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The release of lactose (hydrophilic) from polymer tablets made with hydrophobically modified poly
(acrylic acid) (HMPAA) have been studied and compared to the release of ibuprofen, a hydrophobic active
substance. Lactose is one of the most used excipients for tablets, but lactose release has not been widely
studied. One reason could be a lack of good analytical tools. A novel biosensor with cellobiose
dehydrogenase (CDH) was used to detect the lactose release, which has a polydiallyldimethylammonium
chloride (PDADMAC) layer that increases the response. A sample treatment using polyethylenimine (PEI)
was developed to eliminate possible denaturants. The developed methodology provided a good approach
to detect and quantify the released lactose. The release was studied with or without the presence of a
model amphiphilic substance, sodium dodecyl sulphate (SDS), in the release medium. Ibuprofen showed
very different release rates in the different media, which was attributed to hydrophobic interactions
between the drug, the HMPAA and the SDS in the release medium. The release of hydrophilic lactose,
which did not associate to any of the other components, was rapid and showed only minor differences.
The new methodology provides a useful tool to further evaluate tablet formulations by a relatively simple
set of experiments.
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1. Introduction

During pharmaceutical development of tablet formulations,
emphasis is put on the release of the active substance. The
information obtained by this strategy will in many cases not be
sufficient to reveal the underlying mechanisms of the release
under varying release conditions. If the release of other com-
pounds in the formulation is investigated, additional information
on the release mechanism can be obtained. In this work we present
the investigation of a model polymer matrix tablet containing
Pemulen™ TR2, lactose and ibuprofen. Pemulen™ TR2 is a
commercially available cross-linked and hydrophobically modified
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poly(acrylic acid), henceforth referred to as HMPAA. We have
previously studied the potential of HMPAA in tablet formulations,
(Knoos et al., 2013a; Knods et al.,, 2013b), where it has shown
promising abilities to control the release of hydrophobic com-
pounds. However the mechanism of release from these tablets is
not yet fully understood.

Lactose is one of the most used excipients in the pharmaceutical
industry (Aulton and Cooper, 1988). From a release point of view
lactose can be regarded as a model hydrophilic substance and can
thus be studied simultaneously with the active substance to give
complementary information on the behavior of the formulation. In
our case it provides an opportunity to compare the releases of a
hydrophobic and a hydrophilic substance. To the authors’
knowledge there are only few previous studies on the release of
lactose in tablet formulations (Eadala et al., 2009; Gao et al., 1996).
One reason could be that there is currently a lack of good analytical
tools to study lactose release from pharmaceutical agents.

Various analytical methods are used to directly analyze lactose
in dairy products, such as polarimetry, infrared absorption,
gravimetry (Watson, 1994), HPLC, (Kwak and Jeon, 1988; West
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and Llorente, 1981) or enzymatic assays (Essig and Kleyn, 1983;
Kleyn, 1985; Watson, 1994). Those methods are inconvenient for
the purposes in the present investigation due to the requirement of
mercury (for polarimetry and infrared absorption), large sample
volumes (10 or 25g of milk sample for chromatography or
gravimetry respectively) or expensive reagents (enzymatic assays
utilizing NADH). Enzymes have also been used for the construction
of biosensors allowing the direct or indirect conductometric
(Marrakchi et al., 2008) or amperometric (Adanyi et al., 1999;
Eshkenazi et al., 2000; Ferreira et al., 2003) detection of lactose,
however, these are not commercially available and not standard-
ized yet.

Cellobiose dehydrogenase (CDH) has been shown to be a
potential candidate for the construction of amperometric lactose
biosensors with the advantages of only minimal sample prepara-
tion, higher specificity compared to non-enzymatic methods and
the requirement of low sample volumes (Glithero et al., 2013;
Safina et al., 2010; Stoica et al., 2006; Tasca et al., 2013; Yakovleva
et al., 2012). CDH is an extracellular, two-domain, monomeric,
enzyme expressed by saprophytic and by some pathogenic fungi
(Zamocky et al., 2006). The enzyme consists of a catalytic
dehydrogenase domain, DHcpy, containing FAD as cofactor and a
cytochrome domain, CYTcpy, containing heme b as cofactor and a
linker region connecting the two domains. CDH is able to oxidize
various sugars including the natural substrate cellobiose, but also
lactose, and depending on the phylum also glucose. During
substrate oxidation at the DH¢py the cofactor FAD is fully reduced.
The electrons are then sequentially transferred to the CYTcpy
domain via an internal electron transfer step (IET) (Henriksson
et al,, 2000; Ludwig et al., 2010, 2013). In vivo the CYTcpy is
reoxidized possibly by a copper dependent lytic polysaccharide
monooxygenase (CaZy auxilliary family AA9 (Cantarel et al., 2009))
(Beeson et al., 2011; Langston et al., 2011; Phillips et al., 2011). For
the construction of a biosensor utilizing CDH the electrode can
either reoxidize directly the reduced CYTcpy domain in what is
denoted a direct electron transfer (DET) step, as in the presented
study or an additionally introduced redox mediator is used to
shuttle electrons from the DHcpy and/or CYTcpy domain to the
electrode (Ludwig et al., 2013).

In a previous investigation the polycation polyethylenimine
(PEI) was found to enhance the analytical signal of a lactose
biosensor constituted of a graphite electrode, the PEI promotor
layer and the enzyme CDH from Myriococcum thermophilum
(MtCDH) (unpublished results). The PEI layer was suggested to
increase the enzyme load onto the biosensor surface by
electrostatic interactions between the polycation and the nega-
tively charged enzyme. Also a possible increase in the electron
transfer, either the IET and/or the DET was suggested due to the
positive charges present in PEI based on earlier finding on the
beneficial effect of Ca?* on the activity of CDH (Schulz et al., 2012).
In the present study, CDH from Corynascus thermophilus (CtCDH) is
used instead of MtCDH due to its higher activity in the human
physiological pH present in the samples to be measured.
Furthermore, the applicability of the polycation polydiallyldime-
thylammonium chloride (PDADMAC) as a promotor layer for the
construction of an amperometric lactose biosensor using CDH is
investigated. In contrast to PEI, the quaternary amine containing
PDADMAC is positively charged independent on the solution pH.
This assures a tight electrostatic binding between CtCDH (pl=3.8
(Harreither et al., 2011)) and the promotor layer, even at basic or
alkaline pH where PEI starts to be deprotonated. The combination
of CtCDH with PDADMAC has the potential to be used as a fast and
sensitive lactose biosensor enabling the detection of lactose
release from drug containing tablets.

The drug in a polymer matrix tablet can primarily be released
via two mechanisms, either by diffusion through the swollen tablet

or by erosion together with the polymer (Colombo et al., 2000;
Maderuelo et al., 2011; Skoug et al., 1993; Tahara et al., 1995). The
gelatinous semi-dilute polymer solution formed outside the dry
tablet core, conventionally referred to as the “gel layer”, is
considered to determine the release and dissolution of the
polymer tablets (Colombo et al., 2000). The properties of the gel
layer are important for the performance of the tablet for controlled
release and an increased strength (i.e., viscosity) of the gel layer
leads to an increased thickness (Maderuelo et al., 2011). This
results in a slower dissolution of the tablet and a longer way for the
drug to diffuse in order to be released, thus a slower drug release
(Colombo et al., 2000; Efentakis et al., 2007).

It has been shown that the diffusion of hydrophobic or
amphiphilic substances can be affected by the addition of
surfactant in a polymer matrix, especially for hydrophobically
modified polymers (HM-polymers) (Bramer et al., 2009; Paulsson
and Edsman, 2002). Moreover, owing to hydrophobic interactions,
surfactants generally affect the viscosity of HM-polymer solutions
(Dualeh and Steiner, 1990; Magny et al., 1992), and can also
solubilize such HM-polymers that, owing to extensive hydropho-
bic association, are not soluble in water (Dualeh and Steiner, 1990;
Piculell et al., 2001). Surfactant sensitivity could potentially affect
the performance of tablets of HM-polymers in vivo, due to the
varying composition of amphiphilic compounds in the intestine
(Abrahamsson et al., 1999; Dressman et al., 1998).

Previous investigations have shown that the release of
hydrophobic substances from HMPAA tablets can be manipulated
by adding surfactants and/or changing the ionic strength in the
surrounding medium (Knoos et al., 2013a). The behavior was
further studied by NMR Chemical Shift Imaging, revealing clear
differences in the concentration profiles of the polymer during
dissolution that could be correlated to the polymer solubility and
phase behavior (Knoos et al., 2013b). In pure water, the tablets
showed only minor swelling and a rapid disintegration and release
of non-soluble but swollen tablet/polymer particles were seen,
which increased the release rate. Addition of buffer to the medium
and/or surfactant at concentrations above the CMC increased the
solubility of the HM-polymer and the tablets swelled indefinitely.
A thicker gel layer was formed and the release of a model
hydrophobic substance was slowed down. A hypothesis in these
initial experiments with HMPAA was that not only the polymer
solubility, but also interactions between a hydrophobic active
substance and the hydrophobic substituents (hydrophobes) on the
polymer played a major role for the drug release. Lactose is a
hydrophilic substance and should not associate with either the
hydrophobes or the surfactant. It is thus interesting to see how this
molecule differs in its release behavior compared to a hydrophobic
or amphiphilic drug.

This work evaluates the potential of a new analytical technique
for lactose analysis that could be used within the pharmaceutical
industry to quickly and easily quantify the release of lactose from
pharmaceutical formulations. The technique is used to gain a
better understanding of the dissolution of controlled release
tablets based on HMPAA via studying the release of lactose and
ibuprofen. Traditionally the sodium salt of ibuprofen is not
considered to be poorly soluble as it has solubility above
100 mg/ml (Bustamante et al., 2000); in fact, it is often formulated
as an immediate release tablet. However, the acid form has a much
lower solubility, 55.4 .M (Yazdanian et al., 2004). Furthermore,
ibuprofen has an amphiphilic character and will form mixed
micelles with both cationic and anionic surfactants (Bramer et al.,
2006; Stephenson et al., 2006). Thus, ibuprofen was chosen, as it
will likely interact with the hydrophobic polymer matrix as
compared to lactose that will not show such interactions. SDS is
used to examine the effects of surface-active compounds. SDS is a
well-studied anionic surfactant that is also approved for oral
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formulation. It has been established that SDS has a similar effect as
bile salts (50/50 mixture of sodium taurocholate and sodium
deoxycholate) on the release from Pemulen™ TR2 tablets (Knoos
et al,, 2013a).

2. Materials and methods
2.1. Materials

Pemulen™ TR2 NF (lots no. CC11MCU893 and 0100834373)
was kindly provided by Lubrizol Advanced Materials (Brussels,
Belgium). According to the supplier, the polymer consists of poly
(acrylic acid), cross-linked with allylpentaerytritol, and contains
52-62wt% of COOH groups. Pemulen is also hydrophobically
modified with grafted C10-C30 alkyl-chains via ester bonds.

Ibuprofen sodium salt (lots no. 038K0755 and 87H0764) was
purchased from Sigma-Aldrich Chemicals (Steinheim, Germany)
and used as delivered. Sodium dodecyl sulphate (SDS) was
acquired from VWR International (Poole, England) and used as
delivered. The critical micelle concentration (CMC) for SDS is
8.3 mM in pure water (Holmberg, 2003) and was determined to be
1.8 mM at 37 °Cin 0.1 M phosphate buffered solution, pH 7.2 using a
tensiometer and a de Noiiy ring.

The following chemicals were used during the tablet produc-
tion: lactose, talc and magnesium stearate, which were of
analytical grade. A (70:30) mixture of ethanol (99.5%) and
0.001 M aqueous HCl was used as granulation fluid.

For the development and application of the lactose biosensor
the following chemicals were used: branched polyethylenimine
(M =25,000g/mol, M,=10,000¢g/mol), polydiallyldimethylam-
monium chloride (20wt% in H,0, M,,=100,000-200,000 g/mol),
3-lactose, hydrochloric acid (37%) were purchased from Sigma-
Aldrich Chemicals. Sodium 4-n-octylbenzenesulphonate (SOBS)
was purchased from TCI Europe N.V. (Zwijndrecht, Belgium).
Cellobiose dehydrogenase from Corynascus thermophilus (CtCDH)
was obtained following a published procedure (Harreither et al.,
2012). The enzyme was stored in a 50 mM sodium acetate buffer at
pH 5.5 at a concentration of 9.4 mg/ml (determined spectroscopi-
cally at 280 nm as in Ref. (Harreither et al., 2012)).

2.2. Dissolution experiments

2.2.1. Tablet preparation

Tablets with compositions as specified in Table 1 were prepared
as described previously (Knods et al, 2013a). First, the dry
ingredients lactose, polymer and ibuprofen were mixed in an
intensive mixer (Kitchen Aid, Model K5SS), for 5min. The
granulation process started with gently spraying granulation fluid
over the powder, with interruptions to allow the fluid to absorb.
The procedure was continued until the desired properties of the
granulation were achieved. The granules were then sieved through
a2 mm sieve, and if the particle size was too large, a food-processer
(Philips, Cucina) was used to reduce it. The granules were then
dried in an oven at 50 °C over night and were sieved again through

Table 1

Compositions of tablets used in this study. The amount of ibuprofen was chosen
from an experimental perspective in order to the match detection levels of the
analyses.

Ingredient Amount (wt%)
Polymer 30
Ibuprofen 10
Lactose 58
Talc 1
Magnesium stearate 1

a 2 mm sieve. The dried granules were mixed with lubricants (talc
and magnesium stearate) in a cone blender for 2 min after each
addition.

The tablets were manufactured with a single-punch tableting
machine (Diaf, Type TM 20, Denmark) to a weight of around
400 +20mg (n=10). Appropriate settings were applied to ensure a
good hardness and weight of the tablets. Hardness and friability
were measured according US Pharmacopeia methods. All tablets
achieved a hardness above 5kp and a friability less than 1%.

2.2.2. Release studies

Dissolution experiments were carried out at 37°C in a USP
dissolution apparatus Il (Prolabo Intelligent dissolution tester,
Novakemilab, Enskede, Sweden) with a paddle speed of 100 rpm.
For experiments in buffered solution the fluid was continuously
withdrawn and transferred by means of a pump to a spectropho-
tometer (Cary 50 Bio UV-visible, Varian, Belrose, Australia), which
measured the ibuprofen concentration in the vessels at the
absorption of A=222nm. The spectrophotometer measured
according to the following cycles; 1) every minute for 10 min 2)
every 10 min until one hour 3) every 20 min until six hours 4) every
hour until completed experiment. For all remaining experiments,
aliquots (V,=1ml) were manually withdrawn from the vessels.
The release of lactose was measured for all cases in the aliquots and
analyzed as described below. The released amount (%release), for
lactose and ibuprofen was calculated according to

[es x (Vo — Va(na — 1))] + 3023 (Va X Csn)]
ms

Y%release =

(1)

where the concentration of ibuprofen or lactose from the analyzed
aliquots is given by c¢s and the initial volume of the vessel is Vg
(=800ml). V, and cs,, denote the volume and the concentration in
the aliquots and the number of aliquots is denoted n,. The amount
of ibuprofen or lactose in the tablets is given by ms.

The media used were 0.1 M phosphate buffered solution, pH 7.2,
or water deionized in a Milli-Q water apparatus. The pH was not
monitored during dissolution in pure water. SDS was added in
varying amounts, yielding concentrations between 0 and 10 mM
(in phosphate buffered solution) and 0-20 mM (in water).

2.2.3. Gravimetric erosion and swelling studies

Experiments to determine the erosion and swelling of the
polymer tablets were performed, where the tablets were removed
from the vessels and weighed. The experiments were carried out
under the same conditions as the release studies above and with
the same apparatus. Triplicates of tablets were studied during
specified time intervals and were at designated times picked up
with a spoon and placed on a pre-weighed mesh. Care was taken to
avoid excess fluid on the mesh and to ensure that the whole tablet
was extracted. The diameter of the swollen tablet was measured at
the same time, both the total diameter and the core diameter. The
tablets were then dried at 55°C until no further weight loss was
seen. Furthermore, aliquots were withdrawn from the USP vessels,
at the time of tablet removal, to determine the amount of released
lactose and ibuprofen (according to Eq. (1)). Using the measured
dried weights (Wjy), the released amount of polymer from the
tablets could be calculated from the following mass-balance

Wd = Mpol + Mipy + Myactose (2)

Here the mass of ibuprofen and lactose in the tablets (mj,, and
Mjactose) are obtained as

Mipy = 0.1 x Wi — ¢jpy x Vo (3a)

Miactose = 0.58 X Wi — Clacrose X Vo (3b)
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and W; is the initial weight, Cjactose and cjpy the concentrations of
lactose and ibuprofen, respectively, in the vessels with a volume of
Vo. Here, we assume that the added lubricants (talc and
magnesium stearate), which were added in low amounts did
not contribute significantly to the total tablet weight. The amount
of polymer in the dried tablet can thus be written as

Mpo) = Wd - (mibu + mlactose) (4)

and the released fraction of polymer (release (pol)) can be
calculated from

0.3 x (Wt — (mibu + mlactose))

03 x W, )

release(pol) =

The data from the gravimetric experiments were further used to
calculate the relative swelling (RS) and the release of total dry mass
(RM), which were defined as

Wy - Wy

Rsfiwd (6)
W - Wy

RM_< W ) 100 (7)

2.3. Lactose analysis
2.3.1. Solutions

For the precipitation of SDS, a solution of 2.5mM PEI in 0.1 M
PBS was prepared. At this high concentration the activity of the

Sample preparation procedure

Measurement of lactose samples

hydronium ions does not equal to its concentration, so the pH was
stepwise adjusted with HCl so that a final 50 times diluted PEI
solution had a pH of 7.2.

2.3.2. Preparation of the lactose biosensor

Spectrographic graphite electrodes (d=3.05mm, Alfa Aesar
GmbH & Co., KG, Karlsruhe, Germany) were polished on wet emery
paper (P1200 from Norton, Saint-Gobain Abrasives AB, Sollentuna,
Sweden) and cleaned with Milli-Q water and allowed to dry. If not
differently stated, the electrodes were immersed for 10 min in a
4 wt% aqueous solution of PDADMAC for the immobilization of the
polycation PDADMAC. The PDADMAC modified electrodes were
rinsed with Milli-Q water and allowed to dry. Enzyme modification
was done by adding a drop of 4 1 of a solution of 9.4 mg/ml CtCDH.
All prior steps were performed at room temperature. The
electrodes were kept in the fridge at 4°C between 0.5 and 3 h
until use.

2.3.3. Sample preparation

The samples taken during tablet dissolution contained SDS of
concentrations between 0 and 20 mM present in either water or
0.1 M PBS, pH 7.2. SDS is known to be a denaturant for proteins able
to also irreversibly inactive CDH used for the construction of the
lactose biosensor (Fang et al., 1998) and had to be removed or
inactivated. Branched PEI was shown to be able to form
hydrophobic, coagulating complexes with SDS (Mészaros et al.,
2003). Depending on the pH the polycation-surfactant complex
formation is driven by electrostatic and hydrophobic interactions

Validation of the sample preparation
procedure

Dilution of samples with 0.1
M PBS to a SDS concentration

1. Calibration of the sensor
with standard lactose solutions
ranging from 10 to 110 uM

1. Measurement of standard lactose
solutions ranging from 0 to 110 uM
prepared in 0.1 M PBS

of 10 mM or below. S ‘
. 7
( h 2. Measurement of the 100 uM lactose
stability standard
p \ 2. Measurement of the 100 | )
UM lactose stability standard
iH imi \ S
AR ?gg‘;thylemmme [ 3. Measurement of complex lactose
standards ranging from 0 to 110 uM
’ \ prepared in 0.1 M PBS containing SDS,
‘ J 3. Measurement of a set of L Pemulen, Ibuprofen and PELI. )
samples treated according to
the sample preparation
p \ procedure f )
N o 4. Measurement of the 100 uM lactose
Incubation on a nutating stability standard
mixer for 20 min at room p . . J
temperature
4. Measurement of the 100 - - -
\ J UM lactose stability standard 5. Correction of the obtained sngna_l_s
from 3 by the change of sensor stability
\ J obtained from comparing singals 2 with
r \ - 4 v
5. Correction of the obtained s )

Measurement of lactose in
the supernatant

\ J

signals from 3 by the change of
sensor stability obtained from
comparing signals 2 with 4

6. Calculation of the recovery of lactose
by comparing the corrected signals from
3with 1

\ J

Fig. 1. Analytical flow chart describing the sample preparation procedure (left), the measurement of lactose samples (middle) and the validation of the sample preparation

procedure (right).
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(Lietal, 2000; Wang et al., 2006) partly accompanied by an uptake
of protons (Bystryak et al., 1999; Mészaros et al., 2003). The ability
of the PEI-SDS complex to form a hydrophobic coagulate is used for
the establishment of a sample preparation procedure to diminish
SDS present in the samples.

The SDS- and lactose-containing samples taken during tablet
dissolution were diluted with 0.1M PBS, pH 7.2 to an SDS
concentration of <10 mM SDS and stored in a 1.5 ml polypropylene
microtube. Twenty microliter of the 2.5 mM PEI solution was added
to each 1ml sample containing lactose and 10 mM SDS. If SDS
concentrations were below 10 mM the volumes of the PEI solution
added were adjusted accordingly. The samples containing PEI, SDS
and lactose were incubated for 20min on a nutating mixer
(Gyromini, LabNet, Woodbridge, New Jersey, USA) at room
temperature. A precipitate formed and adsorbed to the wall of
the microtube. The supernatant was transferred into a new
microtube and the lactose concentration was measured. Lactose
samples in a 0.1 M PBS, pH 7.2 matrix, which did not contain SDS,
were measured directly without a PEI treatment. Lactose samples
in a H,O matrix were diluted 1:5 with carrying buffer indepen-
dently on their SDS content to adjust the matrix to the pH and the
ionic strength of the carrying buffer (0.1 M PBS, pH 7.2). A flow
chart of the sample preparation procedure is given in Fig. 1.

2.3.4. Measurement of lactose with flow injection analysis with
amperometric detection

The lactose biosensors were rinsed with Milli-Q water prior to
use to remove loosely adsorbed enzyme molecules. The biosensors
were mounted into a flow-through, electrochemical wall-jet cell
housing also an Ag|AgCl reference (0.1 M KCI) and a platinum wire
counter electrode (Appelqvist et al., 1985). The electrodes were
connected to an analogue potentiostat (Zdta Elektronik, Hoor,
Sweden) to control the applied potential and measure the currents
obtained from the enzyme catalyzed lactose oxidation. The applied
potential was O0mV versus the Ag|AgCl (0.1 M KCl) reference
electrode. The current signals were plotted on a strip chart
recorder (Kipp & Zonen, Delft, The Netherlands). The flow cell was
also connected to a six-valve injector (former Rheodyne, now IDEX
Health & Science, Oak Harbor, USA) to control the injection of the
samples. The samples were loaded into an injection loop with a
volume of 20 pl. The injector was connected to a peristaltic pump
(Gilson, Villier-le-Bel, France) pumping 0.1 M PBS, pH 7.2 carrying
buffer at a speed of 0.5 ml/min to transport the samples from the
injector to the flow cell containing the biosensor. Each sample or
standard solution was injected at a rate of approximately
oneinjection/min and at least three times and the average of
the obtained signals was evaluated. Each newly mounted
biosensor was calibrated with lactose standards with concen-
trations of 10, 30, 50, 70, 90 and 110 M covering the linear range
of the biosensor. It followed the injection of a lactose stability
standard with a concentration of 100 wM to monitor and correct
for changes in the biosensor response with time. Subsequently the
supernatant of the samples, which have gone through the sample
preparation procedure, were analyzed. In case the signals from the
samples lay outside the linear range, they were further diluted
with carrying buffer and measured again. The lactose stability
standard was injected after each set of samples and the signals
from the set of samples measured before were corrected by the
possible deviation in sensor stability. A flow chart of the
measurement of lactose samples is given in Fig. 1.

2.3.5. Validation of the sample preparation procedure

The lactose biosensor was calibrated using standard lactose
solutions with concentrations of 10, 30, 50, 70 110, 500 and
5000 wM prepared in 0.1 M PBS, pH 7.2 according to the procedure
described above. Complex standard lactose solutions containing

equal concentrations of lactose (as above) prepared in 0.1 M PBS,
pH 7.2 additionally containing 50 mM SDS and the tablet contents
of 0.15mg/ml Pemulen and 0.05mg/ml Ibuprofen were treated
according to the sample preparation procedure. Their analytical
signals were measured and the recovery of lactose was calculated
using the linear equation valid for the linear range of the biosensor.
This was repeated independently from each other for 5 electrodes.
A flow chart of the validation of the sample preparation procedure
is given in Fig. 1.

3. Results
3.1. Lactose analysis

To detect lactose concentrations in samples taken during
dissolution experiments of polymer matrix tablets also partly
containing SDS, a sample preparation procedure to remove SDS
and a lactose biosensor was developed to enable a fast, selective
and sensitive detection of lactose in small sample volumes with
minimal sample preparation. Therefore an amperometric mea-
surement set-up was chosen utilizing graphite electrodes modified
with the lactose oxidizing enzyme CtCDH to gain selectivity and a
PDADMAC promotor layer to the enhance sensitivity for the
detection of lactose.

3.1.1. Signal enhancement of the lactose biosensor by a PDADMAC
promoter layer

Based on previous findings on the beneficial effect of PEI on the
response of MtCDH modified biosensors (see Section 1), the
applicability of the polycation PDADMAC as a promotor layer for
the construction of CtCDH modified biosensors was investigated. In
Table 2 the apparent kinetic parameters for CtCDH immobilized
either on bare graphite or on PDADMAC modified graphite
electrodes are summarized. The maximal catalytic current density
Jmax gained from lactose oxidation could be enhanced 120 times to
40.9 pA/cm? when PDADMAC was used as a promoter layer.
Consequently for all lactose biosensors PDADMAC was used as a
promotor layer. This increase in the maximal current density Jmax
can be attributed to a higher loading of enzyme onto the electrode
surface, as suggested also for PEI/MtCDH modified graphite
electrodes (unpublished results). At the investigated pH of pH
7.2 CtCDH is negatively charged (pl=3.8 (Harreither et al., 2011))
allowing it to be bound electrostatically to the polycation
PDADMAC. Also the IET within the enzyme or the final electron
transfer from the enzyme to the electrode might be increased by
PDADMAC due to a screening of repulsive, negative charges
present on either the interface of the two domains of the enzyme
or on the graphite electrode allowing a better electrical communi-
cation, as previously suggested for PEI (unpublished results) and
CaCl;, (Schulz et al., 2012).

The apparent Ky (K3;?) was not changed significantly in the
presence of PDADMAC indicating no mass transfer limitations of
lactose to the immobilized enzyme through the PDADMAC layer.

Table 2

Calculated maximal current densities Jmnax and K;},’pobtained from the fitted
response curves of SPG/CtCDH lactose biosensors for lactose standard solutions
without promotor layer (—PDADMAC), with promotor layer (+PDADMAC) and for
complex lactose standard solutions treated with the sample preparation procedure
(+SDS, +PEI) measured in a 0.1 M PBS, pH 7.2 buffer at an applied potential of 0 mV
versus Ag|AgCl (0.1 M KCl). For each condition the response curves of three
electrodes have been fitted individually and the averages and standard deviations of
the obtained parameters have been calculated and are given in the table.

~PDADMAC  +PDADMAC +PDADMAC, +SDS, +PEI
Jmax/DACm™ 340 +200 40,890+8530 46,400+ 7990
KPP /uM 760 + 90 560+ 100 600+ 70
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Fig. 2. Amperometric response of a SPG/PDADMAC/CtCDH lactose biosensor to
lactose standard solutions and linear range of the biosensor (inset) measured in a
0.1 M PBS, pH 7.2 buffer at an applied potential of 0 mV versus Ag|AgCl (0.1 M KCl).

The variations in the response between equally modified electro-
des are rather high (see standard deviation in Table 2), so for the
latter measurement of lactose in the samples, each used biosensor
was calibrated using six standard lactose concentrations prior to
use.

In Fig. 2 a typical response curve of a graphite/PDADMAC/CtCDH
lactose biosensor is shown. Since it is an enzymatic biosensor the
signal gained from high substrate concentrations (here above
110 M lactose) levels off as described by the Michaelis—-Menten
equation (Michaelis and Menten, 1913). The linear range of the
biosensor response was between 1 and 110 wM using standard
lactose solutions but only the range between 10 and 110 M was
used for the measurements of lactose in the samples, as discussed
later (see inset Fig. 2).

3.2. Evaluation of removal of SDS by PEI

SDS present in the lactose containing samples, at concen-
trations between 0 and 20 mM, had to be removed or reasonably
decreased to avoid the denaturation of CtCDH used for the
construction of the lactose biosensor. The measurement of
untreated, 1 mM SDS, 100 wM lactose containing standards lead
to irreproducible and rapid, irreversible decreases in the sensor
response. Various methods were investigated to remove SDS from
the lactose containing samples based on either ionic interactions
(anion exchange chromatography) or hydrophobic interaction
(incubation with commercially available polystyrene beads). Ion
exchange chromatography was found to change the ionic strength/
composition of the sample leading to additional, interfering
electrochemical signals not related to the oxidation of lactose.
The addition of the polystyrene beads to the SDS/lactose
containing samples lead to a significant, apparent decrease in
the lactose concentration in the samples. Possibly capillary liquid
entrapped between the pre-soaked beads diluted the samples in an
irreproducible manner. Disadvantageous was also the long
incubation time necessary for SDS to bind to the polystyrene beads.

A method to precipitate the negatively charged SDS by the
addition of branched PEI was developed. The precipitation of the
PEI/SDS complex is due the formation of an uncharged complex
between SDS and branched PEI (Mészaros et al., 2003; Wang et al.,
2006). The amount and concentration of PEI necessary to be added
to complex lactose standards (containing 10mM SDS) were
optimized with respect to a sufficient precipitation of SDS, high
biosensor viability, minimal sample dilution and minimization of

the sensor response to excess PEL. This led to the sample
preparation procedure as described in Section 2.

To evaluate how much SDS could be removed by the sample
preparation procedure the UV active anionic surfactant SOBS was
used instead of SDS. It has a similar molecular weight, also a sulfate
head group but shows UV absorption with an absorption
maximum at 261 nm (experimentally determined). Applying the
developed sample preparation procedure to a 10mM SOBS
solution 96 + 1% (n=3) of SOBS could be removed from the sample
as determined photometrically. Assuming a comparable clearance
by PEI for SDS as for SOBS, this means a residual leftover of SDS in
PEI treated samples in the wM range. Furthermore, it was evident
that the viability of the lactose biosensor was not decreased by the
residual SDS. In fact the residual SDS seemed to affect the stability
of the lactose biosensor positively, as indicated by an average 1.06
times higher response to the lactose stability standard after the
measurement of PEI treated complex lactose standards (deter-
mined experimentally, see Section 2 or Fig. 1 Validation of the
sample preparation procedure). A similar trend was observed for
the measurement of PEI treated samples taken from the
dissolution experiments. After an average of 80 measurements
of PEI treated SDS/lactose samples the sensors responded in
average 1.12 +0.08 (n=4) higher to the lactose stability standard of
100 M (determined experimentally, see Section 2 or Fig. 1). These
sensor drifts were corrected as described in Section 2. There is
possibly residual SDS binding to PDADMAC (Mukherjee et al., 2011)
and/or CtCDH. How this might have altered the biosensor response
was not further investigated. The dilution of the sample by the
addition of PEI was only 2% and was neglected.

The injection of blank samples treated with the sample
preparation procedure gave signals as high as a standard lactose
solution with a concentration of average 6 + 1.4 uM (n=5). Excess
PEI possibly changes the ionic strength of the sample, which
creates a pseudo-response due to the recharge of the electro-
chemical double layer of the biosensor. Consequently only
analytical signals higher or equal to the one of a 10 wM lactose
standard solution were evaluated.

In Fig. 3 the average absolute recovery of lactose in complex
lactose standard solutions treated with the sample preparation
procedure is plotted versus the designated lactose concentration.
The lactose concentrations of the complex, PEI treated standards
are slightly overrated in their designated concentrations by
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Fig. 3. Recalculated average recovery of lactose (see label) from complex lactose
standard solutions containing lactose, 10mM SDS, 0.03 mg/ml Pemulen and
0.01 mg/ml ibuprofen in 0.1M PBS, pH 7.2 after treatment with the sample
preparation procedure using PEI to precipitate SDS. The error bars indicate the
standard deviation of five individually performed experiments.
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maximum average +7 +5 wM for 90 wM lactose (n=5). Thus, even
if the sensor response was corrected by the response to the lactose
stability standard the lactose concentrations in the complex
lactose standards (containing 10 mM SDS) were still overrated,
possibly caused by residual SDS and/or PEI with a standard
deviation of +5 WM (random error). However, the sensor responses
were not corrected for the apparent systematic overrating of the
real lactose concentrations, since the lactose samples were present
in different matrices (PBS and H,0), contained various concen-
trations of SDS (0 to 20mM) and PEI and had to be diluted
differently depending on their individual lactose concentration to
end up in the linear measuring range of the biosensor.
Consequently, the systematic error of maximum +7 uM was
treated as a random error and all measured lactose concentrations
in the samples are seen to have an overall random error of
maximum +13% ((+£7 .M £ 5 wM)/90 wM).

3.3. Dissolution and release of HMPAA tablets

The release of ibuprofen and lactose for tablets dissolving in
water and in buffered solutions are shown in Fig. 4, with and
without SDS added to the surrounding media. Based on the
behavior observed in previous work (Knoos et al., 2013a), the SDS
concentration was chosen to be well above the CMC values of the
surfactant (see Section 2) in water and buffer, respectively. The
behavior of the tablets in pure water might seem irrelevant for
pharmaceutical development of controlled release formulations.
However, water was used for comparison with previous performed
experiments in water, where the polymer showed very low
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swelling and differed in release characteristics compared to
buffered solutions (Kn6és et al., 2013a).

Fig. 4 reveals strong variations in the release patterns
depending on the presence or absence of both buffer and
surfactant. A rapid and, within error, simultaneous release of
lactose and ibuprofen was seen in pure water. Here, it was also
observed that the tablet had completely disintegrated after 24 h. In
all other experiments, the dissolution of the tablets was more or
less slow, and the release profiles differed between ibuprofen and
lactose. For ibuprofen, the addition of surfactant to either water or
buffer slowed down the release with a retained linear profile. In
some cases the tablets appeared to release more than 100% when
fully dissolved (see Fig. 4c). This is most likely due to accumulation
of tablet particles in the flow cells of the UV/vis apparatus (see
Section 2). Accumulated particles increase the background
absorbance, affecting the calculated concentration of ibuprofen.
As in our previous study (Knoos et al., 2013a), the tablets in this
study show very long release times for ibuprofen, due to a high
content of polymer. This tablet design was chosen in order to avoid
possible experimental variations due to tablet inhomogeneities.
However, the aim of the present study is to evaluate the release of
lactose and possible effects of amphiphiles, not to optimize the
release time. Preliminary results indicate that the dissolution
times can be decreased by decreasing the polymer content.

The release of lactose from the tablets was more rapid than the
ibuprofen release, except in pure water, and most of the lactose had
been released already after 24 h in all media. In contrast to the
results for ibuprofen, only minor effects on the lactose release were
seen if buffer and/or SDS was added to the release medium. Tablets
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Fig.4. Therelease of lactose (filled squares) and ibuprofen (open squares) from HMPAA tablets in water without (a) or with (b) 20 mM SDS, and in buffer solutions without (c)
or with (d) 10 mM SDS. The released amount is calculated according to Eq. (1) and error bars indicate the standard deviation (n=3).
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dissolving in buffered solution showed almost no difference in
lactose release rates with or without SDS in the bath, whereas the
release in water was slowed down somewhat upon addition of
20 mM SDS.

To further compare the effects of the dissolution medium and
surfactant concentration on the release of lactose and ibuprofen,
the released fractions of the two compounds were evaluated at
t=6h (Fig. 5) for a series of different surfactant concentrations (0-
20 mM in water and 0-10 mM in buffer). The trends observed for
ibuprofen have already been described in (Kn6os et al., 2013a), but
here we can compare with the behavior of lactose. For tablets
dissolving in water the two model substances showed a
qualitatively similar response to surfactant added to the medium
(Fig. 5a). Here, a decrease in released amount with increasing
surfactant concentration was observed below the CMC, followed
by a leveling off at higher concentrations. The decrease in release
rate below the CMC was quite steep for ibuprofen, but less
pronounced for lactose. In buffered solution (Fig. 5b), the released
amounts of the two substances differed at all surfactant concen-
trations. The release of ibuprofen was slightly, but significantly,
affected by the addition of surfactant, again with a leveling off
above the CMC. We note that the released amount of ibuprofen was
similar in both media above the CMC. For lactose, the scatter in the
data does not allow us to draw any conclusions regarding effects of
surfactant addition. We note that the trends of Fig. 5 confirm the
trends observed in the results of Fig. 4.
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Fig. 6. Measured wet (a) and dry (b) weights of tablets dissolving in buffered
solutions with (open symbols) and without (filled symbols) addition of 10 mM SDS.
Error bars indicate the standard deviation (n=3), except at zero hour which is the
average value of all tablets where n is equal to 21 or 24 for pure buffer and buffer
with surfactant, respectively.

3.4. Water uptake, erosion and swelling

In order to further study the dissolution and release behavior
of HMPAA tablets, gravimetric studies were performed, where
tablets were, at designated times, picked up from the baths and
the wet and dry weights were noted. For this purpose we chose to
study the behavior only in buffered solution, which is more
relevant for in vivo behavior. It was also possible to calculate the
released amount of the polymer from the measured wet and dry
weights.

The weights of the wet and dried tablets from the gravimetric
studies are shown in Fig. 6 for tablets dissolving in buffered
solution with and without 10 mM SDS added to the release media.
In surfactant-free buffer the tablets showed a rapid increase in wet
weight and a maximum was reached at 16 h. At later times the
tablets started to decrease in size and at 48 h only small amounts of
the tablets were left. For tablets dissolving in the presence of
surfactant, the wet weight continued to increase throughout the
duration of the experiment (72 h). In surfactant solution the tablets
showed an initial rapid decrease of the dry weight, which leveled
off at later times, and a large fraction of the dry tablet was still left
at 72 h of dissolution. In the presence of surfactant the tablet
erosion became slower and the initial decrease was most likely due
to the rapid lactose release, as seen above.

The values for the relative swelling and release of total dry
mass, calculated from Egs. (6) and (7), respectively, are shown in
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Fig. 7. The relative swelling (a) and release of total dry mass tablets (b) dissolving in
pure buffer (filled symbols) and in 10 mM SDS buffer solution (open symbols). Error
bars indicate the standard deviation (n=3).

Fig. 7. The systems with and without SDS showed a similar swelling
during the first hours of dissolution (Fig. 7a), however, after 24 h
the data started to differ and the matrices in surfactant-free buffer
were more swollen. It seems likely that the rapid initial solvent
penetration was mainly driven by the osmotic pressure caused by
the large fraction of lactose in the tablets. As the lactose content
decreased due to the rapid lactose release, the differences caused
by the presence or absence of surfactant in the medium became
more obvious. At later stages the relative swelling slowed down in
the surfactant solution, whereas the rate of relative swelling was
similar throughout the dissolution period in surfactant-free buffer.
The value for the relative swelling should at long times approach a
value corresponding to the concentration of polymer present at the
erosion front (Koérner et al, 2005). However, even at the
termination of the experiment this limiting case was presumably
not reached, since the tablets were still far from complete
dissolution - especially the tablets in surfactant solution.

The release of total dry mass (Fig. 7b) for the two systems
differed more than the relative swelling. In surfactant-free buffer
the tablets continued to erode throughout the dissolution time, but
for tablets in buffer with surfactant the erosion seemed to slow
down and at later times the rate of erosion was very slow. The
results confirm the conclusions put forward above and show that
the erosion of the tablets slowed down upon surfactant addition.
Moreover, the results show that the initial decrease tablet mass is
mostly due to the release of lactose. Once the lactose is released the
tablet weight does not seem to decrease instead we are left with a
swollen polymer matrix.
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Fig. 8. Measured total (filled) and core (unfilled) radii of the swollen tablets at
indicated times, dissolving in pure buffer (a) and in 10 mM SDS buffer solution (b).
Error bars indicate the standard deviation (n=3).

The swelling behavior of the tablets could be further
established visually and via measuring the sizes of the extracted
tablets (Fig. 8). All dissolving tablets were surrounded by
transparent gel layers and in the middle of the tablet a white
“core” could be seen, which at closer examination showed a
sponge-like texture. Comparing the gel layer thickness (i.e., total
radius — core radius) between the two media showed that the gel
layers increased in thickness with added SDS. In surfactant-free
buffer the tablets started to decrease in size after 16h of
dissolution, whereas the tablets in buffer with surfactant contin-
ued to grow throughout the experimental period. Moreover the gel
layer increased in thickness throughout the dissolution time for
both media and the tablet core started to decrease in size at later
times. The results are quite consistent with the results above from
the gravimetric studies. In the presence of surfactant, the tablets
erode very slowly and seem to swell continuously. Furthermore,
the results follow the previous observations that the largest effects
on addition of surfactant was seen for the gel layer thickness
(Knoos et al., 2013a; Knoos et al., 2013b).

The releases of all three major components (polymer, ibuprofen
and lactose) of the tablets from the gravimetric studies are shown
in Fig. 9. The releases of lactose and ibuprofen followed the
patterns already seen in Fig. 4. Nonetheless, with some small
differences, presumably due to the fact that all data points in Fig. 9
correspond to different tablets; each experiment was obviously
terminated when the tablet was removed from the bath for
gravimetric analysis. The release of the polymer with time in
surfactant-free buffer was similar to that of ibuprofen, indicating
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Fig. 9. Release of ibuprofen (filled squares), lactose (open squares) and polymer
(open circles) from tablets dissolving in pure buffer (a) and in 10 mM SDS buffer
solution (b). The polymer release is not shown for tablets dissolving in surfactant
solution, for description of the release the reader is referred to the text. Error bars
indicate the standard deviation (n=3).

that the two releases were correlated (Skoug et al., 1993), as
discussed above. The diffusional release of ibuprofen from the
tablet was sufficiently slow so that the tablet erosion significantly
contributed to the total release. When adding surfactant to the
system the released amount of polymer was too small to be
determined by our gravimetric approach. In fact the dry weight of
the extracted tablets was higher than the initial polymer content,
possibly due at least in part to the absorption of buffer and SDS
from the medium (these contributions to the dry mass are
neglected in Eq. (4) above). This indicates two things, a very slow
release of the polymer and binding of SDS to the polymer matrix.

3.5. Drug release from polymer tablets

From the release and gravimetric studies, three distinct release
scenarios for tablets containing the two compounds ibuprofen and
lactose in different release media can be identified. In part, the
differences are due to the interactions of the HMPAA polymer with
both buffer and surfactant. In addition, lactose and ibuprofen
interact very differently with the other components in the studied
systems.

In the first scenario, for the release into water, both lactose and
ibuprofen show a similar release patterns, indicating similar
release mechanisms. In pure water, the tablets showed only a
limited swelling and formed thin gel layers, as observed previously
and confirmed here (Knods et al.,, 2013a). Furthermore, eroded
hydrated tablet particles were present in the bath that

disintegrated from the tablet matrix. During our previous studies
we have established that the polymer has poor water solubility and
has a maximum swelling equal to ca. 25wt% polymer content
(Knoos et al., 2013b). This means that the polymer layer can only
swell to this polymer concentration and the convection will shear
off hydrated insoluble polymer/tablet particles (Knoos et al.,
2013a; Knoos et al., 2013b). This leads to a rapid disintegration of
the tablet that determines the release of both substances.

In the second scenario, for the release into phosphate buffer, the
releases of lactose and ibuprofen differ. Lactose is released
comparatively rapidly, whereas the releases of polymer and
ibuprofen almost coincide, which indicates that ibuprofen is
released mainly due to erosion of the tablet. In buffer, the
carboxylic acid groups of HMPAA become partly charged (Laguecir
etal., 2006; Mylonas et al., 1999). The tablet then swells more than
in water and a thicker gel layer is formed that leads to slower
erosion, thus a slower release of ibuprofen (compared to water).
The release of lactose is marginally slower in surfactant-free buffer
(compared to pure water), due to the decreased erosion of the
tablets in buffer. The different release profiles for the polymer and
lactose indicates that lactose is primarily released by a rapid
diffusional transport, which is faster than the tablet erosion.

In the third scenario, for release into surfactant solutions, the
releases of all three components differ. In the presence of
surfactant (above CMC) the polymer is solubilized and the tablets
can swell indefinitely (Knoos et al., 2013a). The thickness of the gel
layer is then determined by the balance of the cohesive forces
between the polymer molecules and the applied force from the
convection (Borgquist et al., 2006; Korner et al., 2005). Further-
more, the surfactant most likely strengthens the polymer matrix
by increasing the lifetime of the temporary cross-links formed by
the hydrophobes (Magny et al., 1992). The tablets formed thick gel
layers and showed a very slow dissolution/erosion. Lactose has
about the same release rate as in surfactant-free media indicating
that it is released through a rapid diffusion that is only slightly
slowed down by the increased thickness of the swollen and
stagnant polymer matrix. The effect of added surfactant on the
lactose release is marginal in buffer, but significant in pure water
(Figs. 4 and 5), where added surfactant also has the strongest effect
on the swelling and disintegration of the polymer matrix and thus
could effect the diffusion path of lactose. The release of ibuprofen is
very slow but, nevertheless, faster than the polymer release.

It remains to discuss the interactions experienced by lactose
and ibuprofen in the studied systems. Lactose is an uncharged
hydrophilic substance that dissolves in water without associating
with either the hydrophobes on the polymer or the surfactant.
Ibuprofen, on the other hand, should have a quite complex
behavior in the swollen HMPAA tablets. Although added in the salt
form, ibuprofen can be partially protonated by proton exchange
with the abundant acrylic acid groups’ chain of the polymer. The
studied system will thus be composed of a mixture of sodium salt
and the acid form of ibuprofen, at varying water contents,
depending on the degree of water penetration. Moreover, in the
outermost part of the tablet, the ratios of the two forms will be
affected by the penetrating phosphate buffer. (In the interior of the
tablet, the carboxylate/carboxylic acid system will clearly be the
dominating buffer system.) On top of this, ibuprofen will interact
with the added surfactant and/or the hydrophobes and form mixed
aggregates. A detailed modeling is clearly beyond the scope of this
paper. However, hydrophobic interactions with the other compo-
nents must decrease the concentration of molecularly dissolved
ibuprofen in water. As stated above ibuprofen is known to form
mixed micelles with SDS (Stephenson et al., 2006). We also know
that the penetrating surfactant will form mixed micelles with the
HMPAA hydrophobes (Piculell et al., 2001). It is therefore likely
that a majority of the ibuprofen molecules will be associated with
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the mixed aggregates formed by the hydrophobes and/or SDS. In
media containing sufficient concentrations of SDS, the release of
ibuprofen should thus depend on the diffusion through the gel
layer of a small fraction of ibuprofen molecules molecularly
dissolved in water; hence, it will be very slow (Bramer et al., 2009).

4. Conclusions

In the present study the release of lactose (hydrophilic) and
ibuprofen (hydrophobic) from dissolving drug tablets containing
lactose, ibuprofen and HMPAA were investigated in the presence or
absence of the surfactant SDS in the dissolution bath. The lactose
release was analyzed quantitatively by a novel lactose biosensor
utilizing the sugar-oxidizing enzyme CtCDH immobilized on a
PDADMAC modified graphite electrode. The promotor layer
PDADMAC increased the analytical signals by on average 120
times improving the sensitivity of the sensor possibly due to an
increased loading of sensing CtCDH molecules onto the biosensor
and an increased interdomain or heterogeneous electron transfer
from the enzyme to the electrode. The linear measuring range of
lactose was between 10 and 110 wM lactose with a standard
deviation of 13%. A fast and easy sample preparation procedure was
developed to precipitate denaturating SDS from lactose containing
samples by the addition of PEI forming a precipitate due to
hydrophobic and electrostatic interactions. The addition of PEI
diluted the samples by less than 2% and eliminated around 96% of
the SDS within only 20 min enabling a fast and easy measurement
of lactose present in samples taken during the dissolution of the
tablets.

The release of lactose and ibuprofen differed vastly and the
release of ibuprofen from tablets with HMPAA was greatly affected
by the presence of surfactant and/or buffer, while the lactose
release showed only minor differences. The release behavior of
ibuprofen and lactose could be correlated to their different
interactions with the polymer and/or the surfactant. A comparison
of the release between these two tablet components, combined
with studies on the swelling and disintegration of the polymer
matrix, allowed us to identify and distinguish between diffusion
and erosion controlled release mechanisms from the same tablet
formulation. In principle three different scenarios for release could
be deduced. For the first scenario, both substances showed similar
release profiles and the releases were determined by the rapid
tablet erosion. In the second scenario the substances differed,
where lactose was mostly dependent on the transport and
diffusion through the swollen tablets. Here, ibuprofen was
primarily released with the polymer as the latter eroded. In the
final scenario, the presence of surfactant slowed down the erosion
of the tablets, and none of the three major components showed
similar releases. The release of lactose was about the same as in
surfactant-free buffer indicating that the rapid diffusion is only
slightly slowed down. The release of ibuprofen was instead very
slow, nevertheless faster than the polymer release, and the release
became dependent on the slow diffusional transport of ibuprofen
through the swollen tablets. The strategy and analyses used in this
paper are able to further validate previous hypotheses (Knoos et al.,
2013a; Wahlgren et al, 2009) and clearly show that the
hydrophobic interactions between ibuprofen and the hydrophobi-
cally modified polymer are important for the release. By relatively
simple dissolution tests and analyses, a deeper understanding of
the system could be achieved.
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