreasing pH
alue.

The chemical stability of the porous PLGA/CS microcapsules is
reatly improved because of amide bones formed between PLGA
nd CS after EDC treatment. The porous PLGA/CS microcapsules can
ot be degraded or dissociated during drug loading process, even

n extreme pH (such as in strong acid or base) conditions.
The influence of ionic strength on drug loading is shown in

ig. 3d. With the growth of NaCl concentration in 5-Fu solution,
he drug content increases and then levels off. The free salt ions
an screen the charges hanging on the outermost CS chains to be
on-charged, causing the macromolecules to adopt a more coiled,
ompact conformation (Wang et al., 2007), and leading to the

ncreasing permeability of multilayer walls, as illustrated in Fig. 3d-
. However, the pores of nanoporous PLGA/CS microcapsules are
nlarged, as shown in Fig. 3d-A. So the drug loading increases with
onic strength.
armaceutics 427 (2012) 443– 451

3.3. Sustained release of 5-Fu from PLGA/CS microcapsules and
corresponding release models

Fig. 4a and b depicts the release profiles of bare 5-FU, 5-FU-
loaded PLGA/CS microcapsules and 5-FU-loaded silica templates in
pH 7.4 buffers at 37 ◦C, respectively. The burst release of the bare 5-
FU is severe with complete drug release within 260 min. Compared
with the release rates from the bare 5-FU, the release rates of 5-
FU from PLGA/CS microcapsules and silica templates are obviously
delayed. For porous silica templates, the initial release rate is rather
rapid with 30% 5-Fu being released within 30 min, the cumulative
release was  only 56% at 2500 min. For PLGA/CS microcapsules, ini-
tial burst release is still observed, which may  correspond to the
release of drug on the surface of microcapsules. About 40% 5-FU has
been released within the first 240 min. Then the drug release slows
down and finally reaches equilibrium with a cumulative release
amount of 93% at 3200 min. We  think that the sensitivity of PLGA/CS
microcapsules to Na+ and PO4

3− in PBS buffer may  promote 5-FU
release from microcapsule. Compared with porous silica templates,
the PLGA/CS microcapsules show more preferable release behavior
with longer equilibrium time and higher cumulative release.

However, when 5-FU-loaded PLGA/CS microcapsules are
exposed in pH 1.0 HCl solution, the 5-Fu releases slowly and only
51% of loaded 5-Fu can be released within 53 h, as shown in Fig. 4c.
The reduction of release rate and cumulative release amount can
be ascribed to the decrease of pore size of microcapsules at low pH
value and low ionic strength, as mentioned above.

In order to describe the kinetics of the drug release pro-
cess from the controlled release formulations, various models
and mathematical equations, including zero-order, first-order,
Higuchi, Ritger-Peppas, Baker-Londale and Hixson-Crowell mod-
els (Korsmeyer et al., 1983; Schwartz et al., 1968; Higuchi, 1963;
Dredán et al., 1996), are applied for describing 5-FU release process
from silica templates and PLGA/CS microcapsules. The most suited
being the one which best fits the experimental results. Simulated
equations and correlation coefficients are calculated and compared
in Table 1.

Two possible mechanisms may  involve in the drug-release
process from matrix tablets, which may  be evaluated from
Korsmeyer-Peppas semi-empirical model.

Q/Q∞ = ktn

where Q/Q∞ is the fraction of drug released at time t, k a con-
stant comprising the structural and geometric characteristics of the
tablet, and n the release exponent, is a parameter which depends
on the release mechanism and is thus used to characterize it. For
spherical tablet, it is reported that threshold of n value between
Fickian and non-Fickian mechanism is 0.43. In particular, n ≤ 0.43
corresponds to a Fickian diffusion release, whereas n between 0.43
and 0.85 indicates an anomalous non-Fickian transport (Vuebaa
et al., 2004).

The n value given in Table 1 for silica templates in pH 7.4 buffer is
0.27084 (n < 0.43), indicating mechanism of pure 5-Fu diffusion. For
PLGA/CS microcapsules in pH 7.4 buffer and pH 1.0 buffer, n was
determined to be equal to 0.53123 and 0.53332 (0.43 < n < 0.85),
respectively. The characteristic exponent suggests the drug release
may  be modulated by both the 5-Fu diffusion and own  erosion of
PLGA/CS microcapsules. In spite of this, mathematical studies were
carried out with the diffusion based Baker-Lonsdale kinetic models.
3/2[1 − (1 − Q)2/3] − Q (where Q is the release percentage) is plot-

ted as a function of time, as shown in Fig. 4d, a linear relationship is
found for PLGA/CS microcapsules with correlation coefficient above
0.99, indicating the drug release behavior is mainly governed by
diffusion mechanism (Pardakhty et al., 2007), i.e. the mechanism
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Fig. 4. 5-Fu release from PLGA/CS microcapsules. (a) Release profiles of bare 5-FU, 5-FU-loaded PLGA/CS microcapsules and 5-FU-loaded silica templates in pH 7.4 buffers at
37 ◦C. (b) The data of release curve (a) in the first 370 min. (c) The cumulative release curves of 5-Fu microcapsules at pH = 1.0 and pH = 7.4, 37 ◦C. (d) Baker-Lonsdale kinetics
of  PLGA/CS microcapsules at different pH values and silica spheres at pH = 7.4 (solid line: simulation results; dot: experimental results).

Table 1
Fitted equations of cumulative release curves.

Samples Medium (pH) Kinetic model Equation Correlation coefficient

Silica templates Phosphate buffer (pH 7.4) Zero-order Q = 0.30715 + 0.00637 × t 0.78332
First-order In(1 − Q) = −0.37660 − 0.01095 × t 0.85131
Higuchi Q = 0.2361 + 0.05310 × t1/2 0.87388
Korsmeyer-Peppas InQ = −1.46053 + 0.27084 × Int 0.82981
Baker-Londale 3/2[1 − (1 − Q)2/3] − Q = 0.02111 − 0.00123 × t 0.92167
Hixson-Crowell (1 − Q)1/3 = 0.88280 − 0.00303 × t 0.83000

Crosslinked PLGA/CS
microcapsules

Phosphate buffer (pH 7.4) Zero-order Q = 0.22366 + 0.01731 × t 0.92145
First-order In(1 − Q) = −0.18378 − 0.05257 × t 0.97630
Higuchi Q = 0.0.05049 + 0.13813 × t1/2 0.98402
Korsmeyer-Peppas InQ = −1.93333 + 0.53123 × Int 0.97202
Baker-Londale 3/2[1 − (1 − Q)2/3] − Q = 0.00357 − 0.00665 × t 0.99506
Hixson-Crowell (1 − Q)1/3 = 0.92704 − 0.01155 × t 0.99366

PLGA/CS microcapsules HCl buffer (pH 1.0) Zero-order Q = 0.10825 + 0.00938 × t 0.94800
First-order In(1 − Q) = −0.10982 − 0.01359 × t 0.97220
Higuchi Q = 0.01895 + 0.07344 × t1/2 0.99340
Korsmeyer-Peppas InQ = −2.60369 + 0.53332 × Int 0.98003
Baker-Londale 3/2[1 − (1 − Q)2/3] − Q = 0.00101 − 0.0012 × t 0.99772
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Fig. 5. Cytotoxicity assay of 5-Fu-loaded microcapsules against LM3  cells.

f 5-Fu release from PLGA/CS microcapsules is priority of drug dif-
usion and subordination of polymer degradation.

.4. Anticancer effect assay of 5-Fu-loaded PLGA/CS
icrocapsules

The potential applications in the biomedical fields were assessed
y investigating the cancer cell inhibition of 5-Fu-loaded PLGA/CS
icrocapsules using the MTT  assay. As revealed by Fig. 5, 5-Fu-

oaded PLGA/CS microcapsules exhibit obvious inhibition effect.
he inhibitory rate can be seen to increase with loading levels
f 5-Fu-loaded PLGA/CS microcapsules. Higher 5-Fu amounts are
xpected to release from the drug-loaded PLGA/CS microcapsules
ith initial drug concentrations over time, resulting in a cytotoxic

ffect on the cancer cells. The results also indicate the activity of
-Fu is maintained during its loading into PLGA/CS microcapsules
Gao et al., 2007). So the PLGA/CS microcapsules are a very promis-
ng candidate for potential cancer drug delivery applications.

. Conclusions

Nanoporous multilayer microcapsules were fabricated by layer-
y-layer assembly of poly(l-glutamic acid) and chitosan using the
orous silica microspheres as sacrificial templates. The electrostatic

nteraction and amide bone linkage between PLGA and CS were
haracterized by Zeta-potential analyzer, IR and XRD. The PLGA/CS
icrocapsules were characterized by SEM, TEM and CLSM. The
icrocapsules show high loading capacity of 5-Fu, and the load-

ng content can be adjusted by pH value and salt concentration.
-Fu release from microcapsules take on a sustained release, espe-
ially in an acid solution, and its release amount can reach 93% for
bout 53 h at physiological pH. Fitted equations of release curves
orrespond to Korsmeyer-Peppas and Baker-Lonsdale models. The
TT  cytotoxicity assay in vitro reveals the satisfactory anticancer

ctivity of the drug-loaded PLGA/CS microcapsules. These results
how that PLGA/CS microcapsules can serve as a kind of efficient
rug delivery carrier in the future.
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