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ABSTRACT: The water uptake of poly(DL-lactide) (PLA) and its copolymer with glycolic acid (PLGA 50:
50) has been studied using a quartz crystal microbalance (QCM). The polymers were swollen in humid
atmospheres at 20 °C in order to probe both the kinetics of adsorption and the equilibrium amount of
water taken up at low concentrations. The relative humidity of the air was controlled using saturated
salt solutions. By equating the chemical potentials of the water vapor and the polymer/water mixture at
equilibrium, it was possible to extract the Flory-Huggins interaction parameter ø from a simple binary
mixing theory. Studies were also performed on the formulations of these materials with a model
polypeptide active ingredient. The kinetics of swelling were described using a model based on the Thomas-
Windle model of penetrant diffusion in glassy polymers.

Introduction

The uptake of penetrant in a glassy polymer, where
the penetrant consists of a good solvent for the polymer,
can be described using the Thomas-Windle theory of
case II diffusion.1 The kinetics of penetrant uptake differ
from those of a simple Fickian process because the
diffusion coefficient is a strong function of the solvent
concentration. Rapid swelling of the polymer causes the
buildup of osmotic stresses in the material, and further
swelling is prevented until these stresses have been
dissipated by viscous flow of the stressed polymer
chains. As a result, the solvent concentration in the
swollen region of the polymer rapidly reaches the
equilibrium value, and a swelling front is produced that
propagates through the polymer at uniform velocity. The
polymer ahead of the front is glassy, but the material
behind it is highly plasticized. This front is responsible
for the linear mass uptake kinetics that are character-
istic of case II diffusion.

Our aim in this study was to look at a system in which
high levels of plasticization were expected and deter-
mine not only the equilibrium thermodynamic proper-
ties but also to try to describe the kinetics of solvent
uptake. The polymers studied are of technological
interest as drug delivery vehicles and have been granted
approval by the United States Food and Drug Admin-
istration for use in the body. These polymers are
biodegradable and are composed of materials that can
be easily removed from the body. They therefore provide
a route for producing a nontoxic implantable drug
delivery system. The important solvent in biological
systems is water, and it plays an important role in
mediating both drug delivery and biodegradation of the
polymers. So it is important that an understanding be
gained about the interaction of these polymers in an
aqueous environment.

The polymers used were poly(DL-lactide) and its
copolymer with glycolic acid (polylactide-co-glycolide).
They have found much application in the field of drug

delivery over the past few decades.2,3 The drugs used
can be delivered in a many different ways, but either
many authors disperse the drug throughout the polymer
matrix in a so-called reservoir device or the polymer is
used to coat the drug and form a number of micron sized
delivery devices called microcapsules.4,5 These devices
are typically used to deliver polypeptide-based materials
directly into the target organ or to dissolve the material
in the bloodstream. These types of approaches are used
because polypeptides are not readily absorbed in the
gastrointestinal tract and so cannot be delivered orally.2

The polymers are glassy at body temperature in the
unhydrated state but become strongly plasticized as
they are hydrated. It is expected that the uptake of
water will be influenced by the thermodynamics of the
mixing interaction, by the concentration dependence of
the mass transport coefficient, and by many-chain
relaxation effects in the polymer that arise in response
to osmotic stresses. All of these factors are likely to be
significantly affected by the presence of an active
ingredient.

One of the most attractive properties of these poly-
mers is the fact that they undergo hydrolytic scission
of the polyester linkages and break up into natural
byproducts which can be easily removed from the body.
They are broken down into the components of lactic and
glycolic acids and are eventually removed as carbon
dioxide and water during the Krebs cycle. The lactide-
rich polymers are more hydrophobic than the glycolide-
rich ones because of the presence of an extra methyl
group on the first carbon (see Figure 1). This has a
dramatic effect on the rate of scission of the chains.
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Figure 1. Chemical structure of lactic and glycolic acid.
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PLGA 50:50 has shown biological lifetimes as short as
1-2 months, while PLA can last up to 18 months in
the body.5 This broad range of properties is what has
made these polymers ideal candidates for controlled
drug release vehicles. Release of any active ingredient
from a polymeric device is a complex process that must
involve diffusion of water into the polymer matrix,
diffusion of the ingredient out of the matrix into the
surrounding medium, and time-dependent changes in
the polymer properties which are coupled with diffusion
processes. Such changes include hydrolytic degradation7

as well as physical plasticization, and the reciprocal
influence of these changes on water uptake and ingredi-
ent release mean that the release process cannot be
modeled by a straightforward diffusion process.

The purpose of this work is to address these issues
by making well-controlled measurements of the equi-
librium amounts adsorbed by the materials and of the
kinetics of water uptake as a function of the activity of
the surrounding water vapor. An attempt is then made
to treat these in the context of a simple but robust
theoretical framework, based on the Flory-Huggins
expression for the free energy of mixing.

The technique used to study the uptake of water in
these polymers was the quartz crystal microbalance
(QCM). This technique uses a precision piece of AT cut
quartz6 as a resonator, which shears when an ac
(sinusoidally varying) field is applied perpendicular to
the faces of the crystal. When the shear wavelength is
2/(2n + 1) (n ) 0, 1, 2, ...) times the thickness of the
crystal a mechanical resonance is set up. This mechan-
ical resonance corresponds to an equivalent resonance
in the LCR circuit used to measure the response of the
quartz crystal. Changes in the resonant frequency can
therefore be probed by monitoring the electrical re-
sponse of the crystal. When a thin rigid film of material
is applied to the surface, it couples to the oscillations of
the crystal and changes its resonant frequency. Sauer-
brey8 showed that, for small amounts of material
deposited on the crystal surface, the change in frequency
caused by the extra mass is directly proportional to the
areal density of material deposited on the crystal, ∆m
(eq 1).

where f0 is the resonant frequency of the unloaded
oscillator in its fundamental mode; Fq and vq are the
density and shear velocity of sound in quartz, respec-
tively.

The use of modern electronics makes it possible to
measure frequency changes of (0.1 Hz. So a 10 MHz
quartz crystal operating at its fundamental frequency,
having a density of 2650 kg m-3 and a shear sound
velocity of 3340 ms-1, is capable of detecting a change
in the areal density of material deposited on it, equiva-
lent to 0.5 ng cm-2. This makes the QCM a very
sensitive instrument, and recently it has found much
application as a tool for measuring the adsorption of
small amounts of material in both gaseous and liquid
environments.9,10

As well as measuring mass uptake, it is possible to
gain information about the energy dissipation in the
system. In the Q-Sense technique this is done by fitting
the decay envelope of the amplitude of the crystal when
it is not being driven. The envelope describes how

quickly the oscillator is damped out, and from it the
dissipation D can be obtained. This parameter is simply
related to the quality factor of the oscillator, Q, by the
relation D ) 1/Q ) Edissipated/2πEstored and can be used
to detect changes in the viscoelastic properties of the
system being studied.

The idea behind the work presented here is to
consider how the properties of the materials studied
change as the water content of the polymers is in-
creased. This is done by placing the polymer-coated
crystal in an environment where the relative humidity
is controlled. The change in resonant frequency caused
by the ingress of water is then recorded and related to
the mass uptake in the system. A range of water
concentrations can be studied by changing the relative
humidity of the air surrounding the samples. Then a
simple argument based around the Flory-Huggins free
energy of mixing can be used to extract the thermody-
namic parameter that describes the swelling system.

Experimental Section
The quartz crystals used in this study were 9 mm diameter

10 MHz AT cut crystals (available from Quartz Pro, Sweden).
They consisted of an optically flat piece of quartz with gold
electrodes evaporated onto both sides, in a keyhole configu-
ration.

The QCM was obtained from Q-Sense AB, Sweden, and is
controlled by a PC (see Figure 2). A signal generator is used
to sweep a frequency range in which the resonant frequency
is thought to lie, and an oscilloscope is used to look at the
voltage response of the crystal as the frequency is changed.
When a resonance has been found, the crystal is driven at that
frequency and then turned off. The voltage response of the
crystal is then monitored as the signal decays. By fitting this
decay in real time, to the functional form of eq 2, it is possible
to track subsequent changes in the resonant frequency, f, and
the energy dissipation in the system with great accuracy (see
Figure 3).

where t is the elapsed time and δ is an arbitrary phase factor.
The energy dissipated by the system is related to the Q factor
of the oscillator. As mentioned above, the quantity describing

∆f ) -
2f0

2

Fqvq
∆m (1)

Figure 2. Schematic diagram of the Q-Sense quartz crystal
microbalance used in this study.

V(t) ) V0 exp(-πDft) cos(2πft + δ) (2)

Macromolecules, Vol. 34, No. 25, 2001 Swelling of PLA and PLGA 8753



the envelope of decay of the undriven crystal is the D
parameter. Measurement of this parameter can provide quan-
titative information about viscous losses in the system.

The equipment used in this study was capable of measuring
changes in frequency of (0.1Hz and changes in dissipation of
1 part in 107.

Materials used included 12K and 80K Da poly(DL-lactide)
and a 10K Da PLGA 50:50 as well as some 10K Da formula-
tions of the polymers with a model polypeptide active ingredi-
ent.

Before the polymer was deposited on to the crystals, the
resonant frequency was determined. Films of the polymers
were made by dissolving them in chloroform and spin-coating
the resulting solutions on to both sides of the crystals. The
films were annealed at 60 °C, and the resonant frequency was
monitored until constant, to make sure that any solvent
present in the films had been removed. The new resonant
frequency of the polymer-coated crystal was recorded, and the
change in frequency caused by adding the film, ∆ffilm, was used
to calculate the film thickness. The films were typically 1-2
µm thick. They were made sufficiently thin to ensure that the
uptake of water could be monitored before any degradation of
the polymer could take place. The crystals were placed in a
specially constructed humidity cell, which was held at 20 °C
and flushed with dry air. The relative humidity of the air was
measured and was found to be zero. The response of the
polymer-coated crystal was then monitored until there was no
change in the resonant frequency, i.e., until any water in the
films had been removed.

When the residual water had been removed, saturated salt
solutions were injected into the cell to provide a controlled
humid environment. The volume of the cell used was kept low
(2-3 cm3) to allow rapid equilibration of the air above the
saturated salt solutions. The frequency response and dissipa-
tion of the polymer coated crystal were monitored throughout
the experiment as water was absorbed by the polymer.

Results and Discussion
Equilibrium Swelling of PLA and PLGA 50:50.

The equilibrium swelling of polymers in solvent vapor
can be described in terms of the equilibrium thermo-
dynamics of polymer/solvent mixtures. Here we adopt
a method of analysis originally proposed by Flory (more
recently by Chen et al.11), which involves equating the
chemical potentials of the solvent vapor and the solvent
in the mixture.

The difference in chemical potential of the solvent
vapor, µvapor, relative to some reference state can be
written in the form

where a is the activity of the solvent vapor and is
defined as being the ratio of the partial pressure of the

solvent vapor to the vapor pressure of the liquid at a
fixed temperature, T. In the case of water the activity
is given by the equation awater ) rh/100, where rh is the
relative humidity of the air.

The chemical potential of the solvent in the polymer/
solvent mixture can be derived from the Flory-Huggins
theory of mixing12 to give eq 4,

where φw is the volume fraction of water in the polymer,
ø is the Flory-Huggins interaction parameter, and N
is the ratio of the polymer molecular weight to that of
the individual monomer units.

Using the Sauerbrey eq 1, the equilibrium volume
fraction of water in the polymer films is related to the
change in frequency, ∆fwater, via the equation

where Vw and Vp are the volumes of the water and
polymer, respectively; Fw and Fp are the respective
densities of the two components. (The densities of the
polymers were measured to be 1254 kg m-3 in the case
of PLA and 1367 kg m-3 for PLGA 50:50.)

Care has to be taken when using the results of the
Sauerbrey equation to determine the mass of adsorbed
material. Under conditions where the penetration depth
of the shear wave is smaller than the system being
studied, this expression becomes invalid for describing
the amount of water adsorbed by the films. A full
description of how to determine this penetration depth
and how it affects the applicability of eq 1 to the swelling
system described is given at the end of the paper.

By equating (3) and (4), it is possible to describe the
equilibrium properties of the mixture in terms of a
single parameter, ø, that describes the ineractions
between the polymer and water on a molecular level.

A plot of the fits to eq 6 is shown in Figure 4. This
plot shows that as the relative humidity of the air
surrounding the polymer increases, the amount of water
absorbed at equilibrium also increases. It also illustrates

Figure 3. Driving frequency is swept over a range enclosing
the resonance. The rough position of the resonance is deter-
mined, and the crystal is then driven at this frequency and
switched off. The decay of the voltage response is fitted to eq
2 using the peak position as a starting point in the Levenberg-
Marquardt algorithm.

µvapor ) kT ln a (3)

Figure 4. Dependence of the equilibrium volume fraction of
water on the activity of water vapor in the air surrounding
the films. Data are shown along with fits to eq 6. Materials
used were (9) 80K Da PLA (ø ) 3.63), (]) 12K Da PLA (ø )
3.50), and (2) 10K Da PLGA 50:50 (ø ) 2.97).

µpol ) kT((1 - φw)(1- 1
N) + ln φw + ø(1 - φw)2) (4)

φw )
Vw

Vw + Vp
)

∆fwater

∆fwater +
Fw

Fp
∆ffilm

(5)

ln a ) (1 - φw)(1- 1
N) + ln φw + ø(1 - φw)2 (6)
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that as the molecular weight of the PLA is increased,
the mixing interaction becomes less favorable. Figure
4 also shows that the PLGA 50:50 absorbs much more
water than the polylactide of similar molecular weight.

Although the curves for the different molecular
weights of PLA are very different, the values of the ø
parameter should be the same. This is because the ø
parameter represents the energy of interaction of a
single monomer with a pure water environment. The
residual difference in the observed ø parameter for the
two molecular weights (3.5 for the 12K Da PLA vs 3.63
for the 80K Da polymer) may be due to the fact that
there are more end groups per unit volume in the lower
molecular weight material. This effect probably arises
because the PLA chains are terminated by carboxylic
acid (-COOH) groups. These groups have the effect of
making the ends of the polymer chains more hydrophilic
than the rest of the macromolecule. If more data sets
were available, for a range of molecular weights, then
the effective ø parameter could be decomposed into two
components: one that describes the interaction of the
end segments with water, øend, and a second one that
considers the interactions of the rest of the monomers
ømon with the aqueous environment. These individual ø
parameters would then be weighted by the probabilities
of finding each type of monomer to give øeff ) (2/N)øend
+ (1 - 2/N)ømon. This would allow a more quantitative
treatment of the chain end effects.

An extrapolation of the curves in Figure 4 to activities
of a ) 1 should give the equilibrium behavior of the
polymer in bulk water, as this is the point where the
vapor pressure is the same as the partial pressure of
the water vapor. This means that the chemical potential

of the water vapor is identical to that of liquid water.
Measurement of the uptake at 100% relative humidity
(a ) 1) proved to be difficult with the QCM, as water
droplets condensing on the surface of the polymer gave
misleading results. However, bulk water uptake mea-
surements have been performed on PLA using gravi-
metric methods, and the equilibrium amount of water
was found to be 1.4% at 20 °C. This is in reasonable
agreement with the swelling data, but there are devia-
tions from the predictions of the simple theory at
humidities of 90% and higher. This occurs for all the
polymers studied. The amount of water taken up by the
polymer is always higher than predicted, and the data
appear to show slightly more curvature than is present
in the fits. This indicates that the swelling system
deviates from the simple Flory-Huggins behavior and
cannot be completely described by the model proposed
without assigning a concentration dependence to the
interaction parameter.

Figures 5 and 6 show the uptake of both PLA and
PLGA along with the uptake of their respective polypep-
tide formulations. The polypeptide is loaded at 15% by
mass. The presence of the drug increases the affinity of
the polymer for water. This is reflected again in the
lower value of the ø parameter. For PLA, ø is reduced
from 3.50 to 2.80 by the addition of the drug, and for
PLGA 50:50, ø is reduced from 2.97 to 2.46. The
measured value of ø in these composite systems repre-
sents an averaging of the separate interactions between
the polymer, drug, and water. More information on the
individual interactions would in principle be available
for studies in which the drug loading could be varied.

Kinetics of Swelling. The kinetics of swelling have
similar properties for both the loaded and unloaded
systems. Typical plots of the uptake of water are shown
in Figures 7 and 8. They show that as the humidity is

Figure 5. Equilibrium uptake of low-Mw PLA and its polypep-
tide salt. Data are shown for (]) 12K Da PLA (ø ) 3.50) and
([) 10K Da PLA with 15% by mass of polypeptide (ø ) 2.80).

Figure 6. Equilibrium uptake of low-Mw PLGA 50:50 and its
polypeptide salt. Data are shown for (2) 10K Da PLGA 50:50
(ø ) 2.97) and (4) 10K Da PLGA 50:50 with 15% by mass of
polypeptide (ø ) 2.46).

Figure 7. Kinetics of swelling in poly(DL-lactide) for polymers
hydrated at relative humidities of (0) 6%, (]) 37%, and (4)
78%.

Figure 8. Kinetics of swelling in the polypeptide salt of poly-
(DL-lactide) for relative humidities of (0) 11.3%, (]) 38%, and
(4) 81%.
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increased, the initial rate of uptake increases but also
that the total equilibration time increases. This latter
stage in the kinetic behavior is not expected for mass
transport in polymeric materials, because the diffusion
coefficient is expected to increase with increasing water
content.

The plasticization of PLA by water was investigated
by hydrating samples above saturated salt solutions and
then using a Perkin-Elmer Pyris II DSC with heating
and cooling rates of 10K min-1 to determine the Tg.
Figure 9 shows how the Tg of the polymer depends on
the concentration of the water. It illustrates that over
the composition range studied the Tg becomes sup-
pressed by 10 °C in the case of 12K PLA and by 11 °C
for 80K PLA. The concentration dependence of the
diffusion coefficient can be expressed in terms of the
WLF shift parameter (eq 7), by incorporating the
concentration dependence of the Tg shown in Figure 9.

The parameters a and b are approximately the same in
all glass forming systems, with a ≈16 and b ≈50 K.13

Using eq 7 for 12K PLA, which has a dry Tg of 42 °C, a
reduction in the Tg of 10 °C would cause an increase in
the diffusion coefficient by a factor of 2000 at 20 °C. This
is not what is observed.

Another perhaps more important result of Figure 9
is that at very low mass fractions of water the Tg is
driven below body temperature (37 °C). This means that
physical properties, such as the viscosity and the storage
modulus of the polymer, are changing by orders of
magnitude when they are placed in biological environ-
ments.

The diffusion coefficient of water absorbed from the
liquid phase was measured by immersing a 1.33 mm
thick film of 12K PLA in water at 20 °C. The sample
was removed at regular intervals, dried in a stream of
nitrogen gas, and weighed. The mass uptake was fitted
to a simple Fickian, concentration-independent diffusion
model, and the diffusion coefficient was found to be 2.63
× 10-11 m2 s-1 (see Figure 10). This value is consistent
with that of water in similar polymers.17 In reality, the
diffusion coefficient of water in PLA is likely to be highly
concentration dependent, and as the polymer is plasti-
cized, it will vary by orders of magnitude. The fitted
value therefore represents an average of Dc(φ) over the
composition range 0 < φ < φeqm, where φeqm is the
equilibrium volume fraction of water in the polymer. It

is worth stressing at this point that this measurement
represents the direct uptake of water from the liquid
phase and that the sample used was displaying proper-
ties that are characteristic of the bulk polymer.

The kinetics of water uptake obtained in the thin film
experiments are much slower than those expected for a
bulk system. A diffusion coefficient of 2.63 × 10-11 m2

s-1 implies that the time taken for a 2 µm film to
equilibrate in a pure water environment would be of the
order of 1 s. The films used in the above experiments
show equilibration times that are much longer than this
(typically hundreds of seconds). Using a simple form of
analysis and assuming a purely diffusive process, the
mass transport properties of the films can be checked
by simply rescaling the diffusion curves according to the
relation h1

2/t1 ) h2
2/t2. Doing this, taking h1, t1 and h2,

t2 as the thickness and equilibration time of the bulk
sample and thin film, respectively, with t1 ) 30 h, h1 )
1.33 mm (from Figure 10), and h2 ) 0.002 mm, the
equilibration time for the 2 µm film is calculated to be
t2 ) 0.24 s. The equilibration time in the films swollen
in humid atmospheres was approximately 300 s for the
fastest process (lowest humidity). This is 3 orders of
magnitude larger than the value predicted by the simple
scaling analysis and confirms that water uptake under
these conditions cannot be described by a simple Fickian
process.

We have thus established that the uptake of water
by 2 µm films is not governed by the simple diffusive
processes that are responsible for water transport in
bulk samples. A possible source of this discrepancy
might be that the water uptake is somehow limited by
transport of the water through the air. This possibility
can be eliminated by performing a simple calculation
to compare the water transport properties of air with
those of the polymer. A measure of the permeability of
a material to water can be defined as a product of the
diffusion coefficient and the solubility of water in that
material. Doing this for air, the calculated solubility
(assuming the validity of the ideal gas law for water) is
0.017 kg m-3 and the diffusion coefficient of water vapor
in air is 0.242 × 10-4 m2 s-1 at 20 °C.15 This gives a
“permeability” of 4 × 10-7 kg m-1 s-1 for water in air.
This is 3 orders of magnitude larger than the perme-
ability of water in the polymer, calculated from the data
obtained for 12K PLA. So the uptake of water by the
films is clearly not limited by transport of water vapor
through the air.

Confinement effects on the dynamics of thin films are
not typically observed for film thicknesses greater than

Figure 9. Reduction of the Tg of PLA by the addition of water
for samples hydrated above saturated salt solutions. Data are
shown for (O) 12K PLA and (]) 80K PLA.

aT )
D(T)
D(Tg)

) exp(-a
T - Tg

b + T - Tg
) (7)

Figure 10. Bulk uptake of water in a low-Mw PLA film
(thickness 1.33 mm, mass 1.3201 g) is consistent with a
Fickian process having a diffusion coefficient of 2.63 × 10-11

m2 s-1.
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the average end-to-end distance, Ree ≈ 2Rg of the
polymer.14 The 2 µm films used in this study are much
thicker than this limit.

A more likely cause of the discrepancy is that the
kinetics of swelling of the polymer by the water, rather
than the diffusion of water through the polymer, be-
comes rate limiting for the short exposures relevant in
the thin-film experiments. It is the combination of this
osmotic swelling and penetrant diffusion that leads to
so-called case II diffusion, as described by the Thomas-
Windle model.1 Here we consider whether the data
presented above can be explained by the limit of this
model for the case in which the diffusion process is fast
compared to swelling, a situation previously considered
by Hui et al.16 The model assumes that the driving force
for water uptake is the chemical potential difference
between the water vapor and the polymer/water mix-
ture. This chemical potential difference is related to the
rate of change of the volume fraction of water, δφ/δt, by
a coefficient of proportionality, σ, referred to here as the
“swelling resistance” (eq 8).

The change in volume fraction, φ, with time was
obtained by integrating eq 8. For the case when ∆µ ∝
φ, eq 8 can be solved analytically, and the solution
obtained is a simple single-exponential uptake profile.
However, for the polymer/water system studied ∆µ )
µvapor - µpol is given by the more complicated expressions
for µvapor and µpol obtained from eqs 3 and 4.

Equation 9 cannot be solved analytically, and so to
obtain the uptake profiles, this expression was solved
numerically. The resulting form was then fitted to the
kinetic data with only one adjustable parameter, namely
the swelling resistance, σ.

Figure 11 shows the change in volume fraction with
time for the 12K Da PLA along with the fits to the
solution of eq 9. Figure 12 shows how the swelling
resistance varies with the equilibrium volume fraction
of water in the films. Data are shown for both PLA and
PLGA. The kinetics are clearly not those of a fully
developed case II process, because of the absence of the
characteristic linear form. For thicker films, transport
in the polymer should become important, and case II

behavior may be observed. In this case, the rate-limiting
step is no longer the adsorption of material at the
polymer/vapor interface but the diffusion of water
through the film. The system studied here is behaving
more like a small element of polymer which rapidly
swells, so that only the osmotic stress relaxation pro-
cesses are important. In a thicker film made up of many
such small elements, only part of the sample is swollen,
because the osmotic stresses retard the advancing front,
giving rise to the characteristic case II behavior.

The water uptake in the polypeptide formulations of
the polymers could not be treated using this approach
because the form assumed for the chemical potential
does not fit the equilibrium data very well. This means
that the form assumed for ∆µ in eq 9 is not correct and
does not describe the approach to equilibrium for the
swelling system. In principle, an arbitrary form that
describes the equilibrium behavior could be used in eq
9. This could then be fitted to the kinetics data for the
drug-loaded systems.

The model used by Hui and co-workers16 assumed
that the swelling system was driven by a difference in
the osmotic pressure, ∆Π, across the vapor/polymer
interface, such that dφ/dt ) ∆Π/η. The quantity η was
described as a being an “elongational viscosity” and was
used to describe the response of a polymer to the osmotic
stresses introduced by the rapid swelling produced by
a solvent vapor. The idea is that the polymer is swollen
by the solvent, and stresses are introduced which
prevent further uptake of material. Only when these
stresses have relaxed can further uptake occur. The
relevant time scales in this model are set by the
“elongational viscosity”.

It is easy to show by a simple substitution that the
model of Hui et al. is equivalent to the one presented
here, providing that the “elongational viscosity” is
assumed to be a weak function of composition over the
range studied. It is also possible to write down the
relationship between the “swelling resistance”, σ, de-
fined above and the “elongational viscosity” of Hui et
al. such that σ ) ηvmon. Here, vmon is the volume of an
individual monomer and can be calculated using a
simplistic model as being vmon ) mmon/F. For PLA, the
average value of vmon was calculated to be 1 × 10-28 m3,
and for PLGA 50:50 the calculated value was 7.8 × 10-29

m3. Inserting these values to determine the magnitude
of the elongational viscosity yields values of between 2.8
× 1011 and 2.8 × 1012 Pa s. The data shown in Figure
12 suggest that the “elongational viscosity” is inversely
related to the equilibrium volume fraction over the
range of composition studied. PLA does show some

Figure 11. Change in volume fraction of water in the films
can be accurately determined by solving eq 9. Data are shown,
along with the fits, for 12K Da PLA swollen in relative
humidities of (0) 6%, (]) 37%, and (4) 78%.

dφ

dt
) 1

σ
∆µ (8)

dφ

dt
) kT

σ (ln a - (1 - φw)(1 - 1
N) - ln φw - ø(1 - φw)2)

(9)

Figure 12. Fitted values of the “elongational viscosity” η )
σ/vmon varies inversely with with the water content. Data are
shown for (O) 10K Da PLGA 50:50 and (]) 12K Da PLA.
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deviation from this form at higher volume fractions, but
the PLGA 50:50 data appear to be well described. The
observed reduction in this viscosity with increasing
water concentration is interpreted as being due to the
plasticizing effect of the water.

The viscosities extracted above were compared to
those of another polymeric glass. Thomas and Windle1

measured the viscosity of PMMA using creep tests at
temperatures around 20 °C using stresses as high as
10-30 MPa. The values obtained for the viscosity were
found to lie between 1014 and 1018 Pa s. Although
measurements of the viscosity of glasses is difficult
because of the long relaxation times involved, the
measurements of Thomas and Windle serve to give a
range of orders of magnitude. At 20 °C, PMMA is 85 °C
below its glass transition temperature (Tg ≈ 105 °C17),
but PLA is between 12 and 22 °C below its Tg at this
temperature (Figure 9). Both are glassy, but the PMMA
was always at least 63 °C further below its Tg than the
PLA used. This could explain why the viscosities
extracted for PLA and PLGA 50:50 are 2 orders of
magnitude smaller than those measured for the PMMA
system.

The fitted values of σ are the same for both the PLA
and PLGA 50:50. This confirms that the contribution
due to the thermodynamics is found only in the chemical
potential term and that the resistance to swelling
originates from how easily the penetrant molecules can
enter the polymer matrix. This is probably related to
free volume considerations, where molecular weight and
the degree of plasticization are important in determin-
ing how accessible the matrix is to small molecules.

As the humidity was increased, we found experimen-
tally that the rate of uptake was initially faster, but the
total time to reach equilibrium increased. This type of
behavior is predicted by the model and is interpreted
in the following way. The initial higher rate of uptake
observed at higher humidities is caused by the larger
driving force for water uptake, which originates from
the larger chemical potential difference across the water
vapor/polymer interface. The long time processes arise
because the initial rapid swelling causes the buildup of
osmotic stresses in the films. These stresses are ex-
pected to be larger for samples in which the initial rate
of sorption is higher and are expected to take longer to
completely relax. So for the higher humidities, the
osmotic stresses introduced in the early stages of
swelling slow down the subsequent rate of water uptake
and give rise to longer equilibration times.

Viscoelastic Energy Dissipation. The dissipation
of energy is an important indicator of the viscoelastic
properties of the system. For example, in a glassy
polymer the long relaxation times associated with the
polymer chains mean that the material cannot deform
on the time scales associated with the oscillations of the
QCM crystal. In this case the shear wave propagates
and experiences little resistance because of the elastic
response and low damping in the material. This results
in a very slow decay of the oscillations when the QCM
crystals are being driven off resonance (Figure 3) and
gives rise to a low value for the energy dissipation
parameter, D. A less viscous medium, however, will
support a shear because the relaxation times are much
shorter. This means that energy will be dissipated and
the shear wave attenuated as it tries to propagate
through a medium with an increased amount of damp-
ing. The result is a more rapid decay of the waveform

shown in Figure 3. In the system described here, as
more solvent enters the films, we expect that the
polymer will become more heavily plasticized. This gives
rise to a reduction in the viscosity of the polymer and
the corresponding increase observed in the energy
dissipation parameter shown in Figure 13.

In the work presented here, the changes in the QCM
energy dissipation parameter, D, were shown to increase
between 10-7 for a humidity of 11% and 10-6 for
humidities approaching 80-100%. These changes are
small, and in the case of the lower humidities the
change in D is just above the level of noise in the
experiment.

During the swelling experiments, the dissipation was
found to increase as the water content increased but
saturated before the apparent mass uptake (Figure 13).
The early saturation of the dissipation in the system
was taken as further evidence by Chen et al. of stress
relaxation processes which allow more water to enter
the films after swelling has apparently ceased. However,
this effect could also be attributed to viscous loss
mechanisms which are sensitive to changes in composi-
tion at small volume fractions of water but which
become less sensitive as the volume fraction occupied
by water is increased.

The attenuation of the shear wave by a viscous
medium is important when considering the validity of
the Sauerbrey equation. When considering the validity
of eq 1, it is important to have a knowledge of both the
penetration depth of the shear wave and the viscosity
of the overlayer material.

The position of the glass transition temperature
relative to the experimental temperature is also impor-
tant when determining the validity of eq 1. As men-
tioned above, a film that is above its Tg will flow when
placed under shear. So the 10 MHz shear wave will be
attenuated much more in a film which is capable of
dissipating energy via viscous losses than it is in a
glassy film which shows a purely elastic response.
Rodahl et al.18 showed that providing the liquid over-
layer does not slip on the QCM electrode and that the
penetration depth of the shear wave, δ, is larger than
the thickness of the thin liquid overlayer, then the
Sauerbrey relation can be assumed to hold.

The slip condition was generally thought to occur in
molecularly thin films, where the monolayers did not
couple efficiently to the crystal oscillations. The films

Figure 13. Energy dissipation in the films initially mirrors
the change in frequency but saturates while the frequency is
still changing. Data given are for PLGA 50:50 loaded with 15%
polypeptide at relative humidities of 11% (9) and 81% (2). The
hollow symbols show the corresponding frequency changes for
comparison.
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used in this study were microns thick, and no apparent
detachment had occurred, so the no-slip condition was
assumed.

As mentioned previously, the penetration depth, δ,
describes how far the shear wave propagates into the
surrounding medium (in this case the polymer film). If
the film thickness is smaller than the penetration depth,
then we can be certain that the whole system is being
probed by the shear wave and that any mass changes
which occur in the film are detected. Under these
circumstances, the Sauerbrey equation is valid. How-
ever, if the film thickness is larger than the penetration
depth, the shear wave is fully attenuated before it can
propagate through the whole film. This means that any
mass changes that occur beyond the range of the shear
wave are not detected, and the Sauerbrey equation
starts to break down. The response of the QCM to a film
thicker than the penetration depth therefore becomes
equivalent to a system where the crystal is placed in
an infinite medium of the overlayer material.

Rodahl et al. showed that δ could be determined by
means of the simple relation

where ηf and Ff are the viscosity and density of the liquid
overlayer and ω is the angular frequency of the applied
shear wave. The viscosity of fully hydrated PLA mea-
sured at 38 °C, at a frequency of 100 rad s-1 using a
Rheometrics Scientific SR5000 stress-controlled rheom-
eter with parallel plate geometry, was found to be
14 803 Pa s. A similar measurement was taken for
PLGA 50:50 and was found to be 100 Pa s. These values
differ from the viscosity extracted from the swelling
kinetics because they represent the shear viscosity of
the fully hydrated polymer. The “elongational viscosity”
is a different quantity because it represents the response
of the glassy polymer to a rapidly advancing solvent
front and describes the chain relaxation processes that
need to occur before penetrant can enter the glassy
material.

Using densities of 1254 and 1367 kg m-3 for PLA and
PLGA 50:50, respectively, we calculated a penetration
depth for the shear wave of 613 µm for the case of PLA
and 48 µm for PLGA 50:50 at this frequency. At the
much higher frequency of 10 MHz and the lower
temperature of 20 °C, these values represent a generous
lower bound for the penetration depth of the shear wave
into the polymer. This is because the samples measured
at 38 °C were much closer to their glass transition
temperatures (measured at 10 K min-1) than those
measured at 20 °C and because the viscosity will be
higher at higher frequencies. At 10 MHz, the polymers
are expected to have viscosities that are orders of
magnitude larger than those given and are expected to
show more glass-like behavior. This is because the
oscillations produced by the shear wave occur on time
scales approaching those associated with the relaxation
times of polymer molecules and their individual mono-
mers. As a result, the polymers are unable to flow on
the time scale of oscillation, and a more elastic response
is observed along with an associated increase in the
penetration depth, δ. Even though these phenomena
need to be considered when calculating the true pen-
etration depth, the calculated lower bounds are suf-
ficient to show that for a 2 µm film, swollen in a humid

atmosphere, the Sauerbrey equation is valid. A check
was performed by repeating measurements on films of
different thickness. The calculated equilibrium volume
fractions were the same for a given humidity.

Conclusion

The quartz crystal microbalance is an extremely
sensitive instrument and can be used to probe the
uptake of small amounts of water. In the above experi-
ment, the technique was used to quantify the hydro-
philicity or hydrophobicity of a system by determining
the thermodynamic interaction parameters for interac-
tion between the polymers and water. This was done
by using a simple model based around the Flory-
Huggins theory of mixing.

The polymers studied were based on poly(DL-lactide)
and its copolymer with glycolic acid (PLGA 50:50).
Formulations of these polymers with a model polypep-
tide-based drug were also studied. It was found that for
a given molecular weight PLGA 50:50 was the more
hydrophilic polymer, having a ø value of 2.97 compared
to 3.5 for PLA. The model drug used was found to favor
the interaction with water, reducing the ø parameter
from 3.5 to 2.8 in the case of PLA and from 2.97 to 2.46
for the PLGA 50:50.

It was found that the model predicted the equilibrium
behavior of the films well at low humidities but at
higher humidities (90% and above) failed to give reason-
able predictions for the equilibrium volume fraction of
water in the polymers. This was attributed to the break
down of the assumptions made in constructing the
Flory-Huggins theory of mixing. The kinetics of water
uptake were also studied, and it was determined that
mass transport could not be described by a simple
diffusion-limited process. The uptake of water occurred
on time scales that are thousands of times larger than
expected for such a process. As the humidity of the air
was increased, the initial rate of water uptake increased,
but the total equilibration time also increased. The
kinetics were described by assuming that the driving
force for water uptake was the difference in chemical
potential between the water vapor and the water/
polymer mixture. The model used was found to agree
well with the data, and a parameter called the “elon-
gational viscosity” was extracted. This parameter de-
scribes the response of a swelling polymer to the osmotic
stresses introduced by penetrant uptake.

In conclusion, this paper shows that a simple ther-
modynamic model can be used to predict the equilibrium
behavior of polymers swollen in humid atmospheres.
The swelling interaction can then be well described by
the use of a single parameter function. The resulting
parameter describes the energy of interaction between
the polymer and water at a molecular level. The
approach to equilibrium can also be described by
considering the difference in chemical potential across
the vapor/polymer interface as the driving force for
water uptake. This again is a one-parameter function,
and the parameter describes the response of the system
to osmotic stresses which build up in the initial rapid
stages of swelling.
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