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Microscopic capsules made from polysaccharides are used as carriers for drugs and food additives. Here,
we use NMR microscopy to assess the permeability of capsule membranes and their stability under dif-
ferent environmental conditions. The results allow us to determine the suitability of different capsules for
controlled drug delivery. As a measure of the membrane permeability, we monitor the diffusion of para-
magnetic molecules into the microcapsules by dynamic NMR microimaging. We obtained the diffusion
coefficients of the probe molecules in the membranes and in the capsule core by comparing the measured
time dependent concentration maps with numerical solutions of the diffusion equation. The results
reveal that external coatings strongly decrease the permeability of the capsules. In addition, we also visu-
alized that the capsules are stable under gastric conditions but dissolve under simulated colonic condi-
tions, as required for targeted drug delivery. Depending on the capsule, the timescales for these processes
range from 1 to 28 h.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Magnetic resonance imaging (MRI) of small samples with high
resolution on the order of 10 lm is known as NMR microscopy
(lMRI, MR microimaging) and has been shown to be an excellent
tool for a large variety of non-invasive investigations in medicine,
biology and material sciences [1,2]. Besides the investigations of
static microscopic structures, NMR microscopy is especially power-
ful for probing dynamic processes like diffusion or flow. Such mea-
surements of diffusion and flow are commonly achieved by using
pulsed magnetic field gradients for encoding spatial information
into a phase factor of a spin echo [3], leading to maps of apparent
diffusion coefficients or velocities [4]. An alternative way of mea-
suring diffusion processes relies on the utilization of magnetic res-
onance contrast agents (CA) which greatly enhance the sensitivity
[5]. Paramagnetic molecules like chelates of the gadolinium ion,
which enhance the relaxivity of surrounding molecules and there-
fore generate concentration depending signal amplitudes in T1-
weighted MR images [6], are the most prevalent contrast agents.
In clinical MRI, such contrast agents are frequently used for assess-
ing tissue perfusion. However, the application of contrast agents in
NMR microscopy is relatively uncommon. Examples of such appli-
cations are characterizations of CA diffusion in hydrogels [7,8]
and measurements of concentration maps of CA in animal cell
ll rights reserved.
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bioreactor systems [9]. Here, we use Cu ions and the chelate
Gd-DTPA as contrast agents for probing the permeability of
microcapsules.

Microcapsules consisting of natural polysaccharide hydrogels
such as alginates or pectinates are frequently used for the encapsu-
lation and transportation of drugs and for the transplantation of
cells [10–12]. The encapsulation protects the content of the cap-
sules against outer influences like enzymes of the gastrointestinal
tract and provides the possibility of controlled and site-specific re-
lease. If the capsules should be used for colon targeted delivery,
they must posses a low permeability for the ingredient in the
stomach, whereas they should have a high permeability or even
dissolve in the colon. For achieving these properties, the pure
hydrogel capsules can be modified by applying additional coatings
like chitosan, poly-L-lysine or shellac [13–15].

The microcapsules studied here consist of the natural polysac-
charide pectin which can be extracted from the cell walls of higher
plants [16]. Low esterified pectins form three-dimensional ionotro-
pic hydrogels with divalent cations. Here, we use this property to
produce liquid filled spherical capsules with a membrane of cal-
cium pectinate hydrogel. Since the permeability of these pure
hydrogel capsules is too high for many applications [17], we coat
them with shellac, a physiologically harmless and biodegradable
resin secreted by the female lac bug (kerria lacca), which precipi-
tates in acidic environments [18,19] and is commonly used as a
coating material in pharmaceutical applications as well as in the
food industry [20]. In previous studies, it was used to coat pectin
matrix tablets which have recently been used for transporting
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drugs to the colon [21] or as an additive to form pectinate-shellac
composite capsules with improved mechanical stability [22].

In an earlier study, we showed how the application of an exter-
nal shellac coating can be used to adjust the permeability of hydro-
gel capsules by combining magnetic resonance (MR) imaging with
release measurements performed by UV/VIS spectroscopy [23]. In
that study, two different experimental methods (NMR imaging
and UV/VIS spectroscopy) were needed for determining diffusion
coefficients of the capsule membranes. Here, we utilize contrast
agent enhanced dynamic NMR microimaging to characterize the
permeability with a single measurement technique. A serial acqui-
sition of NMR images of capsules, which were placed into a CA
solution, leads to time and permeability depending signals arising
from the liquid capsule core. From these concentration profiles, we
extract the diffusion coefficients by fitting a numerical solution of
the diffusion process to the experimental data.

Dynamic NMR microscopy can not only be used for permeabil-
ity measurements, but also to characterize the stability of the cap-
sules in different chemical environments. When used for colon
targeted delivery, the capsules must not release the encapsulated
drug in the stomach and the small intestine, but in the colon. This
property can be achieved if the capsules do not change their struc-
ture in the stomach and small intestine, whereas they dissolve in
the colon. By performing NMR imaging of capsules in different
solutions simulating gastrointestinal conditions, we investigate
structural changes and dissolution processes under gastric, intesti-
nal and colonic conditions.
2. Permeability measurements

The production of the capsules follows the technique described
in [23]. Details are given in Appendix A and B.
2.1. Measurement of contrast agent diffusion

NMR microscopy offers the possibility to obtain a two dimen-
sional image of the relaxation-time weighted spin-density of a slice
through a sample by applying pulsed magnetic field gradients [1].
The higher static magnetic fields and the stronger pulsed magnetic
field gradients (here�1 T/m) result in greatly enhanced spatial res-
olution of NMR microscopy compared to clinical MRI, thus allow-
ing us to use it for characterizing microcapsules. We used a
modified spin echo imaging sequence [24] for acquiring NMR
images of the capsules on a 14 T Varian CMX Infinity Plus 600 spec-
trometer, which is equipped with a Resonance Research BFG-73/
45–100 MK 2 gradient unit and a 5 mm inner diameter Bruker
microimaging probe. Using this equipment, we achieve spatial res-
olution on the order of 10 lm.

Contrast agents (CA) are commonly used in medical MR imaging.
Most of them are molecules including atoms with unpaired elec-
trons with a long electronic relaxation time that enhance the relax-
ivity of surrounding molecules like water due to paramagnetic
relaxation. Their contribution to the relaxation rate is proportional
to their concentration. The application of such molecules as con-
trast agents in MR imaging relies on the opportunity to achieve con-
trast between regions of different relaxation times by adjusting the
echo time (TE) and repetition time (TR). Contrast agents can be used
for permeability measurements of microcapsules by placing them
into a CA solution and consecutively acquiring NMR images. If the
parameters in the pulse sequence are well chosen (i. e. repetition
times �T1), the NMR images show a significant contrast between
regions of different CA concentrations. Thus, a serial acquisition of
images allows us to measure the time-dependence of the concen-
tration profile if the diffusivity of the CA molecules is low compared
to the acquisition time. Here, we use the contrast agent Gd-DTPA,
which is frequently used in medical imaging, and the ion Cu2+.
Using different molecules with different sizes offers the opportu-
nity to determine molecular-size depending permeabilities.

For preparing the permeability measurement, a 5 mm outer
diameter NMR tube was filled with an aqueous solution of the con-
trast agent with initial concentration c0 (1.83 mmol/l Gd-DTPA or
7.44 mmol/l Cu2+). The CA solution was adjusted to an acidic pH
of 6 by adding calciumchloride in order to assure that the capsules
do not dissolve while the permeability measurement takes place.
The pH value could not be set to a lower value because the stability
of the Gd-DTPA complex decreases dramatically at more acidic pH
values. The NMR tube also contained a susceptibility plug at the
bottom. This plug has a small drilling in its center to fix the posi-
tion of the capsule. It consists of polyetherimide, which has a mag-
netic susceptibility similar to that of water.

In order to start the experiment, a microcapsule with a diameter
of 1–2 mm was transferred from an aqueous storage solution
(including 0.5 %wt CaCl2, pH = 6) into the NMR tube. As the capsule
came into contact with the CA solution, the CA molecules started to
diffuse into the capsule. The NMR tube was quickly inserted into
the probe and the magnet of the NMR spectrometer. Then, an im-
age of a vertical plane through the sample was acquired to deter-
mine the vertical position of the capsule. After that, the actual
measurement was started by successive acquisition of images in
a horizontal plane through the center of the capsule. The time be-
tween the first contact of the capsule with the contrast agent solu-
tion in the tube and the initialization of the acquisition of the NMR
images used for the diffusion visualization was measured and ta-
ken into account in the analysis described in Section 2.3. For all
measurements, this time delay was about 90 s. After the acquisi-
tion of one image, which took 1.3 min, the next image acquisition
was directly initiated. For one permeability measurement, about
100–1000 images were acquired, depending on the time until
equilibrium between concentration inside and outside of the cap-
sules was achieved.

The images were acquired with a FOV (field of view) of (6
� 6) mm2 and a slice thickness of approximately 150 lm. A four
steps phase cycle was used for improving the signal to noise ratio
and suppressing imaging artifacts. The echo time was set to 20 ms,
whereas the repetition time was adjusted to 150 ms. This short
time compared to T1 of pure water (�2 s) yielded in a contrast be-
tween regions of high and low CA concentrations since in high con-
centrated regions T1 is approximately 100 ms. Due to this contrast,
the diffusion of the contrast agent into the capsule could be well
visualized. The acquisition time for one image was �1 min.

Due to technical limitations, all experiments were performed at
a temperature of 10 �C.

For enhancing the image quality, we processed the k-space data
by applying a sin2 apodization and a zero filling in the phase
encoding and frequency encoding directions before performing a
two dimensional Fourier transformation. The pixel size of the
resulting images was (11.5 � 11.5) lm2.
2.2. Calculating the concentration of contrast agents

For a voxel in an NMR image acquired with a spin echo se-
quence, the signal amplitude is given by [25]

S ¼ S0 � e
�TE

T2 � 1� 2e
� TR

T1
� TE

2T1

� �
þ e�

TR
T1

 !
: ð1Þ

In this equation, TE and TR represent the echo time and the repeti-
tion time of the sequence, whereas T1 and T2 are the longitudinal
and transversal relaxation times.
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For liquid solutions of paramagnetic molecules a linear relation
between the relaxation rates R1;2 ¼ T�1

1;2 and their concentrations c
can be assumed:

R1;2ðcÞ ¼ k1;2 � c þ R1;2ð0Þ: ð2Þ

In order to obtain these functions for the contrast agents used in our
experiments, we measured the relaxation times of differently con-
centrated solutions before the permeability experiments were per-
formed. With the help of Eq. (1) the parameters TE and TR in the
imaging sequence and the value of c0 were chosen by considering
that the slope of the signal function should be high, that signal
amplitude is maximized and that the used c0 is below the maximum
position of the signal function. These considerations yielded a good
contrast between regions of different CA concentrations, a high sig-
nal to noise ratio in the images and a distinct allocation of concen-
trations to signal amplitudes.

For each acquired NMR image a contour tracing algorithm was
used to find contour lines that separate regions of different signal
amplitudes. With these contour lines, we could assign all voxels
to the different areas of the sample (air and tube wall (noise), con-
trast agent solution, capsule membrane and liquid core of the cap-
sule). The contour lines also allowed for automatic determination
of the center and diameter of the capsule and its membrane thick-
ness, which is needed for the fitting procedure described in the
next chapter.

The parameter S0 in Eq. (1) can be obtained from the amplitude
SCA�sol. of the voxels corresponding to the contrast agent solution
with concentration �c0 in the first acquired image:

S0 ¼
hSCA�sol:i1stimage � hnoisei1st image

e�TE=T2ðc0Þ 1� 2e
� TR

T1 ðc0 Þ
� TE

2T1ðc0 Þ

� �
þ e�

TR
T1ðc0 Þ

 ! ; ð3Þ

where hnoisei1st image represents the average amplitude of the pixels
in the wall and air regions. Using Eq. (3) with (1) allows for calcu-
lating the contrast agent concentration in each voxel of the image.
In addition to the concentration calculation, the distance of each
voxel in the liquid core to the center of the capsule was also calcu-
lated, leading to time and distance dependent concentration pro-
files cexp(r, t).

2.3. Numerical simulation of diffusion and fitting of diffusion
coefficients

The basis for a theoretical description of the diffusion process is
Fick’s 2nd law. For systems with a radial symmetry, it can be writ-
ten as

@c
@t
¼ D

@2c
@r2 þ

2
r
@c
@r

 !
; ð4Þ

where r is the distance to the center of symmetry. This partial dif-
ferential equation describes how the concentration c of a molecule
with diffusivity D changes with time t and place r under a concen-
tration gradient.

Considering the diffusion of a solute into a sphere in a solution
bath with volume V, Crank derived an analytical solution of Eq. (4)
for describing the concentration within the sphere depending on
time and diffusion coefficient [26]. However, this solution is only
applicable if the bath is well stirred. So for our experiment, where
the capsules are in a bath that is not in motion, Crank’s solution
can’t be used. Therefore, we solved Eq. (4) numerically by using
the MATLAB function pdepe with the initial conditions

cðr ¼ 0 . . . rout; t ¼ 0Þ ¼ 0
cðr ¼ rout . . . rbath; t ¼ 0Þ ¼ c0; ð5Þ
where rout is the outer radius of the investigated capsule (radius of
liquid core (rin)+membrane thickness) and rbath is the radius which a
spherical bath would have with a volume equal to the volume of the
solution in the NMR tube. We used a coordinate system which has
its origin (r = 0) in the center of the capsule. Choosing the boundary
conditions as

@c
@r

����
r¼0
¼ @c
@r

����
r¼rbath

¼ 0 ð6Þ

and assuming a spatially variable diffusion constant

Dðr ¼ 0 . . . rinÞ ¼ Dðr ¼ rout . . . rbathÞ ¼ Dfree

Dðr ¼ rin . . . routÞ ¼ Dmembrane; ð7Þ

we obtained the two dimensional concentration profile cnum(r,t)
depending on the size of the capsule and the diffusion coefficients
in the capsule membrane (Dmembrane) and in water (Dfree). This
numerical solution was used in a least square fitting procedure to
obtain Dmembrane and Dfree from the measured concentrations.

The correctness of the numerical solution was tested by com-
paring Crank’s analytical solution to a numerical solution in which
the diffusivity in the bath was adjusted to a very high value, sim-
ulating stirring. Both methods yielded the same solution.

2.4. Results and discussion

Fig. 1 shows NMR images of two exemplary measurements
which were acquired while the CA was diffusing into uncoated
(a) and coated (b) capsules. In the first images, which correspond
to a diffusion time of 2 min, the signal arising from the capsule core
is very weak, indicating low CA concentration and therefore long
relaxation times. As time increases, the contrast agent diffuses into
the capsule and leads to stronger signals from the liquid core. In
the images where the signal from the core is strong enough, the
capsule membrane, the core and the surrounding solution are well
distinguished, because the signal from the membrane is very low.
The signal reduction in the membrane area results from the short
transverse relaxation time. In a previous study, we used microi-
maging for visualizing the different layers of the membrane [23].
In the present images, the different layers of the membrane cannot
easily be identified, since the measurement parameters were opti-
mized for diffusion studies, rather than precise geometrical
measurements.

In order to calculate the concentration of the contrast agent in
each voxel, we measured T1 and T2 for solutions with different con-
centrations and performed a linear least squares fit to obtain the
parameters k1,2 and R1,2(0) in Eq. (2). Table 1 summarizes the re-
sults of the fitting procedure. It is obvious that the molar relaxivity
is much higher for Gd-DTPA than for Cu2+ which is a consequence
of the high magnetic moment of the gadolinium ion.

Fig. 2a shows the CA concentration inside the capsule as a func-
tion of time and distance to the center of the capsule. In order to
obtain a radial dependence of the concentrations, we calculated
the mean value of the signal amplitudes averaged over a range of
distances to the capsule center. We then used Eqs. (1) and (2) to
convert the signal amplitudes into concentrations. For short diffu-
sion times, the overall concentration in the capsule is very low, but
a significant concentration gradient from the center of the capsule
to the membrane can be recognized. For longer diffusion times, this
concentration gradient decreases, since the diffusivity of the CA is
higher in the liquid core than in the capsule membrane. For long
times, the concentration in the capsule approaches the equilibrium
value of the solution outside of the capsule. This equilibrium con-
centration value is roughly the same as the initial concentration of
the CA solution since the solution volume is about 1000 times the
capsule volume.



Fig. 1. NMR images which visualize how the contrast agent Gd-DTPA diffuses into an uncoated pectinate microcapsule (a) and into a shellac coated pectinate microcapsule
(b) leading to time dependent signal amplitudes within the capsule cores.

Table 1
Fitted parameters describing the linear dependence of the relaxation rates on the
concentration.

Contrast agent k1 ðl=s mmolÞ R1(0) (s�1) k2 ðl=s mmolÞ R2(0) (s�1)

Gd-DTPA 4.94 0.03 6.28 1.2
Cu2+ 0.94 0.2 1.28 1.0

Table 2
Diffusion coefficients of contrast agents in capsule membranes and water obtained by
fitting a numerical simulation to the experimental data. Estimated accuracy: 15% for
Dmem and 20% for Dfree. The different numerical values for the diffusion coefficients
correspond to different capsules and indicate the range of observed values.

Contrast agent Capsule type Dmem 10�11 m2=s
� �

Dfree 10�11 m2=s
� �

Gd-DTPA Uncoated 5 30
Cu2+ Uncoated 11 80
Gd-DTPA Coated 5/0.06/�0 30/30/n.a.
Cu2+ Coated 6/0.02 80/80
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From a numerical solution of Eq. (4), we can determine diffusion
coefficients for the contrast agent in the solution and liquid capsule
core (Dfree) and in the membrane (Dmem). Fig. 2b shows the concen-
tration profile, which was obtained by a least squares fit to the
experimental data plotted in Fig. 2a, using Dfree and Dmem as adjust-
able parameters. A two-dimensional comparison between the sim-
ulated and experimental data is given in Appendix C.

The obtained diffusion coefficients of Gd-DTPA and Cu2+ in
different membrane compositions are summarized in Table 2. We
performed three measurements for each combination of contrast
agent and capsule type. Regarding the uncoated pectinate capsules,
all repeated measurements yielded similar results. The diffusion
coefficients of Cu2+ and Gd-DTPA in the membrane are reduced
by a factor of six to seven in comparison to the free diffusion in
the capsule core and outer solution. Differences of Dfree between
the contrast agents are a result of different molecular sizes. As
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Fig. 2. Time dependent concentration profiles of the contrast agent Gd-DTPA in an un
images and the right-hand data were calculated from a numerical solution of the diffus
expected, the fitted values of Dfree are the same for coated and
uncoated capsules. Concerning the fitted diffusion coefficients in
shellac coated membranes, we obtained different results for each
repeated measurement. The diffusion coefficient in the membrane
varies over a large range from values similar to that of uncoated
pectinate membranes and nearly zero. In the latter case, we could
not observe any changes of the concentration inside the capsule
over a period of about 4 weeks.

In a previous study, we characterized the permeability of simi-
lar capsules for anthocyanins Dfree ¼ 7:4� 10�11 m2=s
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ion equation.



S. Henning et al. / Journal of Magnetic Resonance 221 (2012) 11–18 15
coefficients of Dm ¼ 7� 10�11 m2=s for uncoated capsules and
Dm ¼ 1� 10�11 m2=s for coated capsules, respectively. In contrast
to the experiments described here, the former diffusion measure-
ments were performed with many capsules simultaneously, lead-
ing to mean diffusion coefficients for all capsules. Taking into
account that the diffusion coefficients fitted in this earlier study
are effective coefficients for the diffusion in the membrane and
in the capsule core, Dmem of anthocyanins and Gd-DTPA in un-
coated pectinate membranes are nearly the same, although Dfree

of Gd-DTPA is more than four times higher than Dfree of anthocya-
nins. This discrepancy may be explained by electrostatic interac-
tions of the positively charged anthocyanin molecules with
negative charges in the pectinate polysaccharide.

The observation of widely spread membrane permeabilities of
coated capsules is a hint for a suboptimal preparation process that
leads to coatings with different qualities. In order to explain the
variable permeabilities of coated capsules, we acquired three
dimensional NMR images of two capsules which showed a strong
difference in their permeability. In the 3D image (Fig. 3) of the high
permeability capsule we could see that the shellac was cracked at
some places leading to holes in the coating layer. In contrast to
that, the surface of the capsule with low permeability did not show
any damage. This observation indicates that the shellac coating it-
self is not permeable for the contrast agents that we tested, but
that the permeabilities of coated capsules are a result of defects
in the coating layer. Optimizing the preparation process should
yield capsules that show no permeability for molecules which
are comparable to the used contrast agents and environmental
conditions in our experiments.

For the applicability of the capsules as oral drug carriers, it is
important that the permeability is also low at physiological tem-
peratures. Since all diffusion measurements described before were
performed at a temperature of 10 �C due to experimental restric-
tions, we performed an additional permeability measurements at
37 �C of the capsule that showed no permeability for Gd-DTPA.
Again, the capsule showed no permeability for the contrast agent.
3. Stability measurements

3.1. Visualization of capsule stability and dissolution

Besides the permeabilities of the studied microcapsules, their
behavior under gastrointestinal conditions is also vitally impor-
tant. We characterized that in vitro by consecutively acquiring
Fig. 3. Three dimensional surface reconstruction of a high permeability capsule
obtained by combining multiple two dimensional NMR images of different slices.
The crack in the outer shellac layer leads to a high permeability.
MR images in solutions adjusted to gastric, intestinal and colonic
conditions. For the acquisition, we either used the same spin echo
imaging sequence as used for the permeability measurements or a
fast low angle shot (FLASH) imaging sequence [27], depending on
the rate at which structural changes of the capsule appeared.

The solutions that were used for simulating gastrointestinal (GI)
conditions were adjusted to pH-values similar to the pH-values of
the stomach (pH = 1.2), the small intestine (pH = 6.8) and the colon
(pH = 7.4) according to typical GI formulations [28]. In order to
evaluate the applicability of the capsules for colonic delivery,
images were acquired while the capsules remained 2 h in the
stomach simulation solution and 3 h in the small intestine solu-
tion, which are typical transit times of drug carriers in the human
GI tract. Image acquisition of the capsules remaining in the colonic
solution was performed until capsules were completely dissolved.

The stability measurement was initiated by transferring a cap-
sule from a storage solution into an NMR tube containing stomach
simulation solution. After a quick insertion of the sample into the
NMR probe and magnet, seven images of a horizontal plane
through the center of the capsule were acquired while the capsule
was influenced by the stomach solution. Afterwards, the NMR tube
was retrieved from the probe and the simulation solution was ex-
changed. In order to assure that the pH-value of the solution was
not influenced by this exchange, the NMR tube and the capsules
were washed out with the following small intestine solution, be-
fore the final solution was applied. Then the procedure was re-
peated as described above, until after 10 measurements in the
small intestine solution, the chemical environment was changed
to the colon solution. Under these conditions, images were ac-
quired until the capsule was completely dissolved. The whole mea-
surement was performed at a temperature of 37 �C.

Images of the capsules in the stomach and small intestine solu-
tion were acquired with the same imaging sequence and almost
the same parameters as used in the permeability measurements.
In contrast to the T1 weighted images in the permeability experi-
ments, we now used T2 weighted images with repetition times ad-
justed to 2 s and echo times adjusted to 40 ms (stomach solution)
or 100 ms (small intestine solution). Using these parameters, the
acquisition of one image took 17 min. For investigating the cap-
sules in colon solution, we used two different pulse sequences
for image acquisition. If structural changes of the capsules ap-
peared slowly, image acquisition was performed in the same way
as performed for the small intestine solution. If structural changes
of the capsule were fast, the time needed for image acquisition had
to be significantly reduced. Since T1 of the colon solution was about
2 s, we could not decrease acquisition time by adjusting the repe-
tition time to much shorter values. Hence, we used a FLASH imag-
ing sequence which allowed us to reduce the acquisition time to
1 min. That short time was achieved by using a flip angle of 18�,
TE = 22 ms and TR = 110 ms.

3.2. Results and discussion

Images of shellac coated pectinate capsules with different coat-
ings (for details of the coating process see Appendix A) were ob-
tained with a FLASH and a spin echo imaging sequence under
simulated GI conditions. None of the capsules showed any changes
in appearance in acidic solutions simulating the stomach (pH = 1.2)
and small intestine (pH = 6.8), whereas they showed remarkable
structural changes in basic solutions simulating the colon
(pH = 7.4). Fig. 4 shows a subset of consecutively acquired spin
echo NMR images demonstrating the behavior of two capsules un-
der simulated GI conditions.

The images taken under gastric and intestinal conditions do not
depict any structural changes of the capsules. Due to a compromise
between image quality and acquisition time, the pectinate and



Fig. 4. Exemplary NMR images of coated pectinate microcapsules (10 min coating time and 5% PVP concentration) acquired under simulated gastrointestinal conditions
demonstrating that the capsules do not underly structural changes in the stomach and small intestine solution, but dissolve in colon solution.
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shellac layers cannot be distinguished very well in these images.
The third to sixth image of Fig. 4 show how the capsules behave un-
der colonic conditions. In these basic pH conditions, we can observe
a tightening and dissolving of the inner pectinate membrane. In
contrast to our observation, pectinate normally should swell under
basic conditions [29]. We assume that the interaction of different
competing chemical processes, e.g. hydrolytic scission of the poly-
saccharide chains and the complexation of cross-linking calcium
ions by the phosphate buffer in colon solution, causes the pectinate
hydrogel to tighten and to dissolve. Some time after the dissolution
of the inner pectinate membrane, also the shellac membrane first
breaks and then dissolves due to a high solubility of shellac in basic
environments.

In the measurement depicted in Fig. 4, which was performed
with a capsule coated with a coating time of 10 min and a PVP con-
centration of 5%, about 28 h elapsed until the capsule dissolved.
This is much too long for an adequate colonic delivery system.
Thus, we varied coating times and concentrations of PVP used in
the capsule preparation. The resulting dissolution times are shown
in Table 3. Higher concentrations of PVP and shorter coating times
lead to significant reduction of durations needed for the capsules to
dissolve.

Fig. 5 demonstrates the observed dissolution process of cap-
sules coated for 10 min with a PVP concentration of 10%. Here
the first image shows cracks in the shellac coating and the capsules
start to dissolve already in the first two images. The dissolution of
the pectinate membrane also proceeded faster possibly because
the cracks in the shellac layer lead to an earlier exposure to the ba-
sic environment. For this measurement, we could observe that the
capsules dissolved completely in about 3 h. Further reduction of
the dissolution time down to about 1 h could be achieved by
decreasing the coating time. Images of those capsules were ac-
quired with a FLASH sequence since this technique allowed us to
observe the dissolution process with a time resolution of 1 min.
We created a video of the FLASH images which illustrates the dis-
solution process. This video can be found in the digital attachment.

4. Conclusion

NMR microimaging has proved to be an excellent tool for inves-
tigating the permeability and stability of small drug carriers. We
obtained diffusion coefficients of contrast agents in the mem-
branes of uncoated and shellac coated pectinate microcapsules
and observed that the coating strongly decreases the permeability
of their membrane.
Table 3
Dissolution times depending on the capsule preparation process.

Coating time (min) PVP concentration (%) Colonic dissolution time (h)

10 5 28
10 10 3

5 10 1
3 10 1
In contrast to other methods usually applied for measuring per-
meabilities of drug carriers like UV/Vis spectroscopy, dynamic
NMR imaging has some advantages. Usual methods need a large
amount of drug carriers, whereas our new method described here
can be performed with one single capsule. This allows for a better
understanding of the mechanisms responsible for the specific per-
meability. Concerning the quantitative analysis of permeability
measurements, which means to obtain diffusion constants, usual
methods like UV/Vis spectroscopy need additional measurements
of capsule properties like the diameter or the membrane thickness.
When using dynamic NMR microscopy for obtaining diffusion
coefficients, only one single measurement is necessary.

In the example given here, we used paramagnetic contrast
agents to study the permeability of the capsule membrane. Clearly,
the retention times for different molecules depend on various
parameters, such as molecular weight and charge. Measuring the
permeability is significantly easier if the molecule is paramagnetic.
If retention times are needed for specific molecules, such as drugs,
which are diamagnetic, it may be possible to use analogues that are
paramagnetic or to attach spin labels to them.

In addition to the permeability measurements, we also studied
the stability and monitored the dissolution process of microcap-
sules in different chemical environments to evaluate their applica-
bility for specific purposes. We showed that shellac coated
capsules do not undergo structural changes under gastric and
intestinal conditions. However, MR images taken of the capsules
under colonic conditions reveal that the capsules dissolve on a
timescale of 1–28 h, depending on the capsule preparation process.

As the measurements in our studies show, shellac coated pecti-
nate capsules provide all the properties required from a system for
colonic drug delivery.

Appendix A. Materials

The used amidated pectin (Pectin amid AU-L 027/09) was pro-
vided by Herbstreith & Fox KG, Germany. The aqueous ammoniacal
shellac solution (SSB Aquagold, 25% solid content, pH � 7.5) for the
external coating was provided by SSB Stroever Schellack Bremen,
Germany. CaCl2�2H2O and anhydrous glycerol (P99%) were pur-
chased from Merck Chemicals, Germany. The contrast agents Cu-
SO4�6H2O and Diethylenetriaminepentaacetic acid gadolinium
(III) dihydrogen salt hydrate (Gd-DTPA) were purchased from Sig-
ma–Aldrich, Germany. Polyvinylpyrrolidone (PVP) used as soften-
ing agent was purchased from Harke Pharma, Germany. All
chemicals were used without further purification.

Appendix B. Capsule preparation

Calcium pectinate capsules filled with a liquid core were pre-
pared by extrusion in a simple one step process. For the prepara-
tion of all capsule types an aqueous amidated pectin solution of
0.8 %wt was used. The cross-linking solution consists of calcium-
chloride dissolved in double distilled water. Furthermore, an



Fig. 5. Temporal evolution of NMR images from microcapsules (10 min coating time and 10% PVP concentration) in colon simulating solution.
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Fig. C.6. Simulated and measured concentrations of paramagnetic probe molecules
as a function of time at the edge and the center of the capsule for the measurement
shown in Fig. 2.
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aqueous ammoniacal shellac solution was used to create an exter-
nal coating around the calcium pectinate capsules.

In detail, for the preparation of the cross-linking solution,
2.0 %wt CaCl2�2H2O salt was dissolved in 100 ml of double distilled
water. After that, the supernatant solution was diluted with the
same amount of anhydrous glycerol, which was added to improve
the mechanical properties as well as the density for facilitating the
dropping in. The resulting cross-linking solution contained 50 %vol
glycerol and 1.0 %wt calciumchloride. A pH value of 3 was adjusted
by adding some drops of hydrochloric acid.

In the capsule production process, firstly the cross-linking solu-
tion was added drop-wise by means of a high-precision syringe
into a cylindrical glass filled with 30 ml of an aqueous 0.8 %wt pec-
tin solution. A capsule membrane was formed instantly around
each droplet once the two liquids came into contact. Because the
calcium cation has a smaller size than the polymer molecules, it
can diffuse into the pectin solution and this leads to cross-linking
processes in which intermolecular cross-links are formed between
the divalent calcium ions and the negatively charged carboxyl
groups of the amidated pectin molecules [30]. Induced by these
diffusion processes the gel membrane grows along the flux direc-
tion of the calcium ions [31]. In order to avoid the aggregation of
the prepared capsules, the pectin solution was constantly moved
by a magnetic stirrer. A dropping height of 2 cm was used to ensure
that nearly spherical capsules were formed. Experimental tests
showed that for larger distances, the drops were destroyed when
they came into contact with the surface of the pectin solution. If
the dropping height was reduced to less than 2 cm, the resulting
capsules showed distortion wedges. After gelation times of 30 s,
the capsules were separated, filtered and washed with double dis-
tilled water.

Two additional steps were necessary to apply an external shel-
lac coating. Firstly, after isolating the capsules they were trans-
ferred into an aqueous solution containing 2.0 %wt CaCl2�2H2O,
with the aim of stabilizing the gel membranes and completing
the polymerization process [32]. This calcium chloride solution
was adjusted to a pH value of 1 by adding hydrochloric acid. To
achieve a homogeneous pH-value throughout the capsule by diffu-
sion of the hydrogen ions, we left them in the acidic medium for
5 min.

In the last step, after the capsule separation and filtration, the
capsules were transferred into the coating solution, containing
20 %wt aqueous ammoniacal shellac solution and 5.0–10.0 %wt
anhydrous glycerol (or polyvinylpyrrolidone for stability measure-
ments) used as softening agent, to apply a shellac coating around
the calcium pectinate capsules. The diffusion of the positively
charged hydrogen ions from the capsules induces the precipitation
of the shellac and therefore the formation of a shellac coating. After
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a residence time of 10 min (3, 5 or 10 min for stability measure-
ments) in the coating solution, the capsules were separated, fil-
tered, washed with double distilled water and transferred into a
2.0 %wt CaCl2�2H2O solution adjusted to a pH value of 1 for storage.

The produced liquid-filled and shellac coated pectinate capsules
exhibit diameters in the range of 1–2 mm and entire membrane
thicknesses in the range of 100 lm up to 300 lm.

Appendix C. Quantitative comparison of measured and
simulated concentrations

In order to compare the experimental concentration profile
with the fitted concentration profile obtained by numerical simu-
lations, we show the experimental and simulated concentrations
as a function of time at two different places inside the capsule
(edge of liquid core and center). For short times the deviations be-
tween simulated and experimental curves are quite small. At long-
er times, the experimental curves fluctuate, which results in bigger
deviations between theoretical and experimental curves. These
oscillations can be traced to Eq. (1) which was used to calculate
the concentrations. For high concentrations, the derivative @S

@c be-
comes smaller and constant experimental noise leads to larger er-
rors in the concentration (see Fig. C.6).

Fig. C.7 shows the root mean square (rms) deviation between
the simulated and experimental concentrations as a function of
the diffusion coefficients used in the numerical solution of the dif-
fusion equation. The optimal values for the diffusion coefficients
correspond to the minimum of this function. The experimental
uncertainties are 15% and 20% for Dmem and Dfree, respectively.

Appendix D. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jmr.2012.05.009.
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