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bstract

We have used a systematic methodology to tailor the in vitro drug release profiles for a system of PLGA/PLA nanoparticles encapsulating
hydrophobic drug, haloperidol. We applied our previously developed sonication and homogenization methods to produce haloperidol-loaded
LGA/PLA nanoparticles with 200–1000 nm diameters and 0.2–2.5% drug content. The three important properties affecting release behavior
ere identified as: polymer hydrophobicity, particle size and particle coating. Increasing the polymer hydrophobicity reduces the initial burst and

xtends the period of release. Increasing the particle size reduces the initial burst and increases the rate of release. It was also shown that coating
he particles with chitosan significantly reduces the initial burst without affecting other parts of the release profile. Various combinations of the
bove three properties were used to achieve in vitro release of drug over a period of 8, 25 and >40 days, with initial burst <25% and a steady release

ate over the entire period of release. Polymer molecular weight and particle drug content were inconsequential for drug release in this system.
xperimental in vitro drug release data were fitted with available mathematical models in literature to establish that the mechanism of drug release

s predominantly diffusion controlled. The average value of drug diffusivities for PLGA and PLA nanoparticles was calculated and its variation
ith particle size was established.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Time-controlled drug delivery can be achieved through
olymeric drug delivery systems, using the widely accepted
iodegradable polymer PLGA (Bala et al., 2004). Two promis-
ng candidates among the PLGA-based polymeric drug delivery
ystems include microparticles (defined here as particles of
ean diameter greater than 1 �m) and nanoparticles (defined

ere as particles of mean diameter less than 1 �m) contain-

ng the active pharmaceutical agent encapsulated in PLGA

atrix. PLGA-based microparticles have been studied exten-
ively and several products are available on market (Woo et
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l., 2001; Dong et al., 2003). However, for site-specific con-
rolled drug delivery, nanoparticles offer additional advantages
ue to their submicron size, which makes extravasation possi-
le and occlusion of terminal blood vessels unlikely (Barratt,
003).

While the drug release behavior has been studied for PLGA-
ased microparticles and nanoparticles encapsulating various
ydrophobic drugs (Avgoustakis, 2004), there have been few
ttempts to develop a systematic methodology to understand and
odulate the drug release profile. Previous attempts to tailor the

elease profiles include that of Ravivarapu et al. (2000), who
tilized polymer and microparticle blending to achieve desired
elease profiles for a system of peptide-loaded PLGA micropar-
icles. They blended PLGA polymers of different molecular

eights to make microparticles and also produced peptide-

oaded microparticles from different molecular weight PLGA.
his is a good strategy to control the drug release from a
icroparticulate system since the drug release is affected by dif-
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usion as well as polymer degradation and the latter is strongly
ffected by polymer molecular weight. However, the release
rofile of our haloperidol-loaded PLGA nanoparticles is not
xpected to be a strong function of polymer molecular weight
nd we need to develop other strategies to tailor the release
rofiles.

The primary objective of our research is to achieve drug
elease profiles with desired characteristics in terms of time
eriod and rate of drug release. This is realized by first inter-
reting the effect of particle and polymer properties on drug
elease in terms of the pertinent scientific principle and then
mploying these effects to tailor the release profiles. For our sys-
em of haloperidol-loaded PLGA/PLA nanoparticles, we have
reviously hypothesized the mechanism to be predominantly
iffusion controlled for particles with bimodal size populations
Budhian et al., 2005). Here, another objective is to verify this
ypothesis by collecting in vitro release data from unimodal
LGA/PLA nanoparticles of various sizes and fitting it to math-
matical models in literature based on Fick’s second law of
iffusion (Ritger and Peppas, 1987a,b; Siepmann et al., 2005).
t was determined that the initial burst and induction period
ere most significantly altered by manipulating the polymer
ydrophobicity, the coating on the particle surface and/or parti-
le size.

. Materials and methods

.1. Materials

Poly(d,l-lactic-co-glycolic acid) (PLGA) 50:50 dl (inherent
iscosity, 0.37 dL/g), 50:50 dl (0.44 dL/g), 75:25 dl (0.55 dL/g)
nd 100:0 dl (0.68 dL/g) were purchased from Alkermes, USA.
olyvinyl alcohol (PVA) (MW, 25,000, 88% hydrolyzed) was
urchased from Polysciences Inc., USA. Haloperidol, phosphate
uffered saline (PBS), ammonium acetate, 1-piperazineethane
ulfonic acid, 4-(2-hydroxyethyl)-monosodium salt (HEPES),
elatin and chitosan were purchased from Sigma, USA.
cetonitrile, dichloromethane (DCM) and acetone were pur-

hased from Fisher scientific. All the solvents were HPLC
rade.

.2. Nanoparticle preparation

Nanoparticles were prepared by using two methods: (1)
mulsification by homogenization-solvent evaporation and (2)
mulsification by sonication-solvent evaporation. Henceforth,
hese methods will be referred as simply homogenization and
onication. Both methods involve preparation of an organic
hase consisting of polymer (PLA or PLGA) and drug (haloperi-
ol) dissolved in organic solvent (DCM). The organic phase is
dded to an aqueous phase containing a surfactant (PVA) to form
n emulsion. This emulsion is broken down into nanodroplets by
pplying external energy and these nanodroplets form nanopar-

icles upon solvent evaporation. Details of both methods have
een discussed in our earlier publications (Budhian et al., 2005;
udhian, 2006). Particles thus prepared are referred as uncoated
anoparticles.
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Unless otherwise mentioned, all the experiments are con-
ucted by varying one parameter while keeping all the other
rocessing parameters at the standard condition: 10 mg/mL of
LGA 50:50, MW 51 kDa and 0.5 mg/mL of haloperidol in
CM as the organic phase and 50 mL of 1% PVA solution as the

queous phase. The aqueous to organic ratio and the surfactant
o PLGA ratio is 10:1 and polymer to drug ratio is 20:1. Solvent
olume is 5 mL. Sonication is carried out at a power of 7 for
min.

.3. Coating of nanoparticles

Particles were coated with chitosan, L101 or gelatin. The
oating was done by two methods. In the first method, the coating
as done by first freeze drying a batch of particles and then

arefully spreading a drop of 1% solution of chitosan, L101, or
elatin on the surface of particles and then mixing it to ensure
hat the particles are coated evenly. Henceforth, this method
s referred as coating by freeze-drying method. In the case of
hitosan, the coating protocol was done by a second method,
enceforth referred as the in situ coating method, where chitosan
as added to the nanoparticulate aqueous suspension of particles
repared in Section 2.2 to form a 1% chitosan solution. This
romotes a uniform chitosan coating on the particle surface and
revents agglomeration of the particles. Particles thus prepared
re referred as coated particles.

.4. Nanoparticle characterization

Nanoparticles were characterized for size, size distribution
nd drug content as detailed in our earlier publication (Budhian
t al., 2005). The size and size distribution were measured by
aser dynamic light scattering. The haloperidol content was

easured using HPLC. Briefly, the nanoparticle suspension
coated or uncoated particles) was completely dissolved in the
obile phase of HPLC and injected into the machine as detailed

n our earlier publication (Budhian et al., 2005). Drug con-
ent was calculated as the ratio of the mass of drug inside
he nanoparticles to the total initial mass amount of the poly-

er.

.5. In vitro release studies

The in vitro release study of the haloperidol-loaded PLGA
anoparticles was carried out in triplicate in stirred dissolution
ells at 37.4 ◦C by suspending 1–2 mL of the nanoparticulate
uspension in a large quantity (100–200 mL) of pH 7.4 PBS
olution such that the total amount of haloperidol inside the
uspended nanoparticles is less than 10% of its solubility limit
n PBS buffer. This ensures the correct in vitro conditions to
tudy the release behavior of a hydrophobic drug (Chorny et al.,
002a,b). One-milliliter aliquots were taken out of the disso-
ution cells at pre-determined time intervals, replaced by fresh

BS buffer and analyzed for released haloperidol by HPLC. The
umulative %release profiles were obtained by taking the ratio
f the amount of haloperidol released to the total drug content
n the same volume of sample.
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more hydrophilic (PLGA) particles than less hydrophilic (PLA)
particles. The induction period is also affected by polymer
hydrophobicity. Decreasing the hydrophobicity increases the

Fig. 1. (a) Overall haloperidol release profiles from three batches of PLA
nanoparticles. Each batch has a mean diameter of 220 nm and a drug content of
A. Budhian et al. / International Jour

. Results and discussion

.1. Particle size and drug content of coated and uncoated
articles

We used our method of sonication to produce 220 nm parti-
les with very narrow size distribution. We were also able to pro-
uce uniformly sized particles of desired mean diameter by our
omogenization method for various polymer types and drug con-
ents by selecting the materials and/or controlling the processing
onditions as described in our previous publication (Budhian et
l., 2007; Budhian, 2006). The polydispersity index of the par-
icle size ranges from 0 to 0.3, where 0.3 refers to the most
olydisperse population. The polydispersity indexes of these
aloperidol–PLGA nanoparticles, particularly those prepared by
onication, are low and show little variability between different
atches of particles prepared under various conditions. Unless
therwise mentioned, the polydispersity indexes of unimodal
articles prepared by sonication are 0.05–0.07, while those from
omogenization are 0.10–0.14. Particle size measurements of
oated particles produced by the in situ method show similar
alues of mean diameter and polydispersity index as uncoated
articles indicating that this method prevents agglomeration of
articles post-coating. The in situ coating method is superior to
he freeze-drying coating method, which results in higher poly-
ispersity index post coating (data not shown). Hence, the in situ
oating method was used for most of this study.

We now present the isolated effects of L:G ratio, drug content,
urface coating and particle size on the kinetics of drug release.
or all the figures, each point represents the mean value from one
atch of nanoparticles from multiple dissolution cells and error
ars indicate the standard deviation within a batch. Error bars
re omitted when the error is <10% of the mean. The particle
ize and drug content of each set of particles used for a release
tudy is mentioned in the subsequent sections.

.2. Effect of L:G ratio

Fig. 1a shows the cumulative %haloperidol released as a func-
ion of time from three batches of nanoparticles made from PLA
sing the sonication method. The size of particles from each
atch is 220 nm and the drug content is 1.7%.

Fig. 1a demonstrates our capacity to produce a system of
mall nanoparticles (∼220 nm) that releases haloperidol con-
istently with an extraordinary reproducibility across different
atches. The drug release profile from nanoparticles can be
ivided into four zones: (i) initial burst period, during which
he surface drug is dumped into the release medium; here it is
aken as 1 day; (ii) induction period, during which the drug is
eleased at a gradually decreasing fast rate; (iii) slow release
eriod, during which the drug is released at a steady slow rate;
iv) final release period (not shown), during which the particle
isintegrates to release the remaining drug at a fast rate.
Fig. 1b shows the haloperidol release profiles from nanopar-
icles made from PLGA 50:50 and PLA. The size of particles
s 220 nm and the drug content is 1.3% for PLGA particles and
.7% for PLA particles.

1
h
1
b
b
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The drug release process over a long period of time is
xpected to be influenced by the polymer L:G ratio since the
rocess is controlled by the degradation rate of polymer, which
s affected by polymer hydrophobicity. Strong L:G dependence
f release profile has been reported by Bodmeier et al. (1989)
or water-soluble drugs (salicylic acid, caffeine and quinidine)
ncorporated in PLGA and PLA films and microspheres and by

u and Feng (2002) for a hydrophobic drug (paclitaxel) incor-
orated in PLGA nanoparticles. For both these cases the drug
elease mechanism was a combination of drug diffusion and
olymer degradation.

However, the drug release mechanism in the
aloperidol–PLGA system is suspected to be predomi-
antly diffusion controlled (Budhian et al., 2005). Hence the
nfluence of L:G ratio cannot be attributed entirely to slow
olymer degradation. During the drug release process, the drug
iffuses through the hydrated polymer matrix into the aqueous
hase. The process of hydration relaxes the polymer chains and
nhances the diffusion of drug molecules. The rate of water
ptake (hydration) of polymer particles increases with the
ydrophilicity of polymer. Hence, the initial burst is higher for
.7%. (b) Haloperidol release profiles from PLA (♦) and PLGA (�, �) particles
aving a mean diameter of 220 nm. Drug content is 1.7% for PLA particles and
.3% for PLGA particles. In this and subsequent figures, each point represents a
atch and error bars indicate the standard deviation of the mean reading within a
atch. Error bars are omitted when the error is within 10% of the mean reading.
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Fig. 3. (a) Haloperidol release profiles from 220 nm PLA particles: uncoated (�)
and coated with gelatin (�), chitosan (♦) or L101 (�). (b) Haloperidol release
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ig. 2. (a) Absolute and (b) normalized haloperidol release profiles from 220 nm
LA particles having a drug content of 2% (♦), 1.7% (�) and 0.66% (�).

ate at which the diffusion front (of the release medium) moves
rom the surface to the core, which makes more drug available
or diffusion in a less time and thus reduces the induction
eriod.

.3. Effect of drug content

Fig. 2a and b shows the haloperidol release profiles from
20 nm PLA particles prepared by sonication and having a drug
ontent of 0.66, 1.7 and 2%. As the drug content increases,
he absolute initial burst increases from 7 to 17 �g/mL. The

release profile is not significantly affected by change in drug
ontent (Fig. 2b).

The increase in drug content in the particles influences the
bsolute release profiles such that both, the cumulative amount of
rug released at any time (including initial burst) and the induc-
ion period increases. The increase in drug content increases the
mount of drug close to the surface as well as the drug in the core
f nanoparticles. The former is responsible for an increased ini-
ial burst while the latter causes an increase during the induction
eriod.

For the cumulative %haloperidol release profiles, the increase
n the drug released is offset by the increase in the total amount
f drug contained in the particles. The final effect on release

rofile is determined by the larger of the above-mentioned ratios.
he drug released during initial burst is predominantly the drug

ocated close to the surface. For our system, the slight decrease in
nitial burst on increasing the drug content probably happens due

r
2
5
i

rofiles from 220 m particles coated with chitosan and prepared from PLGA
0:50 (�) or PLA (�, �). PLGA and PLA particles have a drug content of 1.3
nd 1.7%, respectively.

o uneven drug distribution inside the particles. On increasing
he drug content, the marginal increase in this surface-associated
rug is less as compared to the marginal increase in the total drug.
ence, the initial burst given as a %haloperidol decreases on

ncreasing the drug content. Similar trend has been previously
eported (Avgoustakis et al., 2002; Ruan and Feng, 2003) for
arious nano- and microparticulate systems. The opposite trend
as also been reported (Allemann et al., 1993; Huang et al.,
999; Chorny et al., 2002a,b) for some PLGA microparticle
nd nanoparticle systems with different drugs. The discrepancy
ccurs probably due to excess drug at the nanoparticle surface
n the latter case that is immediately released.

.4. Effect of coating the particles

Fig. 3a shows the haloperidol release profile from 220 nm
LA particles: uncoated or coated with gelatin, chitosan, or
101, prepared by sonication. Particles have a drug content of
.3%. The %haloperidol released at the end of day 1 (initial
urst) from uncoated particles is 46%, while that from parti-
les coated with gelatin, L101 and chitosan is 30, 20 and 17%,

espectively. Fig. 3b shows the haloperidol release profile from
20 nm particles coated with chitosan and prepared from PLGA
0:50 and PLA using the method of sonication. The initial burst
s ∼20% for PLA particles and ∼43% for PLGA particles.
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on the dominating mechanism. For our small sized particles
(<1000 nm), autocatalysis is insignificant and the overall impact
of increasing the diffusion pathways (by increasing the particle
A. Budhian et al. / International Jour

All the particles are physically coated with various coating
gents and the coating process is solely due to physical adsorp-
ion or electrostatic interactions between the polymer chains and
he coating material. On coating the particles with a thin layer of
ifferent substances (chitosan, L101, gelatin) the drug molecules
ave to pass through an additional layer of diffusional resistance
reated by the coating substance. This slows down the release
rocess and, in particular, reduces the initial burst. A reduction
n initial burst for a hydrophobic drug (lidocaine) encapsulated
n PLGA films or microspheres coated with gelatin or chitosan
as been reported (Huang et al., 1999; Chiou et al., 2001). Sim-
larly, a reduction in initial burst for coated PLGA microspheres
ontaining a hydrophilic drug (bovine serum albumin) has been
eported (Park et al., 1992). In all these case, the coating was
chieved by simply dipping the polymer films or microparticles
n the coating solution, which is impractical for a nanopar-
iculate system due the increased tendency of agglomeration
ost-coating. We overcome this issue of particle agglomeration
y using the in situ coating method, which is better suited for
articles of such small size.

Chitosan was chosen as the coating material for further stud-
es since it reduces the initial burst most effectively. Chitosan is
polysaccharide having a number of –OH and –NH groups that
rovide opportunities of intermolecular hydrogen bonding with
LGA and PVA. Chitosan forms an entangled network layer on

he particle surface and restricts the infiltration and diffusion
f water. Further, the solubility of chitosan is a function of pH
nd at a pH of 7.4 it is practically insoluble in water, which
urther reduces the rate of water absorption by the particles.
he diffusion of drug molecules from nanoparticles surface to

he surrounding medium is limited by the entanglements caused
y chitosan layer, which reduces the initial burst. The burst is
lso reduced because now the surface region contains less drug
ince the coated chitosan layer is devoid of drug. Comparison of
ig. 3b with Fig. 1b clearly shows the reduction in burst release
chieved by coating 220 nm PLGA or PLA particles with chi-
osan. The batch-to-batch variation for PLA particles (Fig. 3b)

ight be attributed to different coating methods (coating of
reeze-dried particles versus in situ coating of nanosuspension).
he in situ method was used for further studies. Coating the
articles with chitosan can significantly reduce the initial burst
n the release profiles obtained from various haloperidol-loaded
anoparticles.

.5. Effect of particle size

Fig. 4a compares the haloperidol release profiles from PLA
articles with 1.8% drug content having different diameters. The
20 nm particles were prepared using sonication at standard con-
itions, while the 450 and 1300 nm particles were prepared using
omogenization at different speeds. As the size increases, the
nitial burst decreases and the induction period increases.

The burst is reduced because on increasing the size, the

otal surface area of a constant weight of particles decreases.
ncreasing the size of particles increases the length of diffu-
ion pathways for the drug molecules. For the same amount of
rug inside the particles, increasing the length of diffusion path-
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ays exercises two opposing effects on the induction period. The
nduction period increases because the drug molecules have to
raverse a longer distance within the polymer matrix to reach
he surface. However, the products of polymer degradation also
ave to travel a longer distance before they can dissolve in
he release medium. The trapped products increase the local
H within the polymer matrix, which accelerates the polymer
egradation due to autocatalysis (Siepmann et al., 2005). This
ccelerates the rate of loss of molecular weight within the matrix
eading to faster drug diffusion. This has an effect of reducing
he induction period. The final value of induction period depends
ig. 4. Haloperidol release profiles from PLA particles having diameters of
20 nm (�), 450 nm (�) and 1300 nm (�). All particles have ∼1.8% drug con-
ent. (b and c) Theoretical fit to experimental release data shown in (a). Symbols
ndicate experimental data and solid lines indicate release profile according to
q. (1) (b) and Eq. (6) (c).
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Fig. 5. Haloperidol release profiles from chitosan coated (a) 400 nm PLGA
7
5
r

d
a

3

o
a
t
4
c
o
T
o
T
r
r
h
r

a
s
p
p
t
s

t
t
s
b
t
F
m
i
t
w
t
o
i
p
l
h
o
f
s
t
t
p
a
d
p
p
r
b
(
c
i
i
i
t
s
w
i
a
h
i
o
N
c
i
p
b
a
a
t
p

4

5:25 particles (�, �) having a drug content of 2% and (b) 900 nm PLGA
0:50 (�, ♦) and PLA (�, �) particles having a drug content of 2.4 and 2.7%,
espectively.

iameter) is an increase in induction period and the induction
mount.

.6. Tailored release profiles

Fig. 5 shows the haloperidol release profiles for two batches
f chitosan coated particles prepared by using homogenization
nd made from PLGA 75:25, PLGA 50:50 and PLA. The chi-
osan coated PLGA 75:25 particles have a mean particle size of
00 nm, polydispersity of 0.11, and a drug content of 2%. The
hitosan coated PLGA 50:50 particles have a mean particle size
f 900 nm, polydispersity of 0.14, and a drug content of 2.4%.
he chitosan coated PLA particles have a mean particle size
f 900 nm, polydispersity of 0.14, and a drug content of 2.7%.
hese results demonstrate our capacity to tailor the in vitro drug

elease profiles to achieve specific objectives in terms of drug
elease period and the release rate. We would ideally want to
ave a zero initial burst and a steady and constant rate of drug
elease over a desired period of release.

As we have demonstrated above, the release profile is mainly
function of polymer hydrophobicity, particle size, particle

urface and specific interactions in the system. However, each

arameter exercises multiple effects on each part of the release
rofile and getting a desired release profile involves identifying
he dominant influences and manipulating multiple parameters
imultaneously to reach the desired objective. We can adjust

i
h
i
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he parameters so that the entire drug is released in the induc-
ion period itself and the usual triphasic profile is reduced to a
ingle continuous profile. The next step is to reduce the initial
urst so as to maximize the induction amount. Finally, the induc-
ion period is adjusted in accordance with the given objectives.
or example, if the objective is to design a release system for
edium release times (∼7–8 days), then we can take the follow-

ng steps: (i) increase the polymer hydrophilicity to reduce the
riphasic profile into a continuous profile, (ii) coat the particles
ith appropriate agent to reduce the initial burst and maximize

he induction amount without significantly affecting the slope
f the release profile and (iii) adjust the period of release by
ncreasing/decreasing the effective drug diffusivity out of the
olymer matrix by changing the size of the particles and/or uti-
izing specific interactions in the system. For example, for our
aloperidol–PLGA system, the objective of achieving continu-
us release for medium release times can be achieved with the
ollowing multifaceted approach. (i) Given that the release is
trongly affected by the haloperidol–PLGA end group interac-
ion, we chose the polymers having acid end group so as to reduce
he burst and prolong the induction period for small (<1000 nm)
articles. Since PLA polymer is highly hydrophobic and it gives
typical triphasic profile that extends for longer periods (>35

ays), we decide to use the hydrophilic acid end group PLGA
olymers. (ii) After selecting the end group, we fix the size of the
articles to the smallest possible size (∼220 nm). (iii) Next, we
ealize that the induction amount can be substantially increased
y reducing the high initial burst associated with small sized
<1000 nm) PLGA 50:50 nanoparticles. So we coat the parti-
les with chitosan to reduce the initial burst. (iv) Finally, we
ncrease the induction period to the desired value (∼7–8 days) by
ncreasing the size as well as hydrophobicity of the polymer. The
ncrease in hydrophobicity further reduces burst and increases
he induction period at the cost of reducing the induction–release
lope. This is overcome by increasing the size of particles,
hich reduces burst, increases the induction period and also

ncreases the drug release slope during the induction period
nd compensates for the decrease in slope caused by polymer
ydrophobicity. After a careful manipulation of hydrophobic-
ty and size, we find that chitosan coated PLGA 75:25 particles
f diameter 400 nm can achieve the desired objective (Fig. 5a).
ote that we can also achieve this objective by utilizing other

ombinations of polymer characteristics and particle properties
f there are other constraints on size, hydrophobicity or any other
roperty of the system. This release-profile-tailoring scheme is
ased on general scientific principles governing the release of
ny hydrophobic drug from a biodegradable polymer system
nd can be applied to a model hydrophobic drug–polymer sys-
em after taking into account the specific interactions/properties
resent in the system.

. Mathematical modeling of drug release
The aim of this section is to utilize the already exist-
ng mathematical models in literature to verify our earlier
ypothesis that the release from our nanoparticulate system
s predominantly diffusion controlled (Budhian et al., 2005)
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nd to understand how the diffusion mechanism is affected by
he size and hydrophobicity of the particles. This would also
nable us to calculate drug diffusivities for haloperidol–PLGA
anoparticulate system, which is a fundamental property of
uch a system and can prove to be very useful for future
tudies.

.1. Verification of diffusion hypothesis

The drug release from polymeric micro/nanoparticulate
ystems is usually considered as a combination of Fickian (dif-
usion) and non-Fickian movement of drug molecules through
olymer chains (Kosmidis et al., 2003). Ritger and Peppas
1987a,b) gave the semi-empirical equation to describe the
elease of solute when the prevailing mechanism is a combi-
ation of Fickian and non-Fickian mechanisms:

Mt

M∞
= ktn + α (1)

here Mt is the drug released at time t, M∞ the quantity of drug
eleased at infinite time, k the kinetic constant, n an exponent
nd α represents the drug released at zero time and accounts
or the initial burst (Huang and Brazel, 2001). The value of n is
elated to both the geometrical shape of the formulation and the
elease mechanism. For drug release from spherical particles,
he value of n is equal to 0.43 for pure Fickian and 0.85 for pure
on-Fickian mechanisms.

We fit our experimental release data to theoretical release pro-
les given by Eq. (1) and determine the value of the exponent n
o as to test our hypothesis. Fig. 4b shows the theoretical fit to
xperimental release data for haloperidol-loaded PLA nanopar-
icles of various diameters. The symbols indicate experimental
esults and solid lines indicate the best fit as described by Eq. (1).
he values of different parameters corresponding to the best-fit

ines are given below.

Mt

M∞
= 0.053 t0.433 + 46 (2)

Mt

M∞
= 0.078 t0.438 + 23 (3)

Mt = 0.112 t0.435 + 4 (4)

M∞

The value of n is ∼0.43 for various particle sizes indicating
hat the drug release is diffusion controlled. The experimental
nd theoretical profiles for PLGA 50:50 particles start devi-

o
t
u
a

able 1
rug diffusivities, D, from the haloperidol–PLGA/PLA nanoparticles in Fig. 4c and

olymer Drug Mean diameter (nm

LGA 50:50 Haloperidol 220
LA Haloperidol 220
LA Haloperidol 450
LA Haloperidol 1300
LA Lidocaine 225
LA Lidocaine 200
LA Tyrphostin AG-1295 170
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ting at ∼10 days (data not shown), after which the release
ecomes slower than predicted by the diffusion equation. This
eviation of release profiles starts at a much later time for
LA particles. This deviation suggests that the release mech-
nism is diffusion controlled for the initial few days, after
hich the role of polymer degradation becomes important in
LGA 50:50 particles. The polymer degradation is faster for
LGA particles than for PLA particles and hence the deviation
rom experimental profiles is observed much earlier for PLGA
articles.

.2. Analysis of drug release by diffusion

Once the mechanism of drug release is established as dif-
usion controlled, we can calculate the drug diffusivity using
ick’s second law of diffusion:

∂c

∂t
= D

(
∂2c

∂r2 + 2

r

∂c

∂r

)
(5)

here c denotes the concentration of drug, t the time, D the dif-
usion coefficient and r is the radial coordinate. The initial value
roblem described by Eq. (5) is solved by applying appropriate
oundary conditions (Siepmann et al., 2005):

Mt

M∞
= 1 − 6

π2

∞∑
n=1

1

n2 exp

(
−n2π2

R2 Dt

)
+ α (6)

Fig. 4c shows the theoretical fit of Eq. (6) to our experi-
ental release data for haloperidol-loaded PLA nanoparticles

f various diameters. The values of drug diffusivity correspond-
ng to the best-fit lines are as given in Table 1 for both PLA
nd PLGA 50:50. The diffusivity of drug molecules in PLGA
0:50 particles is approximately 16 times the diffusivity in PLA
articles.

The increase in drug diffusivity in degrading PLGA parti-
les as compared to PLA particles can be understood in terms of
stablished results in literature for degrading PLA/PLGA micro-
nd nanoparticles without any encapsulated drug. For a given
article size, the diffusivity is a function of polymer molec-
lar weight (Raman et al., 2005), which varies with time for
degrading polymer system (Belbella et al., 1996). For very

mall nanoparticles (∼220 nm diameter), the molecular weight

f PLA particles remains constant for about 10 weeks, while
he molecular weight of PLGA particles gradually decreases
ntil they are completely degraded in about 8 weeks (Zweers et
l., 2004). Thus, the drug diffusivity in 220 nm PLA particles

other PLA–hydrophobic drug systems in literature

) Diffusivity, D (cm2/s) Reference

8 × 10−18 This paper
5 × 10−19 This paper
3 × 10−18 This paper
4 × 10−17 This paper
5 × 10−16 Polakovic et al. (1999)
7.7 × 10−17 Rouzes et al. (2003)
4 × 10−16 Chorny et al. (2002a,b)
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tays constant with time (in the range tested), while it increases
ith time for 220 nm PLGA particles. Hence, the average value
f drug diffusivity in 220 nm PLGA particles is higher than in
LA particles.

The value of haloperidol diffusivity in PLA matrix for small
ized PLA particles is of the order of 10−19 to 10−18 cm2/s,
hich is about two orders of magnitude less than the diffusiv-

ty of some other system of nanoparticles reported in literature
Table 1) (Polakovic et al., 1999; Chorny et al., 2002a,b; Rouzes
t al., 2003). The primary reason for this discrepancy may be
he strong hydrogen bonding interaction between haloperidol
nd the carboxylic acid group of PLA (Budhian et al., 2005).
he drug release rate and hence the apparent diffusivity is

educed due to this strong drug–polymer interaction. Hence, the
rug diffusivity in polymer matrix for a system of haloperidol-
oaded PLGA/PLA nanoparticles is a complex function of
olymer molecular weight, polymer hydrophobicity and particle
ize.

. Conclusions

Haloperidol-loaded PLGA/PLA particles were produced by
onication or homogenization and tested for their in vitro release
ehavior. The effects of various particle properties includ-
ng, polymer hydrophobicity, particle drug content and surface
oating, on the release behavior were understood separately.
ubsequently, this understanding was integrated to achieve
esired haloperidol release profiles. The three most important
roperties affecting release behavior were identified as: poly-
er hydrophobicity, surface coating and particle size. Polymer

ydrophobicity reduces the initial burst and prolongs the period
f release. For example, the initial burst and the %drug released
n 35 days is 46 and 70% for 220 nm PLA particles as com-
ared to 70 and 90% for 220 nm PLGA particles. Coating the
article surface with chitosan considerably reduces the initial
urst, without significantly affecting the release rate. For exam-
le, the initial burst from 220 nm PLGA particles with 1.3%
rug is reduced from 70 to 36% by coating them with chitosan.
ncreasing the size of the particles reduces the initial burst and
ncreases the rate of release. For example, increasing the size
rom 220 to 450 nm reduces the initial burst from 48 to 28%
nd results in a steady release of drug over a 10 day time period
s compared to 4 days. We successfully integrated these three
roperties to produce nanoparticles having a release profile with
educed burst and steady release over a desired time period. For
xample, 400 nm PLGA 75:25 particles, coated with chitosan
rovide steady release for 8 days with an initial burst of just 30%.
he predominant mechanism of drug release was confirmed to
e diffusion controlled by the application of mathematical mod-
ls and the corresponding drug diffusivities were established to
e a function of both polymer hydrophobicity and particle size.
ence, the release profile from haloperidol-loaded PLGA/PLA
anoparticles can be tailored to achieve desired objectives by

elective manipulation of particle properties. These principles
an be applied to a general hydrophobic drug–polymer system
fter taking into account the specific interactions involved in the
ystem.

M
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