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Measurement of the Osmotic Properties of Thin Polymer Films
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A new type of micro-osmometer is described in which water absorption of small tissue samples is measured
by a quartz crystal microbalance (QCM). The swelling of the sample deposited on the surface of a quartz
crystal is determined by monitoring the change in resonance frequency of the quartz sensor as a function of
the vapor pressure in the surrounding environment. The measurement principle is verified by studying the
water uptake of poly(vinyl alcohol) films. Reasonable agreement is found between the results obtained by
the QCM-based osmometer and previous osmotic pressure measurements made on a similar poly(vinyl
alcohol) sample. The feasibility of the new method is demonstrated by measuring the osmotic response of
tissue-engineered cartilage samples. It is found that the osmotic pressure of cartilage substantially increases
with culture time. The present result is consistent with cartilage models, suggesting that the proteoglycan
content governs the compressive resistance of the tissue.

Introduction of the resonance frequency of the quartz crystal to small
) . changes in the amount of material deposited on its surface
Precise measurement of water uptake from the environ- quartz crystal microbalance, QCM, technique). The polymer-
ment is of great significance in a variety of contexts. The (qr tissue-) coated quartz sensor is placed in an environment
physical properties of both synthetic and biopolymers are yhere the relative humidity is precisely controlled. The
strongly influenced by their water content. Understanding change in resonant frequency due to water uptake of the
the relationship between hydration and function is critical gpacimen is measured and related to its water content. High
in biology and biophysics, as well as in many biotechno- gansitivity mass change measurements allow us to determine
logical applications, such as the stabilization of protein e osmotic properties of very small samplesL(ug). In
preparations for pharmaceutical use or food preservatibn. this way osmotic pressure and tissue hydration can be
Biological soft tissues swell or shrink in response 10 measured simultaneously.
changes in osmotic pressure or composition of their environ-
ment. For example, in articular cartilage, swelling governs
both tissue mechanics and functiod. Changes in the
osmotic swelling pressure of cartilage may also serve as an
indicator of degenerative joint disease. In the initial stage of
osteoarthrosis, cartilage swelling may be the first detectable

macroscopic event, occurring before cartilage erosion anddetermining the water uptake of both thin polymer films and

loss?10 . . .
. . . . t les. Th I f pol | alcohol) (PVA
Studying the osmotic properties of tissue samples poses, |SSUe samples e swelling of poly(vinyl alcohol) ( )

several challenges. Most commercial osmometers have bee flms is determined as a function of the vapor pressure of
1ges. I O€eN ater in the surrounding environment. Because the osmotic
developed to investigate homogeneous polymer solutions.

In conventional osmotic pressure measurements the minimu roperties of the PVA/water system are well-documented in
sample size re uiremen?is at least a few hundred microliters he literature, these measurements are used to validate the
b N . X . . "QCM-based osmotic techniqtéE?° The effect of the thick-

In general, however, biological specimens are inhomoge-

neous and exhibit gel-like properties, in addition to often ness of the po!yf'?er layer on th? k|net|_cs .Of water uptake
R . and the reversibility of the swelling/shrinking process are
being limited in quantity.

. . also investigated.
To address these issues, we have developed a new micro- L )
To demonstrate the applicability of the QCM technique

osmometer that can measure minute amounts of watert biolowical fi ; e ‘ g
absorbed by thin polymer films or small tissue samples as a '© P!0'0gical ISSUES We report osmotic measurements made
on tissue-engineered cartilage samples. Knowledge of the

function of the water activity in the surrounding vapor phase. X ; X
The measurement principle is based on the high sensitivity concentration dependence of the osmotic swelling pressure
allows us to estimate the compressive resistance of the tissue.

* To whom correspondence should be addressed. Phone: 301 435-7229.1 € l_a_tter quantity is particularly_ important_ because it
Fax: 301 435-5035. E-mail: horkay@helix.nih.gov. qguantifies the load-bearing properties of cartilage. Change

QCM is a well-established mass sensing technique for
investigating polymer systems at the solutiurface in-
terface, that is, when the electrode is immersed in a
solution1* Until now, much less attention has been paid
to the use of this method in the vapor phdsé’ In this
paper we demonstrate that QCM is a reliable technique for
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in the osmotic behavior may reflect age and disease relatedTable 1. Biochemical Analysis of Tissue-Engineered Cartilage

changes in the tissue structure and funcfidf. Constructs
: : : ; culture time collagen glycosaminoglycan DNA
First we describe briefly the measurement technique a'nd (days) (% wetweight) (% wetweight)  (ug/mg wet weight)
the basic features of the apparatus. Then water sorption™ 1, 018 £ 0.04 11102 0.46 £ 0.06
measurements made on PVA films are presented. The 20 0.33 £0.07 1.4+0.3 0.49 + 0.06
30 0.56 + 0.15 1.8+403 0.67 +0.07

equilibrium swelling data are analyzed in terms of the Hory
Huggins theory, which is the standard framework for
describing the osmotic pressure of polymer solutiénkhe
QCM results are compared with osmotic data obtained by

measured in the actual run. The 2-h period was chosen
arbitrarily and may be decreased for certain samples. [In the
. o case of PVA films, no appreciable differences were observed
independent measurements performed on similar PVA . ;
. . . between the results obtained after 1, 2, and 12 h (overnight)
samples. Finally, we report osmotic swelling pressure o . .
. ; ; conditioning.] Changing the concentration of the NaCl
measurements made on tissue-engineered cartilage samples, .. . : . .
. . Solution in the sample chamber induces stepwise changes in
after different culture times.
the water vapor pressure. The response of the quartz crystal
is monitored until no further change in the resonant frequency
Experimental Section is detected. The dry weight of the sample is measured at the

) end of each experiment by removing the water from the
QCM. In the osmometer the mass sensor is a QCM sample with dry air.

(QCM-9000, ELCHEMA, Potsdam, NY}.In the apparatus Sample Preparation. PVA Gel Film.PVA (molecular

a precision piece of AT cut quartz _crys'_tal is sandwwh_ed weight= 90 000; degree of hydrolysis: 99%) was purchased
between two gold electrodes. The vibration modes excited from Sigma-Aldrich. The polymer was dissolved in deionized
by an alternating electric potential result in a transverse \5ier at 99°C.

acoustic standing shear wave pattern in the crystal. Arigid  pglymers from agueous solutions can be relatively easily
thin film deposited on thg surface couples to the oscillations deposited on hydrophilic surfaces using standard coating
of the crystal and alters its resonant frequency. The_resona”Eechniques (e.g., drop coating), because they spontaneously
frequency of the quartz crystal is inversely proportional t0 et the surface. Prior to the coating process, the surface of
the thickness. If this thickness is increased by the depositiony,o gold electrode was cleaned with Piranha solution (one
of material, thg frequency decreases. Saug?bséuoweq that part 30% HO, in three parts 98% ¥5Q,). The quartz crystal

the decrease in the resonant frequenty,is proportional 45 immersed in a Piranha solution for 20 min and then

to the massAm, deposited per unit area was rinsed with deionized water. After drying with nitrogen
5 the gold surface was drop coated with a 0.1% (w/w) PVA
Af =1y — F= (2,Tpv)Am 1) solution.

Cartilage SampleCartilage was aseptically harvested from
wherefo is the resonant frequency of the quartz crystal and a chick embryo sternum (16 days old). Chondrocytes were
p and v are the density and shear velocity of sound wavesisolated by digestion with collagenase and resuspended in
in the quartz crystal, respectively. culture medium (Dulbecco’s modified Eagle’s medium

Measuring the electrical response of the crystal monitors containing 10% fetal bovine serum, antibiotics, and.60
changes in the resonant frequency. The electronics used ifmL ascorbate). PVA hydrogel disks (diameter, 25 mm;
the present instrument allow us to measure frequency changeshickness, 2 mm) were swollen with the medium and seeded
within 1 Hz. The 10-MHz quartz crystal is suitable for uniformly with chondrocytes (125 million cells per disk).
detecting a mass change 10 ng/cn?, which corresponds  The cell-laden hydrogel scaffolds were cultured under static
to a thickness of approximately a 0.1-nm water layer over conditions at 37C in a humid environment with 5% GO
the area of the electrode. This makes the QCM an extremelyfor 5 weeks. The medium was replaced every2ldays.
sensitive technique for measuring very small changes in the After each culture period, the resulting cartilagenuous
amounts of material deposited on the surface of the crystal.tissue was gently removed from the surface of the PVA

The vapor sorption measurements are carried out in ascaffold and suspended in 0.05% (w/w) PVA solution. The
temperature-controlled sample chamber containing NaCl gold electrode was uniformly coated with the suspension.
solution of a known water activity. The sample chamber is The role of dissolved PVA was to improve adhesion between
placed in a Faraday cage. In the prototype apparatus, thethe tissue and the gold surface.
volume of the sample chamber is approximately 20G,cm For biochemical assays cartilage samples taken after
suitable to accommodate six quartz crystal electrodes. Firstdifferent culture times were digested by papain and analyzed
the resonant frequency of the uncoated quartz crystal isto determine the total DNA contefft total sulfated gly-
determined. After the material (polymer or tissue) is depos- cosaminoglycan conteftand total collagen contefitbased
ited onto the crystal the new resonant frequency is measuredon hydroxyproline). Typical results of the biochemical
The resonant frequency decreases when the polymer absorbanalysid’ are shown in Table 1.
water (swells) and increases when water molecules leave the
film (deswells). Each experiment begins with a 2-h condi- Results and Discussion
tioning period in air. This conditioning is necessary to
minimize the effect of the prior history of the sample When the surface of the crystal is coated with polymer
(residual volatile components, etc.) on the mass changesthe resonant frequency is decreased. The Sauerbrey equation
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Figure 1. Water uptake, Am, as a function of time for PVA films of
different thicknesses. The water vapor pressure was set by a 2%
(w/w) NaCl solution.

NaCl concentration (% w/w)

Figure 2. Equilibrium amount of absorbed water, Am, as a function
of NaCl concentration in the equilibrium bath at 25 °C for the PVA
samples shown in Figure 1.

predicts that when the film is rigidly attached to the surface, 0.8 s S S
the change in resonant frequency is linearly proportional to
the mass of the material deposited on the electrode. In a
nonideal system, however, many factors (e.g., softening, | @ 02um
viscoelastic energy dissipation, nonuniform film thickness, 07
poor adhesion, interfacial slippage) may contribute to the
deviation from the linear response.

Vapor Sorption Measurements on PVA Films.Figure
1 shows the kinetics of water uptake for three PVA films of
varying thickness. The thicknesses of these films, estimated
from the weight and density of the dry PVA & 1.269 g
cm3) are approximately 0.1, 0.2, and QuBn, respectively.
In the vapor sorption measurements the PVA films were Fox
equilibrated with 2% (w/w) NaCl solution. Equilibrium is i
attained when the water vapor is absorbed and desorbed at Y e L
the same rate. The data indicate that both the initial rate of 0 5 10 15
water uptake and the equilibration time increase with the C (% w/w)
thickness of the polymer film. The initial rapid swelling can
be attributed to the larger chemical potential difference across
the water vapor/polymer interface. It is likely that in the
region in contact with the vapor phase the water concentra-time of a 1um film should be of the order of seconds. The
tion rapidly reaches its equilibrium value. This rapid initial experimental results indicate that the actual equilibration time
swelling creates osmotic stresses in the film, which are is |onger than +2 h. Presumably, this time can be reduced
dissipated by viscous flow. In thick films the relaxation of somewhat by using a smaller sample chamber, that is, by
the high osmotic stress takes longer, that is, the equilibrationreducing the distance (diffusion path) between the sample
time increases. and the NaCl solution. The large deviation between the

In Figure 2 the equilibrium amount of watekm, for the calculated and measured swelling equilibration times, how-
three PVA films shown in Figure 1, is plotted as a function ever, suggests that the kinetics of swelling of the PVA layer
of increasing and decreasing NaCl concentration in the attached to the crystal surface is not a simple diffusion-
equilibrium bath at 25°C. The results indicate that the controlled process. Other effects, such as viscoelastic relax-
swelling/deswelling cycle is reversible; that is, the amount ation of the polymer, water diffusion in the nonuniformly
of water being absorbed into the film is the same as that swollen matrix, mechanical constraints imposed by the solid
being desorbed for the same change in NaCl concentration.surface, and so forth, may also be important.

At a constant NaCl concentration the water contex, Although theAm versuscyac plots differ for PVA films
increases with the thickness of the film. of various thicknesses the equilibrium polymer concentration
It is important to note that the rate of water vapor uptake in the swollen films should be the function of the NaCl
by the polymer layer deposited on the quartz crystal is concentration only. In Figure 3 the same data are displayed
significantly slower than that of a free PVA film immersed as in Figure 2 but in a different representation. It can be

in pure water. The diffusion coefficient for PVA is in the seen that at high polymer concentration (volume fraction
range 2x 107'* m? s71. Using this value, the equilibration  0.6) all data collapse on the same curve. Deviation from this

0.6 al -

PVA volume fraction

0.5 - x g

Figure 3. PVA volume fraction as a function of NaCl concentration
in the equilibrium bath at 25 °C.
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behavior can only be observed in the case of the thickest 10° .
PVA film at high water content. In thick films the acoustic
wave may decay before it reaches the outer boundary of the [ oL
film, and the frequency shift is no longer proportional to 10% L v 4
the mass change. Other factors such as viscoelastic effects i ]
or poor adhesion may also cause deviation from the simple
Sauerbrey expression. We observed that at higher swelling
ratios (>2.5) the QCM did not oscillate. When the water
activity in the surrounding vapor phase was reduced,
however, oscillation was regained. Measurements reported
here were made in the concentration range in which the
change in the frequency shift with the water activity was
reproducible. :
At thermodynamic equilibrium the chemical potential of .
the solvent (in the present case water) is the same in the -

.- . L S S A N TR S S NSS!
coexisting phases, that is, 0 0.2 0.4 0.6 0.8

(Aﬂl)sol = (A/"l)gelz (Aﬂl)vaporz RTIn a (2) PVA volume fraction
Figure 4. Dependence of the osmotic pressure on the volume
where the subscripts sol, gel, and vapor refer to the solution, fraction of the PVA. Open symbols, data measured by the QCM-based

gel, and vapor phases, respectivé{ys the gas constant, _osmotlc technique; filled t'rlangles, data measure_zd by osmotic deswell-

is the absolute temperature ds the activity of the water ing. The dashed curve is the least-squares fit of eq 3 to the data
. P » ) _y : obtained by osmotic deswelling.

In polymer solutions, the chemical potential of the solvent

2
)
S

100 | a

osmotic pressure (kPa)
»

e

is directly related to the osmotic pressutg, = —IIV;, the polymer at a higher polymer concentration.) The devia-
whereV; is the partial molar volume of the solvent. tion from the calculated curve at high PVA concentration

In binary polymer mixtured] is given by the Flory (p > 0.65) may be attributed to higher-order interactions
Huggins equatio# and/or structural changes occurring in the PVA film. Increas-

ing the PVA concentration favors association (due to
= —(RTVYINL — ¢) + ¢ + 20’ + 1071 (3)  hydrogen bonding) and crystallizati8hMolecular associa-
tions and crystallites act like physical cross-links. Equation
whereg is the volume fraction of the polymer and and 3 is only applicable to un-cross-linked systems at moderate
x1 are constants that depend on the interactions between thgolymer concentrations.
polymer and the solvent molecules. Vapor Sorption Measurements on Tissue-Engineered
Because the QCM response may reflect uncontrollable Cartilage. Swelling is known to be critically important in
changes in the physical (e.g., viscoelastic) properties of thethe biomechanical function of cartilage, supporting compres-
polymer film, it is important to validate the results by sive loads and maintaining tissue hydrattotf In light of
independent techniques. Several methods have been devekhe success of the QCM measurements on PVA films, we
oped to determine the swelling properties of polymer films made vapor sorption measurements on tissue-engineered
and gel®32 Here we compare the QCM results with that cartilage samples. Our goal was to demonstrate the ap-
obtained by osmotic deswellif§3? The latter is a simple  plicability of the QCM-based method for determining the
and powerful technique that has been applied successfullyosmotic properties of biological tissues. It is important to
for a variety of synthetic and biopolymer systems. In the note that if structural change occurs in the tissue sample, it
osmotic deswelling experiment the sample of unknown may affect the resonance frequency of the quartz crystal.
osmotic pressure is enclosed in a semipermeable membranén this case the frequency shift is no longer proportional to
(dialysis bag) surrounded by a polymer solution of known the mass change; that is, the Sauerbrey equation cannot be
osmotic pressure. At equilibrium, the osmotic pressure of used.
the sample in the dialysis bag is equal to the osmotic pressure In general, biological tissues are not homogeneous.
exerted by the polymer solution outside. The role of the Cartilage consists of two major phases: a fluid phase-(60
semipermeable membrane is to prevent the penetration 0f80% of the tissue wet weight) and a solid matrix, with only
the polymer molecules from the solution into the gel. This 4—5% of the total tissue volume occupied by chondrocytes
technique requires much larger sample®(l g) than the (cartilage cells}? The fluid phase is mainly a physiological
QCM (<0.1 mg), and the equilibration time is significantly electrolyte solution. The solid phase consists of proteins
longer (>3—4 days). (mainly collagen) and proteoglycan molecules. The latter are
Figure 4 shows the dependence of the osmotic pressureammobilized within the collagen network. It is generally
on the PVA volume fraction obtained by these two inde- assumed that the amount of proteoglycans governs the extent
pendent experimental techniques. The dashed curve is theof cartilage swelling:3536
least-squares fit of eq 3 to the osmotic deswelling data The QCM technique probes the interactions of the tissue
(triangles)!® This fit yields for the interaction parametgs with the electrode surface. To improve the adhesion between
= 0.477 andy; = 0.414. The QCM data lie close to the the tissue sample and the quartz crystal, we first suspended
extrapolated curve. (Note that the QCM experiment probesthe tissue in a dilute PVA solution and then coated the
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Figure 5. Water uptake of tissue-engineered cartilage samples after swelling degree in tissue-engineered cartilage samples. The curves
different culture times as a function of the NaCl concentration in the through the data points are guides to the eye.
bath at 25 °C. The amount of water absorbed by the PVA matrix is
also shown in the figure (open triangles). The swelling curves determined for cartilage samples after

different culture times (10, 20, and 30 days) are shown in

_electrode with the suspension.Whe_n the coated quartz CryStalzigure 6. The osmotic pressure of the cartilage rapidly
is exposed to water vapor both the tissue and the PVA absorbyecreases with increasing water content. The rate of decrease
water. Thus, the equilibrium swelling data should be cor- [8I1/3(m/my)], is proportional to the compressive resistance
rected for the amount of water absorbed by the PVA. of the sample. The results show that the compressive

Quartz crystal electrodes coated by known amounts of eqjstance of tissue-engineered cartilage increases with culture
cartilage tissue were equilibrated with water vapor at@5 e cartilage models predict that strong repulsive interac-
The amount of absorbed water was determined as a functionyjo, perween negatively charged proteoglycan molecules
of the NaCl concentration (Figure 5). This figure also shows enables cartilage to resist compression under load. The
the water uptake of the unloaded (cartilage-free) PVA film. present results are consistent with this prediction.
The equilibration time at each NaCl concentration was 2 h.
The complete measurement consisted of five sorption/
desorption steps. After the fifth step the water vapor pressure Conclusions
was kept constant for 12 h and then was reduced in the next
steps. It can be seen that even after 12 h of equilibration In this work, the suitability of the QCM is demonstrated
time the amount of absorbed water slightly increases, for studying the osmotic properties of polymers and tissue
indicating that the system is not in equilibrium. This is also samples. The osmotic pressure of thin PVA layers deposited
reflected when comparing the absorption and desorption data.on the surface of a quartz crystal is determined. Reasonable
When the water vapor pressure is decreased the amount ohgreement is found between the results obtained by the QCM
water leaving the tissue should be the same as that absorbednd those found by macroscopic osmotic pressure observa-
at the same water activity when the vapor pressure istions.

increased. It appears that desorption data lie slightly above  QcMm provides a powerful means to measure the osmotic
the absorption data. This hysteresis may be caused by slowesponse of biological tissue samples. For cartilage, whose
structural or chemical changes (e.g., degradation of high yrimary function is to absorb shock and protect the underly-
molecular weight proteoglycans) occurring during the sorp- jng hone, knowing the biomechanical properties is essential.
tion/desorption cycle. Preliminary results on tissue-engineered cartilage samples

The swelling degrean/m, of the cartilage was obtained  jngicate that the compressive resistance of the neo-cartilage
from the measured swollen and dry weights and the known significantly increases with the culture time.

amount of PVA added to the tissue The QCM-based osmaotic technique requires considerably
shorter equilibration time than conventional osmometry.
mm, = (mlma'swouen_ Moy ™ = Mpya ")/ (mtofa'dry B Moreover,qthe small sample requirement of the QCML ( ’
mPVAd’y) 4) mg) allows probing the local osmotic properties of inhomo-
geneous tissue samples. For example, cartilage matrix
wheremy£"°"" and me @™ are the weights of the swollen  composition and collagen fiber orientation vary with the
and dry samples, respectivelyrya® is the weight of the  distance from the articular surface. Existing osmotic tech-
dry PVA, andmeys"®®'is the amount of water absorbed by niques could not provide information on the osmotic proper-
the PVA. ties at such a high spatial resolution.

’
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