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ABSTRACT: Drug release from poly(lactide-co-glycolide) (PLGA) microspheres is strongly determined by the pore structure of the par-

ticles. This study examines how swelling-induced pore constriction delays the drug release and by which factors this process is con-

trolled. Combination of different porosimetric and pycnometric methods enabled insight into the submicroscopic range of the pore

structure and revealed that remarkably the polymer free volume plays a crucial role in drug release from PLGA microspheres. Surpris-

ingly, the latter was shown to be inversely correlated to the degree of diffusional drug release. This can be explained by a swelling-

induced constriction of the macroporous channel system in the microspheres which is related to the availability of free volume. The

hole free volume was shown to be well controllable by the manufacturing conditions. Thus, the study deepens comprehension of the

mechanism of drug release from biodegradable microparticles and offers an effective approach for controlling the release behavior. VC
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INTRODUCTION

The great potential of biodegradable polymer microspheres for

pharmaceutical applications has been recognized since the

1960s. Since then, a huge number of therapeutic options and

the encapsulation of a large variety of different drugs have been

studied. Microspheres were found to be applicable as carriers

for small molecules, peptides, proteins, vaccines, and even

nucleic acids.1–4 Administration routes tested comprise oral,

parenteral, nasal, pulmonary, intraocular, and vitreoretinal drug

delivery.5–10 Strong efforts were made to understand the com-

plex mechanisms governing drug release from microparticles

and to optimize release kinetics. However, despite almost half a

century of research, the process of drug release from micropar-

ticles is still not fully understood in detail. Perhaps more than

in case of many other dosage forms the release pattern from

microparticles is strongly determined by the microscopic and

submicroscopic structure of the particle matrix. As these struc-

tural features are generated during the particle formation, pro-

cess parameters have an enormous influence on drug release in

vitro and in vivo.

Emulsification of a polymer solution in an aqueous continuous

phase followed by the removal of the organic solvent is one of

the most common techniques for the preparation of biodegrad-

able microparticles. Drug release from those microspheres is

a highly complex multistage process. Numerous interactions

between many different factors, most of them changing over the

release period, make comprehension difficult. The release pro-

cess is controlled by diffusion and erosion processes. In case of

poly(lactide-co-glycolide) (PLGA) particles, the mechanism was

shown to be of the bulk erosion type as the polymer degrada-

tion process is the speed determining step.11 The particles are

homogenously invaded by water prior to significant degrada-

tion. Cleavage of ester bonds creates free carboxylic acid groups

at the newly formed chain ends which partly dissociate and

thus decrease the pH of the water imbibed by the particles. The

ester hydrolysis is an acid-catalyzed process and will accelerate

in an acidic environment. If a particle is surrounded by a neu-

tral medium and free diffusion is inhibited within the particle

matrix, a pH gradient will develop from the particle surface to

the core, leading to an increased degradation rate in the center.

However, microparticles prepared by solvent extraction/evapora-

tion usually have a highly porous matrix structure which should

neither be able to significantly restrict the leaching of drugs and

polymer degradation products from the particles into the sur-

rounding medium nor the diffusion of buffer salts from the

medium into the particles.12 For this reason, it is remarkable

that, despite of a porous structure and even a porous surface, in

many cases the drug release profiles reveal a slow or even

delayed onset.13–17 Such a pattern would be expected in case of

a tightly packed polymer matrix but not in case of a highly

porous, sponge-like structure.18,19
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For a long time, drug diffusion through the polymer matrix or

through pre-existing pores followed by an erosional expansion

and opening of the pore structure was regarded as the reason for

the typical and often multistage release profile.20 In these models,

it was assumed that only small pores become enlarged and iso-

lated pores become open, but not vice versa. However, during the

last years, the perception gained ground that not only opening of

pores but also pore closure takes place during drug release from

microspheres.19,21–25 Such type of mechanism would be able to

explain the release behavior discussed above. This study was

made to prove this assumption and, most importantly, to identify

the factors governing the closure of pores.

The first part of the study is dedicated to the question whether

indications can be found confirming the involvement of a pore

closure mechanism in drug release. Such indications were tried

to be deduced from the kinetics of drug release and water

uptake. In particular, the question was raised whether the drug

release takes place through the polymer matrix or via water-

filled pores. If it could be shown that, despite the existence of a

clearly visible network of large interconnected pores in the dry

state, the drug diffuses to the surface on a pathway through the

polymer, this would provide a strong indication that the porous

network becomes closed upon water uptake.

This would raise the question, which factors and mechanisms

are controlling this process. Based on a series of equally com-

posed microparticles differing only in terms of their porosity

profiles, in the second part of the study it was investigated, if

structural features can be identified correlating with the rate

and degree of diffusional drug release. Under the aforemen-

tioned assumption, that the obstruction of the pore channels

forces the drug to take the much slower diffusion path through

the polymer, the extent of diffusional release prior to the com-

mencement of the erosional phase can be considered as a mea-

sure of the effectiveness of pore closure. The most obvious

reason for such an obstruction of intraparticulate voids is the

swelling of the polymer. Thus, it was particularly searched for

structural elements linked to the rate and extent of water distri-

bution within the polymer and to the ability to expand the net-

work of molecular chains.

EXPERIMENTAL

Materials

The model drug 3-{2-[4-(6-fluor-1,2-benzisoxazol-3-yl)piperidi-

no]ethyl}-2-methyl-6,7,8,9-4-H-pyrido[1,2-a]pyrimidin-4-one

was obtained from Jubilant Organosys (Mysore, India). Pol-

y(D,L-lactide-co-glycolide) 75:25 (Resomer 755 S), Mw 5 58,300

Da was purchased from Boehringer Ingelheim (Ingelheim, Ger-

many). Polyvinylalcohol 18–88 was a grant from Kuraray

Europe GmbH (Frankfurt am Main, Germany). Methylene chlo-

ride analytical grade was obtained from Merck (Darmstadt,

Germany) and (Tris(hydroxymethyl)-aminomethane) (TRIS)

from AppliChem (Darmstadt, Germany).

Microparticle Preparation

An emulsification, solvent extraction/evaporation method was

used for microparticle preparation as described by Vay et al.12

In brief, a solution of 2.8 g drug substance and 3.2 g PLGA in

40 mL methylene chloride was emulsified by static mixing with

500 mL of a 0.5% w/v aqueous solution of polyvinylalcohol

buffered with 0.1M TRIS (pH 9.0). After feeding the emulsion

into 3.5 L of additional aqueous phase, the solvent was removed

at different temperatures (10–35�C) from the droplets by stir-

ring (230 or 260 rpm) and, in case of using a closed reactor, by

headspace ventilation (10 L/min). The hardened particles were

harvested by filtration and vacuum dried.

Drug Load and In Vitro Drug Release

The drug load of the microspheres was determined by high-

performance liquid chromatography (HPLC) (RP 18 column 20

3 2.1 mm, mobile phase 75:25 v/v mixture of 0.25M phosphate

buffer (pH 8.5) and acetonitrile, flow rate 1 mL/min) after dis-

solving the particles in acetonitrile and diluting with 0.1N HCl.

In vitro drug release was tested under sink conditions by agitat-

ing microparticle samples in phosphate buffer solution, pH 7.4,

at 37�C using an orbital shaker. In predefined intervals, samples

of 0.2 mL were drawn from the medium for HPLC measure-

ment of the drug concentration.

Water Uptake

Water uptake of the microparticles was measured from samples

incubated for different times at 37�C in phosphate buffer solu-

tion, pH 7.4, on a heated orbital shaker. After determination of

the dry tare weight of Vivaclear Centrifugal Filters (Sartorius

Stedim Biotech GmbH, Goettingen, Germany), they were wetted

with the buffer solution, centrifuged for 5 min at 6000 rpm to

remove the noncapillary bound water, and weighed again to

obtain the tare weight of the wetted filters. Then, samples of the

particle suspensions were transferred into the filters and dewa-

tered by centrifugation under the same conditions as described

above. After weighing the filters with the wet particles, they

were dried for 24 h in a desiccator at room temperature and

weighed again. The water uptake was calculated as the differ-

ence between the wet and the dried particles.

A selective determination of the nonbound fraction of water

was made by differential scanning calorimetry (DSC) measure-

ment (DSC 823e/500 calorimeter, Mettler Toledo, Greifensee,

Switzerland) of the wet particles and analysis of the melting

peak at about 0�C. Approximately, 10 mg of the wet sample

was weighed into 40 mL aluminum pans and hermetically

sealed. As a reference, an empty aluminum pan was used. After

cooling to 240�C, the pans were heated at a rate of 10�C/min.

The amount of frozen water was calculated from the area of the

melting peak on the basis of an enthalpy of fusion of 333 kJ/kg.

Particle Size Measurement

The particle size distribution was measured by single-particle

optical sensing (SPOS) using an AccuSizer 780 instrument (Par-

ticle Sizing Systems, Santa Barbara, CA) equipped with a

LE400-05SE sensor type. This method, which is based on light

obscuration, is able to count and size particles from 0.5 to 400

mm. The data are obtained in 512 logarithmically spaced chan-

nels with fraction widths ranging from 1 to 5.54 mm.

Porosity Measurement

The porosity distribution of the particles was recalculated from

data published in a previous study.12 The method which we
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developed there is based on a combination of gas pycnometry,

mercury porosimetry, and single-particle optical sensing (SPOS).

In brief, the intraparticulate pore space was gauged by applying

three intrusion media with different penetration depths. The

exclusion limit of helium and nitrogen in gas pycnometry is

defined by the kinetic diameter of the atoms or molecules (He:

0.26 nm, N2: 0.36 nm) and the cutoff for mercury intrusion is

determined by the applied pressure, according to the Washburn

equation 3.9 mm at 350 kPa). With each medium, a different par-

ticle density was obtained because the particle volume was meas-

ured as the sum of the polymer’s skeletal volume and a variable

volume of inaccessible voids. The envelope volume of the micro-

spheres, which is required to calculate the accessible fraction of

the total intraparticulate pore volume as the difference between

the total particle volume and the inaccessible volume for each

intrusion medium, was measured by SPOS. This method allows

quantitatively counting and sizing all particles of a weighed sam-

ple. The total particle volume was derived as the sum of the vol-

umes of each microsphere, calculated from the measured

diameters, and was finally normalized by the weight. The skeletal

volume of the polymer matrix was obtained from the particle

weight and the true density of the pure polymer. The instruments

used for these measurements were Ultrapycnometer 1000 (Quan-

tachrome GmbH, Odelzhausen, Germany), Mercury porosimeter

Pascal 140 (Thermo Fisher Scientific, Milano, Italy), and a single-

particle optical sizer AccuSizer 780 (Sensor: LE400-05SE; Particle

Sizing Systems, Santa Barbara, CA). More details of the method

are described by Vay et al.12

Differential Scanning Calorimetry

The glass transition temperature (Tg) of the polymer was deter-

mined by DSC using a DSC 823e/500 calorimeter (Mettler Tol-

edo, Greifensee, Switzerland). Approximately, 10 mg was

weighed into 40 mL aluminum pans and hermetically sealed. As

a reference, an empty aluminum pan was used. A first heating

cycle from 240 to 80�C with a temperature ramp of 10�C/min

was run to eliminate any sample history. Then, the sample was

cooled to 210�C and heated again at the same rate. Tg was

determined in duplicate as midpoint temperature using the

STAR software (Mettler Toledo, Greifensee, Switzerland).26

Time Course of Polymer Degradation

Six samples of about 17 mg of microparticles were incubated in

100 mL phosphate buffer solution, pH 7.4, under the same con-

dition as for the determination of drug release (see above). At

each sampling time point, the content of one vessel was vacuum

filtered through a polypropylene 12 mL filter tube with a 1.0

mm polytetrafluoroethylene membrane (Whatman GmbH, Das-

sel, Germany) and washed with 100 mL of water. The residue

was dried by sucking air through the filter and storing the filter

tube over night in a desiccator. After solving the residue in tet-

rahydrofuran (THF) containing 0.045% butylhydroxytoluene

(BHT, as stabilizer and internal standard), the molecular weight

was determined by gel permeation chromatography with refrac-

tive index detection. Three columns (300 3 8 mm) with a sta-

tionary phase of styrene–divinylbenzene copolymers with

different pore sizes (0.1, 10, and 100 mm) were connected in

series. Mobile phase: THF stabilized with 0.025% of BHT, injec-

tion volume: 100 mL, flow rate: 1.0 mL/min.26

Analysis of the Temperature Dependence of Drug Release

Kinetics

As the diffusion in solids is an activated process, the diffusion

coefficient D is well predicted by a correlation similar to the

Arrhenius equation,

D5D0e2EA=RT (1)

where D0 is the maximum diffusion coefficient, EA is the activa-

tion energy, R is the gas constant, and T is the temperature.23,27

A linear relation is obtained if ln D is plotted against 1/T.

According to Fick’s first law, the amount of substance diffusing

per unit area and unit time (diffusional flux, J) is proportional

to the diffusion coefficient if the concentration gradient is con-

stant.19 As the concentration gradient can be considered as con-

stant during the very first hours of incubation, in which only a

small portion of the encapsulated drug (<3%) is released from

the particles, a linear relationship is also obtained between ln

J and 1/T. During the first phase of drug release, in which the

particles’ surface area does not change, also the zero-order rate

constant of drug release k (change of drug concentration per

time) is linearly correlated to the diffusional flux J and thus to

1/T:

k5k0e2EA=RT (2)

Curve Fitting of Dissolution Profiles and Calculation of the

Diffusion Coefficient

Diffusional release was modeled by Crank’s solution to Fick’s

second law. As the drug release from degradable microparticles

is a multistage process in which the initial diffusion phase is fol-

lowed by a more or less overlapping accelerated release owing

to matrix erosion, Crank’s equation was extended by addition

of a second term, accounting for the erosional release. In con-

trast to the diffusion phase (and in order not to unnecessarily

complicate the calculation), the erosion phase was modeled in a

descriptive way by using a Weibull function to describe the sig-

moidal curve shape.28,29
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(3)

Mt 5 released drug amount at time t; D 5 diffusion coefficient;

t 5 time; M1
1 5 total releasable amount owing to diffusion;

M1
2 5 total releasable amount due to diffusion and erosion;

tlag1 5 lag time before diffusional release; tlag2 5 lag time

between diffusional and erosional release; r 5 microsphere

radius; b 5 shape constant; c 5 scale constant; n 5 1–12 (an

upper limit of summation of more than 12 was described not

to further improve the approximation).21

Another model applied for curve-fitting accounts for systems in

which the drug load is higher than the solubility of the drug in

the carrier matrix. It was developed by Koizumi and Panomsuk

and describes the cumulative drug release from a single spheri-

cal carrier unit as a function of the radius r of this unit, the ini-

tial drug concentration c0, the drug’s solubility cs within the

system, the diffusion coefficient D, and the time t. Dividing this
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function by the average drug load of a single particle and addi-

tively combining it with the Weibull term for the erosional

release phase provides the following equation for the cumulative

drug release Mt at time t.

Mt 5
3M1

1

c0r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 c02csð ÞcsDt

p
1

4csDt

9r

cs

2c02cs

23

� �� �
1 M1

2 2M1
1

� �
3 12e2

t2tlag12tlag2
c

� �b
� �

(4)

The diffusion coefficients were calculated by fitting these func-

tions to the measured drug release profiles, using the Solver

tool of Microsoft Excel.

RESULTS

Two series of drug-loaded PLGA microparticles were investi-

gated in this study. Both of them were prepared by a solvent

extraction/evaporation process, with the batches of the first

series (A1–A2) differing in the pump rate for static mixing and

the batches of the second series (B1–B6) differing in the extrac-

tion temperature (Table I). As was shown in the previous stud-

ies, the particle size is mainly determined by the flow velocity

in the static mixer, whereas the structural morphology and the

drug release profile are substantially controlled by the process

temperature during the manufacturing step of solvent

removal.26,30 Thus, in the first series two different flow rates

and in the second series six different extraction temperatures

were applied to obtain particles with graduated properties. With

the differently sized microparticles of the first series (A1–A2), it

should be examined if there is evidence that pore closure mech-

anisms are involved in the drug release process. The second

series of particles (B1–B6), with varying porosity profiles,

should elucidate how such mechanisms could be possibly

related to the structure of the polymer matrix. The particle size

and the molecular weight of the polymer matrix are listed in

Table II. First, kinetic studies were performed to elucidate the

diffusion paths of water and drug substance, then the pore

structure of the particles was investigated and finally conclu-

sions were drawn from correlations between diffusion behavior

and pore size distribution.

Kinetics of Processes Involved in Drug Release

Rate Constant of Initial Drug Release. In the first part of this

study, the drug release under sink conditions at pH 7.4 was

studied at different incubation temperatures. Two batches of

Table I. Manufacturing Parameters of Studied Preparations

A1 A2 B1 B2 B3 B4 B5 B6

Pump rate for static mixing (g/min)

Organic phase 6 9 10 10 10 10 10 10

Aqueous phase 120 180 190 190 190 190 190 190

Stirrer type and
stirring speed
(rpm)

Propeller
230

Propeller
230

Anchor
260

Anchor
260

Anchor
260

Anchor
260

Anchor
260

Anchor
260

Extraction
temperature
and duration

22!52�C in
5 h, 52�C for 1 h,
52!22�C in 1 h

22!52�C in 5 h,
52�C for 1 h,
52!22�C in 1 h

10�C,
5 h

20�C,
5 h

27.5�C,
5 h

30�C,
5 h

32.5�C,
5 h

35�C,
5 h

Headspace
ventilation
(L/min)

Open reactor,
no ventilation

Open reactor,
no ventilation

10 10 10 10 10 10

Table II. Particle Properties of Studied Preparations

A1 A2 B1 B2 B3 B4 B5 B6

Particle size (mm) (volume weighted median) 192.2 39.2 82.7 84.4 85.5 82.3 86.8 87.1

rn (Dimensionless) (calculated for
logarithmic distribution)

0.32 0.68 0.27 0.29 0.34 0.34 0.39 0.33

Mw (kDa) n/a n/a 54.1 53.6 54.2 53.2 51.0 48.4

Volume of pores <0.26 nm (%) n/a n/a 1.1 1.3 n/a 1.8 1.0 1.0

Volume of pores 0.26–0.36 nm (%) n/a n/a 0.3 1.6 n/a 6.2 5.5 7.9

Volume of pores 0.36 nm–7.5 mm (%) n/a n/a 0.0 1.3 n/a 1.4 1.4 0.0

Volume of pores >7.5 mm (%) n/a n/a 20.4 16.8 n/a 10.4 16.7 18.3

Volume of the polymer scaffold (%) n/a n/a 78.2 79.0 n/a 80.2 75.4 72.7

n/a: not analyzed.
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microparticles (A1 and A2) were investigated. The release pro-

files of preparation A2 measured at 32, 37, 45, 50, and 60�C are

shown in Figure 1. The focus was directed on the initial phase

of drug release which is governed by a diffusion mechanism. It

was found that in the very first phase the cumulative drug

release can be approximated by zero-order kinetics (R2> 0.95)

with a rate constant k, calculated as the slope of the concentra-

tion/time curve (data not shown). The rate constants obtained

at different release temperatures are shown in Figure 2.

Diffusion Coefficient during the Initial Release Phase. If dif-

fusion is the rate-determining process, the diffusion coefficient

D can be deduced from the drug release profile by Crank’s solu-

tion to Fick’s second law, which models the diffusional drug

release from a spherical matrix.31,32 As described in the EXPER-

IMENTAL section, the Crank’s equation (eq. (3)) was extended

by a Weibull term to fit not only the initial diffusion phase but

also the more or less overlapping phase of subsequent matrix

erosion. These fits are shown in Figure 1 together with the

measured release profiles. The graphs of the equation’s Crank’s

term, calculated from the fitted functions, are also exhibited in

the diagrams to illustrate the contribution of initial diffusional

release. The diffusion coefficients obtained from this fitting pro-

cess are shown in Figure 3.

Crank’s equation was developed for systems in which the drug

is molecularly dispersed (solved) within a homogenous matrix.

However, as described in a former article, this is only partly

true for the microspheres studied in this study.33 Melting

peaks of the drug occurring in DSC thermograms of the par-

ticles as well as scanning electron microscopy photomicro-

graphs, revealing crystals embedded in the cavities of a

macroporous polymer structure, indicate that at least a por-

tion of the drug is not molecularly dispersed. In a former

study, the thermodynamic solubility of the drug within the

polymer was calculated from Hansen partial solubility parame-

ters of drug and polymer as 12.6% m/m, which is in close

agreement to the value obtained from the heat of fusion of the

crystalline drug fraction in the microspheres.33 This means

that, based on a drug load of 39.3% (A1) and 32.3% (A2),

only less than one-third of the encapsulated drug (A1: 22.2%

of the drug load, A2: 30.2% of the drug load) is solved in the

polymer and thus molecularly dispersed.

Different mathematical models have been developed for the cal-

culation of drug release from systems in which the drug load is

higher than the solubility of the drug in the polymer matrix.

One of these models, developed for carriers of spherical geome-

try, was reported by Koizumi and Panomsuk.34 Using this

model, about the same diffusion coefficients are obtained

(mean deviation 0.3 log steps, max. deviation 0.8 log steps) as

with Crank’s equation.

The fact that, despite the presence of crystalline drug, Crank’s

approach provides about the same results as obtained by the

method of Koizumi and Panomsuk might be an indication that

the first portion of drug, which is released during the

Figure 2. Correlation between the logarithm of the initial drug release

rate from the particles (k 5 rate constant of the initial zero order release)

and the reciprocal value of the temperature (sample A1: circles, sample

A2: squares). Only the data points above Tg exhibit a linear correlation.

The dotted lines are the calculated regression lines for the 37–60�C data.

Figure 3. Correlation between the effective diffusion coefficient of the

drug within the particle matrix (in logarithmic scale) and the reciprocal

value of the temperature (sample A1: circles, sample A2: squares). Only

the data points above Tg exhibit a linear correlation. The dotted lines are

the calculated regression lines for the 37–60�C data.

Figure 1. Drug release from preparation A2 (symbols) fitted by eq. (3) (upper curves). The lower curves are calculated from Crank’s term of eq. (3) and

depict the contribution of diffusional release.
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diffusional phase, probably originates from the dissolved

(molecularly dispersed) fraction.

Kinetics of Water Uptake. When the water uptake is studied by

measuring the weight gain of the incubated particles it can be

observed that, after a fast onset of imbibition, the uptake rate

decreases within the first hours or days to about zero before it

increases again sharply to a value markedly higher than the ini-

tial rate [Figure 4(a)]. As it can be seen from preparations A1

and A2, with rising temperature the initial uptake rate increases,

but the uptake ceases earlier and the amount of water imbibed

during this initial phase, marked by the height of the temporary

plateau, decreases. Similar curve profiles were also measured

with other microparticle preparations. Figure 4(b) shows the

water uptake of preparations B1 and B5, both tested at 37�C.

Kinetics of Polymer Degradation. Polymer degradation of

preparations B1 and B5 was studied at pH 7.4 and 37�C (Figure

5). Both curves exhibit nearly congruent profiles. They reveal

that degradation starts immediately after incubation. The

slightly lower initial value of the B5 curve can be explained by a

certain degree of polymer degradation during the particle man-

ufacturing process owing to the higher extraction temperature

compared to preparation B1.

Relationship between Drug Release and Particle Structure

Drug Release of Differently Structured Particle Preparations.

Figure 6 shows the release profiles (37�C, pH 7.4) of micro-

sphere preparations B1–B6. They are characterized by a three-

phase pattern with a more or less pronounced initial lag-time

followed by a period of slow release which accelerates after

about 20 days. The lower the release rate is in the second phase,

the more it accelerates in the third phase. From B1 to B6, the

second phase release decelerates, whereas the duration of the lag

time and the release rate of the third phase increase. These

changes are most pronounced between B1 and B4.

Pore Size Distribution. In many cases, mercury porosimetry,

the standard technique for the determination of pore size distri-

bution profiles, is not able to distinguish between inter- and

intraparticulate voids, because, especially in heterodisperse par-

ticles, the size of the smallest interparticulate voids overlaps

with the diameter of the largest intraparticulate pores. For this

reason, a method combining low-pressure mercury porosimetry

with gas pycnometry and an optically based technique for the

Figure 4. a: Water uptake by particles of preparation A1 (open symbols)

and A2 (solid symbols) at different temperatures (32�C: circles, 50�C: tri-

angles, 60�C: squares), b: Water uptake by particles of preparation B1

(open symbols) and B5 (solid symbols) at 37�C.

Figure 5. Polymer degradation (molecular weight loss) during incubation

of particles in buffer pH 7.4 at 37�C. Preparation B1 (open symbols) and

B5 (solid symbols). The relative standard error (RSE) of the method was

determined from 30 measurements of a control sample as 0.31%.

Figure 6. Drug release (pH 7.4, 37�C) from microspheres of preparation

B1–B6 at 37�C, pH 7.4: B1 solid circles, B2 open circles, B3 solid trian-

gles, B4 open triangles, B5 solid squares, B6 open squares. The values of

B1–B3 are based on single batches which were analyzed in duplicate

(n 5 2). The values of B4–B6 are obtained as averages from two batches,

produced with identical process parameters, each of them analyzed in

duplicate (n 5 4). For reasons of clearness, error bars of these curves are

only shown in Figure 9.
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determination of the particle’s envelope volume was established

to calculate and to compare pore size profiles of different

microsphere preparations.12 In contrast to high-pressure mer-

cury porosimetry, with a lower limit often quoted as about 3

nm, the new method is able to size even subnanometer voids.

Table II lists the pore size distribution of the particle prepara-

tions B1, B2, B4, B5, and B6, as obtained by the outlined tech-

nique. The total pore volume was found to range between 20

and 27% with a volume fraction of about 10–20% being in the

micrometer scale. Another fraction of voids is smaller than 2

nm and thus, by definition, represents a micropore space. Par-

ticles prepared at 10�C (B1) have a micropore volume of only

about 1%. When the extraction temperature is increased to

30�C (B4) and above, the resulting micropore volume rises to

about 8–9%. Interestingly, there is a large gap in the pore size

range between 0.36 nm and 7.5 mm with only 1% or less of the

particle volume distributed in between. Thus, two distinct types

of intraparticulate voids can be distinguished: macropores larger

than 7.5 mm and subnanopores smaller than 0.36 nm. The exis-

tence of voids <0.36 nm could also be proved by small-angle

X-ray scattering. These voids in the lower subnanometer range

are not pores in the proper sense but can be considered as free

volume of the polymer.

Calculation of the Hole Free Volume. The free volume is com-

monly referred to as the interstitial space between the polymer

chains. In contrast to any macroporous voids, it is much more

uniformly distributed throughout the polymer matrix, with a

maximum size of these intermolecular spaces up to 2 nm, in

most cases, however, they are considerably smaller.19,35 Thus,

this cavity system has microporous dimensions by IUPAC defi-

nition.36 The free volume of a polymer can be subdivided into

two classes: the interstitial free volume and the hole free volume

(5 excess free volume) (Figure 7).35 The interstitial free volume

is the major component in a polymer below its glass transition

temperature. It is the empty space in a dense packing of mole-

cules (existing also in crystalline materials) and is thus calcu-

lated as the difference between the occupied volume and the

van der Waals volume (Vw) of the molecules. In amorphous

polymers, an additional free volume in the form of small holes

appears owing to the static or dynamic structural disorder.37

Below Tg the hole free volume Vfh can be calculated as

Vfh 5V Tg

� �
fg (5)

with fg being the fractional free volume at Tg, which is usually

0.025 for the great majority of polymers, and V(Tg) being the

total volume of the polymer at Tg, which is the sum of the van

der Waals volume of the polymer molecules, the interstitial free

volume, and the hole free volume.38 V(Tg) is obtained from

Vw.39

V Tg

� �
5 1:311023Tg

� �
Vw (6)

Vw can be calculated by a group contribution method reported

by van Krevelen (and was found to be 0.485 cm3/g for the poly-

mer employed in this study.38,40 Tg is the glass transition tem-

perature of dry PLGA (54�C). With the knowledge of Vw and

Vfh, the interstitial free volume at 25�C (Vfi) can be derived as

Vfi 5 V(25�C) 2 Vw 2 Vfh. The specific volume at room temper-

ature V(25�C) is obtained as41

V 25�Cð Þ5 1:431 0:5531023Tg

� �� �
Vw (7)

For PLGA 75:25, the values of V(25�C), Vfh, and Vfi were calcu-

lated as 0.781, 0.020, and 0.276 cm3/g, respectively. The occupied

volume Vocc (5 Vw 1 Vfi) is 0.761 cm3/g. Comparing these values

with the specific volumes (reciprocal values of the density) of

pure PLGA granules, measured by N2- and He-pycnometry, the

value obtained with nitrogen (0.776 cm3/g) is close to the total

volume of the polymer V(25�C) (5 Vocc 1 Vfh 5 0.781 cm3/g),

which indicates that nitrogen is hardly able to permeate into the

free volume of the polymer. It fills only larger pores, if such exist.

In contrast, the helium value (0.768 cm3/g) lies much closer to

Vocc (0.761), indicating that helium is able to enter a major part

of the hole free volume of the polymer. When looking at prepa-

ration B1, with values of 0.782 cm3/g (N2) and 0.779 cm3/g

(He), the pycnometric volumes of the microspheres are slightly

larger than those of the PLGA raw material, which can be attrib-

uted to a larger free-volume space. It is known that the free-

volume space of polymers can be expanded by the preparation

method of the particles (rate of solvent removal from a polymer

solution19) or by the steric properties (molecular weight and

Figure 7. Temperature dependence of the polymer free volume (explanation in the text).
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degree of branching35) of the molecules. However, in case of

preparation B1, the He- and the N2-pycnometric density hardly

differs from each other. This indicates the absence of larger

dimensioned hole free volume voids, accessible to helium. Inter-

estingly, as the preparation temperature rises from 10 to 35�C
(B1!B6) only the pore volume inaccessible to nitrogen increases

(B1!B6: N2: 0.782!0.845 cm3/g, He: 0.779!0.778 cm3/g). This

indicates an increase of the hole free volume.

Role of the Hole Free Volume in Polymer Hydration. It is

known that diffusion can occur if the single cavities of the free

volume are equal to or larger than a solvent molecule or a

polymer-jumping unit.38,42,43 Therefore, diffusion processes

within a nonmacroporous polymer (or within the scaffold

elements of a porous polymer) are mainly controlled by the

hole free volume. For a polymer above its Tg, the following

equation describes the mathematical relationship between the

infinite dilution diffusion coefficient D1 and the hole free

volume.38

D15D01exp 2
nV �

Vfh

� �
(8)

V* is the critical hole free volume for polymer segment motion,

which is regarded as the occupied volume at absolute zero. n is

the coupling parameter and D01 is a constant factor related to

the energy that a molecule needs to overcome the intermolecu-

lar interactions.

Summarizing the findings presented above, the role of the hole

free volume in polymer hydration can be explained as follows:

If water enters a polymer particle, it first distributes within

macropores (where they exist) and within the hole free vol-

ume. A first portion of water is imbibed without increasing

the mean free volume cavity diameter and consequently with-

out swelling of the polymer matrix.44 As this water is not free

but binds strongly to the polymer, it increases the polymer

mobility by disruption of inter- and intra-chain hydrogen

bonding and thus decreases the Tg. When the water uptake has

reached the point where the Tg falls below the incubation tem-

perature, the polymer changes from the glassy to the rubbery

state. The polymer chains gain mobility and allow the water

molecules to expand the free-volume cavities, thereby swelling

the polymer. As water is a poor solvent of PLGA and the inter-

action of water molecules with the polymer chains is weaker

than the intermolecular forces within the polymer itself, only a

limited amount of water participates in the change of the mac-

romolecular structure. Excess water forms a binary system

with domains of polymer and free water.45 Small bulks of free

water form inside the cavities which do no longer contribute

to plasticization and swelling ceases.44 Such an interstructural

plasticization is characterized by a drop of the Tg to a definite

value with no further change upon increase of the plasticizer.46

This behavior explains the constant value of 36�C in the

water-saturated state. Based on this knowledge, it becomes

comprehensible that the hole free volume is closely related to

the swelling of a polymer. By means of positron annihilation

lifetime spectroscopy, Harms et al.47 could demonstrate with

polymer films that a higher free volume is the reason for

increased swelling.

DISCUSSION

Evidence for Pore Closure Derived from Drug Release

Kinetics

Kinetics of Drug Release. By plotting the logarithm of the ini-

tial drug release constant (ln k) versus 1/T, it can be shown for

both preparations, A1 and A2, that between 37 and 60�C the

initial rate of drug release increases with the incubation temper-

ature (Figure 2). In this range, the diagram reveals a good pro-

portionality between ln k and 1/T, indicating that the release

mechanism remains unchanged within this temperature range.

In contrast, at 32�C the drug release rate is higher than

expected which strongly suggests a change of kinetics below

37�C. This temperature limit coincides with the region of the

polymer’s glass transition temperature, which was found to be

36�C in the fully hydrated state.26 A similar relationship is also

obtained if ln D instead of ln k is plotted against 1/T (Figure

3).

The diffusion coefficients are in the range between 10211 and

10214 cm2/s. This corresponds at least partly to the values

reported for the diffusion of other drugs in a PLGA matrix.48–52

Particularly, the diffusion coefficients of hydrophobic com-

pounds are reported in the literature to have a similar range of

temperature-dependent variability. For example, for the hydro-

phobic dye Bodipy FL in PLGA matrix diffusion coefficients

between 4.6 3 10214 cm2/s at 22.5�C and 2.7 3 10211 cm2/s at

43.0�C were determined.53

The temperature dependence of D is able to provide valuable

information on the physical state of the diffusion medium. For

both study preparations, A1 and A2, above Tg the temperature

dependence of the diffusion coefficient is much higher than

expected from diffusion in water. In an aqueous solution, the

diffusion coefficient Dliq should increase by only the factor of

1.6 between 37 and 60�C, as it can be calculated by the Stokes–

Einstein equation. This should also be valid as well for the

effective diffusion coefficient Deff which describes diffusion

through the pore space of porous media, as Deff is proportional

to the diffusion coefficient Dliq in the liquid medium filling the

pores (with the porosity, the constrictivity, and 1/tortuosity

being the proportionality factors). However, the experimentally

determined diffusion coefficients from preparations A1 and A2

increase by about 1.5 (A1) and 3 (A2) orders of magnitude (30-

to 1000-fold) between 37 and 60�C, which gives strong evidence

that in the rubbery state the drug diffuses predominantly

through the polymer matrix rather than through water filled

pores.

In the temperature range above 37�C, the diffusion coefficient

D is well described by eq. (1). However, if the incubation tem-

perature drops below Tg, diffusion becomes faster again. As

the diffusion in the glassy state of a polymer matrix is gener-

ally slower than in its rubbery state, this change in kinetics

can be explained only by the appearance of a second more

rapid diffusion mechanism, most probably diffusion through

water-filled pores. The absence of such pore diffusion above Tg

could have its explanation in the absence of a water-filled pore

network in the rubbery and thus more swollen state of the

polymer.
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Kang and Schwendeman21 studied the release of model drugs

(BSA and FITC-dextrin) from PLGA microparticles at incuba-

tion temperatures between 4 and 45�C. They also found a faster

release at 4 and 25�C than at 37 and 45�C and proposed a sig-

nificant pore closing at temperatures �37�C. Fredenberg et al.24

confirmed the occurrence of pore closure above Tg by scanning

electron microscopical observation of PLGA films incubated at

different temperatures. Initially, present pores had disappeared

after 2 days at 37 and 45�C, whereas they remained unchanged

at 9�C. The underlying mechanism was described to be caused

by swelling of the polymer, thus enabling rearrangement of

polymer chains and the formation of a homogeneous swollen

matrix.24

With this strong indication for a disappearance of macropore

channels upon hydration of the polymer, the question arises

whether this process impedes only the initial drug release from

the particles or even the water uptake into the microspheres.

Kinetics of Water Uptake. Figure 4 shows that with rising tem-

perature, despite of an increasing uptake rate, the initial water

uptake becomes lower because it ceases earlier. To understand

the relationship with the particle structure, the water uptake

profiles of preparations B1 and B5 were compared. As men-

tioned above, these two particle preparations differ from each

other in their porosity profile, with only B5 having a significant

fraction of micropores. At two time points, 3 and 5 days, the

fraction of freezable, unbound water was determined by DSC

measurement of the heat of fusion. Comparison with the gravi-

metrically determined total amount of water revealed that in

case of the scarcely microporous preparation B1 even after 5

days the imbibed water is completely unbound. In contrast, the

major part of the water taken up by the microporous particles

B5 becomes rapidly bound and thus unfreezable (81% after 3

days) and only later the ratio shifts increasingly toward the

unbound fraction (29% unfreezable water after 5 days). Similar

observations, demonstrating that freezable water does not occur

before a first portion of water was incorporated as unfreezable

water, were also described in the literature for PLGA 50:50.54

Hence, the different behaviors of preparations B1 and B5 sug-

gest that the micropores have to be considered to be causative

for the fast immobilization of imbibed water. Furthermore, it

has to be assumed that during the centrifugation step for sepa-

ration of the interparticulate water, a portion of the unbound

intraparticulate water is removed from the pores. This would

explain the relatively low values of total and unbound water in

case of the large-pored B1 particles. However, in most experi-

ments values of 20% and more are reached during the first

phase of water uptake, which suggests that the whole pore space

of the particles (20–27%, see above) becomes filled and is even

expanded in some cases. The latter may involve the release of

entanglements between the polymer chains in the course of pro-

gressive hydrolytic degradation.54 This may also explain the

diminishing water-binding capacity and the decreasing fraction

of bound water, as mentioned above. It can be assumed that

water uptake comes to stagnation until polymer degradation

has reached a certain extent by which a sufficient number of

entanglements between the chains are disconnected, thus facili-

tating further expansion of the particles. As can be seen from a

comparison with the degradation profiles (Figure 5), this point

is reached at a molecular weight (Mw) of about 25 kDa (after

about 10 days), which, however, is still far before the erosional

phase of drug release begins (after about 20 days, see below).

The curves also reveal that degradation starts immediately after

incubation, thus confirming that water enters the particles with-

out any significant delay. Both curves exhibit nearly congruent

profiles, which excludes the polymer degradation as a reason for

different water uptake and drug release kinetics. Summarizing

these results, water uptake can be considered as a very fast pro-

cess, leading to a complete soaking of the particles and filling of

all macroporous voids.45 In case of micropores being present,

water can be distributed rapidly within the polymer matrix and

immobilized by binding to the polymer molecules.

Factors and Mechanisms Controlling Pore Closure. In the pre-

ceding section, evidence was compiled suggesting a pore closure

mechanism being involved in the diffusional drug release from

the studied microparticles. It has already been discussed that

differences in drug release and water uptake are not caused by

differences in polymer degradation. Instead, evidence has been

found that the porous structure of the particles may be linked

to the release and hydration behavior. To systematically study

this hypothesis, a series of particle batches with gradually vary-

ing pore structures (Table II) and drug release characteristics

(Figure 6) was investigated.

As the size distribution of all six particle batches does not vary

in a broad range (Table II), the particle size cannot provide any

explanation for the observed differences in drug release behav-

ior. Another well-known factor of influence for drug release is

the molecular weight of the polymer in which the drug is

embedded. Indeed, a temperature-dependent degradation of

PLGA can be observed during microparticle preparation. How-

ever, it appears only at temperatures above 30�C. From 10 to

30�C, where the release profile is significantly influenced by the

preparation temperature, no degradation is observed during the

manufacture but in the temperature range >30�C, where

temperature-dependent polymer degradation occurs, the drug

release profile remains nearly unchanged (Table II). Thus, it can

be concluded that in case of the studied particle batches the

influence of the preparation temperature on the drug release

behavior is not mediated through the molecular weight of the

polymer.

As discussed before with respect to formulations A1 and A2,

the fluid transport within the microspheres can take place

through a macroporous network whose morphology changes

upon swelling of the polymer matrix. Thus, the porous struc-

ture could be the key for understanding the dissolution behav-

ior of identically composed but differently manufactured

microparticles.

Relationship between Pore Size Distribution and Drug Relea-

se. If one tries to correlate the different size fractions of the

pore volume (Table II) with the drug release parameters of the

particles, a continuous relationship can be found only for the

volume of voids <0.36 nm (and for the volume of 0.26–0.36

nm voids, which constitutes the main portion of the voids

<0.36 nm). Figure 8 shows the correlation to the amount of
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released drug at three time points (11, 14, and 21 days), all of

them in the diffusive phase before polymer erosion begins to

dominate the release profile.

For all three release criterions, a linear correlation was found

with the logarithm of the void volume fraction <0.36 nm,

which was shown to approximately represent the hole free vol-

ume. For example, the coefficient of determination R2 for linear

regression of drug release at 14 days on the logarithm of the

volume fraction of pores <0.36 nm is 0.97. In contrast, regres-

sion of the same drug release parameter on the volume fraction

of pores between 0.36 nm and 7.5 mm, on the volume fraction

of pores >7.5 mm, and on the volume fraction of the polymer

scaffold results in R2 values of 0.22, 0.27, and 0.17, respectively.

The correlation of the hole free volume with the diffusional

part of drug release becomes even clearer when the release curve

is decomposed into two additive functions describing the diffu-

sional and the erosional contributions, which was done in a

similar way as in the decomposition of the release curves shown

in Figure 1. This time, however, to better account for the

increasingly pronounced initial lag times in case of higher prep-

aration temperatures, both the diffusional and the erosional

release steps were fitted by Weibull terms.

m tð Þ5m01 mmax 12m0ð Þ 12exp 2
t2tlag1

c1

� �b1

 ! !

1 mmax 22mmax 1ð Þ 12exp 2
t2tlag12tlag2

c2

� �b2

 ! !
(9)

m(t) is the amount of drug released at time t, m0 is the amount

of drug already solved at t0, mmax1, and mmax2 is the maximum

amount of drug released by diffusion and in total, tlag1 is the

lag time prior to diffusional release and tlag2 the lag time

between the diffusional and the erosional release phase, c1 and

c2 are scale constants and b1 and b2 are shape constants of the

Weibull functions. After calculating the parameters for the best

fit of the data, the individual curves of the diffusion and the

erosion terms can be plotted as shown in Figure 9.

It is remarkable that, regardless of the particle morphology,

the erosional release starts constantly about 20 days after incu-

bation. This can be explained considering the polymer degra-

dation. As shown in Figure 5, independently from the pore

structure, the molecular weight reaches a value of about 15

kDa after 20 days. Exactly this value is described in the litera-

ture as a critical limit, leading to a spontaneous collapse of the

matrix structure, accompanied by an increasing loss of poly-

mer degradation products and embedded drug.20 Diffusional

release starts earlier than erosional release and reaches a maxi-

mum value which depends on the preparation conditions and

thus on the particle morphology. In case of particles almost

completely lacking any hole free volume (B1), it can be seen

that diffusion contributes to the release of about 60% of the

drug. This is owing to an early onset and a comparably high

rate of diffusion, both of which cause a large amount of drug

being set free before erosion starts to govern the release. With

an increasing fraction of hole free volume, drug release from

the particles becomes more and more dominated by polymer

erosion. In case of B6, the proportion of drug released by

erosion-independent processes has dropped to about 10%

because in these particles diffusion starts only shortly before

the erosion-driven release phase. Although the latter commen-

ces in all preparations after a constant lag time of about 20

days, the onset of diffusional release depends strongly on the

pore structure. Thus, the earlier the drug leaks out of the par-

ticles by diffusion the larger is the portion which has already

left the particles before matrix erosion starts to accelerate the

release process.

Figure 9. Drug release from preparation B1 to B6 (symbols) fitted by eq. (9) (fitted curves). The solid curves are calculated from the first Weibull term

of eq. (9) and depict the contribution of diffusional release. The dotted curves represent the erosional release, computed from the second Weibull term.

The measured values (average values and standard deviations) of B1–B3 are based on single batches which were analyzed in duplicate (n 5 2). The values

of B4–B6 are obtained as averages from two batches, produced with identical process parameters, each of them analyzed in duplicate (n 5 4).

Figure 8. Correlation between drug release after 11 (circles), 14 (trian-

gles), and 21 days (squares) and the volume fraction of intraparticulate

voids <0.36 nm.
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With this knowledge, it is possible to obtain a more accurate

measure of the drug fraction released by erosion-independent

diffusion. Instead of the more or less erosion-influenced

amount released at arbitrarily selected time points within the

initial diffusion phase, the calculated mmax1 values can now be

used to describe the total diffusional release unbiased by super-

imposed erosion effects. Figure 10 shows the highly significant

correlation between mmax1 and the logarithm of the hole free

volume (volume of voids, <0.36 nm) (R2 5 1.00).

On the first view, it appears to be a paradox that samples with

a higher free volume show a lower diffusional drug release. Fai-

sant et al.,50 for example, surmised that in lower molecular

weight PLGA the diffusion coefficient increases with the free

volume available for diffusion. This could also be expected from

eq. (8). However, the abovementioned facts are able to provide

a possible explanation for the observed inverse relationship.

Proposed Mechanism of Hydration, Swelling, and Drug Rele-

ase. As shown in Figure 11, it can be assumed that upon incu-

bation water permeates into the dry polymer matrix and

spreads rapidly throughout the free volume. Instead of solving

the drug and leaching it out, the water becomes immediately

immobilized and bound to the polymer. By decreasing the glass

transition temperature, it plasticizes the polymer, increases the

free volume, and swells the matrix of the microspheres. This

volume expansion constricts the interconnected network of

macropores which is the main pathway for rapid exchange

processes. Hence, inhibiting the release of substances, a closed

microclimate inside the spheres is generated. Hydrolysis of the

polymer takes place within this microclimate of the sealed par-

ticles. As the hydrolysis of PLGA results in the formation of

acidic degradation products, the pH within the particles

decreases. The early closure of the porous network inhibits the

efflux of acids out of the particles. The hydrolysis of the poly-

mer becomes autocatalytically accelerated and erosion of the

matrix proceeds from the core to the periphery, hence gradually

opening up the particles again and starting the erosive phase of

drug release. In this stage also convective and osmotic processes,

driven by the polymer degradation products, gain influence and

support the increasing diffusion as an additional driving force

of drug release.

CONCLUSIONS

Polymer microparticles prepared by emulsification/solvent

removal techniques reveal a highly porous structure which can

hardly be considered to have the ability to restrict diffusion of

water and solved drugs to a significant degree. Nevertheless, in

many cases, a more or less pronounced lag time precedes the

onset of drug release when the particles are incubated in a test

medium. One possible explanation could be the existence of a

dense surface layer surrounding the particles which prevents

intrusion of water for a certain period of time. However, this

hypothesis can be excluded in most formulations, as a certain

portion of water is shown to penetrate into the particles already

within the first hours after start of incubation and also polymer

degradation commences without any delay. Searching for the

pathways of water diffusion and drug release, it was found that

diffusion through water-filled pores was mainly detectable below

the glass transition temperature. Above Tg, when the polymer is

in the rubbery state, the measured diffusion coefficients indicate

that the drug permeates through the swollen matrix. From van-

ishing of pore diffusion above Tg, it was concluded that macro-

pores within the particles are constricted when the polymer

swells owing to initial water uptake. Drug release profiles were

found to be highly dependent on manufacturing conditions but

could not be linked to particle size, molecular weight, or overall

degree of porosity. Detailed pore size distribution profiles

revealed, however, a surprising correlation between the drug

release and the volume fraction of voids below 0.36 mm, which

Figure 11. Proposed mechanism of pore closure and delayed drug release by swelling of the hole free volume and resulting constriction of the macropore

network.

Figure 10. Correlation between the maximum diffusional release and the

volume fraction of intraparticulate voids <0.36 nm.
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can be considered to be a measure for the free volume of the

polymer. As could be demonstrated by mathematical decompo-

sition of the release profiles, it is solely the diffusional part of

drug release which decreases if the hole free volume of the poly-

mer matrix increases. This paradox can be explained with the

knowledge that the swelling capacity of polymers is positively

correlated to their free volume and that the swollen matrix con-

stricts the network of macroporous voids. By this mechanism,

already the first portion water which enters the particles closes

the pores and inhibits further water exchange. Hence, the degree

of pore closure was shown to depend predominantly on the free

volume of the polymer.
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