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Purpose. The present study was conducted in order to investigate the
correlation between the hydration properties of HPMC and EA ma-
trices, gel microstructure and mobility, crystalline changes occurring
in the gel and CBZ release kinetics. The influence of HPMC and EA
erosion modes on CBZ release kinetics was interpreted in terms of
gel microstructures.

Methods. NMR technique was used to determine the 7, and T, re-
laxation rates of water in hydrated matrices. PFGSE NMR technique
was employed to determine the SDC of water in the gels. EPR tech-
nique was used to determine the rotational correlation time of PCA
in the hydrated matrices, gel microviscosity, mobile compartment, a,
B, v parameters and lorentzian/ gaussian ratio. These parameters are
indicative of matrix microstructure.

Results. CBZ release mechanism from HPMC and EA matrices was
markedly different. This behavior was related to the different struc-
tures of the polymer and protein. 7, relaxation studies and SDC
measurements by NMR revealed higher chain hydration for HPMC
compared to EA. Using the EPR technique it has been shown that
the microviscosity and mobile compartment of matrices containing
HPMC are lower than matrices containing EA. The microviscosity,
mobile compartment and S-parameter values of hydrated matrices
containing different EA/CBZ ratios were in correlation with the crys-
tallization properties of CBZ in the gels, matrix erosion properties
and CBZ release kinetics from the matrices.

Conclusions. Characterization of matrix structures using EPR and
NMR techniques supported our hypothesis concerning the mecha-
nism involved in HPMC-CBZ interaction. EA/CBZ matrix micro-
structure features, analyzed by NMR and EPR techniques, were in
correlation with the crystalline changes occurring in the gel and drug
release kinetics.
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INTRODUCTION

In our previous research (1,2) we investigated the influ-
ence of hydroxypropyl methylcellulose (HPMC) and egg al-
bumin (EA) on the crystalline properties and polymorphic
transitions of carbamazepine (CBZ) using Differential Scan-
ning Calorimeter (DSC), Hot-Stage Microscopy (HSM), X-
ray powder diffraction (XRD), Scanning Electron Micros-
copy (SEM) and Contact Angle Goniometer (CAG). The
results suggested that HPMC and EA affected the crystalline
properties and polymorphic transitions of CBZ in the solid
state, aqueous solutions and in the gel layer of hydrated tab-
lets. In aqueous solutions containing HPMC and EA, the
polymer (and protein) inhibited the transformation of CBZ to
CBZ dihydrate form. This effect depended on HPMC and
EA concentrations. The inhibition of CBZ transformation to
its dihydrate form was more effective with HPMC and oc-
curred at molar concentrations of 100 times less in compari-
son to EA. In the gel layer of hydrated matrices HPMC in-
hibited the transformation of CBZ to its dihydrate form, par-
ticipated in its crystallization process and caused amorphism
of CBZ crystals.

Regarding EA matrix, it was found that EA effect on the
conversion rate of CBZ to the dihydrate form and formation
of well-developed whiskers depended on the EA concentra-
tion. Increasing EA concentration enhanced CBZ dihydrate
aggregation. This effect led to the formation of crystals with a
high mechanical strength and to the decrease of CBZ dihy-
drate solubility. Possible mechanisms which explain crystal
growth and aggregation as well as alteration of CBZ poly-
morphic transitions in the gel layer and in aqueous solution
were suggested.

The present study was conducted in order to obtain a
broader and deeper insight into the mechanism of CBZ re-
lease from HPMC and EA matrices. HPMC and EA were
selected as hydrophilic carriers in our research because of
significant differences of their molecular structures. The dif-
ferent carrier structures might lead to different gel properties
which can affect CBZ crystal habit properties and drug re-
lease mechanism. We investigated the correlation between
hydration properties of the matrices, gel microstructure and
mobility, crystalline changes occurring in the gel and drug
release kinetics using NMR and EPR techniques. NMR re-
laxation and EPR spectroscopy are powerful techniques for
studying in detail the structure, mobility, and hydration prop-
erties of various polymeric systems (3,4). The basic concepts
of these techniques were reviewed in our previous paper (5).

MATERIALS AND METHODS

Materials

Trade Egg albumin was obtained from Trima, Israel. Hy-
droxypropyl methylcellulose (Methocel K4M) was obtained
from Colorcon, England. Carbamazepine was obtained from
Taro, Israel. 3-carboxy proxyl (PCA), Folin-Ciocalteu’s phe-
nol reagent and Dicyclohexyl Carbodiimide (DCC) were pur-
chased from Sigma Chemicals Co, Israel. Sodium dodecyl sul-
phate (SDS) and sodium hydroxide were purchased from
BDH, England. Sodium carbonate was purchased from Fru-
tarom, Israel. Cupric sulphate was purchased from J.T. Baker,
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USA. Potassium sodium tartarate and Dimethyl sulfoxide
were purchased from Merck, Germany. N-hydroxysuccin-
imide (NHS) was purchased from Pierce, USA. Deuterium
oxide (99.9%) was purchased from Aldrich Chemical Inc.,
Israel.

Preparation of Tablets

For release experiments, cylindrical tablets were pre-
pared by direct compression of drug-polymer(protein)
blends, using a laboratory press (Carver Laboratory Equip-
ment, Carver Inc., USA) fitted with a 10 mm flat-faced punch
and die set, and applying 5-ton force. The final tablet weight
in all formulations was 0.4g.

Dissolution Studies

The dissolution kinetics of the tablets was monitored us-
ing a tablet dissolution tester (model 7ST Caleva, USA). The
USP basket method I was used. Rotation speed was 100 rpm
(unless otherwise stated) and dissolution medium was 700 ml
1% SDS aqueous solution, maintained at 37°C. CBZ levels
were monitored spectrophotometrically (Uvikon 930 Kon-
tron spectrophotometer, Switzerland) at 288 nm. Dissolution
studies were performed at least in triplicate for each batch of
tablet.

Erosion Studies

The erosion rates of the EA matrices were studied si-
multaneously with drug release experiments using the Lowry
method (6) at 730 nm. The erosion rates of HPMC matrices
were determined gravimetrically. At various time intervals
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.

EPR Measurements

Preparation of Tablets

For EPR measurements, at 9.4 GHz, the nitroxide, 3-car-
boxy-proxyl (PCA), was dissolved in acetone, added to the
polymer (protein) powder and mixed thoroughly to allow
even distribution of the spin label. After the acetone was
evaporated at room temperature, CBZ was added to the poly-
mer(protein)-nitroxide mixture and mixed thoroughly in or-
der to obtain homogeneous distribution of the nitroxide in the
mixture. The final nitroxide concentration in the mixture was
3-7 mmol/kg. Tablets were prepared, using a laboratory press
fitted with an 8 mm flat faced punch and die set, and applying
5-ton force. Tablet weight was 50 mg and the final tablet
thickness was 0.8 mm. When PCA conjugated to EA was used
as matrix carrier, the EA-PCA conjugate was mixed thor-
oughly with CBZ and then compressed into tablets.

Preparation of Egg Albumin-3-Carboxy-Proxyl
(EA-PCA) Conjugate

A solution of N-hydroxysuccinimide-3-carboxy-proxyl
was prepared: 3-carboxy-proxyl; 100 mg, N,N” Dicyclohexyl
carbodiimide (DCC); 166.2 mg and N-hydroxysuccinimide
(NHS); 92.7 mg were dissolved in 10 ml of dimethyl sulfoxide
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(DMSO) and stirred for 24 hours at room temperature. A
protein solution containing 20 mg/ml EA was prepared by
dissolving EA in 15 ml sodium borate buffer (pH 8.8). 5 ml of
the NHS-3-carboxy-proxyl ester was added to the protein so-
lution, mixed well and incubated at room temperature for 4
hr. 8 pul of 1 M NH,CI was added to the protein-3-carboxy-
proxyl amide solution. The solution was incubated for 10 min
at room temperature and extensively dialyzed against distilled
water for at least 24 hours to remove the uncoupled NHS-3-
carboxy-proxyl ester (7).

Sample Preparation for EPR Measurements

Tablet Hydration. Tablets, prepared as described previ-
ously, were hydrated in 10 ml 1% SDS aqueous solution, at
room temperature. At various time intervals the tablets were
removed and handled without mechanical damage. 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,
Israel).

Gel Preparation. EA and HPMC solutions and gels in
the concentration range 1-16.6% w/w were prepared with 10
M PCA in water, at room temperature. The solutions and
gels were loaded into capillary tubes or quartz flat-cell, de-
pending on medium viscosity. Gel microviscosity was calcu-
lated as described below.

Measurements of EPR Spectra. X-band (9.4 GHz) EPR
spectra were recorded using a Joel, JES-RE3X spectrometer
with the following settings: field center, 329 mT; scan range,
5.0 or 7.5 mT; scan time, 1 m; time constant, 0.1 sec; micro-
wave power, 1-4 mW (depending on water content in sample);
modulation amplitude, 0.1 mT. All measurements were per-
formed at room temperature.

Spectra Analysis

Line-Width and Line-Shape Analysis. Several experi-
mental EPR spectra were a superposition of spectral contri-
butions from mobile (solubilized) and immobile (nonsolubi-
lized) 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 stimu-
lated in such a way that the outer lines of the simulated and
experimental spectra overlapped. The mobile (solubilized)
part of the experimental spectrum remained after subtraction
of the simulated immobile spectrum. It has been shown that if
the radical is placed in a viscous fluid, the line width of each
component (M,=+1,0,-1) has the form (8):

T(M) = o +BM, +yM; )

Coefficient , is a constant term including all line-broadening
effects which are the same for all hyperfine components. Co-
efficients B and y depend 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 correlation time.

The line-width («, B, y 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.

Determination of Rotational Correlation Time of Nitrox-
ide in Hydrated Tablets. The immobile spectrum was sub-
tracted from the EPR spectrum as described above. The ro-
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tational correlation time (t.) of the spin probe in the gel
(subtracted spectrum) was calculated from the y-parameter,
using the equation (9):

T.=8y/b* )

where v is determined from line width simulations (eq 1),
b=2m(A, —a,) and a,=1/3(A__+A, +A_ ). A, b and vy values
are expressed in MHz units.

Microviscosity Calculations. For microviscosity calcula-
tions, the following approach was used: PCA was dissolved in
water and mixed with glycerol at different ratios. The solu-
tions were loaded into capillary tubes and the EPR spectra of
the water-glycerol solutions was recorded using X-band (9.4
GHz) spectrometer as previously described. The rotational
correlation time of the PCA in water-glycerol solutions was
calculated as described in the previous section. The viscosity
of solutions was obtained from Merck Index (10). For deter-
mination of microviscosity of the gels and hydrated matrices
the 7., of the recorded spectra as function of viscosity (cps)
was used as calibration curve; T, =2.227x 107"% + 9.703x
10712 x (viscosity (cps)), r=0.999 (13).

Determination of the Mobile/Immobile Compartment in
the Tablet. The immobile spectrum was subtracted from the
recorded EPR spectrum (mobile+immobile) as described in
the line-width and line-shape analysis section. The estimation
of mobile compartment was calculated using the equation:

mobile compartment (%) =

f fmobile (subtracted) spectra

x 100 3)
f f mobile + immobile spectra

The immobile compartment was calculated by subtracting the
percent of the mobile compartment from 100%.

Determination of Rotational Freedom of PCA Conju-
gated to the Protein. The determination of relative rotational
freedom of the nitroxide was based on the following consid-
erations (11,12). The distance between outer wide extremes
of EPR spectrum of completely immobilized spin-label equals
2A_., where A__ is the maximal principal value of the elec-
tron-nuclear hyperfine tensor A. (the other two principle val-
ues of A are designated A, and A,,). In the common case,
when the spin-label is not completely immobilized the dis-
tance between outer wide extremes of EPR spectrum is 24,,.
This value decreases, as spin-label motion becomes more
rapid. If spin-label is fixed rigidly to a protein molecule (for
example if it does not contain a spacer as in our case), 24,,
depends only on the rotational correlation of macromolecule
(13). To describe the molecular motion of the spin label we
used the order parameter S (14).

- ZII B ZD
A, —1/2Axx+ A

S 4)

yy)
Where A,, and A are measured from the experimental spec-
traand A,,, A,,, A, are the principal values measured in the
absence of molecular motions and in environment of similar

polarity. Since,
1/3(Azz + Axx + Ayy) = 1/:S(IXII + ZZD) = ag (5)

where a,-isotropic hyperfine constant of the nitroxide radical,
then equation 5 can be rewritten as (15):
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Ap—ag
S=7——— (6)
Azz — 4y
This expression is more useful than eq 4 since a,, is more easily
available from the experiment than A,, and A, .
The value of S=1 corresponds to an immobile spin-label
motion, while §=0 corresponds to an entirely mobile spin-
label.

Measurements of Viscosity

Viscosity measurements of EA solutions were performed
with Brookfield Model DV-III rheometer at 20°C.

NMR Relaxation Studies

Preparation of Tablets

For NMR relaxation studies, tablets were prepared by
direct compression of drug-polymer/protein blends, using a
laboratory press fitted with a 3 mm flat-faced punch and die
set, and applying 1-ton force. The final tablet weight in all
formulations was 30 mg.

Sample Preparation

5-mm standard NMR tubes were filled with double dis-
tilled water containing 1% SDS and 11 tablets (arranged as a
long cylinder) were inserted at once into the bottom of the
tube using a rod. The T, and T, 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.

T1 and T2 Relaxation Measurements

The T, relaxation time of water in the tablets was deter-
mined by an inverse recovery sequence (180°-7-90°-acquire)
(16). Because of the rapid matrix hydration and consequently
the rapid change of relaxation times (7, 75), the minimum
time necessary for relaxation measurements was used. Two
time delays were used for each measurement (1= 1.0, 2.2 sec).
The results were fitted to the equation; /=1,(I-exp(-t/T,)) and
a bracket and binary search routine was used to determine 7.
The results were consistent with the 32 point 7, experiment,
which showed the same 7, value to within a few percent;
(measured after 2-h hydration).

The T, transverse relaxation behavior of water in the
tablets was determined using Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequence [90,-(7-180,-7),,] (16). The n values
used were 2 and 16, which were equivalent to a time sequence
of 40 and 320 msec. The results were fitted to the equation
I=1exp(-/T,). The two-point experiment yielded results con-
sistent with the analysis of a 32-point experiment, which
showed the same 7, value to within a few percent; (measured
after 2-h hydration). The 7, and 7, relaxation experiments
were performed on a Bruker DRX 400 spectrometer. All
relaxation measurements were conducted at 25°C.

Self Diffusion Coefficient (SDC) Measurements

Preparation of Gels for SDC Measurements

EA and HPMC solutions and gels in the concentration
range 1-66% (EA) and 1-28.7% w/w (HPMC) were prepared
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with D,O. HPMC and EA gels especially at high polymer/
protein concentrations were difficult to load into 5-mm NMR
tubes because of their high viscosity. Therefore, 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 5S-mm NMR tubes.

SDC Measurements by NMR

The SDC measurements were performed in D,O based
on the method established by Tanner (17). We used the
pulsed field gradient stimulated spin-echo (STE) method (17—
19). The pulse sequence consists of three pulses 90°-90°-90°
which generates two stimulated field gradient pulses of dura-
tion, 8, during the 7 periods. The integrated peak intensity I,
of the species of interest is given by:

™)

Where [ and I, are the echo intensities with and without the
field gradient, respectively; 7, is the time between the second
and third pulses; 7, is the time between the first two pulses; 7,
and T, are the longtitudal and transverse relaxation times of
the species, respectively; «y is the gyromagnetic ratio; G is the
magnitude of the field gradient pulses; D is the self diffusion
coefficient; 8 is the gradient pulse length; and A 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/H,O) resonance. Typically, experiments were
performed keeping all parameters constant while increment-
ing G. The SDC was determined from the non-linear regres-
sion of the integrated peak intensity / against G°.

The NMR experiments were performed on a Bruker
DRX 400 spectrometer with BGUII gradient system capable
of 56 G/cm. The gradient was calibrated using a cylindrical
glass phantom sandwiched between two glass tubes and a
hollow glass cylinder sandwiched between glass rods and re-
cording the 'H or 2H NMR spectrum of the phantom im-
mersed in solvent with the gradient on.

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

RESULTS AND DISCUSSION

CBZ Release Mechanism from the Matrices

CBZ release kinetic from HPMC matrix occurred by the
surface erosion mechanism (pseudozero-order release). This
was indicated by the similar drug release and matrix erosion
rates. In contrast, as discussed in our previous paper, CBZ
release from EA matrix was controlled by the bulk erosion
mechanism and CBZ crystallization in the gel as the dihydrate
form (2).

In order to understand the molecular mechanism of CBZ
release from the matrices, gel microstructure was investigated
using NMR and EPR techniques.

Investigating of Water Mobility in HPMC and EA Matrices

To investigate water mobility within HPMC and EA ma-
trices, 7, and 7, relaxation rates of water were measured

Katzhendler, Mider, Azoury, and Friedman

using the NMR technique (Figure 1a,b). The experimental
design of our system allowed mainly radial penetration of
water into the tablets. Since only minute amounts of water
filled the space between the tablet and the NMR tube wall,
the T, and T, relaxation rates were affected mainly by the
bound water hydration. The 7, and 7, relaxation rates of
water increased as a function of time, reflecting the decrease
in the tumbling frequency of water due to the increase in the
number of hydrogen-bonding interactions to polymer/protein
side groups. T, water relaxation rates were similar for both
formulations indicating that the macroviscosity of the gels was
similar. The 7, relaxation rates were higher in matrices con-
taining HPMC, indicating higher chain hydration of HPMC.

Investigating Gel Mobility

In order to characterize water mobility within the protein
and polymer gels, the SDC of water in EA and HPMC was
studied for a large concentration range using the NMR tech-
nique. It was found that water diffusion was lower in HPMC
gels compared with EA gels. Regarding EA, Wang’s predic-
tion (20) that the SDC should depend linearly on the volume
fraction of the protein applied; D,=D,, (0)(1-ad) (r=0.998),
where ¢ is the volume fraction of the protein and a =1.451 (a
value of a=1.5 is applicable to spherical particles). This re-
lationship is one of the several used to describe the so-called
“obstruction effect”, and predicts a generally similar reduc-
tion in diffusion for dilute network systems in which there are
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Fig. 1. (a) 1/T;; (b) 1/T, relaxation rate of water in matrices contain-
ing 50/50 HPMC/CBZ and 50/50 EA/CBZ.
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no specific interactions between diffusant and macromolecule
(21,22).

Regarding HPMC, water diffusivity, D,,, could be ap-
proximately described as an exponential function of the poly-
mer concentration (w/w), C; D, =D, (0)exp(-KC) (r=0.998),
where D, (0) is the SDC of water extrapolated to infinite
dilution and K is a constant indicative of the retarding effect
of the polymer. In HPMC gels D, (0)=21x10"° cm?*/s and
K=2.8. The diffusional behavior of water described by the
exponential equation can be related to the Yasuda model (23)
which is considered one of the most useful models for de-
scribing diffusion of small molecules in moderately swollen
gels (24,25). The results suggest formation of an entangled
three dimensional network structure in HPMC gels, com-
pared with a diluted network structure for EA, in which the
ratio D /D, (0) is approximately independent of the associa-
tion of the globular EA molecules that form an extended
network structure.

Although SDC measurements revealed significantly
lower diffusion values of water in HPMC gels, The microvis-
cosity calculations of the corresponding gels, using the EPR
technique, revealed similar values for EA and HPMC gels.
The microviscosity values were in the range of 2.440+0.063
and 2.472+0.089 cps for EA and HPMC gels respectively (in
the concentration range 1-16.6% (w/w) protein/polymer).
The results imply that while SDC values are affected by poly-
mer/protein concentrations, the microviscosity values are less
sensitive to this effect. This difference can be explained by the
fact that the tumbling of water is affected by its interaction
with polymer hydroxyl groups an effect that leads to consid-
erable reduction of the SDC values. In contrast, the micro-
viscosity parameter is affected by the tumbling rate of the
nitroxide and is related to gel microstructure and the bulk
water content.

Correlation Between Gel Microviscosity and
Crystalline Properties

Since PCA has M.W. in the same order as CBZ, the
calculated microviscosity values reflect the environment to
which CBZ is exposed to, in the gels and hydrated matrices.
It was suggested in the literature that inhibition of drug crys-
tallization in different polymorphic forms is related to me-
dium viscosity (26,27). We propose that the crystallization of
the drug as the dihydrate form (in the molecular level) might
be related to medium microviscosity (rather than viscosity).
Increase of solution microviscosity, may induce a suppressive
effect on the nuclei formation and solvent mediated growth of
the nuclei formed during the crystallization process. Based on
the results of our previous investigation combined with the
results of the present study it can be concluded that although
EA and HPMC gels are characterized by low microviscosity
values (close to water), HPMC inhibits the crystallization of
CBZ as the dihydrate form compared with partial inhibition
effect of EA. These findings strengthen our suggestion pre-
sented in our previous research regarding specific interaction
between HPMC and CBZ, which inhibits CBZ conversion to
the dihydrate form (1,2). This interaction was proposed to
occur through hydrogen binding; the hydroxyl groups on the
polymer are attached to CBZ at the sites of water binding and
thus inhibit its transformation to the dihydrate form.

In order to get a deeper insight into matrix properties, we
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investigated the gel structure and hydration properties of the
matrices using the EPR technique. EPR studies performed at
a frequency of 9-10 GHz (X-band) are limited to aqueous
sample thickness less than 1 mm due to high non-resonant
dielectric losses caused by water content in the sample. There-
fore, our measurements were limited to thin tablets (< 1mm)
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 occurring in the outer sur-
face of the matrices.

Figure 2a,b presents the EPR spectra (first derivative) of
hydrated matrices containing 50/50 HPMC/CBZ and 50/50
EA/CBZ at various time intervals. Figure 3a,b presents the
corresponding integrated spectra of the formulations studied.
The integrated spectrum is more useful than the first deriva-
tive spectra for estimating the mobile/immobile compart-
ment. The contribution of the mobile species is more pro-
nounced in the first derivative spectrum due to the narrow
line-width, however, in the integrated spectra the contribu-
tion of the immobile component can be more clearly seen.
The EPR spectra of the dry tablets indicate a high immobili-
zation of the nitroxide, typical for solid samples with ran-
domly oriented nitroxides. Exposure to 1% SDS aqueous so-
lution led to changes in the spectral shape. The EPR spectra
consisted of a superposition of immobilized and highly mobile
PCA, indicating the formation of a low viscous compartment
in the tablet. The integrated EPR spectra of hydrated HPMC/
CBZ and EA/CBZ indicate a higher immobile compartment
in matrices containing HPMC.

Table 1 summarizes the mobile compartment of PCA in
the hydrated tablets, the rotational correlation time of PCA
and the corresponding microviscosity values of the hydrated
tablets. The rotational correlation time and microviscosity
values were found to be lower in formulation containing 50%
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Fig. 2. EPR spectra of hydrated matrices containing (a) 50/50
HPMC/CBZ; (b) 50/50 EA/CBZ. (c) PCA structure. (Unbound
PCA).
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HPMC compared with 50% EA. The lower microviscosity is
explained by the higher water binding and absorption of
HPMC matrices compared with EA. It should be emphasized
that our measurements were limited to initial hydration times
where matrix erosion was insignificant. It is expected that at
longer times, the bulk erosion of EA matrices would signifi-
cantly increase the amount of bulk water in the matrix, which
would lead to lower microviscosity values. Both HPMC and
EA microviscosity values are expected to approach the mi-
croviscosity of water at longer hydration times. Table 2 sum-
marizes the line-width («, B, y parameters) and line-shape
(G) simulations of the respective EPR spectra. In the HPMC
formulation the «, B, 'y parameters approach zero more
closely. The contribution of the gaussian line-shape was
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slightly higher in the HPMC formulation compared to EA
(after 1 and 3 min).

Correlation Between Drug Release Kinetics, Matrix
Erosion, Matrix Structure and Crystalline Properties

HPMC and EA matrices showed different erosion
mechanisms, which influenced the respective CBZ release ki-
netics from the matrices. CBZ was released from HPMC ma-
trix by surface erosion mechanism compared to EA matrix in
which CBZ release was influenced by matrix bulk erosion
mechanism and CBZ crystallization as the dihydrate form.

The different modes of matrix erosion stem from the
different structures of EA and HPMC molecules. While
HPMC should undergo a process of disentanglement in order
to be released from the matrix, a process which occurs at the
outer surface of the matrix (gel matrix-diffusion layer inter-
face), EA which is a globular protein does not undergo a
process of disentanglement and once hydrated it is released
from the matrix by diffusion. Therefore, the process of EA
bulk erosion occurs throughout the whole portion of the ma-
trix and is not confined to the diffusion layer interface.

Support for the different erosion modes of the matrices is
provided by the viscosity values of these molecules. It is
known that molecules undergoing chain entanglement are
characterized by strong viscosity dependence on concentra-
tion. The viscosity of 2% (w/v) aqueous HPMC solution is
4000 cps compared with a value of 3 cps for EA.

Using NMR T, relaxation studies it was shown that
HPMC matrices are characterized by higher chain hydration
compared to EA matrices indicating higher water binding
sites for HPMC matrices. Since HPMC is an entangled poly-
mer, chain hydration leads to breakage of polymer-polymer
contacts, increase of polymer hydrodynamic volume and
therefore to higher matrix swelling compared to EA.

The water SDC in HPMC gels could be described by the
Yasuda model compared to EA gels in which Wang’s model
applied. Measurements of SDC in the gels supported the for-
mation of an entangled three-dimensional gel structure in
HPMC compared to diluted network structure for EA. The
formation of diluted network structure for EA with low pro-
tein-protein interactions allows the protein diffusion from the
matrix interior. These properties of HPMC and EA gels led
to matrix surface erosion and bulk erosion mechanisms re-
spectively.

Although viscosity and SDC values were affected by
polymer (or protein) concentrations and the type of the dis-
solved macromolecule (HPMC or EA), the microviscosity

Table 1. Mobile Compartment (% ), Rotational Correlation Time of PCA and Microviscosity Values of 50/50 HPMC/CBZ and 30/70, 50/50,
70/30 EA/CBZ Hydrated Matrices

Rotational correlation time

Mobile compartment (%)

(1. x 10", sec)

Microviscosity (cps)

- HPMC/CBZ EA/CBZ HPMC/CBZ EA/CBZ HPMC/CBZ EA/CBZ

ime

(sec) 50/50 30/70  50/50  70/30 50/50 30/70  50/50  70/30 50/50 30/70  50/50  70/30
15 31.48 64.16 4781 28.73 0.470 1.04 2.30 2.61 4.82 10.7 23.6 26.9
30 38.33 69.26  55.04 3278 0.440 0.913 1.44 2.09 4.55 9.38 14.7 21.5
60 45.55 76.12 6454  51.50 0.404 0.626 1.04 1.44 4.14 6.43 10.7 14.8

180 61.03 8426  71.04  53.09 0.313 0.470 0913 1.30 3.20 4.81 9.38 134
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Table 2. Line-Width and Line-Shape Simulations of 30/70, 50/50 and 70/30 EA/CBZ EPR Spectra

50/50 HPMC/CBZ 30/70 EA/CBZ

50/50 EA/CBZ 70/30 EA/CBZ

Time

(sec) a B Y G* a B v G a B v G a B v G
15 121 -012  0.18 100 164 -016 040 100 180 -037 088 100 190 -0.50 1.00 100
30 1.10 -0.11  0.17 100 155 -0.13 035 95 150 -028 055 100 1.72 -040 080 100
60 1.00 -0.10 0.155 100 1.50 -0.11 0.24 80 1.50 -0.25 0.40 90 1.50 -0.35 0.55 90

180 1.00 -0.09 0.12 100 130 -0.09 0.18 80 135 -0.15 035 90 150 -028 0.0 90

* G: gaussian contribution (%).

The lorentzian (L) contribution is calculated by subtracting the gaussion contribution from 100%.

The L/G ratio is calculated from the L and G contribution.

values measured by EPR were less sensitive to this effect. The
microviscosity values measured by EPR reflect the environ-
ment to which the drug is exposed to in the gels and hydrated
matrices. The microviscosity values were similar for EA and
HPMC in the concentration range 1-16% (w/w). Since in our
previous study we showed that in this concentration range
HPMC completely inhibited CBZ transformation to its dihy-
drate form compared to partial inhibition (depending on EA
concentration) for EA, it can be concluded that the retarda-
tion of CBZ transformation to its dihydrate form is not re-
lated to gel microviscosity.

In hydrated matrices the results showed that HPMC and
EA are characterized by microviscosity values close to water
with higher initial microviscosity for EA which can be ex-
plained by its initial lower water binding capacity.

In a previous study we showed that HPMC inhibits CBZ
transformation to the dihydrate form and induces amorphism
of CBZ crystals with the formation of spherulite structure of
CBZ in hydrated matrices. It was suggested that the interac-
tion between HPMC and CBZ occurs through hydrogen bind-
ing. By contrast EA matrices behaved differently and CBZ
was transformed to its dihydrate form as a function of hydra-
tion time and matrix erosion. The finding that the microvis-
cosity values of the hydrated HPMC matrices were lower than
EA and approached the value of water suggests that the in-
hibition of HPMC transformation to its dihydrate form is not
related to the environment microviscosity. This supports our
hypothesis concerning a specific interaction between HPMC
and CBZ.

The contribution of the gaussian line-shape was found to
be slightly higher for HPMC matrices compared to EA (after
1 and 3 min), implying that the structure formed was more
heterogeneous (containing a higher number of components
with distinct microviscosities) in formulation containing
HPMC. This is attributed to the crystallization of CBZ in the
gel as the amorphous form. Support for this conclusion is
provided by the fact that the same formulation containing
naproxen, which does not undergo such crystalline changes,
was characterized by significantly lower guassian contribution
(60%) compared with 100% for CBZ formulation.

The lower mobile compartment in matrices containing
HPMC may be attributed to the higher water binding capacity
of HPMC chains, which retards water penetration into the dry
core. By contrast, because of the lower content of hydrophilic
water-binding groups on protein surface compared with
HPMC, the water molecules penetrating the matrix are inter-
acting to a lesser degree with protein and therefore the pen-
etration rate into the dry matrix core is higher.

Correlation Between CBZ Release Kinetics from EA
Matrices and Matrix Microstructure: The Effect of EA
Concentration on Matrix Properties

The Effect of EA Concentration on Matrix Microstructure

In our previous paper (2) we showed that the influence of
EA on CBZ release is anomalous. Decreasing EA concentra-
tions in the matrix decreased drug release. We proposed that
this effect is related to the increased crystallization of CBZ as
the dihydrate form in matrices containing lower concentra-
tions of EA. In order to obtain a deeper understanding of the
mechanism involved in CBZ release from EA matrix we mea-
sured the 7, and 7, relaxation rates, microvicosity and mo-
bile/immobile compartment of these formulations using NMR
and EPR spectroscopy.

NMR Relaxation Studies

Figure 4a,b presents the NMR 7, and T, relaxation rates
of water in the matrices. 7, relaxation rates were higher for
formulation containing 70/30 EA/CBZ compared with formu-
lations containing lower concentrations of EA. This behavior
of the EA/CBZ matrix reflects the increase of water binding
capacity of EA with the increase of EA concentrations. It is
known that crystalline water is characterized by higher 7,
relaxation rates compared with water bound to protein/
polymer (28). The initial higher water relaxation rate in ma-
trices containing 30/70 EA/CBZ compared with 50/50 EA/
CBZ may reflect the higher conversion rate of CBZ to its
dihydrate form in formulations containing lower concentra-
tions of EA, as discussed in our previous research (2). Figure
4a revealed that T, relaxation rates of water increased with
increasing EA concentrations in the matrix. Since the T re-
laxation rate is related to the water mobility within the gel,
the results imply higher gel macroviscosity in matrices con-
taining higher concentrations of EA.

EPR Studies

In order to characterize the gel microstructure and pro-
tein chain relaxation and to correlate between these effects,
drug release mechanism and matrix erosion, we analyzed the
EPR spectral parameters of matrices containing PCA in two
states: unbound and bound to protein chains.

EPR Spectra Analysis of Unbound PCA

Figure 5a,b,c presents the EPR first derivative and inte-
grated spectra of formulations containing different EA/CBZ
ratios. Table 1 summarizes the calculated mobile compart-
ment, rotational correlation time of PCA in the hydrated tab-
lets and the corresponding microviscosity values. Increasing
EA concentration retarded water penetration into the matrix
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Fig. 4. (a) 1/T;; (b) 1/T, relaxation rates of water in matrices con-
taining 30/70 EA/CBZ, 50/50 EA/CBZ and 70/30 EA/CBZ.

and correspondingly decreased the mobile compartment
(solubilized PCA). Increasing EA concentration in the matrix
increased the rotational correlation time of PCA and corre-
spondingly the microviscosity values increased. Matrices con-
taining 30/70 EA/CBZ were characterized by the lowest ro-
tational correlation time and microviscosity values.

These results are in correlation with the 7', T, relaxation
data and provide further support to our previous findings (2).
Increasing EA concentration in the matrix increased gel mi-
croviscosity and therefore retarded the conversion of CBZ to
its dihydrate form. Based on these results it can be concluded
that matrices containing the lowest EA content (30/70 EA/
CBZ) are characterized by the lowest gel microviscosity, high-
est conversion of CBZ to its dihydrate form, an effect which
led to slower CBZ release from the matrix.

Table 2 summarizes the line-width («, B, y parameters)
and line-shape (G) simulations of the respective EPR spectra.
Line-width simulations revealed that the «, B, y parameters
approach zero more closely in formulations containing lower
concentrations of EA, further supporting the lower microvis-
cosity in matrices containing 30/70 EA/CBZ compared with
50/50 and 70/30 EA/CBZ matrices. Line-shape simulation re-
vealed that increasing EA concentrations in the matrix in-
creased the contribution of gaussian line-shape. This implies
that the structure formed was more heterogeneous (contain-
ing a higher number of components) in formulations contain-
ing higher concentrations of EA. Inhomogeneous line broad-
ening (gaussian line-shape) may occur when the number of

Katzhendler, Mider, Azoury, and Friedman

hyperfine components from nearby nuclei is large, hence one
detects an envelope of a multitude of lines. In our system, the
mechanism contributing to inhomogeneous line broadening
may result from the super-hyperfine interaction between the
methyl protons and the nitrogen atom in PCA molecule (Fig-
ure 2c¢). The super-hyperfine interaction depends on the mo-
bility of the molecule (increasing medium viscosity will de-
crease the tumbling rate of the nitroxide and therefore the
contribution of gaussian line-shape will increase) and the rela-
tive arrangement of the methyl groups to the NO-group. In
the 30/70 EA/CBZ formulation the lower contribution of
gaussian line-shape is influenced by the lower gel microvis-
cosity compared with the formulations containing higher con-
centrations of EA.

EPR Spectra Analysis of Bound PCA

In order to examine the effect of EA concentration in the
matrix on protein chain relaxation, PCA was bound to EA
and PCA-EA conjugate was used as a matrix carrier. The
EPR first derivative and integrated spectra of formulations
containing 30/70 PCA-EA/CBZ, 50/50 PCA-EA/CBZ and 70/
30 PCA-EA/CBZ is presented in Figure 6a—c. It can be con-
cluded that the mobile compartment of PCA in the unbound
state (Figure 5) was higher compared with PCA in the bound
state (Figure 6). This difference is attributed to the fact that
the PCA in the unbound state is affected by the bulk water
which penetrated the matrix compared with PCA in the con-

First derivative spectra
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Fig. 5. EPR first derivative and integrated spectra of hydrated ma-
trices containing (a) 30/70 EA/CBZ; (b) 50/50 EA/CBZ; and (c) 70/30
EA/CBZ. (Unbound PCA).
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and (c) 70/30 PCA-EA/CBZ. (Bound PCA).

jugated state which is affected by the hydration and relaxation
of protein chains, a slower process. When comparing the EPR
spectra (first derivative and integrated spectra) of the three
formulations containing PCA-EA, it is revealed that the mo-
bile compartment, indicating chain hydration and mobility, is
lower in formulations containing higher concentrations of
EA. These results are in correlation with the erosion proper-
ties of the matrices, which showed a higher fraction of immo-
bilized EA that remained in the matrix in formulation con-
taining 70/30 EA/CBZ compared with 50/50 EA/CBZ and
30/70 EA/CBZ. EA release from matrices containing 70/30
EA/CBZ was lower compared with 50/50 and 30/70 EA/CBZ
(2). The results suggest that increasing EA concentrations in
the matrix increased protein-protein interaction and gel mi-
croviscosity. Consequently, the protein chain mobility and
EA release from the matrix decreased.

The S-parameter values calculated according to equation
6 are presented in Figure 6. The results imply that the S-
parameter is lower for 30/70 PCA-EA/CBZ matrices com-
pared with formulations containing higher contents of EA. A
lower S-parameter value indicates higher chain mobility fur-
ther supporting our conclusion that formulations containing
lower contents of EA are characterized by lower degree of
protein aggregation and higher chain mobility.

CONCLUSIONS

The present study was conducted in order to investigate
the correlation between the hydration properties of HPMC

1307

and EA matrices, gel microstructure and mobility, crystalline
changes occurring in the gel and CBZ release kinetics from
the matrices. The influence of HPMC and EA erosion modes
on CBZ release kinetic was interpreted in terms of gel mi-
crostructures.

Investigation of CBZ release from the matrices revealed
that drug release from HPMC matrix was higher and occurred
by the surface erosion mechanism (pseudozero-order release)
compared to the EA matrix in which matrix erosion occurred
by bulk erosion mechanism. The results suggested formation
of an entangled three-dimensional network structure in
HPMC gels, compared with a dilute network structure for
EA. Since EA is a globular protein it does not undergo a
process of entanglement in solution and once hydrated it is
released from the matrix by diffusion. The EPR and NMR
results imply that although there is sufficient mobility in
HPMC hydrated matrices, CBZ is not transformed to its di-
hydrate form in this formulation. This finding supports our
hypothesis concerning the mechanism involved in the inhibi-
tion of CBZ transformation to its dihydrate form in the pres-
ence of HPMC, which occurs through specific interaction with
hydroxyl groups of the polymer. The microviscosity and mo-
bile/immobile compartment values in hydrated matrices con-
taining different EA/CBZ ratios were in correlation with the
crystallization properties of CBZ in the gels and its release
kinetics from the matrices. The mobility values (S-parameter)
of PCA conjugated to EA (in PCA-EA/CBZ matrices) were
in correlation with EA aggregation and erosion properties of
EA/CBZ matrices.
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