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ABSTRACT: The venlafaxine hydrochloride (VHL)-
loaded chitosan nanoparticles were prepared by ionic gela-
tion of chitosan (CS) using tripolyphosphate (TPP). The
nanoparticles were characterized using FTIR, differential
scanning calorimetry, X-ray diffraction, dynamic light scat-
tering, transmission electron microscopy, and X-ray photo-
electron spectroscopy. The effect of concentration of CS,
polyethylene glycol (PEG), VHL and CS/TPP mass ratio
on the particle size and zeta potential of nanoparticles was
examined. The particle size of CS/TPP nanoparticles and
VHL-loaded CS/TPP nanoparticles was within the range
of 200–400 nm with positive surface charge. In the case of
VHL-loaded nanoparticles and PEG-coated CS/TPP nano-

particles, the particle size increases and surface charge
decreases with increasing concentration of VHL and PEG.
Both placebo and VHL-loaded CS/TPP nanoparticles were
observed to be spherical in nature. PEG coating on the
surface of CS/TPP nanoparticles was confirmed by XPS
analysis. Maximum drug entrapment efficiency (70%) was
observed at 0.6 mg/mL drug concentration. In vitro drug
release study at 37�C � 0.5�C and pH 7.4 exhibited initial
burst release followed by a steady release. VVC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 112: 2876–2887, 2009

Key words: chitosan; nanoparticles; venlafaxine hydro-
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INTRODUCTION

In the last decade, several synthetic and natural pol-
ymers have been examined for pharmaceutical
applications. Among the natural polymers chitosan
(CS) is the second abundant polysaccharide and cati-
onic polyelectrolyte, comprising copolymers of glu-
cosamine and N-acetyl glucosamine linked by b-(1–
4) linkages. It can be prepared by partial deacylation
of acetamido group of chitin side chain by strong
alkaline solution. CS is nontoxic, hydrophilic, bio-
compatible, and because of its cationic nature, has
very good mucoadhesive, antibacterial, and mem-
brane permeability properties.1 Because of the pres-
ence of free hydroxyl and amino groups, it can
strongly bind to negatively charged surfaces of cell,
mucus or other negatively charged polymers
through electrostatic or hydrogen bonding and can
also be chemically modified to suit for enzyme
immobilization,2 separation media,3 protein adsorp-
tion,4 absorbable sutures,5 food and nutrition,6 pho-

tography,7 and in controlled release drug delivery
systems in various forms.8–12

A variety of CS-based colloidal delivery systems
have been reported for the delivery of polar drugs,
peptides, proteins, vaccines, and DNA.13–16 Drugs
that have successfully transported into the brain
using nanoparticulate drug carrier systems include
doxorubicin, lopramide, tubocurarine, dipeptide
kytorphin, haxapeptide dalargin, and the NMDA re-
ceptor antagonist.17,18 Various methods such as
emulsion crosslinking,19,20 ionotropic gelation,21,22

emulsification/solvent evaporation,23 spray drying,24

and coacervation/precipitation25,26 have been
adopted to prepare the CS/TPP nanoparticles. CS
micro/nanoparticles are mainly prepared by chemi-
cal crosslinking of linear chains of chitosan with
suitable bifunctional crosslinking agent such as glu-
taraldehyde or ethylene glycol diglycidyl ether,
which generally reduce solubility, increase resistance
to chemical degradation but impart physiological
toxicity in the system. An alternative route to over-
come the toxicity level is through intermolecular or
intramolecular linkages between positively charged
quaternary amine from CS in acidic medium and
negatively charged multivalent counter ion like
TPP27 without using crosslinkers. Bodmeier et al.28

were the first to report the ionotropic gelation of CS
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with TPP for drug encapsulation. Subsequently,
increase in research in the preparation of CS nano-
carriers for successful delivery of small drugs, pro-
teins and genes is reflected in the increased number
of published articles in this field. Desai et al.29

reported that the particle uptake by caco-2 cell lines
depends significantly upon the particle’s diameter.
They have observed that particles of 100-nm size
have 2.5-fold greater uptake on the weight basis
than the 1-lm size particles. Particle size dependent
performance was also reported by Gref et al.30 for
polyethylene oxide-polylactic acid nanospheres,
where it was observed that the rapid clearance of
these nanospheres from the blood stream is avoided.
More recently, hydrophilic nanoparticles based on
CS have received increasing attention due to their
capacity to cross the biological barrier by protecting
the entrapped drug. Hydrophobic character of CS
was altered through blending, grafting, and chemical
modification using polyvinyl alcohol, polyvinyl
pyrolidone and polyethylene glycol and its deriva-
tives. Zhang et al.31 achieved enhancement in nasal
absorption of insulin through PEG grafted CS/TPP
nanoparticles of varying sizes synthesized through
ionic gelation technique. Calvo et al.32 could succeed
in developing chitosan/polyethylene oxide nanopar-
ticles with 80% entrapment of bovine serum albumin
for controlled release of protein from the nanopar-
ticles. Wu et al.33 have reported initial burst fol-
lowed by an extended release of ammonium
glycyrrhizinate encapsulated in CS/TPP Nanopar-
ticles. They have also reported that addition of PEG
to CS decreases the encapsulation efficiency and sur-
face charge on nanoparticles. Gupta and Raviku-
mar34 succeeded in synthesizing pH-responsive CS/
PEG microspheres by vapor phase crosslinking tech-
nique with 93% isoniazide entrapment and observed
a near zero order release kinetics. Sugimoto et al.,35

Mo et al.36 and Tokura et al.37 used PEG derivatives
to modify CS which was used in the preparation of
nanoparticles through ionotropic complexation. VHL
is highly soluble in water and due to very short
steady state elimination half-life (3–4 h),38,39 it is
very difficult to develop a pharmaceutical formula-
tion with a slow dissolution rate of freely soluble
drug. Hence to keep a stable therapeutic level, multi-
ple daily administrations of VHL based formulations
are needed. Both the immediate and extended
release formulation have efficacy in reducing symp-
toms of depression. However, the extended release
formulation has advantages in increasing patient
compliance. Besides from the marketed formula-
tions, many researchers have tried to prepare con-
trolled release formulation of VHL. Yang and
Lopina40 developed extended release formulation of
VHL based on polyamidoamine dendrimers and
reported that, the drug was released in a sustained

way and almost half of the conjugated drug was
released within 18 h. They also correlate the effect of
percentage loading on burst release. They have
reported 92% release from 75 mg VHL-loaded ma-
trix, whereas only 50% release from 8 mg VHL-
loaded matrix. Use of polyvinylpyrollidone and cel-
lulose derivatives for the encapsulation of VHL is
reported in patent forms.41,42

CS/TPP nanoparticles prepared by different prep-
aration protocols have been in recent years widely
studied carriers for various pharmaceutically active
ingredients with varying degree of effectiveness and
drawbacks. The aim of the present work is to further
explore the ionic complexation process for the prep-
aration of CS micro/nanoparticles for the incorpora-
tion of model drug VHL and subsequent study of in
vitro release of VHL from the nanoparticles. Optimi-
zation of the fabrication parameters was done to
achieve maximum encapsulation efficiency and con-
trolled release of VHL from CS/TPP nanoparticles.

MATERIALS AND METHODS

Materials

VHL (99.9%) was obtained as a gift sample from
Alembic Chemicals (Baroda, India). CS derived from
crab shell, in the form of fibrils flakes was obtained
from Sigma-Aldrich (Stingham, Germany). The
degree of deacylation of CS determined by FTIR
analysis observed to be 82.5%. TPP was purchased
from Sulab Chemicals (Baroda, India). PEG (Mn ¼
4000 units) was obtained from Merck (Mumbai,
India). All other reagents used were of analytical
grade.

Preparation of CS and VHL-loaded CS/TPP
nanoparticles

CS/TPP nanoparticles were prepared according to
the procedure reported by Calvo et al.32 based on
the ionic gelation of CS with TPP anions. Ionotropic
gelation takes place when the positively charged
quaternary amine groups in CS interact with the
negatively charged TPP. CS solution (1% w/v) was
prepared by dissolving 1 g of CS in 100 mL of 1%
v/v acetic acid under magnetic stirring at room tem-
perature for 20–24 h. The solution was filtered
through 0.2-lm nylon filter before use. TPP solution
of 0.05% w/v was prepared by dissolving 0.5 g of
TPP in 1 L of distilled deionized water. Addition of
variable volumes of TPP solution to 4 mL of the CS
solution in 200 lL increments lead into spontaneous
formation of nanoparticles at room temperature
under magnetic stirring.

For the preparation of VHL-loaded CS/TPP nano-
particles, different concentrations of VHL (0.2, 0.4,
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0.6, 0.8, 1.0 mg/mL) were added to CS solution
(0.15% w/v) and gently mixed for 1 h under mild
stirring before the addition of TPP solution (0.05%
w/v).

PEG-coated CS/TPP nanoparticles were prepared
by adding TPP (0.05% w/v) solution to CS solution
(0.15% w/v) containing various amounts of PEG
(10.0–50.0 mg/mL).

Characterization of nanoparticles

The morphology, size, and shape of the placebo and
VHL-loaded CS/TPP nanoparticles were examined
by using transmission electron microscope (CM 120,
Philips, Eindhoven, Netherlands) at accelerating
voltage of 200 kV. One drop of suspension of the
prepared nanoparticles was placed on 300 mesh car-
bon-coated copper grid. The grid was dried under
IR lamp and the images of representative areas were
taken at suitable magnifications.

A Brookhaven’s 90 plus dynamic light scattering
equipment with a solid state laser source operated at
688 nm was used to measure the particle size and
size distribution of freshly prepared CS/TPP nano-
particles and drug-loaded CS/TPP nanoparticles in
a dynamic mode. The scattering intensities from the
samples were measured at 90� using photomultiplier
tube. Average hydrodynamic radius of latex par-
ticles (Rh) was calculated from the intrinsic diffusion
coefficient (Do) as

Rh ¼ KT=ð6pgD0Þ (1)

where K is a Boltzmann constant, T is the absolute
temperature and g is the viscosity of the dispersing
medium. The polydispersity index (PI), which is the
variance of the size distribution, was obtained with
the PSDW 32 bit software provided with the
instrument.

The zeta potential of the nanoparticles was mea-
sured using same instrument after calibration with
BI-ZR3. Samples were diluted 10–100 times with 0.1
mM KCl and placed in the electrophoretic cell where
a potential of �150 mV was applied.

CS/TPP nanoparticles were collected by centrifu-
gation at 15,000 rpm for 30 min at room tempera-
ture. Supernatant solution was discarded and
nanoparticles were resuspended in double distilled
deionized water and then lyophilized for a period of
24 h to get dry nanoparticles.

FTIR spectra of CS, VHL, placebo nanoparticles,
VHL-loaded CS/TPP nanoparticles and PEG-coated
CS/TPP nanoparticles were recorded on a Perkin–
Elmer Rx1 FTIR spectrophotometer (Massachusetts)
using 1-cm diameter KBr pellets.

Differential scanning calorimetric (DSC) analysis
was carried out using a Mettler-Toledo 822 instru-

ment. The instrument was calibrated using indium
as a standard and samples were heated in sealed
aluminum pans between 30 and 400�C at a heating
rate of 10�C/min.

Powder X-ray diffraction (XRD) patterns for CS,
PEG, VHL, placebo nanoparticles, VHL-loaded CS/
TPP nanoparticles and PEG-coated CS/TPP nano-
particles were recorded on a Philips X’pert multipur-
pose diffreactometer (MPD range, Germany) using a
Ni-filtered Cu Ka radiation over the 2y range of 3–
100�.

X-ray photoelectron spectroscopy (XPS) analysis
was carried out using VG Scientific ESCALAB MK II
spectrometer equipped with Aluminum–Pottasium
(Al/Mg) twin anode. Survey scan and multiscan
quantitative data were collected using Al-K source
at 50 eV analyzer pass energy and high resolution
data was collected using 20 eV pass energy. Vacuum
in the analysis chamber was maintained at better
than 10�8 mbar throughout XPS experiments. The
spectrometer was calibrated using Ag (3 d5/2) photo-
electron line of silver.43 The C (1S) photoelectron
line from neutral carbon at 285 eV was used as inter-
nal reference in binding energy measurements. Bind-
ing energy measurements were accurate to �0.1 eV
and are average of two experiments. Data was ana-
lyzed on DELL computer interfacing the
spectrometer.

Drug encapsulation efficiency of nanoparticles

The drug encapsulation efficiency was determined
by separating the nanoparticles from the aqueous
medium containing free VHL by centrifugation at
25,000 rpm, at 20�C for 30 min. The amount of free
drug in supernatant was quantified by measuring
absorbance at 274 nm using Perkin–Elmer Lambda
35 UV spectrophotometer and using appropriate cal-
ibration plot. The VHL encapsulation efficiency (EE)
of the nanoparticles was calculated as follows:

EE

¼ Total VHL concentration� Free VHL concentration

Total VHL concentration

ð2Þ

All measurements were performed in triplicate
and observed to be highly precise. The observed %
relative error in the determination of drug encapsu-
lation efficiency was less than 3.5% for triplicate
measurements.

In vitro release

In vitro release study was performed according to
the procedure reported by Hu et al.44 In vitro release
of VHL from CS/TPP nanoparticles was studied by
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redispersing separated nanoparticles (10 mg) in 2.5 mL
freshly prepared phosphate buffer of 7.4 pH, in a di-
alysis membrane bag with molecular weight cut off
at 5 kDa. The dialysis bag was placed in 50 mL of
phosphate buffer of pH 7.4. The entire system was
kept under magnetic stirring. Four milliliter of the
release medium was removed and was replaced by
fresh buffer solution at regular time intervals. The
amount of drug in the released medium was eval-
uated from the absorbance measured at 274 nm. All
the release studies were conducted in triplicate and
mean values were taken.

RESULTS AND DISCUSSION

Characterization of CS/TPP nanoparticles

In the present study, we adapted the method of
Calvo et al.32 for the preparation of nanoparticulate
system made of solely hydrophilic polymers. Nano-
particles were prepared by coacervation, which is a
spontaneous phase separation process arising from
electrostatic interaction, when oppositely charged
macromolecules are mixed together. The success of
the process is largely dependent on intermolecular
linkages created between the negatively charged
groups of TPP with that of positively charged amino
groups of CS. A similar principle has been used by
other research groups for the preparation of nano-
particles useful in the encapsulation and controlled
release of peptides,45 proteins,46 and insulin.47 As far
as our knowledge, this is the first report for encap-
sulation of VHL in CS/TPP nanoparticles. The mo-

lecular structures of VHL, TPP, and CS are given in
Figure 1.

The nature of interaction between the drug and
CS or TPP was established through FTIR spectrome-
try. In the slightly acidic medium at pH 5, where
nanoparticle formation takes place, VHL will be pos-
itively charged because of the presence of tertiary
amino groups in its molecular structure (Fig. 1).
Hence, during CS nanoparticle formation, besides
hydrogen bonding, electrostatic interactions between
TPP and drug molecules can take place. Figure 2
shows FTIR spectra of CS, CS/TPP nanoparticles,
VHL, VHL-loaded CS/TPP nanoparticles, and PEG-
coated CS nanoprticles. Three characteristics vibra-
tional absorption bands observed in Figure 2(B) at
3445, 1610, and 1325 cm�1, are respectively, due to
the hydroxyl, ANH2 and CBN groups present in
CS. In the case of placebo CS/TPP nanoparticles,
[Fig. 2(A)] observed broadening of the peak in the
range of 3200–3500 cm�1in comparison with CS [Fig.
2(B)] can be attributed to the possible intermolecular
hydrogen bonding. The observed shift in ANH2

bending vibration from 1610 to 1539 cm�1 and
appearance of a new peak at 1630 cm�1 can be
attributed to the linkages between phosphate groups
of TPP with ammonium groups of CS in nanopar-
ticles. Similar observation is reported earlier by
Calvo et al.32 These interactions reduce CS solubility
and are responsible for micro/nanoparticles separa-
tion from the solution. The presence of P¼¼O group
is indicated by the appearance of a peak at 1163
cm�1. In the case of VHL [Fig. 2(D)], appearance of
absorption band at 3352 cm�1 corresponds to the

Figure 1 Chemical structure of (A) VHL, (B) TPP, and (C) CS.
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stretching vibrations of hydroxyl group and bands
at 2935, 1515–1450, and 1247 cm�1 correspond to the
stretching vibrations of aromatic CH, benzene ring,
and methoxy group present in the drug structure. In
the case of VHL-loaded CS/TPP nanoparticles [Fig.
2(C)], existence of characteristics bands at 2935,
1514–1469, 1247 due to venlafaxine hydrochloride
and at 3352, 1612, and 1170 cm�1 due to hydroxyl,
primary amino and P¼¼O groups of chitosan nano-
particles indicate the presence of drug in CS/TPP
nanoparticles. As shown in the FTIR spectrum of
PEG-coated CS/TPP nanoparticles [Fig. 2(E)], char-
acteristic absorption peaks at 2927, 1411, and 1108
cm�1 correspond to stretching and bending vibra-
tions of ACH2 group and presence of ether linkage
respectively, providing a confirmation of incorpora-
tion of PEG in the nanoparticle matrix.

To confirm the physical state and interaction of
the drug in the CS/TPP nanoparticles, the placebo
nanoparticles, pure drug, physical mixture of the
drug, and the placebo nanoparticles and VHL-
loaded CS/TPP nanoparticles were examined by
DSC, the results were given in Figure 3. This study
revealed that placebo nanoparticles showed a broad
endothermic peak at 124�C [Fig. 3(A)], whereas in
the case of pure VHL [Fig. 3(B)], a sharp endother-
mic peak at 217�C corresponds to the melting point
of VHL.23 In the case of VHL-loaded CS/TPP nano-
particles [Fig. 3(C)], disappearance of the endother-

mic peak appearing at 217�C corresponding to
melting point of the VHL indicates molecular level
dispersion of drug in nanoparticle matrix, whereas,
physical mixture of drug and nanoparticles [Fig.
3(D)] shows separate characteristic endothermic
peaks for drug and nanoparticles. Similar results
have also been reported earlier by Dhawan and Sin-
gla for Nifidipine-loaded chitosan microsphere.48

Observed broad endothermic peak for CS/TPP
nanoparticles at 124�C was shifted to 116�C [Fig.
3(E)] for PEG-coated CS/TPP nanoparticles. The
observed decrease in the endothermic peak for PEG-
coated CS/TPP nanoparticles supports interaction
between CS and PEG.33

The X-ray diffraction patterns of VHL, CS, CS/
TPP nanoparticles, and VHL-loaded CS/TPP nano-
particles are shown in Figure 4. XRD patterns of CS
[Fig. 4(B)] showed two prominent crystalline peaks
at 10.375� and 20.175�. In the case of CS/TPP nano-
particles [Fig. 4(C)], there was significant decrease in
the intensity of characteristic peaks of chitosan,
which is in agreement with the results reported by
Wan et al.49 The distinct differences in the diffrac-
tion patterns of CS and CS/TPP nanoparticles could
be attributed to the modification in the arrangement
of molecules in the crystal lattice. From the XRD pat-
terns of VHL [Fig. 4(A)] and VHL-loaded CS/TPP
nanoparticles [Fig. 4(D)], molecular level dispersion
of VHL in CS/TPP nanoparticles is clearly indicated

Figure 2 FTIR spectra of (A) CS/TPP nanoparticles, (B) CS, (C) VHL-loaded CS/TPP nanoparticles, (D) VHL, and (E)
PEG-coated CS/TPP nanoparticles.

2880 SHAH ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



from the disappearance of XRD bands of the drug
appearing at 2y ¼ 8.3, 12.66, 13.49, 15.56, 20.32,
25.00, 28.48, and 35.56�

. Sarmento et al.50 in the
study of dorzolamide and pramipexole in CS/TPP
nanoparticles have also reported similar observation.
From XRD data, they have suggested that, prami-
pexole probably forms a molecular level dispersion
or an amorphous nanodispersion within the CS ma-
trix of the nanoparticles. However, crystallization of
Dorzolamide was reported during its entrapment in
CS/TPP nanoparticles.

TEM images of plecebo nanoparticles and VHL-
loaded CS/TPP nanoparticles are given in Figure 5.
It was observed that TEM analysis of placebo CS/
TPP nanoparticles exhibits spherical morphology
with particle size of � 250 � 15 nm [Fig. 5(A)],
whereas irregularity in shape and size (250–300 nm)
was observed in the case of VHL-loaded CS/TPP
nanoparticles [Fig. 5(B)]. The observed size of these
nanoparticles from TEM analysis is in good agree-
ments with the results obtained from dynamic light
scattering studies.

Factors influencing the particle size, zeta potential,
and encapsulation efficiency of CS/TPP
nanoparticles

Effect of CS concentration and CS/TPP mass ratio

The physicochemical properties of nanoparticles are
important in determining the physiological functions
and stability of drug-loaded nanoparticles. The parti-
cle size is one of the most significant determinants
in mucosal and epithelial tissue uptake and intracel-
lular trafficking.51 Surface charge is another impor-
tant determinant in not only the stability,
mucoadhesiveness, and permeation enhancing
effects of nanoparticles52,53 but also in the ability of
nanoparticles to escape from the endolysosomes.54

CS is a weak base polysaccharide, insoluble in neu-
tral and alkaline medium. In acidic medium, posi-
tively charged quaternary amine group accelerates
gelation with polyanion TPP, due to inter and intra-
molecular crosslinkages mediated by the polyanions.
Though nanoparticles are formed instantaneously on
mixing of TPP and CS solution, the size and zeta
potential of the nanoparticles depend largely on the
concentration of CS and TPP, CS/TPP mass ratio,
molecular weight of CS, pH of the medium, and stir-
ring rate. Mi et al.55 have reported the detailed
kinetics of CS/TPP complex formation and curing
mechanism.

A preliminary screening of different concentration
ratios of CS/TPP combinations showed that, mainly
both polymer ratio and total polymer concentration
influenced the formation of nanoparticles. To exam-
ine effect of CS concentration on nanoparticles for-
mation, CS solutions of different concentrations
ranging from 0.05 to 0.25% (w/v) in 1% acetic acid
were reacted efficiently with 0.05% aqueous solution
of TPP. Concentration of drug was kept constant at
already optimized concentration of 600 lg/mL.
Effect of concentration of CS and CS/TPP mass ratio
on particle size, zeta potential, and encapsulation ef-
ficiency of nanoparticles is illustrated respectively, in
Figure 6(A–D). At fixed CS/TPP mass ratio (5 : 1)
and drug concentration 600 lg/mL, it was observed
that with increasing concentration of CS, particle
size increases but zeta potential decreases [Fig.
6(A)], while, as CS concentration increases, VHL
encapsulation efficiency decreases from 74 to 58%
[Fig. 6(C)]. Similar observation was reported earlier
for encapsulation of bovine serum albumin in CS/
TPP nanoparticles. The increased viscosity of me-
dium with increasing concentration of CS may be re-
sponsible for reduction in encapsulation efficiency
and increase in particle size. The highly viscous na-
ture of the gelation medium reduces the ionic inter-
action of CS with TPP leading to increase in particle
size and also hinders the transfer of the drug mole-
cules leading to reduction in encapsulation
efficiency.

Figure 3 DSC thermograms of (A) CS/TPP nanoparticles,
(B) VHL, (C) VHL-loaded CS/TPP nanoparticles, (D) phys-
ical mixture of VHL and placebo nanoparticles, and (E)
PEG-coated CS/TPP nanoparticles.
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CS/TPP mass ratio is another important factor
influencing the characteristics of the formed CS/TPP
nanoparticles. To examine the effect of CS/TPP mass
ratio on particle size, zeta potential, and encapsula-
tion efficiency of VHL, nanoparticles were prepared
as described earlier, at fixed concentration of CS (1.5
mg/mL). Variation in CS/TPP mass ratio from 3 : 1
to 7 : 1 showed increase in size and zeta potential of
nanoparticles [Fig. 6(B)]. At fixed concentration of

chitosan (1.5 mg/mL), with increase in the CS/TPP
mass ratio, the pH of the solution increases due to
increased TPP concentration favoring ionic interac-
tion. Similar observation is reported earlier by Hu et
al.56 However, variation in CS/TPP mass ratio did
not show any effect on the efficiency of VHL encap-
sulation [Fig. 6(D)]. Hence, these results provide an
important link in manipulation and optimization of
the particle size, surface charge, and also

Figure 4 XRD patterns of (A) venlafaxine hydrochloride, (B) chitosan, (C) CS/TPP nanoparticles, and (D) venlafaxine
hydrochloride-loaded CS/TPP nanoparticles. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 5 TEM image of (A) CS/TPP nanoparticles and (B) VHL-loaded CS/TPP nanoparticles. (CS ¼ 0.15% w/v, TPP
0.05% w/v, VHL 0.6 mg/mL).
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encapsulation efficiency for projected applications.
The observed % relative error in particle size meas-
urements by DLS and % encapsulation efficiency
was less than 3.5% and 4.1% respectively, for tripli-
cate measurements.

Effect of VHL concentration

Figure 7(A,B) illustrate the effect of VHL concentra-
tion on entrapment efficiency, particle size, and zeta
potential of nanoparticles at constant CS/TPP mass
ratio of 5 : 1 at pH 5. As seen from Figure 7(A), with
increase in drug concentration, encapsulation effi-
ciency increases initially up to 600 lg/mL, and
thereafter remains almost constant. Hence, further
study was carried out at 600 lg/mL concentration.
Figure 7(B) shows that the particle size of drug-
loaded nanoparticles gradually increases and zeta
potential decreases as the concentration of VHL
increases from 0.2 to 1 mg/mL.

Effect of PEG incorporation

PEG is widely used as coating material in pharma-
ceuticals, due to its proven safety potential attrib-
uted by its hydrophilicity, nontoxicity, absence of
antigenicity, and immunogenicity. Nanoparticles
with the right coating can quickly slip through
human mucus preventing the adherence of nanopar-
ticles and viruses to the protein meshwork in the
mucus, allowing them to become long circulating
particles in physiological fluids. It was observed
[Fig. 8(A)] that particle size increases and zeta poten-
tial decreases with no effect on encapsulation effi-
ciency of VHL [Fig. 8(B)] with increase in PEG
concentration. The increase in the size may be due
to the intermolecular hydrogen bonding between the
electropositive quaternary amine groups of CS with
electronegative hydroxyl groups of PEG. Also, it is
not surprising that the addition of PEG reduces the
positive charge on the nanoparticles and hence
nanoparticle suspension was observed to be stable

Figure 6 (A) Effect of CS concentration on (n) particle size and (&) zeta potential at CS-TPP mass ratio 5 : 1 and pH ¼
5. (B) Effect of CS/TPP mass ratio on (n) particle size and (&) zeta potential at pH ¼ 5. (C) Effect of CS concentration on
encapsulation efficiency at CS/TPP mass ratio 5 : 1 and pH ¼ 5. (D) Effect of CS/TPP mass ratio on encapsulation effi-
ciency at CS and VHL concentration 1.5 and 0.6 mg/mL at pH ¼ 5.
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for a period of more than 6 months at room temper-
ature (30 � 1)�C. TEM image of PEG-coated CS/TPP
nanoparticles is illustrated in Figure 9(A,B). Spheri-
cal particles with smooth and uniform coating on
the surface were observed and the overall size of the
particles was observed to be larger as compared to
unmodified nanoparticles. To prove the coating on
the surface of CS/TPP nanoparticles, XPS analysis
was carried out. XPS survey scan of PEG and CS,
indicated presence of C (1S) and O (1S) photoelec-
tron lines for PEG and C (1S), N (1S) and O (1S)
photoelectron lines for CS. As nitrogen photoelectron
lines appear only in CS spectrum, presence of nitro-
gen and its quantitative comparison with carbon
atoms was used as a probe for PEG coating on CS/
TPP nanoparticles. Figure 10(A) shows XPS scan of
CS/TPP nanoparticles and PEG-coated CS/TPP
nanoparticles, wherein a decrease in the intensity of

N (1S) has been noticed along with the increase in C
(1S) and O (1S) photoelectron line intensities. Com-
parison of carbon and nitrogen content on the sur-
face of CS/TPP nanoparticles and PEG-coated CS/
TPP nanoparticles through XPS indicates increase in
carbon concentration and considerable decrease in
nitrogen content on the surface of PEG-coated sam-
ple compared to CS/TPP nanoparticles surface.
These results indicate that nitrogen is buried below
PEG and hence XPS signals in PEG-coated samples
indicate more of PEG nano layer coated above CS/
TPP nanoparticles. Surface composition in terms of
O/N and C/N atomic ratios of PEG-coated CS/TPP
nanoparticles and CS/TPP nanoparticles is given in
Table I. High resolution C (1S) spectra of PEG, PEG-
coated CS/TPP nanoparticles and CS shown in Fig-
ure 10(B) show presence of CAC and CAH function-
ality at 285.0 � 0.1 eV57 and CAOAC, CAOH, and

Figure 7 Effect of VHL concentration on (A) encapsulation efficiency and (B) particle size (n) and zeta potential (&).
(CS/TPP mass ratio 5 : 1, pH ¼ 5).

Figure 8 Effect of PEG concentrations on (A) particle size (*), zeta potential (l), and (B) encapsulation efficiency of
VHL in CS nanoparticles. (CS/TPP mass ratio 5 : 1, venlafaxine hydrochloride ¼ 0.6 mg/mL, pH ¼ 5).
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CAN functionalities58,59 at 286.6 � 0.1 eV. It is worth
mentioning that N (1S) spectra shape shown in
quantitative data is broad because these functional-
ities are not resolved properly in low resolution
data. Thus XPS data shown in Figure 10(A,B) indi-
cate that although nitrogen signal is very small, it is
visible in PEG-coated CS/TPP nanoparticles layer.
This suggests that CS/TPP nanoparticles are coated
with monolayer of PEG as it is also seen in TEM pic-
ture [Fig. 9(A,B)].

In vitro release study

Figure 11(A) shows the release profile of VHL from
CS and PEG-coated CS/TPP nanoparticles. It was
observed from the plots that, in vitro release of VHL
shows a very rapid initial burst followed by a slow
drug release at 7.4 pH. Generally the drug release is
due to the diffusion of drug molecules through the
matrix or due to degradation of polymeric matrix. In
the present case, initial burst release of drug mole-
cules from nanoparticles can be attributed to the
presence of drug molecules near the periphery of
the nanoparticles, which diffuse in the surrounding
medium due to rapid penetration of release medium
in the hydrophilic nanoparticles. The release rate
was observed to be slow for PEG-coated CS/TPP
nanoparticles as compared to unmodified nanopar-
ticles due to the presence of surface crosslinking of
PEG [Fig. 9(B)], which produces hindrance to the
diffusion of drug molecules in release medium.
Figure 11(B–D) shows the effect of drug, CS concen-
tration and CS/TPP mass ratio on release of the
drug respectively. It was observed that, with
increase in the initial drug concentration in the
nanoparticles, its release rate is also observed to
increase upto 600 lg/mL and there after release rate
is observed to decrease. This can be attributed to the

Figure 9 TEM image of (A, B) PEG-coated CS/TPP nanoparticles. (CS/TPP mass ratio ¼ 5 : 1, VHL ¼ 0.6 mg/mL, PEG
¼ 30 mg/mL and pH ¼ 5). [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

Figure 10 XPS analysis of CS, PEG, CS/TPP and PEG-
coated CS/TPP nanoparticles. (A) High resolution C (1S)
photoelectron line showing carbon functionalities and rela-
tive composition in CS, PEG, and PEG-coated CS nanopar-
ticles and (B) XPS survey scan of CS/TPP nanoparticles
and PEG-coated CS/TPP nanoparticles. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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observed maximum encapsulation efficiency of VHL
at 600 lg/mL concentration [Fig. 7(A)]. As encapsu-
lation efficiency decreases after 600 lg/mL drug
concentration it directly affects the release rate. Total
cumulative release was observed to reduce from 90
to 56% when the CS concentration increased from
0.5 to 2.5 mg/mL [Fig. 11(C)]. This can be attributed
to the increased viscosity of the solution, hindering
the ionic interaction between CS and TPP resulting
in less compact nanoparticle matrix and hence sub-

sequently low encapsulation and release rate. Similar
results are also reported by Gan and Wang.45 Figure
11(D) shows the effect of CS/TPP mass ratio on the
release profile. It was observed that when CS/TPP
mass ratio decreases from 7 to 3, total cumulative
release increases from 78 to 97%. Hence, at low CS/
TPP mass ratio, faster release rate is observed as
compared to higher CS/TPP mass ratio. The % rela-
tive error calculated for triplicate measurements was
observed to be less than 6.2%.

TABLE I
XPS Composition of CS/TPP Nanoparticles and PEG-Coated CS/TPP Nanoparticles

Sample
C

(Atomic %)
N

(Atomic %)
O

(Atomic %)
C/N

(Atomic ratio)
O/N

(Atomic ratio)

CS nanopatticles 63.2 6.2 30.6 10.2 4.9
PEG-coated CS

nanoparticles
67.1 1.7 31.2 39.5 18.4

Figure 11 In vitro release profile of VHL from CS/TPP nanoparticles. (A) In vitro release of VHL from (l) CS/TPP nano-
particles and (*) PEG-coated CS/TPP nanoparticles synthesized at CS/TPP mass ratio 5 : 1. CS, PEG and VHL concentra-
tions 1.5 mg/mL, 30 mg/mL, 600 lg/mL, respectively. (B) Effect of VHL concentration on the % cumulative release from
CS/TPP nanoparticles synthesized at CS/TPP mass ratio: 5 : 1and pH ¼ 5. (C) Effect of CS concentration on the % cumu-
lative release from CS/TPP nanoparticles synthesized at CS/TPP mass ratio: 5 : 1 and pH ¼ 5. (D) Effect of CS/TPP
mass ratio on the % cumulative release from CS/TPP nanoparticles. Concentration of CS and VHL ¼ 1.5 mg/mL and
0.6 mg/mL.
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CONCLUSIONS

The CS/TPP nanoparticles and PEG-coated CS/TPP
nanoparticles can be formed under very mild experi-
mental conditions. Physiochemical properties such
as particle size and zeta potentials can be simply
manipulated and controlled by varying the key proc-
essing parameters such as CS, PEG concentration
and CS/TPP mass ratio. Molecular level dispersion
of VHL within the nanoparticles was observed from
XRD and DSC analysis. Entrapment efficiency up to
(70 � 5)% was observed for CS/TPP nanoparticles at
0.6 mg/mL drug concentration. However, manipula-
tion of these conditions did not succeed in control-
ling the burst release of encapsulated drug. Addition
of PEG during nanoparticle formation has no effect
on encapsulation efficiency of drug but shows
decrease in zeta potential, increase in particles size
and stability of nanoparticles with delayed release of
entrapped drug molecules due to increased bulk
density and coating as observed in TEM on the
nanoparticles. XPS investigation also reveals the
presence of PEG on the surface of CS/TPP nanopar-
ticles, a fact that renders them interesting carrier for
drug delivery applications.
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