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Abstract. A new technology was developed to form extended release hard gelatin capsules,
based on the lipid matrix formation of Gelucire 50/13 and cetostearyl alcohol. Matrices were
formed in situ by filling pulverised lipids, ethylcellulose and active ingredients such as diclofenac
sodium, acetaminophen andmetronidazol into capsules and heating at 63°C for 11min. Effects of
heating were investigated also on the brittleness of capsule shells. Inhibition of the evaporation of
water reduced capsule damage. Dissolution tests and texture analysis were performed to discover
the release and mechanical profiles of the matrices. Tests were repeated after 1 month storage
and results were compared. Gelucire 50/13 alone prolonged drug release but cetostearyl alcohol
slowed drug liberation even further. Drug release from all compositions was found to follow first-
order kinetic. Significant softening of the matrices was detected during storage in composition
containing only Gelucire 50/13, ethylcellulose and diclofenac sodium. Thermal analysis and IR
tests were also performed to discover physicochemical interactions between active pharmaceu-
tical ingredients and excipients. Thermal analysis confirmed a notable interaction between
diclofenac sodium and Gelucire 50/13 which could be the cause of the observed softening. In
conclusion, modified release hard gelatin capsules were developed by a simple and fast
monolithic lipid matrix formation method.

KEY WORDS: lipid matrix; in situ matrix formation; Gelucire 50/13; hard gel capsule; dissolution
kinetics.

INTRODUCTION

Hard gelatin capsules are well known immediate-release
dosage forms with the ease of powder or granule filling, which
makes them the second most preferred dosage form after
conventional tablets (1). HGCs are manufactured separately and
supplied in various sizes and colours; furthermore, they are often
printed. The speed of hard capsule production could be a crucial
issue when the final formulation of the capsule is considered, since
powder and pellet filling machines are more productive compared
to the liquid and semi-solid filling machines (2,3).

Another reason could be to favour the development of
HGCs that they are preferred to be filled with solid or semi-
solid (4) dispersion. Dispersions, suspension or solutions are
pumped while in molten state then solidifies or at least
became semi-solid in the body of the capsule (5). When
formulating modified release capsules, the modified release
coating of the filled material or the direct coating of the
capsule shell is a possibility (6,7). The above-mentioned
formulations could either increase the bioavailability of
poorly water-soluble drugs or may retard the dissolution of
certain drugs (5). Lipid excipients are used in many drug
formulations to sustain drug release. The easiest approach is
direct compression to tablets. This however is applicable for
excipients with high melting points and poor powder flow
often requires further technological processes such as wet or
dry granulation. Moulding is an alternative method to
prolong the release of water-soluble and heat-resistant drugs.
On the other hand, matrix formation by melting technologies
is a feasible method for the formulation of poorly water-
soluble drugs (8). This method includes the complete melting
of the lipid vehicle and the drug must be homogenously
dispersed or dissolved in the melt (9). Since 70°C is the upper
limit regarding the liquid-fill’s temperature, (2,10) to avoid
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capsule damage, an alternative approach was designed and
tested.

The aim of the study was to make a simple, modified
release HGC formulation, based on a quick melting step. We
determined whether is it possible to fill HGCs with a suitable
powder blend composed of an active pharmaceutical ingredi-
ent and excipients, preferably lipid materials with relatively
low melting range, compatible with gelatin to sustain drug
release. Then after capsule filling, short heating would result
in a complete melting inside the shell which, after cooling,
result in a solid block providing extended drug release. We
chose three different active ingredients as model drugs,
namely diclofenac sodium, acetaminophen and metronida-
zole, sorted in decreasing aqueous solubility (11,12). The lipid
matrix formation was based on the melting and solidification
of Gelucire 50/13 (GC) and cetostearyl alcohol (CSA).
Various types of Gelucires, blends of mono-, di- and tri-
glycerides and mono- and di-fatty acid esters of PEGs, are
used in pharmaceutics. In the field of lipid matrices,
compositions prepared by extrusion-spheronisation, melt-
pelletisation and other moulding techniques with several
active ingredient were investigated before (13–16). To
prevent sedimentation of the API in the closed capsule shell,
celluloses, such as microcrystalline cellulose, and
ethylcellulose (a hydrophobic derivative) as adsorbents were
selected and tested. Until date of publishing, no reference was
available where the matrix was made by in situ matrix
formation, after the capsule shell filling.

MATERIAL AND METHODS

Materials

Gelucire 50/13 (GC) was kindly gifted from Gattefossé
(Saint-Priest, France), cetostearyl alcohol (CSA), acetamino-
phen (ACP) and metronidazole (MNZ) were Ph. Eur. grade
and purchased from Hungaropharma (Budapest, Hungary).
Microcrystalline celluloses (MCC), Vivapur 200, 12 and 100
were gifts from JRS Pharma (Rosenberg, Germany).
Diclofenac sodium (DS) was purchased from Cayman Chem-
ical Company (Ann Arbor, Michigan, USA). Ethylcellulose
(EC), Ethocel Standard 100 was a kind gift from Colorcon
Limited Budapest (Budapest, Hungary). HGCs (Coni-Snap®,
size 0) were purchased from Capsugel (Morristown, New
Jersey, USA). Other reagents were all of analytical grade and
purchased from Sigma-Aldrich Kft. (Budapest, Hungary).

Capsule Tests

Effect of Heating Conditions on the Loss of Drying of the
Empty Capsules

It is well known that water content is crucial for
maintaining the mechanical properties of gelatine (17) and it
has been shown that the structural and mechanical properties
of hard gelatin capsules are a function of relative humidity
(18). Empty HGC shells were divided into two groups,
covered and uncovered. Covered were filled into a glass
container with a fixed plastic cap, uncovered were poured
into disposable plastic weighing boats. Then, they were
placed into the preheated hot-air oven (Memmert SFE 550,

Memmert GmbH, Germany) for 10, 20 and 30 min at 63°C
(19). Capsules were weighed and loss of drying was calculated
before and instantly after, heating. The changes in the
moisture content were also investigated 1 day, 1 week and
1 month after the experiments. For the loss of drying test,
HGCs were dried overnight in an oven at 105°C (18).

Effect of Heating on the Brittleness of the HGC

Two different types of experiments were carried out.
Firstly, we did the Tube test, which consists of a 100 g weight
dropping on an empty capsule from a height of 8 cm (18). The
weight was a stainless steel with a diameter of 245 mm. Then,
150 empty capsules were investigated in 3 groups; uncovered
capsule were placed in a glass baker, and covered capsule
were placed in a glass baker sealed with aluminium foil and
control group. All capsules were heated in oven for 11 min at
63°C except the control. After heating, capsules were allowed
to cool down and Tube test was carried out.

In the second experiment, 20 empty shells and 20 shells
filled with lactose were heated as described above. After
cooling, both groups were tested for cracks and leakage in a
friability tester. Rotation speed was 25 rpm. Tests lasted for 4
and 12 min (100 and 300 falls) Capsules were individually
visually checked for any crack and powder leakage.

Selection of the Appropriate Adsorbent

We tested the effect of different types of cellulose
derivatives as absorbents on the texture of matrices with the
following method. The lipids and the celluloses, either EC or
different grades of MCC, were homogenised in mortar with a
pestle and the blend was filled in the cavities of a PVC/PE/
PvdC blister (diameter 11 mm, depth 8 mm). The blends
contained 15% CSA, 40% GC and 45% cellulose derivatives.
Then the blister was placed into a preheated oven (Memmert
SFE 550, Memmert GmbH, Germany) for 11 min at 63°C.
The duration and the temperature were established in a
preliminary experiment when the complete melting of the
materials was confirmed by visual inspection. After 11 min,
the blister was taken out and allowed to cool down to room
temperature. The formed matrices were extracted, observed
visually and their crushing strength was measured with a CT3
texture analyser with a maximum load of 4500 g (Brookfield
Engineering Laboratories, MA, USA). Texture Pro CT
program was used for the measurements (Brookfield Engi-
neering Laboratories, MA, USA). The amount of the
absorbent was experimentally determined for each API.

Pulverisation of the Gelucire and the Cetostearyl Alcohol

GC and CSA arrived in pellet form. Due to the lower
melting range of the GC (around 50°C) (20) compared to the
CSA (49–56°C) (21), we cooled the GC between 2 and 8°C,
by placing into refrigerator for 24 h. Then the GC was
crushed in a precooled mortar and sieved (European Sieve
No.355), CSA was crushed without previous cooling and
sieved, the pulverised materials were stored at room temper-
ature and used for the further experiments.
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Preparation of the Sustained Release Capsules

In this study, 6.5 g of each composition shown in Table I
were homogenised in a mortar; each empty capsule shells
were filled by a manual capsule filling device. After filling,
they were heated in the oven for 11 min at 63°C. The capsules
lied in a horizontal position in disposable plastic weighing
boats. After the melting procedure, the capsules were slowly
cooled to 35°C in 5 min by letting cool air inside. Finally, the
capsules were allowed to cool to room temperature.

Mechanical Tests of the SR Capsules

Three-Point Bending Test

To evaluate the brittleness of the formed matrices, three-
point bend test was chosen. A custom-made adjustable fixture
was designed and made for the test. The measurements were
made with the CT3 texture analyser with a TA7 knife edge
probe, the maximum forces to break the blocks in halves was
recorded with the Texture Pro CT program. The effect of
ageing was also investigated by storing the samples for a
month. Samples were stored in air-tight glass containers
between 18 and 25°C and at 40–65% relative humidity
(18,22). The custom-made fixture and the device set up for
the three-point bend test can be seen on Fig. 1.

Plasticity Test of the DS Capsules

The texture analyser was equipped with an acrylic
cylinder, TA11/1000, (d 25.4 mm) and the device was
programmed to compress the blocks with a constant speed
(0.50 mm/s) until a 4500 g of resistance is detected, while the
programme recorded the distance.

NIR Measurements

A Thermo Scientific Antaris II FT-NIR spectrometer
(ThermoFisher Scientific, USA) with an integrating sphere
accessory with internal background was used for the
spectroscopical investigation of the samples. The resolution

was set to 4 cm−1, the scan number was 128 and H2O and CO2

corrections were applied.
The spectra were evaluated with the use of Spectragryph

optical spectroscopy software v1.0.2 (Dr. F. Menges,
Berchtesgaden, Germany).

Thermal Analysis

Differential scanning calorimetry (DSC) measurements
were performed with a DSC 821e (Mettler-Toledo GmbH,
Switzerland) instrument. During the DSC measurements, the
start temperature was 25°C, the end temperature was 500°C and
the applied heating rate was 10°C min−1. The measurements
were performed in an Argon atmosphere (purity = 99.999%,
70 cm3 min−1 flow rate). Then, 5 ± 1 mg sample was measured
into an aluminium pan (40 μl). The curves were calculated and
were evaluated with STARe Software.

The thermal characteristics of the sample mass loss were
determined with a thermal gravimetric analyser TG/DSC1

Table I. Compositions of the Capsules

Formulation API (%) CSA (%) EC (%) GC (%) API content
(mg)a

DS1 33 0 7 60 120.29
DS2 33 5 7 55 117.31
DS3 33 10 7 50 121.94
ACP1 33 0 12 55 109.1
ACP2 33 5 12 50 108.34
ACP3 33 10 12 45 111.83
MNZ1 40 0 10 50 155.34
MNZ2 40 5 10 45 149.1
MNZ3 40 10 10 40 150.72

aAPI content was calculated based on the individual weights and the
theoretical composition of the capsules. The masses of 20 capsules
were measured, and the proportion of API was calculated and
expressed in mg

Fig. 1. Brookfield texture analyser with the adjustable fixture, set up
for three-point bending tests. The presented adjustable fixture
designed and built for the three-point bending test. (40 × 52 × 20,
width, depth, height in mms)
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(Mettler-Toledo GmbH, Switzerland) operated under N2
atmosphere (purity = 99.999%, 70 cm3 min−1 flow rate).
During the TG measurements, the start temperature was
25°C, the end temperature was 500°C and the applied heating
rate was 10°C min−1. Further, 10 ± 1 mg sample was measured
into an aluminium pan (100 μl).

The curves of DSC and TG results were calculated and
were evaluated with STARe Software.

Powder X-Ray Diffraction Study

For the XRPD measurement, the samples were finely
powdered. The powder was mixed with minimum amount of
CryoOil (Mitegen) and a small ball was formed and fixed on a
Mylar loop. The X-ray measurement was performed at 298
(2) K on a Bruker D8 Venture diffractometer with Photon
200 CMOS detector, equipped with a multilayer mirror
monochromator and a CuKα INCOATEC IμS micro-focus
source (λ = 1.54178 Å). This scans for 360° were collected and
the optimised detector distance was 120 mm and data
collection time was 60 s. The raw frame data were collected
and frames were integrated using the Bruker APEX3
program (v2017.3 *Bruker AXS Inc.).

HPLC Analysis of the DS Capsules

The samples were analysed by a high-performance liquid
chromatography (HPLC). The HPLC system Merck-Hitachi
ELITE LaCrom consisted of a pump (L-2130), degasser,
automated injector, column oven (L-2300) and a photodiode
array detector (DAD). The column module was kept at 25°C,
and the DADwas set to collect signals within the spectral range
of 220–400 nm. The separation of dissolved components DS
capsules and the pure API was performed on the Zorbax
Eclipse Plus C8, (4.6 × 150 mm, 5.0 μm, end-capped) (Agilent,
Santa Clara, CA, USA). The injected volume of samples was
20 μl. A flow rate of 1.0 ml min−1 was applied. The mobile phase
Awas an aqueous solution containing 0.5 g/L of phosphoric acid
R and 0.8 g/L of sodium dihydrogen phosphate R, adjusted to
pH 2.5. Mobile phase B was methanol. The two phases were
mixed in a ratio of 34:66 (v/v). The analyses were performed
with EZChrome Elith™ software (Hitachi, Tokyo, Japan) for
collecting and processing data. Fresh samples were compared to
stored samples; in this case, the storage time was 2 year, with the
same storage conditions as mentioned in ‘Three-point bending
test’ section. To analyse or detect any degradation product
beside pure DS, samples were dissolved in 900 ml of phosphate-
buffer solution (pH 6.8) and after filtration (0.2 μm PES
membrane filter) were further diluted 10 or 100 times with
methanol. This solution was injected.

In vitro Drug Dissolution

Rotating basket method was used for dissolution tests,
according to the European Pharmacopoeia, using Erweka
DT800 dissolution tester. The rotation speed was 100 rpm,
the dissolution medium was simulated intestinal fluid (SIF)
without pancreatin and the temperature was maintained at 37
± 0.5°C. As a sample, 4 ml of the dissolution medium was
withdrawn at predetermined intervals and the volume of the
dissolution medium was kept at 900 ml by adding fresh

medium. Samples were filtered with a 0.45 μm PTFE
membrane filter and 0.5 ml of the samples were diluted by
adding 4.5 ml of purified water (PW). The released amount of
the DS, the ACP and the MNZ was measured spectrophoto-
metrically (Shimadzu UV-1601, Shimadzu Corp., Kyoto,
Japan) at 276 (23), 243 (24) and 320 (25) nm, respectively.
Three samples from every compositions were tested. Freshly
prepared samples and capsules after 1 month storage were
also compared.

Mathematical Analysis of the Drug Release Profiles

To determine the similarity or difference between the
drug release profiles of the matrices, a model independent
approach, similarity, f2 and difference, f1 factor (26) was
calculated for each composition after formulation and after
1 month of storage.

Dissolution efficacy (27) was also calculated after formu-
lation and after 1 month of storage.

f1 ¼ ∑n
j¼1 Rj−T j

�
�

�
�

∑n
j¼1Rj

� 100

where m is the sampling number, Rj and Tj are the percent
dissolved of the reference and the test products at each time
point j.

f2 ¼ 50� log 1þ 1=nð Þ∑n
j¼1wj Rj−T j

�
�

�
�
2

h i−0;5
� 100

� �

where wj is an optional weight factor.

DE ¼ ∫t0y� dt
y100 � t

� 100%

where y is the drug percent dissolved at time t.
To determine the drug release kinetics of APIs from

every compositions, release data was fitted to zero-order,
first-order and Korsmeyer-Peppas model using non-linear
regression in SigmaPlot (Systat Software Inc., USA) (27).

Q ¼ Q0 þ k0t
Qt ¼ Q0 � e−k1t
Qt

Q∞
¼ kkptn

where Q is amount of drug release at time t, Q0 is the
initial amount of drug, Qt is the amount of drug
remaining at time t and Qt/Q∞ is fraction of drug released
at time t. k0, k1 and kkp are the kinetic constants for zero-
order, first-order and Korsmeyer-Peppas models, respec-
tively and n is the release exponent, indicative of the drug
release mechanism, (27).

Statistical Analysis

For statistical analysis, SigmaStat software (version 3.1;
SPSS Inc.) was used. Comparison of two groups was
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performed by unpaired t test, while comparison of more than
two groups was performed using ANOVA. Differences were
considered significant at p < 0.05 (28).

RESULTS

Effect of Heating Conditions on the Loss of Drying of the
Empty Capsules

The time while the empty shells were kept in constant
temperature significantly affected the moisture contents.
Control capsules had 14.1% moisture content which was
due to its appropriate storing, in accordance with the
supplier’s recommendation (29). By preventing the unwanted
water loss, covered capsules still had a 12.97% loss of drying
even after 30 min of heating. Without any preventive
measures, even 10 min of heating resulted a drop to the
LOD value of 9.38%. After 20 and 30 min, the uncovered
capsules retained only 7.63 and 7.22% of their moisture.

Effect of Heating on the Brittleness of the HGCs

As a result of the Tube test, 16 uncovered capsules broke
compared to the 4 covered broken shells, control capsules were
also examined andonly three capsules cracked from thefifty. In the
modified friability test, no cracks andnopowder leakagewas found
in the case of empty and the lactose filled shells even after 12 min.

Selection of the Appropriate Adsorbent

Due to their extreme brittleness, matrices with Vivapur
200 and 12 cracked and fall apart even though the careful
removal from the PVC blisters. Vivapur 101 and Ethocel Std.
100 hold the structure together. Their crushing strength was
194.5 ± 55.3 and 348.38 ± 40.61 g respectively. Since micro-
crystalline cellulose has disintegrant properties (30) and
Ethocel Std 100 provided the strongest block, for the further
experiments Ethocel Std 100 was used as adsorbent.

Mechanical Tets of the SR Capsules

The results of the three-point bend test are shown in
Table II. The results, the performed t test and ANOVA showed
that short-time storage had no significant effect comparing the
ACP formulations (p > 0.05). All of these compositions had an
average mechanical resistance greater than 571.3 g. However,
one of the examined ACP3 samples had an unforeseen brake in
its structure, which resulted in a resistance of 138.5 g and a
significantly greater standard deviation. No other compositions
or samples showed similar properties throughout the whole
research. Investigating the hardness changes upon storage in the
cases of the MNZ formulations showed intermediate values
comparing the ACP and the DS formulations. Then, 1 month
storage caused no significant changes (p > 0.05). Unlike the
others, DS formulations, namely DS1, became significantly
softer than the DS2 and DS3 after 1 month of storage (p =
0.021). Similar phenomenon was also observed when fresh and
stored DS1 was compared (p = 0.023).

To investigate the significant softening found in DS formu-
lations (DS1), plasticity tests was performed with the matrices.
Test results are presented in Table III. Interestingly, the softening

was not significant in the case ofDS1 (p> 0.05), but the hardening
of the DS2 and DS3 compositions were found to be significant
before and after test (p= 0.0236; and p= 0.0052).

Thermal Analysis

The results of the thermal gravimetric analysis (Table IV)
proved that all of the APIs and the excipients are stable at the
temperature of the experiment; no sign of chemical decompo-
sitions or changes were detected under 100°C. The pure ACP
and the MNZ melts at 170.84 and 162.32°C. Diclofenac showed
an endothermic peak at 290.68°C, which was immediately
followed by an exothermic peak (Fig. 2a). Based on the TG
curve of the API, it is very likely that its melting is associated
with thermal decomposition. The DSC curves of the GC and
CSA shows wide endothermic peaks at 52.27 and at 56.27°C,
respectively which indicates the melting of the excipients.
Powder blends of the DS compositions showed endothermic
peaks around 45°C (Table V); the DS3 however showed a
binary endotherm event, and this is probably due to the 10%
CSA content of the sample. The melting peaks of the lipids
during storage slightly shifted below 40°C. Based on the
comparison of the enthalpy of fusion, remarkable changes were
detected. In the case of DS1, the value decreased from 47.26 to
14.61 J/g, while for DS2 and DS3, such changes were not
recorded (Table V). The melting range of the diclofenac sodium
also shifted to lower temperatures, namely to 233.65 (Fig. 2a),
228.41 and 233.43°C for DS1, DS2 and DS3 and this phenom-
enon occurred at the stored samples as well.

ACP also decreased the melting range and the fusion of
enthalpy of the GC and CSA, in all cases, (Table V). The
APIs melting range was also decreased; however, as the
samples containing more and more CSA, the melting peaks
got closer to the peak of the pure drug. As the DSC curves of
the fresh and stored samples were compared, it was noticed
that the melting range of the ACP1 has become narrower
from 121.32–172.28 to 124.57–170.76°C. ACP2 and ACP3
showed no similar alterations. The melting peak of the MNZ
in our study was found to be at 162.32°C. In contrast to the
previous formulations, only slight decrease of the melting
point was observed with the MNZ capsules. The melting
range broadening was detected only in the case of the stored
MNZ1 compared to the fresh one (Fig. 2c).

NIR Measurements

The NIR spectra of the DS compositions present peaks
at 4328 1/cm as a result of the overlap of the characteristic
signals of GC (4327 1/cm), EC (4333 1/cm) and CSA (4322
1/cm) (Fig. 3). Slight shift can be observed toward lower
wavenumbers in the cases of the theoretical spectra as the
ratio of the CSA in the matrix increases. These alterations
however appear less intensively with the fresh matrices; all
relative peak intensities decrease, signal shifts and widening
to higher wavenumbers can be seen as a comparison to the
peak at 4252 1/cm. A possible explanation is that an
interaction could be between EC and GC, and DS might be
involved also. During storage, the structure changes continue
as relative intensity decreases and the peak at 4328 1/cm
widens. Diclofenac also has characteristic peaks at 4798, 4842,
4856 and 4894 1/cm. The relative intensity of the first peak is
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higher compared to the fourth peak, but during storage, the
difference between the two peaks disappeared. The peak’s
relative intensity at 4893 1/cm increases in all DS samples,
and the ratio of intensity between 4840 and 4857 1/cm sets
back as seen at the pure API (Fig. 4).

Similar events were recorded with ACP as the appearance
of the peak at 4328 1/cm. CSA also shifts the peak toward 4322
1/cm. On the other hand, this overlap and difference between
ACP matrices are unimpressive. In the region of 4550–5000
1/cm, ACP has many characteristic signals (4647, 4719, 4895,
4945 1/cm). The wavenumbers and the relative intensities are
constant. The double peaks at 5665 and 5771 1/cm are also
present, but during storage, peak changes were only detected at
5771 1/cm, peak broadening and decrease in the relative
intensity. Overlap of the peak at 5907 1/cm (CSA) and the peak
at 5924 1/cm (ACP) results in a wide local maximum intensity
(5912 1/cm). This peak appears at the wavenumber character-
istic of ACP (5924 1/cm) again in the stored samples.

In the case on MNZ-containing samples, the same
overlapping of characteristic peaks of GC, EC and CSA
may be observed, but similarly to the ACP-containing
samples, the characteristic peaks of MNZ at 5862, 5896,
5932, 6009 and 6061 1/cm remained unchanged both in
powder and melted form, and during storage, indicating that
there is no interaction between the API and excipients.

PXRD Study

Our pure actives and our freshly prepared samples of
formulations were tested by powder X-ray diffraction. As

presented, pure DS were in its crystalline form, the
diffractogram is characterised by the presence of principal
diffraction lines at 7.3, 8.5, 11.0, 12.5, 15.0, 16.0, 17.0, 19.5,
23.5 25.0 and at 27.5° (2θ) (Supplementary Materials Fig. S1).
In DS1 formulation, lack of characteristic peaks was pre-
sented of diclofenac. Pure GC showed only two peaks at
19.25° and 23.4° and as we detected in the tested DS1
formulation only peaks (19.3° and 23.3°) characteristic to the
Gelucire were present (31).

We tested our samples (ACP1) and our pure API to
determine if there was any phase transition of ACP since the
active has polymorphism also (32–34). The pure active gave
the following diffraction peaks: 12.1, 13.75, 15.5, 16.7, 18.1,
20.4, 21.5 and 24.4 at 2θ. Fresh ACP1 presented two extra
peaks, namely 19.2° and 23.5°, which are characteristic to the
Gelucire 50/13.

Fresh MNZ1 sample was also compared with GC and
pure MNZ too. Characteristic peaks were present at 12.5,
14.0, 16.2, 17.2, 18.0, 19.5, 20.7, 21.5, 23.2, 24.8, 25.2, 27.2,
28.0, 29.15 29.9 and 33.2° (2θ). Fresh MNZ1 showed the
following: 12.2, 13.9, 16.2, 17.2, 18.0, 19.15, 20.7, 21.5, 23.3,
24.8, 25.3, 27.3, 28.0, 29.2, 29.9 and 33.2° (2θ). As the result of
these measurements, undissolved fraction of the pure MNZ
was still present in the sample.

HPLC Analysis of Degradation Products

The chromatographic evaluation was performed on fresh
and stored (2 years old) samples. The chromatograms of the
analysis is presented in the Supplementary Materials (Fig. S2).
The separation and the analysis of the degradation product of
DS were only detectable in the case of concentrated solutions

Table II. Results of the Three-Point Bend Tests

Diclofenac sodium
Composition DS1 DS2 DS3
Storage time 1 day 1 month 1 day 1 month 1 day 1 month
Average (g) 1073.25 665.30 1047.6 1024.40 1056.10 905.10
SD 207.59 171.17 212.53 194.62 226.25 160.41
Acetaminophen
Composition ACP1 ACP2 ACP3
Storage time 1 day 1 month 1 day 1 month 1 day 1 month
Average (g) 716.70 773.50 571.30 610.70 587.00 753.40
SD 47.42 125.14 85.54 118.27 507.91 111.81
Metronidazol
Composition MNZ1 MNZ2 MNZ3
Storage time 1 day 1 month 1 day 1 month 1 day 1 month
Average (g) 743.50 858.50 821.50 759.50 737.40 730.80
SD 140.93 94.97 137.69 155.10 118.48 204.56

All values are in grams and represent the average of the force where matrices are broken (n = 5)

Table III. Test Results of the Plasticity Tests on DS Matrices

Composition DS1 DS2 DS3

Storage time 1 day 1 month 1 day 1 month 1 day 1 month
Averagea (mm) 0.65 0.73 0.94 0.65 0.97 0.68
SD 0.16 0.29 0.21 0.10 0.11 0.13

aAll values are in millimetres where 4500 g of resistance was detected
(n = 5)

Table IV. Mass Losses of the Excipients and the APIs in TG
Measurements

CSA EC GC DS ACP MNZ

Weight loss (%) 0.008 0.377 0.002 0.226 0.102 0.102

Data shows mass losses only between 25 and 100°C
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(not more than ten times dilution with methanol). The retention
time of the degradation product (small peak) was at 5.6 min
(λmax = 265 nm), before the main peak of the API (Rt 9.6 mins;
λmax = 275). The AUC values for this impurity was the highest
only at 2-year-oldDS1 samples, and the ratio of theAUCs of the
impurity was less than 0.5% for each samples.

In vitro Drug Dissolution

Figure 5a shows the dissolution profile of the fresh and
stored DS capsules. Based on the data, it was confirmed that the
Gelucire 50/13 alone slowed the drug dissolution, 81.99% of the
API dissolved after 500 min. However, drug release became
somewhat faster on storage, 80.65% dissolved in 250 min
compared with the starting value of 72.24%. Blending 5 and
10% CSA to the compositions, DS2 and DS3, resulted to
prolonged drug release. From the fresh samples, 83.85% (DS2)

and 83.76% (DS3) of the drug dissolved in 750 min. After
1 month of storage, 82.61% dissolved from DS2 in 750 min;
interestingly, 70.73% dissolved from DS3 and drug release did
not reach 80% during the test time, 1150 min.

Dissolution profiles of the ACP capsules were plotted in
Fig. 5b. Comparing the fresh and stored release data of
capsules with Gelucire 50/13 alone (ACP1) in 500 min, 79.48
and 91.00% of the drug dissolved, respectively. Incorporating
5 and 10% of CSA into the matrices (ACP2 and ACP3)
slowed the drug dissolution further. Then, 81.98 and 75.30%
of the drug dissolved from the fresh and the stored ACP2 in
600 min, while the release profiles of the fresh and stored
ACP3 were practically identical; in 850 min, 81.53 and
81.68% got released from the dosage form.

In Fig. 5c, the drug dissolution results of the MNZ
compositions are shown. MNZ has the smallest water
solubility among the studied APIs. Without CSA (MNZ1),
81.39% of its drug content released from the fresh sample in
500 min; after storage, the dissolution did not changed
remarkably, and 80.50% dissolved from the capsules. With
5% CSA in the matrices (MNZ2), the drug release was very
similar at start, 80.66% got released in 500 min; after storing
the samples, the dissolved drug fraction decreased to 71.47%.
In the case of MNZ3, the drug release did not alter; in
1150 min, the amount of the dissolved drug was 80.81 and
82.81% for the fresh and the stored samples.

Mathematical Analysis of the Drug Release Profile

Model fitting results, the dissolution efficacies and results
of the pairwise procedure calculations of the different
compositions are presented in the Supplementary material
Table SI and Table SII.

First-order model was found to be the best model
describing DS release from the fresh and the stored matrices.
However, it should be noted that similarity and difference
factor calculations of formulation DS3 showed changes after
storage, its f1 and f2 was 10.88 and 54.84, respectively. The
highest value for the determination coefficient was found in
the fresh DS3 sample (R2 = 0.9973), but upon 1 month of
storage, it decreased to 0.9916 only.

ACP capsules fitting results showed similar results, namely
fresh ACP1 and ACP2 have the highest values (R2 = 0.9986),
and after 1 month of storage the correlation had no changes;
only a small decrease to R2 = 0.9979 and 0.9970, respectively.
The values of the determination coefficients for fresh and stored
ACP3was slightly lower, 0.9953 and 0.9924. Based on themodel
independent calculations, all of the dissolution profiles were
found to be similar.

Model analysis results of the MNZ matrices showed that
without storage, the first-order model fitted best to the release
data of the composition MNZ1, MNZ2 and MNZ3, R2 =
0.9988 and 0.9989 and 0.9997, respectively. After storing the
samples for 1 month, first-order model remained to have the
highest values of determination coefficients (R2 = 0.9958,
0.9977 and 0.9985). When their profiles were compared after
storage, the biggest difference was found with composition
MNZ2, where f1 and f2 was 10.43 and 57.76, respectively;
notably, the dissolution profiles can be considered similar.
MNZ3 compositions showed no alterations in the results of
modelling; first-order remained the best model describing

Fig. 2. DSC curves of a DS, GC and the DS1 compositions, b ACP,
GC and the ACP1 compositions and c DSC curves of the MNZ, GC
and the MNZ1 compositions. Fresh melted refers to the molten
sample stored for 1 day, while the stored melted refers to the molten
sample stored for 1 month. PM means the fresh powder mixture of
the DS1, ACP1 and MNZ1 respectively. Data was collected between
25 and 500°C
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drug dissolution upon storage, and strong similarity (f1 = 1.2;
f2 = 89.21) between the release profiles was also confirmed.

DISCUSSION

We aimed to design and formulate a modified release
HGC system, based on a new formulation method with in situ
lipid matrix formation. We fully characterised not only the
properties of the formed lipid matrix, but we tested also the
effect of heating on HGCs.

Based on the loss of drying results, we can state that our
capsules were stored appropriately and they were fully suitable
for our experiments (35). Additionally, our experiment was
rather unique by applying short-term heating to the empty shells

and measuring the remaining water content. Interestingly, a
trend was noticed where capsule shell lost their moisture
primary in the earlier periods. A possible explanation could be
that because of heating gelatine becomes hygroscopic and it has
a potential to slow down the rate of moisture loss (18).

Interestingly, when the capsules were treated with a
relatively short heating at 63°C, significant difference was
found between the groups where the capsules were kept in a
close container or where not. The authors also want to
highlight that Tube test is a very simple method, but only has
a pass or failed category concerning its evaluation (18).
Texture analysis may demonstrate high resolution measure-
ments, and it is also needed to emphasise that a load cell
which can detect and record more than 200 N of tensile force

Table V. Thermal Parameters of the Powder Mixtures, the Fresh and Stored Lipid Matrices

API Diclofenac sodium
Composition DS1 DS2 DS3

PMa 1 dayb 1 monthc PMa 1 dayb 1 monthc PMa 1 dayb 1 monthc

Melting range (°C) 36.11–55.1 32–52.31 35.94–46.51 36.1–58.13 38.63–55.30 31.90–47.54 35.96–56.14 41.88–52.46 29.16–52.39
Melting point (°C) 45.59 42.62 39.84 45.14 47.55 38.86 44.85 48.13 39.96
Enthalpy of

fusion (J/g)
63.62 47.26 14.61 60.54 41.61 36.92 63.36 33.48 48.44

API Acetaminophen
Composition ACP1 ACP2 ACP3

PMa 1 dayb 1 monthc PMa 1 dayb 1 monthc PMa 1 dayb 1 monthc

Melting range (°C) 37.21–54.62 36.07–56.69 36.22–52.78 36.66–55.68 35.81–56.21 35.67–59.11 36.39–55.91 34.96–54.00 37.74–57.34
Melting point (°C) 45.79 45.29 42.95 45.78 44.43 48.99 45.1 42.32 46.18
Enthalpy of

fusion (J/g)
66.64 54.27 47.92 72.53 47.25 58.71 74.45 46.2 45.73

API Metronidazol
Composition MNZ1 MNZ2 MNZ3

PMa 1 dayb 1 monthc PMa 1 dayb 1 monthc PMa 1 dayb 1 monthc

Melting range (°C) 37.12–53.11 38.65–58.84 44.54–55.99 37.08–55 37.86–58.58 37.14–54.9 37.03–56.70 36.82–55.70 37.49–54.88
Melting point (°C) 45.55 53.5 44.95 45.85 52.58 44.85 45.44 46.46 46.12

Enthalpy of
fusion (J/g)

54.4 52.26 57.97 64.08 54.28 58.87 65.64 51.97 53.56

These values represent the thermal events related to the melting of the lipid matrices in the formulations with different APIs
a PM powder mixtures
bOne day, freshly prepared lipid matrices
cOne month, lipid matrices stored for 1 month

Fig. 3. NIR spectra of the DS compositions. Fresh melt refers to the molten sample stored for 1 day, while the stored melt refers to the molten
sample stored for 1 month. PM means the fresh powder mixture of the different DS compositions
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is elementary (36). The mechanical strength of the capsules
can be preserved if preventive step, e.g. closed in fully filled

containers or humidified hot air as heating medium, is
applied. However, when wet air is applied, deformation and
sticking of the capsules can occur (35,37). Among critical
process parameters, we can mention the high degree of
homogeneity of the powder mixture (necessary to develop
uniform matrices in shape and strength). Duration and
temperature of heating should be well controlled and
restricted limits should have to be applied.

Texture analysis has been used earlier as a non-destructive
test to examine mechanical properties of empty and filled
capsules (36), for the determination of disintegration time of
fast-disintegrating tablets (38) or to test the mechanical charac-
teristics of medicated chewing gums (39). The three-point test of
theDS compositions revealed a hard structure at start, but also a
slight softening through its storage. It is well known that drug
formulation prepared by melt techniques may alter their drug
not only their drug release (9,22,40) but their mechanical
properties also. Gelucire 50/13 was found to become softer
during storage in previous publications (41,42). In fracturing
test, DS1 showed softening during 1-month storage, while the
increasing ratio of the CSA in the compositions DS2 and DS3
prevented the softening, and no significant changes was
measured during storage. Interestingly, when the plasticity test
was evaluated, alteration was detected upon storage, namely
hardening of theDS2 andDS3 samples. The difference between
the findings can be explained by the distinct nature of the texture
analysis. While the plasticity tests are compressional tests where
the whole sample is deformed, the three-point bend is a
fracturing test, where defined points of the sample is fixed and
the force to break samples in halves is recorded. Structure
alterations, caused by lipid ageing or reorganisation of the
chains of PEG or fatty acids might be the root cause. As a
summary, the more CSA added to the powder, the harder
matrices developed upon storage. CSA content of matrices has
an impact on dissolution of diclofenac also. Higher (10%) CSA
content modified the release of diclofenac and on the other
hand, modified the physical properties of the matrices. CSA
decreased the plasticity, while without CSA the plasticity did not
changed significantly, but the resistant against bending de-
creased. It can be explained by the higher cohesion provided
by the CSA. CSA has a well-defined chemical structure, while
Gelucire is a mixture of different components. Theoretically,
increasing the CSA content in the matrices leads to the

Fig. 4. NIR spectra of the excipients, Gelucire 50/13, ethylcellulose and cetostearyl-alcohol and diclofenac sodium

Fig. 5. Dissolution curves of a DS samples, b ACP samples, c MNZ
samples. All of the curves represent the average of three random
samples for each storage time
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development of an ordered structure. Regarding themechanical
evaluation of the different compositions, all of the formulations
showed to be resistant enough to be transported of the capsules
into blisters. To break the weakest matrices (ACP2), the
pressure of 571 g should be used, while for the others, especially
the MNZ and DS more than 700 or 1000 g would be sufficient.
These could be noteworthy results from a potential dosage form
candidate which production lacks any compressional step, plus
the observed softening during storage would not alter the
matrices to a brittle and sensitive form.

The dissolved material decomposed at 233.65 (Fig. 2a),
228.41 and 233.43°C for DS1, DS2 and DS3, and this
phenomenon occurred at the stored samples. Compared to
its original temperature of decomposition (290.68°C), this is a
significant change. In the case of DS1, thermal analysis
revealed significant decrease in the enthalpy of fusion during
storage, which is in concordance with the texture analysis.
Increasing amount of CSA prevented this effect in DS2 and
DS3, but the melting range of DS decreased in each
composition. These findings strongly suggest that there is an
interaction among DS and GC. The ACP both in the fresh
and stored matrices was at least partially dissolved, as the GC
decreases in the different compositions the undissolved
fraction of the drug increases. Approximately 50% of the
original amount of ACP remains in its crystal form. The
melting peak shifts was the mostly negligible in the cases of
MNZ matrices, but a considerable amount remained in its
crystalline state in the matrices.

Based on the NIR measurements, it can be stated that
melting results development of intermolecular associations
among the moulded excipients and the EC, possibly due to the
formation of hydrogen-bonds. This association strengthened
while the samples were stored until the measurements. Signs
were detected suggesting that DS also involved in this molecular
association, while none were for ACP andMNZ. The difference
might be a result of the different molecule structure and the
distinct strength of hydrogen acceptor/donor groups.

The powder X-ray diffraction study (PXRD) measure-
ments demonstrated that only characteristic peaks of Gelucire
were present in DS1. Based on the disappearance of the
crystalline diclofenac sodium, we can conclude that with our
method of manufacture solid solution of diclofenac was
formed.

Regarding the PXRD measurements of the ACP1 and the
pure active, we detected no phase transition of the active
ingredient on themoltenmatrix. To study the phase transition of
the acetaminophen, in a series of experiments byManiruzzaman
et al., variable temperature X-ray powder diffraction measure-
ments were performed to determine and detect changes of the
acetaminophen. (43) They found that the characteristic crystal-
line peak at 24.36° for polymorphic form I shifted to a new a
peak position at 24.03° with higher intensity when form II
developed. They concluded that this change is a strong evidence
of the transition. Based on these result, we can state that form I
(monoclinic) acetaminophen was in our samples and the active
was also presented in its undissolved form.

According to the biowaiver monograph of this active
ingredient, for the metronidazole base only, polymorphism
has not been reported (44). As the examination of the
diffractograms of MNZ1, GC and pure MNZ shows the
active is present in the molten matrix in its undissolved form.

HPLC assay of DS matrices revealed negligible chemical
degradation of the API, and no further identification (e.g.
LC-MS) was performed.

As proved by the dissolution profiles, Gelucire 50/13 alone
provided a prolonged drug release from the matrices; however,
the maximum released drug content did not reach 100% release
from DS formulations. Possible explanations could be that the
Gelucire and the cetostearyl alcohol kept it physically
entrapped. An earlier study showed that diclofenac-Gelucire
50/13 solid dispersion provides faster drug release compared to
the physical mixture (45,46). The reason why drug release has
accelerated during storage in the case of DS1 is that the API
dissolved in the lipid matrix or because of the ageing, fatty acid
or PEG chain reorganisations of the Gelucire 50/13 as the main
meltable component (47). The interaction between DS and GC
observed in thermal analysis can explain the accelerated
dissolution. Interestingly, ACP and GC have a similar interac-
tion. This is in concordance with a previous observation when
ACP was added to hot and molten GC and stored for weeks.
Rapid release compared to the fresh samples was also noticed
(48). A clear evidence of the effect of CSA on decreasing the
drug release rate is presented on Fig. 5, since the hydrophobic
excipients decreased both water uptake and the water-
penetration into the dosage form (49,50). Based on the drug
dissolution data, we can state that as the APIs water solubility
increases, the dissolution rates from the presented formulations
also increased. As model calculations showed, first-order model
was found to describe the drug dissolution from all of the
matrices. The first-order describes drug release through diffu-
sion mechanism, and it has been used to describe drug
dissolution from systems such as matrix tablets containing
water-soluble drugs (9,51). The authors would also like to
emphasise that drug release fromGelucire 50/13 could be due to
matrix erosion and swelling. Dissolution of various APIs from
multi-component systems is the resultant of complex phenom-
enon where, in most of the cases, matrix swelling and erosion
could simultaneously occur with the diffusion of the dissolved
drug through the microchannel system of the dosage form. Our
study was performed to prove that lipid matrix formation can be
accomplished after filling and closing the capsule shell andmight
open a new path to formulate sustained-release dosage forms.

Difference and similarity factors are frequently used to
compare dissolution data (26,27,52). Both equation is used
and recommended by the FDA; however, f2 is the preferred
one (52). Values between 0 and 15 for f1 and between 50 and
100 for f2 factor ensure similarity between dissolution curves
(27). Based on the author’s calculations, similarity between
the release curves can be declared. As described earlier, lipid
materials often age during storage. However, the effect of
ageing was investigated before (22,47), and no publications
were found whether the alterations can be prevented by
excipients. Since the structural and crystalline properties of
complex bases are not fully understood, more research and
studies should be done to discover proper solutions.

CONCLUSION

In this study, we developed a newmethod and technology to
alter drug release fromHGCswithout dissolving or dispersing the
API in molten material and liquid-fill the shells. We successfully
extended the drug release by in situ melting and lipid matrix
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formation. Capsule studies proved that heating conditions must
be considered cautiously, but short-term heating can be per-
formed on HGCs without becoming brittle. Texture analysis
revealed that formed matrices are resistant to bear the stress of
further technological processes, such as transferring from or to
bulk containers of bags and blistering. Thermal analysis con-
firmed that no thermal degradation occurred at 63°C, and the
lowest temperature where degradation started was at 200°C. This
platform may be useful to pharmaceutical technologists and
researchers to turn to innovative results.
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