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ABSTRACT: The formation of a gel coat around xanthan (Xan) tablets, empty or loaded with pentoxifylline (PF), and its
release in media differing in pH and ionic strength by NMR, MR imaging, and two release methods were studied. The T1 and T2
NMR relaxation times in gels depend predominantly on Xan concentration; the presence of PF has negligible influence on them.
It is interesting that the matrix swelling is primarily regulated by Xan despite high drug loading (25%, 50%). The gastric pH and
high ionic strength of the media do not influence the position of the penetration and swelling fronts but do affect the erosion
front and gel thickness. The different release profiles obtained in mixing and nonmixing in vitro methods are the consequence of
matrix hydration level and erosion at the surface. In water and in diluted acid medium with low ionic strength, the main release
mechanism is erosion, whereas in other media (pH 1.2, μ ≥ 0.20 M), anomalous transport dominates as was found out by fitting
of measured data with theoretical model. Besides the in vitro investigation that mimics gastric conditions, mathematical modeling
makes the product development more successful.

KEYWORDS: oral drug formulations, matrix tablets, gel thickness, magnetic resonance imaging, drug release mechanisms,
mathematical modeling, pH-controlled release

1. INTRODUCTION
Hydrophilic matrix tablets have been commonly used for many
years to provide sustained drug delivery. Upon contact of the
matrix tablet with body fluids, polymer chains hydrate and
swell, forming a gel coat around the tablet that regulates further
penetration of fluids. For successful drug release, the drug must
first transform from an undissolved state into a dissolved state,
and it may afterward diffuse through the gel layer.1,2 Numerous
experienced research groups have reported that, despite the
well-known mechanisms of gel formation around the dry matrix
core and drug release kinetics in vitro, there is a significant
inherent obstacle to the success of clinical or bioequivalent
studies for developing new therapeutic products. Because the
physiological parameters change progressively in the gastro-
intestinal tract,3 it is important to understand the swelling
behavior of matrix tablets under different pH and ionic
strengths of gastric fluids as well as their impact on
incorporated drug. The fact is that in matrix tablets a number
of processes are taking place at the same time and usually these

processes have been investigated individually, independently
from one another, and using different methods.4−6 Therefore,
there is a lot of specific information but rather few
comprehensive reports and conclusions.
The polymer matrix swelling process has been studied using

a variety of techniques such as rheology, thermal analysis,
optical rotation, light scattering, size exclusion chromatography,
optical imaging, ultrasound, and texture analysis, and later
NMR and magnetic resonance imaging (MRI) as well.7−16 To
be able to measure polymer swelling and drug release
simultaneously and under the same experimental conditions,
a combination of MRI and the USP-4 apparatus has been
developed.17,18 The same advantage was achieved by volume-
localized magnetic resonance spectroscopy19 and chemical shift
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imaging.20 With 1H and 19F MRI, gel thickness and drug
concentration in the gel layer as well as in the surrounding
medium have been determined simultaneously.21−23

The dominant matrix excipients for the majority of modified-
release formulations are hydrophilic polymers that can be of
semisynthetic or natural origin. Among them, hydroxypropyl
methylcellulose is the most frequently studied,2,7−9,11,13,21,24

while xanthan (Xan) produced biotechnologically by the
bacterium Xanthomonas campestris is also a well-known and
already widely used biopolymer.25 Chemically, Xan is a
heteropolysaccharide consisting of a β,1−4-D-glucose backbone.
The presence of glucuronic acid as well as pyruvate acid groups
is mainly responsible for its anionic polyelectrolyte character. It
is used in controlled drug delivery formulations and in the food
and cosmetics industry as a thickening agent or a stabilizer
mostly associated with the modification of viscosity due to
swelling. The native ordered and rigid conformation of Xan
chains has been reported to exist as a double-strand helix,26

although a single helical conformation has also been
proposed.27 In solution, the rigid helix−coil structure trans-
forms into flexible coils. This polymer is a weak acid (pKa 3.1)
that exhibits pH-dependent swelling and solubility. The
changes in Xan swelling and solubility at different pH may
cause changes of dissolution profiles and the reduction of drug
release and efficacy. In fact, in vitro dissolution methodologies
that assess the impact of physiological changes in the GI
condition are expected to better predict in vivo dissolution of
oral delivery systems and, hence, better assess efficacy, toxicity,
and safety concerns. The major goals of in vitro dissolution are
to ensure the performance of oral drug products and the
support of drug formulation design.28

The objective of the present study is to determine the
changes in xanthan tablets with high drug loading after contact
with various physiological media to predict in vivo swelling and
drug release. The specific aim was to study: (i) the effect of
high drug loading on T1 and T2 relaxation times of xanthan gels,
(ii) the effect of drug loading on swelling and erosion behavior
of xanthan tablets in various media, (iii) the influence of in vitro
dissolution conditions (rotating and “non-mixing” method) on
drug release and release kinetics, (iv) as realistic as possible
interpretation of the influence of high drug loading on xanthan
gel layer properties and drug release comparing experimental
results and theoretical predictions of polymer swelling and drug
release.
To test these, we studied Xan tablet swelling in various media

and the influence of pentoxifylline (PF), a highly soluble,
nonionogenic, model drug, using MRI approaches. The results
of PF release from Xan tablets under two different conditions,
that is, using a standard paddle method (USP IV model) and
static “non-mixing” conditions, in which medium penetration
was allowed from only one circular surface, were correlated
with mathematical analysis.

2. THEORETICAL SECTION
Different mathematical models for polymer swelling and drug
release from matrix tablets have been proposed.29−32 One of
them is a simple model developed by Narasimhan and Peppas
that was used to describe the hydrophilic polymer swelling
kinetics and drug release from matrix tablets (slab or disc) in
various media.33 The prevailing picture of the swelling and
release behavior of hydrophilic matrix tablets starts with
medium penetration, where the polymer concentration gradient
is formed. As the medium penetrates into the tablet, a

penetration front that is the border between the dry and the
hydrated glassy polymer, moves from the surface toward the
tablet center. When the medium amount is high enough, a
phase transition of the polymer from the hydrated glassy state
into a rubbery state occurs at swelling front position R, and
polymer chain disentanglement begins. The border between the
gel layer and the medium is denoted as erosion front S. Here,
the polymer chains gradually relax and further disentangle,
which causes matrix erosion. The model considers two moving
boundaries: R as the swelling front and S as the erosion front
and defines the gel layer thickness as S − R. A steady-state
solution to the model equations gives the dependence of the gel
layer thickness at time t as

− − − − − =
⎡
⎣⎢

⎤
⎦⎥

S R
B

A
B

B
A

S R tln 1 ( )2 (1)

and the expression for the fraction of the released drug Md at
time t normalized with respect to the drug released at infinite
time (Md∞) as

=
+ *

+
∞

M
M

v v

l
At Bt( 2 )d

d

deq d

(2)

Here, A and B are given as

= − *
+

+ * + *

+ * −
+

+ * + *

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

A D v v
v

v v v v

D v v
v

v v v v

( )
1

( )
1

1 1eq 1
1eq

1eq deq 1 d

d d deq
deq

1eq deq 1 d (3)

and

=
+

B
k

v v
d

1eq deq (4)

where D1 and Dd are the diffusion coefficients of the medium
and drug, respectively; v1* and vd* are the medium and drug
volume fractions at interface R, respectively; v1eq and vdeq are
the medium and drug equilibrium volume fractions at rubbery-
medium interface S, respectively; l is the tablet thickness; and kd
is the disentanglement rate of the polymer chains, which can be
given as the ratio of the radius of gyration rg and the reptation
time trept, kd = rg/trept.
The expression for drug release (eq 2) has two different time

dependencies. When the first term dominates (i.e., 2A ≫ B2),
drug release is controlled by Fickian diffusion through the gel
layer, whereas Case II transport, in which drug release is
controlled by polymer erosion, occurs when the second term
prevails (i.e., 2A≪ B2). In the intermediate region, non-Fickian
or anomalous transport occurs, in which drug release is a
combination of both drug diffusion and polymer erosion.

3. EXPERIMENTAL SECTION
3.1. Materials. Commercial xanthan (Xan) as a yellow to

tan powder with a MW of 2 × 106 g/mol, density of 1.5 g/cm3,
and viscosity of 800−1200 mPa s in 1% aqueous solution with
the mean particle size of 90 μm ± 30 μm was obtained from
Sigma-Aldrich Chemie, Germany. Pentoxifylline (PF), a
methylxanthine derivative with MW of 278.31 g/mol, solubility
in water of 77 mg/mL at 25 °C, density of 1.3 g/cm3, and mean
particle size of 60 μm ± 20 μm was supplied by Krka, d.d. Novo
mesto, Slovenia. For swelling and release experiments, six
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media with various pH and ionic strength were used: distilled
water, HCl solution at pH 3.0, and HCl at pH 1.2 according to
Ph. Eur. 8th ed. and the same media with increased ionic
strength μ achieved by NaCl. The final pH values and ionic
strengths of six media were: H2O (μ = 0 M), H2O (μ = 0.20
M), HCl pH 3.0 (μ = 0.001 M), HCl pH 3.0 (μ = 0.20 M),
HCl pH 1.2 (μ = 0.08 M), and HCl pH 1.2 (μ = 0.28 M). The
ionic strength μ was calculated as μ = 1/2∑i = 1

n cizi
2 where n is

the number of all ions in the solution, ci is the molar
concentration measured in mol/L (M), and zi is the charge
number of ion i.
3.2. Preparation of Xanthan Matrix Tablets. Xan and

the drug (PF) were mixed homogeneously using a laboratory
model drum blender (Electric Inversina Tumbler Mixer, Paul
Schatz principle, BioComponents Inversina 2L, Bioengineering
AG, Switzerland), and three types of cylindrical flat-faced
tablets with compositions (Xan, Xan:PF 3:1, and Xan:PF 1:1)
were prepared by direct compression (SP 300, Kilian and Co.,
Cologne, Germany) to form tablets with a diameter of 12 mm
and crushing strength of 100 N ± 10 N (Tablet hardness tester,
Vanderkamp, VK 200, USA). The tablets with PF (with 100 mg
or 200 mg of PF) had a mass of 400 mg ±10 mg and a
thickness of 3.2 mm ±0.05 mm. Tablets without PF were also
prepared with a mass of 500 mg ±10 mg and thickness of 4.2
mm ±0.05 mm. Before measurements, the moisture content of
the tablets was 7% ± 1% determined by Büchi moisture
analyzer (B-302, Büchi Labortechnik, Switzerland).
3.3. Preparation of Gels with Known Xanthan

Concentrations. Gels with known mass ratio (w/w) Xan/
medium ranging from 0.01−1.0 were prepared with H2O (μ =
0 M) and with HCl pH 1.2 (μ = 0.28 M) using three different
methods. For Xan concentrations between 0.01 and 0.4, Xan
was precisely weighed and dispersed in the medium with a
magnetic stirrer until a uniform gel was formed. For gels at
higher concentrations (from 0.4−0.6), weighed Xan powder
was slightly compressed in a glass tube, and a precisely weighed
amount of the medium was added. The tubes were sealed to
prevent medium evaporation and left at room temperature for 2
weeks until a uniform gel was formed. The gel homogeneity
was checked by 2D MR imaging, where the uniform signal
intensity through the sample reveals its homogeneity. The
tubes were weighed at the beginning and before the
measurements to detect any medium loss during gel
preparation. For higher Xan concentrations in water, tablets
from Xan powder were compressed and stored in desiccators
with saturated salt solutions (NaCl and NaNO2), which
produce controlled relative humidity conditions. The samples
were kept in the desiccators for 2 weeks to reach equilibrium
water content. For the highest Xan concentration, tablets at
room humidity were used.
For gels containing the model drug PF, Xan and the drug in a

1:1 ratio were mixed homogeneously using a laboratory-model
drum blender and prepared in the same way as the pure Xan
gels.
3.4. NMR Relaxation Times of Xanthan Gels. The NMR

spin−lattice (T1) and spin−spin (T2) relaxation times were
measured at room temperature at a 1H NMR frequency νH =
100 MHz for gels of known Xan concentration in two media,
water, and HCl pH 1.2 (μ = 0.28 M). The experiments were
performed on a TecMag Apollo (USA) MRI spectrometer with
a superconducting 2.35 T horizontal bore magnet (Oxford
Instruments, UK) equipped with gradients and RF coils for MR
microscopy (Bruker, Germany). The T1 time was measured by

a standard inversion recovery sequence34 (180° − τ − 90° −
AQ) by changing τ values from 0.02 ms to 15 s. T1 value was
determined from measurements by fitting the signal intensity
(S) obtained at different τ values to S(τ) = a1(1 − b1 exp(−τ/
T1)), where a1 and b1 are constants (b1 ≈ 2). The T2 times of
gels were measured using a CPMG pulse sequence35 (90° − τ
− [180° − τ − AQ-τ]N) with τ = 1 ms and N = 3000. The T2

times of samples at high Xan concentrations for which T2 is
short (T2 < 5 ms) were measured by a Hahn echo pulse
sequence by changing the inter echo time from 0.02 ms to 2 s.
The T2 values were determined from S(τ) = a2 + b2 exp(−τ/
T2)), where a2 and b2 are constants.

3.5. MR Imaging of Xanthan Tablets during Swelling.
The tablet for MRI was inserted in a container so that only one
cylinder base was exposed for the medium penetration. A tablet
at room humidity, which was not in contact with the medium,
was used as a reference (Figure 1). The first MR image was
taken approximately 10 min after the tablet came in contact
with the medium and then every 30 min for 15 h.

Figure 1. (a) Schematic presentation of the experimental setup with
denoted areas and fronts forming during swelling. The dashed line
indicates the position of the tablet at the beginning of the experiment.
(b) 2D MR image of Xan tablet in HCl pH 1.2 (μ = 0.28 M) medium
after 2.7 h of swelling with denoted areas and fronts forming during
swelling as observed on T1-weighted MR image together with
determination of the moving fronts: the erosion front was obtained
from one-dimensional signal intensity profile along the horizontal
direction of T1-weighted 2D MR image, the swelling front was
determined from T2 profile, and the penetration front was determined
from 1D SPI normalized signal intensity. The SPI signal in the region
between −6 mm and −10 mm comes from the reference tablet that
was not observed on 2D MR image due to too short T2. Zero on x axis
represents the surface of the tablet at the beginning of the experiment.
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MR images were recorded at room temperature with the
same spectrometer as used for the relaxation time measure-
ments. To be able to accurately determine the penetration,
swelling, and erosion front positions during tablet swelling,
three different MRI methods were used (Figure 1). To measure
the position of erosion front, the 2D T1-weighted MR images
were taken using a standard spin−echo pulse sequence34 with
an echo time (TE) of 6.2 ms and a repetition time (TR) of 200
ms. The field of view was 50 mm with in-plane resolution of
200 μm and slice thickness of 3 mm. To measure the position
of penetrated medium into the tablet, a one-dimensional single
point imaging (1D SPI) sequence was used. A single point on
the free induction decay was sampled at encoding time tp = 0.17
ms after the radiofrequency detection pulse α = 20° with TR of
200 ms. To measure the position of swelling front 1D T2
profiles were determined by a 1D SPI T2 mapping sequence
with the same acquisition parameters as for the 1D SPI
sequence was used.36 The interecho time of the spin
preparation CPMG echo train varied from 0.3 to 10 ms. The
field of view of the SPI sequences was 45 mm with in-plane
resolution of 350 μm. The measurements were repeated at least
three times for each kind of tablet and in all six media.
3.6. Drug Release Study from Xanthan Tablets. Two

different methods were used to study drug release from Xan
tablets: a standard paddle method and a “non-mixing” method
that simulated conditions as used during the MRI measure-
ments. Drug release measured by the paddle method was
performed on a fully calibrated dissolution apparatus
(Apparatus II, VanKel Dissolution Apparatus, model VK
7000, Cary, NC, USA). The measurement settings were the
following: paddle speed 100 rpm, temperature 37 °C ± 0.5 °C,
and 900 mL of medium. At predetermined time intervals, 10
mL samples were withdrawn without being replaced. The
collected samples were filtered through the filter with 0.45 μm
pores, suitably diluted with the release medium, and the
absorbance was measured at 274 nm (HP Agilent 8453 Diode
Array UV−vis Spectrophotometer, Waldbronn, Germany).
To study drug release using the “non-mixing” method, tablets

were inserted in the same containers as for MRI measurements.
Medium penetration was allowed from only one circular
surface, and there was no medium mixing. Ten containers with
tablets were prepared for each medium. The medium (5.2 mL)
was added at the same time in all the containers. At the same
time points as in the paddle method, the medium was removed
from one of the containers, and drug content was determined
as described above. Drug release with the “non-mixing” method
was measured in pure water and in HCl pH 1.2 (μ = 0.28 M)
medium. At the same time, the quantity of the medium that had
penetrated in the tablet at a certain time was determined as the
difference between the volumes of medium added and removed
and used for estimation of the dissolved PF amount.
3.7. Statistical Analysis. The values reported are means

and standard deviations of experiments carried out at least three
times. Data were analyzed using a one-way analysis of variance
(t-test), and p < 0.05 was considered significant.

4. RESULTS AND DISCUSSION
4.1. Effect of Xanthan and Drug Loading on T1 and T2

Relaxation Times of Gels. Starting from principles of MR,
the signal intensity depends on the concentration of (usually
1H) nuclei detected in a sample, on their relaxation times T1

and T2, and on their self-diffusion coefficient; it is possible to
accurately determine moving fronts in matrix tablets during

water penetration, swelling, and erosion.37 In our study,
swelling behavior of Xan tablets, empty or loaded with PF,
was investigated in media differing in pH and ionic strength.
First, the relaxation times of pure Xan gels and of Xan gels with
50% PF drug prepared in water and in HCl pH 1.2 (μ = 0.28
M) medium were measured at known Xan concentrations.
These were the media with the largest differences in pH and
ionic strengths used in the study. Monoexponential decay was
observed for all T1 and T2 measurements, indicating fast
exchange of water molecules between their bound and free
states. Monoexponential T1 and T2 decays in gels of cellulose
ethers have been observed also by other authors.8,10,13

However, in gels of some other polymers, multiexponential
T2 decay has been observed, and that was associated with a
distribution of mesh sizes.38,39 Therefore, a monoexponential
T2 decay observed in Xan gels implies that the distribution of
meshes of the polymeric network is narrow so that only one T2
value can be determined. However, the parameter a2 may also
contain the signal of a possible long T2 component that would
imply the presence of small amount of larger meshes.
At Xan concentrations below 0.8, both T1 and T2 decrease

with increasing Xan concentration. The T1 relaxation time
passes a minimum at Xan concentration 0.8 where the
rotational correlation time τ is of order of 1H NMR frequency
ωH (ωHτ ≈ 1). At higher concentrations, T1 increases and T2
further decreases (Figure 2). Different behavior of T1 and T2 is

due to the fact that T1 depends on motions at ωH and 2ωH,
while T2 depends also on the frequency independent term34

that becomes significant at ωHτ ≫1 (i.e., at Xan concentrations
higher than 0.8). Therefore, T1 probes high frequency motions,
whereas T2 is sensitive to the rather slow motions. Differences
in T1 relaxation times for gels formed with water and with acid
medium are negligible, while T2 relaxation times for gels at pH
1.2 are significantly shorter indicating more restricted mobility
of Xan chains in acid medium. The results show that the
incorporated drug does not significantly change the relaxation
times at any measured Xan concentration (Figure 2), meaning
that MRI signal intensity depends on Xan concentration only
and that the drug has negligible influence on it.

4.2. Effect of Drug Loading on Behavior of Xanthan
Tablets in Various Media. To follow changes within the
tablets during penetration, swelling, and erosion 2D spin−echo,
1D SPI, and 1D SPI T2 mapping sequences were used as
described in Mikac et al.37 Briefly, the border between dry and

Figure 2. Relaxation times T1 and T2 for gels at different Xan
concentrations c (w/w) prepared in H2O (μ = 0 M) and in HCl pH
1.2 (μ = 0.28 M).
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hydrated glassy Xan (the penetration front) was determined
from 1D SPI signal intensity profiles. The swelling front, where
Xan is transformed from a glassy to a rubbery state (gel
formation), was determined from T2 profiles. The T2 value at
glassy to rubbery state transition was determined to be 2.7 ms
± 0.5 ms. The erosion front was obtained from signal intensity
profiles of T1-weighted spin−echo MR images (Figure 1b). To
imitate the physiological conditions, swelling was followed in
six media, differing in pH and ionic strengths: H2O (μ = 0M),
HCl pH 3.0 (μ = 0.001 M), HCl pH 1.2 (μ = 0.08 M), and the
same media with increased ionic strengths: H2O (μ = 0.20 M),
HCl pH 3.0 (μ = 0.20 M), and HCl pH 1.2 (μ = 0.28 M).
Swelling data for pure Xan tablets and Xan tablets loaded

with 25% or 50% of water-soluble PF are shown in Figure 3.
The graphs represent the penetration, swelling, and erosion
front positions at different times for all three types of tablets
and all six media. The results showed that the media properties
do not influence the position of the penetration and swelling
fronts; therefore, at each swelling time, only one value (an
average value across all media) for the position of the
penetration front is shown in Figure 3, panel a and for the
swelling front in Figure 3, panel b. The behavior of Xan matrix
differs from matrix tablets with incorporated PF. The
penetration front in pure Xan tablets reaches a depth of 3.2
mm (thickness of tablets with PF) in 2 h, whereas in the tablets

loaded with PF, the penetration front reaches the same depth in
4 h (Figure 3a). Irrespective of the amount of drug
incorporated (25% or 50%), penetration fronts are similar.
Slower medium penetration can be explained by high solubility
of the PF, which uses some medium to dissolve. It is interesting
that the hydration is primarily regulated by Xan despite its
varying amounts in the tablets (100%, 75%, and 50%). Figure 3,
panel b shows very similar swelling front kinetics for all three
types of tablets in all media. The comparison of the positions of
swelling and penetration fronts (Figures 3a,b) shows that the
media penetrate faster, whereas the swelling is significantly
slower, irrespective of whether there is an empty matrix or it is
loaded with the drug. This suggests that water molecules enter
the matrix quickly, but the relaxation and hydration of the
polymer chains are relatively slower.
In the processes under consideration, the media properties

do not influence the position of the penetration and swelling
fronts but do affect the erosion front position (Figure 3c). The
erosion front expansion is the fastest for the tablets in water and
in HCl pH 3.0 medium and considerably slower in HCl pH 1.2.
Increased ionic strength decreases the erosion front expansion
in all media, although the effect is significant only in water or
dilute acid medium. The situation is, however, different when
the effect of drug on the swelling properties is considered.
Namely, PF changes the erosion front position depending on

Figure 3. Positions of (a) penetration fronts (the solid line shows the bottom of Xan tablets loaded with PF and the dashed line shows the bottom of
pure Xan tablets), (b) swelling fronts (the data of the penetration and swelling fronts represent the mean values for all six media at different values of
pH and ionic strength), and (c) erosion fronts in different media for pure Xan tablets and for Xan tablets with PF at two different drug loadings. Each
point represents the mean value ± SD.
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its amount in the tablet and on dissolution medium. The
position of the erosion front is the same within experimental
error for the pure Xan tablets and Xan tablets with 25% drug in
all media (Figure 3c), whereas for the tablets with 50% drug,
the position of the erosion front changes and is strongly
influenced by media pH and high ionic strength.
The differences of the erosion front with time result in

changes in the gel thickness (the distance between the erosion
and swelling front positions) of Xan tablets (Figure 4). The
presence of drug has no influence on the gel thickness at low
(Xan/PF = 3:1) loading, whereas high drug amount (Xan/PF =
1:1) affects the thicknesses. This effect is expressed only at pH
1.2, where approximately 25% thinner gel is formed, or at
increased ionic strength, whereby the gel is approximately 15%
thinner than in the empty Xan tablets (Figure 4). The drug
loading does not change the order of the gel thicknesses. The
thickest gel is formed in water and HCl pH 3.0 (μ = 0.001 M)
media, followed by a slightly thinner gel in these media with
increased ionic strength, and the thinnest gel is formed in HCl
pH 1.2 (μ = 0.28 M) medium.
The experimental data of gel thicknesses were compared with

eq 1, and parameters A and B representing the diffusion and
erosion impact, respectively, were obtained for each medium
for both drug loadings (Figure 5). Both parameters decrease
with increasing ionic strength or decreasing pH; however, the
decrease in parameter B is much stronger, especially in the case
of HCl pH 1.2 medium, where it decreases by five orders of
magnitude compared to the B value obtained for water. This
shows a significant decrease in the disentanglement rate kd of
the Xan chains at low pH, which is in agreement with previous
measurements of the radius of gyration.40 It has been shown

that the radius if gyration of xanthan’s chains decreases with
increased ionic strength, and an additional decrease occurs at
pH 1.2. Moreover, in water and HCl pH 3.0 (μ = 0.001 M)
medium, the parameters are similar for both drug loadings,
whereas in other media, the parameter A decreases with
increasing drug loading. In those media, also small differences
are observed in the B values.
As already discussed in our previous paper,37 in the presence

of ions in the medium (low pH or high ionic strength), the
screening effects of counterions on the negatively charged
hydrophilic COO− groups result in reduced repulsion between
Xan chains. Xan chains are in an ordered state (a double-
stranded helix), and the swelling is low. At higher pH or low
ionic strength, ionization of acid groups is enhanced, and
solubility and electrostatic repulsion between Xan chains is thus
increased, leading to thicker gel layer in water and at HCl pH
3.0.
Previous studies of the impact of incorporated drug on the

gel thickness of tablets made of other polymers showed
different dependences. For some polymers (HPMC, low-
substituted hydroxypropyl cellulose (LH41), PVP, amylose
starch), the incorporation of high-soluble drug causes higher
swelling, resulting in a thicker gel layer,41−43 whereas in the
case of low drug loading (10%) in amylose starch44 and in
HPMC even at high drug loading (up to 80%),7,45 no
significant changes in gel layer thicknesses have been observed.
On the other hand, in the case of low-soluble drug with 60%
loading, a thinner gel layer was observed in the HPMC matrix
tablets.45 It is therefore obvious that polymer swelling and the
gel layer thickness are dependent not only on the percentage of
drug, but also on the polymer type and drug solubility.

Figure 4. Gel layer thicknesses for pure Xan tablets (open symbols) and Xan/PF = 1:1 tablets (solid symbols) in different media. Each point
represents the mean value ± SD, and the lines are the best fits of the measured data to eq 1.

Figure 5. Parameters A and B obtained by fitting the time dependences of the gel layer thicknesses for various media and drug loadings to eq 1.
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4.3. Influence of Experimental Conditions on Drug
Release and Release Kinetics in Vitro. PF release from Xan
matrix tablets was monitored in all six media (pure water, HCl
pH 3, HCl pH 1.2, and the same media with increased ionic
strengths) by the paddle method, whereas the “non-mixing”
method was used only in pure water and in HCl pH 1.2 (μ =
0.28 M) medium, where the largest differences in polymer
swelling and drug release kinetics measured with the paddle
method were observed. The “non-mixing” method was
introduced to simulate conditions during MR studies and to
obtain more realistic correlations between formation of the gel
layer and drug release.
4.3.1. Drug Release Measured by the Paddle Method. The

drug release profiles obtained by the paddle method show a
little faster release from the tablets with 50% PF compared to
25% PF only in H2O (μ = 0 M) and HCl pH 3.0 (μ = 0.001 M)
medium after 5 h. In all other media, no differences were
observed (Figure 6a). Comparing release profiles of the
samples with the same drug loading in various media shows a
completely different picture (Figure 6b). Drug release is in pure
water only slightly faster than in a diluted acid medium. The
releases in a high-acid medium and in media with increased
ionic strength are, on the other hand, much faster. Increased
ionic strength affects drug release only in water and in dilute
acid medium, the effect at pH 1.2 being negligible, where the
polymer is predominantly in nonionic form.
To describe the release profiles obtained using the paddle

method, measured data were fitted by eq 2 with two variable
parameters kdif = √2A (vdeq + vd*)/l and keros = B (vdeq + vd*)/l.
The fitting parameters obtained for each medium are shown in
Figure 7. The parameter kdif is zero in media with zero ionic
strength and pH ≥ 3, and it increases with increasing ionic
strength and with decreasing pH, whereas keros slightly
decreases at these conditions. The values obtained imply
different release mechanisms in two cases. In water and in
diluted acid medium with low ionic strength, the main release
mechanism is polymer erosion, whereas in other media,
anomalous transport dominates, and because kdif ≫ keros, the
diffusion through the gel layer prevails. As expected, the release
is faster in the case of diffusion-driven release than in the case of
an erosion mechanism. Similar results (i.e., dependence of the
release mechanism on the medium properties) have already
been observed in Xan matrix tablets.46−48

Results also show that both parameters kdif and keros depend
on drug loading: kdif decreases, whereas keros slightly increases
with increasing PF amount. In pure water and HCl pH 3.0
medium, the PF release is somewhat faster from tablets with
50% PF after 5 h of swelling (Figure 6a). In this case, more
diluted gel is expected on the tablet surface due to the lower
amount of Xan polymer. This diluted gel is more sensitive to
shear forces in the medium during drug release measurements
by the paddle method, seen as faster erosion and expressed in
higher keros values. The situation is different in media with
increased ionic strengths, where drug release rates do not
change with increasing amount of drug in the tablet (Figure
6a). Here, the erosion contribution increases as well, but the
diffusion contribution decreases at higher drug loading (Figure
7).
4.3.2. Drug Release Measured by the “Non-Mixing”

Method. Completely different results of drug loading influence
on drug release were observed when measured by the “non-
mixing” method in H2O (μ = 0 M) and HCl pH 1.2 (μ = 0.28
M) medium. This shows that the selection of the release

experiment is of crucial importance for investigating the effect
of the amount of the incorporated drug. In the case of the “non-
mixing” method, faster drug release is observed for tablets
containing 25% drug in both media than in tablets with 50%
(Figure 6c). The effect of the media remains identical, and
therefore faster release was observed in acid medium compared
to water.
The influences of the media on drug release measured by the

“non-mixing” method were described by fitting measured values
of drug release to eq 2. For parameters A and B, the
corresponding values obtained from fitting the gel layer
thicknesses were used, and the fit parameter vdeq + vd* was
determined (Table 1). The sum vdeq + vd* strongly depends on
the medium properties; that is, it is approximately 10-times
greater in acid medium than in water. The vdeq + vd*

Figure 6. Release profiles of PF from Xan tablets in investigated media
measured by the paddle method: (a) comparison between drug release
from Xan/PF = 1:1 and Xan/PF = 3:1 tablets in all six media, (b)
comparison of drug release profiles with the same drug loading in
different media, and (c) release profiles measured by the “non-mixing”
method for Xan/PF = 1:1 and Xan/PF = 3:1 tablets in H2O (μ = 0 M)
and HCl pH 1.2 (μ = 0.28 M) medium. The symbols for panels b and
c are measured values, and the lines are the best fits to eq 2.
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dependence on drug loading is much smaller. The reason for
differences in drug volume fractions between the water and acid
medium is different polymer solubility in both media and, along
with that, the amount of the medium that is available for drug
dissolution.
In “non-mixing” conditions, drug loading changes the drug

release kinetics in the same way in water and in acid medium;
that is, faster drug release is observed in Xan tablets with 25%
drug in both media. However, the reason for faster drug release
at lower drug loading is different. In water, the sum vdeq + vd* is
higher at lower drug loading, indicating a higher amount of
dissolved drug that can be released from the tablet, and because
parameters A and B are the same for both drug loadings (Figure
5), a different amount of dissolved drug is the reason for
different drug release kinetics in water under still conditions. In
an acid medium, the sum vdeq + vd* is lower at lower drug
loading, which would imply slower drug release (Table 1).
However, parameter A is larger for 25% drug loading, and the
value of parameter B is the same for both drug loadings (Figure
5), which results in faster drug release at lower drug loading
despite the thicker gel layer (Figures 4 and 6c). Therefore, in
the acid medium, the gel structure that enables faster drug
diffusion through the gel layer is the reason for faster drug
release at lower drug loading.
From the model parameters A, B, and vdeq + vd*, the

parameters kdif and keros were calculated (Table 1) and
compared to drug release results measured by the paddle
method (Figure 7). In the case of the “non-mixing” method, the

parameters kdif and keros are much smaller than in the case of the
paddle method, showing much slower drug release under still
conditions.
There are two reasons for slower drug release measured by

the “non-mixing” method in comparison with drug release
measured by the paddle method. The first reason is that in the
case of the paddle method in contrast to the “non-mixing”
method, the medium is stirred, which increases the gel erosion.
This is expressed in water, where the value of diffusion
parameter kdif increases compared to the kdif value obtained
with the paddle method. The increase in the diffusion
contribution shows that drug diffusion through the gel layer
also contributes to drug release under still conditions owing to
smaller tablet erosion. In the case of HCl pH 1.2 (μ = 0.28 M)
medium, the diffusion contribution prevails for both methods,
which indicates a much lower effect of erosion even in the case
of mixing. This implies the formation of more rigid gel in an
acid medium, which is in agreement with shorter T2 values
measured in gels prepared with acid medium than in water at
the same Xan concentrations and prevailing diffusion-regulated
drug release.
The second reason for the slower drug release in the “non-

mixing” conditions is that the containers used for the “non-
mixing” and for the paddle methods are not the same. In the
“non-mixing” conditions, the amount of medium is much
smaller, and the medium can penetrate into the tablet from
only one circular surface, whereas in the case of the paddle
method, the medium can penetrate into the tablet from all

Figure 7. Fitting parameters kdif and keros, showing the contribution of different release mechanism, determined from drug release data measured by
the paddle method and fitted by eq 2.

Table 1. Values of Fitting Parameters vdeq + vd* Together with Calculated Values kdif and keros for Two Different Drug Loadings
of Xan Tablets in Water and Acid Medium for the “Non-Mixing” Method

Xan/PF = 3:1 Xan/PF = 1:1

vdeq + vd* kdif (1/h
0.5) keros (1/h) vdeq + vd* kdif (1/h

0.5) keros (1/h)

H2O (μ = 0 M) 0.0107 1.3 × 10−2 1.3 × 10−3 0.0083 1 × 10−2 1 × 10−3

HCl pH 1.2 (μ = 0.28 M) 0.07 4.1 × 10−2 4.6 × 10−8 0.08 3.5 × 10−2 5 × 10−8

Table 2. Volume of Medium Penetrated into the Tablet (V), Amount of Maximally Dissolved PF Drug in This Medium as % of
All PF in the Tablet (MD), and Amount of Released Drug in % (RD) for Tablets at Two Different Xan-to-PF Ratios in H2O (μ =
0 M) and HCl 1.2 (μ = 0.28 M) Medium in “Non-Mixing” Conditions

H2O (μ = 0 M) HCl pH 1.2 (μ = 0.28 M)

Xan/PF = 3:1 Xan/PF = 1:1 Xan/PF = 3:1 Xan/PF = 1:1

t (h) V (mL) MD (%) RD (%) V (mL) MD (%) RD (%) V (mL) MD (%) RD (%) V (mL) MD (%) RD (%)

10 1.07 82 5 1.09 42 4 0.55 42 14 0.50 19 11
18 1.39 >100 8 1.31 50 7 0.66 51 20 0.67 26 17
24 1.50 >100 10 1.51 58 9 0.76 59 26 0.69 27 23
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tablet surfaces, and the amount of medium in the container is
much larger. Therefore, at the same swelling time, a higher
amount of the medium is in the tablet when the paddle method
is applied, and consequently more medium is available for
polymer swelling as well as for drug dissolution. To check this,
the quantity of the medium that has penetrated into the tablet
was measured at different swelling times for the “non-mixing”
method.
The results of the measured volume of penetrated medium in

the tablet (V), the maximum possible quantity of dissolved PF
in this medium (MD), and the measured amount of released PF
from the Xan tablet by the “non-mixing” method (RD) are
listed in Table 2. Data are shown for later times when the
medium had already hydrated the entire tablet. From the data,
it can be seen that, especially in the case of an acid medium, the
amount of medium in the tablet is too low to dissolve the total
amount of the present PF. It is even more evident in the case of
higher drug loading. In water, the amount of the maximally
dissolved drug in the tablet (MD) is much higher, but it should
be stressed that Xan is also highly soluble in water,49,50 and it is
therefore expected that Xan will use a notable amount of the
medium. Thus, in reality, a lower amount of water is available
for drug dissolution. This is indeed the case because in water
lower values of drug volume fractions vdeq + vd* were
determined than in acid medium (Table 1), indicating that in
a realistic case even less medium is available for drug
dissolution in water than in an acid medium. This shows that
the amount of medium in the tablet (and, with this, drug
dissolution) is the limiting process for drug release under still
conditions.
4.4. Correlation between Gel Thickness and Drug

Release. The lack of correlation between drug release and gel
thickness shows that not only simple gel thicknesses, but also
the gel structure is the most important factor for drug release
kinetics from Xan matrix tablets. Namely, the gel structure is
expected to be different under different environment
conditions. In media with high pH and low ionic strength,
Xan chains repel each other due to the anionic nature of Xan
polymer, and polymer chains are highly hydrated. Hydrophilic
groups are exposed to interaction with water, which results in
rapid and extensive swelling. Consequently, abundant homoge-
neous gel with relatively small pores is formed. Xan is an acidic
polymer44 with a pKa of 3.1 and is therefore less soluble at pH
1.2, where its carboxylic groups are mostly unionized. In the
presence of ions in the medium, they screen the primary Xan
charges, resulting in reduced repulsion between Xan chains.
Xan chains are in an ordered state (a double-stranded helix),
and the swelling is low. This results in large regions of low
microviscosity and increase the total porosity of the
gel.40,47,51,52 On the basis of our results, the polymeric meshes
are large enough to allow efficient PF diffusion through the gel
layer, and in these media, drug release is mainly governed by
drug diffusion through the layer. Drug diffusion is even faster at
lower drug loading (higher kdif values with regard to 50% drug
loading for both methods measured; Figure 7 and Table 1),
where, owing to a higher amount of Xan in the tablet, larger
areas of poorly hydrated cores may be present in the matrix,
and consequently larger meshes are expected. Similar results
were also observed for hydrophobically modified poly(acrylic
acid) (HMPAA). In pure HMPAA, a nonhomogeneous region
containing partially swollen particles has been observed (such
as Xan in pH 1.2), whereas homogeneous gel has been formed

in the case of HMPAA neutralized with NaOH (such as Xan in
water).20

The results presented in this paper support our recently
published work in which we established that the medium’s pH
and ionic strength affect the swelling dynamics and gel
formation of Xan matrix tablets and consequently influence
the drug release kinetics.37 This finding was later confirmed by
subtle AFM measurements of crude Xan powder in the same
media and calculation of single polymer chain parameters, such
as end-to-end distance, contour length, radius of gyration, and
persistence length of individual Xan molecules.40

The results of Xan swelling and PF release kinetics in the
“non-mixing” conditions were in good agreement with the
pseudosteady approximation of the mathematical model that
accounts for the superposition of Fickian diffusion and polymer
erosion processes. The obtained model parameters show that in
water the diffusion contribution to drug release is smaller than
in the acid medium due to smaller value of the sum vdeq + vd*
indicating lower fraction of dissolved drug. The erosion
contribution is, on the other hand, higher in water due to
higher B value. In the acid medium, the diffusion contribution
leads to faster drug release, and owing to much lower B value
and with that lower disentanglement rate of Xan polymer
chains, to the thinner gel. The obtained parameters also show
that at higher drug amount in Xan tablets drug release is slower
due to lower values of vdeq + vd* in water and in the case of acid
medium due to lower value of the parameter A, that is, slower
diffusion.
The mathematical model thus shows that the additional

limiting factor for drug release kinetics is drug dissolution in
available medium within the matrix. This was proven in the case
of release in the “non-mixing” conditions, where the amount of
the medium in the tablet was too low to dissolve the total
amount of drug in the tablet even at times when the entire
tablet was already perfused with the medium. The same can
also be present in the case of drug release measured by the
paddle method, where the entire tablet is exposed to medium
penetration, and a higher amount of medium is expected to be
in the tablet. Nevertheless, the amount of medium in the
hydrated part of the tablet can, especially at shorter times, be
too small to enable dissolution of the entire quantity of drug,
which can additionally retard the drug release. Therefore, in
addition to the gel thickness and its structure, the amount of
the medium in the tablet that is available for drug dissolution
also seems to be a limiting factor for PF release from Xan
tablets. This should be considered for a more realistic design of
the tablets.

5. CONCLUSIONS
In the present study, we focused on Xan matrix tablets loaded
with highly soluble PF to explore the relationship between the
Xan swelling and PF release in the media with gastric pH and
ionic strength. The results based on MR imaging, drug release
measurements, and mathematical analysis indicated decisive
influence of Xan and significantly smaller impact of PF also at
the high ratios Xan/PF 3:1 or 1:1. Water penetrates in empty
Xan faster than in Xan with PF, swelling is in both cases similar,
and erosion front expansion drastically decreases in the tablets
with 50% PF at high ionic strength and pH 1.2. The release
profiles in various media were measured and matched with the
predictions of a mathematical model, which combines the
polymer swelling kinetics and drug diffusion to obtain release
mechanism. In water and in diluted acid medium with low ionic
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strength, the main release mechanism is erosion, whereas in
other media (pH 1.2, μ ≥ 0.20 M), anomalous transport
dominates owing to changes in polymer structure. As expected,
the release is faster in the case of diffusion-driven release than
in the case of an erosion mechanism. Drug release measured by
the paddle method is the same for different drug loadings in
media with low pH or high ionic strength, whereas faster drug
release is observed for higher drug loading in water or diluted
acid medium that is attributed to weaker gel, which is more
susceptible to erosion. By comparing drug release measured by
the paddle and by the “non-mixing” method, it was shown that,
in addition to the gel thickness and its structure, the amount of
the medium in the tablet that is available for PF dissolution is
also a limiting factor for drug release.
Polyelectrolytes are much more complicated than non-

electrolyte polymeric systems due the increased sensitivity on
pH value, ionic strength, and stirring speed of the medium.
Therefore, the specific properties of the Xan at the certain place
make it a fascinating niche for drug delivery development.
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