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ABSTRACT

The use of microspheres and nanospheres of poly(Dp,L-lactide-co-glycolide) (PLG) as a controlled-release
drug delivery system has been the subject of great interest for at least two decades within the field of
pharmaceuticals. Salts of zinc and other divalent cations are sometimes co-encapsulated in PLG particles
to control the pH or to stabilize encapsulated proteins or peptides. Zinc salts are known to affect pore
formation and other processes that may lead to the release of an encapsulated drug. In this study the
effect of encapsulated zinc acetate on protein diffusion through PLG films was investigated. PLG films,
with and without encapsulated zinc acetate, were degraded in Hepes buffer for different periods of time.
The films were subsequently subjected to various kinds of analyses: diffusion properties (using a dif-
fusion cell), porosity (using scanning electron microscopy) and thickness (using light microscopy and
an image-analysis program). Encapsulated zinc acetate had a considerable effect and increased the dif-
fusion coefficient of lysozyme through PLG films degraded for 18 days or longer. Films containing zinc
acetate became porous, while those without zinc acetate only developed cavities on the surface. Zinc salts
may thus be used as release-modifying agents. This effect should be considered when using zinc salts as

protein stabilizers or pH neutralizers.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Microspheres and nanospheres of poly(D,L-lactide-co-glycolide)
(PLG) have been studied during the last two decades to determine
their usefulness as controlled-release drug delivery systems. The
number of protein pharmaceuticals that have to be injected, due
to low bioavailability, has increased greatly in recent years (Walsh,
2003). One of the advantages of controlled-release formulations is
the reduction in the number of injections required. Another obvious
advantage is that a constant drug concentration can be maintained
in the blood.

PLG is the biodegradable polymer most commonly used for this
application. Some of the reasons for the extensive use of PLG are
its biocompatibility, its approval by regulatory authorities, and the
possibility of controlling the duration of drug release, ranging from
days (Liu et al., 2003) to many months (Lagarce et al., 2005). The
microspheres may consist of a matrix in which the drug is dis-
persed, or the drug may be encapsulated in a hydrophilic core which
is subsequently coated with a layer of PLG acting as a diffusion-
controlling membrane (Reslow et al., 2002).

To be able to control the release, it is important to have the
knowledge of the factors affecting the process. The main release
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mechanism is diffusion through the pores formed by swelling
(Webber et al., 1998; Liu et al., 2005) and degradation/erosion
(Batycky et al.,, 1997; Kim and Park, 2004; Berkland et al., 2007).
These processes are affected by a number of factors (Fredenberg,
2004). In a previous paper we showed that the rate of pore forma-
tion increased in the presence of divalent cations, especially by zinc
ions (Fredenberg et al., 2007).

Salts of zinc and other divalent cations are sometimes co-
encapsulated in PLG particles to control the pH (Shenderova et
al,, 1999; Tracy et al., 1999; Zhu and Schwendeman, 2000). Zinc
salts are also used to stabilize encapsulated proteins or peptides
(Johnson et al., 1997; Carino et al., 2000; Lam et al., 2000; Takada
et al., 2003; Takenaga et al., 2004; Bilati et al., 2005). There have
been numerous reports on the effects of zinc salts on water absorp-
tion, hydrolysis rate, mass loss, pore formation, release rate and pH
inside the particle (Zhang et al., 1997; Tracy et al., 1999; Zhu and
Schwendeman, 2000; Li and Schwendeman, 2005; Houchin et al.,
2007). These results have mainly been attributed to the anion, and
not to the zinc cation. Higher porosity has been found when salts of
zinc or other divalent cations are encapsulated, and this has been
attributed to faster water absorption due to higher osmotic pres-
sure (Zhang et al., 1997; Zhu and Schwendeman, 2000; Kang and
Schwendeman, 2007). This may be true, but the catalysing effect
of divalent cations, reported in our previous work, probably also
increased the porosity. There have also been reports of changes in
the drug release rate in the presence of zinc ions, although this
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was not always the objective of the investigation (Cleland et al.,
1997; Lam et al., 2000; Zhu and Schwendeman, 2000; Takada et
al,, 2003; Ishihara et al., 2005; Kang and Schwendeman, 2007). In
some studies, the release rate was found to increase, while in others
it decreased. However, as it will be discussed later, the decrease in
release rate can be explained by other factors.

This paper describes the effect of encapsulated zinc acetate on
protein diffusion through PLG films. Furthermore, the influence
on pore formation and the porosity of the PLG films was stud-
ied. The method employed for diffusion measurements was based
on a diffusion cell technique, which has been described previously
(Fredenberg et al., 2004). Lysozyme was chosen as a model protein.

2. Materials and methods
2.1. Materials

PLG (RG502H, 50:50 lactide/glycolide, with an approximate
molecular weight of 12,000g/mol and a polydispersity of 1.2)
was obtained from Boehringer Ingelheim Pharma KG (Germany).
Polysorbate 80, lysozyme (14,100 g/mol) and sodium Hepes salt
were obtained from Sigma-Aldrich Inc. (USA). Hepes acid was
obtained from Research Organics (USA) and NaCl, zinc acetate and
ethyl acetate were obtained from Merck KGaA (Germany). NaN3
was obtained from VWR International Ltd. (UK) and PVDFfilters and
nylon filters from Millipore AB (Sweden). All salts were of analytical
grade.

2.2. Film preparation

The method of spraying films has been described in detail before
(Fredenberg et al., 2004). Briefly, films of PLG containing 2% polysor-
bate 80 and also some 5% zinc acetate were made by spraying a
solution onto a polyvinylidene fluoride (PVDF) filter using a Hiit-
tlin spray nozzle. The filter, which had a pore size of 0.65 pm, was
mounted on arotating wheel, and the filter thus passed through the
spray at determined intervals, in order to mimic a normal coating
process. The PLG, polysorbate 80 and zinc acetate (when used) were
dissolved in ethyl acetate. Twelve films were made simultaneously
to ensure reproducibility.

2.3. Incubation

The PLG films, with and without zinc acetate, were degraded in
75 mM Hepes buffer containing 115 mM NaCl and 5 mM NaN3, pH
7.4, at 37 °C. Triplicate samples were degraded for 7, 14, 18, 21 and
35 days before performing diffusion measurements. For thickness
measurements five strips from three of the films were degraded
under the same conditions, for the same periods of time.

2.4. Diffusion measurements

The method used for diffusion measurements and the method
of evaluation have been described previously (Fredenberg et al.,
2004). A diffusion cell was used. The PLG film, sprayed onto a filter,
formed the barrier between the stirred donor and receiver compart-
ments, and a fibre optic probe measuring the UV-absorption (“Dip
probe accessory”, Varian Inc., USA) was placed in the receiver com-
partment, see Fig. 1. The openings were covered with parafilm to
avoid evaporation and the diffusion cell was placed in a water bath
ata temperature of 37 °C. A coarse nylon filter, pore size 60 wm, was
mounted together with the PLG film to protect the film from possi-
ble erosion caused by the stirring. This filter does not influence the
mass transport rate, which was thoroughly evaluated (Fredenberg
etal, 2004).
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Fig. 1. The diffusion cell and the UV-absorption measuring fibre optic probe.

The UV-absorption measuring fibre optic probe together with a
Cary 50 Bio spectrophotometer (Varian Inc., USA) was used to mea-
sure the concentration of lysozyme in the receiver compartment
during the diffusion experiments. A sample of known concentration
was measured each day to ensure the accuracy of the measure-
ments. The baseline was checked by measuring the UV absorbance
in pure Hepes buffer, used for dissolution, and any deviation from
zero was subtracted when calculating the concentrations. The ini-
tial concentration in the donor compartment was measured before
addition. The concentration in the donor compartment was then
calculated from the concentration in the receiver compartment
using a mass balance. The accuracy of this mass balance was
checked at the end of the experiments by measuring the concen-
tration in the donor compartment.

2.5. Initial experiments necessary for determining the diffusion
coefficient

Initial experiments were performed to confirm that the diffu-
sion coefficient was independent of concentration, by measuring
the diffusion through the PVDF filter with 5 and 10 mg/ml lysozyme
in Hepes buffer. The experiments were run in triplicate.

Possible adsorption of lysozyme onto PLG films, with and with-
out zinc acetate, and the PVDF filter was also evaluated in initial
experiments. Films degraded for 10 days in Hepes buffer at 37°C
were incubated for 1 day in Hepes buffer containing 53 j.g/ml or
5 mg/ml lysozyme, which are representative of the concentrations
in the two compartments at the beginning of the diffusion pro-
cess. The concentration of lysozyme was measured before and after
incubation. Triplicate samples were used.

The diffusion coefficient of lysozyme through the PVDF filter was
also determined in initial measurements. The measurements were
conducted in the same way as the subsequent diffusion measure-
ments, except that only the PVDF filter was mounted in the diffusion
cell. Measurements were made in triplicate.

2.6. Calculation of the effective diffusion coefficient

The theory of diffusion measurements using this kind of diffu-
sion cell, and the calculation of the diffusion coefficient have been
described in our previous work (Fredenberg et al., 2004). Briefly,
the calculation is based on Fick’s law:

) dc
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The mass flux through the film, j [g/(m? s)], is expressed in terms of
the effective diffusion coefficient De. When using a diaphragm cell,
pseudo-steady-state diffusion, a condition attained after a short
time lag, is often applicable. The solution of Eq. (1) together with
a mass balance over the two compartments results in (Westrin,
1991):

1 In(Ca1 — Go1/Caz — Cp2)
S(1/Va +1/Vp) th—ty

The subscripts A and B denote the donor and receiver compartment,
respectively. Subscripts 1 and 2 denote sample numbers. Kis a mass
transfer coefficient, S is the diffusion area and t denotes time. V is
the volume of the compartments A and B, and Cis the concentration.
To increase the accuracy, many measurements should be made at
different times. When the logarithmic concentration ratio in Eq. (2)
is plotted against time, the value of K can be determined from the
slope of the line.

When a polymer film is made by spraying the polymer onto a
filter, the total diffusion resistance consists not only of the resis-
tance through the polymer film but also that through the filter. The
total mass transfer resistance is thus the sum of the mass transfer
resistances according to Eq. (3):

K= 2)

1 lfim | lfier 3)

K De film Deﬁlter

where [ is the thickness of the film or filter. By rearranging Eq. (3)
the effective diffusion coefficient for the PLG film can be obtained
by simply subtracting the filter resistance (Igjter/De filter )» Which was
determined in the initial experiments.

2.7. Thickness measurement

Strips of PLG films degraded in Hepes buffer, as described above,
were mounted so that the edge faced upwards in holders made spe-
cially for this application. Photographs were taken of the edge using
a BX50F4 microscope from the Olympus Optical Co. Ltd. (Japan)
and a SSC-DC38P digital camera from Sony Co. (USA). The thick-
ness was determined using the software Image Pro Plus, version
4.1 (Media Cybernetics Inc., USA). The PLG films used for thickness
measurements were made simultaneously with those used for dif-
fusion experiments. Three different films were used and five strips
were cut from each film. Three pictures were taken of each strip
and ten measurements were made on each picture, giving a total of
450 measurements for each determination of the thickness.

2.8. Porosity

The surfaces of the diffusion area of all the PLG films were exam-
ined to study the pore formation, using a JSM-6700F field emission
scanning electron microscope from Jeol Ltd. (Japan). The samples
were sputtered with gold prior to inspection.

3. Results and discussion
3.1. Film preparation

The PLG films obtained by spraying had thicknesses of
7.5-9.5 um, calculated from their weight and a density of 1.3 g/cm?3.
This density was determined gravimetrically by us (data not shown)
and has also been reported by others (Duvvuri et al., 2005). The
standard deviation of the film thickness within each batch of 12
films made simultaneously was 0.2 wm. The PLG films were non-
porous and completely smooth (Fig. 2). The very low standard
deviation obtained in this kind of spraying process is probably much
lower than that obtained when coating microspheres (Borgquist et
al., 2004).
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Fig. 2. The surfaces of the sprayed PLG films were smooth and non-porous before
incubation in buffer.

3.2. Initial experiments

The diffusion coefficient of lysozyme did not depend on the con-
centration, as can be seen in Fig. 3. This is consistent with reports
in the literature showing that the diffusion coefficient of lysozyme
in water is independent of the concentration up to 8 mg/ml (Ross
Colvin, 1952). A concentration of 5mg/ml of lysozyme in Hepes
buffer was chosen as the initial concentration in the donor com-
partment.

The possible adsorption of lysozyme onto the PLG films, with and
without zinc acetate, after 10 days of degradation and at different
concentrations of lysozyme was investigated. A very small amount
of lysozyme was found to be adsorbed. However, the amount was
considered not to influence the calculation of the diffusion coef-
ficient because: (1) the amount was small; (2) mathematical cor-
rection of the lysozyme concentration due to adsorption resulted
in an insignificant change in the diffusion coefficient; (3) after an
initial lag phase, during which adsorption takes place, the adsorp-
tion does not influence the flux and this lag phase was excluded
from the calculations. The adsorption can be minimized by shield-
ing, i.e. neutralizing the surface charges of the lysozyme molecule
by the addition of salt. It has been shown that an ionic strength of
0.1 M is sufficient for this (Mattisson, 1999). In the present study the
ionic strength of the Hepes buffer was 0.16 M, which means that the
adsorption due to charge effects was minimized.
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Fig. 3. The effective diffusion coefficient of lysozyme did not depend on the con-
centration.
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Fig. 4. Encapsulated zinc acetate increased the effective diffusion coefficient of
lysozyme after 14 days of degradation. There was no measurable diffusion at 7 and
14 days of degradation. The error-bars show the standard deviation.

The effective diffusion coefficient of lysozyme through the PVDF
filter was determined to be 5.7 x 10~ m2/s. This is close to the
diffusion coefficient in pure water, which means that the PVDF filter
contributes very little to the total mass transfer resistance. However,
this was taken into consideration to ensure that the correct value
of the pure mass transfer coefficient in the PLG film was obtained,
according to Eq. (3).

3.3. The effect of encapsulated zinc on diffusion

The diffusion coefficient of lysozyme through PLG film, with and
without zinc acetate, was measured after 7, 14, 18, 21 and 35 days of
degradation. There was no detectable diffusion of lysozyme through
the films not containing zinc acetate after any of the degradation
periods. Encapsulated zinc acetate had a considerable effect on the
effective diffusion coefficient, as can bee seen in Fig. 4. After 14 days
of degradation there was a detectable, but very slow, diffusion of
lysozyme through the PLG film in one of three replicates, but it was
too small to be calculated. Fourteen days of degradation was thus
probably the time required for pores sufficiently large for diffusion
to form a connected network.

This effect of zinc cations on the effective diffusion coefficient
was expected, based on a previous study, in which zinc cations were
found to increase the porosity and erosion of PLG films (Fredenberg
etal.,2007). We suggest that zinc cations act as a Lewis acid, thereby
catalysing the hydrolysis of the polymer, which induces erosion and
pore formation. Surprisingly, the diffusion coefficient was lower
after 21 days’ incubation than after 18. However, the difference was
small and within the errors that can be expected from the repro-
ducibility of the mass transport resistance of degraded PLG films.
The interesting phenomenon of pore closure, and the formation of
a less porous skin, which could cause a reduction in effective dif-
fusion, has been reported previously (Park, 1995; Fredenberg et al.,
2007; Kang and Schwendeman, 2007). After 35 days’ incubation,
the films containing zinc cations were almost completely degraded.
However, there were no pores on the surface of films without zinc
acetate.

The thickness of the PLG films, with and without zinc, is shown
in Fig. 5. As could be expected from the effective diffusion coef-
ficient measurements, the PLG films containing zinc acetate were
considerably eroded between 14 and 18 days of degradation. The
thickness measurements also confirmed that very little of the zinc-
containing PLG films remained after 35 days. The PLG films without
zinc absorbed water and were eroded slowly.

The porosity of the surface of PLG films after diffusion measure-
ments was, as concluded from SEM analyses, in agreement with
the effective diffusion coefficient. The PLG films with zinc acetate
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Fig. 5. The thickness of the PLG films with and without zinc acetate.

were porous from day 18, as illustrated in Fig. 6. The PLG films with-
out zinc acetate contained cavities from day 18, but no continuous
pores. It is of course possible that pores, too small to be seen in this
investigation and too small for diffusion, were present. It can be
expected that water completely fills the pores, and it is thus often
assumed that the amount of water absorbed is a measure of the
porosity. However, the pores must be continuous from one side of
the film to the other, and sufficiently large for diffusion to take place.
The facts that the surface of PLG films without zinc had no pores,
and thus no diffusion was detectable despite the long degradation
period, and that a great amount of water had been absorbed in the
films, support the theory of skin formation. This will be investigated
in a future study.

Zinc is used as a protein stabilizer, and salts of zinc and a base
anion may be used as pH neutralizers. This study shows that the
encapsulated zinc cation affects the mass transport resistance of the
polymer, and this should be taken into consideration when using
such salts. Zinc salts may have many effects:

1. As mentioned above, zinc cations have a pore forming and
degrading effect, which facilitates drug release. We suggest that
a base anion may more or less counteract this effect as it neu-
tralizes acid catalysis of the hydrolysis.

2. Our previous study (Fredenberg et al., 2007) showed that the
interaction between zinc cations and PLG made the polymer
more hydrophobic, which may initially lead to slower water
absorption. This is supported by the thickness measurements
shown in Fig. 5, and by the differences in morphology (Fig. 6a-d)
showing the degree of swelling of the films. This increase in
hydrophobicity has also been speculated upon by others (Pratt
etal., 1993). However, water absorption is rarely the process that
controls the release rate in (relatively) hydrophilic PLG with low
molecular weight, which is often used for the controlled release
of encapsulated drugs.

3. The zinc-protein interaction may affect the solubility of the pro-
tein and the stability, which in turn will influence the release rate
(Takenaga et al., 2004).

There have been some reports on the controlled release of
drugs co-encapsulated with zinc salts. An increase in the rate
of release of protein in the presence of zinc or other divalent
cations has been reported, although it was not the objective of
some investigations (Lam et al.,, 2000; Zhu and Schwendeman,
2000; Takada et al., 2003; Kang and Schwendeman, 2007). Sur-
prisingly, a slower release rate has also been reported (Ishihara
et al.,, 2005). However, as the authors noted, this may be due to
the different drugs used, which were probably distributed dif-
ferently in the particles. There has also been one report of zinc
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carbonate causing an increase in the release rate at some concen-
trations but a decrease at others (Cleland et al., 1997). However,
the decrease may be explained by the low concentration of zinc
carbonate, which might just have been sufficient to keep the pro-

5000

tein in an undissolved state. Some investigations indicate greater
release, resulting in a higher area under curve (AUC) in vivo, as a
result of stabilization of the protein (Johnson et al., 1996; Takada et
al.,, 2003).

Fig. 6. The porosity of the surface of PLG films after diffusion measurements. The left column: no zinc acetate. The right column: zinc acetate encapsulated. (a and b) 7 days,
(cand d) 14 days, (e and f) 18 days, (g and h) 21 days and (i and j) 35 days. PLG films without zinc acetate contained cavities after 18, 21 and 35 days’ degradation. However,
the PLG films with zinc acetate contained continuous pores after these time periods. Magnification 5000x.
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Fig. 6. (Continued ).

The present study shows that zinc salts may be used as
release-modifying agents in addition to protein stabilizers or pH
neutralizers.

4. Conclusions

Encapsulated zinc acetate increased the diffusion coefficient of
lysozyme through PLG films after 18 days’ or more degradation. The
PLG films containing zinc acetate were degraded and became thin-
ner more rapidly than those without zinc. Films containing zinc
acetate also became porous, while PLG films without zinc only
developed cavities on the surface. The pore forming effects and
the increase in release rate should be considered when using such
salts as protein stabilizers or pH neutralizers. Although the effect
of zinc could be counteracted by the presence of base anions, due
to decreased acid catalysis of the hydrolysis, zinc salts may be used
as release-modifying agents, as well as protein stabilizers or pH
neutralizers.
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