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Abstract

The drug incorporation and physicochemical properties of PLA–PEG micellar like nanoparticles were examined in
this study using a model water soluble drug, procaine hydrochloride. Procaine hydrochloride was incorporated into
nanoparticles made from a series of PLA–PEG copolymers with a fixed PEG block (5 kDa) and a varying PLA
segment (3–110 kDa). The diameter of the PLA-nanoparticles increased from 27.7 to 174.6 nm, with an increase in
the PLA molecular weight. However, drug incorporation efficiency remained similar throughout the series. Incorpo-
ration of drug into the smaller PLA–PEG nanoparticles made from 3:5, 15:5 and 30:5 copolymers did not influence
the particle size, while an increase was observed for the larger systems comprising 75:5 and 110:5 copolymers. An
increase in drug content for PLA–PEG 30:5 nanoparticles was achieved by increasing the theoretical loading
(quantity of initially present drug). The size of these nanoparticles remained unchanged with the increasing drug
content, supporting the proposed micellar type structure of the PLA–PEG 30:5 nanoparticles. The morphology of
these systems remained unchanged both at low and high theoretical drug loadings. Formulation variables, such as an
increase in the aqueous phase pH, replacement with the base form of the drug and inclusion of lauric acid in the
formulation did not improve the incorporation efficiency of drug into PLA–PEG 30:5 nanoparticles. While
poly(aspartic acid) as a complexation agent did not improve the drug incorporation efficiency of procaine hydrochlo-
ride, it did so for another water soluble drug diminazene aceturate. This may be attributed to a stronger interaction
of diminazene aceturate with poly(aspartic acid) relative to procaine hydrochloride, as confirmed by thermodynamic
analysis of isothermal titration calorimetric data. The drug incorporation and physicochemical characterisation data
obtained in this study may be relevant in optimising the drug incorporation and delivery properties of these potential
drug targeting carriers. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Site specific delivery is a recognised strategy for
improving the therapeutic efficiency and safety of
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drugs (Couvreur et al., 1990; Gregoriadis, 1991;
Sinko and Kohn, 1993). Colloidal carriers, such
as nanoparticles or polymeric micellar systems,
comprise one drug delivery system which is cur-
rently being widely investigated for their potential
to achieve targeted drug delivery (Porter et al.,
1992; Gref et al., 1995; Song et al., 1995; Hawley
et al., 1997). However, once injected intravenously
these carriers are quickly removed from the circu-
lation by macrophages located in the reticuloen-
dothelial system, thus hindering site specific
delivery of drugs to other organs or tissues in the
body. In an attempt to reduce or minimise parti-
cle interaction with opsonins, which facilitate this
phagocytic process, the concept of steric stabilisa-
tion of particulates was introduced. To this end,
different types of drug carriers with prolonged
blood circulation times have been designed, e.g.
polymer coated particulates (Illum et al., 1987;
Stolnik et al., 1994; Dunn et al., 1994), diblock
polymer grafted particulates (Gref et al., 1994;
Emile et al., 1996) and diblock polymeric micelles
(Kwon and Kataoka, 1995; Piskin et al., 1995).
Poly(ethylene glycol) (PEG) has been used to
provide a steric barrier and to modify the surface
of these systems (Torchilin and Papisov, 1994;
Stolnik et al., 1995a).

Nanoparticulates, surface modified with PEG,
are being increasingly investigated. The in vivo
behaviour of particulate systems prepared from
diblock polymers with PEG as the hydrophilic
component, such as PLA–PEG, has been widely
examined (Gref et al., 1994; Verrecchia et al.,
1995). We have studied extensively the physico-
chemical properties of drug free PLA–PEG sys-
tems (Riley et al., 1997, 1999). However, there is
currently a lack of studies in the literature which
focus on the drug encapsulation properties of a
series of such assemblies. The incorporation of
water insoluble drugs such as lidocaine and pred-
nisolone (Peracchia et al., 1997) and oligonucle-
otides (Emile et al., 1996) into PLGA–PEG and
PLA–PEG nanoparticles, respectively, have been
reported recently. These systems generally suffer
from poor drug incorporation efficiencies, espe-
cially of water soluble drugs, due to their small
size and hence large surface area, which promotes
drug loss into the aqueous phase during particle

formation. Elucidating the drug incorporation
characteristics of these systems will therefore im-
pact on reducing the amount of drug carrier
required for patient administration as well as
reducing drug loss and hence minimising manu-
facturing costs.

In this study, we have therefore focused on
examining the drug incorporation properties of a
series of PLA–PEG nanoparticles using a model
water soluble drug, procaine hydrochloride. The
physicochemical characteristics of these drug-
loaded systems have been assessed in terms of
size, surface charge and morphology. Formula-
tion variables, which have been employed to im-
prove the drug incorporation efficiency of other
nanoparticulate systems, were also applied to
nanoparticles prepared from a PLA–PEG 30:5
copolymer. Finally the enhancement of drug in-
corporation efficiency using poly(aspartic acid) as
a complexing agent was investigated for two
model water soluble drugs, procaine hydrochlo-
ride and diminazene aceturate.

2. Materials and methods

2.1. Materials

Poly(lactic acid)–poly(ethylene oxide) PLA–
PEG diblock copolymers, with a fixed PEG chain
length (5 kDa) and a varying PLA segment (3–
110 kDa), were synthesised by a ring opening
polymerisation method (Riley et al., 1999). The
weight ratio of PLA to PEG was determined by
1H NMR for each copolymer. The nomenclature
used is therefore based on the NMR determined
weight ratios. Poly(DL–lactide-co-glycolide)
(PLGA) (50:50; 67:33; 75:25 and 95:5, average
Mw=10 000; 10 184; 10 048 and 9258 Da, respec-
tively) was synthesised by Zeneca Pharmaceuticals
(Macclesfield, UK) and was used as obtained.
Procaine hydrochloride, diminazene aceturate,
poly(aspartic acid) (Mw=26 000 Da), HEPES (as
sodium salt), Trizma® hydrochloride (Tris–HCl)
and lauric acid (C12H23O2Na) were purchased
from Sigma Chemical Co. (St. Louis, MO). Ace-
tonitrile (HPLC grade) was obtained from Fisher
Scientific (Leicestershire, UK). Water used for all
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experiments was ultrapure Elgastat® Option 3 wa-
ter (Elga Ltd., UK). All other chemicals used
were of pharmaceutical grade.

2.2. Methods

2.2.1. Preparation of nanoparticles from a series
of PLA–PEG copolymers; the effects of
theoretical drug loading and formulation 6ariables

Nanoparticles were prepared according to a
modified nanoprecipitation method (Fessi et al.,
1989). The starting procedure was as follows.
PLA–PEG polymer (unless otherwise stated 50
mg) and a specified quantity of drug (procaine
hydrochloride) were weighed accurately and dis-
solved in acetonitrile (5 ml). The organic phase
was added into the aqueous phase (15 ml) and
stirred magnetically (Stem AS-601, UK) at room
temperature until complete evaporation of the
organic solvent had taken place. Drug free
nanoparticles were prepared according to the
same procedure omitting the drug. All samples
were prepared in duplicate.

To investigate the influence of various formula-
tion parameters on procaine hydrochloride incor-
poration efficiency into PLA–PEG nanoparticles,
the following alterations were made to the starting
procedure:
� amount of a drug in the organic phase (theoret-

ical drug loading) was increased from 1.0 to 20.0
w/w

� to assess the effect of aqueous phase pH, water
pH 5.8 was replaced with 1 mM HEPES buffer
adjusted to pH 9.3.

� to study the influence of a negatively charged
excipient lauric acid (0.84 mg), was added to the
formulation at a 1:1 fatty acid: drug molar ratio.

� to determine the influence of replacing the salt
form of the drug with the base form, procaine
hydrochloride was converted to procaine dihy-
drate as reported previously (Govender et al.,
1999).

2.2.2. Preparation of PLA–PEG 30:5
nanoparticles with poly(aspartic acid) as a
complexation agent

The effect of poly(aspartic acid) as a complexa-
tion agent for increasing drug incorporation effi-

ciency into PLA–PEG 30:5 nanoparticles was
also investigated. Poly(aspartic acid) (0.63 mg)
dissolved in 5 ml 25 mM Tris–HCl buffer pH 5.3
and PLA–PEG 30:5 dissolved in 5 ml acetonitrile
were separately but simultaneously added drop-
wise to procaine hydrochloride (1.04 mg), dis-
solved previously in 10 ml 25 mM Tris–HCl
buffer pH 5.3 and stirred overnight. The charge
ratio of poly(aspartic acid):drug(−/+ ) was 1.2:1.
The above was repeated with poly(aspartic acid)
(0.29 mg) and another cationic drug, diminazene
aceturate (1.04 mg).

2.2.3. Separation of free from incorporated drug
The nanosuspension was filtered (1 mm filters,

Whatman, Japan) and then ultracentrifuged
(Beckman L-8 60M Ultracentrifuge, UK) at
55 000 rpm (311 000×g) for 3 h at 20°C. The
supernatant containing the dissolved free drug
was discarded and the pellet freeze-dried (Ed-
wards Modulyo, UK) for 48 h. The nanoparticle
recovery was calculated using Eq. (1). The indi-
vidual values for two replicate determinations and
their mean values are reported.

Nanoparticle recovery (%)

=
Mass of nanoparticles recovered×100

Mass of polymeric material, drug and any
formulation excipient used in formulation

(1)

2.2.4. Determination of drug incorporation
efficiency

Freeze-dried nanoparticles loaded with pro-
caine hydrochloride were dissolved in acetonitrile
(50 ml) (a common solvent for PLA–PEG and
the drug). Procaine hydrochloride or procaine
dihydrate in the solution were measured by ultra-
violet spectroscopy at 289 and 286 nm, respec-
tively (Beckman DU® 64 spectrophotometer, UK)
(prior studies established no absorbance interfer-
ence from the PLA–PEG polymer under the same
conditions).

For diminazene aceturate quantification, 1 M
NaOH solution (15 ml) was added to the freeze-
dried contents and mechanically shaken (IKA®

Labortechnik, Germany) for 2 h to promote solu-
bilisation of the entrapped diminazene aceturate/
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Pasp complexes and degradation of PLA-PEG to
its soluble components. The sample was then
made up to 50 ml NaOH and analysed for drug
content by UV–vis spectroscopy at 426 nm. Drug
free PLA–PEG nanoparticles dissolved in 1 M
NaOH were used as the reference solution.

Drug incorporation efficiency was expressed
both as drug content (% w/w) and drug entrap-
ment (%); represented by Eqs. (2) and (3), respec-
tively. The individual values for two replicate
determinations and their mean values are
reported.

Drug content (% w/w)

=
mass of drug in nanoparticles×100

mass of nanoparticles recovered
(2)

Drug entrapment (%)

=
mass of drug in nanoparticles×100
mass of drug used in formulation

(3)

2.2.5. Isothermal titration microcalorimetry
(ITM)

The thermodynamic parameters defining the in-
teraction between poly(aspartic acid) and dimi-
nazene aceturate and procaine hydrochloride was
determined by ITM. Calorimetric experiments
were undertaken using a thermal activity monitor
(TAM 2277, Thermometric AB, Sweden). A sam-
ple of diminazene aceturate (3 ml, 0.40 mg/ml) or
procaine hydrochloride (3 ml, 0.49 mg/ml) was
placed in a sample cell and inserted into the
instrument. Once the thermal equilibrium was
reached, the titration was performed by consecu-
tive injections (20 ml) of a solution of poly(aspar-
tic acid) at 3 mg/ml for diminazene aceturate and
15 mg/ml for procaine hydrochloride, (centrifuged
previously at 13 000 rpm for 5 min to remove any
air bubbles or dust (Hettich Zentrifugen, EBA 12,
Germany)). All solutions were prepared in 25 mM
Tris–HCl buffer and adjusted to pH 5.3. The
titrant was added by means of a Hamilton micro-
lab syringe mounted in a computer-operated sy-
ringe drive (Lund 6100 syringe pump). A control
experiment was performed by injecting the same
aliquots of poly(aspartic acid) into the buffer (3
ml, 25 mM Tris–HCl buffer, pH 5.3). The exper-
imental method set up via the Digitam® 3 soft-

ware allowed for data collection over a 7-min
period for the injection and a 5-min baseline
period before the next injection. This was found
to be adequate for the interaction to proceed to
completion at each injection point and reach the
baseline before the next injection. Data presented
are the mean of a minimum of two replicate
titrations. The signs of the released heat values
were reversed for data analysis because the output
from the instrument employed in this study is
from the perspective of the equipment and not the
system under study. The pH change of all samples
after the experiment did not exceed 90.2. The
heat energy values were then analysed using spe-
cific ligand binding models.

2.2.6. Analysis of binding isotherms
The interaction of drug with poly(aspartic acid)

was evaluated using McGhee–von Hippel model,
for the binding of non-interacting ligands (such as
drug molecules) to a lattice of ligand binding
residues, such as poly(aspartic acid). In this model
the relation between free drug concentration, Df,
and binding density (moles of bound drug per
mole of total binding sites on the polymer), n, is
given by Eq. (4)

n

Df

=K(1−nn)
� 1−nn

1− (n−1)n
�n−1

(4)

where K denotes the association constant, and n is
the number of binding sites that are occupied by
interaction of one drug molecule on the polymer.
The binding density can be represented by Eq. (5)

n=
[drug]bound

PtN
(5)

where N denotes number of binding sites on one
poly(aspartic acid) molecule, and Pt is the total
polymer concentration. On the reaction heat con-
tent after i injections, Qi, is related to bound drug
concentration by Eq. (6)

Qi= [drug]boundViDH (6)

where DH denotes the enthalpy of interaction of
the drug to the polymer and Vi is the total solu-
tion volume in the cell of the microcalorimeter
after i injections. The observed released heat after
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each injection includes the heat of dilution of drug
and polymer. The heat of dilution was determined
from the end part of the titration curves, because
usually after 20 injections the interaction was
completed and the released heat was rather con-

stant and fluctuating around an average value (see
Fig. 4). However, a blank titration (injection of
polymer solution into the cell that contained
buffer solution without drug) was run (included in
Fig. 1) to ensure that the heat of dilution re-
mained rather constant throughout the titrations
and close to the measured dilution heat from the
titration.

The binding parameters (n, N, K, DH) were
determined by applying the non-linear least
square fits to Eqs. (4)–(6) using the routines
available in the Origin 5 program package (Mi-
crocal Software, Inc). Because in the calculations
of the binding parameters, the concentrations of
drug and polymer were used rather than their
activities, therefore the abbreviation, obs (for the
observation), will be affixed to the determined
parameters to specify this condition.

The free energy (DGobs) and entropy (DSobs) of
interaction were determined using DGobs= −
RT ln(Kobs), and DSobs= (DHobs−DGobs)/T.

2.2.7. Physicochemical characterisation

2.2.7.1. Particle size. Nanoparticle size was deter-
mined using photon correlation spectroscopy
(PCS) (Malvern S4700 PCS system, Malvern In-
struments Ltd, Malvern, UK). The analysis was
performed at a scattering angle of 90° and at a
temperature of 25°C using samples diluted with
filtered water (0.2 mm filter, Minisart®, Germany).
For each sample, the mean diameter9standard
deviation (S.D.) of six determinations were calcu-
lated applying multimodal analysis. Values re-
ported are the mean diameter9S.D. for two
replicate samples.

2.2.7.2. Zeta potential. The zeta potential of the
particles was determined by laser doppler
anemometry (Malvern Zetasizer IV, Malvern In-
struments Ltd, Malvern, UK). All analyses were
performed on samples diluted with 1 mM HEPES
buffer (adjusted to pH 7.4 with 1 M HCl) in order
to maintain a constant ionic strength. For each
sample the mean value9S.D. of four determina-
tions were established. Values reported are the
mean value9S.D. for two replicate samples.

Fig. 1. Surface morphology of PLA-PEG nanoparticles theo-
retically loaded with 2% w/w procaine hydrochloride. (A)
PLA–PEG 3:5, (B) PLA–PEG 30:5, (C) PLA–PEG 110:5
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Table 1
Physicochemical characterisation of nanoparticles prepared from a series of PLA–PEG copolymers (theoretical procaine HCl
loading=2% w/w)

Particle size9S.D. (nm) (polydispersity)Copolymer Zeta potential9S.D. (mV)a

Drug loadedDrug free Drug free Drug loaded

27.790.8 (0.1590.08) b3:5 b27.691.3 (0.1490.10)
49.090.9 (0.0890.06) −6.590.754.690.4 (0.1590.02) −6.791.215:5

72.492.8 (0.1290.03)30:5 68.992.2 (0.1290.04) −6.491.5 −7.891.5
116.591.2 (0.0990.04) −14.290.675:5 −14.991.3106.692.9 (0.1090.33)
174.691.4 (0.0790.03) −28.090.4152.491.2 (0.1890.03) −26.392.1110:5

a 1 mM HEPES buffer.
b Unable to measure due to insufficient scattered light intensity.

2.2.7.3. Particle morphology. Morphological eval-
uation of the nanoparticles was performed using
transmission electron microscopy (TEM) (Jeol
Jem 1010 electron microscope, Japan) following
negative staining with phosphotungstic acid solu-
tion (3% w/v) (adjusted to pH 4.74 with KOH).

3. Results and discussion

3.1. Drug incorporation into 6arious PLA–PEG
series

Procaine hydrochloride was incorporated at a
theoretical drug loading of 2% w/w into nanopar-
ticles made from PLA–PEG diblock copolymers
with a fixed PEG block (5 kDa) and a varying
PLA segment (3–110 kDa). The sizes of drug free
nanoparticles increased from 27.6 to 152.4 nm
with an increase in the molecular weight of the
PLA block of the polymer from 3 to 110 kDa
(Table 1). This was expected on the basis of
theoretical approaches to the structure of poly-
meric micelles (Tuzar and Kratochvil, 1993). The
PLA–PEG nanoparticle size remained unchanged
with incorporation of drug into the 3:5; 15:5 and
30:5 series, while a slight increase was observed
for the 75:5 and 110:5 series (Table 1). These
results may be rationalised on the basis of our
recent comprehensive physicochemical characteri-
sation of this series of PLA–PEG nanoparticles,
in the absence of incorporated drug (Riley et al.,
1999). The particle size of the PLA–PEG 3:5, 15:5

and 30:5 assemblies was found to depend solely
on the length of the PLA block. This suggested
that these copolymers form micellar type assem-
blies, where the PLA blocks associate as linear
chains within the particle core (Tuzar and Kra-
tochvil, 1993). In contrast the particle size of the
PLA–PEG 75:5 and 110:5 nanoparticles was
found to increase as the concentration of copoly-
mer dissolved in the organic phase during particle
preparation was increased. This difference was
attributed to the PEG block exerting a weaker
influence during particle formation as the molecu-
lar weight of the PLA block was increased. In
effect, the PLA–PEG 75:5 and 110:5 copolymer
behaved more like PLA homopolymer itself (Stol-
nik et al., 1995b), with the PLA blocks agglomer-
ating as entangled chains following precipitation
into the aqueous phase. Therefore, there is free
space amongst the linear core-forming PLA
chains of the micellar type PLA–PEG 3:5, 15:5
and 30:5 nanoparticles. Thus, drug molecules can
be incorporated into these regions of the solid
core without influencing the particle size of the
assembly. However, there is less free space
amongst entangled chains of the PLA–PEG 75:5
and 110:5, and the core has to expand to allow
incorporation of drug to occur.

Low surface negativity of the 15:5 and 30:5
nanoparticles is due to the end carboxyl acid
groups of the PLA chains being capped with
PEG. The slightly higher surface negativity of
nanoparticles prepared from the 75:5 and 110:5
series is considered to be due to the presence of
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PLA homopolymer, because higher ratios of D,L

lactide to PEG were used in the synthesis of these
polymers (Riley et al., 1999). Incorporation of
procaine hydrochloride into these PLA–PEG
nanoparticles did not affect their surface negativ-
ity (Table 1).

As shown in Table 2, drug content and drug
entrapment values were similar for nanoparticles
prepared from the various PLA–PEG copolymers
from the series, i.e. at a theoretical drug loading
of 2% w/w the average drug content and drug
entrapment was �0.24 and 8.3% w/w, respec-
tively. These results were initially surprising be-
cause higher drug incorporation efficiencies were
expected for those systems with larger PLA block
segments due to their bigger size which result in a
smaller surface area for drug loss as well as a
larger core for an increased drug entrapment. For
instance, Celikkaya et al. (1996) reported an in-
creasing drug entrapment with PLA–PEG mi-
croparticles as the molecular weight of the PLA
block was increased. These authors attributed the
increase in drug entrapment to the increasing
particle size. Although the particle size of the
PLA–PEG systems studied here increased from
PLA–PEG 3:5 to 110:5, this may be counteracted
by changes in the internal structure of the PLA
core as discussed above. Furthermore, we recently
found (Riley et al., 1997) that the aggregation
number of the PLA–PEG nanoparticles increased
sharply with an increase in the molecular weight
of the PLA block. The low aggregation number of
the PLA–PEG 3:5 micellar type nanoparticles is
believed to be due to the weaker hydrophobic
interactions between the low molecular weight

PLA chains. Hence, these low molecular weight
copolymers form fairly loosely packed assemblies.
However, the number of hydrophobic interactions
between the lactic acid units of associating PLA
chains increases with the length of the chain,
resulting a higher packing density of the PLA–
PEG sub-units. This may imply that the mobility
of the core also decreases with an increase in the
PLA block molecular weight, leading to a de-
creasing available space within the core for drug
incorporation, despite a larger particle diameter.
Therefore, although the particle diameter in-
creases, the available internal space for drug in-
corporation may be decreasing. Another
alternative reason for the results in Table 2 may
be that an increase in the hydrophobic PLA block
segment from 3:5 to 110:5 could result in the core
becoming more hydrophobic. Therefore, compati-
bility of the hydrophilic drug with the PLA PEG
core may decrease with an increasing length of the
PLA block.

As discussed above, equivalent drug incorpora-
tion efficiencies were achieved in this study for
PLA–PEG nanoparticles ranging in size from
27.7 to 174.6 nm. These results are important
therapeutically because they imply that the drug
incorporation efficiency for this drug delivery sys-
tem is not compromised, even when particle sizes
as small as �28 nm may be required specifically.

TEM evaluation showed that the drug loaded
nanoparticles from the 3:5; 30:5 and 110:5 copoly-
mer series were spherical and discrete (Fig. 1A–
C). This confirmed that drug incorporation into
PLA–PEG nanoparticles, prepared from both the
lower and higher copolymer series, did not ad-
versely influence particle morphology.

Table 2
Drug incorporation efficiency of nanoparticles prepared from a series of PLA–PEG copolymers (theoretical procaine HCl
loading=2% w/w)

Drug entrapment (%)aDrug content (% w/w)aPLA–PEG Nanoparticle recovery (%)a

3:5 50.16 (50.35; 49.96)b 0.27 (0.26; 0.27) 6.44 (6.33; 6.55)
10.67 (10.92; 10.41)0.24 (0.25; 0.23)15:5 89.15 (87.97; 90.32)

0.24 (0.24; 0.23)30:5 7.94 (7.67; 8.20)69.16 (64.46; 73.86)
67.60 (70.34; 64.85)75:5 0.20 (0.19; 0.21) 6.62 (6.61; 6.63)
74.65 (75.63; 73.67)110:5 0.27 (0.25; 0.28) 9.77 (9.50; 10.04)

a Mean of the two replicate determinations which are shown in parenthesis.
b The relatively low nanoparticle recovery for this system as compared to the others is due to their much smaller size.
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Fig. 2. Influence of procaine hydrochloride theoretical loading on drug content of PLA–PEG 30:5 nanoparticles.

3.2. Influence of theoretical drug loading

The influence of the theoretical loading of a drug
into PLA–PEG 30:5 nanoparticles was examined.
An increase in the theoretical loading from 1 to
20% w/w led to a corresponding increase in drug
content from 0.24 to 3.1% w/w (Fig. 2). Clearly, at
higher theoretical loadings there were a greater
number of drug molecules available for entrap-
ment into the nanoparticles, thus leading to the
higher drug incorporation efficiencies observed.
Generally, drug incorporation efficiency into these
nanoparticles is limited by their large surface area

as well as the water soluble nature of the drug.
These two factors accelerate drug loss into the
aqueous phase during nanoprecipitation. The re-
sults of this study are encouraging, because the
3.1% w/w drug content achieved at an equivalent
theoretical loading of 20% w/w is higher than that
achieved by Celikkaya et al. (1996) for rifampicin
(i.e. 2.3% w/w), although PLA–PEG particles
described by Celikkaya et al. (1996) were much
bigger (2.3 mm). A similar trend of increasing drug
content with the increasing theoretical loading of
adriamycin into PLA–PEG micelles has been re-
ported by Piskin et al. (1995).

Table 3
Physicochemical characterisation of PLA–PEG 30:5 nanoparticles prepared with varying theoretical loadings of procaine HCl

Zeta potential9S.D. (mV)Nanoparticle recovery (%)a Particle size9S.D. (nm)Theoretical drug loading
(% w/w) (polydispersity)

−6.491.50 71.76 (68.78; 74.74) 72.592.8 (0.1390.03)
−7.891.52 69.16 (64.46; 73.86) 68.992.2 (0.1290.03)
−8.592.166.191.2 (0.1690.02)4 62.79 (68.55; 57.03)
−7.990.36 59.60 (57.72; 61.47) 64.791.4 (0.1490.02)

67.191.6 (0.1490.02)69.83 (66.77; 72.89) −8.991.810
−6.191.068.592.8 (0.1290.03)66.08 (64.96; 67.20)20

a Mean of two replicate determinations which are shown in parenthesis.
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The nanoparticle recoveries remained un-
changed with increasing theoretical drug loadings
(Table 3). These findings differ from our previous
work with PLGA nanoparticles, also prepared by
nanoprecipitation (Govender et al., 1999). In that
study, an increasing theoretical loading of pro-
caine hydrochloride led to a decrease in the
PLGA nanoparticle recovery. This was attributed
to destabilisation of the nanosuspension, which
was stabilised solely by the presence of charged
groups on the surface i.e. electrostatic stabilisa-
tion. With the PLA–PEG systems, steric rather
than electrostatic stabilisation is mainly responsi-
ble for preventing particle agglomeration (Riley et
al., 1999). Hence, in the present study, the pres-
ence of excess cationic drug in the aqueous phase
in its ionised form did not affect the stabilising
properties of the PEG chains on the nanoparticle
surface, as a consequence nanoparticle recovery
remained unchanged. This would be in agreement
with our previous findings on the colloidal stabil-
ity of PLGA nanoparticles (Stolnik et al., 1995b).
It was reported that uncoated PLGA nanoparti-
cles flocculated at sodium sulphate concentrations
of 0.05 M, while those surface modified with
PLA–PEG flocculated at a much higher concen-
tration of 0.5 M. Therefore, an additional advan-
tage of sterically stabilised drug loaded particles
over those that are electrostatically stabilised, is a
reduction in particle loss during drug
encapsulation.

Although the drug content increased from 0.24
to 3.1% w/w, the sizes of the nanoparticles re-
mained unchanged (Table 3). This finding further
confirmed the micellar type structure of the 30:5
nanoparticles, i.e. the core although solid, com-
prises polymeric chains linearly packed which im-
plies that space is available within the core itself
even at increasing drug content values.

The surface zeta potential of the PLA–PEG
nanoparticles remained unchanged with an in-
crease in the drug content from 0.24 to 3.1% w/w
(Table 3). This may further confirm that the col-
loidal stability of this system remains unaffected
with increasing theoretical loadings of the ionised
cationic drug.

The nanoparticles were shown to maintain their
original morphology, both at low (2% w/w) (Fig.
1B) and high (20% w/w) (Fig. 3) theoretical drug
loadings. Despite being only �68 nm in size,
these nanoparticles can therefore incorporate drug
at high theoretical loadings without any adverse
effect on their morphology.

3.3. Influence of formulation 6ariables

Previous studies in our group showed that the
drug incorporation efficiency of procaine hy-
drochloride into PLGA nanoparticles could be
improved significantly by employing an aqueous
phase pH of 9.3; replacing procaine hydrochloride
with its base form, procaine dihydrate and includ-
ing the fatty acid, lauric acid into the formulation
(Govender et al., 1999). Increasing the aqueous
phase pH to 9.3 and using the base form of the
drug, reduced the aqueous drug solubility thereby
increasing the drug incorporation efficiency. Lau-
ric acid, being negatively charged was employed
to interact with the positively charged drug and
the resultant complex coprecipitated with PLGA,
thus reducing drug loss. Therefore, it was decided
to apply the same variables to the procaine hy-
drochloride loaded PLA–PEG 30:5 system to de-
termine whether similar beneficial effects could be
obtained. However, the results in Table 4 indicate
that the three chosen variables did not increase
the drug content and drug entrapment values of
procaine hydrochloride into PLA–PEG 30:5
nanoparticles as compared with the PLGA sys-

Fig. 3. Surface morphology of PLA–PEG 30:5 nanoparticles
theoretically loaded with 20% w/w procaine hydrochloride.
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Table 4
Influence of formulation variables on drug incorporation efficiency of PLA–PEG 30:5 nanoparticles (comparison with PLGA nanoparticles)

Formulation description PLA–PEG 30:5 PLGA (Govender et al., 1999)

Nanoparticle Drug entrapment NanoparticleDrug content Drug content Drug entrapment
(% w/w)a (% w/w)a (%)arecovery (%)arecovery (%)a (%)a

69.16 (64.46; 73.86) 0.35 (0.35; 0.34) 11.02 (11.18; 10.85)0.24 (0.24; 0.23) 7.94 (7.67; 8.20)Starting preparationb 65.1 (65.2; 65.0)
0.92 (0.95; 0.89) 41.46 (42.62; 40.30)92.4 (91.9; 92.9)8.80 (8.80; 8.80)69.75 (76.61; 62.89) 0.26 (0.23; 0.28)Replacing procaine HCl with

procaine dihydrate
93.4 (92.8; 94.0)77.88 (75.82; 79.93) 1.27 (1.26; 1.28) 58.26 (57.61; 58.90)0.19 (0.18; 0.22) 7.41 (6.81; 8.01)Changing aqueous phase pH

from 5.8 to 9.3
7.73 (7.61; 7.85) 88.8 (89.0; 88.7) 0.79 (0.78; 0.79) 34.81 (34.72; 34.89)63.03 (62.07; 63.99)Including lauric acid at 0.25 (0.25; 0.25)

a 1:1 molar ratio

a Mean of the two replicate determinations which are shown in parenthesis.
b Starting preparation is 2% w/w theoretical loading of procaine HCl (1.04 mg), water pH 5.8 (15 ml), acetonitrile (5 ml).
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Table 5
Drug incorporation into PLGA nanoparticles with varying lactide:glycolide ratios (theoretical procaine HCl loading=2% w/w).

Drug content (% w/w)a Drug entrapment (%)aNanoparticle recovery (%)aPLGA lactide:glycolide ratio

50:50 65.12 (65.24; 65.00) 0.35 (0.35; 0.34) 11.02 (11.18; 10.85)
67:33 46.74 (45.63; 47.85) 0.38 (0.39; 0.37) 8.70 (8.63; 8.77)

0.38 (0.37; 0.38)48.78 (49.25; 48.31) 9.02 (9.04; 8.99)75:25
47.70 (47.06; 46.34)95:5 0.38 (0.39; 0.37) 8.65 (8.91; 8.40)

a Mean of the two replicate determinations that are shown in parenthesis.

tem, i.e. the drug content and drug entrapment
for PLA–PEG 30:5 nanoparticles remained virtu-
ally unchanged at �0.24 and 8% w/w, respec-
tively. The exact reason for the differences in the
effect of these variables with PLGA and PLA–
PEG nanoparticles is not clearly understood. It
was initially thought that perhaps the differences
in matrix composition between the PLGA and
PLA–PEG systems may be a possible reason, i.e.
the PLGA matrix would be more amorphous and
that of the PLA–PEG nanoparticle more crys-
talline. However, the drug incorporation data in
Table 5, which compare the influence of the lac-
tide/glycolide ratio on drug incorporation,
showed minimal differences between preparations
with an increasing lactide proportion in the poly-
mer. Therefore, differences in the lactide/glycolide
matrix composition could not be a possible reason
for the lower drug incorporation observed with
the PLA–PEG 30:5 nanoparticles. Although the
PLGA nanoparticles of the starting preparation

formulation were almost two and a half times
larger than those of PLA–PEG 30:5 system, the
drug incorporation efficiencies were quite similar
(Tables 4 and 5). Furthermore, although PLA–
PEG 110:5 nanoparticles were 174.6 nm in size,
they had a similar drug incorporation efficiency to
those of PLA–PEG 30:5 which were only 68.9 nm
in size (Tables 1 and 2). These results therefore
imply that the smaller size of the PLA–PEG
nanoparticles as compared to those of PLGA,
could not be responsible for the observed differ-
ences in drug incorporation efficiencies achieved
using various formulation approaches.

It was interesting to note that the formulation
variables investigated reduced the size of the
PLGA nanoparticles while the sizes of the PLA–
PEG 30:5 nanoparticles remained unchanged
(Table 6). To investigate further this phe-
nomenon, the preparation of these nanoparticles
was repeated, but the inclusion of procaine hy-
drochloride was omitted. The results confirmed

Table 6
Influence of formulation variables on the physicochemical properties of drug loaded PLA–PEG 30:5 nanoparticles (comparison to
PLGA nanoparticles)

PLGA (Govender et al., 1999) PLA–PEG(30:5)Formulation description

Zeta potential9Particle size9S.D. (nm) Particle size9S.D. (nm)Zeta potential9
(polydispersity)(polydispersity) S.D. (mV)S.D. (mV)a

Starting preparationb −7.891.568.992.2 (0.1290.03)−52.990.8184.191.9 (0.0890.02)
Replacing procaine HCl 135.091.3 (0.1190.03) −48.491.4 60.890.9 (0.1790.02) −7.491.4

with procaine dihydrate
66.891.7 (0.1690.02)−50.690.6146.093.0 (0.0990.04) −8.191.8Changing aqueous phase

pH from 5.8 to 9.3
−8.391.361.391.7 (0.1590.02)−44.191.8118.891.4 (0.1290.03)Including lauric acid at a

1:1 molar ratio

a 1 mM HEPES buffer.
b Starting preparation is 2% w/w theoretical procaine HCl loading (1.04 mg), water pH 5.8 (15 ml), acetonitrile (5 ml).
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that the variables employed influenced the particle
size of PLGA nanoparticles, whereas for the
PLA–PEG systems they had no effect (Table 7).
Therefore, we propose that it is this difference in
particle size effect with the various formulation
variables which may be responsible for the differ-
ences in drug incorporation efficiencies. Because
the nanoparticle recovery increased (Table 4) and
the particle size decreased for the PLGA systems
(Table 7) when the various formulation variables
were employed, this may have led to an increase
in the number of particles available for drug
entrapment as well as to a greater available sur-
face area for drug associated with the particle.
Therefore, this may also be responsible for the
improved drug incorporation efficiencies observed
with this system. Indeed, de Chasteigner et al.
(1996) have also attributed an increase in the
incorporation efficiency of itraconazole into poly-
caprolactone nanoparticles to a decrease in parti-
cle size with inclusion of the surfactant, sodium
deoxycholate into the preparation. With PLA–
PEG 30:5, nanoparticle recovery (Table 4) and
size (Table 7) remained unchanged when the vari-
ous formulation variables were employed. Hence,
these formulation variables may have influenced
the precipitation behaviour of the PLGA polymer

and not that of the PLA–PEG 30:5 polymer.
The following explanation is proposed for the

possible differences in behaviour of these poly-
meric systems. The particle growth rate during
precipitation may be influenced by adsorbed ma-
terial on the particle surface, which act as growth
inhibitors (Shaw, 1970). It is postulated that dur-
ing precipitation of the PLGA polymer, the salts
from the buffer, procaine dihydrate and lauric
acid in the aqueous phase, may have adsorbed or
been close to the charged surface of the particles
during the growth phase, in this way possibly
behaving as growth inhibitors, thus, explaining
the decreased sizes observed with this polymer. It
may seem that for the PLA–PEG system, the
extending PEG chains on the surface prevent this
phenomenon thereby causing particle growth dur-
ing nanoprecipitation to remain unaffected.
Therefore, it may be that the differences in drug
incorporation efficiencies between these two poly-
meric systems may be due to differences in their
precipitation behaviour.

3.4. Enhancing drug incorporation by
complexation with poly(aspartic acid)

In an attempt to increase drug incorporation
into PLA–PEG 30:5 nanoparticles, poly(aspartic
acid) was adding as a complexation agent to the
formulation. The rationale for its inclusion was
that the cationic procaine hydrochloride would
interact electrostatically with the poly(carboxylic
acid) groups on the poly(aspartic acid) chain and
the complex should associate with the PLA–PEG
chains thereby increasing drug incorporation.
However, the results, shown in Table 8, indicate
that poly(aspartic acid) (pKa=4) failed to im-
prove procaine hydrochloride (pKa=9) incorpo-
ration, even though both species would be almost
100% ionised at the aqueous phase pH of 5.3 and
therefore, electrostatic interactions would be pos-
sible. Another water soluble cationic drug, dimi-
nazene aceturate, was also employed to assess the
drug enhancement potential of poly(aspartic
acid). Contrary to the results with procaine hy-
drochloride, at an equivalent theoretical loading
of 2% w/w, inclusion of poly(aspartic acid) led to
an increase in the drug incorporation efficiency of

Table 7
Influence of formulation variables on particle size of drug free
PLA–PEG 30:5 nanoparticles (comparison to PLGA nanopar-
ticles)

Formulation Nanoparticle size9S.D. (nm)
description (polydispersity)

PLGAPLA–PEG 30:5

Starting 157.191.972.592.8
(0.1390.03)preparationa (0.0890.02)

Replacing procaine 60.890.9 135.091.3
HCl with pro- (0.1190.03)(0.1790.02)
caine dihydrate

Changing aqueous 66.391.2 123.692.3
(0.0990.03)phase pH from (0.1590.03)

5.8 to 9.3
65.690.7Including lauric 106.490.9

(0.10490.13)(0.1 29 0.04)acid at a 1:1
molar ratio

a Starting preparation=polymer (50 mg), 0% w/w drug
loading, water pH 5.8 (15 ml), acetonitrile (5 ml).
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Table 8
Characterisation of drug loaded PLA–PEG (30:5) nanoparticles with Pasp as a complexing agent (theoretical drug loading=2%
w/w)

Procaine HCl without Procaine HCl with Diminazene aceturate Diminazene aceturatePhysicochemical
poly(aspartic acid) without poly(asparticproperties and drug poly(aspartic acid) with poly(aspartic acid)

incorporation acid)

80.29 (88.88; 75.70)Nanoparticle recoverya 48.08 (40.54; 55.62)90.37 (91.67; 89.06) 77.25 (84.56; 69.94)
70.692.4Nanoparticle size9 64.891.6 10.293.563.8591.5
(0.1690.01)(0.1090.03)S.D. (nm) (0.1490.05)(0.1090.02)

(polydispersity)
Zeta potential (mV)a 6.491.26.991.7 6.890.9 −13.790.3

0.21 (0.22; 0.19) 0.26 (0.27; 0.24)0.20 (0.20; 0.19) 0.58 (0.56; 0.59)Drug content (%w/w)b

8.43 (9.71; 7.14)Drug entrapment (%)b 5.90 (5.29; 6.51)8.65 (8.99; 8.30) 21.77(23.25; 20.29)

a 1 mM HEPES buffer.
b Mean of the two replicate determinations which are shown in parenthesis.

diminazene aceturate, i.e. drug content increased
from 0.26 to 0.58% w/w and drug entrapment
increased from 5.9 to 21.8%. The difference in the
effect of poly(aspartic acid) on both these drugs
was initially surprising, because both are cationic
drugs and have amino groups in their structure
which will be protonated at pH 5.3 and therefore
an interaction with the negatively charged poly-
mer was to be expected for both molecules.

Therefore, in an attempt to determine the rea-
sons for the above differences, isothermal titration
microcalorimetry was used to study the heat
changes associated with the interaction of poly(as-
partic acid) and diminazene aceturate and pro-
caine hydrochloride. Surprisingly, totally different
heat released profiles were obtained for the two
drugs (Fig. 4). Low endothermic heat released
values were measured for the interaction of

Fig. 4. Integrated heat release values for the interaction of Pasp with diminazene aceturate and procaine hydrochloride. The heat
release values for the blank is also shown.
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poly(aspartic acid) and procaine hydrochloride
while substantial exothermic heat changes were
detected for those of poly(aspartic acid) and dimi-
nazene aceturate. The equilibrium binding
parameters, shown in Table 9, were determined
from the curves fitted to the experimental calori-
metric data. It is seen that Kobs for diminazene is
much larger than Kobs for procaine. Therefore, the
higher incorporation efficiency of diminazene into
nanoparticles may be explained by the higher
affinity of the drug to poly(aspartic acid) and
consequently during the particle formation a
larger amount of drug is bound to the polymer in
comparison to procaine molecules.

It is seen from Table 9 that the calculated value
of N for both drugs is similar and �190. On the
other hand, the calculated mean number of
monomers of poly(aspartic acid) equals to 189.
Comparing this value with the calculated values
for N, indicates that one binding site is located on
each monomer of poly(aspartic acid). In other
investigations (data not shown) we found that the
binding sites are the carboxylic groups of the
polymer. However, calculated n (occupied binding
sites on the polymer by drug) for procaine is close
to 1, while for diminazene it is close to 2. There-
fore, diminazene molecules occupy two sites on
the polymer, whereas procaine molecules occupy
just one. Therefore a higher binding constant for
diminazene molecules, than for procaine
molecules is expected. Also, it is seen from Table
9, that for diminazene, DHobs and DTSobs are both
negative and equal to −10.84 and −2.49 kcal
M−1, respectively. Therefore, the interaction of
diminazene is enthalpically driven, which shows
that high exothermic interactions occurred be-
tween the drug and polymer. Usually formation
of high extensive hydrogen bonds causes an
exothermic reaction (Ohyama and Cowan, 1996),

which may be the case for diminazene. In com-
parison, the calculated DHobs and DTSobs for pro-
caine equals 0.2 and 4.12 kcal M−1, respectively,
which indicates that the interaction between pro-
caine and poly(aspartic acid) is entropically
driven. Although the entropy value of the pro-
caine interaction with poly(aspartic acid) is larger
than its value for diminazene, the high enthalpy
change of reaction for diminazene compensates
for the effect of entropy change for the procaine
reaction, and therefore, the interaction is stronger
for diminazene than for procaine. In summary, a
larger number of binding sites and extensive hy-
drogen bonding for diminazene than for procaine
leads to a higher value of association constant for
diminazene than for procaine.

Structural differences between these two drug
molecules may be responsible for the difference in
interaction with poly(aspartic acid). Diminazene
aceturate may have a greater charge density than
procaine hydrochloride since it has a larger num-
ber of amino groups which may enhance its inter-
action with poly(aspartic acid). Therefore, this
study confirmed the potential of poly(aspartic
acid) as a complexation agent for drug incorpora-
tion efficiency improvement into PLA–PEG
nanoparticles. However, the different results ob-
tained with both drugs studied, indicate that a
more detailed study is required to determine the
structural properties of drugs suitable for this
approach of enhancing the efficiency of drug in-
corporation (These studies are currently being
investigated in our laboratories).

4. Conclusions

PLA–PEG nanoparticles have shown potential
for drug targeting due to their prolonged circula-

Table 9
The equilibrium thermodynamic parameters of the interaction of diminazene aceturate and procaine hydrochloride with poly(aspar-
tic acid)

Drug Kobs (M−1) N DGobs (kcal/mol)DHobs (kcal/mol)N TDSobs (kcal/mol)

Diminazene aceturate 1801.4×106 1.89 −10.84 −2.49−8.34
4.127.4×102Procaine hydrochloride 0.99198 0.2 −3.92
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tion times and decreased liver uptake. However, a
lack of data on the drug incorporation properties
of these systems exist. In this study therefore, the
drug incorporation characteristics of nanoparti-
cles prepared from a series of PLA–PEG copoly-
mers, using a model water soluble drug, procaine
hydrochloride, were investigated. Also, their
physicochemical properties, such as size, surface
charge and morphology were determined.

Procaine hydrochloride was incorporated into
nanoparticles prepared from diblock PLA–PEG
polymers with a fixed PEG portion (5 kDa) and
an increasing PLA molecular weight segment (3–
110 kDa). Although particle size increased with
drug incorporation into the nanoparticles, their
drug incorporation efficiencies were similar. This
was attributed to a change in the internal struc-
ture of the core, which becomes less mobile as the
molecular weight of the copolymer and hence the
aggregation number of the assembly increases.
This results in a reduction of the free space avail-
able to accommodate the drug. These studies
revealed that the drug incorporation efficiency is
not compromised, even when the small nanoparti-
cles, within this series, may be required for specific
targeting purposes.

An increase in the theoretical drug loading led
to an increase in drug content of PLA–PEG 30:5
nanoparticles. Since the size remained unchanged,
with an increasing drug content, this supported
the proposed micellar-type structure of PLA–
PEG 30:5 nanoparticles. Although the core is
solid, the polymeric chains are loosely packed
with free space available for drug incorporation.

TEM studies showed drug loaded nanoparticles
prepared from the various PLA–PEG copoly-
mers, to be spherical and discrete. The morphol-
ogy of PLA–PEG 30:5 nanoparticles remained
unchanged both at low and high theoretical
loadings.

Formulation variables, such as an increase in
the aqueous phase pH, base form of the drug and
inclusion of lauric acid into the formulation which
were successful previously in improving the incor-
poration of drug into PLGA nanoparticles, did
not do so for PLA–PEG 30:5 nanoparticles. This
was attributed to the possible differences in pre-
cipitation behaviour of these polymers.

Inclusion of poly(aspartic acid) as a complexa-
tion agent, improved the drug incorporation effi-
ciency of diminazene but not that of procaine
hydrochloride. Isothermal titration microcalori-
metry proved useful in confirming that a stronger
interaction occurred between poly(aspartic acid)
and diminazene aceturate than with procaine hy-
drochloride.

Therefore, these studies have revealed impor-
tant characterisation data for PLA–PEG drug
loaded nanoparticles. The results of this study
may impact on the future optimisation of drug
incorporation and delivery properties of these po-
tential drug targeting carriers.
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