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ABSTRACT: Solid dispersions of glimepiride, belonging to the sulfonylurea group of antidia-
betic drugs, and poly(ester amide) hyperbranched polymers of different chemical compositions
were prepared in order to improve glimepiride’s poor water solubility. X-ray powder diffraction
results show that glimepiride is in noncrystalline form, indicating that drug molecules are
molecularly dispersed within the amorphous hyperbranched polymers. Nuclear magnetic res-
onance spectroscopy and Fourier transform–infrared spectroscopy results reveal the complex
formation between the glimepiride drug and the particular hyperbranched polymer, which was
confirmed also by quantum chemical calculations. The complex is stabilized by a hydrogen-bond
interaction between the NH group of the sulfonylurea segment of glimepiride and the carbonyls
of the amide and ester bonds of the hyperbranched polymers. The slightly acidic proton of
the NH group of the sulfonylurea segment of glimepiride is also involved in an interaction
with the tertiary amino functional groups of the hyperbranched polymer. As a consequence,
the loading capacity is higher for the hyperbranched polymer with the tertiary amino groups.
Owing to a complex formation between glimepiride and a particular hyperbranched polymer,
glimepiride’s water solubility and its dissolution rate are considerably improved relative to
the pure glimepiride drug. © 2011 Wiley-Liss, Inc. and the American Pharmacists Association
J Pharm Sci 100:4700–4709, 2011
Keywords: solid dispersion; drug interactions; X-ray powder diffractometry; FTIR; NMR
spectroscopy; ab initio calculation

INTRODUCTION

The discovery and approval of several new types of
oral antidiabetic drugs for the management of type 2
diabetes have resulted in their rapidly increasing use.
However, many of these drugs belong to class II of the
biopharmaceutical classification system, exhibiting a
high permeability and poor water solubility. The low
drug bioavailability results in an irreproducible clin-
ical response or even in a therapeutic failure and in a
waste of a large portion of the oral dose, which adds
to the cost of the drug therapy. Thus, poorly water-
soluble drugs provide a challenge when it comes to de-
livery in an active and absorbable form to the desired
site of action.1 One of the methods used to increase
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their solubility and/or dissolution rate is the trans-
formation of the drug from its crystalline form into
the amorphous state. However, the amorphous form
of the drugs is thermodynamically metastable and
often also chemically more unstable than their corre-
sponding crystalline form, which greatly enhances the
probability of a physical transformation (recrystal-
lization) and/or a chemical degradation of the amor-
phous drugs.

To overcome these effects, the solid dispersions of
drugs with hydrophilic or amphiphilic polymers are
often prepared, in which the polymeric carrier acts
as a drug stabilizer and/or a crystallization inhibitor,
and in this way preserves the drug in its molecu-
lar state.2–9 Solid dispersions can be prepared by the
melting method, the solvent method, or by a combi-
nation of both methods.10–18 The polymers commonly
used in the solid dispersion technology are conven-
tional linear polymers such as poly(vinylpyrrolidone),
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poly(methacrylate), various cellulose derivatives, and
so on.19–23 In recent years, dendritic polymers (den-
drimers, hyperbranched polymers, dendronized poly-
mers, dendrigrafts, etc.) have attracted a lot of
attention for their use in biomedical applications24–28

because they exhibit a number of properties that dif-
ferentiate them from the conventional linear poly-
mers, and that results from their unique branched
architecture and a large number of functional
groups.29–33 As a result, the dendritic polymers in
solution form unimolecular micelles, the structure
of which is similar to that of the conventional mi-
celles made of amphiphilic linear block copolymers;
only the unimolecular micelles consist of covalently
bound chains, whereas the chains of the conven-
tional micelles are bound together through physi-
cal bonds. Therefore, the formation and stability of
the unimolecular micelles are independent of ther-
modynamic factors such as the solution concentra-
tion and temperature. Active pharmaceutical ingredi-
ents can physically interact with dendritic polymers
through either encapsulation into dendritic interior
void spaces (nanoscale container) or association with
surface functional groups (nanoscaffolding), or a mix-
ture of both. The driving forces for these interactions
can be hydrogen bonding, van der Waals interactions,
or the electrostatic interaction between the opposite
charges on the dendritic polymers and the drug.34

In our previous work, we studied the feasibility of
using hyperbranched polymers, that is, commercially
available poly(ester amide)s with hydroxyl and ter-
tiary amine functional groups with the trade names
Hybrane S1200 and Hybrane HA1690, respectively,
as the solubilization enhancers for the poorly water-
soluble oral antidiabetic drug called glimepiride.35

Glimepiride belongs to the third generation of sul-
fonylurea drugs and is useful for the management of
diabetes mellitus of type 2. In addition to its poor solu-
bility (∼5 mg/L at pH value of 7.4), it also shows a slow
dissolution rate and a pH dependent solubility.36 The
results of our study revealed that the preparation of
solid dispersions of glimepiride with poly(ester amide)
hyperbranched polymers using a solvent method re-
sults in a significantly enhanced aqueous solubility
and dissolution rate of the glimepiride drug,35 which
was ascribed to the molecularly dissolved glimepiride
within the solid dispersions.

The aim of the present investigation was to ex-
actly determine the type of interactions between the
glimepiride drug and the particular hyperbranched
polymer in the solid dispersion because these spe-
cific interactions are responsible for the formation of
a stable complex and, consequently, for the improved
glimepiride solubility as well as dissolution rate. The
morphology of glimepiride within solid dispersions
was determined by X-ray powder diffraction (XRD)

and differential scanning calorimetry (DSC) analy-
ses, whereas the interactions between the drug and
the drug carrier were experimentally investigated us-
ing nuclear magnetic resonance (NMR) spectroscopy
and Fourier transform infrared (FTIR) spectroscopy.
The interaction energies between glimepiride and a
particular hyperbranched polymer were also calcu-
lated using quantum chemical calculations.

MATERIALS AND METHODS

Materials

Glimepiride, (1-[4[2-(3-ethyl-4-methyl-2-oxo-3-
pyrroline-1-carboxamide)ethyl] phenyl sulphonyl]-
3-trans-4-methylcyclohexyl)urea, was supplied in
crystalline form by Glenmark (Mumbai, India).
Hyperbranched poly(ester amide)s, that is, Hybrane
S1200 with hydroxyl functional groups and Hybrane
HA1690 with tertiary amine functional groups
(Scheme 1), were obtained from DSM (Sittard, The
Netherlands). The solvents and chemicals used for
the preparation and characterization of the solid
dispersions were all of analytical grade and supplied
by Merck (Darmstadt, Germany).

Scheme 1. Schematic presentation of hyperbranched
polymers containing (a) hydroxyl and (b) tertiary amine
functional groups.
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Preparation of Solid Dispersions

For the preparation of the solid dispersions using a
solvent method, glimepiride and the hyperbranched
polymer were dissolved in 96% ethanol at room tem-
perature during continuous stirring with a magnetic
stirrer (RT 10 Power; IKA Werke, Staufen, Germany)
at a speed of 480 rpm for 1 h to assure transparent
solution. The solvent was removed at slightly ele-
vated temperature (40◦C) in a vacuum (Heraeus va-
cutherm VT 6025; Thermo Scientific, Waltham, Mas-
sachusetts, USA) and then dried for 3 days at the
same conditions. The weight ratios of glimepiride and
the hyperbranched polymers in the solid dispersions
were 5:95 and 9:91 in the cases of the solid disper-
sions based on Hybrane S1200 and Hybrane HA1690,
respectively.

The physical mixtures of glimepiride and a partic-
ular hyperbranched polymer were prepared in a dry
box. Glimepiride and hyperbranched polymer were
mixed and grinded in an appropriate weight ratio in
a mortar with pestle to ensure the preparation of a
homogeneous mixture.

X-Ray Powder Diffraction

The X-ray patterns were recorded on a X-ray powder
diffractometer PANalytical X’Pert PRO MPD (Almelo,
The Netherlands). The samples were exposed to Cu
K"1 = 1.5406 Å radiation in 0.04◦ steps from 2θ = 5◦

to 30◦.

NMR Spectroscopy

The 1H and 13C NMR spectra were recorded on a Var-
ian Unity Inova 300 instrument (Oxford, UK) in the
pulse Fourier transform mode. The relaxation delay
and the acquisition time for the 1H NMR were both
5 s, and for the 13C NMR, they were 2 s. The sam-
ples were dissolved in DMSO-d6 and tetramethylsi-
lane was used as an internal standard.

Differential Scanning Calorimetry

The differential scanning calorimetric measurements
were made on a PerkinElmer Pyris 1 calorimeter
(Waltham, Massachusetts, USA). For determination
of the glass transition temperature, the samples were
first cooled to –50◦C and then heated to 150◦C at 20◦C/
min (first heating scan). After that, the samples were
cooled at a rate of 200◦C/min back to –50◦C (first cool-
ing scan) and reheated back to 150◦C at 20◦C/min
(second heating scan). The glass transition tempera-
ture was determined from the second heating scan.

For the detection of the presence of crystalline
glimepiride in the solid dispersions, separate exper-
iments were performed where the solid dispersions
were first cooled to –50◦C and then heated to 230◦C
at 10◦C/min.

Fourier Transform–Infrared Spectroscopy

The infrared spectra were recorded on a Perkin
Elmer System 2000 spectrometer (Waltham, Mas-
sachusetts, USA). Typically, 256 scans were averaged
and apodized with triangular functions at a nomi-
nal resolution of 2 cm–1. The spectra were measured
at room temperature in attenuated total reflectance
(ATR) mode on a Specac Golden Gate ATR cell (River-
house, UK) equipped with a diamond crystal. The
ATR spectra were used without additional process-
ing, such as corrections due to the frequency depen-
dent depth of penetration or spectral anomalies due
to reflection.

Stability Studies of the Solid Dispersions

The physical stability of glimepiride in solid disper-
sions was evaluated at 25◦C and 80% relative humid-
ity (RH). Saturated salt solution of ammonium bro-
mide was used to maintain 80% RH in the respective
chamber at 25◦C. Additionally, the samples were also
closed in vials and stored in refrigerator (2–8◦C). The
samples were removed after 7 days.

In vitro dissolution study was performed in order to
detect the possible change in glimepiride dissolution
profile that could result from the influence of elevated
humidity on glimepiride partial recrystallization.
In vitro dissolution studies were performed in phos-
phate buffer solution at pH = 6.8, physiologically rel-
evant media, at 37◦C using a USP Dissolution Tester,
Apparatus II (Paddle method) (Varian 705 DS, Cary,
North Carolina, USA) at a rotation rate of 75 rpm. The
tested samples were added in the correct amount di-
rectly to 900 mL phosphate buffer solution to achieve
a final glimepiride concentration of 4.4:g/mL, which
equals the concentration of therapeutic dose dissolved
in 900 mL. Experiments were performed in tripli-
cates. Aliquots, each of 2 mL, were withdrawn from
the dissolution medium at time intervals of 5, 15,
30, 60, and 120 min. The sample aliquots were with-
drawn through a syringe and filtered through a Mil-
lipore filter (0.45:m, Polyvinylidene fluoride, Biller-
ica, Massachusetts, USA). The sample aliquots were
analyzed for the dissolved glimepiride content using
reversed-phase high-performance liquid chromatog-
raphy (HPLC) method.

The amount of dissolved glimepiride was esti-
mated by reversed-phase HPLC (Waters Alliance,
Milford, Massachusetts, USA) in a binary mode with
a photodiode array detector at 230 nm. The analy-
sis were performed on a C18 column (150 × 4.6 mm2,
3.5:m) placed in a column oven at 30◦C and a mo-
bile phase: A [phosphate buffer (pH 2.5)–acetonitrile
(72:28)] and B [phosphate buffer (pH 2.5)–acetonitrile
(30:70)] delivered at a flow rate of 1.5 mL/min un-
der the following gradient conditions: 0–6 min (100%
A to 0% A), 6–6.5 min (0% A–100% A). The column
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equilibration time was 5 min. The retention time of
glimepiride was 4.0 min. The concentration of the dis-
solved glimepiride was determined from the area of
glimepiride peak using preformed calibration curve.
Standard curve for glimepiride was measured over a
range of 15 to 0.1:g/mL and was shown to be linear.
The limit of glimepiride detection was 0.005:g/mL.

Quantum Chemical Calculations

The quantum chemical calculations were performed
on an 8-core AMD-based workstation (Sunnyvale,
California, USA). The ab initio HF/STO-3G and
HF/6-31G(d) calculations were performed using the
Gaussian09 suite of programs (Wallingford, Connecti-
cut, USA).37 The size of the system did not allow
more flexible basis sets and inclusion of electron
correlation.38,39 The interaction energy was calcu-
lated by using the method of supermolecules as the
difference between the energy of the complex mi-
nus the energy of the hyperbranched polymer, minus
the energy of glimepiride. Zero-point corrections were
considered.

The solvation free energies of the hyperbranched
polymer, glimepiride, and the complex were calcu-
lated using the Langevin dipoles model parametrized
by Florian and Warshel.40 The Merz–Kollman partial
atomic charges were calculated on the HF/STO-3G
and HF/6-31G(d) level of theory.

In order to define the acidic proton of glimepiride,
we used the established quantum chemical proce-
dures for calculating the pKa values discussed in
a previous publication and the references therein.41

Zero-point corrections were considered.

RESULTS AND DISCUSSION

XRD and DSC Studies

In our previous study, X-ray diffraction analyses were
used to assess the presence of crystalline glimepiride
or its polymorph modifications within the prepared
solid dispersions.35 However, the peaks that would
indicate the presence of crystalline glimepiride were
absent in the X-ray diffraction patterns of the solid
dispersions; only a broad amorphous halo typical for
amorphous hyperbranched polymers was seen up to
a certain glimepiride concentration, that is, 5 and
9 wt % for the hyperbranched polymers containing
hydroxyl and amino functional groups, respectively
(Fig. 1). To make sure that the content of the amor-
phous glimepiride in the solid dispersions is not be-
low the detection limit, we also made X-ray measure-
ments on physical mixtures of glimepiride and the
particular hyperbranched polymer in the same weight
ratio as that in the corresponding solid dispersions
(Fig. 1). The X-ray patterns of the physical mixtures
show sharp peaks superimposed on an amorphous

Figure 1. X-ray powder diffractograms of the physical
mixture and the solid dispersion containing (a) 5 wt % of
glimepiride and 95 wt % of hyperbranched polymer con-
sisting of functional hydroxyl groups and (b) 9 wt % of
glimepiride and 91 wt % of hyperbranched polymer consist-
ing of tertiary amino functional groups.

halo. These signals are due to the presence of the crys-
talline glimepiride. The signal intensity of the crys-
talline glimepiride is higher in the X-ray pattern of
the physical mixture consisting of the glimepiride and
the hyperbranched polymer terminated with amino
functional groups than the signal intensity in the
X-ray pattern of the physical mixture of glimepiride
and the hyperbranched polymer terminated with hy-
droxyl functional groups because the drug content is
higher in the former case. Similar X-ray patterns to
those of the physical mixtures were also obtained with
the solid dispersions, in which the glimepiride concen-
tration in the solid dispersion with the hyperbranched
polymer consisting of hydroxyl and amino groups
exceeds 5 and 9 wt %, respectively.35

On the basis of these results, we concluded that
during the solvent evaporation, glimepiride does not
crystallize up to a certain concentration, which de-
pends on the chemical composition of the hyper-
branched polymer used for the preparation of the solid
dispersion. The noncrystalline form of glimepiride
within the solid dispersions indicates molecularly
dispersed drug molecules within the amorphous hy-
perbranched polymers. Such system is called an
amorphous solid solution.9 Glimepiride specifically
interacts with poly(ester amide) hyperbranched poly-
mers, which is also the reason for its improved water
solubility. Above these limiting concentrations, which
equal the maximum loading capacities of particular
hyperbranched polymers, glimepiride crystallizes as a
separate solid phase during the solvent evaporation.35

The DSC thermograms of the hyperbranched poly-
mers and the solid dispersions show only a broad glass
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transition temperature due to the amorphous hyper-
branched polymers. The glass transition temperature
of the pure hyperbranched polymer containing amino
functional groups (Tg = 23.1◦C) is comparable to that
of the solid dispersion consisting of glimepiride and
this polymer (Tg = 22.5◦C), whereas the glass transi-
tion temperature of the pure hyperbranched polymer
containing hydroxyl functional groups (Tg = 45.6◦C)
is higher than that of the solid dispersion based on it
(Tg = 35.0◦C). The lower glass transition temperature
of the solid dispersion based on hyperbranched poly-
mer containing hydroxyl groups as compared with
the pure hyperbranched polymer was ascribed to a
plasticizing effect of the drug molecules.9 The dif-
ferential infrared spectroscopy also shows that the
hydrogen-bond network in the hyperbranched poly-
mer rearranges during the preparation of the solid
dispersion toward the less hydrogen bonded network,
which could also result in reduced glass transition
temperature.42 On the contrary, the glass transition
temperature of the hyperbranched polymer contain-
ing tertiary amino functional groups is not affected
significantly by the solid dispersion preparation, indi-
cating less plasticizing effect of the drug. In addition,
this hyperbranched polymer contains only proton ac-
ceptors and no proton donor groups in the structure
and as a result, it does not form a hydrogen-bond net-
work.

The DSC curves of both hyperbranched polymers
show the onset of thermal decomposition at temper-
atures of 120◦C and 150◦C for the hyperbranched
polymer consisting of hydroxyl and amino functional
groups, respectively. This is the reason why the pres-
ence of the crystalline glimepiride with a melting
point at 214◦C cannot be determined from their DSC
thermograms, neither in the solid dispersions nor in
the physical mixtures.
1H NMR and 13C NMR Spectroscopic Studies

The type of interaction between glimepiride and the
poly(ester amide) hyperbranched polymers in the
form of solid dispersions were studied by proton and
carbon NMR as well as by IR spectroscopy.

The assigning of the glimepiride signals in the pro-
ton NMR spectra, 1H NMR (300 MHz, DMSO-d6) δ

(ppm) is as follows: 10.32 (s, 1H), 8.37 (t, J = 5.7 Hz,
1H), 7.81 (d, J = 8.5 Hz, 2H), 7.46 (d, J = 8.5 Hz, 2H),
6.28 (d, J = 7.8 Hz, 1H), 4.17 (s, 2H), 3.50 (dq, J = 7.1,
6.3 Hz, 2H), 3.22–3.13 (m, 1H), 2.90 (t, J = 7.1 Hz, 2H),
2.19 (q, J = 7.6 Hz, 2H), 1.71–1.57 (m, 4H), 1.34–1.19
(m, 1H), 1.16–1.03 (m, 2H), 0.98 (t, J = 7.6 Hz, 3H),
0.94–0.86 (m, 2H), 0.82 (d, J = 6.5 Hz, 3H).

Figure 2 shows magnified regions of the 1H NMR
spectra of pure glimepiride and its solid disper-
sions with hyperbranched polymers containing the
hydroxyl and amine functional groups, respectively
(Fig. 2). The displayed regions represent only the sig-

Figure 2. Magnified 1H NMR spectra of (a) glimepiride
and its solid dispersions with hyperbranched polymers con-
taining the (b) hydroxyl and (c) the tertiary amino func-
tional groups.

nals belonging to the glimepiride drug whose chem-
ical shifts are the most affected by the interactions
with the hyperbranched polymers. In the spectrum of
pure glimepiride, the signal due to the acidic sulfony-
lurea proton (marked with the number 1) appears at
the chemical shift of 10.32 ppm. In the proton NMR
spectra of both solid dispersions, this signal becomes
a very wide one, spreading across several ppm. In
addition, the signals assigned to the second proton
of the sulfonylurea group (5) and to the phenyl pro-
tons (3 and 4) shift slightly to a higher magnetic field.
The shifting of the glimepiride signals is more pro-
nounced if it is in the form of a solid dispersion with a
hyperbranched polymer consisting of tertiary amine
functional groups. Such signal shifting is the conse-
quence of an electron-density rearrangement in the
glimepiride structure, resulting from interactions of
glimepiride with the hyperbranched polymers. These
results, thus, imply that the NH group of the sul-
fonylurea segment of glimepiride interacts with the
hyperbranched polymers most probably through hy-
drogen bonding.

On the contrary, a chemical shift of the signal
due to the 2-oxo-3-pyrroline-1-carboxamide group (2)
in glimepiride is the same regardless of whether
glimepiride is in pure form or in the form of solid
dispersions with hyperbranched polymers, suggesting
that this group does not participate in the interaction
with the hyperbranched polymers.

The assigning of the glimepiride signals in the
carbon NMR spectra, 13C NMR (75 MHz, DMSO-
d6) δ (ppm) is as follows: 12.71, 12.82, 16.01, 22.01,
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31.22, 32.29, 33.37, 35.19, 40.03, 48.56, 51.89, 127.33,
129.16, 131.95, 138.20, 144.94, 150.48, 151.65, 151.98,
171.81.

Magnified regions of the 13C NMR spectra show
a shifting of the signals of the glimepiride sulfony-
lurea carbonyl group (4) as well as the signals of
the aromatic ring (signals denoted as 5, 6, 8, and
9) if glimepiride is in the form of the solid disper-
sions (Fig. 3). On the contrary, the chemical shifts
of the signals of the carbonyl groups in the 2-oxo-
3-pyrroline-1-carboxamide segment (1 and 2) and the
signals of the double bond (3 and 7) do not change sig-
nificantly (Fig. 3). These results again indicate that
the glimepiride sulfonylurea group is the one that in-
teracts with the hyperbranched polymers.

We were not able to determine the groups of the hy-
perbranched polymers that are involved in the inter-
action with glimepiride, neither from the proton nor
from the 13C NMR spectra of the solid dispersions be-
cause the signals of the hyperbranched polymers are

Figure 3. Magnified 13C NMR spectra of (a) glimepiride
and its solid dispersions with hyperbranched polymers con-
taining (b) the hydroxyl and (c) the tertiary amino func-
tional groups.

very wide in comparison with the glimepiride signals.
Owing to the low glimepiride content in the solid dis-
persions, the number of polymeric groups involved in
the interaction with glimepiride is also small. In ad-
dition, the signals indicating the interacting groups
of the hyperbranched polymers most probably over-
lap with those that are not involved in the interaction
with glimepiride.

Infrared Spectroscopic Studies

To ascertain which groups of the hyperbranched poly-
mers interact with the acidic NH group of the sulfony-
lurea segment of glimepiride, we performed IR spec-
troscopic measurements in ATR mode. The spectra
of the pure hyperbranched polymers were subtracted
from the spectra of the solid dispersions to obtain
difference spectra, which show the most prominent
changes due to the interactions between glimepiride
and the hyperbranched polymers (Fig. 4).

The difference spectra reveal a broad absorp-
tion located at ∼2010 and ∼2350 cm−1 for the
solid dispersions of glimepiride and the hyper-
branched polymers containing hydroxyl and ter-
tiary amine functional groups, respectively (Fig. 4).
This broad absorption was ascribed to the NH
stretching vibration of the sulfonylurea segment in
glimepiride. Significant broadening and shifting of
the NH stretching band to lower wave numbers

Figure 4. The difference spectra of the solid dispersions of
glimepiride and the hyperbranched polymer containing (a)
the hydroxyl groups and (b) the tertiary amino groups. The
difference spectra were obtained by subtraction of the spec-
tra of the pure hyperbranched polymers from the spectra
of the solid dispersions. The ATR spectra of the pure hy-
perbranched polymers were recorded on samples that were
prepared under the same conditions as solid dispersions,
only without the presence of the glimepiride drug.

DOI 10.1002/jps JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 11, NOVEMBER 2011



4706 PAHOVNIK ET AL.

is indicative of the formation of medium-to-strong hy-
drogen bonds in which the NH groups act as proton
donors. Moreover, the larger frequency shift of the
glimepiride NH stretching vibration for the solid dis-
persion based on the hyperbranched polymer consist-
ing of tertiary amino functional groups in comparison
with the hyperbranched polymer with hydroxyl func-
tional groups suggests that glimepiride forms shorter
and stronger hydrogen bonds with the former poly-
mer. The results of the IR spectroscopic studies are
thus in agreement with the NMR results.

The carbonyl regions of both difference spectra
show red shifts of the <(O) C O and <(N) C O
bands (Fig. 4). The appearance of negative and pos-
itive bands results from the frequency downfield
shift of the carbonyl stretching vibration of the es-
ter and amide bonds in the hyperbranched poly-
mers. Such frequency shifts suggest that the carbonyl
groups serve as the proton acceptors in N C O···HN
and O C O···HN hydrogen-bond formation.35 The in-
tensity ratio of these bands implies a higher rela-
tive amount of N C O···HN as compared with the
O C O···HN hydrogen bonds in the solid dispersion
of glimepiride and the hyperbranched polymer con-
taining the amino functional groups.

In addition to the hydrogen bonds, another type
of interaction, that is, a proton transfer from the
glimepiride sulfonylurea NH group to the tertiary
amino group of the hyperbranched polymer, is ex-
pected to occur in the case of a solid dispersion of
glimepiride and the hyperbranched polymer consist-
ing of tertiary amino groups. In a difference spec-
trum, this type of interaction should be character-
ized by the bands that would indicate a stretching
NH+ vibration between 2700 and 2250 cm−1, and
the antisymmetric and symmetric deformation of the
NH+ groups located at 1640 and 1620 cm−1 and at
1535 and 1510 cm−1.43 The stretching vibration of
the NH+ groups could coincide with the broad ab-
sorption of the NH stretching vibration (∼2350 cm−1)
of the glimepiride sulfonylurea segment involved in
hydrogen bonding, whereas the identification of the
deformation vibrations of the NH+ groups is, due
to their strong overlapping with more intense bands
of glimepiride and polymer vibrations, very difficult.
However, strong evidence for this type of interac-
tion is given by the different intensity ratios of the
glimepiride bands at 1706 (1702) and 1536 (1540)
cm−1 in both difference spectra, which most probably
results from the overlapping of the glimepiride band
at 1540 cm−1 and the band due to the deformation
vibration of the NH+ group at 1535 cm−1.

The observed changes in the infrared spectra of
the solid dispersions imply the existence of hydro-
gen bonds between the glimepiride NH groups and
the carbonyls of the amide and ester groups of
the hyperbranched polymers. Besides the interac-

tion of glimepiride with the hyperbranched polymers
through hydrogen bonding, glimepiride most proba-
bly also interacts with the tertiary amino functional
groups of the hyperbranched polymer.

Stability Studies of the Solid Dispersions

Chemical and physical stability of glimepiride in the
solid dispersion, based on hyperbranched polymer
with hydroxyl functional groups, which was incorpo-
rated into a final tablet solid dosage form (uncoated
and coated), was investigated in our previous work.44

A direct-compression tabletting technique was ap-
plied for the preparation of the tablets consisting
of solid dispersion, lactose, and magnesium stearate
(uncoated tablets). Tablets were additionally coated
with hydroxypropyl methylcellulose phthalate in or-
der to protect the extremely hygroscopic solid disper-
sion from atmospheric moisture (coated tablets). The
results of stability studies showed that glimepiride
is chemically stable if the solid dispersion is incor-
porated into tablets (coated and uncoated), even if
exposed to elevated temperature and/or moisture. In
vitro dissolution studies of tablet cores show some im-
pact of stress storage conditions (exposure of tablets
to high temperature and high humidity for 1 month)
on the tablet disintegration time and, consequently,
on the drug release rate. Glimepiride solubility also
deteriorates somewhat, most probably due to its par-
tial recrystallization. On the contrary, stress stor-
age conditions affect much less the physical stability
of glimepiride in tablets coated with hydroxypropyl
methylcellulose phthalate, which was ascribed to re-
duced tablet hygroscopicity due to the presence of pro-
tecting coating.

In this work, we tested the physical stability of
glimepiride in both solid dispersions, which become
deliquescent if they are exposed to humidity because
poly(ester amide) hyperbranched polymers are ex-
tremely hygroscopic. In these experiments, the solid
dispersions were stored in closed vials in a refriger-
ator for 7 days and in an exicator with 80% RH at
room temperature. The results of in vitro dissolution
studies indicate that both solid dispersions stored in
the closed vials in the refrigerator were stable. At
the end point of the dissolution study (120 min), the
concentrations of the dissolved glimepiride reaches
the values close to those determined for the initial
solid dispersions, that is, 99% and 98% for solid dis-
persions based on hyperbranched polymer consisting
of hydroxyl and tertiary amine functional groups, re-
spectively (Fig. 5). On the contrary, the solid disper-
sions stored in the exicator at room temperature and
80% RH show significantly reduced glimepiride sol-
ubility because the absorbed moisture most proba-
bly competes with glimepiride for hydrogen bonding.
In addition, water acts as a plasticizer, which re-
duces the glass transition temperature of the solid
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dispersions and thus, further contributes to com-
plex instability. The results also reveal that the de-
terioration of glimepiride solubility was much more
pronounced for the solid dispersion based on hy-
perbranched polymer containing hydroxyl functional
groups (after 120 min dissolution time, glimepiride
solubility was only about 44% of that for the initial
solid dispersion) than for the solid dispersion based
on the hyperbranched polymer containing tertiary
amine functional groups (after 120 min dissolution
time, glimepiride solubility was about 84% of that for
the initial solid dispersion), which is ascribed to dif-

Figure 5. Dissolution profiles of solid dispersions based
on hyperbranched polymers containing (a) hydroxyl groups
and (b) tertiary amino groups, which were stored under
different conditions. The results are presented relative to
the glimepiride solubility of initial solid dispersion after
120 min dissolution time.

ferent types of interaction between glimepiride and
particular hyperbranched polymer (Fig. 5.).

Quantum Chemical Calculations

It was experimentally determined that glimepiride
has a pKa value of 7.26 or 8.07, depending on the
method of measurement.36 These pKa values indi-
cate that the aqueous solubility of glimepiride in-
creases with an increasing pH value. The pKa val-
ues of glimepiride were also calculated in order to
determine the most acidic proton of the glimepiride
drug. The results of our calculations are in good agree-
ment with the experimental results reported by Gr-
bic et al.,36 especially those calculated on the HF/6-
31G(d) (pKa value of 7.96) and HF/6-311++G(2d,2p)
(pKa value of 7.29) level of theory. The results also
reveal that the hydrogen atom in the sulfonylurea
segment of glimepiride is an acidic proton and, there-
fore, the most probable candidate for involvement in
hydrogen bonding or to be detached.

For the hyperbranched polymer containing the ter-
tiary amine functional groups, the calculated energy
of the hydrogen-bond formation between the sulfony-
lurea NH group of glimepiride and the carbonyl group
of the amide bond (N C O···HN) is –22.58 kcal/mol
and that of the hydrogen bond between the sulfony-
lurea NH group of glimepiride and the carbonyl group
of the ester bond (O C O···HN) is –11.71 kcal/mol
on the HF/6-31G(d) level of theory (Table 1). These
results are in agreement with the IR results, show-
ing that the hyperbranched polymer containing the
tertiary amine functional groups form more stable
(stronger) N C O···HN than O C O···HN hydrogen
bonds with glimepiride. The calculations also show
that protonation of the tertiary amino functional
groups in the hyperbranched polymer by the acidic
sulfonylurea proton of glimepiride is also a possible
interaction because the free energy of this interac-
tion equals –19.62 kcal/mol on the HF/6-31G(d) level
of theory (Table 1).

For the hyperbranched polymer containing the
hydroxyl functional groups, the calculated ener-
gies of the hydrogen-bond formation between the

Table 1. Interaction Energies �Gassoc (Free Energies of Association) for Different Types of Interactions Between Glimepiride
and Particular Poly(Ester Amide) Hyperbranched Polymer Calculated on the HF/STO-3G and HF/6-31G(d) Level of Theory

Complex of Glimepiride and Polymer with
Hydroxyl Groups �Gassoc [kcal mol–1]

Complex of Glimepiride and Polymer
with Amine Groups �Gassoc [kcal mol–1]

Method HF/STO-3G HF/6-31G(d) HF/STO-3G HF/6-31G(d)

N C O···HN –19.54 –22.87 –19.65 –22.58
O C O···HN –28.34 –31.52 –10.21 –11.71
NH+ –17.10 –19.62

Zero point corrections were considered.
N C O···HN represents hydrogen bond between amide C O group of hyperbranched polymer and HN of sulfonylurea group of glimepiride.
O C O···HN represents hydrogen bond between ester C O group of hyperbranched polymer and HN of sulfonylurea group of glimepiride.
NH+ represents proton transfer from NH of sulfonylurea group of glimepiride to tertiary amine functional group of hyperbranched polymer.
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sulfonylurea NH group of glimepiride and the car-
bonyl groups of the amide and ester bonds are –22.87
(N C O. . .HN) and –31.52 kcal/mol (O C O···HN)
on the HF/6-31G(d) level of theory (Table 1), respec-
tively, implying that the carbonyl groups of the ester
bonds form somewhat stronger hydrogen bonds with
glimepiride than with the amide bonds.

CONCLUSIONS

In solid dispersions of glimepiride with poly(ester
amide) hyperbranched polymers consisting of hy-
droxyl and tertiary amino functional groups,
glimepiride is in an amorphous form up to a concen-
tration of 5 and 9 wt %, respectively. Glimepiride is
dispersed on a molecular level within the amorphous
hyperbranched polymer. The system is stabilized by
a specific interaction between the drug and the hy-
perbranched polymer. The driving force for the in-
teraction is the hydrogen bonding between the pro-
ton of the NH group of the sulfonylurea segment of
glimepiride and the carbonyl groups of the amide and
ester bonds of the hyperbranched polymers. In the
hyperbranched polymer consisting of tertiary amino
functional groups, besides hydrogen bonding, a proton
transfer from the acidic NH group of the sulfonylurea
segment of glimepiride to the tertiary amino group is
also a possible driving force for the complex forma-
tion, as indicated by experimental results as well as
by computational studies. Consequently, the loading
capacity of the hyperbranched polymer with tertiary
amino functional groups is higher than that with the
hydroxyl functional groups. As a result of a complex
formation, glimepiride’s solubility and its dissolution
rate are considerably improved in comparison with
the pure glimepiride drug.
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25. Žagar E, Žigon M. 2002. Characterization of a com-
mercial hyperbranched aliphatic polyester based on 2,2-
bis(methylol)propionic acid. Macromolecules 35:9913–9925.
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