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PLGA-based microparticles: elucidation of mechanisms and a new, simple
mathematical model quantifying drug release
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Abstract

The two major aims of this study were: (i) to elucidate the underlying release mechanisms from drug-loaded, erodible microparticles
based on poly(lactic-co-glycolic acid) (PLGA) showing biphasic drug release behavior: an initial ‘burst’ effect, followed by a zero order
release phase; and (ii) to develop a new, simple mathematical model that allows the quantitative description of the observed in vitro drug
release patterns from this type of delivery system. PLGA-based microparticles offer various advantages, such as the possibility to control
the resulting drug release rate accurately over prolonged periods of time, easiness of administration (e.g., by stereotaxic injection), good
biocompatibility and complete erosion (avoiding the removal of empty remnants). Consequently, the practical importance of these
advanced drug delivery systems is remarkably increasing. However, only little knowledge is yet available concerning the processes
controlling the release rate of the drug out of these devices. Various chemical and physical phenomena are involved, rendering the
identification of the crucial mechanisms and the mathematical description of the resulting drug release kinetics difficult. In the present
study, different physicochemical characterization methods (e.g., DSC, SEM, SEC, particle size analysis) were used to monitor the changes
occurring within anticancer drug-loaded PLGA microparticles upon exposure to phosphate buffer pH 7.4. Based on these experimental
findings, the most important underlying drug release rate controlling mechanisms were identified and a new mathematical model was
developed that allows the quantitative description of the resulting release patterns.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Depending on the type of polymer and design of the
device (composition and geometry), different physico-

The elucidation of the underlying drug release mecha- chemical processes can be involved in the control of drug
nisms and the mathematical modeling of erodible delivery release. As evident, the erosion of the polymer may play
systems is not as advanced as for purely diffusion-, or an important role. Roughly, two different types of erosion
diffusion- and swelling-controlled release devices, simply behavior can be distinguished: surface (heterogeneous) and
because these systems are generally more complex (Crank, bulk (homogeneous) erosion. In surface eroding systems,
1975; Siepmann et al., 1998; Siepmann and Peppas, 2001). polymer degradation is much faster than the water imbibi-
In addition to physical mass transport phenomena, chemi- tion into the polymer bulk. Thus, degradation occurs
cal reactions (e.g., polymer degradation) have to be predominantly within the outermost polymer layers. Con-
considered in erodible systems (Fan and Singh, 1989; sequently, erosion affects only the surface and not the
Siepmann and Goepferich, 2001). These reactions change inner parts of the system (heterogeneous process). In
the conditions for the occurring mass transfer processes, contrast, bulk eroding polymers degrade more slowly and
rendering the mathematical treatment of this type of the imbibition of water into the system is much faster than
controlled release system difficult (Baker, 1987; Vert et al., the degradation of the polymer. Hence, the entire device is
1992). rapidly wetted and polymer chain cleavage occurs through-

out the system. Consequently, erosion is not restricted to
the polymer surface only (homogeneous process). As a
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to be bulk eroding. PLGA-based microparticles can gener- specific physicochemical phenomena, such as diffusional
ally be regarded as bulk eroding dosage forms (Burker- mass transfer and/or chemical reactions. A subclass of the
sroda and Goepferich, 1999). latter models simulates polymer degradation as a random

Most often, polymer erosion is not the only process that event using direct Monte Carlo techniques. The theories
contributes to the control of drug release. After water developed by Hopfenberg (1976) and Cooney (1972) are
imbibition into PLGA-based microparticles, drug dissolu- examples for empirical mathematical models, whereas
tion and the cleavage of the hydrolytically unstable ester Heller and Baker (1980), and Lee (1980) presented
bonds occurs. Simultaneously, the drug diffuses out of the mathematical approaches that consider specific physico-
device due to concentration gradients. Drug diffusion can chemical phenomena. Thombre, Joshi and Himmelstein
occur: (i) predominantly through the polymer matrix; (ii) (Thombre and Himmelstein, 1985; Joshi and Himmelstein,
predominantly through water-filled pores; or (iii) through 1991; Thombre, 1992) developed a sophisticated theory
both, the macromolecular network and water-filled cavities considering autocatalytic effects occurring within erodible
in parallel and/or sequence. In addition, the generated devices. Recently, Charlier et al. (2000) presented an
polymer degradation products can significantly alter the interesting model quantifying drug release from thin PLGA

1microenvironmental conditions, e.g., the H concentration films, considering polymer degradation and drug diffusion
within the system. Lactic and glycolic acid resulting from simultaneously. Zygourakis (1989, 1990) was the first to
the degradation of PLGA polymers can lead to signifi- use Monte Carlo techniques to simulate polymer degra-
cantly decreased pH values at the center of the dosage dation in drug delivery systems. Both, polymer degradation
forms (Shenderova et al., 1999). As the degradation of (simulated with Monte Carlo techniques) and diffusional
PLGA is catalyzed by protons, this decrease in the micro mass transport processes (described using Fick’s second
pH can lead to autocatalytic effects and, thus, to acceler- law of diffusion) are taken into account in the models
ated polymer degradation (Spenlehauer et al., 1989; Dunne developed by Goepferich (1996, 1997a,b).
et al., 2000). Depending on the size and porosity of the Once an adequate mathematical theory has been found
device, the imbibition of hydroxide ions from the release or newly developed, it can be used to facilitate the
medium into the system and/or the diffusion of generated optimization of the device and/or the development of
monomeric and/or oligomeric acids out of the system can related systems (Siepmann et al., 1999c; Streubel et al.,
be rapid enough to prevent acidic microenvironments and, 2000). For example, the effect of the composition and
hence, suppress any autocatalytic effects (Anderson and geometry (size and shape) of the dosage form on the
Shive, 1997; Sansdrap and Moes, 1997). Furthermore, resulting drug release can be simulated. Thus, the required
polymer degradation products can crystallize within the device design to achieve a certain, desired drug release
dosage form (Goepferich and Langer, 1995; Park, 1995), profile can be predicted, minimizing the number of re-
leading to modified porosities. Depending on their solu- quired experimental studies (Siepmann et al., 1999a;
bility and the respective microenvironmental conditions, Siepmann and Peppas, 2000; Siepmann et al., 2000).
these degradation products subsequently dissolve more or PLGA-based microparticles are widely used for the
less rapidly and diffuse out of the device. At a critical controlled administration of a drug, because they offer
time-point, the polymeric structure of the system becomes various advantages compared to conventional pharmaceu-
unstable and leads to the breakdown of the macromolecu- tical dosage forms: (i) good biocompatibility; (ii) easy
lar network. In contrast to purely diffusion-controlled drug administration (e.g., by stereotaxic injection into the brain
delivery systems, the increase in the diffusion pathways tissue); (iii) the possibility to control drug release over
with time can be (over)compensated by the increased prolonged periods of time; and (iv) complete erosion
permeability /porosity of the erodible device, leading to (avoiding the removal of empty remnants). Anticancer
constant or even increasing drug release rates with time. drug-loaded PLGA-based microparticles have been suc-

These and other phenomena can be involved in the cessfully used for the treatment of brain cancer (Boisdron-
control of drug release from erodible delivery systems. Celle et al., 1995; Menei et al., 1996, 1999).
When developing a new mathematical model, it is not The aim of this study was to elucidate the complex
reasonable to take all these processes into account, because phenomena that are involved in the control of drug release
the theory would become too complex and the model too from PLGA-based microparticles showing biphasic release
cumbersome for routine use. It is, thus, a crucial point to patterns. A detailed physicochemical characterization of
identify the dominating phenomena and to take only these the system and changes thereof occurring upon exposure to
into account. phosphate buffer was followed by a critical analysis and

Roughly, the mathematical modeling approaches for interpretation of the experimental data. The crucial drug
erodible drug delivery systems reported in the literature release rate controlling mechanisms were identified and a
can be divided into two categories: (i) empirical models new mathematical model was developed that allows the
that usually assume a single, zero-order process controlling quantification of the resulting drug release kinetics more
the overall drug release rate; and (ii) models considering accurately than already existing theories.
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2. Experiments and methods buffer pH 7.4 (containing 0.1% sodium azide to avoid
microbial growth) (7 ml in each dialysis bag, plus addi-

2.1. Materials tional 500 ml in each vessel) was chosen as release
medium, kept constant at 37 8C and stirred at 100 rpm. The

Poly(D,L-lactic-co-glycolic acid) (PLGA; Resomer apparatus was protected from light. At pre-determined time
506; PLGA 50:50; containing 25% D-lactic units, 25% intervals, 1 ml samples were withdrawn (not replaced with
L-lactic units and 50% glycolic units; weight-average fresh medium) and analyzed UV-spectrophotometrically
molecular weight, Mw: approximately 104 kDa) was (Uvikon 922, Kontron, St Quentin en Yvelines, France) at
obtained from Boehringer Ingelheim (Paris, France). 5- the following wavelength: l5266 nm. Each experiment
Fluorouracil (5-FU) was received from Roche (Neuilly sur was conducted in triplicate.
Seine, France) (mean particle size: 371619 mm) and
milled in a planetary micro mill (Pulverisette 7, Fritsch, 2.2.4. Determination of initial drug loading
Idar-Oberstein, Germany) until a mean particle size be- Approximately 7 mg drug-loaded microparticles were
tween 15 and 20 mm was achieved. dissolved in 50 ml dimethylsulfoxide. After agitation at

room temperature, samples were analyzed UV-spectro-
2.2. Methods photometrically (Uvikon 922, Kontron) at l5266 nm.

2.2.1. Microparticle preparation 2.2.5. Monitoring of changes during drug release
5-FU-loaded PLGA microparticles (drug loading: ap- To monitor the physicochemical changes occurring

proximately 20% w/w) were prepared with an O/W during drug release, microparticles were treated as de-
solvent extraction technique in a 5 g scale. A dispersion of scribed under Section 2.2.3, except that 300 mg micro-
4 g drug powder within 45 ml dichloromethane was particles were placed within each dialysis bag (which
prepared using an Ultra turrax (Ika, T25 basic /S25N-10G, did not alter the resulting drug release kinetics, data not
Staufen, Germany) (13,500 rpm, 4 min). This organic shown). At predetermined time intervals, dialysis bags
phase was transferred into a 150 ml double-wall reactor, were withdrawn and their contents filtered (0.45 mm). The
and 5 g PLGA were added. To allow complete polymer separated microparticles were then freeze dried and stored
dissolution the liquid was stirred for 4 h at room tempera- at 4 8C for further analysis (particle size determination,
ture. The 150 ml reactor was then cooled to 2 8C and differential scanning calorimetry [DSC], size exclusion
connected to a 6000 ml double-wall reactor containing chromatography [SEC] and scanning electron microscopy
1500 ml aqueous polyvinyl alcohol solution (10% w/w, [SEM]). For the DSC studies half of the samples were only
2 8C). The organic phase was rapidly transferred from the deep frozen and not freeze dried, in order to measure the
150 ml reactor into the 6000 ml reactor and emulsified glass transition temperature of water-containing micro-
within the aqueous phase by stirring with a propeller at particles.
375 rpm for 4.75 min at 2 8C. The addition of 4500 ml
water and further stirring for 2 min allowed microparticle 2.2.6. Particle size analysis
hardening. The latter were separated by filtration under Particle size distributions and mean diameters were
nitrogen pressure (0.8 bar, filtration system supplied by determined using a Coulter Counter (Multisizer, Coul-
Sartorius, Palaiseau, France) with a cellulose ester filter tronics, Margency, France). Microparticles (approximately
membrane (8 mm, Millipore, Saint Quentin en Yvelines, 10 mg) were suspended by sonication for 10 min in an
France). The microparticles were then freeze dried and aqueous solution of Tween 80 (0.02% w/v) and assayed

sieved (125 mm). To minimize residual solvents they were after dilution in Isoton II (Coultronics).
also vacuum dried at 37 8C for 72 h.

2.2.7. Differential scanning calorimetry
2.2.2. Gamma-irradiation The glass transition temperature of the polymer (Tg) in

Approximately 700 mg microspheres were placed in wet and freeze dried samples was analyzed by differential
vials, sealed under vacuum and gamma-irradiated (19.6 scanning calorimetry (Mettler Toledo, Viroflay, France).

60kGy) using a Co source (performed at Ionosos, Dagneux, Approximately 5 mg samples were heated in sealed
France). aluminum pans (investigated temperature range: 230 to

1330 8C, heating rate: 10 8C/min, two heating cycles).
2.2.3. Drug release studies

Sterilized and non-sterilized, drug-loaded microparticles 2.2.8. Size exclusion chromatography
(approximately 40 mg) were placed within dialysis bags Microparticles were dissolved in dimethylsulfoxide
(molecular weight cut-off 6–8 kDa; Bioblock, Illkirch, (0.5% w/v). One volume part of this solution was mixed
France) at the bottom of USP XXIV paddle apparatus glass with three volume parts of the mobile phase (tetrahydro-
vessels (Sotax AT7, Sotax, Basel, Switzerland). Phosphate furane:methanol:acetic acid, 85:15:0.8 v /v /v). Approxi-
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mately 200 ml of this mixture were injected into a size drug 5-FU from erodible PLGA microparticles into phos-
exclusion (gel permeation) chromatography (SEC) ap- phate buffer pH 7.4 at 37 8C. The release rates from
paratus equipped with a precolumn (Shodex KGF, Waters, gamma-sterilized (19.6 kGy) and from non-sterilized
St Quentin en Yvelines, France), two main columns microparticles are shown. Three observations are important

E(Styragel HR1, Waters; PL-gel 5 mm 10 4A, Polymer indicators for the underlying drug release mechanism: (i)
Laboratories, Marseille, France) and a refractometric detec- Both release profiles are biphasic. An initial ‘burst’ phase
tor (RID-10A, Shimadzu, Touzart et Matignon, Cour- (25–35% of the total amount of drug is released within the
taboeuf, France). All measurements were performed at a first 24 h) is followed by a zero-order drug release phase;
flow-rate of 1 ml /min at room temperature. The system (ii) Drug release is complete after 3 weeks in both cases;
was calibrated with polystyrene standards (PS-2, Polymer (iii) Gamma-sterilization leads to an increased ‘burst’
Laboratories, Marseille, France). All indicated molecular effect, but does not significantly affect the release rate
weights are weight-average molecular weights (Mw). during the subsequent, constant drug release phase. To

adequately analyze these data, additional information is
2.2.9. Scanning electron microscopy required, such as the particle shape, size and surface

The external and internal morphology of sterilized and morphology and the glass transition temperature of the
non-sterilized microparticles was characterized by scan- polymer, Tg.
ning electron microscopy (SEM). Samples were carbon
coated (10 nm) using a MED 020 (Baltec, Balzers, 3.2. Particle shape, size and surface morphology
Liechtenstein) and observed on a JEOL 6301F field
emission microscope (JEOL, Paris, France) (voltage: 5 Fig. 2 shows SEM pictures of surfaces of sterilized
kV). The MED 020 coater evaporates carbon at elevated 5-FU-loaded PLGA microparticles at time t50 (before
temperatures and reduced pressure. The carbon sub- drug release), at two different magnifications. Pictures of
sequently deposits on the surface of the sample, forming
very thin layers. Cross-sections of the microparticles were
obtained after inclusion into epon (Epon 812 Fluka, Saint
Quantin Fallavier, France) (liquid monomers serve as
suspension vehicle and are subsequently polymerized
under solidification) and cutting with a diamond knife
(Leica Ultracut S, Rueil Malmaison, France).

3. Results and discussion

3.1. In vitro drug release kinetics

Fig. 1 illustrates the release kinetics of the anticancer

Fig. 1. Experimentally determined in vitro drug release kinetics from Fig. 2. SEM pictures of surfaces of 5-FU-loaded PLGA microparticles
5-FU-loaded PLGA microparticles into phosphate buffer pH 7.4 at 37 8C. before drug release (t50): (a) population; (b) single microparticle. Here,
Open circles correspond to sterilized (19.6 kGy), filled squares to non- only sterilized microparticles are shown, the morphology of non-sterilized
sterilized microparticles (n53). microparticles being very similar.
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non-sterilized microparticles are very similar (data not
shown). From Fig. 2a illustrating a population of particles,
it is clear that the shape of these devices can be assumed to
be spherical. The mean particle radius before drug release
was determined to be equal to 26 mm. Fig. 2b shows the
very smooth surface of a single microparticle at time t50.
Importantly, no non-encapsulated drug was visible on any
of the SEM pictures (Fig. 2). Thus, the initial ‘burst’ effect
observed with both types of microparticles (Fig. 1) can
neither be attributed to non-encapsulated 5-FU, nor to drug
release through ‘macropores’ (size .100 nm) or from drug
cavities (size .100 nm) directly connected to the surface
of the particles. Wang et al. (2000a,b) could show that the
initial burst effect observed with their system (octreotide
acetate-loaded PLGA microparticles) can probably be

Fig. 3. Evolution of the glass transition temperature of the polymer uponattributed to pores in the size range of 0.1 to 1 mm which
exposure of 5-FU-loaded PLGA microparticles to phosphate buffer pH

are initially present at the surface (t50). Upon water 7.4 at 37 8C. The Tg was determined by DSC scans. Data obtained with
imbibition, these surface pores are closed within the first lyophilized and non-lyophilized microparticles are shown.
24 h, leading to a dense, film-like diffusion barrier. It has
to be emphasized that the smooth surface of the micro-
particles observed by SEM (Fig. 2b) only indicates the lyophilized microparticles. As can be seen, the Tg of the
absence of ‘macropores’ (size .100 nm), ‘nanopores’ (size polymer remains about constant during the first 2 weeks in
,100 nm) would not be visible with the applied technique. both cases. Importantly, the Tg of non-lyophilized micro-
Thus, it cannot be excluded that ‘nanopores’ are initially particles is well below the temperature of the system
present at the surface and—similar to Wang’s system— (37 8C, broken line). Thus, the polymer is in the rubbery
cause the observed ‘burst’ effect. state allowing reasonably high drug diffusion rates through

Furthermore, a mono- or multi-layer of adsorbed drug its matrix. In contrast, the Tg of the PLGA of the
molecules onto the surface of the microparticles would not lyophilized microparticles is above the temperature of the
be visible in the SEM pictures. But the extent and rate of system, indicating that the polymer is in the glassy state.
drug release during the first 24 h makes it very unlikely This clearly shows the importance of water acting as a
that such adsorbed layers significantly contribute to the plasticizer. Upon exposure to the release medium, water
observed ‘burst’ effect. imbibes into the system (due to concentration gradients)

and lowers the Tg of the polymer, resulting in a phase
3.3. Glass transition temperature of the polymer transition from the glassy to the rubbery state. Fig. 4 shows

exemplarily the DSC thermograms of sterilized, lyophil-
The glass transition temperature of the polymer and its ized (curve A) and non-lyophilized (curve B) 5-FU-loaded

evolution during drug release is a very important feature PLGA microparticles which had been exposed to the
when elucidating the underlying release mechanism from release medium for 1 day. Clearly, the Tg is lowered in the
controlled delivery systems. If the polymer is in the glassy wetted particles. The large endothermic peak at 0 8C in
state (T,Tg), the mobility of the macromolecules is very curve B corresponds to the melting of frozen water.
low (Fan and Singh, 1989). Thus, the free volume avail-
able for diffusion and, consequently, the diffusion rate of

3.4. Exact solution of Fick’s second law of diffusion,
the drug through the polymer matrix are very small.

monolithic solution
Generally, the latter is negligible compared to the diffusion
rate of the drug through water-filled pores. In contrast, if

Based on the above described experimental findings, a
the polymer is in the rubbery state (T.Tg), the macro-

simple mathematical approach was used to describe the
molecules are much more mobile and the resulting drug

observed in vitro drug release rates from sterilized and
diffusion coefficients are orders of magnitudes higher than

non-sterilized 5-FU-loaded PLGA microparticles. This
in the glassy state (Fan and Singh, 1989). Drug diffusion

theory assumes that drug release is governed solely by
through the polymer matrix can be the sole transport

diffusion, a mass transfer process which can be quantified
mechanism, or be combined with drug diffusion through

using Fick’s second law (Crank, 1975):
water-filled pores.

Fig. 3 shows the evolution of the glass transition ≠c ≠ ≠c ≠ ≠c ≠ ≠c
] ] ] ] ] ] ]5 SD D1 D 1 SD D (1)S Dtemperature of the polymer in the investigated system upon ≠t ≠x ≠x ≠y ≠y ≠z ≠z

exposure to phosphate buffer pH 7.4. The Tg was de-
termined by DSC scans of both, lyophilized and non- Here, c and D are the concentration and the diffusion
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Fig. 4. DSC thermograms of sterilized, 5-FU-loaded PLGA microparticles which were exposed to the release medium for 1 day (curve A shows
lyophilized, curve B non-lyophilized particles).

coefficient of the diffusing species, respectively; t repre- trolled drug delivery systems generally show a very high
sents time, and x, y and z the three spatial coordinates. drug release rate at the beginning due to small diffusion

Considering the spherical geometry of the investigated pathways at early time-points (Siepmann et al., 1999b).
system (radius, r), and assuming: (i) constant drug diffu- Thus, the ‘burst’ effect might be attributable to a ‘normal’
sion coefficients; (ii) perfect sink conditions; and (iii) a diffusion-controlled drug release. At later time-points, also
uniform initial drug concentration that is smaller than the other phenomena seem to contribute to the release mecha-
solubility of the drug within the system (monolithic nism. However, it has to be kept in mind that the presented
solution), the following analytical solution of Fick’s sec- mathematical modeling approach (Eq. (2)) is not suitable
ond law of diffusion can be used to describe the resulting to describe the observed drug release rates over the entire
drug release rate (Crank, 1975): period of time. Thus, any mechanistic interpretation should

be viewed with caution. The following drug diffusivities
` 2 2M 6 1 D ? n ? p ? tt

] ] ] ]]]]5 1 2 ?O ? exp 2 (2)S D2 2 2M p n r` n51

where M and M denote the cumulative absolute amountt `

of drug released at time t and at infinite time, respectively.
As the existence of ‘nanopores’ cannot be excluded, D
represents an apparent diffusivity, taking into account drug
transfer through the polymer itself as well as possible drug
transfer through water-filled ‘nanopores.’

Fitting Eq. (2) to the experimentally determined drug
release rate from sterilized and non-sterilized 5-FU-loaded
PLGA microparticles does not lead to good agreement
between theory and experiment (Fig. 5, solid curves). The
fitting procedure was based on the minimization of the
resulting differences between experimental and theoretical
values (least squares method, combined with a modified
simplex method: Nelder–Mead method). Significant devia-

2tions result, the coefficients of determination (R ) being Fig. 5. Fit of an exact solution of Fick’s second law of diffusion
(considering spherical device geometry, constant drug diffusivity, perfectequal to 0.92 and 0.93, respectively. Interestingly, the
sink conditions, monolithic solutions, Eq. (2): solid curves) and of theinitial ‘burst’ phase seems to be described rather well,
Koizumi model (Eq. (3): dashed curves) to the experimentally determined

whereas the subsequent constant drug release phase is drug release rate from 5-FU-loaded PLGA microparticles into phosphate
described very poorly. This might indicate a possible buffer pH 7.4 at 37 8C. The symbols represent the experimental data,
explanation for the ‘burst’ effect. Purely diffusion-con- whereas the curves represent the fitted theoretical values.
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213 2within the system were obtained: D56.7310 cm /s
213 2for sterilized and D54.7310 cm /s for non-sterilized

microparticles. The higher value for the sterilized devices
can be explained by the chain cleavage effect of gamma-
irradiation on PLGA (Spenlehauer et al., 1988). With
decreasing polymer molecular weight the mobility of the
macromolecules increases and, thus, the free volume
available for diffusion and the diffusion coefficient of the
drug increase (Fan and Singh, 1989).

3.5. Approximate solution of Fick’s second law of
diffusion, monolithic dispersion, constant drug diffusivity

One major assumption of the above described theory is
that the drug is molecularly dispersed within the system
(monolithic solution). To study the initial distribution of
the drug within the investigated devices, SEM pictures of
cross-sections of the microparticles at time t50 (before
drug release) were taken (Fig. 6, only sterilized microparti-
cles are shown, the structure of non-sterilized microparti-
cles being very similar). Clearly, the internal structure of
the devices is very heterogeneous. The drug is located
within cavities of different sizes and distributed throughout
the microparticles. The higher magnifications (Fig. 6b and
c) of the SEM pictures and the drug melting peaks
observed in DSC scans (e.g., Fig. 4, curve A) indicate that
at least parts of the drug are in crystalline form. Thus, the
drug is distributed throughout the device in the form of
crystals or a mixture of crystals and amorphous agglomer-
ates and the assumption of a molecular distribution within
the polymer at time t50 is not fulfilled.

In the literature, different mathematical models have
been reported quantifying drug release from devices in
which the drug is homogeneously distributed throughout
the system with an initial drug concentration higher than
the solubility of the drug in the carrier material (monolithic
dispersions) (Crank, 1975; Lee, 1980; Fan and Singh,
1989). The most important theory of this type was
developed by Higuchi (1961). The principle of his ap-
proach (a pseudo steady-state assumption) is illustrated in
Fig. 7 for the geometry of a thin slab (for reasons of
simplicity). The resulting concentration profiles of a drug

Fig. 6. SEM picture of cross-sections of 5-FU-loaded PLGA microparti-initially suspended in an ointment are illustrated. The solid
cles before drug release (t50), at three different magnifications (a), (b)line represents the drug concentration profile after expo-
and (c). The hatched regions correspond to the epon that was used to

sure of the ointment to perfect sink for a certain time t. As obtain the cross-sections, the dark grey regions correspond to PLGA, the
can be seen, there is a sharp discontinuity at distance h bright grey regions to 5-FU. Here, only sterilized microparticles are

shown, the morphology of non-sterilized microparticles being veryfrom the surface. For this distance h above the absorbing
similar.surface the concentration gradient is essentially constant,

provided, the initial drug concentration within the system,
c , is much greater than the solubility of the drug (c ..0 0

c ). After an additional time interval, Dt, the new con-s

centration profile of the drug is given by the broken line. case of planar devices. Later, he extended his theory also
Again, a sharp discontinuity and otherwise linear con- to spherical geometry, deriving an implicit mathematical
centration profiles result. Under these particular conditions equation quantifying drug release (Higuchi, 1963). A very
Higuchi derived the very simple relationship between the similar approach was used by Koizumi and Panomsuk
release rate of the drug and the square root of time in the (1995). The advantage of their solution is that the obtained
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3.6. Approximate solution of Fick’s second law of
diffusion, monolithic dispersion, time-dependent drug
diffusivity

Upon exposure to the release medium water imbibes
into the microparticles and leads to the hydrolytic degra-
dation of the PLGA molecules (ester bond cleavage). As
discussed above, smaller polymer chains are less restrictive
for drug diffusion than larger ones. Thus, the diffusion
coefficient of the drug in this type of delivery system is not
constant, but increases with time. The evolution of the
macromolecular weight (Mw) of the PLGA in the investi-
gated 5-FU-containing microparticles upon exposure toFig. 7. Pseudo steady-state approach applied for the derivation of the

classical Higuchi model quantifying drug release from planar systems phosphate buffer pH 7.4 is illustrated in Fig. 8 (normal–
(monolithic dispersion). Theoretical concentration profile existing in an normal plot and semi-logarithmic plot). Clearly, the mac-
ointment containing suspended drug and in contact with a perfect sink.

romolecular weight decreases right from the beginning. As
a straight line is obtained in the semi-logarithmic plot,
polymer degradation follows first order kinetics. This
might be seen as a first indication that autocatalytic effects

(approximate) equation is in an explicit form and, thus, accelerating polymer degradation at the center of the
easier to handle than the respective Higuchi equation: devices do not play a major role in the investigated system.

Pronounced autocatalytic effects would lead to deviations
4 ? c ? D ? t from the first order kinetics of polymer degradation]]]]]] s2 F ]]]M 5 4 ? p ? r ? 2 ? c 2 c ? c ? D ? t 1s dœt 0 s s 9 ? r (increasing degradation rate constant with time). However,

c it has to be pointed out that only average moleculars
]]]? 2 3 (3)S DG weights have been determined. Thus, deviations of only2 ? c 2 c0 s

parts of the polymer bulk from first order degradation
Here, M is the cumulative absolute amount of drug might be difficult to be seen. From the slope of the straightt

released at time t; r represents the radius of the spherical line in Fig. 8 (semi-logarithmic plot) the degradation rate
21device; c and c are the initial drug concentration and the constant was determined, being equal to 0.46 weeks .0 s

solubility of the drug within the system, respectively; and This value is in good agreement with data reported in the
D denotes the constant diffusion coefficient of the drug. literature (Kenley et al., 1987; Lewis, 1990; Chiu et al.,

The fit of this equation to the experimentally determined 1995).
drug release rate from sterilized and non-sterilized 5-FU- Interestingly, the critical threshold value of 20 kDa is
containing PLGA microparticles is shown in Fig. 5 (dashed
curves), resulting in slightly better agreement between
theory and experiment compared to the monolithic solution

2approach (R 50.93 and 0.94, respectively). The obtained
diffusion coefficients of the drug are much higher than the
diffusivities determined with the ‘monolithic solution

212 2model’: D55.7310 cm /s for sterilized and D54.13
212 210 cm /s for non-sterilized microparticles (compared to

213 2 213D56.7310 cm /s for sterilized and D54.7310
2cm /s for non-sterilized microparticles with the ‘mono-

lithic solution model’). This is in good agreement with the
theory, the initial drug loading being approximately one
order of magnitude higher than the drug solubility within
the investigated system. Thus, the calculated concentration
gradients (driving forces for diffusion) are approximately
10-times smaller in the ‘Koizumi model’ than in the
‘monolithic solution model.’ This is compensated by the
difference in the diffusion coefficients.

Fig. 8. Evolution of the polymer molecular weight (Mw) in 5-FU-loadedHowever, the deviation between theory and experiment
PLGA microparticles upon exposure to phosphate buffer pH 7.4 at 37 8C:

is still important, which might be attributable to the fact normal–normal plot (left Y-axis) and semi-logarithmic plot (right Y-axis).
that the Koizumi model was developed for non-degradable The solid curve and solid line represent exponential fits, the broken lines
polymers. critical threshold values (discussed in the text).
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reached after approximately 3 weeks. This value has been hydroxide ions from the release medium into the polymer
described as the onset of the breakdown of the polymeric bulk is sufficiently rapid to neutralize the generated acidic
network of PLGA-based systems (Spenlehauer et al., monomers, and/or the latter diffuse fast enough into the
1988.). Importantly, drug release is already complete at phosphate buffer.
this time-point (Fig. 1). Thus, the breakdown of the Based on these experimental findings a new mathemati-
structure of the system does not seem to contribute to the cal model was developed. In addition to diffusional
control of drug release. To confirm this hypothesis, the processes, also the degradation of the polymer was taken
particle size as well as the inner and outer structure of the into account. Required, unknown physicochemical parame-
microparticles during drug release has been monitored. ters were determined by fitting the model to sets of
Fig. 9 shows the evolution of the mean particle diameter experimental data, e.g., in vitro drug release data and
upon exposure to phosphate buffer pH 7.4. Clearly, the measurements of the polymer molecular weight versus
particle size remains about constant during the first 3 time upon exposure to phosphate buffer. The fitting
weeks and then decreases. This is in good agreement with procedure was based on the minimization of the resulting
the data obtained by SEC analysis (Fig. 8). As soon as the differences between experimental and theoretical values
threshold value of 20 kDa is reached, the polymeric (least squares method, combined with a modified simplex
structure breaks down. Also the SEM pictures shown in method: Nelder–Mead method). For the implementation of
Fig. 10 confirm this phenomenon. The surface morphology the mathematical model the programming language C11

of the microparticles remains almost unchanged during the was used (Borland C11 V.5.0 Developer).
first 2 to 3 weeks, then ‘macropores’ become clearly From the exponential fit shown in Fig. 8, the following
visible (Fig. 10b and c). Cross-sections show that upon quantitative relationship between the macromolecular
exposure to the release medium, the drug-filled cavities weight Mw (in kDa) of the PLGA and the exposure time t
distributed throughout the microparticles start to become to phosphate buffer pH 7.4 was obtained:
exhausted (Fig. 10d and e). Importantly, the shape of these

Mw(t) 5 78.4 ? exp 2 k ? t (4)s ddegrcavities remains stable even after partial / total drug release,
for at least 2 weeks. Afterwards, the preparation technique where k is the first order degradation rate constant ofdegr
of the microparticle cross-sections (using epon) does not the polymer.
allow any clear pictures. The particles become so porous With decreasing polymer molecular weight, the drug
that the liquid monomers of the epon enter into the system, diffusivity increases. This dependence of D on Mw was
thus, decreasing the resulting contrast (Fig. 10f). Only best described using the following equation:
‘ghost-like’ structures of microparticles can be seen.

kOther important information gained from these SEM ]D Mw 5 D 1 (5)s d 0 Mwpictures is the absence of any visible erosion front, moving
from the center of the microparticles towards their surface. where D is the diffusion coefficient of the drug in the0

This can serve as an additional indication for the fact that non-degraded polymer (t50) and k is a constant.
autocatalytic effects accelerating polymer degradation at Fig. 11 shows the fit of this improved mathematical
the center of the devices do not seem to play a major role model [considering (i) polymer degradation; (ii) drug
in the investigated system. Most probably, the diffusion of diffusion; and (iii) the initial distribution of the drug within

the system (monolithic dispersion)] to the experimentally
determined drug release rate from sterilized and non-
sterilized 5-FU-containing PLGA microparticles, respec-
tively. For reasons of comparison, the fitted Koizumi
model and monolithic solution approach are also illus-
trated. Clearly, the new mathematical model better de-
scribes the resulting drug release kinetics than the other

2approaches (R 50.96 and 0.98, respectively). The ob-
tained diffusion coefficients of the drug in the polymer at
time t50 are smaller than the values found with the

212 2Koizumi model: D 54.9310 cm /s for sterilized and0
212 2D 52.1310 cm /s for non-sterilized microparticles,0

212 2respectively (compared to D55.7310 cm /s and D5
212 24.1310 cm /s with the Koizumi model). This can be

explained by the time-dependence of the drug diffusivity in
the new mathematical model. Upon polymer degradation,
the diffusivity increases. The Koizumi model assumes
time-independent diffusion coefficients, thus, the deter-Fig. 9. Evolution of the mean diameter of 5-FU-loaded PLGA mi-

croparticles upon exposure to phosphate buffer pH 7.4 at 37 8C. mined diffusivities are average values. For the constants
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Fig. 10. SEM pictures of 5-FU-loaded PLGA microparticles upon exposure to phosphate buffer pH 7.4 at 37 8C: (a) surface at time t51 day; (b) surface at
time t524 days, lower magnification; (c) surface at time t524 days, higher magnification; (d) cross-section at time t51 day, lower magnification; (e)
cross-section at time t51 day, higher magnification; (f) cross-section at time t524 days. Only sterilized microparticles are shown, the morphology of
non-sterilized microparticles being very similar.

characterizing the dependence of the diffusivity on the [y(x) 2 y(x) ] are positive at early time-points,i,exp i,theo

molecular weight of the polymer, the following values become negative for intermediate time-points and then
211 2have been found: k52.1310 cm 3kDa/s for sterilized again positive at late time-points. This structure in the

211 2and k55.9310 cm 3kDa/s for non-sterilized mi- residuals is observed in both cases, sterilized and non-
croparticles. This difference might be attributed to the fact sterilized microparticles and indicates that certain assump-
that this parameter is not a universal constant, but depends tions of the model are not realistic and/or that not all the
on the physicochemical properties of the system. Gamma- important physicochemical phenomena have been taken
sterilization might induce changes that affect the depen- into account. A more accurate mathematical description of
dence of the drug diffusivity on the polymer molecular the polymer degradation and microparticle erosion process
weight. might help to eliminate this deviation between theory and

Although the agreement between theory and experiment experiment. For example, the underestimation of drug
could be improved, it can clearly be seen in Fig. 11 that release at late time-points might be due to the beginning of
there are still systematic deviations. The resulting residuals the breakdown of the polymeric structure, which is neg-
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R. Filmon (Service Commun de Microscopie Electronique,
´ ´ ´Faculte de Medecine, Universite d’Angers, Angers,

France) for the SEM pictures and to J. Haffner for her
assistance.
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