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Water-soluble chitosan (WSC)–poly(L-aspartic acid) (PASP)–polyethylene glycol (PEG) nanoparticles (CPP
nanoparticles) were prepared spontaneously under quite mild conditions by polyelectrolyte complexa-
tion. These nanoparticles were well dispersed and stable in aqueous solution, and their physicochemical
properties were characterized by turbidity, FTIR spectroscopy, dynamic light scattering (DLS), transmis-
sion electron microscope (TEM), and zeta potential. PEG was chosen to modify WSC–PASP nanoparticles
to make a protein-protective agent. Investigation on the encapsulation efficiency and loading capacity of
the bovine serum albumin (BSA)-loaded CPP nanoparticles was also conducted. Encapsulation efficiency
was obviously decreased with the increase of initial BSA concentration. Furthermore, its in vitro release
characteristics were evaluated at pH 1.2, 2.5, and 7.4. In vitro release showed that these nanoparticles
provided an initial burst release, followed by a slowly sustained release for more than 24 h. The BSA
released from CPP nanoparticles showed no significant conformational change compared with native
BSA, which is superior to the BSA released from nanoparticles without PEG. A cell viability study sug-
gested that the nanoparticles had good biocompatibility. This nanoparticle system was considered prom-
ising as an advanced drug delivery system for the peptide and protein drug delivery.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Significant advances in biotechnology and genetic research have
resulted in the discovery of a large number of proteins and pep-
tides that are very effective in disease treatment.1,2 Routinely, pep-
tides and proteins are administered through the parenteral route,
which has poor absorption efficiency in patients. Therefore, a large
amount of work has focused on protein delivery by the oral
route.3–5 However, the bioavailability of peptide after oral admin-
istration is low due to instability and poor absorption of proteins in
the gastrointestinal (GI) tract under most circumstances. One pos-
sible way to improve the GI uptake of peptides is to encapsulate
them in colloidal nanoparticles that can protect the peptides from
being degraded in the GI tract and facilitate their transportation
into systemic circulation.6,7

Polymeric nanoparticles have been widely investigated as carri-
ers for drug delivery.7,8 Among them, much attention has been paid
to the nanoparticles that are made of synthetic biodegradable poly-
mers such as poly(e-caprolactone) and polylactide due to their
good biocompatibilities.9,10 However, these nanoparticles are not
ideal carriers for hydrophilic protein drugs because of their hydro-
phobic properties.
ll rights reserved.

ax: +86 22 2350 5598 (C.L.).
hang), lcx@nankai.edu.cn (C.
Owing to the special capability of a polyelectrolyte complex,
many complex phenomena in an organism, such as the transfer
of gene information, and the interaction between an antibody
and its antigen, are related to these complexes, either directly or
indirectly. These interactions could contribute to the simulation
of the process in an organism and to the accomplishment of some
special functions.11 In particular, a polyelectrolyte complex is ob-
tained when two polymers carrying opposite charges are mixed
and interact via electrostatic interactions.

Chitosan (CS), a weak cationic polysaccharide produced by
deacetylation of the natural polymer chitin, has many useful bio-
logical properties, such as biocompatibility, biodegradability, and
bioactivity. Because of the existence of amine groups, CS is a
polycation and is able to form intermolecular complexes with a
wide variety of polyanions including hyaluronic acid,12–14

poly(galacturonic acid),15 alginate,16 gelatin,17 dextran sulfate,18

and poly(acrylic acid).19–21 Most commercially available CS has a
quite large molecular weight (Mr) and needs to be dissolved in
an acetic acid solution at a pH value of approximately 4.0. How-
ever, there are potential applications of CS in which a low Mr would
be essential. Given a low Mr, the polycationic characteristics of
water-soluble chitosan can be used together with a good solubility
at a pH value close to physiological ranges. Loading of peptide or
protein drugs at physiological pH ranges may prevent their bioac-
tivity from decreasing.22 WSC can improve the transportation of
hydrophilic drugs across the intestinal epithelium, and it is
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Figure 1. Chemical structure of WSC (DD is the degree of deacetylation).
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believed that WSC can increase the permeability of epithelial tis-
sues by disrupting intercellular tight junctions.23,24 On this basis,
water-soluble chitosan, was used to study the preparation of
nanoparticles.

PASP is a poly(a-amino acid), which can be classified as a weak
synthetic polyelectrolyte. Poly(amino acids) would seem to have
considerable advantages over other polymers owing to their pro-
tein-like structure. PASP is of potential interest for being used as
a biodegradable water-soluble poly(carboxylic acid).

PEG is a nontoxic hydrophilic polymer which is widely used for
protein conjugation and protein purification. Segmental flexibility
and uncharged chemical composition of PEG help to easily adapt
their conformations to fit the surface topology of proteins.25 PEG
is reported to abrogate immunogenicity of proteins while preserv-
ing their biological activity, and PEG-conjugated peptides are
widely investigated for the applications of drug delivery.26,27 As
these derivatives are uncharged in nature, incorporation of linear
PEG chains enhances the mucoadhesive property of the nanoparti-
cle systems by improving mobility and flexibility.28

In this study, a novel nanoparticles system, composed of WSC,
PEG, and PASP, was prepared by a simple coagulation method. Poly-
electrolyte complexes consisting of WSC and PASP may possess
merit of both WSC and PASP, and these have a broad range of uses
in biomedical applications. However, there are only few reports
concerning WSC–PASP–PEG complexes available in the literature.29

Based on the reasons mentioned above, the aim of this paper is
to develop a new nanoparticulate system, composed of WSC, PASP,
and PEG. Physicochemical characteristics of the prepared nanopar-
ticles were characterized by Fourier-transform infrared (FTIR)
spectroscopy, dynamic light scattering (DLS), transmission electron
microscopy (TEM), and zeta potential. The potential of WSC–
PASP–PEG nanoparticles, which are regarded as a carrier system
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for a model protein, bovine serum albumin (BSA), was also
presented.

2. Experimental

2.1. Materials

WSC with an Mr = 6 kDa was purchased from Yuhuan Ocean
Biochemical Co., Ltd (Zhejiang, China), and the degree of deacetyla-
tion was 0.93 (Fig. 1). Polyethylene glycol (Mr = 4 kDa) was ob-
tained from Tianjin Ke Mi Ou Chemical Co., Ltd. (Tianjin, China).
L-Aspartic acid was purchased from Beijing Xing Jing Ke Biotech-
nology Co., Ltd BSA, with an Mr of 66.7 kDa, was purchased from
Beijing Jun Yao Wei Ye Biotechnology Co., Ltd Coomassie brilliant
blue G-250 was obtained from Fiuka (Milwaukee, USA). All other
reagents were of analytical grade and were used without further
purification.

2.2. Preparation of PASP

Poly(succinimide) (PSI) was synthesized by the acid-catalyzed
thermal polycondensation of L-aspartic acid as previously re-
ported.30,31 Upon hydrolysis of PSI in aqueous NaOH, poly(L-aspar-
tic acid) was obtained. This PASP consists of L-aspartic acid
repeating units in the a and b forms (Scheme 1). The ratio of a
to b form, which was determined by the area ratio in the 1H
NMR spectrum, was 26:74, indicating that the b form predomi-
nated rather than a form.30 Viscosity measurements were carried
out using an Ubbelohde-type viscometer, with temperature control
in the range of 25 ± 0.1 �C, Mv = 23 kDa. The weight-average molec-
ular weights of PASP were measured to be 22.9 kDa by gel-perme-
ation chromatography (Waters 510, USA), Mr = 22.9 kDa,
PDI = 1.402.

2.3. Turbidimetric titration measurement

The interactions between PASP and WSC were investigated by
turbidimetric titration according to the reported method.31 A
solution of 2 mg/mL PASP and 2 mg/mL WSC was prepared at
pH 6.8. Titrant was delivered to each sample with a microburette
under gentle stirring, and the pH was monitored by a digital pH
meter. Changes in turbidity were monitored at 500 nm by a UV–
vis spectrophotometer, and the turbidity was estimated by the
absorbance.
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2.4. Preparation of WSC–PASP–PEG nanoparticles

CPP nanoparticles were prepared by mixing negatively charged
PASP and positively charged WSC and PEG by a dropping method.
The procedure is as follows: 200 mg of chitosan was dissolved in
100 mL of deionized water (2 mg/mL, w/v) under magnetic stirring
at room temperature without addition of acetic acid and the solu-
tion was stirred for 12 h and filtered by filter paper. PASP (200 mg)
was dissolved in 100 mL of deionized water, stirred for 12 h, and
filtered by the filter paper. Afterwards, the WSC solution was
dropped into PASP solution in different molar ratios under mag-
netic stirring. And then, the resultant opalescent emulsion was
stirred for 30 min to allow nanoparticles to form uniform particles.
These nanoparticles were isolated by ultracentrifugation at
40,000 rpm for 30 min at 4 �C.

2.5. pH measurement

WSC–PASP–PEG nanoparticles were prepared at pH 6.8, and di-
lute NH4OH or dilute HOAc was added to obtain different pH val-
ues. The pH value was measured at 20 ± 0.1 �C in a PHS-3TC
digital pH meter with an error of 0.01 pH units. A combined glass
electrode E-201 was employed, and the pH-meter was calibrated
with two buffer solutions supplied by Shanghai Hongbei Reagent
Factory.

2.6. Determination of process yield

For the calculation of the nanoparticle production yields, the
nanoparticle suspensions were centrifuged at 40,000 rpm for 1 h,
and the supernatants were discarded. The tubes containing the
sediments were freeze dried for 24 h, and the difference in the the-
oretical solid weights and the actual freeze-dried nanoparticles
weights was determined. The yield of the process was calculated
as follows:32

Process yield % ¼ nanoparticles weight
total solids ðCSþ PASPÞ weight

� 100%
2.7. Evaluation of nanoparticles stabilities

The stabilities of the nanoparticles were investigated in phos-
phate buffer solution (PBS) at pH 7.4 at room temperature. Aliquots
of fresh suspensions of nanoparticles were diluted with the addi-
tion of PBS, reaching a concentration 1 mg/mL, and the evolution
of the size was assessed by photon correlation spectroscopy for
several hours at room temperature.

2.8. Preparation of drug-loaded WSC–PASP–PEG nanoparticles

The drug-loaded nanoparticles were prepared by dropping a
mixture of PASP and BSA into WSC–PEG solution. PASP was dis-
solved in 4 mL of deionized water at a specified concentration
(0.1, 0.5, 1.0, 1.5, and 2.0 mg/mL), and 2 mL of BSA (2 mg/mL)
was added. Then this solution was dropped into a mixture solution
of 4 mL of a specified concentration (0.1, 0.5, 1.0, 1.5, and 2.0 mg/
mL) of WSC–PEG solution and 2 mL of deionized water, while son-
icating with an ultrasonic sonicator at 160 W.

2.9. Particles size and zeta potential measurement

The size of self-aggregates was measured by a dynamic light
scattering method based on the particle size option in Zeta Plus
(Brookhaven Instruments Co., Holtsville, New York, He–Ne laser).
The scattered intensity was registered at a scattering angle of 90�
at 25 �C. Zeta potentials were measured by a Zeta Plus instrument
with Brookhaven electrodes coated by palladium. The zeta poten-
tial was the average value of analyses in triplicate.

2.10. Transmission electron microscope (TEM) observations

The morphology of WSC–PASP–PEG nanoparticles was gained
by using a Tecnai G2 20S—TWIN transmission electron microscope.
A drop of nanoparticle, suspension was mounted on a carbon film
coated on a copper grid for viewing. Observation was made at 200
KV in a Tecnai G2 20S—TWIN transmission electron microscope.

2.11. Fourier-transform infrared measurement

The Fourier-transform infrared (FTIR) spectra of the nanopartic-
ulate samples were also identified to determine the interaction be-
tween —NH3

þ of WSC and –COO� of PASP. The WSC–PASP–PEG
nanoparticles were lyophilized (Flexi-Dry) to obtain dried parti-
cles. The WSC–PASP–PEG nanoparticles so obtained were mixed
with KBr and pressed in a pellet for further measurement.

2.12. Swelling test

The dry nanoparticles (100 mg) were immersed in solutions of
different pH for 24 h at room temperature until a swollen equilib-
rium was reached. The swollen samples were collected by filtra-
tion, blotted with filter paper for the removal of the absorbed
water on the surface, and then weighed immediately. The swelling
ratio was calculated using the following equation:33

Swelling ratio ð%Þ ¼Ws �Wd

Wd
� 100

where, Ws and Wd are the weights of swollen and dry samples,
respectively.

2.13. Determination of BSA-loading capacity and encapsulation
efficiency of the nanoparticles

Bound and unbound BSA were separated by ultracentrifugation
of the nanosuspension at 38,000 rpm at 4 �C for 60 min (Optima
LE-80k Ultracentrifuge, Beckman).The amount of free BSA in the
clear supernatant was measured by a Bradford protein assay using
a UV Spectrometer at 595 nm (Shimadzu UV 2550, Japan).34 The
BSA encapsulation efficiency (EE) and loading capacity (LC) of the
nanoparticles were calculated using the following equation:

EE % ¼ total protein� free protein
total protein

� 100%

LC % ¼ total protein� free protein
nanoparticles weight

� 100%

All measurements were performed in triplicate and averaged.

2.14. In vitro release studies

The in vitro release profiles of BSA from WSC–PASP–PEG nano-
particles were determined as follows: the BSA-loaded WSC–PASP–
PEG nanoparticles separated from 9 mL of suspension were placed
into test tubes with 6 mL of PBS at pH 7.4 and incubated at 37 �C
under stirring at 60 rpm. At appropriate intervals samples were
ultracentrifuged, and 1 mL of the supernatant was replaced by
fresh medium. The amount of BSA released from the nanoparticles
was evaluated by the Bradford method.34 The calibration curve was
made using non-loaded BSA nanoparticles as a correction. All re-
lease tests were run in triplicate, and the error bars in the plot
show the standard deviation.



Figure 2. Interaction mechanism of WSC–PASP–PEG nanoparticles.
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2.15. Cell viability

Cell viability was evaluated by using the NIH 3T3 cell line. The
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) in a humidified atmosphere (5% CO2:95% O2). The cells
were seeded into 96-well plates at 10,000 cells per well. The plates
were then returned to the incubator, and the cells were allowed to
grow to confluence for 24 h. Various nanoparticles were dissolved
in DI water. After filtration through a filter paper, the resulting
solution was diluted with culture medium to give a final range of
concentrations from 0.1 to 1.5 mg/mL. Then the media in the wells
were replaced with the pre-prepared culture medium—sample
mixture (200 lL). The plates were then returned to the incubator
and maintained in 5% CO2 at 37 �C for 48 h. Each sample was tested
in six replicates per plate. After incubation the culture medium and
20 lL of MTT solutions were used to replace the mixture in each
well. The plates were then returned to the incubator and incubated
for a further 4 h in 5% CO2 at 37 �C. Then, the culture medium and
MTT were removed. DMSO (150 lL) was then added to each well to
dissolve the formazan crystals. The plate was placed in 5% CO2 at
37 �C for 10 min and for 15 min at 6 �C before measurement. The
optical density was read on a microplate reader at 490 nm. Cell via-
bility was determined as a percentage of the negative control (un-
treated cells).

2.16. Circular dichroism (CD) measurements

Circular dichroism (CD) spectroscopy (Jascow 715 spectropolar-
imeter) was used to measure the conformational change of the re-
leased BSA with respect to the native one. Solution of the native
BSA or the released BSA was diluted to 0.1 mg/mL and scanned
over the wavelength range 200–260 nm, using a 1-mm quartz
cylindrical cell.35
Figure 3. FTIR spectra of the WSC, PASP, and CPP nanoparticles.
3. Results and discussion

In this study, a novel nanoparticle system composed of WSC and
PASP was prepared with a simple and mild coagulation method un-
der magnetic stirring at room temperature. This technique is prom-
ising because the nanoparticles can be prepared under mild
conditions without using harmful solvents. It is well known that or-
ganic solvents may cause denaturation of peptide or protein drugs
that are unstable and sensitive to their environments.36 The pre-
pared nanoparticles modified by PEG are intended to be used to
protect the peptide drugs from denaturalizing in the GI tract and
facilitate their transportation into systemic circulation.37,38

3.1. The mechanism of the formation of the nanoparticles

In particular, the polyelectrolyte complex is formed by the reac-
tion of two oppositely charged polymers. The electrostatic interac-
tion between the positive charge of —NH3

þ group and the negative
charge of carboxyl group is one of the most important factors. The
formation and properties of the polymer complex depend on the
charge ratio of the anionic-to-cationic species.39 When PASP is
dropped into WSC solution, inter- and intramolecular electrostatic
attractions occur between the anionic carboxyl group from PASP
and the cationic amino groups of WSC. PEG was incorporated as
a third polymer in the system. The carboxyl group in PASP can
act as good proton donor, while the ether group of PEG serves as
a proton acceptor, thus making interpolymer interactions stronger.
These attractions could make the macromolecular chains of WSC
and PASP curl up, which leads to the formation of an insoluble
WSC–PASP complex.40,41 A schematic representation of the com-
plex is shown in Figure 2.
3.2. FTIR spectrum analysis

The interaction of WSC and PASP was first investigated by using
FTIR spectroscopy. As seen in Figure 3, for the IR spectrum of WSC,
the characteristic peak at 1550 cm�1 corresponds to protonated
amino groups. In the spectrum of PASP, the characteristic absorp-
tion peaks appear at 1597 cm�1 and 1403 cm�1. The two strong
peaks are observed due to the asymmetrical and symmetrical
COO- groups, respectively. These results indicate that some carbox-
ylic groups of PASP have been dissociated into COO� groups, which
will be able to complex with the protonated amino groups of WSC
through electrostatic interactions to form the polyelectrolyte com-
plex. Hence, in the IR spectrum of WSC–PASP nanoparticles, the
peaks of COO� in PASP become weak and shift to 1557 cm�1 and
1397 cm�1, respectively.

3.3. Turbidimetric titration measurement and effect of the
molar ratio of WSC and PASP on nanoparticles

The formation of colloids based on polyelectrolyte complexes of
WSC and PASP nanoparticles was studied as a function of the mix-
ing molar ratio. Four kinds of phenomena were observed in turn
during the addition of WSC solution into PASP solution: clear solu-
tion, light opalescent, opalescent and precipitation (Table 1). As
shown in Figure 4, the absorbance heightened along with the
increasing molar ratio of WSC recorded. The absorbance increased
sharply when the WSC:PASP (molar ratio) was up to the ratio of
1.43:1. Further increase in molar ratio led to system precipitation,
at which point absorbance began to decrease. While the turbidity
of WSC–PASP nanoparticles was obtained through the slow addi-
tion of PASP solution into WSC solution, it would be out of control.



Figure 5. Evaluation of nanoparticles size at different time (Rh is the fluid dynamic
radius).

Table 1
Effect of the molar ratio of WSC and PASP on the particle sizes of nanoparticles

WSC/PASP
(n/n)

Status Mean size
(nm)

Zeta potential
(mv)

Process
yield (%)

1.78/1 Precipitation — — —
1.43/1 Opalescent 209.0 ± 16.2 +20.21 ± 0.83 45.3 ± 4
1.25/1 Opalescent 182.8 ± 10.5 +19.82 ± 1.25 55.0 ± 3
1.07/1 Light opalescent 137.1 ± 32.2 �33.89 ± 4.33 29.1 ± 3
0.71/1 Light opalescent 99.00 ± 23.7 �20.38 ± 3.67 1.20 ± 5
0.36/1 Clear solution — — —

Figure 6. TEM of CPP nanoparticles.
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It is probably due to the difference of Mr. Because Mr of PASP is
much larger than that of WSC, the charge molar ratio was also
large. It led to the turbidity increase sharply. This proved the for-
mation of insoluble polyelectrolyte complexes since neither WSC
nor PASP absorbed light at 500 nm.

It was found that only when the molar ratio of WSC to PASP was
lower than 1.43:1, the nanoparticles could be formed. The nano-
particles thus prepared carried a positive or negative charge and
had a mean size in the range of 100–200 nm. From the zeta poten-
tial data, when the CS:DS molar ratio increased, the zeta potential
varied from a negative charge to a positive charge. The magnitude
of the zeta potential gives an indication of the potential stability of
the nanoparticle system. All the nanoparticles have negative or po-
sitive charge, they will repel each other, and there is dispersion sta-
bility. This system can be stable for more than two weeks without
aggregation.

In Figure 5, the result showed that the colloidal dispersions
were stable due to the electrostatic repulsion, which prevented
further coagulation. Figure 6 shows the morphological characteris-
tics of the nanoparticles. CPP nanoparticles modified by PEG were
spherical in shape and about 160 nm in diameter. The chosen mo-
lar ratio was equal to 1.25:1 as the research sample for other
characterizations.

3.4. Effect of polyethylene glycol concentration on
nanoparticles

From Figure 7, with the concentration of PEG increasing, the
size of the nanoparticles decreased. The incorporation of PEG and
WSC–PASP nanoparticles was through intermolecular hydrogen
between the electropositive amino hydrogen of WSC and the
Figure 4. (A) The turbidity titration of WSC–PASP nanoparticles obtained by slow
addition of a WSC solution into a PASP solution; (B) the turbidity titration of WSC–
PASP nanoparticles obtained by slow addition of a PASP solution into a WSC
solution.

Figure 7. Effect of PEG concentration on the size of nanoparticles.
electronegative oxygen atom of PEG. Thus WSC–PEG–PASP semi-
interpenetration network was formed. Additionally, PASP can form
interpolymer complexes with PEG through cooperative hydrogen



Figure 9. Effect of pH on the swelling ratio.
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bonding amongst acid-ether groups. Carboxyl groups in PASP can
act as proton donors, thus making interpolymer interactions stron-
ger. When the concentration of PEG was up to 40 mg/mL, the mean
size increased sharply. This may be because there were so many
hydrogen bonds that two or more nanoparticles congregated.

3.5. Effect of ionic strength on nanoparticles

The effect of ionic strength on the size of nanoparticles is shown
in Figure 8. The size of the nanoparticles increases along with the
addition of NaCl solution with the concentration in the range of
0.005–0.025 mol/L. When CNaCl >0.025 M, the size of the nanopar-
ticles decreases along with the addition of NaCl solution. The ob-
served phenomenon probably results from two competing
effects. On one hand, the addition of salt favors the formation
and the growth of nanoparticles, which is indicated by the increase
in the number and size of nanoparticle aggregates.42 On the other
hand, the addition of salt interferes with the electrostatic attrac-
tion between the polymer chains of opposite charge, which re-
duces the interaction. Therefore, at low salt concentrations, the
effect on the formation and growth of nanoparticles may exceed
the screening of the interaction, which leads to the enhancement
of the final interaction. At higher salt concentrations, the dominant
screening of the interaction leads to the total reduction of the
interaction.

3.6. Effect of pH on nanoparticle swelling behavior

In order to investigate the effect of pH values on CPP nanopar-
ticles, a series of experiments were carried out. As shown in
Figure 9, the swelling ratio of various samples is plotted as a func-
tion of pH. It is known that the pKa values of PASP and WSC are 4.4
and 6.5, respectively.43 At pH 1.2, the increased swelling may be
caused by the dissociation of ionic bonds between WSC and PASP.
As most of the carboxyl acid groups are protonated, and amino
groups are in the —NH3

þ form, so the molecules have net positive
charge. It is probably because the water-soluble chitosan assumes
a randomly extended conformation in the low pH region, due to
both hydration of the protonated amino group and a strong posi-
tive charge repulsion among the —NH3

þ groups, which will lead
to the swelling of the WSC–PASP nanoparticles. At a pH near to
5.0, the amino groups in WSC are protonated and the carboxyl
groups in a PASP are ionized; thus, the strong electrostatic
attractions between WSC and PASP restrain the swelling of nano-
particles. At high pH, most of the amine groups of WSC are in the
–NH2 form, and most of the carboxyl groups of PASP are in
Figure 8. Effect of salt concentration on the size of nanoparticles.
the –COO� form, and so the electrostatic attractions were weak-
ened in nanoparticles, thus increasing nanoparticle swelling. The
nanoparticles show pH sensitivity, a property that can be used
for the development of drug delivery systems.

3.7. BSA encapsulation efficiency of the nanoparticles and
release behavior in vitro

BSA encapsulation efficiency and loading capacity of CPP nano-
particles were studied under six different concentrations of BSA
(0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mg/mL). Encapsulation efficiency
and loading capacity of nanoparticles are shown in Figure 10,
which clearly indicates that encapsulation efficiency of these par-
ticles was affected by initial concentration of the protein used. As
the initial concentration of BSA was increasing, encapsulation effi-
ciency decreased slowly while loading capacity increased. An
approximate 90% encapsulation efficiency was observed for these
particles when the initial concentration of BSA was 0.5 mg/mL.
As the initial concentration of BSA increased up to 3.0 mg/mL,
the encapsulation efficiency decreased by less than 60%, while
loading capacity increased by more than 40%.

The release of BSA from CPP nanoparticles was performed in the
buffer solution of pH 1.2, 2.5 and 7.4, respectively, which was sim-
ulation of the condition of pH in the GI tract. Figure 11 depicts the
release profiles of BSA at pH 1.2, 2.5 and 7.4. Particles with carbox-
Figure 10. BSA encapsulation efficiency and loaded capacity of CPP nanoparticles.



Figure 11. In vitro release of BSA from CPP nanoparticles at different pH values.
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ylic acid groups swell in weakly alkaline or neutral pH, and protein
diffuses into the matrix quite easily. In other words, particles con-
taining carboxylic acid groups display pH-sensitive, swelling/
deswelling behavior with the protonation/deprotonation of the
carboxylic acid groups. At pH 1.2 (simulating the pH in the stom-
ach after a meal), most carboxylic groups of PASP were in the form
of COOH, and there was little electrostatic interaction between
WSC and PASP. In addition, the particles became unstable and sub-
sequently broke apart. At pH 2.5 (simulating the pH environments
of a fasting stomach), the amount of BSA released from the nano-
particles was about 20% within the first 2 h. Therefore, the nano-
particles prepared in the study may be orally administered only
before meals (pH 2.5–3.7). Similarly, at pH 7.4 (simulating the
pH oft the bloodstream), in the first 2 h, more than 60% of the
BSA was released. WSC was deprotonated, which led to the col-
lapse of the nanoparticles. Finally, it is noted that the nanoparticles
present a pH-dependent release pattern, which can not only pro-
tect protein drug loss in an acid environment but also control drug
release in the GI tract.

3.8. Cell viability

Cell viability was used to evaluate the biocompatibility of the
nanoparticles. In order to further evaluate the role of WSC, the
Figure 12. Viability of cells after incubation as a function of nanoparticle
concentration by MTT assay, at 37 �C for 48 h.
chitosan (CS) with high molecular weight was evaluated. The cells
were exposed to CPP, CS–PEG–PASP nanoparticles, and the nanop-
articulate dispersions at various concentrations were incubated for
48 h (Fig. 12). As shown in Figure 12, the CPP nanoparticle system
has a better biocompatibility than the other one. The CS–PEG–PASP
has lower cell viability than CPP nanoparticles. This may be due to
chitosan which has a high molecular weight and needs to be dis-
solved in an HOAc solution at a pH value of approximately 4.0.
One possible explanation for this can be ascribed to the cell toxicity
of the acid solution. Under these circumstances, the bioactivity of
the cells are easily damaged. The CPP nanoparticles also have bet-
ter biocompatibility than WSC–PASP. PEG is probably one of the
best-known hydrophilic polymers, and incorporation of PEG can
increase biocompatibility. The results suggest that CPP nanoparti-
cles may be good biocompatible carriers for drug delivery and
may have potential for in vivo use.

3.9. Circular dichroism (CD) spectra

Circular dichroism spectroscopy has been used to examine the
conformation and self-association of BSA. There are three common
secondary structures in BSA, namely a helices, b sheets, and turns.
The native BSA has two extreme valleys at 208 and 222 nm.44 Since
a helices are one of the elements of secondary structure, the quan-
titative analysis of the structural change of BSA can be evaluated by
determining the amount of a helix preserved. The a helix content
of a protein is estimated according to the following equation:35

% a-helix content ¼ hmrd � 4000
33000� 4000

where, hmrd is the mean molar ellipticity per residue at 208 nm
(deg cm2 dmol�1). Usually the raw data from the experiment are ex-
pressed in terms of hd (the ellipticity in the unit of mdeg). However,
it can be converted to mean molar ellipticity per residue using the
following equation:45

hmrd ¼
hdM

10CLN

where, M is the BSA molecular weight (Da), C is the BSA concentra-
tion (mg/mL), L is the sample cell path length (cm), and N is the
number of amino residues. As indicated by the CD spectra
(Fig. 13), the native BSA has 50% a helix, which is close to the liter-
ature value of 48%.46 After release from CPP nanoparticles, the a
helix content is 47%, which is very close to that of the native BSA.
In other words, no significant conformational change was noted
Figure 13. Circular dichroism (CD) spectra of BSA released from test nanoparticles
at pH 7.4 and native BSA.
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for the BSA released from the CPP nanoparticles at pH 7.4 as com-
pared with the native BSA. However, the BSA that was released from
the nanoparticles without PEG has obviously changed its conforma-
tion. On the one hand, microencapsulation of protein drugs onto
hydrophobic matrices involves use of either organic solvents
and/or high temperature, and these conditions may reduce their
biological activities. Without using harmful solvents, which may
cause degradation of peptide or protein drugs that are unstable
and sensitive to their environments, the protein drugs have not
been distorted. On the other hand, segmental flexibility and un-
charged chemical composition of PEG help to readily adapt their
conformations to fit the surface topology of proteins.25 Therefore,
polyethylene glycol was chosen as a protein-protective agent.
4. Conclusions

Polyelectrolyte complexation among WSC, PEG and PASP was
investigated through the formation of a nanoparticulate system
driven by electrostatic interactions. This study showed that
WSC–PASP–PEG nanoparticles can be spontaneously formed
through combinations of opposing ions under mild conditions
without the need of organic solvents, surfactants, or special exper-
imental technologies. Physicochemical properties of the particles,
such as mean size, zeta potential, and process yield, were depen-
dent on the molar ratio of WSC:PASP. FTIR analyses of the nanopar-
ticles demonstrated evidence of polyelectrolyte complex
formation. Factors such as WSC:PASP molar ratios, concentration
of PEG, pH and ionic strength of the release medium, have a huge
effect on the results in this study. The encapsulation efficiency of
BSA-loaded WSC–PASP–PEG nanoparticles varied from 60% to
90% depending on the initial loading concentration of BSA. The
in vitro drug release characteristics of WSC–PASP–PEG nanoparti-
cles were also investigated, and it was shown that these nanopar-
ticles were able to sustain the release of BSA under simulated
colonic conditions. These nanoparticles that undergo complex for-
mation have demonstrated potential as carriers for the oral deliv-
ery peptide or protein drugs.
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