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Abstract

The present study was conducted to obtain a deeper insight into the mechanism of drug release from HPMC
matrices. The microstructure, mobility, internal pH and the state of water within the gel layer of hydrated HPMC
matrices (having different molecular weights) containing naproxen sodium (NS) and naproxen (N) were studied using
Electron Paramagnetic Resonance (EPR), Nuclear Magnetic Resonance (NMR) and Differential Scanning Calorime-
try (DSC) techniques. The study show that matrices composed of various viscosity grades of HPMC are characterized
by similar microviscosity values in spite of the difference in their molecular weight. The NMR and DSC results led
to the conclusion that higher molecular weights of HPMC are characterized by higher water absorption capacity and
higher swelling. Analysis of non-freezable water in HPMC(K4M)–NS system revealed that addition of NS to solution
increased the fraction of water bound to K4M+NS compared with the equivalent solutions without NS. The results
suggest that the drug is participating in the crystallization of water and leads to the formation of a three dimensional
network structure that decreases the freedom of water in K4M+NS samples. Calculation of the number of hydration
shells showed that up to 2.2 layers are involved in HPMC-NS hydration compared to 1.5 layers for HPMC gel
without NS. This was explained based on the different water ordering in the gel induced by NS as results of its
absorption to polymer surface. Microviscosity values measured by EPR for K4M/N and K4M/NS hydrated matrices
were found to be higher for K4M/N matrices, especially at initial stage of hydration. Mobile compartment
calculations showed lower values for K4M/N compared with K4M/NS matrices. pH measurements by EPR revealed
that incorporation of N to HPMC matrix led to lower internal pH value inside the hydrated tablet compared with
NS. This behavior led to lower solubility of N which dictates its surface erosion mechanism, compared with NS
matrix that was characterized by higher internal pH value and higher drug solubility. These properties of HPMC/NS
increased chain hydration and stability, and led to drug release by the diffusion mechanism. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Hydrophilic matrix sustained release dosage
forms contain a therapeutic agent dispersed in a
compressed water-swellable polymer matrix.
When exposed to aqueous liquid, the surface
polymer hydrates to form a viscous gel-layer (Me-
lia, 1991). The gel layer forms a diffusional barrier
that retards further water uptake and the release
of the dissolved drug. Water-soluble drugs are
released primarily by diffusion of dissolved drug
molecules across the gel layer, whilst poorly wa-
ter-soluble drugs are released predominantly by
the erosion mechanism (Alderman, 1984). The
contribution of each release mechanism to the
overall drug release process is influenced both by
drug solubility and also by the physical and me-
chanical properties of the gel barrier that forms
around the tablet. Although outwardly simple,
drug release from hydrophilic matrix systems is a
complex phenomenon resulting from the interplay
of many different physicochemical processes. In
particular, the formation and physical properties
of the hydrated surface barrier are an important
determinant of subsequent behavior and drug re-
lease performance.

Despite the key role of the surface gel in the
performance of these dosage forms, there have
been few studies on the properties of this layer
in-situ. Studies using cryogenic scanning electron
microscopy (cryo-SEM) and other techniques
have shown that a polymer concentration gradi-
ent exists across the gel layer (Melia et al., 1994)
and that polymer in the outer regions is more
homogeneously and extensively hydrated than the
inner regions closer to the gel/core interface (Me-
lia et al., 1990). The extent of polymer swelling
and the hydration of the microstructure formed
within the gel layer vary in accordance with poly-
mer interaction with hydrating media (Melia et
al., 1994; Hodsdon et al., 1995).

In previous studies the water mobility in the gel
layer of plain matrices prepared from HPMC

having different substitution level was studied us-
ing NMR technique (Rajabi-Siahboomi et al.,
1996; Fyfe and Blazek, 1997). The diffusion of
drug and water in a variety of solutions contain-
ing polymer gels were studied using pulsed-field-
gradient spin-echo (PFGSE) NMR technique
(Gao and Fagerness, 1995).

The present paper was conducted in order to
get a deeper insight into the mechanism of drug
release from HPMC matrices. The microstructure,
mobility, internal pH and the state of water
within the gel layer of hydrated HPMC matrices
(having different molecular weights) containing
naproxen sodium (NS) and naproxen (N) were
studied using Electron Paramagnetic Resonance
(EPR), Nuclear Magnetic Resonance (NMR) and
Differential Scanning Calorimetry (DSC) tech-
niques. Given its primary function as a diffusion
barrier, the mobility of water and microviscosity
of the gel layer is an important factor, which
would be expected to influence polymer hydra-
tion, drug dissolution and release.

NMR relaxation and EPR spectroscopy are
powerful techniques for studying in detail the
structure, mobility, and hydration properties in
various polymeric systems (Mathur-De Vre, 1979;
Mäder et al., 1994). NMR longtitudal (T1) and
transverse (T2) relaxation parameters are most
useful in studying the ordering of water molecules
in hydrogels. EPR spectroscopy is a noninvasive
analytical technique which can provide unique
information in the field of drug delivery using
nitroxide radicals as model drugs (Stösser et al.,
1995). The EPR spectra are sensitive to the ni-
troxide mobility. In addition to nitroxide mobil-
ity, pH measurements inside the delivery system
are possible using specially designed nitroxides.
The basic concepts of these techniques were re-
viewed in a previous paper (Katzhendler et al.,
2000).

DSC is one of the most widely used analytical
methods for studying the water of hydration in
various polymers (Nakamura et al., 1983; Ohno et
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al., 1983; Hatakeyama and Yamauchi, 1984; Ro-
orda et al., 1988). It has been reported that differ-
ent types of water are present in polymers and
gels. At least two types of water of hydration have
been identified. (I) Freezable water: Bulk-like wa-
ter which melts at the normal melting point of
pure water (0°C) and water weakly interacting
with macromolecules which displays a lower melt-
ing point than pure water (B0°C). (II) Non-
Freezing water: Water strongly interacting with
hydrophilic and ionic groups on the polymer and
showing no freezing behavior.

2. Materials and methods

2.1. Materials

Hydroxypropyl methylcellulose having different
viscosity grades (Methocel K100LV, Mn=26 000;
Methocel K4M, Mn=86 000 and Methocel
K100M, Mn=246 000) were obtained from Col-
orcon, England. Naproxen sodium (NS) and
naproxen (N) were obtained from Teva, Israel.
3-carboxy proxyl (PCA) was purchased from
Sigma Chemicals, Israel. 4-amino-2,2,5,5-te-
tramethyl- 3-imidazolin-1-oxyl (AT) was obtained
from Professor L.A. Grigoriev, Institute of or-
ganic Chemistry, Russian Academy of Sciences,
Novosibirsk, Russia. Deuterium oxide (99.9%)
was purchased from Aldrich Chemical, Israel.

2.2. Preparation of tablets

For release experiments, cylindrical tablets were
prepared by direct compression of drug-polymer
blends, using a laboratory press fitted with a
15-mm flat-faced punch and die set, and applying
a pressure of 252 MPa (force if 4.45×104 N). All
formulations contained 50% (w/w) drug. The final
tablet weight in all formulations was 1 g.

2.3. Dissolution and erosion studies

2.3.1. Dissolution studies
The dissolution kinetics of the tablets was mon-

itored using a tablet dissolution tester (model 7ST
Caleva, USA). The USP basket method I was

used. Rotation speed was 100 rpm and dissolution
medium was 700 ml pH 7.4 (US Pharmacopea,
1985), maintained at 37°C. NS and N levels were
monitored spectrophotometrically (Uvikon 930
Kontron spectrophotometer, Switzerland) at 271
nm. Dissolution studies were performed at least in
triplicate for each batch of tablet.

2.3.2. Erosion studies
The erosion rates of HPMC matrices were de-

termined gravimetrically. At various time inter-
vals the tablets were removed from the baskets
and dried for at least 24 h at 37°C until a constant
weight was obtained. The percentage of tablet
eroded was calculated from the weight loss of the
tablets.

2.4. EPR measurements

2.4.1. Preparation of tablets
For EPR measurements, at 9.4 GHz, the ni-

troxide, 3-carboxy-proxyl (PCA), was dissolved in
acetone, added to the polymer-drug blend and
mixed thoroughly to allow even distribution of
the spin label. The acetone was evaporated at
room temperature. The final nitroxide concentra-
tion in the mixture was 4 mmol/kg. Tablets were
prepared, using a laboratory press fitted with a 8
mm flat faced punch and die set, and applying a
pressure of 886 MPa (force of 4.45×104 N).
Tablet weight was 50 mg and the final tablet
thickness was 0.8 mm. For internal pH measure-
ments a pH sensitive nitroxide, 4-amino-2,2,5,5-
tetramethyl-3-imidazolin-1-oxyl (AT) was used.
The nitroxide was incorporated to the drug-poly-
mer mixture using the procedure described above
but using methanol as a solvent for AT. The final
tablet weight was 100 mg, tablets’ diameter was 8
mm and thickness 1 mm. Tablets were stored
under dry conditions before EPR measurements
were made.

2.4.2. Sample preparation for EPR measurements

2.4.2.1. Tablet hydration. Tablets, prepared as de-
scribed previously, were hydrated in 10 ml pH 7.4,
at R.T. At various time intervals the tablets were
removed and handled without mechanical dam-
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age. The water film at the surface was removed by
blotting carefully with an absorbent paper. The
tablets were loaded into an EPR teflon device
(physical store, the Hebrew University of
Jerusalem).

2.4.3. Measurements of EPR spectra
X-band (9.4 GHz) EPR spectra were recorded

using a Jeol, JES-RE3X spectrometer with the
following settings: field center, 329 mT; scan
range, 7.5 mT; scan time, 1 min; time constant,
0.1 s; microwave power, 1–4 mW (depending on
water content in sample); modulation amplitude,
0.1 mT. For the internal pH measurements, the
EPR spectra were recorded using a surface coil
equipped, 1.1 GHz spectrometer MT1 from Mag-
nettech GmbH Berlin, Germany. The following
parameters were used: field center, 41 mT; scan
range, 5 mT; scan time, 1 min; time constant, 0.1
s; microwave power, 12 mW; modulation ampli-
tude, 0.1 mT. All measurements were performed
at R.T.

2.4.4. Spectra analysis

2.4.4.1. Line-width and line-shape analysis. Several
experimental EPR spectra were a superposition of
spectral contributions from mobile (solubilized)
and immobile (nonsolubilized) nitroxide
molecules. The analysis of the EPR spectra was
performed by means of Bruker Winepr software
(Version 2.11) in the following way. The immobile
spectrum was adjusted in such a way that the
outer lines of the immobile and experimental
spectra overlapped. The mobile (solubilized) part
of the experimental spectrum remained after sub-
traction of the simulated immobile spectrum. It
has been shown that if the radical is placed a
viscous fluid, the line width of each component
(MI= +1, 0, −1) has the form (Wertz and
Bolton, 1972):

T(M)=a+bMI+gM I
2 (1)

Coefficient a, is a constant term including all
line-broadening effects which are the same for all
hyperfine components. Coefficients b and g de-
pend on the anisotropy in g and of the hyperfine
splitting, A, and on the mean tumbling rate (set

by solvent viscosity), that is the molecular correla-
tion time.

The line-width (a, b, g parameters) and line-
shape (lorentzian/gaussian ratio) simulations of
the mobile part of the experimental spectrum were
done using Winepr SimFonia program Version
1.25.

2.4.4.2. Determination of rotational correlation
time of nitroxide in hydrated tablets. The immobile
spectrum was subtracted from the EPR spectrum
as described above. The rotational correlation
time (tc) of the spin probe in the gel (subtracted
spectrum) was calculated from the g-parameter,
using the equation (Nordio, 1976):

tc=8g/b2 (2)

where g is determined from line width simulations
Eq. (1), b=2p(Azz−a0) and a0=1/3(Azz+Ayy+
Axx). a0 is the isotropic hyperfine magnetic inter-
action between the unpaired electron and the
nitrogen nucleus (aiso). Axx, Ayy, Azz are the princi-
pal components of the hyperfine tensor (Berliner,
1976). A, b and g values are expressed in MHz
units.

The domain of validity of the formula used for
analysis of the spin probe in the gel is 0.01
nsBtcB300 ns.

2.4.4.3. Micro6iscosity calculations and determina-
tion of the mobile compartment in the tablet. The
microviscosity values and the mobile compart-
ment calculations of hydrated matrices were de-
termined as described in our previous paper
(Katzhendler et al., 2000).

2.4.4.4. Internal pH calculation
Determination of 2aN 6alues. The recorded EPR

spectra were integrated and the distance between
the first and third peak was used as the measure
of 2aN, where aN is the isotropic hyperfine split-
ting constant (aiso).

Estimation of pH 6alues inside the hydrated ma-
trices. The 2aN values of the recorded spectra
were calculated and the pH was estimated relative
to a suitable calibration curve.

Calibration cur6e-sample preparation. For cali-
bration measurements, the nitroxides were dis-
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solved in water (100 ml) or in commercial buffer
systems (Schott GmbH, Germany) at a concentra-
tion of 1 mM. The pH value was adjusted by
addition of 0.1 M HCl and 0.1 M NaOH using a
magnetic stirrer. The pH was measured by means
of a glass electrode (Schott GmbH) which was
calibrated to the particular range by pH standards
(Schott GmbH). Aliquates of 1 ml (microcen-
trifuge tubes, Scientific Plastic, USA) were taken
and measured immediately at 1.1 GHz. The 2aN

values of the recorded spectra as function of pH
were used as a calibration curve.

2.5. NMR relaxation studies

2.5.1. Preparation of tablets
For NMR relaxation studies, tablets were pre-

pared by direct compression of drug-polymer
blends, using a laboratory press fitted with a 3
mm flat-faced punch and die set, and applying a
pressure of 1260 MPa (force of 8.90×103 N). All
formulations contained 50% drug. The final tablet
weight in all formulations was 30 mg.

2.5.2. Sample preparation
Five milimeter standard NMR tubes were filled

with double distilled water and 11 tablets (ar-
ranged as a long cylinder) were inserted at once
into the bottom of the tube using a rod. The T1

and T2 relaxation times of water as function of
time were immediately recorded. The tablets
formed a long cylinder inside the NMR tube with
a length of approximately 4-cm.

2.5.3. T1 and T2 relaxation measurements
The T1 relaxation time of water in the tablets

was determined by an inverse recovery sequence
(180°-t-90°-acquire) (Derome, 1987). The T2

transverse relaxation behavior of water in the
tablets was determined using Carr–Purcell–
Meiboom–Gill (CPMG) pulse sequence [90x-(t-
180y-t)n] (Derome, 1987). The T1 and T2 re-
laxation experiments were performed on a
Bruker DRX 400 spectrometer as described in our
previous studies (Katzhendler et al., 1999, 2000).
All relaxation measurements were conducted at
25°C.

2.6. Self difussion coefficient (SDC)
measurements

2.6.1. Preparation of gels for SDC measurements
HPMC (K100LV, K4M and K100M) solutions

and gels in the concentration range 1-28.7% (w/w)
were prepared with D2O. NS concentration in the
gel was fixed at level of 1% (w/v). SDC of NS was
studied at HPMC (K100LV, K4M and K100M)
concentration of 16.6% (w/w) while varying NS
concentration (0.5, 1, 2, 3.5, 5, 7.5, 10% w/v) in
the gel. HPMC gels especially at high polymer
concentrations were difficult to load into 5-mm
NMR tubes because of their high viscosity. There-
fore, the gels were first loaded into 4-mm tubes
(two-sided hollowed cylinder) having a length of 5
mm, after which the tubes were loaded into 5-mm
standard NMR tubes.

2.6.2. Preparation of HPMC hydrated matrices
for SDC measurements

For SDC measurements of hydrated matrices
containing NS, the following concentrations were
used: 1, 2.5,5,7.5 and 10% w/v NS (based on the
final tablet volume). The tablets were formulated
with Methocel K100LV, K4M and K100M. The
total tablet weight was 30 mg and diameter was
10 mm. The tablets were hydrated in 20 ml solu-
tions containing the same concentration of NS in
D2O. After full hydration of the matrices (3 h),
the gels were loaded into NMR tubes as described
in the previous section.

2.6.3. SDC measurements by NMR
The SDC measurements were performed in

D2O based on the method established by Tanner
(1970). The pulsed field gradient stimulated spin-
echo (STE) method was used (Tanner, 1970;
Stilbs, 1987; Cotts et al., 1989). The pulse se-
quence consists of three pulses 90°-90°-90° which
generates two stimulated field gradient pulses of
duration, d, during the t periods. The integrated
peak intensity I, of the species of interest is given
by:

I=
I0

2
e

t1

T1
−

2t2

T2
− (gGd)2D

�
D−

d

3
�

(3)
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where I and I0 are the echo intensities with and
without the field gradient, respectively; t1 is the
time between the second and third pulses; t2 is the
time between the first two pulses; T1 and T2 are
the longtitudal and transverse relaxation times of
the species, respectively; g is the gyromagnetic
ratio; G is the magnitude of the field gradient
pulses; D is the self diffusion coefficient; d is the
gradient pulse length; and D is the time from the
start of the first gradient pulse until the start of
the second. The SDC, D, of water was extracted
utilizing its 4.6-ppm (HDO/H2O) resonance while
the SDC of NS was extracted utilizing its 7–8
ppm resonance (from the aromatic moiety). Typi-
cally, experiments were performed keeping all
parameters constant while incrementing G. The
SDC was determined from the non-linear regres-
sion of the integrated peak intensity I against G2.

The NMR experiments were performed on a
Bruker DRX 400 spectrometer with BGUII gradi-
ent system capable of 56 G/cm. The gradient was
calibrated using a cylindrical glass phantom sand-
wiched between two glass tubes and a hollow
glass cylinder sandwiched between glass rods and
recording the 1H or 2H NMR spectrum of the
phantom immersed in solvent with the gradient
on.

Standard 5-mm NMR tubes were used for all
measurements. All measurements of diffusivity
were conducted at 25°C. The temperature was
determined using a standard methanol NMR
thermometer.

2.7. DSC measurements

2.7.1. Calibration of DSC
The thermal analysis of the samples was per-

formed using a differential scanning calorimeter
(DSC, Mettler Toledo TA4000 with measuring
cell DSC 30E, Switzerland). The DSC was cali-
brated with indium (melting point=156.6°C)
(Weast et al., 1986) having heat of fusion of 28.45
J/g.

2.7.2. Preparation of samples containing water for
DSC measurements

Dried HPMC K4M samples were weighted ac-
curately into aluminum samples pans. Before use

in sample analysis, the aluminum pans were pre-
heated to 100°C in the presence of water to
minimize the reaction between the aluminum sur-
face and water in the HPMC K4M samples.
Various amounts of buffer (pH 7.4) were then
added to HPMC K4M powder in the aluminum
pans to obtain different ratios (w/w) of water to
dry polymer. The pans were hermetically sealed,
weighed and stored at room temperature for 3–5
days. Prior to the thermal analysis experiments,
the sealed pans were re-weighed to check the seal.
Samples with faulty seals, in which the amount of
solutions decreased by more than 2% were dis-
carded. The weight ratio of water per weight of
HPMC K4M (RW/K4M) was calculated by the
following equation:

RW/K4M=WW/WK4M (4)

where WW, grams of water (buffer) and WK4M,
grams of HPMC K4M.

In order to examine the effect of NS on the
transition enthalpy of water in K4M samples,
various amounts of 0.03, 0.05 and 0.1 g/ml NS
solutions (prepared in buffer pH 7.4) were added
to the dried HPMC K4M samples to obtain dif-
ferent ratios (w/w) of NS solution to HPMC
K4M (RNS/K4M).

2.7.3. Preparation of hydrated matrices for DSC
analysis

50/50 K100LV/NS, K4M/NS, K100M/NS ma-
trices were hydrated as described in the dissolu-
tion studies section. At specified times the
matrices were removed, and samples were taken
from the gelatinous outer portion of the matrices.
The matrices were sliced in the center (parallel to
the bases) and a sample was taken from the center
of the core. The samples were weighted accurately
into hermetically sealed aluminum pans for DSC
analysis. The total amount of water in the sample
was evaluated gravimetricaly. After DSC analysis,
the pans were punctured and the water content
was determined by heating the sample at 140°C
until a constant weight was obtained. The weight
ratio of water in the samples was calculated by
dividing the total amount of water by the sample
weight obtained after drying.
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2.7.4. DSC analysis
DSC analysis of the samples were performed by

cooling the samples from 20 to −50°C at cooling
rate of 2.5°C/min, and then heating back to 20°C
at the same rate. Heats of crystallization and
melting were calculated from the peak areas of the
exotherms and endotherms, respectively. The heat
of melting in a sample was attributed to water
were the melting enthalpy of pure water was 334
J/g (321 J/g for buffer 7.4).

2.7.5. Calculation of melting and crystallization
enthalpy of water in K4M samples, NS solution
and in hydrated tablets

Solutions containing 0, 0.03, 0.05 and 0.1 g/ml
NS in buffer pH 7.4 were prepared. The melting
(fusion) and crystallization enthalpy of water in
buffer 7.4/K4M samples, NS solution, NS-solu-
tion/K4M samples and hydrated matrix tablets
was calculated by dividing the enthalpy value
obtained, by the weight fraction of buffer in the
solution.

To determine the melting enthalpy of water in
HPMC matrices containing 50/50 K100LV/NS,
K4M/NS and K100M/NS, the peak areas of the
respective endotherms was divided by the total
amount of water in the sample.

2.7.6. Calculation of amount of freezing and
non-freezing water in K4M samples, NS solution
and in hydrated tablets

To determine the amount of type I and type II
water in K4M samples, NS solution and in hy-
drated tablets the following approach was used.
The grams of freezable water (Wf) in the sample
was determined by dividing the total heat of
melting (J) by the experimental value of melting
enthalpy of buffer pH 7.4 (J/g). From the grams
of total water in the sample (measured gravimetri-
cally) and the grams of freezable water (Wf) in the
sample the grams of non-freezing water (Wnf)
were calculated by the difference. The results were
presented as grams of freezing or non-freezing
water (Wf, Wnf) per gram of dry sample (w/w).
For NS solutions/K4M samples the Wnf was de-
vided by the grams of dry (K4M+NS). For
calculation of moles non-freezing water bound per
polymer repeat unit (PRU) the following data was
used: Methocel K100LV: Mn=26 000, DPn=
140; Methocel K4M: Mn=86 000, DPn=460;
Methocel K100M=246 000, DPn=1280.

3. Results and discussion

Fig. 1a presents the effect of HPMC viscosity
grade on NS release from the matrix. Fig. 1b
presents the effect of drug solubility on the release
kinetics from HPMC K4M matrices (The solubil-
ity values for NS and N were found to be 450 and
5.2 mg/ml respectively, in pH 7.4, 37°C). The
results obtained are in accordance with the data
reported in the literature. The lowest viscosity
grade of HPMC used (HPMC K100LV) provided
the highest release rate compared to the higher
viscosity grades (HPMC K4M, K100M) which
showed similar release rates despite the variation
in their molecular weight. The graphs also show
that the release of low soluble drug (N) is lower
compared with the high soluble drug (NS). The

Fig. 1. The effect of (a) HPMC viscosity grade; and (b) drug
solubility, on NS and N release from matrices containing
50/50 HPMC/drug.
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Fig. 2. EPR first derivative spectra of (a) 50/50 K100LV/NS; (b) 50/50 K4M/NS: (c) 50/50 K100M/NS; (d) 50/50 K4M/N. EPR
integrated spectra of (e) 50/50 K100LV/NS; (f) 50/50 K4M/NS: (g) 50/50 K100M/NS; (h) 50/50 K4M/N.

release of the former is mainly controlled by the
surface erosion mechanism (as revealed by similar
values of drug release and matrix erosion) com-
pared with the later (NS) in which drug release is
controlled mainly by the diffusion mechanism (de-
pending on polymer MW and concentration) (Al-
derman, 1984; Ford et al., 1987).

To study the influence of polymer MW and
drug solubility on gel microstructure, microviscos-
ity and hydration properties of the matrices, EPR
spectra were recorded as function of hydration
time. EPR studies performed at a frequency of
9–10 GHz (X-band) are limited to aqueous sam-
ple thickness less than 1 mm due to high non-res-
onant dielectric losses caused by water content in
the sample. Therefore, our measurements were
limited to thin tablets (B1 mm) and to the initial
hydration of the matrices, where matrix swelling

was minimal. We assume that the changes in the
recorded EPR spectra of the hydrated tablets can
be used to characterize the gelation process occur-
ring in the outer surface of the matrices. Fig.
2a–d presents the EPR spectra (first derivative) of
hydrated matrices containing 50/50 HPMC/NS
and HPMC/N of various viscosity grades at vari-
ous time intervals. Fig. 2e–h presents the inte-
grated spectra of the respective formulations. The
integrated spectra can be used to estimate the
amount of the mobile/immobile compartment be-
cause the contribution of the mobile species is
more pronounced in the first derivative spectra
due to the narrow line-width. The EPR spectra of
the dry tablets indicate a high immobilization of
the nitroxide, typical for solid samples with ran-
domly oriented nitroxides. Exposure to buffer pH
7.4 induced modification of the microenvironment
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inside the tablet. The EPR spectra indicated that
water penetrated rapidly into the tablets leading
to a spectral change from totally immobilized
nitroxide to a spectrum which is dominated by
mobile nitroxide solubilized in an environment
with a low viscosity. The integrated EPR spectra
of the hydrated matrices indicate a lower mobile
compartment in matrices containing K4M/N (In
higher immobile spectra the lines are much less
intense compared to the mobile spectra due to
line-broadening effect).

Table 1 summarizes the mobile compartment,
rotational correlation time, microviscosity and a,
b, g parameters for the respective formulations. It
was found that the mobile compartment was sim-
ilar for the three viscosity grades containing NS,
the mobile compartment was higher for K4M/NS
compared with K4M/N matrix. Calculation of
rotational correlation time and microviscosity val-
ues of the hydrated matrices revealed identical
values for the formulations containing NS, irre-
spective of HPMC viscosity grade. The rotational
correlation time and microviscosity values of for-
mulation containing K4M/N was found to be
higher compared to K4M/NS. The a, b, g

parameters show identical values for the three NS
formulations irrespective of HPMC viscosity
grade. The a, b, g parameters were slightly higher
for K4M/N indicating higher microviscosity val-
ues. At longer hydration times the a, b, g parame-
ters approached more closely zero implying
increase of PCA mobility. The similar lorentzian/

gaussian ratios for the four formulations (30/70
and 40/60 after 15 and 60 s, respectively) imply
that the gel structure formed contain similar num-
ber of components. The contribution of gaussian
spectral shape indicates the presence of several
hydrophilic microdomains with distinct microvis-
cosities. The lorentzian contribution increased at
longer hydration times suggesting that the gel
structure became more homogeneous.

Water diffusivity is also of interest in these
systems because the water penetration rate deter-
mines the kinetics of the gel layer formation of a
sustained release tablet and therefore, significantly
affects drug dissolution and diffusion in the gel.
In order to study the effect of HPMC viscosity
grade on water and drug diffusion, NS and water
SDC were examined in equilibrium-swollen gels
with varied concentrations of HPMC. NS concen-
tration was fixed at level of 1% (w/v). NS and
water diffusivity, (DNS and DW), could be approx-
imately described as an exponential function of
the polymer concentration (w/w), C (Phillies,
1987, 1988):

DNS=DNS(0)exp(−KNSC) (5)

DW=DW(0)exp(−KWC) (6)

where DNS(0) and DW(0) are the SDC of NS and
water respectively, extrapolated to infinite dilu-
tion. KNS and KW are constants indicative of the
retarding effect of the polymer.

The KNS and KW values for NS and water were
obtained by non-linear regression fit of the diffu-

Table 1
Mobile compartment (%), rotational correlation time (t), microviscosity (cps), and a, b, g parameters of hydrated HPMC matrices
containing NS and N

K100LV/NS K4M/NSParameter K100M/NS K4M/N

60 s15 s60 sb 60 s15 sa 15 s60 s15 s

Mob.(%) 35.37 33.22 35.07 31.44 36.37 24.72 27.3333.22
4.70 3.13 4.70 3.13tsec×1011 4.70 3.13 5.61 3.39

3.20 5.75 3.47Microviscosity (cps) 4.817 3.20 4.817 3.20 4.817
1.50 1.50 1.40 1.50 1.401.40 1.50a 1.40

−0.09b −0.13−0.12 −0.09−0.09 −0.12 −0.09 −0.12
0.180.12 0.130.2150.120.180.18 0.12g

a 15 s, Lorentzian/Gaussian ratio=30/70 (for all four formulations).
b 60 s, Lorentzian/Gaussian ratio=40/60 (for all four formulations).
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Table 2
NS SDC values in different HPMC hydrated matrices equili-
brated for 3 h (values-SDC×106 cm2/s):

NS conc. (w/v) K4M/NSK100LV/NS K100M/NS

2.371 2.662.15
2.5 1.82 1.97 2.11

1.425 1.72 1.80
1.381.28 1.617.5

1.0510 1.16 1.41

in their study adinazolam diffusivity appeared to
be indistinguishable among the three viscosity
grades studied (Gao and Fagerness, 1995).

The data presented above refer to measure-
ments in fixed concentrations of the polymer,
however they do not reflect the effect of viscosity
grade on drug diffusivity in the gel layer of hy-
drated matrices since the polymer concentration
in the gel layer formed is controlled by the water
absorption characteristics of the polymer. Since
the different viscosity grades of the polymer may
absorb different amounts of water, we have used
the following approach in order to estimate drug
diffusion in hydrated matrices: Tablets composed
of HPMC (K100LV, K4M and K100M) contain-
ing different concentrations of NS were equili-
brated with NS solutions in (D2O) containing
equivalent concentrations of NS. After full hydra-
tion of the tablets the gels were loaded into NMR
tubes and NS diffusivity was measured. Table 2
summarizes the SDC values of NS obtained for
the different HPMC gels. The results show higher
diffusion of NS in higher viscosity grades of
HPMC, implying higher water absorption capac-
ity (higher swelling) and decrease of steric ob-
struction effect for higher MW of HPMC.

Fig. 3a and b present the T1 and T2 relaxation
rates of water in HPMC/NS matrices having dif-
ferent MW. The results reveal that the T1 and T2

relaxation rates of water in the hydrated matrices
are increased as function of time suggesting that
there are considerable interactions between the
water molecules and the polymer networks. The
most probable binding sites of water molecules
are the hydroxyl groups. The high T1 relaxation
rates of water protons in the hydrated matrices
suggest that the water is less mobile compared
with pure water. This can be interpreted in terms
of the structure ordering of water molecules in gel
networks. The graph show that T1 water relax-
ation rates for K100M matrix are higher com-
pared with matrices composed of K4M and
K100LV indicating that the water molecules are
interacting with the polymer to a greater degree.
A similar trend was observed for T2 relaxation
rates however the relaxation kinetics was differ-
ent. This difference may be attributed to the fact
that T2 relaxation is more strongly affected by

sivity data and are reported here:
KNS(K100LV)=9.32; KNS (K4M)=11.9;
KNS(K100M)=12.28; KW (K100LV)=2.86; KW

(K4M)=2.86; KW(K100M)=2.92.
NS diffusion in HPMC media showed little

dependence upon HPMC viscosity grade, with
tendency for lower diffusion values with increas-
ing HPMC viscosity grades. Water diffusivities in
HPMC media appeared to be indistinguishable
among the three viscosity grades. This difference
between drug and water diffusion can be ex-
plained based on the steric restriction imposed on
the solute by a sieving mechanism. Since polymer
macromolecules are less mobile than small solute
or solvent molecules, the polymer acts as an ob-
structing stationary phase in the gel solution.
Since the water molecule is small, the cooperative
motion between obstructing stationary objects
and diffusing species is unlikely as important as
for large solute (e.g. drug) and the sieving mecha-
nism of the polymer network is also less operative
for water (Gao and Fagerness, 1995).

NS diffusion was additionally measured in gels
containing 16.6% (w/w) HPMC and in water as
function of NS concentration (C), using Eq. (5).
The K values obtained are: KNS(16.6%
K100LV)=6.19; KNS(16.6% K4M)=5.20;
KNS(16.6% K100M)=4.08, KNS(Water)=7.25.
The results indicate that NS diffusion is exponen-
tially dependent upon its own concentration. De-
creasing HPMC molecular weight (i.e. decreasing
medium viscosity), increased the dependence of
NS upon its concentration.

These results are in general agreement with the
data reported by Gao et al for the diffusivity of
adinazolam mesylate and water in HPMC gels
containing K100LV, K4M and K15M. However
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chain hydration (bound water). This can be antic-
ipated since spin-spin (T2) relaxation has other
modes of relaxation in addition to those for spin-
latice (T1) relaxation; proton exchange processes
and spin diffusion cause 1/T2 relaxation rate to be
much higher than 1/T1 relaxation rate. The higher
changes in proton relaxation rates for K100M
matrices indicate higher swelling of the matrices
compared with K4M and K100LV matrices.
These findings are in agreement with our SDC
measurements of hydrated matrices. Fig. 4a and b
presents T1 and T2 relaxation rates of water in
HPMC matrices containing NS and N. The graph
shows that T1 and T2 relaxation rates of water are
higher for HPMC(K4M)/NS matrices compared
with HPMC(K4M)/N matrices. This implies
higher chain hydration in matrices containing NS.
These results are in agreement with the EPR data
showing slower hydration of N matrices com-
pared with NS matrices.

Fig. 4. (a) 1/T1; (b) 1/T2 relaxation rate of water in 50/50
HPMC/NS and 50/50 HPMC/N matrices.

Fig. 3. (a) 1/T1; (b) 1/T2 relaxation rate of water in 50/50
HPMC/NS matrices containing different viscosity grades of
the polymer.

To obtain a further insight on the relationship
between drug/polymer properties and drug release
kinetics, we have measured the pH inside the
matrices using the pH sensitive spin probe, AT
(Katzhendler et al., 2000), having pKa=6.1. The
pH-induced changes of 2aN-hyperfine splitting of
aqueous solutions of AT and the basic principle
of pH measurements were presented in our previ-
ous study (Katzhendler et al., 2000). Fig. 5a–c
presents the EPR spectra of HPMC(K4M)/NS,
HPMC(K4M)/N and 100% HPMC(K4M) ma-
trices exposed to buffer pH=7.4 for different
time intervals. The calculated 2aN values, and the
corresponding pH values calculated based on the
calibration measurements, are presented in Table
3. It was found that the internal pH values in
HPMC/N matrices were lower compared with
HPMC/NS and 100% HPMC matrices. For the
three formulations, the pH inside the hydrated
matrices was lower than the hydrating buffer-pH
7.4. The observed decrease in pH suggests that the
HPMC/N matrices are not able to preserve a
neutral environment inside the tablets. The buffer
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ions are not able to compensate the decrease in
micro-pH inside the tablet induced by N. The
increase of microacidity inside the tablet reduces
N solubility and dissolution rate and lowers ma-
trix hydration. These findings explain the slower
release of N compared with NS from HPMC
matrix. It should be emphasized that our mea-
surements describe an average pH value inside the
tablet. The formation of pH gradients inside the
tablet with higher pH values in the outer hydrated
layers of the tablet and lower values toward the
center should be envisioned.

To explore water behavior in HPMC matrices
in more detail the freezable and non-freezable
water were analyzed using DSC. Fig. 6a shows
the cooling curve of HPMC K4M with various
water contents. When the weight ratio (RW/K4M)

of buffer in the samples was 0.516 (g/g) a peak
similar to the peak of purified water was observed
with an onset temperature of −34°C. In contrast
a peak was observed with an onset temperature of
−18°C for buffer solution. The depression of
about 20°C in the crystallization temperature of
water, compared with the melting temperature
(Fig. 6b), is explained by the supercooling effect
(Angell and Tucker, 1973).

Fig. 6b shows the heating curves of HPMC
K4M samples containing buffer. Similar to the
cooling curves (Fig. 6a), as the water fraction
decreased, the onset temperature and area of the
endothermic peak decreased and this peak became
broader. It was suggested that this fronting of the
thermograms is due to the overlapping of en-
dotherms of free-freezing and loosely bound-
freezing waters (Joshi and Topp, 1992). The
decrease observed in the onset temperature sug-
gests an interaction of water with HPMC K4M.
Table 4 summarizes the results for the amount
buffer pH 7.4 added per HPMC K4M (RW/K4M)
(g/g) for the corresponding thermograms. The
table also lists the onset temperatures for the
melting of water in these samples, the percent of
freezing and non-freezing water, and the amount
of non-freezing water per polymer (w/w). Increas-
ing RW/K4M increased the fraction of freezable
water and correspondingly the fraction of non-
freezable water decreased. Calculation of moles of
water bound per polymer repeat unit (PRU) re-
vealed that an average of 5.24 molecules of non-
freezing water are bound to each PRU of HPMC
(K4M).

Table 5 presents the effect of NS concentration
in solution on the non-freezing water in K4M+
NS samples. Since NS may also affect the melting
enthalpy of water, this effect was first examined in
NS solution. It was found that increasing NS
concentration in solution marginally affected the
melting enthalpy of water. The enthalpy values
were within deviation of 4.2%, up to NS concen-
tration of 0.1 g/ml. However in K4M/NS system
increasing the concentration of NS in solution
increased the amount of water bound to K4M+
NS (Table 5).

The changes in HPMC hydration were calcu-
lated using the following approach:

Fig. 5. 1.1 GHz EPR spectra of (a) 50/50 K4M/NS; (b) 50/50
K4M/N; (c) 100% K4M.

Table 3
Internal pH values of hydrated matrices containing 100%
HPMC(K4M), 50/50 HPMC(K4M)/NS, 50/50 HPMC(K4M)/
N (the values refer to hydration time; 5–60 min)

2aN-hyperfine splitting pHFormulation

100% HPMC 6.7–6.93.139–3.145
6.7–6.93.139–3.14550/50 HPMC/NS

50/50 HPMC/N 5.5–5.73.041–3.048
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Fig. 6. DSC (A) cooling; and (B) heating curves of K4M samples with various weight fraction of buffer pH 7.4. RW/K4M: (a) buffer
7.4; (b) 9.33; (c) 4.65; (d) 2.00; (e) 1.01; (f) 0.516; (g) 0.444; (h) 0.186.

The number of water molecules bound to
HPMC K4M were calculated based on the differ-
ence between the specific partial volume (0.717
cm3/g) and the van der Waals volume (0.440
cm3/g) of HPMC. The van der Waals volume was
calculated based on the additive contribution of
the atomic groups comprising the polymer
(Bondi, 1968). It was found that 2.87 water
molecules are bound per PRU of HPMC K4M.
Since HPMC contains three hydroxyl groups per
PRU, it can be concluded that 1 water molecule is

bound per each hydroxyl group in the first hydra-
tion layer.

In contrast, it was found (based on DSC data)
that 5.24 water molecules are bound per PRU of
HPMC K4M implying that more than one hydra-
tion shell is involved in HPMC hydration. The
number of hydration shells of HPMC were calcu-
lated based on volumetric considerations, which
depends on the molecule shape. For cylinder ge-
ometry, the ratio between the number of water
molecules in the n+1 and n hydration shell is
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Table 4
Amount of buffer 7.4 per HPMC K4M in the sample, melting point of water in hydrated HPMC K4M, percent of freezing and
non-freezing water and amount of water bound per HPMC K4M

K4M (mg)Buffer 7.4 (mg) RW/K4M Onset Temp., Non-freezing water/K4MFreezing water Non-freezing
(%) (g/g)water (%)°Ca

0.186 – 0 100 0.1862.087 11.30
0.347 −15.1 10.4511.13 89.553.86 0.310

10.244.55 0.444 −14.4 22.68 77.32 0.343
10.405.37 0.516 −14.1 30.06 69.94 0.361

1.01 −13.3 54.687.79 45.327.84 0.456
10.14 2.005.06 −11.2 74.37 25.63 0.513

4.65 −5.5 89.182.36 10.8210.99 0.504
9.33 −1.5 94.6619.32 5.342.07 0.498

a Buffer 7.4 (mg) added per K4M (mg).

1.45. Based on this the number of hydration shells
in HPMC gel was found to be 1.5.

The higher HPMC hydration can be under-
stood as following: The DSC measurements were
done in concentrated HPMC solutions in which
HPMC forms an entangled gel network. The hy-
dration of the gel is higher than polymer in dilute
solution in which hydration is confined to the first
hydration layer (2.87 water molecules per PRU).
This enhancement could result from closely lo-
cated polar (hydroxyl) groups of HPMC in the
entangled gel favoring solvation via the formation
of water networks which involve water molecules
from the second coordination spheres. In such
networks, a water molecule may simultaneously
form hydrogen bonds with two or more polar
groups on the polymer surface, thereby becoming
highly immobilized. For low molecular mass com-
pounds it was shown that the hydration of a polar

group depends on its proximity to other polar
groups (Kharakoz, 1991; Chalikian et al., 1994).
The hydration of a single polar groups (separated
from other polar groups by five or more covalent
groups) was found to be low (Kharakoz, 1991).
However, when polar groups within a solute
molecule are situated sufficiently close to each
other (separated by three or less covalent bonds)
than it was postulated that each adjacent water
molecule can, in principle, form simultaneously
two hydrogen bonds with neighboring polar
groups (Kharakoz, 1991; Chalikian et al., 1994).
Consequently, the hydration of each group within
two closely polar groups increases. By extension,
in the polymer in the entangled state were there
are many closely located polar groups, a water
molecule can simultaneously form hydrogen
bonds with more than two neighboring polar
groups, thereby becoming highly immobilized.

Table 5
The effect of NS concentration in solution (buffer 7.4) on the amount of bound water per HPMC K4M+NS and on the number
of hydration shells

Non-freezable water/K4M+NS (g/g)Ratioa Number of hydration shells

0.03 g/ml NS 0.05 g/ml NS 0.1 g/ml NS 0.03 g/ml NS 0.05 g/ml NS 0.1 g/ml NS

0.406 0.397 0.3870.605 1.32 1.30 1.27
1.480.489 1.491.00 1.530.4700.472

1.861.920.625 1.870.6240.6452.04
0.813 0.752 0.7884.51 2.23 2.13 2.19

2.162.132.280.7698.49 0.7560.840

a NS solution (mg) added per K4M (mg).
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Fig. 7. DSC thermographs of K4M/NS samples (a) 0.03 g/ml;
(b) 0.05 g/ml; (c) 0.1 mg/ml NS. RNS/K4M=4.51.

the value was 0.6. It has been suggested that large
planar aromatic ions are polarizable and readily
absorb to methylcellulose surface (Touitou and
Donbrow, 1982). Therefore this system may pro-
mote the formation of deep polarized multilayers
of adsorbed water. When NS is present in solu-
tion its hydration is low, however when added to
the polymer, it alters the hydration structure of
the NS-HPMC gel. The drug molecules, which
contain a polar carboxyl group, are absorbed
onto the polymer, adjacent to the polymer polar
groups and thereby the system hydration increases
significantly. This can be interpreted based on the
theory described above which increases water im-
mobilization in adjacent polar groups.

The graph shape of K4M-NS samples show a
faint endothermic peak followed by an exothermic
peak (in some cases) below 0°C (Fig. 7). The
result suggest that the drug is participating in the
crystallization of water which leads to the forma-
tion of a three dimensional network structure that
decreases the freedom of water in K4M+NS
samples. The faint endothermic peak and the
exothermic peak in the DSC heating curve indi-
cated the development of metastable situation
upon cooling. Presumably a part of the water
solidified in an amorphous state during the cool-
ing process (Yoshida, 1991; Aoki et al., 1995),
and this water crystallized during the heating
process. It seems that the faint endothermic peak
represent melting of imperfect water crystals at-
tributed to the interaction between NS, HPMC
and water. Such behavior was not observed in NS
solutions without the polymer. A similar effect of
NS on bound water was found in EA+NS sys-
tem, however protein hydration was additionally
influenced by protein unfolding and water crystal-
lization was not observed (unpublished data).

Fig. 8a presents the freezing and non-freezing
water per dry sample in the outer surface of
hydrated HPMC/NS matrices of various viscosity
grades. The ratio of freezing water per dry sample
was higher for higher viscosity grade (MW) of the
polymer (K100M\K4M\K100LV). The aver-
age ratio of non-freezing water (mol) per PRU for
K100LV, K4M and K100M hydrated matrices
was 4.32091.011, 5.31791.454 and 5.0399
1.224, respectively. The DSC graph shape of

Furthermore, such highly immobilized water
molecules on the polymer polar surface may, in
turn, form hydrogen bonds with water from the
second hydration shell, thus facilitating the for-
mation of water networks. In such a scenario,
these highly immobilized water molecules in the
first hydration shell, act in some respect, as pseu-
dopolar groups on the polymer surface, which
facilitate the involvement in polymer hydration of
water molecules from a second and even, possibly,
a third coordination sphere.

When increasing NS concentration in solution
an increase of the non-freezing water of HPMC
K4M+NS was found. It should be emphasized
that the hydration properties describe an average
behavior of HPMC+NS. We calculated the
number of hydration shells of this system based
on the considerations described for HPMC gel,
the number of hydration shells are summarized in
Table 5. It can be seen that the number of hydra-
tion shells increased to 2.2 (at the highest NS
concentration). These results can be interpreted
based on the hydration theory described and dis-
cussed above.

The number of NS molecules per PRU of the
polymer was calculated. The number of molecules
per PRU was found to be less than 0.3, except for
the highest concentration of NS (0.1 g/ml) at the
highest NS solution/HPMC ratio (8.49) in which
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freezable water in the outer gel layer of the ma-
trices (Fig. 9) show a faint endotherm below 0°C,
similar to that observed with HPMC K4M+NS
samples. Fig. 8b show that up to 8 h freezable
water was not detected in the inner portion of the
matrices. Above 8 h, the amount of freezable
water in the center of the matrices increased. The
penetration rate for HPMC (K4M) was slightly
higher compared to K100M. This can be ex-
plained by the higher swelling (data not shown) of
K100M matrices, which retarded the hydration of
the inner core. For HPMC K4M and K100M
matrices, the ratio of freezable water (per dry
sample) at the surface increased after 8 h. The
results indicate that amount of freezable water per
dry sample in the gelatinized surface layer of the
matrix did not increase until the whole matrix was
hydrated which is in agreement with the results

reported by Aoki et al., for the hydration of
hydroxypropylcellulose and ethyl cellulose ma-
trices. The constant amount of freezable water per
dry sample for K100LV matrices supported the
surface erosion mechanism of the matrix. For
matrices undergoing bulk erosion mechanism (for
example 100% EA matrices) this ratio increases as
matrix erosion proceeds (unpublished data). The
results imply that HPMC matrices of higher vis-
cosity grades (higher MW) are characterized by
higher ratio of freezable water per dry sample.
The higher water absorption capacity of higher
HPMC viscosity grades led to increase of matrix
swelling and to decrease in the differences of
hydrated matrix microviscosity values for the
three MW of HPMC. These effects lead to similar
diffusional drug release profiles for high MW of
HPMC (K4M, K100M) with slightly higher re-
lease for K4M. Regarding K100LV matrices, al-
though drug diffusion is anticipated to be similar
based on the microviscosity values, the higher
erosion (polymer disentanglement) of K100LV
matrices increased drug release significantly.

4. Conclusions

From the data obtained here it can be con-
cluded that matrices composed of various viscos-
ity grades of HPMC are characterized by similar
microviscosity values in spite of the difference in
their molecular weight. The NMR and DSC re-
sults led to the conclusion that higher molecular
weights of HPMC are characterized by higher
water absorption capacity and higher swelling.
Analysis of non-freezable water in HPMC(K4M)-
NS system revealed that addition of NS to solu-
tion increased the fraction of water bound to
K4M+NS compared with the equivalent solu-
tions without NS. The results suggest that the
drug is participating in the crystallization of water
and leads to the formation of a three dimensional
network structure that decreases the freedom of
water in K4M+NS samples. It was found (based
on DSC data) that 2.2 hydration layers are in-
volved in K4M-NS hydration compared with 1.5
for HPMC gel without the drug. This was ex-
plained based on the different water ordering in

Fig. 8. (a) Freezing and non-freezing water per dry sample in
the outer surface of HPMC/NS matrices; (b) Freezing water
per dry sample in the inner core of HPMC/NS matrices
compared with the outer surface.
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Fig. 9. DSC thermographs of samples taken from the outer surface of HPMC(K4M)/NS matrices at various hydration intervals. (a)
2 h; (b) 6 h; (c) 16 h.
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the gel induced by NS as a result of its absorp-
tion to polymer surface. Microviscosity values
measured by EPR for K4M/N and K4M/NS
hydrated matrices were found to be higher for
K4M/N matrices, especially at initial stage of
hydration. Mobile compartment calculations
showed lower values for K4M/N compared with
K4M/NS matrices. pH measurements by EPR
revealed that incorporation of N to HPMC ma-
trix led to lower internal pH value inside the
hydrated tablet compared with NS in which this
value was closer to the penetrating buffer, pH
7.4. This behavior leads to lower solubility of
N, which dictates its surface erosion mechanism,
compared with NS matrix, which was character-
ized by higher internal pH value and higher
drug solubility. These properties of HPMC/NS
increased chain hydration and stability, and led
to drug release by the diffusion mechanism.
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