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The in vitro degradation of nanospheres perpared from three benzyl ester derivatives of poly
(B-malic acid) containing 80, 90 and 100% of benzylated malic acid units was studied. The
progressive decrease in the molecular weight of the copolymers was observed as the
nanospheres degraded, demonstrating that the degradation under the experimental
conditions occurred by a simple hydrolytic cleavage of the ester bond between the
monomeric units. The degradation was slow, with the weight average molecular weight
decreasing to about 70% of the initial value in 5 months for all the nanosphere systems.
A comparison of degradation rates for benzyl ester copolymers with the degradation rate of
poly (B-malic acid) homopolymer demonstrated a decreased degradation rate of benzylated
copolymers which suggests that the introduction of a pendent benzyl ester function in
proximity to the ester bond in the main chain, reduces the rate of the bond cleavage. No
significant difference in the degradation behaviour of highly benzylated copolymers,
containing 90 and 80% of benzylated malic acid units, and fully benzylated polymer could be
detected to prove an autocatalytic role on degradation of the free pendent carboxyl group in

the former two copolymers.

1. Introduction

Within the last two decades a variety of natural
and synthetic materials has been extensively studied
for possible biomedical use, such as bone or joint
prosthesis, artificial blood vessels, surgical sutures,
contact lenses or diagnostic reagents in clinical labor-
atory tests [1-3]. However, one of the most attractive
potential uses of these materials is in the formulation
of novel drug delivery systems for parenteral adminis-
tration. Here the polymeric material is an essential
part of a therapeutic system (or carrier) which is aimed
at achieving either control over the rate of drug deliv-
ery or delivery of the drug selectively at its pharmaco-
logical site(s) of action within the body. Two types of
polymeric carriers have been most often studied: mac-
romolecular carriers, where the drug is covalently
linked to a macromolecule soluble in body fluid, or
colloidal carriers, where the drug is trapped inside
a solid matrix formed from a macromolecule. The
possibility of using colloidal carriers as targeting devi-
ces for site-specific delivery has been extensively tested
in our and other research groups [4-7]. These invest-
igations have demonstrated that by optimizing the
particle size and surface properties of such carriers
a certain degree of selectivity in delivery may be
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achieved. For instance, it has been shown in studies on
model colloidal carriers that 60 nm polystyrene par-
ticles coated with amphipathic triblock or star-shaped
copolymers (such as copolymers of polyoxyethylene-
polyoxypropylene and polyoxyethylene-polyoxy-
propylene ethylene diamine, commercially available
as Poloxamers and Poloxamines, respectively) can
significantly alter particle biodistribution following
intravenous injection [6,8]. Hence, coating with
Poloxamer 407 and Poloxamine 904 resulted in a re-
duction in the level of liver/spleen accumulation and
in a redirection of a significant portion of the adminis-
tered particles to the endothelial cells of the bone
marrow, while Poloxamine 908 coated particles
exhibited prolonged circulation time in the vascular
compartment. Larger particles of 250 nm diameter
coated with Poloxamer 407 were mostly sequestered
by the liver and spleen and only a small fraction
reached the bone marrow [9]. For such systems to
have potential use in human therapy, it is important
that the model polystyrene particles are replaced by
carriers made from biodegradable and biocompatible
materials.

Recently, the poly(B-malic acid) (PMLA) polymer
has been synthesized and shown to be biodegradable
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Figure 1 Structural formula of poly(B-malic acid-co-benzyl malate)

copolymers (x indicates the percentage of malic acid units in the
polymer chain).

COCH, COOH

and biocompatible [10, 11]. The PMLA homopoly-
mer is hydrophilic, soluble in water and consequently
not suitable for production of colloidal carriers. How-
ever, the synthesis of PMLA allows a range of benzyl
ester derivatives with varying composition of repeat-
ing benzyl ester and malic acid units to be produced
(Fig. 1). The physicochemical properties of these
copolymers depend on the molecular composition,
such that the hydrophobic nature of the copolymers
increases with increasing content of benzylated
malic acid units. Derivatives with more than
approximately 25% of benzylated malic acid units are
insoluble in water but soluble in common organic
solvents. .

Recently, we have produced colloidal carriers in the
nanometre size range (nanospheres) from three
benzyl ester copolymers of PMLA: fully benzylated
(PMLABe, o0) and two partly benzylated copolymers
with 90 and 80% of benzylated monomeric units
(PMLABegoH;; and PMLABeg H,,, respectively)
[12,13]. It has been shown that the particle 'size,
surface potential and surface chemistry of these
nanospheres depend on the composition of the
copolymer used in the preparation. The presence of
Poloxamers and Poloxamines influenced the surface
characteristics of the nanospheres. This effect was
dependent on both the copolymer used in the
nanosphere preparation and the coating polymer.

The degradation of nanospheres prepared from
these highly benzylated PMLA derivatives has not
been previously investigated. Accordingly, the present
work describes the in wvitro degradation of these
nanosphere systems in an aqueous medium and forms
an essential part of our current studies on the
evaluation of their potential for site-specific drug
delivery.

2. Materials and methods

2.1. Materials

The poly(B-malic acid-co-benzyl malate) copolymers
(PMLABe, ¢, -H,, with x indicating the percentage
of malic acid repeating units in polymer chain, the
entire range referred to in the text by acronym,
PMLABeH) of differing composition were used:
PMLABe; o (weight average molecular weight,
M, 30 kD; polydispersity index M, /M, 1.4 as deter-
mined by gel permeation chromatography in tetra-
hydrofuran, calibrated using polystyrene standards),
PMLABegoH;o (M,, 25.4kD, polydispersity index
1.4) and PMLABegoH,, (M, 27.1 kD, polydispersity
index 1.7). The polymers were synthesised as described
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previously [10]. All other chemicals used were HPLC
grade. Deionized water was chromatographically
purified (Elgastat Ltd., UK).

2.2. Preparation of nanospheres

The nanospheres were prepared by a precipitation
solvent evaporation method, as described previously
[12]. The polymer was dissolved in acetone
(5mgml~!, 5ml) and a mixture of deionized water
and ethanol (1:1) was added dropwise (25G syringe
needle) into the polymer solution stirred by a mag-
netic stirrer (Ika-Labortechnik, Germany), until tur-
bidity indicative of copolymer precipitation was
visually observed. The suspension of these preformed
nanospheres was then added to water (10 ml) placed in
a glass beaker (50 ml), and agitated by a magnetic
stirrer at ambient temperature until complete evapor-
ation of the organic solvent had taken place.

2.3. Morphological characterization of
nanospheres by transmission electron
microscopy (TEM)

Samples for microscopy were stained with

phosphotungstic acid, and after drying, examined em-

ploying an electron microscope (Joel 1200 EX12,

Japan).

2.4. Determination of particle size

Particle size and width of the size distribution were
determined by photon correlation spectroscopy
(PCS), as described previously [14]. The samples were
diluted before measurement with deionized filtered
water (0.2 um membrane filter, Ministart MNL, Sar-
torius, Germany) and each sample was analysed a to-
tal of ten times to give an average value and standard
deviation for particle diameter and polydispersity
index.

2.5. Degradation study procedure

The PMLABeH nanospheres used in the degradation
experiment were prepared in the absence of a surfac-
tant to eliminate the possible effect of processing addi-
tives on the degradation process [15]. The degrada-
tion experiment was carried out in unbuffered
water, which was advantageous for two reasons.
First, surfactant-free PMLABe, o, nanospheres were
found to have a low colloidal stability towards
electrolytes and the presence of an electrolyte in the
buffer would have caused an agglomeration and
precipitation of nanospheres from the suspension, in
contrast to the relatively stable suspensions of
PMLABeooH,;, and PMLABeg H,, nanospheres
[13]. Secondly, such an experimental protocol
enabled samples for gel permeation chromatography
to be prepared by a simple freeze drying of ‘the
nanosphere suspension and subsequent dissolution of
the dried powder in organic solvent without prior
separation of the nanospheres from the degradation
medium.



The nanospheres from several batches were
collected and duplicate samples were placed in
separate glass vials for each degradation time (15, 30,
45, 90 and 150 days). The vials were kept in a water
bath at 37 °C and were constantly agitated. The initial
pH values of the nanospheres suspensions were 6.1, 4.5
and 3.6 for the PMLABe,o3, PMLABeooH;; and
PMLABegH,,, respectively, as measured employing
a Micro protein resistant combination electrode
(Whatman, Maidstone, UK) connected to a pH meter
(Corning, Halstead Essex, UK). The pH of the degra-
dation medium was not adjusted to the same value for
all the systems since it has been reported that, al-
though strong acidic and alkaline media dramatically
affect polyester degradation, pH values in the range
4 to 6 do not have a significant effect on degradation
[16,17]. Sodium azide (0.02% w/v) was added as
a preservative. At appropriate time intervals, the
nanosphere suspensions in the two vials were freeze
dried. The dried samples were stored in desiccator at
4°C until used for further analysis. The degradation
study was terminated after 5 months since the
PMLABe,,, nanospheres were seen to have coagu-
lated forming agglomerates that could not be re-
dispersed.

2.6. Gel permeation chromatography

In order to monitor degradation of the PMLABeH
nanospheres, gel permeation chromatography (GPC)
was employed. Samples for GPC were prepared by
dissolving the freeze dried nanospheres in tetrahyd-
rofuran (20 mg in 10 ml). The solutions were filtered
through a 0.2 pm polyamide membrane filter prior to
chromatography. The chromatography conditions
were: PL gel mixed bed-D column, 30 cm, 5 pm pack-
ing; solvent tetrahydrofuran; flow rate 1.0 mlmin ™%
ambient temperature; refractive index detector. The
GPC system was calibrated with polystyrene stan-
dards, and the results are expressed as “polystyrene
equivalent” molecular masses. For each degradation
time the weight and number average molecular weight
determined is the mean value of two runs performed
on each of duplicate samples. A polydispersity index is
expressed as a ratio between weight and number aver-
age molecular weight. All the samples in question were
analysed on the same day. The measurements were
performed by Rubber and Plastic Research Associ-
ation (RAPRA), Shewsbury, UK.

3. Results and discussion

A transmission electron micrograph of the
PMLABegoH;, formulation is shown in Fig. 2, and is
typical of the images for all the systems produced from
the PMLABeH copolymers. The micrograph
illustrates that the formulation consists of discrete and
spherical polymeric particles in the nanometre size
range (nanospheres). The results of the particle size
analysis confirm the microscopy observations, show-
ing that the nanospheres from all the PMLABeH
copolymers are in the sub-200 nm size range, with
mean diameters of 89 4+ 2nm, 131 4+ 3nm and

Figure 2 Transmission electron micrograph of fhe PMLABegoH,o
nanospheres. )

137 + 3nm for PMLABe;49, PMLABey H,, and
PMLABegoH,, nanospheres, respectively. The poly-
dispersity indices for all the nanosphere systems indi-
cate a relatively narrow particle size distribution.

It should be noted that the PMLABe g,
nanospheres are smaller than PMLABeg,H,, and
PMLABegoH 0 spheres. This difference in the size was
not expected to cause significant difference in the
nanospheres degradation, although it has been
documented that the size and shape of a polymeric
specimen undergoing degradation can affect the pro-
cess, at least in the case of polylactide/glycolide
copolymers [18,19]. However, these findings are
based on degradation studies on larger specimens (in
milimetre size range), while no significant difference
was detected in the degradation rates of small poly-
lactide formulations with mean particle diameters
ranging from 225 to 400 nm [15].

Representative gel permeation chromatograms for
the degradation of the PMLABeg H,, nanospheres
are shown in Fig. 3, and are illustrative for all the
nanosphere systems studied. The chromatography
profiles for all the degradation times appeared mono-
modal and show a broadening of the molecular weight
distribution (with decreasing molecular mass of the
polymers) as the nanospheres degrade with time. The
appearance of a tail on the curves is indicative of
formation of low or intermediate molecular weight
fragments during the degradation process. This effect
was followed by overall shifting of the profiles which
indicates hydrolysis of the high molecular chains.

The degradation of PMLABeH nanospheres, repre-
sented by the plot of the weight and number average
molecular weights and polydispersity indices versus
time, is shown in Fig. 4. The results reveal that the
molecular weight decreases with time almost linearly
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Figure 3 Gel permeation chromatograms of PMLABegoH,, nano-
spheres for different degradation times: (a) 0day; (b) 30 days; (c) 45
days; (d) 90 days; (e) 150 days.

for all the nanosphere systems (r* 0.996, 0.960, 0.962
for weight average molecular weights of PMLABe; o,
PMLABegoH;, and PMLABeg H,, respectively).
The broadening of the molecular weight distribution
seen on the chromatograms is reflected in an increase
in the polydispersity indices from 1.4 to 2.5. After
5 months of degradation the weight average
molecular weight decreased to 72.6, 77.5 and 73.4% of
the initial value for PMLABe, 0, PMLABeoH; and
PMLABegoH,, nanospheres, respectively.

The molecular composition of the PMLABeH
copolymers is characterized by the presence of ben-
zylated malic acid units in the polymer chain. To
assess the effect of the benzyl ester function on the
degradation of the copolymers, the data were com-
pared with those for the PMLA homopolymer, pro-
vided from previous studies [20, 217. Prior to making
such a comparison it should be mentioned that an
exact comparison of the degradation data from differ-
ent experiments is not possible due to effects from
different experimental conditions on the degradation
rate. However, general trends may be compared. The
degradation of PMLA homopolymer in buffered
aqueous medium is characterized by a rapid initial
loss of molecular weight, whereby the weight average
molecular weight decreased to 25% of its initial value
in only 20 h. This was followed by the appearance of
a whole series of oligomers and a continuous change
in the molecular weight of the oligomers lasting sev-
eral months. Hence, the results for the PMLABeH
nanospheres reveal that the benzylated copolymers
degraded at much slower rates than the PMLA
homopolymer. This is in line with results obtained for
PMLABe,,H-; copolymer; another partly benzylated
derivative with a low ratio of benzylated malic acid
units [22]. This copolymer degraded gradually over
a period of 19 days; the rate of degradation being
in between those obtained for the degradation rate
of PMLA homopolymer and highly benzylated
PMLABeH copolymers. Hence, these findings suggest
that the presence of the pendent benzyl ester function
in the PMLABeH copolymers significantly decreases
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Figure 4 Molecular weight of the PMLABeH nanospheres as
a function of degradation time: (a) weight average molecular weight,
M,,; (b) number average molecular weight, M,; (c) polydispersity
index (ratio of average M, to average M,). -©- PMLABe,o; [~
PMLABeyoH, o; A~ PMLABegoH,o.

the cleavage rate of the ester bond in the main
copolymer chain relative to PMLA homopolymer.
A comparison between three sets of degradation data,
for PMLA homopolymer, PMLABe,,H-5 copolymer
with low and PMLABeg,H,, and PMLABeooH;,
copolymers with high percentage of benzylated malic
acid units, would indicate a decrease in the degrada-~
tion rate with an increase in a level of benzylated malic
acid units in the copolymers.

The reduction in degradation rate owing to the
presence of the benzyl function in PMLABeH



copolymers is in agreement with findings for other
polyesters showing that a substituent near the ester
group influences the degradation rate. For instance,
reduced reactivity of polylactic acid, relative to poly-
glycolic acid, is considered to be a reflection of the
steric effect of the methyl chain [23], while alkyl or
aryl substituents have been found to slow the hydro-
lysis rate of polyesters via steric hinderance and elec-
tron donation [24].

The second structural characteristic of the PMLA
and PMLABeH polymers is the presence of a free
pendent carboxyl group in the polymer chain. This
carboxyl group may be expected to have an
autocatalytic role in the hydrolysis of the copolymers,
similar to that of a carboxyl end group formed during
degradation of polylactic acid polymer [16,24],
leading to different degradation properties of partly
benzylated in comparison with fully benzylated
PMLABe, o, polymer. The results (Figs 3 and 4), how-
ever, reveal no significant differences in the molec-
ular weight versus time profiles for degradation of
PMLABe, o, PMLABegoH;q and PMLABegoH,g
nanospheres.

One possible explanation of these findings may be
the following. The degradation data for PMLA
homopolymer and benzylated derivatives indicate
that there is a balance in the effects that the pen-
dent carboxyl group, benzyl ester function and
water solubility of the copolymer can have on
the degradation. For instance, in the case of
PMLABe,,H-g copolymer, which degraded slower
than PMLA ,and faster than highly benzylated
PMLABegoH,3,, PMLABegoH;, and PMLABe, o
polymers, the degradation appears to be a result of the
combined effects of the high level of pendent carboxyl
groups, a low level of benzyl ester function and the
copolymer solubility in a water. The degradation of
PMLABeg, H,y, PMLABeyoH;, and PMLABe,,
copolymers seems to be dominated by the effect of the
steric hindrancg of the benzyl ester function on the
hydrolysis which, due to similarity in molecular com-
position of these copolymers, results in the degrada-
tion processes being very similar.

With respect to the possible use of the PMLABeH
copolymers as degradable biomaterials for formula-
tion of colloidal drug carriers, it is of interest to
compare their degradation rate with that of other
polymers used for the same purpose. Recently, Coffin
and McGinity [15] reported on the in vitro degrada-
tion of a pseudolatex prepared from polylactic acid or
polycaprolactone under experimental conditions
similar to our study on the PMLABeH nanospheres.
Their results show that for 200-241 nm diameter
latex particles prepared from polylactic acid in the
presence of a non-ionic surfactant and suspended
in unbuffered aqueous medium at 37 °C, the weight
average molecular weight dropped to 33% of its initial
value in 4 months, while in the case of polycapro-
lactone the molecular weight was approximately
60% of the starting value after 2 months. Hence,
a comparison with our data shows that the
degradation of PMLABeH nanospheres is a relatively
slow process.

In conclusion, the results of this investigation reveal
that benzyl esters of PMLA degrade in aqueous me-
dium by hydrolytic scission of the ester bond between
monomeric units. The degradation proceeds by pro-
gressive decrease in the molecular weight of the
copolymers over time. The reduced degradation rate
of benzylated derivatives in comparison to PMLA
homopolymer clearly demonstrate that the presence
of pendent benzyl ester functions reduces the
hydrolysis of the ester bond in the main chain. A
significant difference in the degradation data for the
two highly benzylated esters PMLABegoH,, and
PMLABeg,H,, and fully benzylated PMLABe,
polymer could not be detected. Hence, an
autocatalytic role of the free carboxyl group from
malic acid units on the degradation and a catalytic
effect of the degradation products, as seen for the
degradation of large PMLABeH specimens [25],
could not be proven. This is probably because the
small size of the nanosphere systems allows easy ex-
change of soluble byproducts with surrounding aque-
ous medium. However, the results indicate that there
is a balance between facilitated degradation, due to
the presence of free carboxyl group, and reduced
degradation, due to the presence of benzyl ester
units. This would suggest that degradation of the
PMLABeH copolymers can be controlled by
optimization of the copolymer composition to
produce nanospheres with the desired degradation
properties.
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