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ABSTRACT: Poor drug encapsulation efficiency and rapid release of the encapsulated
drug limit the use of nanoparticles in biomedical applications involving water-soluble
drugs.Wehave developed a novel polymer-surfactant nanoparticle formulation, using the
anionic surfactant Aerosol OTTM (AOT) and polysaccharide polymer alginate, for sus-
tained release of water-soluble drugs. Particle size of nanoparticles, as determined by
atomic force microscopy and transmission electron microscopy, was in the range of 40–
70 nm. Weakly basic molecules like methylene blue, doxorubicin, rhodamine, verapamil,
and clonidine could be encapsulated efficiently in AOT-alginate nanoparticles. In vitro
release studies with basic drug molecules indicate that nanoparticles released 60–70% of
the encapsulated drug over 4 weeks, with near zero-order release during the first 15 days.
Studies with anionic drug molecules demonstrate poorer drug encapsulation efficiency
and more rapid drug release than those observed with basic drugs. Further studies
investigating the effect of sodium concentration in the release medium and the charge of
the drug suggest that calcium-sodium exchange between nanoparticlematrix and release
medium and electrostatic interaction between drug and nanoparticle matrix are impor-
tant determinants of drug release. In conclusion, we have formulated a novel surfactant-
polymer drug delivery carrier demonstrating sustained release of water-soluble drugs.
� 2007Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci 96:3379–3389, 2007
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INTRODUCTION

Biodegradable nanoparticles, with a particle size
of about 100 nm, have certain unique advantages
in drug delivery1. Nanoparticles can penetrate
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small capillaries, allowing enhanced accumulation
of nanoparticle-encapsulated drug at target sites2.
Nanoparticles can passively target tumor tissue
through enhanced permeation and retention
effect3,4. Nanoparticles can be delivered to distant
target sites either by localized catheter-based
infusion5 or by attaching a tissue-specific targeting
ligand to nanoparticle surface6. Nanoparticles
could also be used to encapsulate an imaging agent
such as gadolinium7. Nanoparticles loaded with
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both imaging and therapeutic agents could be used
for simultaneous drug delivery and imaging
applications.8

Nanoparticles fabricated using synthetic poly-
mers such as polylactides9,10 or polyanhydrides11

are suitable delivery vehicles for water-insoluble
drugs like paclitaxel and dexamethasone, and
hydrophilic macromolecules like proteins12,13 and
DNA.14 However, nanoparticles formulated using
synthetic polymers, in general, demonstrate low
drug encapsulation efficiency and rapid release of
water-soluble drugs. For example, nanoparticles
formulated using poly(D,L-lactide-co-glycolide)
(PLGA) demonstrated near-complete release of
water-soluble sodium phosphate salt of dexa-
methasone within 8 h.15 Similarly, polycaprolac-
tone and PLGA nanoparticles demonstrated
complete release of a water-soluble drug, propra-
nolol hydrochloride, in 8 h.16

Nanoparticles formulated using hydrophilic
polymers also show rapid drug release. For
example, Yi et al.17 investigated alginate-bovine
serum albumin nanoparticles for 5-fluorouracil.
Those nanoparticles released 84% of the encap-
sulated drug within 72 h. Gelatin nanoparticles
were investigated as carriers for methotrexate
sodium.18 The entire drug load was released
within 150 h, with a burst release of 40% in the
first 10 h. Gelatin nanoparticles were also
investigated for sustained delivery of pilocarpine
hydrochloride.19 Depending on the composition,
those nanoparticles released about 50–60% of
the encapsulated drug in 3 h. In another
study, alginate particles released about 70% of
encapsulated verapamil hydrochloride in 3 h.20

Thus, there is a clear need for nanoparticle
formulations that can efficiently encapsulate and
sustain the release of water-soluble, small mole-
cular weight drugs. We have developed a novel
nanoparticle formulation for water-soluble drugs,
using dioctyl sodium sulfosuccinate (Aerosol
OTTM; (AOT)) and sodium alginate. AOT is an
anionic surfactant that is approved as oral,
topical, and intramuscular excipient (U.S. Food
and Drug Administration’s Inactive Ingredients
Database). Sodium alginate is a naturally occur-
ring polysaccharide that has been extensively
investigated for drug delivery and tissue engi-
neering applications.21,22 The objectives of the
current study were to investigate AOT-alginate
nanoparticles for encapsulation and release of
water-soluble drugs and study the effect of various
formulation parameters on drug encapsulation,
and in vitro release of the encapsulated drug.
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MATERIALS AND METHODS

Materials

Doxorubicin, rhodamine 123, verapamil, methy-
lene blue and clonidine (all hydrochloride salts),
sodium alginate, polyvinyl alcohol (PVA, 30,000 –
70,000 Da), and calcium chloride were purchased
from Sigma-Aldrich (St. Louis, MO). Fluorescein
sodium, diclofenac sodium, AOT, ethanol, and
methylene chloride were purchased from Fisher
Scientific (Chicago, IL).
Methods

Nanoparticle Formulation

Nanoparticles were formulated by emulsion-
crosslinking technology developed in our labora-
tory. Sodium alginate solution in water (0.1%–
1.0 % w/v; 1 mL) was emulsified into AOT solution
in methylene chloride (0.05–20% w/v; 1–3 mL) by
either vortexing (GenieTM, Fisher Scientific) or
sonication (Model 3000, Misonix, Farmingdale,
NY) for 1 min over ice bath. The primary emulsion
was further emulsified into 15mL of aqueous PVA
solution (0.5–5% w/v) by sonication for 1 min over
ice bath to form a secondary water-in-oil-in-water
emulsion. The emulsion was stirred using a
magnetic stirrer, and 5 mL of aqueous calcium
chloride solution (60% w/v) was added gradually
to the above emulsion. The emulsion was stirred
further at ambient conditions for �18 h and then
under vacuum for 1 h to evaporate methylene
chloride. For preparing drug-loaded nanoparti-
cles, drug (5–15 mg) was dissolved in the aqueous
alginate solution by sonication, which was then
processed as above. Nanoparticles formed were
recovered by ultracentrifugation (Beckman, Palo
Alta, CA) at 145,000g, washed two times with
deionized water to remove PVA and unentrapped
drug, resuspended in water, and lyophilized.

Determination of Drug Loading and
Encapsulation Efficiency

Drug loading in nanoparticles was determined by
extracting 5mg of nanoparticles in 5mL of alcohol
for 30 min and analyzing the alcohol extract for
drug content. Methylene blue was quantified by
spectrophotometry at 630 nm (Vmax, Molecular
devices, CA); rhodamine and fluorescein were
determined by fluorescence spectroscopy (excita-
tion/emission wavelengths of 485/528 nm and
494/518 nm, respectively; FLX 8000, Bio-Tek1
7 DOI 10.1002/jps
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Instruments, Winooski, VT). All the other drugs
were determined by HPLC (see below). Drug
loading was defined as the amount of drug
encapsulated in 100 mg of nanoparticles, and
was represented as % w/w. Drug encapsulation
efficiency was expressed as the percent of the
total drug added that was encapsulated in
nanoparticles.

Determination of Residual Solvent Content

According to USP29-NF24, methylene chloride is
a Class 2 residual solvent, and its concentration
in products is limited to 600 ppm. Residual
methylene chloride content in selected nanopar-
ticle formulations was determined by USP-NF
organic volatile impurities (OVI) Method IV
Testing by a commercial testing laboratory
(Microbac Laboratories, Inc., Southern Testing
& Research Division, Wilson, NC). The data was
presented as ppm residual methylene chloride in
nanoparticles.

Determination of Particle Size and Zeta potential

Particle size of nanoparticles was determined by
atomic force microscopy (AFM) in the tapping
mode and by transmission electron microscopy
(TEM). For AFM, silicon tapping tips (TESP,
VEECO) were used with a nominal tip radius less
than 10 nm as provided by the manufacturer.
Nanoparticlesweredispersed indeionizedwater at
1 mg/mL concentration. A droplet of the nanopar-
ticle suspension was then placed on a polyethyle-
neimine-coated glass coverslip and air dried.
Nanoparticles were then imaged using Nano-
scope III (Digital Instruments/VEECO) with an
Escanner (maximumscanarea¼ 14.2� 14.2mm2).
The scan rate is 1 Hz and the integral and
proportional gains are approximately 0.4 and 0.7,
respectively. Height images were plane-fit in the
fast scan direction with no additional image
filtering. TEM of nanoparticles was performed
following negative staining with uranyl acetate. A
drop of nanoparticle suspension (1 mg/mL) was
placed on Formvar1-coated copper grids (Ted
Pella, Inc., Redding, CA) and allowed to equili-
brate. Excess liquid was removed with a filter
paper and a drop of 2% w/v uranyl acetate was
added to the grid. After 3 min incubation at room
temperature, excess liquid was removed and the
grid was air-dried. The dried grid containing the
nanoparticles was visualized using a transmission
electron microscope (TEM; Philips/FEI, Inc.,
Briarcliff Manor, NY). The diameters of at least
DOI 10.1002/jps JOURNA
fifty individual nanoparticles in the TEM images
were determined manually using a digital caliper,
and was used to calculate the number-average
particle size.

Zeta potential was determined using dynamic
light scattering. Brookhaven 90Plus zeta potential
equipment (Brookhaven instruments, Holtsville,
NY) was used. About 1 mg of nanoparticles was
dispersed in 1 mL of distilled water by sonication,
and was subjected to zeta potential analysis.

In Vitro Release Studies

In vitro release of nanoparticle-encapsulated drug
was determined under sink condition (volume of
release medium used was enough to dissolve
at least four times the quantity of drug present
in nanoparticles). Nanoparticles (�5 mg) were
dispersed in 0.5 mL of phosphate-buffered saline
(PBS, pH 7.4, 0.15M) or in deionized water
containing different concentrations of sodium
chloride and suspended in DispoDialyzer1

(10 kDa MWCO, Pierce) dialysis tubes. The dial-
ysis tubes did not retain free drug. These were
then placed in a 15-mL centrifuge tube containing
10 mL of the release medium. The whole assembly
was shaken at 100 rpm and 37.0� 0.58C in an
orbital shaker (Brunswick Scientific, C24 incu-
bator shaker, NJ). At predetermined time inter-
vals, 0.5 mL of the release medium was removed
from the centrifuge tube, and was replaced with
fresh medium. Drug concentration in the release
samples was determined as in drug loading
determinations. Stability of different drugs under
in vitro release conditions was determined and the
drug release profile was corrected for degradation,
if any.

HPLC Analysis

A Beckman Coulter HPLC system with System
Gold1 125 solvent module and System Gold1 508
autoinjector connected to System Gold1 168 PDA
detector and Linear Fluor LC 305 fluorescence
detector (Altech) were used. A Beckman1 C-18
(Ultrasphere) column (ODS 4.6 mm� 250 mm)
was used. The following mobile phase composi-
tions and detector wavelengths were used.

Doxorubicin: Acetonitrile:water (adjusted to
pH 3 with glacial acetic acid) (70:30) at a flow-
rate of 1 mL/min; fluorescence detector at 505/
550 nm wavelengths. Retention time—7 min.

Verapamil:Acetonitrile:sodium acetate (20mM;
pH 4—adjusted with glacial acetic acid):tetrabu-
tylammonium bromide (1.5 mM) (50:20:30) at
L OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 12, DECEMBER 2007
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flow-rate of 1 mL/min; fluorescence detector at
275/310 nm wavelengths. Retention time—
3.8 minutes.

Clonidine: Methanol:sodium 1-heptane-sulfo-
nate (0.01M; pH 3—adjusted with glacial acetic
acid) (50:50) at a flow-rate of 1 mL/minute; PDA
detector at 220 nm. Retention time—8.0 min.

Diclofenac:Acetonitrile:sodium acetate (20 mM,
pH 4): tetrabutylammonium bromide (1.5 mM)
(6:1.6:2.4 ratio) at flow-rate of 1 mL/min; PDA
detector at 280 nm. Retention time—6 minutes.
RESULTS AND DISCUSSION

Alginates are naturally occurring, random, anio-
nic, linear polymers consisting of varying ratios of
guluronic and mannuronic acid units (Fig. 1A).
Alginate delivery systems are formed when
monovalent, water-soluble, salts of guluronic,
and mannuronic acid residues undergo aqueous
sol–gel transformation to water-insoluble salts
Figure 1. (A) Structure of alginate. Alginat
taining b-(1! 4)-linked D-mannuronic acid (M
residues. Alginates are not random copolymers
of blocks of similar and strictly alternating res
GMGMGMGM) (B) Crosslinking and ‘egg-box
calcium salts (C) Structure of AOT shows th
carbon tail group (D) Proposed structure of
consists of alginate, surrounded by one or more
represent drug molecules. Figures not drawn
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(Fig. 1B) due to the addition of divalent ions such
as calcium.23,24 Alginate polymers have been
widely used in biomedical applications as they
are biodegradable and biocompatible, but suffer
from the limitation of rapid drug release in
physiologic salt concentration.25 In the presence
of monovalent (e.g., sodium) salts, insoluble
calcium alginate gets converted into soluble form
(sodium alginate, for example), resulting in rapid
disintegration of the delivery system and drug
release.25 We rationalized that introduction of
stronger acid groups in alginate nanoparticles will
result in stronger cross-linking and drug-matrix
interaction, resulting in enhanced drug encapsu-
lation and sustained release of the encapsulated
drug. Based on this rationale, we developed a
surfactant-polymer system composed of alginate
and anionic surfactant AOT. AOT has a sulfonic
group (pKa< 1) in its polar sulfosuccinate head
group with a large and branching hydrocarbon
tail group (Fig. 1C). AOT forms reverse micelles in
nonpolar solvents such asmethylene chloride, and
es are linear unbranched polymers con-
) and a-(1!4)-linked L-guluronic acid (G)
but, according to the source algae, consist
idues (i.e., MMMMMM, GGGGGG, and
’ formation of alginate in the presence of
e sulfosuccinate head group and hydro-
AOT-alginate nanoparticles. Inner core
bilayers composed of AOT. Gray squares
to scale
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because AOT is a double chain amphiphile, it is
expected to form a bilayer structure in multiple
emulsion.26 Based on the above property and
the multiple emulsion process used, nanoparticles
are expected to have a calcium-crosslinked core
composed of alginate and AOT head groups,
surrounded by a hydrophobic matrix composed of
AOTtails,with thedrug of interest encapsulated in
the core (Fig. 1D).
Particle Size and Morphology of Nanoparticles

Nanoparticle size was determined by AFM and
TEM. For AFM, at least 50 particles from different
spots were measured in order to determine the
number-average particle size and the standard
deviation. Particle diameters in the lateral and
vertical dimensions were measured using the
sectional analysis tool of the Nanoscope 5.12b48
Figure 2. (A) AFM images of AOT-alginate
The images from left to right are height, amplit
sample spot with the z-scale of 50 nm, 0.10 V
400� 400 nm2. (B) TEM image of AOT-alginat
ing with 2% w/v uranyl acetate (200,000� ma

DOI 10.1002/jps JOURNA
software. Figure 2A shows representative nano-
particles that are spherical in shape. The average
diameter in the lateral direction was measured to
be 79 nm� 7 nm while the average vertical
diameter was 28 nm� 6 nm. It is expected that
polymeric particles are flattened when they are
deposited on a surface. In addition, the lateral
measurement byAFM includes the projected AFM
tip size, which may add up to 20 nm to the
actual diameter in the case of the TESP tip. TEM
studies also indicated spherical shape of nano-
particles (Fig. 2B). The average diameter of
nanoparticles as visualized by TEM was
38 nm� 8 nm, and correlates well with the
particle size range determined by AFM.

Particle size is often used to characterize
nanoparticles, because it facilitates the under-
standing of the dispersion and aggregation
processes. Further, particle size affects biological
handling of nanoparticles.27 The subhundred
nanoparticles in the tapping mode in air.
ude, and phase images of a representative
, and 708, respectively. The scan size is
e nanoparticles following negative stain-
gnification).
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Table 1. Effect of Sodium Alginate Concentration on Methylene Blue Encapsulationa

Concentration
(% w/v)

Drug Loading
(% w/w)

Encapsulation
Efficiency (%)

Zeta Potential
(mV)

0.1 0.63� 0.01 76.4� 0.8 �30.5� 0.7
0.3 0.63� 0.01 76.2� 0.8 �34.5� 0.9
0.5 0.65� 0.01 76.8� 0.2 �36.0� 1.1
0.7 0.68� 0.01 83.0� 1.3 �26.1� 2.5
1.0 0.82� 0.01 99.8� 0.6 �36.1� 2.1

aAOT and PVA concentrations were 20 and 2% w/v, respectively.
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nanometer particle size is beneficial in drug
delivery, because nanoparticles in this size range
have been shown to have higher cellular27 and
tissue uptake.28–30

The zeta potential of AOT-alginate nanoparticles
was in the range of �25 to �35 mV (Tables 1–3).
Previous studies have shown that zeta potential
affects the intracellular distribution of nanoparti-
cles.31 Our proposed model for AOT-alginate
nanoparticles (Fig. 1D) suggests that only the
negative charges present in the core of the
nanoparticle matrix (sulfonate in AOT and car-
boxyl groups in alginate) are involved in electro-
static interactions with weakly basic drug
molecules. Thus, negative charges on the surface
of nanoparticles could contribute to the negative
zeta potential of AOT-alginate nanoparticles.
Drug Loading and Encapsulation Efficiency

Initial optimization studies were performed with
methylene blue. Methylene blue is a photosensi-
tizer that is currently being investigated for
photodynamic therapy of various cancers.32,33

Drug loading and drug encapsulation efficiency
in AOT-alginate nanoparticles was dependent on
AOT and alginate concentrations. Increasing the
sodium alginate concentration from 0.1 to 1% w/v
in the formulation resulted in an increase in
Table 2. Effect of AOT Concentration on Methylene Blue

Concentration
(% w/v)

Drug Loading
(% w/w)

0.05 5.06� 0.24
0.1 4.44� 0.05
5 1.76� 0.02
10 1.38� 0.02
20 0.82� 0.01

aSodium alginate and PVA concentrations were 1 and 2% w/v, r
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methylene blue loading efficiency from about 77 to
99% (Table 1). Similarly, increasing the AOT
concentration from 0.05 to 20% in the formulation
resulted in an increase in encapsulation efficiency
from 17 to 99% (Table 2).

Drug encapsulation efficiency in nanoparticles
was also a function of the amount of drug added to
the formulation as shown in Table 3. Encapsula-
tion efficiency was 99% when 5 mg of methylene
blue was used in nanoparticle formulation
whereas the encapsulation efficiency decreased
to 74% when 15 mg of methylene blue was used.
We studied the effect of oil phase volume on drug
loading to determine if higher amounts of drug
can be loaded in nanoparticles without the loss of
encapsulation efficiency. When the volume of the
AOT phase was decreased from 3 mL to 1.5 mL,
drug loading increased to about 1.9% w/v, with an
encapsulation efficiency of 80% (Table 4). Decreas-
ing the oil phase volume further to 1 mL and AOT
concentration to 5% w/v further increased the
drug loading to 3.8% w/w, with a drug encapsula-
tion efficiency of �50%.

The above results could be explained based on
the contribution of electrostatic interactions to
drug loading in nanoparticles. Increasing the
concentration of either alginate or AOT is
expected to increase the number of acidic func-
tional groups available for interaction with basic
drug, resulting in better drug entrapment in
Encapsulationa

Encapsulation
Efficiency (%)

Zeta Potential
(mV)

16.7� 0.8 �32.3� 0.9
16.8� 0.2 �34.5� 2.4
58.2� 0.9 �30.9� 0.9
86.9� 1.2 �31.7� 2.6
99.8� 1.2 �36.1� 2.1

espectively.

7 DOI 10.1002/jps



Table 3. Effect of Methylene Blue Amount Added on Methylene Blue Encapsulationa

Amount
(mg)

Drug Loading
(% w/w)

Encapsulation
Efficiency (%)

Zeta Potential
(mV)

5.0 0.82� 0.01 99.8� 0.6 �36.1� 2.1
7.5 0.67� 0.01 82.7� 1.1 �32.2� 0.9
10.0 0.65� 0.01 80.2� 1.7 �26.2� 0.8
12.5 0.63� 0.01 79.0� 0.7 �32.2� 1.7
15.0 0.60� 0.01 74.1� 0.2 �34.6� 1.7

aAlginate, AOT and PVA concentrations were 1, 20 and 2% w/v, respectively.

Table 4. Effect of AOT Volume Fraction on Loading and Encapsulation Efficiency of Doxorubicin Hydrochloridea

Volume of AOT
Phase (mL)

AOT Concentration
(% w/v)

Drug Loading
(% w/w)

Encapsulation
Efficiency (%)

3 20 0.82� 0.01 99.8� 1.2
1.5 20 1.86� 0.01 80.0� 0.3
1 5 3.80� 0.11 49.3� 1.5

aSodium alginate and PVA concentrations were 1 and 2% w/v, respectively.
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nanoparticles. As there are a limited number of
functional groups in the nanoparticle matrix that
are available for electrostatic interactions with
the drug, increase in the amount of drug added to
the formulation could have resulted in a decrease
in drug entrapment efficiency.

In order to further understand the contribu-
tion of electrostatic interactions to drug encap-
sulation, we studied the encapsulation of weakly
acidic drugs, fluorescein sodium, and diclofenac
sodium, in nanoparticles. Both diclofenac and
fluorescein are low molecular weight drugs
(Table 5), and are highly water-soluble. The
encapsulation efficiencies for fluorescein and
diclofenac were low (�6.0%; Table 5), suggesting
that electrostatic interaction between the
drug and nanoparticle matrix is an important
determinant of drug encapsulation efficiency in
Table 5. Encapsulation of Different Drugs in AOT-Algina

Drug
Molecular

Weight (Da)
Drug Loading

(% w/w)

Rhodamine 380 4.6� 0.2
Doxorubicin 580 3.8� 0.1
Verapamil 491 5.9� 0.5
Clonidine 266 3.6� 0.2
Fluorescein 332 0.6� 0.0
Diclofenac 318 0.5� 0.0

*Sodium alginate and PVA concentrations were 1 and 2%w/v, resp
1 mL.

aND – not determined.

DOI 10.1002/jps JOURNA
AOT-alginate nanoparticles. Because the struc-
ture of the different molecules investigated here
are different, it is important to note that other
interactions (hydrophobic, hydrogen bonding)
could have also contributed, to some extent,
to the observed differences in encapsulation
efficiencies of different drugs.

To confirm that AOT-alginate nanoparticles can
be used for the encapsulation of other weakly
basic water-soluble drugs, we investigated the
encapsulation efficiencies for verapamil, rhoda-
mine, clonidine, and doxorubicin hydrochloride.
Under similar formulation conditions, the above
drugs could be loaded in nanoparticles at �4–6%
w/w drug loading (Table 5). These studies confirm
the general applicability of AOT-alginate nano-
particles for encapsulation of weakly basic, low
molecular weight, water-soluble drugs.
te Nanoparticlesa*

Encapsulation
Efficiency (%)

Residual Methylene
Chloridea

59.7� 2.6 4 ppm
49.3� 1.5 3 ppm
76.8� 6.8 9 ppm
45.7� 1.9 ND
6.9� 0.2 ND
6.1� 0.4 2 ppm

ectively. AOT concentration was 5%w/v and phase volumewas

L OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 12, DECEMBER 2007
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The drug loading capacity of AOT-alginate
nanoparticles is higher than that reported
previously for water-soluble drugs in other
nanoparticle formulations. For example, gelatin
nanoparticles demonstrated a maximum of
3% w/w loading for methotrexate sodium.18 PLGA
nanoparticles demonstrated 0.26% w/w loading
for doxorubicin hydrochloride.34 A maximum of
0.9% w/w loading was obtained for 5-fluorouracil
in polycaprolactone nanoparticles.35
Determination of Residual Solvent Content

According to USP29-NF24, methylene chloride is
a Class 2 residual solvent, and its concentration in
products is limited to 600 ppm. All the nanopar-
ticles tested had very low levels of residual
methylene chloride content (Table 5), and passed
the 600 ppm limit set by the US Pharmacopeia.
In Vitro Drug Release Studies

To determine the ability of AOT-alginate nano-
particles to sustain the release of encapsulated
drug, we studied the in vitro release of verapamil,
doxorubicin, and diclofenac from nanoparticles.
Initially, stability of these drugs under the release
conditions (PBS, pH 7.4 and 378C) was investi-
gated. Verapamil and diclofenac were stable
under those conditions (data not shown), whereas
doxorubicin demonstrated biphasic, first-order
degradation profile (Fig. 3). Rate constants were
determined for the two phases, and were used to
Figure 3. Biphasic degradation of doxorubicin in PBS
at 378C and 100 rpm. The r2 values for the two phases
were 0.9890 (1–10 days) and 0.9926 (12–28 days).

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 12, DECEMBER 200
correct the in vitro release of doxorubicin for
degradation. For each time point, cumulative
amount of drug released at the previous time point
was considered as the initial drug concentration
(C0) and the rate constant for degradation (k) was
used to calculate the new drug concentration (Ct)
using the first-order rate equation. The amount of
drug degraded in the time (t) between the previous
time point and a particular time point was then
calculated using the following equation:

Amount degraded ¼ ðC0 � CtÞ ¼ C0 � C0e
�kt

¼ C0ð1� e�ktÞ

Nanoparticles demonstrated sustained drug
release for both the basic drugs investigated
(Fig. 4). For both doxorubicin and verapamil,
drug release was near zero-order (�45 and 60%
released, respectively; r2 values of 0.9949 and
0.9977) during the first 15 days, followed by a
more sustained drug release, with about 60–70%
of the entrapped drug released over a 28-day
period.

We also investigated whether AOT-alginate
nanoparticles can be used to sustain the release
of more than one drug. Nanoparticles were loaded
with both verapamil and doxorubicin for this
purpose. Doxorubicin, an anticancer agent, is
a substrate of the drug efflux transporter
P-glycoprotein while verapamil is a competitive
inhibitor of P-glycoprotein.36 Thus, doxorubicin-
verapamil combination could potentially be useful
for treating drug-resistant cancers. In vitro
release studies indicate that nanoparticles can
Figure 4. In vitro release of doxorubicin and verapa-
mil in PBS at 378C and 100 rpm. Drug loading in
nanoparticles was 3.8%, and 1.8% w/w for doxorubicin
and verapamil, respectively. The r2 values shown indi-
cate zero-order drug release between days 1 and 15.

7 DOI 10.1002/jps



Figure 5. Simultaneous in vitro release of doxorubi-
cin and verapamil in PBS at 378C and 100 rpm from
nanoparticle formulation loaded with both drugs. Drug
loading was 0.4 and 1.4% w/w for doxorubicin and
verapamil, respectively.

Figure 6. Effect of sodium chloride concentration of
release medium on in vitro release of verapamil. The
release was conducted at 378C and 100 rpm. Verapamil
loading in nanoparticles was 1.8% w/w.

Figure 7. In vitro release of diclofenac sodium in PBS
at 378C and 100 rpm. Drug loading in nanoparticles was
0.5% w/w.
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sustain the release of both drugs (Fig. 5). The
release rate of the two drugs, however, was faster
from nanoparticles loaded with both the drugs
than from nanoparticles loaded with either drug
alone.

Previous studies with alginate delivery systems
indicate that themainmechanism governing drug
release in physiologic fluids is the sodium–calcium
exchange.25 When calcium alginate is introduced
in environment rich in monovalent salts (sodium,
for example), insoluble calcium alginate is con-
verted into soluble alginate, resulting in solubi-
lization of the delivery system and drug release. In
order to determine the contribution of sodium–
calcium exchange to drug release, we investigated
the effect of sodium ion concentration in the
release medium on drug release. As can be seen
from Figure 6, increasing the concentration of
sodium ions resulted in an increase in rate and
extent of drug release from nanoparticles. This
strongly suggests that sodium–calcium exchange
plays an important role in drug release from
nanoparticles. Unlike other alginate systems25,
AOT-alginate nanoparticles did not rapidly dis-
integrate in physiological salt solutions, and were
stable for more than 3 weeks. Drug release in the
absence of sodium ions (0% NaCl; closed triangle;
Fig. 6) suggest that other mechanisms such
simple diffusion could also contribute to drug
release.

Because electrostatic interactions were found
to be important for drug encapsulation, we
hypothesized that electrostatic interaction could
also influence drug release from nanoparticles. If
DOI 10.1002/jps JOURNA
electrostatic interactions between basic drug and
anionic matrix contribute to sustained drug
release, then the release of an acidic drug from
nanoparticles can be expected to be faster than
that of a basic drug.We investigated the release of
diclofenac, a weakly acidic drug, from nanopar-
ticles. As can be seen from Figure 7, release of
diclofenac from nanoparticles was faster, with
about 70% of the encapsulated drug released in
7 days. This can be compared to about 25–30%
release observed for basic drugs in the same time
frame.

Our studies thus indicate that electrostatic
interaction is an important determinant of drug
release. It would be of interest to determine if
alginate in nanoparticles could be replaced with
other polyanions to obtain similar sustained
L OF PHARMACEUTICAL SCIENCES, VOL. 96, NO. 12, DECEMBER 2007
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release properties for weakly basic drugs. A
surfactant-polymer system similar to AOT-algi-
nate nanoparticles but composed of basic compo-
nents (chitosan and a quaternary ammonium
surfactant, for example) could be envisioned. Such
a system would be potentially useful for acidic
drugs.
CONCLUSION

We have demonstrated efficient encapsulation
and sustained release of basic, water-soluble drugs
from AOT-alginate nanoparticles. The emulsion-
crosslinking technology reported here results in
nanoparticles of submicron size and with very
low residual methylene chloride content. Drug
encapsulation efficiency is dependent on differ-
ent formulation factors such as alginate, AOT,
and drug concentrations. Drug release from
nanoparticles appears to be mediated mainly
through sodium–calcium exchange as well as
electrostatic interaction between drug and nano-
particle matrix. Submicron particle size and
sustained release characteristics suggest that
surfactant-polymer nanoparticles would be use-
ful for sustained delivery of water-soluble drugs.
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