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Developments in pharmaceutical sciences have provided
sophisticated oral dosage forms to modify drug action by
delaying its onset or by slowing or otherwise changing
the rate of delivery to reduce side effects or sustain drug
action by maintaining constant plasma levels. Delivery of
active pharmaceutical ingredients with suboptimal physico-
chemical properties to the targeted sites could be achieved
using recently developed new formulation technologies.
More novel modes of delivery have also gained prominence.
These may provide (e.g.) transdermal delivery or time-based
(chronotherapeutic) release or may target specific organs,
tissues, or cellular structures. Numbers of biopharmaceutical
products have also increased andwill probably continue to do
so. These too may benefit from formulating for controlled or
site-specific delivery.

Such novel systems, therapeutic agents, and evolving
paradigms place increasing demands for assuring and con-
trolling product quality. At the same time they provide
opportunities for developing and putting into practice new
ideas and technologies to assure quality and performance.
Well-designed dosage forms and processes, along with pro-
cess analytical technologies, can provide insights and online
monitoring systems that could largely replace end product
testing. Manufacture, testing, and batch approval times could
be greatly reduced.

The same principles apply to manufacture and quality
assurance of drug-device systems, providing assurance of

performance related to amount, rate, and possibly time of
drug delivery.

In this special issue readers can find examples of prepa-
ration and characterization of modern sophisticated drug
delivery systems such as oral mucoadhesive films, wound
dressing films, solid dispersions, or liquisolid systems for
enhancing dissolution rate and improving in vivo bioavail-
ability of poorly soluble drugs. Unique site-specific or con-
trolled release antimicrobial systems based on carmellose
cross-linked by copper ions are also described. A paper also
focuses on the preparation and characterization of silica-
based nanocarrier loaded nootropics, which are designed to
enhance the permeation of the drugs from the circulatory sys-
tem through the blood-brain barrier. Other papers deal with
the assurance of medical device quality with quality manage-
ment systems, quality by design, innovative analytical tech-
niques, and their applications in process monitoring, analysis
and control, determination of critical quality attributes, and
in vitro in vivo correlations based on multicompartmental
dissolution data.
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Carmellose (CMC) is frequently used due to its high biocompatibility, biodegradability, and low immunogenicity for development of
site-specific or controlled release drug delivery systems. In this experimental work, CMCdispersions in two different concentrations
(1% and 2%) cross-linked by copper (II) ions (0.5, 1, 1.5, or 2.0M CuCl

2
) were used to prepare microspheres with antimicrobial

activity against Escherichia coli and Candida albicans, both frequently occurring pathogens which cause vaginal infections. The
microparticles were prepared by an ionotropic gelation technique which offers the unique possibility to entrap divalent copper
ions in a CMC structure and thus ensure their antibacterial activity. Prepared CMC microspheres exhibited sufficient sphericity.
Both equivalent diameter and copper content were influenced by CMC concentration, and the molarity of copper (II) solution
affected only the copper content results. Selected samples exhibited stable but pH-responsive behaviour in environments which
corresponded with natural (pH 4.5) and inflamed (pH 6.0) vaginal conditions. All the tested samples exhibited proven substantial
antimicrobial activity against both Gram-negative bacteria Escherichia coli and yeast Candida albicans. Unexpectedly, a crucial
parameter for microsphere antimicrobial activity was not found in the copper content but in the swelling capacity of the
microparticles and in the degree of CMC surface shrinking.

1. Introduction

Carmellose (CMC) is a water-soluble anionic polysaccharide
and semisynthetic derivative of cellulose [1] which has no
harmful effects on human health. Its chains are linear 𝛽(1 →
4)-linked glucopyranose units. In addition, it contains a
hydrophobic polysaccharide backbone andmany hydrophilic
carboxyl groups and, as a result, exhibits amphiphilic charac-
teristics. CMC is used in a number of applications throughout
the food, cosmetic, textile, paper, and ceramic industries as a
viscosity modifier, thickener, emulsion stabilizer, and water
retention and adhesive agent [2]. It also has tremendous

potential for use in pharmaceutical products including site-
specific or controlled release drug delivery carrier matrices
thanks to its high biocompatibility, biodegradability [3], and
low immunogenicity [4]. In spite of the numerous positive
properties ofCMC, it does not have any antimicrobial proper-
ties as it lacks antimicrobial functional groups [5]. To bestow
CMC with antimicrobial properties, different possibilities
have been proposed, such as (i) adding different antimicrobial
agents, for example, potassium sorbate [6] or silver nitrate [7],
(ii) grafting CMCwith different antimicrobial substances, for
example, guanidine hydrochloride [8], (iii) combining CMC
with other polymers that exhibit antimicrobial properties,
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for example, carboxymethyl chitosan [9, 10], or (iv) preparing
nanoparticles of certainmetals, for example, with silver [7] or
copper [11], and incorporating them into the CMC structure.

Copper is one of the most abundant trace elements found
in the human body. It is an essential nutrient involved in
catalyzing biochemical reactions. However, excessive copper
levels can be toxic, mainly because they cause oxidative
damage to the body. Copper can change its redox status by
accepting and donating electrons, shifting between cuprous
(Cu+) and cupric (Cu2+) forms, and therefore participate
in reactions that generate superoxide radicals and hydrogen
peroxide, which are major reactive oxygen species in the
body. That is why a systemic usage of copper is limited
in the human body with exception of rheumatoid arthritis
treatment [12–14]. New options for copper utilization can
be found in its local effect via vaginal application of dosage
forms based on copper ions for their strong antibacterial
and spermicidal and/or spermiostatic effect. The vagina
produces fluid at a rate of 3-4 g/4 h [15] which can reduce
the potent local toxic effect of the copper compounds. Mucus
efficiently traps foreign particles and particulates by both
steric and adhesive mechanisms, facilitating rapid clearance
[16].Daunter used copper ethylenediaminetetraacetic acid/L-
ascorbic acid as a fertilization-preventing agent that can be
delivered via nonbiodegradable, polyurethane, or polyvinyl
acetate vaginal discs [17].

An aqueous CMC solution can undergo a sol-gel trans-
formation in the presence of cross-linking cations and thus
allow for the creation of solid gel microparticles.Thismethod
is known as an ionotropic gelation technique and is based
on the impact of physical (electrostatic) forces and polyelec-
trolyte complexation with the presence of polyvalent ions
[18]. In general, divalent cations (e.g., Ba2+, Sr2+, Cd2+, Co2+,
Ca2+, Mn2+, Ni2+, Pb2+, and Zn2+) are suitable cross-linking
agents for this method [19]. Thus, ionotropic gelation offers
a unique possibility to incorporate divalent copper ions into
the CMC structure and form microspheres with potential
antimicrobial properties.

The aim of the presented research was to prepare Cu2+
cross-linkedCMCmicrospheres using external ionic gelation
and assess their antimicrobial activity against Gram-negative
Escherichia coli and Candida albicans yeast, both frequently
occurring pathogens responsible for vaginal infections.

2. Materials and Methods

2.1. Materials. Blanose-carmellose (CMC) with a medium
viscosity grade (1500–3100mPa⋅s for 2% in water) and a DS
of 1.2 was used as the polymer carrier (Ashland, Covington,
USA), copper (II) chloride was used as a cross-linking agent
(Sigma Aldrich, St. Louis, USA), and HNO

3
(65% v/v) and

H
2
O
2
(30% v/v) used for the determination of copper content

were purchased from Analytika (Prague, Czech Republic).
Calibration solutions were prepared using a dilution of
1000mg/L stock copper reference solvent (Analytika, Prague,
Czech Republic). Deionised water with a resistivity of 18MΩ
was used for all necessary dilution.

Table 1: Variables during preparation of microparticles samples.

Sample CMC
concentration (%)

Molarity of CuCl2
(mol/dm3)

MP-1 0.5 1 0.5
MP-1 1.0 1 1.0
MP-1 1.5 1 1.5
MP-1 2.0 1 2.0
MP-2 0.5 2 0.5
MP-2 1.0 2 1.0
MP-2 1.5 2 1.5
MP-2 2.0 2 2.0

2.2. Methods

2.2.1. Microparticles Preparation. Copper cross-linked CMC
microparticles were prepared by a method of external ionic
gelation. CMC dispersions (1% and 2%) were prepared by
dispersing 1 g and 2 g of CMC in purified water, respectively.
The dispersions were heated to 80∘C to increase the rate of
swelling.They were then homogenized using anUltra-Turrax
(T25 basic, IKA-Werke, Staufen, Germany) at 13,000 rpm for
5min.The volume of each dispersion was ultimately adjusted
to 100mL with purified water. The resulting dispersions were
then extruded through a needle with an internal diameter of
0.4mm at a dropping rate of 2.0mL/min into 50mL of 0.5,
1.0, 1.5, or 2.0M CuCl

2
aqueous solution, respectively. The

distance between the edge of the needle and the surface of the
solution was adjusted to 5.0 cm. Microparticle formation was
instantaneous and the particles were left in the cross-linking
solution for 1 hour to harden while being gently mixed. The
resulting beads were subsequently washed three times with
purified water and dried at 25∘C in a cabinet drier (HORO –
048B, Dr. Hofmann GmbH, Ostfildern, Germany) for 24 hrs
before testing. Prepared samples were named in accordance
with the type and values of the altered variables (CMC
concentration and molarity of the cross-linking medium).
Samples characteristics are shown in Table 1.

2.2.2. Viscosity Measurement. To investigate the influence of
the viscosity on the characteristics of the prepared micropar-
ticles, rheological measurements of CMC dispersions were
performed. Dispersions (1.0 and 2.0 wt%) were prepared
and then homogenized with Ultra-Turrax (T25 BASIC, IKA-
Werke GmbH & Co. KG, Staufen, Germany) at 16,000 rpm.
Dynamic viscosity was measured by a Brookfield DV-
II+Pro rotary viscometer (Brookfield Engineering, Middle-
boro, USA) and Rheocalc software (Brookfield Engineering,
Middleboro, USA) at 37∘C and 200 rpm. A small sample
adapter was employed for this step. Each sample was mea-
sured three times and the results were expressed as mean
values with standard deviations (SD).

2.2.3. Scanning Electron Microscopy. In order to observe
microparticle morphology and surface topography, scanning
electron microscopy (SEM) was employed.The samples were
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mounted directly onto the SEM sample holder using double-
sided sticking tape and then coated with a 10 nm thick layer
of Au. Images were taken using theMIRA3 scanning electron
microscope (Tescan, Brno, CzechRepublic) at an accelerating
voltage of 5.0 kV.

2.2.4. Optical Microscope Analysis. Particle size of the copper
microparticles was measured using a NIKON SMZ 1500
stereoscopic microscope (Nikon, Tokyo, Japan) equipped
with a 72AUC02USB camera (The Imaging Source, Bre-
men, Germany). Microparticles were visualized under ×15
magnification. The obtained images of 200 randomly chosen
microparticles were stored and subsequently processed using
the NIS-Elements AR 4.0 computer software (Nikon, Tokyo,
Japan).

Equivalent diameter (ED) and sphericity factor (SF)
were calculated from the measured values and expressed as
arithmetic mean ± standard deviation.

2.2.5. Copper Content in Microparticles. The copper content
in the prepared microparticles was determined by atomic
absorption. To digest the microparticles, 6mL of concen-
trated nitric acid (65% v/v) and 2mL of hydrogen peroxide
(30% v/v) were added to 10mg of every sample and placed
in a TFM digestion vessel. The vessels were closed and
placed into the segment and the content was mineralized
using an Ethos SEL Microwave Labstation (Milestone, Italy)
at 220∘C for 35min, applying a maximal power of 1000W.
The microwave programme was started by steadily increas-
ing the temperature over 15min, followed by holding the
temperature for an additional 20min. After cooling, each
resulting solution was transferred to 50mL glass flasks and
filled to the mark with deionized water. Samples were diluted
to 1 : 19 with deionized water prior to further analysis. Copper
content was measured using air-acetylene flame atomization
in a contrAA 700 atomic absorption spectrometer (Analytik
Jena, Germany). All samples were measured in triplicate and
the obtained values were processed by Aspect CS software,
version 2.1.

2.2.6. Swelling Capacity. To determine swelling capacity, a
previously reported method was improved [20]. The test
was performed in a medium that properly simulates vaginal
conditions. 100mg of each sample was put into fine mesh
baskets and immersed in a pH 4.5 medium (natural vaginal
environment—6.80 g of potassium dihydrogen phosphate R
in 1000.0mL of water R) and a pH 6.0 medium (infected
vaginal environment—6.8 g of sodiumdihydrogen phosphate
R in 1000.0mLofwater R, pH adjustmentwith strong sodium
hydroxide solution R). The baskets were pulled out at time
intervals of 5, 10, 15, 30, and 45min and 1, 2, 3, 4, 5, and 6
hours after the first immersion, properly dried, and weighed.
Swelling capacity was calculated using the following equation
[21]:

𝑆SW = (
𝑊
𝑡
−𝑊
0

𝑊
0

) × 100 (%) . (1)

𝑆SW is swelling capacity expressed as a percentage of weight
addition, 𝑊

𝑡
is the weight of a sample at the relevant time

interval, and 𝑊
0
represents the initial weight of the sample.

For each batch, the measurement was performed three times
and results were expressed as mean values with standard
deviations.

2.2.7. Antimicrobial Activity: Bacterial Strains andMIC Deter-
mination. E. coli (CCM4517) wasmaintained in a blood agar.
To determine minimal inhibition concentration (MIC), an
overnight culture of E. coli cells was suspended in a fresh LB
(Luria broth) medium and grown to OD

600
0.5 at 37∘C at a

shaking speed of 250 rpm.
Candida albicans (CCM 8186) was maintained in an

YNB (Yeast Nitrogen Base with ammonium sulfate) medium
at 37∘C. For MIC determination, an overnight culture was
suspended in a fresh YNB medium and grown to OD

600
0.5

at 37∘C at a shaking speed of 250 rpm.
A suitable amount of CMCmicroparticles was suspended

in the growth media (LB medium for E. coli, YNB for C. albi-
cans) to prepare a 10% suspension and incubated for 60min
at room temperature to release the copper into solution.
Undissolved particles were then separated by centrifugation
and discarded and atomic absorption was used to determine
copper concentration. Twofold dilutions of copper suspen-
sion were prepared in appropriate mediums in a microtiter
plate (100 𝜇L/well in triplicate). Then, 10e6 cells (E. coli or
C. albicans) were added to each well of the microtiter plate
and incubated at 37∘C. Tomonitor cell growth, optical density
was measured spectrophotometrically (OD

600
) after 20 hrs of

incubation. The mean of the three wells was calculated to
evaluate antimicrobial activity. Wells containing the E. coli
or C. albicans without copper inhibition were included in
triplicate in all tested plates as controls. The MIC value was
expressed as the concentration of copper in a well showing at
least a fourfold reduction of OD

600
absorbance compared to

each subsequent well.

3. Results and Discussion

The copper cross-linked carmellosemicroparticles were eval-
uated for particle size, sphericity factor, and copper content
(Table 2). The equivalent diameter of the prepared particles
ranged from 738.1 ± 30.3 to 1078 ± 12.4 𝜇m. It seems that
particle size did not depend on the concentration of the
Cu2+ hardening solution. However, it was observed that it
did increase with increasing CMC concentration which can
be attributed to the increased viscosity [22, 23]. Viscosity of
the 1% CMC dispersion was found to be 162 ± 0.21mPa⋅s
and that of the 2% CMC dispersion 766.67 ± 0.47mPa⋅s.
A polymer dispersion with higher viscosity is more difficult
to form into smaller droplets [24]; thus these dispersions
yielded larger particles. Another influence on the particle size
of microspheres could be seen in the degree of CMC chain
shrinkage. Generally, particle size decreases inversely with
the degree of shrinkage. It has been well documented that
the degree of shrinkage is typically higher for beads prepared
from a dispersion with lower polymer concentration [25, 26].



4 BioMed Research International

(a) (b)

(c) (d)

Figure 1: SEM photographs of surface topography of CMCmicroparticles: (a) MP-1 0.5 (magnification 4330x), (b) surface detail of MP-1 0.5
(magnification 9890x), (c) MP-2 0.5 (magnification 4330x), and (d) surface detail of MP-2 0.5 (magnification 9890x).
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Figure 2: Degree of swelling in Cu2+ cross-linked microparticles at
pH 4.5.

A comparison of the microparticle surfaces (MP-1 0.5; ED =
775.7𝜇m versus MP-2 0.5; ED = 1016.9) in Figure 1 confirms
these findings. From these SEMphotographs, it is evident that
the degree of CMC shrinkage was significantly higher for the
smaller 1% CMCmicrospheres.
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Figure 3: Degree of swelling in Cu2+ cross-linked microparticles at
pH 6.0.

PreparedCMCmicrospheres exhibited sufficient spheric-
ity, ranging from 0.850 ± 0.067 to 0.934 ± 0.038. Previous
studies indicate that particles with this parameter value above
0.8 are considered to have good sphericity [27]. It can be
observed from the results that the sphericity was not clearly
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(a) (b)

(c) (d)

Figure 4: Optical microscope images of CMC particles after 20-hour swelling capacity test in pH 6.0 buffer; bars correspond to 1000𝜇m: (a)
MP-1 0.5, (b) MP-1 1.0, (c) MP-2 0.5, and (d) MP-2 1.0.

Table 2: Microparticle characteristics: equivalent diameter, sphericity factor, and copper content.

Sample ED (𝜇m) SD (𝜇m) SF SD Copper content (g/kg) SD (g/kg)
MP-1 0.5 775.7 30.2 0.906 0.044 101.3 0.65
MP-1 1.0 888.5 58.4 0.934 0.038 143.6 2.31
MP-1 1.5 738.1 30.3 0.887 0.056 152.3 0.19
MP-1 2.0 798.6 87.9 0.855 0.059 173.0 2.15
MP-2 0.5 1016.9 22.8 0.891 0.040 143.6 0.26
MP-2 1.0 1078.0 12.4 0.886 0.071 164.7 0.40
MP-2 1.5 922.1 57.6 0.850 0.067 187.6 1.32
MP-2 2.0 933.6 38.6 0.874 0.057 200.3 1.03

influenced by increasing the concentration of the hardening
solution, but it was noticed that hardening solutions with
lower molarity of CuCl

2
(0.5 and 1.0%) yielded microspheres

with higher sphericity values. On the other hand, particle
sphericity was lower in samples prepared with a higher
polymer concentration, with the exception of samples MP-
1 2.0 and MP-2 2.0, which were prepared with 2M of CuCl

2

hardening solution. Previously reported results confirmed
that increasing the concentration of CMC solutions lin-
early increases the solution viscosity [28] and sphericity of
particles. Our results generally coincide with findings that
overly viscous polymer solutions (2% in our case) form less
spherical, tail-shaped particles [29] and particles with a rough
surface [30].

Table 2 also shows the results of atomic absorption
analysis for copper content. Copper content in the prepared
microparticles ranged from 101.3 ± 0.65 to 200.3 ± 1.03 g/kg.
It was observed that the content significantly increased with

increases in hardening solution concentration as well as
polymer concentration.

The samples of microspheres with the highest sphericity
(MP-1 0.5, MP-1 1.0, MP-2 0.5, and MP-2 1.0), which is one
the most important criteria for the preparation of particle
systems, were then investigated for swelling capacity in phos-
phate buffers with pH 4.5 [31] and pH 6.0 [32], respectively,
to simulate natural and inflamed vaginal conditions and to
predict their behaviour on vaginal mucosa for a 20-hour
time interval (20-hour interval represents an estimated time
of therapy). The obtained results can be seen in Figure 2
for pH 4.5 and in Figure 3 for pH 6.0. Figure 4 shows
images of microparticles after a 20-hour swelling capacity
test in a pH 6.0 buffer. Generally, it was observed that the
swelling capacity of all samples gradually increased during
the test. Selected samples exhibited pH-responsive behaviour
which differed based on the tested environments; swelling
was substantially higher at pH 6.0 [33]. It is obvious from
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Figure 5: MIC results of CMCmicroparticles against Escherichia coli; (a) MP-1 0.5, (b) MP-1 1.0, (c) MP-2 0.5, and (d) MP-2 1.0.

Figures 2 and 3 that sample MP-1 0.5, prepared with a less-
concentrated hardening solution (0.5M) and a lower CMC
concentration (1%), had the highest swelling capacity at both
pH values (366.2% at pH 4.5 after 20 hrs, 5296.3% at pH
6.0 after 20 hrs). These values of formulation variables led
to the creation of favourable conditions for water uptake
into the microsphere matrix, resulting in the creation of an
amorphous gel structure at pH 6.0 (see Figure 4(a)). Also, the
enormous loss of the blue colour in comparison with sample
MP-2 1.0 (Figure 4(d)) can be noticed, probably related to
high water uptake and higher release of the copper ions
which are responsible for the blue colour. This is uniquely
in accordance with previously published data saying that
increased polymer or hardening solution concentrations can
significantly reduce water uptake due to the increased density
of the polymer network [34]. At pH 6.0, sample MP-2 0.5
followed with swelling capacity of 2436.0% in 20 hrs. At pH
4.5, however, its swelling was comparable with samples cross-
linked with 1M CuCl

2
, which exhibited a lower swelling

capacity ranging from 137.2% to 160.7% after 20 hrs at pH 4.5
and 433.0%–539.1% at pH 6.0 (results for pH 6.0 are clearly
evident in Figures 4(b) and 4(d)). No influence on swelling
capacity as a result of particle size was observed.

The mechanism for the antibacterial activity of Cu+
ions is based on their energetically easier movement across
a lipid bilayer and uptake by the cell, generating reactive
oxygen species, leading to lipid peroxidation and protein
oxidation [35]. The excess of copper causes a decrease in the
membrane integrity of a microorganism, which causes the
particular cell to leak nutritional elements, like potassium
and glutamate, which lead to desiccation and, ultimately,
cell death [36]. The antimicrobial activity of selected CMC
microparticles cross-linked by Cu2+ was evaluated by MIC
test using Gram-negative Escherichia coli and Candida albi-
cans yeast (see Figures 5 and 6). The test expresses the
minimum concentration of antimicrobial agent that inhibits
the visible growth of microorganisms [37]. The test was
triplicated. For E. coli, MIC values after 20 hrs of incubation
were 0.184, 0.484, 0.353, and 0.519mg/mL for samples MP-
1 0.5, MP-1 1.0, MP-2 0.5, and MP-2 1.0, respectively. MIC
values for C. albicans were higher for the same samples:
0.740, 1.639, 0.598, and 1.087mg/mL, respectively. Higher
MIC values for C. albicans in comparison with the values
for E. coli can be explained by the higher resistance of the
yeast to the copper’s antibacterial effect. Weissman et al.
confirm this, reporting on the isolation of two genes involved
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Figure 6: MIC results of CMC microparticles against Candida albicans; (a) MP-1 0.5, (b) MP-1 1.0, (c) MP-2 0.5, and (d) MP-2 1.0.

in copper detoxification in C. albicans: metallothionein,
CaCUP1, and a copper-transporting P-type ATPase, CaCRP1
[38]. These two genes account for C. albicans’s resistance
to copper and consequently the vast differences in our
results.

The obtained MIC values prove substantial antimicrobial
activity against both microorganisms tested in this study and
are in good agreementwith copperMIC values against strains
of E. coli and C. albicans described by different authors in
other studies. Mart́ınez Medina et al. reported MIC values
for Cu(II) complexes of 0.375mg/mL and >1.5mg/mL for E.
coli and C. albicans, respectively [39]. Copper nanoparticles
prepared by Zain et al. (200 nm) showed MIC values of
0.433mg/L for E. coli [40], and those prepared by Ruparelia
et al. (9 nm) showed MIC values of 0.280mg/mL for E. coli
[41].

Despite the lower content of copper in microspheres,
the samples prepared using the less-concentrated CuCl

2

(0.5M) solution—MP-1 0.5 and MP-2 0.5—exhibited lower
MIC values and so better antibacterial activity against both
tested pathogens in comparison with samples cross-linked in

the more potent 1M CuCl
2
solution.These results confirmed

the great influence of the microparticle swellability on MIC
values. Both samples exhibited high swelling capacity at pH
6.0 (see Figure 3) and thus good conditions for the release
of copper ions from particles (pH of LB and YNB medium
was also close to 6.0). Against E. coli, sample MP-1 0.5 was
found to be the most effective, as it probably exhibited faster
copper release.This could be a result of the higher cumulation
of copper ions on more rougher surface (see Figures 1(a)
and 1(b)) and also smaller particle size (see Table 2) and thus
larger surface area [42]. These characteristics could promote
faster swelling, leading to the creation of an amorphous
structure during the 20-hour interval (Figure 4(a)). Against
the more resistant C. albicans, however, the most effective
sample was MP-2 0.5, exhibiting probably more uniform
copper release due to the higher CMC concentraction (2%),
more uniform copper distribution in the microspheres, and
larger particle size (see Table 2). This theory is also sup-
ported by the fact that the MP-2 0.5 microparticles main-
tained their shape-specific structure after 20 hrs of swelling
(Figure 4(c)).
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4. Conclusion

In this experimental work, CMC dispersions of two different
concentrations (1% and 2%) were cross-linked by copper (II)
ions (0.5, 1, 1.5, or 2.0MCuCl

2
) to prepare microspheres with

antimicrobial activity against frequently occurring vaginal
pathogens Escherichia coli and Candida albicans. All tested
samples exhibited stable but pH responsive behaviour in
environments corresponding with natural and inflamed vagi-
nal conditions and proved substantial antimicrobial activity
against both pathogens. The most effective samples were
those hardened in a less-concentrated CuCl

2
(0.5M) solu-

tion. Unexpectedly, a crucial parameter for microsphere
antimicrobial activity was not found in the copper content
but in the swelling capacity of the microparticles and in the
degree of CMC surface shrinking.The sample prepared using
a 1% CMC dispersion cross-linked by 0.5M CuCl

2
seemed to

be the most suitable for potential vaginal use not only due to
its antibacterial activity but also due to its gradual change to a
nonspecific-shaped gel which is preferable when considering
vaginal dosage forms.
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Different batches of atorvastatin, represented by two immediate release formulation designs, were studied using a novel dynamic
dissolution apparatus, simulating stomach and small intestine. A universal dissolution method was employed which simulated
the physiology of human gastrointestinal tract, including the precise chyme transit behavior and biorelevant conditions. The
multicompartmental dissolution data allowed direct observation and qualitative discrimination of the differences resulting from
highly pH dependent dissolution behavior of the tested batches. Further evaluation of results was performed using IVIVC/IVIVR
development. While satisfactory correlation could not be achieved using a conventional deconvolution based-model, promising
results were obtained through the use of a nonconventional approach exploiting the complex compartmental dissolution data.

1. Introduction

An orally administered drug has to be released from its
dosage form, dissolved in the surrounding fluid and absorbed
by the gutwall, in order to enter the blood stream.Dissolution
testing in pharmacy studies the first two processes and is not
only a vital tool for assessment of quality of a pharmaceutical,
but also a tool for elucidation and simulation of these effects
in vitro. The research in drug development facilitates dissolu-
tion to uncover and predict many crucial aspects influencing

the fate of an administered active pharmaceutical ingredient
(API) in the gastrointestinal tract (GIT), while employing
a wide variety of innovative and special apparatuses, either
based on the conventional pharmacopeial tools or having
a completely original design [1]. Such instruments usually
involve only one or two compartments, and they functionally
often address only a specific focus of a study, that is, drug
precipitation, mechanical qualities of a dosage form, and so
forth [2]. However, a more complex simulation of the GIT
is often needed, and currently only TIM-1 apparatus fully
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Figure 1: Front view with description of main components: (1) stomach, (2) duodenum, (3) jejunum, (4) ileum, (5) collection canister tubing,
(6) pH probes, and (7) peristaltic pumps.

enables in vitro testing in completely biorelevant conditions
ranging from stomach to ileum [3].

In order to provide other means of highly biorelevant and
dynamic dissolution testing, our team has developed a novel
four-compartmental dissolution apparatus, named “Golem,”
which simulates the dissolution processes in stomach and
small intestine (SI). This paper discusses the application and
evaluation of this apparatus, performed with several generic
and reference batches of immediate release tablets containing
atorvastatin (ATV). This drug was chosen due to the avail-
ability of in vivo data from subsequent bioequivalence (BE)
studies for the tested formulations.

ATV is characterized by low solubility in water and
high permeability and is hence classified as a Class II drug
in the Biopharmaceutical Classification System (BCS) [4].
Dissolution is the rate-limiting step in absorption of ATV,
and IVIVC could be expected according to the BCS theory.
But being a drug of limited bioavailability, due to high
variability in first-pass metabolism, makes it difficult to
correlate the conventional in vitro tests results with blood
concentration in time (or other pharmacokinetic parame-
ters).Therefore an attempt to establish an in vitro-in vivo cor-
relation/relationship model for this drug was made, based on
the dissolution data obtained from this novel unconventional
dissolution instrument.

2. Materials and Methods

2.1. Golem Apparatus. The instrument is a computer con-
trolled artificial digestive tract, designed for dynamic disso-
lution testing of oral dosage forms and consisting of four
compartments: stomach, duodenum, jejunum, and ileum

(see Figure 1). Physiological conditions are maintained in the
system with the possibility of adjusting all method param-
eters, for example, pH, volumes, transit times, temperature,
and so forth. The dissolution in fed state can be tested
with liquid meal (e.g., Nutridrink, Ensure Plus, or very
finely homogenized solid meal to prevent clogging of the
pump tubes). The transport of chyme in Golem is driven
by peristaltic pumps placed between each two subsequent
compartments, where the fourth pump leads the chyme from
the ileum into the collection canister (waste). The pH in the
compartments is checked automatically by pH probes and is
manually adjusted by injection of either 1M NaOH + 0.24M
NaHCO

3
or 1M HCl solution.

The compartments are made from modified common
intravenous bags (the plastic was tested for interaction with
various APIs). The bags involve three ports: one holds plastic
tubes for injection of pH altering solutions, enzymes, and
sample collection; second port serves as a mouthpiece for
the pH probe, and the third port is used for tablet insertion
into the compartments. Temperature is kept at physiological
37∘C and continuously checked separately for: (a) the heater
platform; (b) the stomach compartment; (c) the air inside
the apparatus box. Peristaltic movement is simulated by a V-
shaped grate, pressed down on the bags, which rocks from
side to side, driven by compressed air.

The operation of the apparatus requires one person for
manual collection of samples and injection of enzymes, using
common syringes.

From perspective of biorelevancy, the Golem apparatus
is one of the three most complex dissolution apparatuses
described to date (other two being TIM-1 and Dynamic
Gastric Model) [3]. Its main advantage is that the complex
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Table 1: Dissolution method description.

Stomach Duodenum Jejunum Ileum
Starting volume (mL) 30 (gastric juice) + 200 (deionized water) 33 33 33
Residence/transit time (min) 30; linear emptying 10 60 90
pH 2.4 (at 37∘C) 6.5 6.6 7.4
Pepsin (mg/mL) 1.3 — — —
Lipase activity (U/mL) — 70 70 70
Bile salts (mM) — 3 3 3

functions are based on simple technical solutionswhichmake
the apparatus user friendly and easy to modify, and at the
same time significantly less expensive than the alternatives.

The instrument was designed by Řezáčová, Dohnal,
Jampı́lek and Čulen, and constructed by DevelopmentWork-
shops of the Institute ofOrganic Chemistry andBiochemistry
of the Czech Academy of Sciences [5].

2.2. Dissolution Method. A method simulating fasted state
and developed according to previous work was used in the
study [6].

Prior to the dissolution experiments, the contents of the
compartments were heated to 37∘C. The experiments were
started directly after insertion of a dosage form into the first
stomach compartment. The gastric medium containing both
the dissolved and undissolved contents of the dosage form
was gradually moved by the peristaltic pump from stomach
into the duodenal compartment and then into the follow-
ing two compartments (an approximate scheme of chyme
transfer in Golem is depicted in Figure 2). The medium thus
underwent a dynamic change as it merged with the contents
(starting volumes) of the next compartments. The starting
dissolution medium was based on a physiological solution
with pHmodified by hydrochloric acid or bicarbonate buffer;
pepsin was added only to the gastric compartment. The pH
values, concentration of bile salts (bile extract porcine, Sigma-
Aldrich), and lipase (pancreatin, Zentiva) in the SI compart-
ments weremaintained at steady levels throughout the exper-
iment. The pH in stomach compartment was left to change,
being influenced by the studied formulation. The detailed
information on the method design is given in Table 1.

All experiments were performed in duplicates.

2.3. Sample Analysis. The samples were collected manualy
using common syringe; 1mL of sample was filtered through
a 0.25 𝜇m syringe filter, and the rest was returned into the
apparatus. The withdrawal of the medium and dissolved API
was considered in the calculations. The filtered sample was
analyzed with HPLC (Waters) at 𝜆 = 246 nm.

2.4. Formulations Tested. In total, five generic (Zentiva) and
three reference originator immediate release tablet batches
were tested with Golem, all containing 80mg of atorvastatin,
present as a calcium salt. From the generic batches, four
contained amorphous form of the drug (batches 85, 82, 01,
and 02), which had higher intrinsic dissolution rate compared
with the crystal form contained in the generic batch80 and
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Figure 2: An approximated visual scheme of chyme transit in the
Golem apparatus. A residual volume equal to the starting volume
remained in each compartment, therefore the “total” amountmoved
through the apparatus was 200mL.

all the reference batches (Lipitor, Sortis06, Sortis10) [10]. All
formulations with the crystal ATV also containedCaCO

3
as a

buffering agent used to raise the gastric pH and thus facilitate
very early dissolution of ATV, which is a weak acid almost
insoluble in pH below 4. The amorphous generic batches, on
the other hand, contained no buffer, which was to slow down
the faster dissolution of the amorphous form of the drug.

2.5. Pharmacokinetic (PK) Studies. The BE studies of the five
generic formulations were evaluated in four crossover PK
studies, performed by other contract workplaces: (a) Batch85
versus Sortis03, 24 subjects; (b) batches 01 and 02 versus
Sortis03, 24 subjects; (c) batch82 versus Sortis10, 102 subjects;
(d) batch80 versus Lipitor, 81 subjects.

2.6. Modeling. In order to establish a relationship between
dissolution test results and actual results from in vivo studies,
different modeling approaches were applied.

2.6.1. Classical Approach. A conventional method was based
on a numeric deconvolution, where whole in vitro profiles
of cumulative fraction dissolved were taken into account,
with or without exclusion of the measurements from selected
compartments.The𝑅 statistical computing softwarewas used
for modeling. An Rivivc package [11] and self-written 𝑅
scripts were used to preprocess data and perform numerical
deconvolution. In order to calculate fraction of drug absorbed
in time, simulated in vivo profile (i.v. administration) was
used as an equivalent to the unit impulse response (UIR).
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Table 2: Intravenous administration simulation parameters.

Parameter group Parameter Value Source

Physicochemical and binding

Mol. weight (g/mol) 558.6 [http://www.drugbank.ca/]
log𝑃 5.7 [http://www.drugbank.ca/]
Compound type Monoprotic Acid [http://www.drugbank.ca/]
pKa 1 4.330 [http://www.drugbank.ca/]
B/P 0.610 [7]
Fu 0.107 [8]

ADME

Enzymatic clearance
Pathway p-Hydroxy o-Hydroxy p-Hydroxy
Enzyme CYP3A4 CYP3A4 CYP2C8
𝑉max 29.800 29.300 0.290 [9]
𝐾
𝑚

25.600 29.700 35.900
fu mic 0.662 0.662 0.662

Total plasma clearance-CL (Hep) 26.93 L/h [Fitted to the clinical data]
log𝑃—logarithm of the octanol-water partition coefficient; pKa—dissociation constant; B/P—blood-to-plasma partition coefficient; fu—fraction unbound in
plasma; 𝑉max—maximum reaction rate achieved by the system;𝐾𝑚—substrate concentration at which the reaction rate is half of 𝑉max.

Simulation of in vivo profile after i.v. administration was car-
ried out on Simcyp Population-based Simulator V13R1 and
was based on the results for ten virtual healthy patients [12].
Minimal PBPK model with single adjusting compartment
(SAC) was utilized. Volume of distribution was calculated
with use of the model based upon a modified version of
the Poulin andTheil method [13]. Input information covered
system data specific for the chosen population (as provided
by simulator), trial design information (single 30 seconds
long i.v. bolus, 80mg), and compound specific data. Physic-
ochemical, binding, and ADME (absorption, distribution,
metabolism, and excretion) data are presented in Table 2.
Renal clearance of ATV was assumed to be negligible
[14].

2.6.2. Compartmental Approach. A second approach was
based on direct scaling of the outcome of tests carried
on Golem apparatus, where particular compartments were
correlated with in vivo profiles.

2.7. Model’s Predictability Evaluation. A proper IVIVCmodel
should be established using formulations with different
release rates. At minimum three (slow, medium, and fast
dissolving) dosage forms should be designed, where the
extreme ones are used to build a model able to predict in
vivo bioperformance of the “middle” formulation. Such an
approach is common when sustained-release dosage forms
are tested but becomes problematic with immediate-release
formulations (IR). All batches of the model drug, atorvas-
tatin, were of immediate release and in the case of either
the buffered or the nonbuffered formulations were behaving
similarly. Therefore, external predictability and validation
were evaluated when one formulation was characterized by
medium rate release kinetics, used as testing formulation, and
two other formulations were used for model building. In case
of internal validation, testing formulation was included in
model building phase. Whole or partial area under the curve

(pAUC) prediction error (PE) (1) and 𝐶max prediction error
(2) was calculated [15]:

pAUC PE [%] = [
pAUCobserved − pAUCpredicted


pAUCobserved

] ∗ 100,

(1)

𝐶max PE [%] = [
𝐶max,observed − 𝐶max,predicted


𝐶max,observed

] ∗ 100. (2)

3. Results and Discussion

3.1. PK Studies. Bioavailability of the five generic batches
was compared with three batches of the reference product
(atorvastatin 80mg manufactured by Pfizer, under the brand
names Lipitor and Sortis, sold on different markets), in total
of four consecutive PK studies. The PK data served as a
qualitative “ladder” for the dissolution experiments and as
basis for IVIV correlations.

Theparticular BE study results were as follows: (a) generic
batch85 compared with Sortis03 showed 𝐶max below the
approved range for bioavailability (90% confidence interval
(CI) ratio of 75%); (b) both batches 01 and 02 later showed
much higher 𝐶max than the reference Sortis03 (90% CI ratio
160 and 140%, resp.); (c) the batch82 was bioequivalent
to Sortis10; (d) the much later developed batch80 (first
generic batch with crystal API) has shown slightly higher
but unacceptable bioavailability, with upper 90% CI of 127%.
The average plasma concentration-time profiles are plotted
together in Figure 3.

In general, the drug’s pharmacokinetics showed a consid-
erable interindividual variability, which is well reflected in the
average PK profiles (see Figure 2).Themost important origin
of the variability seems to be the gut and liver metabolism
of the drug [16]. An important observation from the average
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Figure 3: Bioequivalence studies results. Sortis03 was tested twice,
in two PK studies.

PK curves is the very short 𝑇max values (0.67–1.00 h), which
suggested a very rapid dissolution and absorption in GIT.

3.2. Dissolution Results. The Golem dissolution experiments
were started with batch80 and its reference product Lipitor,
since both products contained the same crystal form of
ATV, and both were buffered by CaCO

3
, as excipient. The

two formulations were run with the full-length fasted state
dissolution method, lasting 215min. Figure 4 shows the dis-
solution results as concentration or fraction of drug dissolved
for all four Golem’s compartments separately and also in a
cumulative profile. Both formulations showed almost parallel
dissolution profiles, but with higher dissolved amount in case
of batch80, which qualitatively corresponded with the in vivo
results. Generally, the tablets were observed to disintegrate
in the first 3min; the API quickly dissolved and the slight
increase in the cumulative dissolved amount of API after
100min could be mainly accounted for the higher pH in
ileum.The fact that the fraction dissolved did not surpass 45%
wasmost probably caused by the salting out effect of the Ca2+
counter-ion coming from the buffering excipient.

Since the maximum plasma concentrations in vivo were
reached between 40 and 60min and the dissolution profiles of
the IR tablets provided little information at later time points,
all further dissolution tests with the remaining batches were
decided to be run with the same fasted state method but
terminated directly after the sampling point at 43min.

The further tested buffered formulations included two
reference batches from the BE studies (Lipitor and Sortis10),
plus one other batch of the reference product, Sortis06. All
three reference batches showed almost identical dissolution
behavior (see Figure 5), which confirmed that they were
interchangeable in the dissolution experiments.

The dissolution testing of nonbuffered generic formula-
tions revealed that no API dissolved in the stomach compart-
ment, although the tablets disintegrated completely in less
than 3min. In contrast, all buffered formulations, generic and
reference alike, raised the gastric pH to 7-8, which enabled

rapid dissolution of ATV. The results came as a surprise
in comparison with traditional USP II tests, which were
performed with 900mL of simple buffered media, where
the pH was raised by the buffered formulations only to
values around 4, thus prohibiting discrimination between the
two formulation designs (unpublished results).This observed
difference between the buffered and nonbuffered formulation
in Golem provided a useful hint on the manner of in vivo
dissolution behavior.

As for the nonbuffered batches, these generally provided
higher fraction dissolved as they did not contain the CaCO

3

buffering agent. Other than that, the batch85 with low
bioavailability in vivo had the lowest dissolution perfor-
mance, followed by the bioequivalent batch82, and then
the two batches with highest bioavailability—batch01 and
batch02. However, the dissolution profiles for batches 01 and
02 were identical, and, according to similarity and difference
factor, they also did not differ from the profile of batch82.
Moreover, API powder which served as a control also showed
identical dissolution performance to batches 01 and 02,
indicating that the dissolution method lacked discriminatory
power for these highly dissolving batches. This was caused
by low medium volume (although physiological) in com-
bination with lack of an absorption step (sink-condition).
Nevertheless, the dissolution method was developed as a
universal, most physiologically relevant simulation of fasted
state, and as such it provided results beyond expectation.The
obvious and simple option for improvement of dissolution
testing of drugs with low solubility (such as atorvastatin)
would be modification of the method by employing higher
(unphysiological) medium volumes in the individual com-
partments, which would prevent early saturation of medium
with the tested API. Of course, certain very lipophilic drugs
would require unachievably high medium volumes to enable
full dissolution of the administered dose. It is however
questionable whether this is necessary when considering
the fact that such drugs would neither be expected to fully
dissolve in vivo. However, study of these effects was beyond
the scope of the present study.

3.3. IVIVC-Classical Approach. The results depicted below
follow a general agenda of in vitro-in vivo correlation level
A, where fraction absorbed in vivo is directly correlated to
the fraction dissolved in vitro. A linear function is preferred
for this correlation, although other reasonable mathematical
relationships are allowed when properly justified. The key
procedure here was a deconvolution of a PK profile into the
cumulative curve describing fraction absorbed in vivo. Since
atorvastatin PK p.o. profile does not follow 1-compartment
nor even 2-compartment model, classical Wagner-Nelson or
Loo-Riegelman deconvolution methods could not be applied
here. Instead, more sophisticated numerical deconvolution
was employed. Numerical deconvolution relies on the avail-
ability of a PK profile of drug administered intravenously
(i.v.), thus representing pure distribution/elimination phase,
without absorption. Since in the presented case, bioassay
protocol did not include such atorvastatin administration, an
approximation of i.v. profile by computer simulations, carried
out with Simcyp software, was used.
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In case of the dissolution results available, the presence
or absence of the buffering agent affected whether drug
did dissolve in the stomach compartment, which produced
two distinct cumulative profile patterns and significantly
limited the comparison of the two formulation designs. In
vivo absorption of atorvastatin is believed to start only in
small intestine and thus a deconvolution of plasmatic profile
would yield a fraction of drug absorbed only from small
intestine. According to this, the fraction of drug dissolved
in stomach compartment was excluded from the cumulative
profiles used for the IVIV correlations.The final profiles used
for correlation are depicted in Figure 6.

Despite the previous modification of the profiles, the
lower solubility of ATV in the presence of CaCO

3
and

the resulting overall lower dissolution performance of the
buffered batches caused that it was difficult to build a reli-
able model using combination of buffered and nonbuffered
formulations. Therefore, models had to be built for Design
I (buffered batches) and Design II (nonbuffered) separately.
Figure 7 depicts deconvolution results for two formulations
of both designs and the lack satisfactory level of correlation
(𝑅2 = 0.37). Deconvolution was performed using simulated
in vivo response after intravenous administration of 80mg of
ATV (Figure 8).

In vitro-in vivo correlation was described by both linear
and nonlinear (polynomial) relationship (3). Thelm() 𝑅
base function was used:

FABS = 𝐵
0
+ 𝐵
1
∗ FDISS + 𝐵

2
∗ FDISS2 + 𝐸, (3)
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where FABS is the fraction absorbed, 𝐵
0
is the 𝑦-intercept, 𝐵

1

and 𝐵
2
are coefficients, FDISS is the fraction dissolved, and 𝐸

are residuals.

3.3.1. Design I. In the nonbuffered group a model was built
based on batch01 and batch85 and nonlinear (polynomial)
correlation was obtained with 𝑅2 = 0.951 (Figure 9).

Predictability evaluation was performed by calculating
fraction of ATV absorbed versus time with regression equa-
tion with in vitro profile as an input. With intravenous
response profile, numerical convolution was performed, and
the prediction of in vivo curve was obtained. Figure 10 depicts
simulation of in vivo profile of batch82.

The model’s prediction errors for 𝐶max and AUC did not
meet the FDA criteria [15] and were to be rejected.
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3.3.2. Design II. Deconvolution results for buffered batches
are presented in Figures 11 and 12. In most cases, nonlinear
correlation was observed.

In Figure 13, prediction of Sortis10 plasma concentration
is shown. Although AUC PE was low (5.75%), the prediction
of 𝐶max was not satisfactory.

An example of internal predictability is presented in
Figure 14. In general, predictions of 𝐶max were good, but
the descending curves could not properly reflect the in vivo
behavior resulting in high AUC PE. This was partially due to
the fact that the simulated i.v. profile used for deconvolution
(and later convolution in the validation phase) was the same
for all batches and not fitted to each group of patients
participating in clinical trials.

3.4. IVIVC/IVIVR-Compartmental Approach. In order to
fully exploit Golem’s features, it was attempted to cre-
ate IVIVR introducing completely nonstandard approaches,
where no conventional convolution/deconvolution methods
are necessary. This implies no more requirements for i.v.
administration results, and therefore results obtained in
a more cost-saving manner, utilizing the Golem data for
IVIVC/IVIVR development.

TheGolem apparatus allowsmeasuring the concentration
of API in each compartment separately. An example of dis-
tribution of dissolved API for Lipitor is depicted in Figure 15.

Various approaches were examined to correlate results
for each compartment with corresponding in vivo profiles,
but successful outcome was reached only with jejunum
compartment. As shown in Figure 16, profiles were described
by nonlinear function:

𝑓 (𝑡) = 𝐴 ∗ 𝑒
(−𝑘1∗𝑡) + 𝐵 ∗ 𝑒(−𝑘2∗𝑡) + 𝐶 ∗ 𝑒(−𝑘3∗𝑡), (4)

where 𝑓(𝑡) is the concentration of an API at given sampling
time 𝑡; 𝐴, 𝐵, and 𝐶 are the equation constants; 𝑘1, 𝑘2, and 𝑘3
are constants.
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Figure 9: Deconvolution results for nonbuffered batch02 and
batch85.

Themodel presented above follows a general equation for
2-compartment model with p.o. administration, and despite
the previously mentioned claim that ATV PK profile does
not follow such model well, it was chosen as a compromise
between modeling accuracy and optimization procedure
stability.

Formula was optimized with nonlinear Solver (DEPS:
differential evolution and particle swarm optimization) avail-
able in LibreOffice Calc (ver. 4.1.5.3). Figure 16 represents
measurements for jejunum compartment for each batch
(Figure 16(a)). A complete measurement was available only
for Lipitor and batch80, and the descending part of the in vitro
curves for the six remaining batches had to be introduced
by addition of two time points (Figure 16(b)) in order to
perform in vivo time scaling and correlation. Correlation of
full profiles was performed for Lipitor and batch80 and was
used for internal validation of the model. Only the ascending
(and in vitro measured) parts of profiles were correlated for
the remaining batches.

As shown in Figure 17, in vivo time scale was scaled
nonlinearly, however with a simple reversible mathematical
function.

Finally, with (5), predicted plasma concentrations were
calculated for all batches. Two constants were introduced for
linear scaling of in vitro profile and were optimized with
nonlinear Solver:

𝑓 (𝑡) = CONST1 ∗ [𝐴 ∗ 𝑒(−𝑘1∗𝑡) + 𝐵 ∗ 𝑒(−𝑘2∗𝑡) + 𝐶 ∗ 𝑒(−𝑘3∗𝑡)]

+ CONST2,
(5)

where 𝑓(𝑡) is the predicted plasma concentration at given
time 𝑡; 𝐴, 𝐵, 𝐶, 𝑘1, 𝑘2, and 𝑘3 are constants calculated
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Figure 10: Prediction of in vivo profile of batch82 with nonlinear model built on batch02 and batch85.
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Figure 11: Nonlinear IVIVC example.

for in vitro jejunum profile (4); CONST1 and CONST2 are
constants for whole in vitromodel linear scaling.

For CONST1 and CONST2 optimization, only two
formulations were used and a middle one (with medium
dissolution rate) was predicted.

3.4.1. Designs I and II. Results for external prediction of
batch01 (amorphous ATV, nonbuffered) PK profile are pre-
sented in Figure 18. Although constants for in vitro profile
scaling were optimized for batch80 and Lipitor (buffered
conditions), pAUC PE and 𝐶max PE for batch01 were below
10%.

3.4.2. Design II. Model was optimized for batch80 and
Lipitor, since these were the two most extensively studied
batches (215min in vitro profiles), and their in vivo profiles
sufficiently differed between each other (Figure 19).
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Figure 12: Linear IVIVC example.

In Figure 20, the prediction for Sortis06 is shown. Pre-
diction errors were below 20%, which means that according
to FDA guidance [15] the model is not to be rejected, but
additional data should be provided in order to be fully
validated.

In summary, the compartmental approach directly corre-
lated the in vitro jejunal dissolution profile with the course
of the plasmatic versus time profile. The logical basis for this
correlation was the assumption that any dissolved portion
of API in vivo would be immediately absorbed due to the
nonlimiting permeability of ATV, which allows direct corre-
lation of the ascending part of the dissolution and plasmatic
profiles. This approach provided the best correlation options
even for the combination of both formulation designs. This
could be accounted for the fact that each compartment
of the SI contained additional 33mL of starting volume,
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and this portion of fresh medium in the jejunum provided
sufficient sink-condition to allow dissolution of API without
saturation of the solution during the early minutes in this
compartment. The differences between the batches were
thus more pronounced here than elsewhere in the appara-
tus.

From the correlation-development view, however, the
basis for direct correlation was purely empirical. The
approachwith directmapping of jejunumprofileswith the PK

profiles was based on the observation of profound similarity
of both types of the results. Regardless of any mechanistic
considerations presented above, the most appealing point
here was to discard complicated convolution/deconvolution
methods in favor of simple linear or nonlinear mapping of in
vitro to the in vivo profiles. Thus, intravenous administration
of the API was no longer necessary here, and mathematical
limitations of convolution/deconvolution techniques were
not anymore applicable. It should be, however, pointed out
that in order to achieve such a relatively simple mathematical
model, it is necessary to provide physiologically relevant
dissolution results. In theory, this can be regarded as an
inverse proportion between the sophistication of numerical
procedures necessary for IVIVC/IVIVR and the degree of
faithful representation of biological processes by the dissolu-
tionmethod.Therefore, the presentedmodels demonstrating
very good correlation could serve as an indirect proof of the
Golem’s biorelevance. Moreover, in the future, the Golem’s
flexibility could allow defining its critical operational param-
eters that could be optimized in order to achieve itsmaximum
biorelevance in regard to the individual formulations tested.
An apparatus like Golem can utilize dissolution method
easily tailored to a particular formulation or API, based on
the quantitative and qualitative composition, knowledge on
the API’s physicochemical and biopharmaceutical character-
istics and other factors. An individual formulation-related
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dissolution protocol could thus be an answer to the industrial
need for discriminative and at the same time biorelevant dis-
solutionmethods, whereas standardization could be achieved
on the level of algorithmic approach to the adjustment of the
dissolution protocol.

4. Conclusions

Dissolution of eight IR batches of ATV was tested using a
novel dissolution apparatus allowing dynamic simulation of
stomach and small intestine. The biorelevant conditions and
observation of succeeding dissolution processes in separate
compartments provided comprehensive information on the
dissolution behavior expected in vivo. Such information and
elucidation of the connections between processes happening
under different conditions, which are however connected in
vivo, are often inaccessible with the use of less complex appa-
ratuses. The dissolution testing was performed with a basic
universal dissolution method based on a faithful simulation
of theGI tract. As such, it defined themain effects influencing
dissolution performance of the tested batches, which is an
important and often difficult step in research and develop-
ment (R&D) and is a basic prerequisite for further dissolution
method optimization, performed according to the character-
istics of the givenAPI and its formulation.Due to the complex
nature of the presented apparatus, any modification of the

dissolution method can be easily performed. In case of the
correlation options, the structure ofGolem apparatus allowed
treating different compartments separately, adding or sub-
tracting the measurement results for each compartment. As
a result, two approaches to in vitro-in vivo correlation could
be developed. The main advantage of the presented methods
was no requirement for additional intravenous drug admin-
istration (simulated data for i.v. administration was used in
first approach) which might be inaccessible in certain cases.
Whole analysis with deconvolution was performed in a single
𝑅 script and therefore results are completely reproducible.
Compartmental approach can be redone in a spreadsheet and
standardized according to the industrial requirements, thus
presenting simple and effective tool for quick establishment
of IVIVC/IVIVR based on Golem’s results.

In order to fully evaluate the Golem’s capabilities and the
presented correlation techniques, larger dataset with greater
differences in dissolution rates should be used.

The future work with the apparatus will be aimed at gene-
rating and processing of further larger datasets for further
verification of the hypotheses presented in this paper.
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Effective assessment and management of wound pain can facilitate both improvements in healing rates and overall quality of
life. From a pharmacological perspective, topical application of nonsteroidal anti-inflammatory drugs in the form of film wound
dressings may be a good choice. Thus, the aim of this work was to develop novel layered film wound dressings containing
ibuprofen based on partially substituted fibrous sodium carboxymethylcellulose (nonwoven textile Hcel NaT). To this end, an
innovative solvent casting method using a sequential coating technique has been applied. The concentration of ibuprofen which
was incorporated as an acetone solution or as a suspension in a sodium carboxymethylcellulose dispersion was 0.5mg/cm2 and
1.0mg/cm2 of film. Results showed that developed films had adequate mechanical and swelling properties and an advantageous
acidic surface pH for wound application. An in vitro drug release study implied that layered films retained the drug for a longer
period of time and thus could minimize the frequency of changing the dressing. Films with suspended ibuprofen demonstrated
higher drug content uniformity and superior in vitro drug release characteristics in comparison with ibuprofen incorporation as
an acetone solution. Prepared films could be potential wound dressings for the effective treatment of wound pain in low exuding
wounds.

1. Introduction

The European Wound Management Association (EWMA)
Position Document acknowledges that pain is a major issue
for patients with acute and chronic wounds [1]. Pain produces
stress, which can affect individuals in both psychological and
physiological ways and results in delayed wound healing and
detrimental effects on quality of life [2]. Therefore, effective
assessment and management of wound pain could facilitate
an improvement in healing rates and overall quality of life.

Wound-related pain can be temporary (acute) or per-
sistent (chronic) [3]. Acute wound pain can be exacerbated
whenever the wound is handled or manipulated: during

dressing removal, wound cleansing, or debridement (remov-
ing of necrotic tissues). In contrast, persistent (chronic)
wound pain is the background symptom that exists at rest and
between wound-related procedures.

Wound pain management includes nonpharmacological
and pharmacological measures. Multiple pharmacological
agents may be used to combat pain. Guidelines for phar-
macological wound pain management based on the recom-
mendations by the World Health Organization recommend
the use of nonsteroidal anti-inflammatory drugs (NSAIDs)
or acetaminophen for patients with mild to moderate pain
[3, 4]. NSAIDs provide good pain relief. Moreover, they can
positively influence inflammatory processes in the wound,
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since there is a tendency in chronic wounds for the inflam-
matory response (an important element in the initial wound-
ing response) to become exaggerated. This results in the
increased production of proinflammatory cytokines, reactive
oxygen species, and proteolytic enzymes.The chronic wound
environment therefore shows sustained inflammation with
matrix degradation [5]. Unfortunately, oral use of NSAIDs
can lead to serious side effects such as gastrointestinal
damage, risk of renal failure, and prolonged bleeding time
due to impaired coagulation [6, 7]. For this reason, non-
pharmacological strategies and topical agents to achieve
optimal wound-related pain management are an attractive
solution. Topical agents and correctly selected dressings play
a critical role in alleviating wound-related pain [3]. Pain
during wound dressing changes or debridement (acute pain)
can be substantially reduced using local anesthetics such
as lidocaine, tetracaine, or prilocaine applied as a solution,
gel, or cream [8, 9]. In the case of chronic wound pain,
treating the cause, such as infection or inflammation, as well
as optimal wound dressing is of the utmost importance [10].
Wound dressings which are nonadherent and maintain a
moist wound environment lead to faster healing and less
pain. The pain reduction is attributed to the bathing of the
exposed nerve ending in fluid which prevents dehydration
of the nerve receptors [10]. Nevertheless, pharmacological
measures may be necessary when maintenance of moist
wound environment itself is not effective enough for pain
reduction or in case of inflammation. For this purpose,
topical NSAIDs are an effective option [11].

Topical NSAIDs are formulated for direct application
to the painful site and for producing a local pain-relieving
effect while avoiding body-wide distribution of the drug at
physiologically active levels [12]. Once the drug has reached
the site of action, it must be present at a sufficiently high
concentration to inhibit cyclooxygenase (COX) enzymes and
produce pain relief. Tissue levels of NSAIDs applied topically
reach levels high enough to inhibit COX-2 activity [12].
Plasma concentrations found after topical administration,
however, are only a fraction of the levels found following
oral administration. Recently, an evaluation of the effect of
ibuprofen in the form of a foam dressing (Biatain Ibu) on
persistent and temporary wound pain underwent clinical
trials [13–17]. The ibuprofen foam dressing was shown to
consistently relievewound pain in exudingwounds of various
etiologies, irrespective of basal pain intensity. Petersen et al.
[18] estimated the ibuprofen foam potential to reduce the
need for oral pain killers in two controlled ibuprofen foam
trials with the conclusion that local wound pain treatment
with ibuprofen foamdressing appears to provide pain relief to
the same degree as oral NSAIDs or opioids. Thus, local pain
relief by an ibuprofen foam dressing is possible in the most
common, painful, exuding, chronic, and acute/traumatic
wounds and therefore is a safer alternative for systemic
pain treatment [16]. The Biatain Ibu foam dressing may be
very useful for patients with painful wounds. However, this
dressing has one significant drawback. It would seem that
wounds need to have at least a moderate exudate to activate
the release of ibuprofen from the dressing; so for those
patients with wounds that have low exudate it may not be

an option [19]. In such cases, a film made from hydrophilic
polymer containing ibuprofenmay be a good alternative.The
film is thin and needs only a small amount of exudate to
activate the release of the drug. For dry wounds, the film
may be slightly wetted with normal saline. Moreover, the
film is transparent, allowing clinicians to observe a wound’s
progress without needing to remove it, preserving a moist
wound environment [20].

Different polymers may be used to prepare the film.
Polyurethane is currently the most used material for such
purposes [21]. Polyurethanes, however, are synthetic materi-
als and less friendly on body tissues thanmaterials of a natural
origin. Moreover, polyurethane films are intended for the
protection of nonexuding wounds and, unless additionally
modified, are less suitable for use as drug carriers [20]. For
this reason, there have beenmany studies into how to prepare
film wound dressings from natural materials [22–25].

For our experiment, carboxymethylcellulose (CMC),
more specifically its sodium salt (sodium carboxymethyl-
cellulose: NaCMC), was chosen because it ranks among
the materials with excellent film-forming properties [26].
NaCMC is widely used in pharmaceutical formulations
primarily for its ability to increase viscosity [27]. It may
also be used for stabilizing emulsions or producing gels.
Likewise, the bioadhesive properties of NaCMC are well
known. CMC is generally regarded as a nontoxic, nonirritant,
and biocompatible material which predestines it for use in
food, cosmetic, pharmaceutical, and biomedical applications,
including materials for wound care [27]. The suitability and
benefits of CMC for application on wounds have been proved
by a range of experimental studies. Garrett et al. explored its
potential to promote corneal epithelial wound healing [28].
Karami et al. observed its positive effects on wound healing
in diabetic male rats [29] and Ramli and Wong observed
them on the partial thickness wounds of rats [24]. Currently,
NaCMC is used as an absorptive dressing to create conditions
for moist wound healing in the field of wound care [27, 30].
TheNaCMCdressings on themarket do not contain an active
substance, with the exception of incorporated silver [30].
NaCMC films have not been employed in wound care yet.
Ramli andWong studied the effect of nonmedicated NaCMC
scaffolds onwoundhealing of rats [24]. Vetchý et al. evaluated
the mucoadhesive properties of NaCMC-based films used
as dressings to separate the lesion from the environment
of the oral cavity [31]. Although CMC films with an active
substance as wound dressings have not been investigated yet,
there is a whole range of scientific works dealing with the
preparation and evaluation ofmedicated CMCfilms for other
applications, mainly for oral/buccal drug delivery [32–38].
And so the suitability of CMC in the preparation ofmedicated
films has been widely proved. Nevertheless, the application
properties of film wound dressings differ quite significantly
from those intended for buccal applications. Wound dress-
ings are applied on a much larger surface area than buccal
preparations. For this reason, good mechanical properties of
medicated CMC films are required. Especially after wetting,
they must maintain the cohesiveness that enables them
to be easily manipulated and removed without residues.



BioMed Research International 3

Table 1: Preparation of layered films.

Film 1st step 2nd step 3rd step 4th step
0.5-Ibu-1 NaCMC → Sanatyl → pre-drying 1% Ibu sol. → evaporation NaCMC pre-drying and drying
0.5-Ibu-2 NaCMC → Sanatyl → pre-drying NaCMC with Ibu — pre-drying and drying
1.0-Ibu-1 NaCMC → Sanatyl → pre-drying 2% Ibu sol. → evaporation NaCMC pre-drying and drying
1.0-Ibu-2 NaCMC → Sanatyl → pre-drying NaCMC with Ibu — pre-drying and drying
1-blank NaCMC → Sanatyl → pre-drying acetone → evaporation NaCMC pre-drying and drying
2-blank NaCMC → Sanatyl → pre-drying NaCMC — pre-drying and drying
3-blank NaCMC → pre-drying acetone → evaporation NaCMC pre-drying and drying
4-blank NaCMC → pre-drying NaCMC — pre-drying and drying
0.5-Ibu-1 without Sanatyl NaCMC → pre-drying 1% Ibu sol. → evaporation NaCMC pre-drying and drying
0.5-Ibu-2 without Sanatyl NaCMC → pre-drying NaCMC with Ibu — pre-drying and drying

As for other cellulose-based materials, the mechanical prop-
erties of CMC-containing films decrease with increasing
moisture content [26]. Degree of substitution (DS) also
negatively influences the properties of wetted films, since the
hydrophilic nature of the film increases with higher DS [39].
On the other hand, the filler, for example, microcrystalline
cellulose, if well dispersed in the polymer matrix, usually
improves these mechanical properties [26]. So microfibrous
NaCMC with relatively low DS (partially carboxymethylated
cotton textile) can have a positive effect on the mechanical
properties of the film. Partially carboxymethylated cellu-
lose retains its original fibrous nature [40] thus allowing
microfibers to act as the filler, whereas the dissolved NaCMC
acts as the film-forming agent.The resulting combination can
provide improved handling characteristics of the wetted film.

The aim of the presented research was to prepare novel
layered films with microfibrous NaCMC and ibuprofen and
evaluate their physicochemical properties as well as the
influence of the method of ibuprofen incorporation on in
vitro drug release by modern methods.

2. Materials and Methods

The partially substituted (DS 0.35) sodium carboxymethyl-
cellulose in the form of nonwoven textile (Hcel NaT) was
supplied by Holzbecher, spol. s r. o., Bleaching & Dyeing
Plant in Zĺıč (Czech Republic), ibuprofen, macrogol 300, and
acetone (all Ph. Eur. grade) were purchased from Fagron
(Czech Republic), and the Sanatyl 20 medical grade polyester
mesh was purchased from Tylex Letovice, a. s. (Czech
Republic). All other chemicals and reagents used in the study
were of analytical grade.

2.1. Preparation of Films

2.1.1. Preparation of NaCMC Dispersion without and with
Ibuprofen. The polymer dispersion was composed of 1% w/w
NaCMC and 2% w/w macrogol 300 in purified water. Non-
woven sodium carboxymethylcellulose textile (Hcel NaT)
was cut into small pieces and poured over with a solution
of macrogol in hot water (80∘C). This mixture was then
heated to maintain a temperature of 80∘C for 3 hours and
then left to cool at an ambient temperature for 24 hours.

The resulting dispersion was homogenized for 3min using
an ULTRA-TURRAX T 25 dispersing device (IKA Werke
Staufen, Germany) at 16,000 rpm. Polymer dispersion with
ibuprofen was prepared in the following way. Thoroughly
grinded ibuprofen (82.5mg or 165mg for one film)was added
to the NaCMC dispersion after 24 hours of swelling, and
the mixture was homogenized for 8min using an ULTRA-
TURRAX T 25 dispersing device at 16,000 rpm.

2.1.2. Procedure of Preparation. Layered films with or without
ibuprofen were prepared with an innovative solvent casting
method using a sequential coating technique. This technique
involved forming one film and pouring the next layer
directly onto the previous one after predrying. The polymer
dispersionwas casted on an 11× 15 cm (165 cm2) stainless steel
plate. Four types of layered films, differing in both concentra-
tion and incorporation method of ibuprofen, were prepared
(Table 1). The concentration of ibuprofen was 0.5mg/cm2
or 1.0mg/cm2 of film. Ibuprofen was either incorporated
between two NaCMC layers or dispersed in the second
(upper) layer. The first step was the same for all films. 45 g
of NaCMC dispersion were casted on a stainless steel plate,
immediately covered with Sanatyl polyester mesh, and then
predried in the oven (Heratherm, Germany) at 70∘C for 1
hour. The second step was the same for two films (0.5-Ibu-
1 and 1.0-Ibu-1): 8.25 g of 1% or 2% ibuprofen solution in
acetone were poured on the top of predried film and acetone
was evaporated in the hood (approx. 1 hour). Then a layer of
60 g of NaCMCdispersion was poured onto the film and then
again predried in the oven at 70∘C for 1 hour followed by 24
hours of drying at ambient conditions. For the other two films
(0.5-Ibu-2 and 1.0-Ibu-2), 60 g of NaCMC dispersion con-
taining 82.5mg or 165mg of ibuprofen were casted, following
predrying and drying at the same conditions as previous
films. The dried films were peeled from the plates, examined
visually for morphological defects (e.g., cracks, shrinking,
etc.) which can affect handling, testing, and application as
well as aesthetic appearance, and stored in a closed box
prior to testing. Films without ibuprofen were made in the
samemanner for comparison of physical properties (1-blank–
4-blank). For the evaluation of morphology of ibuprofen
particles, films without Sanatyl polyester mesh were also
prepared (0.5-Ibu-1 and 0.5-Ibu-2 without Sanatyl).
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2.2. Evaluation of Films

2.2.1. Microscopic Properties and Thickness of Films. Micro-
scopic properties of the prepared films were evaluated using
an optical microscope (STM-902 ZOOM, Opting, Czech
Republic) and a color digital camera (DFW X700, Sony,
Japan). The appearance of the films was observed at a
magnification factor of 7.5, 20, and 50. Illustrative digital
images were taken at the same time.

At the measurement of film thickness, a rectangular
sample of the film was vertically secured in a holder, the
microscope was focused on the edge of the film, and sample
thickness was measured at 5 different places of the film at the
points with and without Sanatyl fiber. This was repeated 3
times with each film sample.

2.2.2. Surface pH. Surface pH of the prepared films was
evaluated using a WTW pH 3210 SET 2 pH-meter (WTW,
Germany) with a flat glass electrode. A moistened pH meter
electrode was enclosed in the surface of the film and the
value was recorded after stabilization (approximately 30 s).
All measurements were taken in triplicate on both sides of
the film.

Alterations of the surface pH in the conditions simulating
the wound environment were assessed using an artificial
woundmodel (Petri dish, sponge soaked with a physiological
buffer solution of pH 7.2). Four cm2 (2 × 2 cm) samples of the
filmwere cut and put on the surface of the woundmodel.The
Petri dishwas coveredwith a lid to preventwater evaporation,
and surface pHwasmeasured at determined time intervals in
triplicate on both sides of the film.

2.2.3. Swelling Property of Films. Swelling properties of the
prepared films were measured in a physiological buffer
solution of pH 7.2. For these purposes, an artificial wound
model was used (Petri dish, sponge soaked with a test liquid).
Four cm2 (2 × 2 cm) samples of the filmwere cut andweighed
(𝑊
𝑑
). The sample was placed on the surface of the wound

model, the Petri dish was covered with a lid to prevent
water evaporation, and swollen films were then weighed at
determined time intervals (𝑊

𝑠
). The degree of swelling Sw in

the film was calculated as

Sw =
(𝑊
𝑠
−𝑊
𝑑
)

𝑊
𝑑

. (1)

2.2.4. Mechanical Properties. A modified method according
to Shidhaye et al. was used to evaluate the mechanical
properties of the prepared films [41]. A CT3 Texture Analyzer
(Brookfield, USA) equipped with a 4.5 kg load cell and
TexturePro CT software was used to determine the tensile
strength of the prepared films. Film samples (10 × 40mm)
were held between two clamps of aTA-DGAprobe positioned
at a distance of 2 cm.The lower clamp was stationary and the
strips of the filmwere stretched by the upper clampmoving at
a rate of 0.5mm/s until the strip broke.Thework done during
this process and the deformation (elongation) of the film at
the moment of tearing were also measured. This process was
repeated ten times for each film sample.

2.2.5. Drug Content Uniformity. Thedrug content uniformity
test was performed to ensure the uniform distribution of
the drug throughout the films. Standard solutions of 0.005,
0.01, 0.015, 0.02, and 0.025% ibuprofen (w/w) were prepared
using a physiological buffer solution of pH 7.2 (PBS, pH 7.2).
The absorbance values of the standard solutions at 264 nm
were measured using a UV spectrophotometer (Lambda 25,
Perkin Elmer Instruments, USA), and calibration curves were
constructed. Samples (2 × 2 cm) were precisely cut from
ten random sites in each film (𝑛 = 10) and dissolved
separately in beakers containing 20mL of PBS (pH 7.2).Then
(after 12 hours) the ibuprofen concentration in the films was
determined by measuring the absorbance of the film, relative
to the blank (PBS) sample. The average concentrations of
ibuprofen (mg/cm2) in each sample and SD were then
calculated.

2.2.6. In Vitro Drug Release. In vitro drug release studies on
film formulations were performed according to a modified
version of Pawar et al.’s method [42]. Specifically, a Franz
diffusion cell with an effective diffusion area of 4.73 cm2 was
used. The receptor compartment of the cell was filled with
20mLof PBS pH7.2 as a dissolutionmedium,while the donor
compartment was empty. The prepared film was placed on a
thin polyester net between the donor and receptor chambers
of the cells. A net was used in order to ensure correct
contact between the film’s surface and dissolution medium
while avoiding immersion. The receptor phase was kept
constantly stirred throughout the experiment usingmagnetic
stir bars. The temperature of the receptor compartment
was maintained at 32∘C using circulating water jackets. At
predetermined intervals, 2mL samples were withdrawn from
the receptor phase and replaced with the same amount of
PBS pH 7.2 to maintain a constant volume. Drug release
was quantified spectrophotometrically at 264 nm and was
expressed as cumulative percent released versus time for
the 8-hour duration of the study. The kinetics of ibuprofen
release from the films were evaluated by determining the best
fit of the dissolution data (percentage release versus time)
to the Higuchi, Korsmeyer-Peppas, Baker-Lonsdale, Hixson-
Crowell, zero order, and first order equations.

2.3. Statistical Data Analysis. Data were first analyzed with
descriptive statistics and statistical tests (QC Expert, v. 3.2,
Trilobyte software) and subsequently with multiple linear
regression (MLR) using multiway ANOVA (analysis of
variance) with the Unscrambler X program (v. 1.3, Camo
software). The design was set for a full factorial with two
concentrations of ibuprofen (0.5-Ibu, 1.0-Ibu) and two meth-
ods of ibuprofen incorporation (Ibu-1, Ibu-2). Experiments
were carried out a minimum of three times, depending
on the measured properties. The resulting MLR models
were used to identify the influence of process-formulation
variables or the effects of their interactions on the measured
properties. Film thickness was evaluated by Scheffe’s test of
pair comparisons in R software, R package: agricolae (v. 1.2-1,
Felipe de Mendiburu, 2014).
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3. Results and Discussion

3.1. Formulation and Preparation of Films Containing Ibupro-
fen. An ideal film dressing must be supple and possess
homogenous and smooth surfaces [25]. Transparency is
another important property allowing for the wound’s assess-
ment without removing the dressing [20]. Films prepared
from NaCMC possess all these characteristics and therefore
were chosen for the preparation of filmdressingswith ibupro-
fen. Partially substituted microfibrous NaCMC (nonwoven
textileHcelNaT)was used in order to increase themechanical
resilience of the films after wetting. This assumption has
been proven in our previous experiments, along with the
suitability ofmacrogol 300 as a plasticizer (data have not been
published yet). Regardless of the excellent cohesiveness of the
wetted films, it was necessary to reinforce them enough to
be resistant to surgical devices such as tweezers or in case of
application on large areas. For this reason, Sanatyl medical
grade polyester mesh was chosen.

In the case of medicated film, an active substance may
be dissolved, suspended, or emulsified. Since ibuprofen is
poorly water soluble, it is very difficult to achieve its solubility
in the film formulation. Thu et al. [25] used cosolvents
(propylene glycol and ethanol) for this purpose. In our case,
it was impossible because ethanol precipitated the NaCMC
from prepared dispersions. The effort to absorb ibuprofen
on the Sanatyl led to a high loss of active substance. Thus,
ibuprofen was incorporated into the films in solid state in the
form of a suspension of previously grinded particles or after
crystallization from an acetone solution.

The ibuprofen concentration in the films was expressed
as mg/cm2 of film. This expression facilitates dosage since
wound dressings are applied to a certain surface area. More-
over, it is independent of the weight of the film which may
vary considerably, as NaCMC films are hydrophilic with
fluctuating moisture content. The same 0.5mg/cm2 concen-
tration of ibuprofen was chosen as in the foam dressing
Biatain Ibu [43], which was proved in clinical trials to be
effective enough to relieve wound pain [13–17]. Films with
double the concentration of 1.0mg/cm2 were prepared for
comparison.

3.2. Evaluation of Prepared Films

3.2.1. Microscopic Evaluation and Thickness of Films. Visual
examination did not show differences between prepared
films—all of them were homogenous and translucent with
smooth surface independently of the method of ibuprofen
incorporation. Therefore, microscopic evaluation which is
capable of imaging inner structure was necessary. Observa-
tion of microscopic appearance of prepared films confirmed
that partially substituted CMC maintained fibrous nature—
digital images showed well-marked microfibrous structures
(Figure 1). The films with ibuprofen were found to contain
suspended particles of ibuprofen or crystals that formed
during acetone evaporation. The suspended particles of

(a)

(b)

Figure 1: Microscopic appearance of NaCMC film without ibupro-
fen and Sanatyl: (a) magnification 20x, bar 500 𝜇m; (b) magnifica-
tion 50x, bar 100𝜇m.

(a)

(b)

Figure 2: Microscopic appearance of the film with suspended
ibuprofen (0.5-Ibu-2 without Sanatyl): (a) magnification 7.5x, bar
1000 𝜇m, (b) magnification 20x, bar 500𝜇m.

ibuprofen seemed smaller (Figure 2) than the crystallized
ones (Figure 3) and were distributed in the film more evenly.
The crystallized drug was concentrated mostly in the Sanatyl
meshes (Figure 4). These findings were important for under-
standing and explaining results of following evaluations
mainly the drug content uniformity and process of ibuprofen
release in vitro.

Film thickness is an important parameter from the
technological point of view. Uniform thicknessmeans correct
method of preparation and good assumption to drug content
uniformity as well as to regular process of drug release. The
thickness of all films with ibuprofen and Sanatyl did not differ
significantly and ranged from 152.3 ± 11.7 𝜇m to 165.4 ±
13.9 𝜇m (in points without Sanatyl fiber, 𝛼 = 0.05) or from
340.3 ± 15.3 𝜇m to 361.8 ± 10.3 𝜇m (in points with Sanatyl
fiber, 𝛼 = 0.05). The absence of ibuprofen had a negligible
effect on the thickness of the film which ranged from 151.6 ±
10.3 𝜇m to 160.9 ± 6.6 𝜇m (in points without Sanatyl fiber)
or from 308.5 ± 32.5 𝜇m to 322.1 ± 13.7 𝜇m (in points with
Sanatyl fiber). The thickness of films without Sanatyl and
without ibuprofen was 186.3 ± 11.6 𝜇m. The results of the
film thickness measurement evidenced by low S.D. values
showed the sufficient reproducibility of the film preparation
method. Higher S.D. values in points with Sanatyl fiber in
some samples were owing to material properties of Sanatyl.
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Table 2: Surface pH of the films.

Film pH of the surface intended
for contact with wound pH of the outside

0.5-Ibu-1 5.17 ± 0.17 5.25 ± 0.26
0.5-Ibu-2 5.18 ± 0.27 5.07 ± 0.26
1.0-Ibu-1 5.12 ± 0.1 5.22 ± 0.19
1.0-Ibu-2 5.27 ± 0.23 4.95 ± 0.23
1-blank 5.42 ± 0.02 5.47 ± 0.09
2-blank 5.62 ± 0.06 5.49 ± 0.08
3-blank 5.67 ± 0.11 5.61 ± 0.08
4-blank 5.61 ± 0.09 5.51 ± 0.06

(a)

(b)

Figure 3: Microscopic appearance of the film with ibuprofen
crystallized from acetone solution (0.5-Ibu-1 without Sanatyl): (a)
magnification 7.5x, bar 1000 𝜇m, (b) magnification 20x, bar 500𝜇m.

3.2.2. Surface pH. Values of surface pH of all prepared films
were below 6 (Table 2); that is, surface of the films was acidic.
Films without ibuprofen were less acidic and did not differ
significantly from each other. Films with the suspended drug
had lower pH values on the outside (upper layer) which
coincides with the acidic nature of ibuprofen incorporated in
the upper layer. By contrast, films prepared using the drug
solution in acetone showed lower pH values on the surface
intended for contact with the wound, most likely due to a
diffusion of acetone solution into the bottom NaCMC layer
during evaporation. The null hypothesis of equality of the
means (𝑡-test) between the sets of films with ibuprofen and
without ibuprofen (blank) could not be confirmed, (𝑃 < 0.01)
which points to significant differences in surface pH.

Alterations to the surface pH of the films with ibuprofen
during 8 hours in the conditions simulating awound environ-
ment are shown in Figure 5.This evaluation is very important
because it reflects the impact of the wound dressing on the
wound environment. It is known that pH plays a significant
role in wound healing. The pH value within the wound
has been shown to affect matrix metalloproteinases (MMPs)
activity, tissue inhibitors of MMPs activity, fibroblast activ-
ity, keratinocyte proliferation, microbial proliferation, and
also immunological responses in a wound [44]. In general,
lowering pH has shown to result in an improvement of

wound healing. Dressings that directly or indirectly reduce
the pH of wound fluid decrease the elevated levels of MMPs
which can delay the healing process and may help to prevent
infection and improve the antimicrobial activity of some
antimicrobials; likewise, oxyhemoglobin releases its oxygen
more readily in an acidic environment [44].

Figure 5 demonstrates that all films with ibuprofen
retained acidic pH values. Films with the higher concentra-
tion of ibuprofen (1.0-Ibu) maintained the lower pH values
compared with those containing a reduced amount. In the
case of the lower concentration, film 0.5-Ibu-2 was more
resistant to PBS than 0.5-Ibu-1. Thus, prepared films, in
addition to having an analgesic and anti-inflammatory effect,
can also positively influence wound healing rate.

3.2.3. Swelling Property of Films. The swelling behavior of the
films is an important property for their practical application.
Liquid uptake of the film creates conditions for moist wound
healing. It may be affected by several factors such as pH or
the presence and character of ions. A physiological buffer
solution of pH 7.2 is similar to wound fluid with regard to
ion content as well as pH value, and thus determined swelling
values of prepared films could adequately reflect those in a
real wound.

Films exhibited a mild degree of swelling, indicating
moderate holding capacity for the exudate while still main-
taining their structural integrity for a reasonable time period.
It has been reported that exudate levels in wounds of various
etiology differ significantly, as they do in leg ulcers at a range
of 0 to 1.2 g/cm2/day [43]. In the current study, it was observed
that 1 cm2 of film with ibuprofen absorbed on average of
0.09 g PBS after 8 hours which indicated that these dressings
could be optimal for wounds with low exudate levels.

Degree of swelling (Sw) was time-dependent and it was in
the ascending order 0.5-Ibu-2 < 1.0-Ibu-2 < 0.5-Ibu-1 < 1.0-
Ibu-1 < 1-blank < 2-blank < 3-blank < 4-blank (Figure 6). Not
surprisingly, the highest degree of swelling was obtained in
the case of filmswithout ibuprofen and Sanatyl. Filmswithout
ibuprofen andwith Sanatyl showed lower swelling values than
previous ones due to theminimal swelling capacity of Sanatyl.
In the case of all films without ibuprofen, films exposed to
acetone during preparation (1-blank, 3-blank) versus others
(2-blank, 4-blank) showed a little bit less swelling. Swelling
values of all films increased gradually up to 5 hours.The liquid
uptake (degree of swelling) of the films without ibuprofen
and 0.5-Ibu-1 decreased at the end of the 8-hour observation,
possibly due to the partial polymer erosion and dissolving
of NaCMC. Film 0.5-Ibu-2 demonstrated the lowest initial
degree of swelling, though it continued to swell up until
the end of the testing period. 1.0-Ibu-2 demonstrated similar
behavior only with a little bit higher liquid uptake. This is
most likely due to small particles of suspended ibuprofen
in NaCMC dispersion enabling an ion-exchange reaction
during preparation with the formation of an insoluble acidic
formofCMC.Then, a gradual formation of soluble sodiumor
potassium salts of the CMC came about after its contact with
PBS, which contained monovalent ions, and gradual swelling
subsequently ensued.
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(a) (b)

Figure 4: Microscopic appearance of the films with Sanatyl and the same concentration of ibuprofen (magnified 7.5x, bar 1000 𝜇m): (a) film
with suspended drug (0.5-Ibu-2), (b) film with drug incorporated as acetone solution (0.5-Ibu-1); arrows mark points where the thickness of
films was measured.
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Figure 5: Surface pH of the films with ibuprofen in the conditions
simulating a wound environment.

3.2.4. Mechanical Properties. The mechanical properties of
the prepared films are shown in Table 3. Texturometric
analysis was used to measure tensile strength (brittleness and
hardness of films), deformation/elongation (elasticity and
flexibility), and work done during measurement (resilience).

Mechanical properties of the films without ibuprofen
were evaluated by Scheffe’s test of pair comparisons which
confirm a significant effect (𝑃 < 0.05) of Sanatyl on the work
necessary to tear the film and deformation/elongation at the
moment of tearing. Films without Sanatyl needed less work
and coincidentally elongated more at the moment of tearing
(Figure 7).

The influence of process-formulation variables on the
mechanical properties of films with ibuprofen was evaluated
withMLR regression using ANOVA.The obtained regression
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Figure 6: Swelling behavior of prepared films.

models had the following goodness of fit characteristics: 𝑅-
square > 0.7, predicted 𝑅-square > 0.5, CV < 18%, and the
models 𝑃 < 0.01. The impact of ibuprofen concentration
and incorporation method was significant (interaction effect
𝑃 < 0.01) in the case of film 0.5-Ibu-2, which needed
approximately twice as much tensile strength to tear, and
the elongation of film 0.5-Ibu-2 was approximately doubled
in comparison with the others (Table 3). This effect may be
explained by the formation of an acidic form of CMC during
preparation and even dispersion of ibuprofen in the film
matrix. The same effect was not observed in the case of 1.0-
Ibu-2 probably due to the disturbing influence of the higher
content of suspended solid particles on the film matrix.
The effect of the method used to incorporate the ibuprofen
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Table 3: Mechanical properties of films.

Formulation
Tensile
strength
[N]

Deformation/
elongation
[mm]

Work
[mJ]

0.5-Ibu-1 13.35 ± 1.62 3.79 ± 0.71 119.36 ± 20.65
0.5-Ibu-2 22.24 ± 1.62 7.34 ± 1.33 151.47 ± 20.5
1.0-Ibu-1 11.0 ± 0.97 3.72 ± 0.57 110.95 ± 20.04
1.0-Ibu-2 12.89 ± 1.87 4.08 ± 0.61 140.97 ± 21.69
1-blank 17.19 ± 2.36 5.36 ± 0.68 119.11 ± 31.97
2-blank 15.4 ± 1.24 5.32 ± 0.51 112.11 ± 8.02
3-blank 15.87 ± 0.78 6.28 ± 0.48 68.15 ± 5.27
4-blank 17.61 ± 1.39 6.76 ± 0.45 83.8 ± 12.8
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Figure 7: Mechanical properties of films: work done during the
process of measurement and deformation/elongation of film at the
moment of tearing.

(Ibu-1 versus Ibu-2) was made most evident in the case of
work done (𝑃 < 0.01), where films with suspended ibuprofen
(Ibu-2) yielded values approximately 30mJ higher than those
of Ibu-1 (Table 3, Figure 7).

3.2.5. Drug Content Uniformity. Thedrug content uniformity
(𝑛 = 10) of the layered films is shown in Table 4. Films
with suspended ibuprofen (Ibu-2) showed an accurate drug
dosage. Ibu-1 films showed wide variation which suggests
that the drug was not uniformly distributed. Differences
in drug content uniformity are even more noticeable in
Figure 8, where the considerable variance is observed in films
prepared with an acetone solution (Ibu-1), and, by contrast,
the least variance is visible in the case of 0.5-Ibu-2. Crystals
of ibuprofen were clustered together during the evaporation
of acetone (Ibu-1) (Figure 3), and thiswas probably the reason
why the drug was not evenly dispersed in the filmmatrix.The
negative effect of the clustered ibuprofen crystals on the drug
content uniformity in alginate bilayer films was also observed
by Thu and Ng [45]. The low variation of values in the case
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Figure 8: Box diagrams for the drug content uniformity: box
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Figure 9: Release of ibuprofen from prepared films.

of Ibu-2 indicated that this method of drug incorporation
provided reproducible results and could be used to produce a
homogeneous drug/polymer matrix system.

3.2.6. In Vitro Drug Release. Generally, ibuprofen release was
dependent on the method of its incorporation. When the
drug was suspended in an NaCMC dispersion (Ibu-2), about
70% and 50% of ibuprofen were released in the case of 0.5-
Ibu-2 and 1.0-Ibu-2, respectively. Incorporation of ibuprofen
as an acetone solution retarded drug release, as only about
35% and 40% in the case of 0.5-Ibu-1 and 1.0-Ibu-1 of the drug
had been released from the films by the end of 8-hour testing
period (Figure 9).

The reason why a larger amount of the released drug in
Ibu-2 films was achieved could be that the films with ibupro-
fen suspended in an NaCMC dispersion (Ibu-2) had smaller
particles in comparison with Ibu-1 films, and ibuprofen was
released from them more easily. Tang et al. [46] observed a
similar impact of ibuprofen crystal size on the drug release
profile from chitosan buccal films. Another explanation may
be that more soluble and more easily releasable sodium salt
of ibuprofen created a parallel with the formation of an acidic
form of CMC by ion exchange during film preparation. This
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Table 4: Drug content uniformity in films with ibuprofen.

Formulation Ibuprofen content
(mg/cm2)

Number of samples
within interval ±10%

Number of samples
out of interval ±15%

Number of samples
out of interval ±25%

0.5-Ibu-1 0.498 ± 0.091 6 2 2
0.5-Ibu-2 0.542 ± 0.042 9 1 —
1.0-Ibu-1 0.872 ± 0.102 8 2 —
1.0-Ibu-2 0.839 ± 0.056 10 — —
𝑛 = 10.

Table 5: Kinetic models for the time interval 0–150min.

Model Zero order First order Higuchi Hixson-Crowell Korsmeyer-Peppas Baker-Lonsdale
Sample 𝑅2 𝑅2 𝑅2 𝑅2 𝑅2 𝑛 𝑅2

0.5-Ibu-1 0.828 0.764 0.924 0.828 0.962 0.285 0.883
0.5-Ibu-2 0.905 0.792 0.972 0.905 0.975 0.530 0.968
1.0-Ibu-1 0.887 0.799 0.962 0.887 0.978 0.437 0.944
1.0-Ibu-2 0.913 0.809 0.974 0.913 0.980 0.600 0.966

Table 6: Kinetic models for the time interval 150–480min.

Model Zero order First order Higuchi Hixson-Crowell Korsmeyer-Peppas Baker-Lonsdale
Sample 𝑅2 𝑅2 𝑅2 𝑅2 𝑅2 𝑛 𝑅2

0.5-Ibu-1 0.846 0.858 0.812 0.846 0.787 0.083 0.832
0.5-Ibu-2 0.989 0.989 0.979 0.989 0.978 0.335 0.981
1.0-Ibu-1 0.821 0.829 0.770 0.821 0.722 0.066 0.813
1.0-Ibu-2 0.931 0.940 0.893 0.931 0.858 0.116 0.922

explanation is supported also by kinetic models referred to
hereinafter.

All prepared films were found intact after the 8-hour dis-
solution study and exhibited biphasic drug release (Figure 9).
This biphasic behavior suggested differentmechanisms acting
during drug release at each phase.This theory was confirmed
by the subsequent analysis in which none of the used kinetic
models was able towell describe the obtained dissolution pro-
files. For this reason, dissolution data were fitted to different
kinetic models and the 𝑅2 values for the six models were
calculated for time intervals 0–150min and 150–480min
(Tables 5 and 6).

Korsmeyer-Peppas, Higuchi, and Baker-Lonsdale models
properly described the release of ibuprofen from all films
during the first 150min. In this period, all the films pre-
dominantly acted as an insoluble matrix, and the drug was
released in two ways, mainly based on Fickian diffusion—by
extraction from the matrix into the medium and by leaching
through the media which entered into the matrix through
the pores. In this stage, the films contained sodium salt of
ibuprofen and an acidic form of CMC.

Thefirst ordermodel best described the drug release from
all the films in the interval 150–480min, andFickian diffusion
remained the main mechanism of drug release. Because the
drug release was also well described by Hixson-Crowell and
zero order models, CMC in the films was probably gradually
dissolved due to the gradual formation of soluble sodium or
potassium salts of CMC which arose from the acidic form of
CMC after contact with PBS containing monovalent ions.

The diffusion process was the main drug release mecha-
nism during both stages of the dissolution study.This finding
is supported by Perioli et al.’s statistical evaluation of in vitro
release of ibuprofen from mucoadhesive patches based on
NaCMC for buccal administration [47]. In the earlier stages,
the rate of diffusion of the drug from the film polymer was
higher than the later stages, which ismost likely due to higher
concentration gradient. The release of the drug from the
polymer matrix occurred slowly after maintaining a certain
concentration, and this is a very important observation for
designing the controlled drug delivery systems [48]. It was
observed that the slow release of drugs from polymeric
medicated dressings offers some potential advantages which
generally include prolonging the action of the active drug
over longer periods of time and allowing continual release
from such dosage form and thus improving patient com-
pliance by avoiding the problems brought on by frequent
dressing changes [25].

4. Conclusions

New film wound dressings with ibuprofen were successfully
prepared using an innovative solvent casting method with
a sequential coating technique. The films had adequate
mechanical and swelling properties and advantageous acidic
surface pH for wound application. An in vitro drug release
study implied that layered films retained the drug for a longer
period of time and thus could minimize the frequency of
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dressing changes. Films with suspended ibuprofen demon-
strated better in vitro drug release characteristics as well as
drug content uniformity. The concentration of suspended
ibuprofen which provided the optimal characteristics for a
medicated film wound dressing was 0.5mg/cm2 of film.
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vera hydrogel blends as wound dressings for the treatment of
several types of wounds,” Chemical Engineering Transactions,
vol. 32, pp. 1009–1014, 2013.

[24] N. A. Ramli and T. W. Wong, “Sodium carboxymethylcellulose
scaffolds and their physicochemical effects on partial thickness
wound healing,” International Journal of Pharmaceutics, vol.
403, no. 1-2, pp. 73–82, 2011.

[25] H.-E.Thu, M. H. Zulfakar, and S.-F. Ng, “Alginate based bilayer
hydrocolloid films as potential slow-release modern wound
dressing,” International Journal of Pharmaceutics, vol. 434, no.
1-2, pp. 375–383, 2012.

[26] S. Paunonen, “Strength and barrier enhancements of cellophane
and cellulose derivative films: a review,” BioResources, vol. 8, no.
2, pp. 3098–3121, 2013.



BioMed Research International 11

[27] R. C. Rowe, P. J. Sheskey, S. C.Owen, andAmerican Pharmacists
Association, Handbook of Pharmaceutical Excipients, Pharma-
ceutical Press, London, UK, 5th edition, 2006.

[28] Q. Garrett, P. A. Simmons, S. Xu et al., “Carboxymethylcellulose
binds to human corneal epithelial cells and is a modulator of
corneal epithelial wound healing,” Investigative Ophthalmology
& Visual Science, vol. 48, no. 4, pp. 1559–1567, 2007.

[29] M. Y. Karami, O. R. Zekavat, and A. Amant, “Excisional wound
healing activity of carboxymethyle cellulose in diabetic rat,”
Journal of Jahrom University of Medical Sciences, vol. 9, no. 4,
pp. 48–57, 2012.

[30] I. R. Sweeney, M. Miraftab, and G. Collyer, “A critical review
of modern and emerging absorbent dressings used to treat
exuding wounds,” InternationalWound Journal, vol. 9, no. 6, pp.
601–612, 2012.
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Štembı́rek, “Determination of dependencies among in vitro and
in vivo properties of prepared mucoadhesive buccal films using
multivariate data analysis,” European Journal of Pharmaceutics
and Biopharmaceutics, vol. 86, no. 3, pp. 498–506, 2014.

[32] S. Saha, C. Tomaro-Duchesneau, J. T. Daoud, M. Tabrizian, and
S. Prakash, “Novel probiotic dissolvable carboxymethyl cellu-
lose films as oral health biotherapeutics: in vitro preparation and
characterization,” Expert Opinion on Drug Delivery, vol. 10, no.
11, pp. 1471–1482, 2013.

[33] N. Khatoon, N. G. R. Rao, and B. M. Reddy, “Overview on fast
dissolving oral films,” International Journal of Chemistry and
Pharmaceutical Sciences, vol. 1, no. 1, pp. 63–75, 2013.

[34] S. Raju, P. Sandeep Reddy, V. Anirudh Kumar, A. Deepthi, K.
Reddy Sreeramulu, and P. V. Madhava Reddy, “Flash release
oral films of metoclopramide hydrochloride for pediatric use:
formulation and in-vitro evaluation,” Journal of Chemical and
Pharmaceutical Research, vol. 3, no. 4, pp. 636–646, 2011.

[35] R. P. Dixit and S. P. Puthli, “Oral strip technology: overview and
future potential,” Journal of Controlled Release, vol. 139, no. 2,
pp. 94–107, 2009.

[36] S. K. Ramineni, L. L. Cunningham, T. D. Dziubla, and D.
A. Puleo, “Development of imiquimod-loaded mucoadhesive
films for oral dysplasia,” Journal of Pharmaceutical Sciences, vol.
102, no. 2, pp. 593–603, 2013.

[37] J. Boateng, J. Mani, and F. Kianfar, “Improving drug loading of
mucosal solvent cast films using a combination of hydrophilic
polymers with amoxicillin and paracetamol as model drugs,”
BioMed Research International, vol. 2013, Article ID 198137, 8
pages, 2013.
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Solid dispersions of artemether and polyethylene glycol 6000 (PEG6000) were prepared in ratio 12 : 88 (group-1). Self-emulsified
solid dispersions of artemether were prepared by using polyethylene glycol 6000, Cremophor-A25, olive oil, Transcutol, and
hydroxypropyl methylcellulose (HPMC) in ratio 12 : 75 : 5 : 4 : 2 : 2, respectively (group-2). In third group, only Cremophor-
A25 was replaced with Poloxamer 188 compared to group-2. The solid dispersions and self-emulsified solid dispersions were
prepared by physical and freeze dried methods, respectively. All samples were characterized by X-ray diffraction, attenuated total
reflectance Fourier transform infrared spectroscopy, differential scanning calorimeter, scanning electronmicroscopy, and solubility,
dissolution, and stability studies. X-ray diffraction pattern revealed artemether complete crystalline, whereas physical mixture
and freeze-dried mixture of all three groups showed reduced peak intensities. In attenuated total reflectance Fourier transform
infrared spectroscopy spectra, C–H stretching vibrations of artemether were masked in all prepared samples, while C–H stretching
vibrations were representative of polyethylene glycol 6000, Cremophor-A25, and Poloxamer 188. Differential scanning calorimetry
showed decreased melting endotherm and increased enthalpy change (Δ𝐻) in both physical mixture and freeze-dried mixtures
of all groups. Scanning electron microscopy of freeze-dried mixtures of all samples showed glassy appearance, size reduction, and
embedment, while their physical mixture showed size reduction and embedment of artemether by excipients. In group-1, solubility
was improved up to 15 times, whereas group-2 showed up to 121 times increase but, in group-3, when Poloxamer 188 was used
instead of Cremophor-A25, solubility of freeze-dried mixtures was increased up to 135 times. In fasted state simulated gastric fluid
at pH 1.6, the dissolution of physical mixture was increased up to 12 times and freeze-dried mixtures up to 15 times. The stability of
artemetherwas substantially enhanced in freeze-driedmixtures by using polyethylene glycol 6000, Cremophor-A25, andPoloxamer
188 of self-emulsified solid dispersions of artemether in Hank’s balanced salt solution at pH 7.4.

1. Introduction

Malaria is the infection caused by protozoan parasites trans-
mitted with female Anopheles mosquitoes belonging to the
genus, Plasmodium [1]. The five different species of Plasmod-
ium which are the basis of malarial disease in many human
beings are P. vivax, P. falciparum, P. malariae, P. ovale, and P.
knowlesi.The symptoms ofmalaria at first may be nonspecific

such as joint pain, abdominal pain, asthenia, high fever,
anorexia, and vomiting as well as shivering. P. falciparummay
cause themost severe form ofmalaria particularly in children
as well as in nonimmune travellers who are fromnonendemic
countries and also in pregnant women [2].

According to a wide survey of malaria, ninety-nine
countries out of 106 malaria endemic countries had ongoing
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Figure 1: Structure of the ARTM [10].

malaria transmission. About 3.3 billion people in the world
were endangered of malaria according to estimation. Malaria
is the infectious disease as well as most prevalent disease in
the world which in each year affects 515–600million humans.
About 40% of world population was vulnerable to malarial
infection. In 2010, an estimated 655,000 persons died because
of malaria; out of them, 86% were only the children with age
of less than five years [3].

In order to advance the cure rates and clinical responses as
well as to slow the development of resistance of malaria para-
site, WHO has suggested that artemisinin derivatives should
be present in antimalarial regimens. Artemether (ARTM)
which is artemisinin derivative reduces malaria transmission
and may also reduce the gametocyte carriage [4, 5]. ARTM
belongs to artemisinin family and is the active component of
the Chinese herbs, that is, the qinghao, known as Artemisia
annua. ARTM has quick start of the schizontocidal actions
and then it is metabolized in the liver into its demethylated
derivatives, known as dihydroartemisinin (DHA). ARTMhas
been proved to be efficient against acute P. falciparum as
well as uncomplicated malaria. Its structural unit consists of
1,2,4-trioxane ring constituting the active pharmacophore of
the ARTM which was responsible for its antimalarial activity
[6]. Solubility of ARTM in water is poor, so it has been
synthesized in tablets as well as intramuscular injections, but
short half-life of about 3 to 5 hours is the significant drawback
of ARTM [7]. ARTM results in incomplete absorption after
oral administration due to poor aqueous solubility. By using
morewater soluble formulation, the solubility anddissolution
can be increased [8].

In the literature, various technological strategies are
reported such as solid dispersions, self-emulsifying drug
delivery systems (SEDDSs), micronizations, and complex
formation with cyclodextrins [9]. The chemical structure of
ARTM is shown in Figure 1.

The aim of this study was to prepare self-emulsified solid
dispersions (SESDs) of ARTMby using PEG6000, Poloxamer
188, Cremophor-A25, Transcutol, olive oil, and HPMC in
order to improve solubility and dissolution behavior of
ARTM.

2. Materials and Methods

2.1. Materials. Artemether (ARTM) (Alchem, China), aceto-
nitrile HPLC grade (Merck, Germany), analytical grade
methanol (Merck, Germany), Cremophor-A25 (chemically
knownas polyethylene glycol 1100mono(hexadecyl/octadecyl)
ether, YunGou Chemicals, China), polyethylene glycol 6000
(PEG 6000, Fluka, USA), Poloxamer 188 (chemically known
as poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol), YunGou Chemicals, China), olive oil
(Mezoa Chemicals, Spain), hydroxypropyl methylcellulose-
K15M (HPMC-K15M, Fluka, USA), Transcutol (chemically
known as 2-(2-ethoxyethoxy)ethanol, YunGou Chemicals,
China), starch (Fluka limited company), lactose (as mono-
hydrate, DMV International, Pakistan), Primogel (chemically
known as sodium Starch glycolate, Yung Zip Chemicals,
China), magnesium stearates (Mg Stearate, Royal Tiger,
Pakistan), potassium bromides (KBr, Merck, Germany),
hydrochloric acid (HCl, Merck, Germany), sodium chlo-
ride (NaCl, Sigma-Aldrich, Germany), sodium taurocholate
(Sigma-Aldrich, Germany), and silica gel were purchased
through commercial sources and used without further treat-
ment.

2.2. Physical Mixture (PM)Method. Physical mixtures (PMs)
were prepared using weighed amount of ARTM and
PEG6000 in ratio 12 : 88 named group-1 and ARTM,
PEG6000, Cremophor-A25, olive oil, Transcutol, and HPMC
with ratio 12 : 75 : 5 : 4 : 2 : 2, respectively, named group-2.
Similarly, ARTM, PEG6000, Poloxamer 188, olive oil, Tran-
scutol, and HPMC with ratio 12 : 75 : 5 : 4 : 2 : 2, respectively,
was named group-3. These physical mixtures were dried in
oven at 37∘C and then, after complete drying, homogenous
mixture was made by using pestle and mortar with soft
grinding. These mixtures were passed through a sieve of
180 𝜇mmesh size, placed in dried, labeled brown glass bottles
and then kept in desiccators at room temperature for further
analysis.

2.3. Freeze-Dried (FD) Method. Via freeze drying method,
soluble mixtures of weighed amount of ARTM and
PEG6000 in ratio 12 : 88 (Group-1) and ARTM, PEG6000,
Cremophor-A25, olive oil, Transcutol, and HPMC with ratio
12 : 75 : 5 : 4 : 2 : 2, respectively (group-2) were prepared. Sim-
ilarly ARTM, PEG6000, Poloxamer 188, olive oil, Transcutol
and HPMC with ratio 12 : 75 : 5 : 4 : 2 : 2, respectively (group-
3) were mixed to prepare soluble mixture. According to these
corresponding groups, solutions were transferred to round
bottom flasks and shaked on orbit shaker (BioTechnics,
India) for mixing. After proper mixing, solvents were
evaporated by using rotary evaporator (Prolific Instruments,
India). Then, small amount of deionize water was added,
shaken well, and frozen at temperature of −70∘C to −80∘C in
the electronic deep-freezer (Dawlance, Pakistan). The frozen
form is then freeze-dried using lyophilizer (Labconco, Eng-
land) at temperature of −42∘C using vacuum of 0.100mBar
for complete removal of solvents. After complete drying, the
freeze-dried (FD) mixtures were transferred to pestle and
mortar, softly grinded, and passed through a sieve (180 𝜇m).
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These preparations were then stored in dried, labeled brown
glass bottles and stored in desiccators for further process.

2.4. X-Ray Diffraction Studies. The X-ray powder diffraction
(XRD) study of all samples was done by using apparatus
named Siemens D-500.Themeasurements and conditions of
XRD consisted of the targeting of CuK𝛼, by using voltage
of 40KV and the current of 30mA. A modified system of
diverging and receiving as well as receiving and antiscattering
slits of 1∘, 1∘, 1∘, and 0.15∘, respectively, was utilized. For
data processing, Jade 6.0 (Materials Delta Inc.) was used. By
utilizing a step width of about 0.04∘ 2𝜃 between 5∘ and 50∘,
the XRD patterns were obtained.

2.5. Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) Spectrophotometric Analysis. By using potas-
siumbromide (KBr) discmethod (i.e., 0.5–1%of the sample in
200mgKBr disc), ATR-FTIR spectra of SESDs ofARTMwere
obtained through Perkin Elmer spectrum 1. The scanning
was at 400–4000 cm−1 and a resolution was then 1 cm−1.
Instrument calibration was occasionally repeated during
these operations.

2.6. Differential Scanning Calorimetric Analysis. Differential
scanning calorimetric (DSC) analysis of physical and freeze-
dried mixtures of ARTM and excipients was performed by
using Q2000 DSC (TA instrument, USA). The samples were
heated at a rate of 5∘C/min from 25 to 250∘C under a dry
nitrogen gas purge. Tzero aluminum was used to calibrate
the cell constant. All measurements were conducted in sealed
nonhermetic aluminum pans. The typical sample weight was
5–10mg.

2.7. Scanning Electron Microscopy. In order to identify and
confirm the nature as well as surface topography of all
formulated samples of ARTM, scanning electron microscopy
(SEM, Perkin Elmer, USA) was used. SEM analysis was
also performed to study the morphologies of pure drug
as well as different self-emulsifying agents. For scanning
electron photographs, an accelerating voltage of 5 kV was
utilized and the resultant micrographs were then examined
at magnifications of ×1000, ×1500, and ×2500.

2.8. Equilibrium Solubility Studies. For solubility in equi-
librium studies, 0.4 g of each group was weighed properly
and then transferred into test tubes containing 10mL of
the deionized water and mixed by using vortex mixture for
period of about 1 to 2min at 1400 revolutions per minutes
(RPM). The prepared samples were fixed on orbit shaker for
mixing and shaken for a period of 7 days at about 150 RPM at
a temperature of 37∘C. After a period of 7 days, each sample
was then centrifuged at about 6000RPM for 20min. Then,
upper layer of about 5mL was decanted carefully by using
micropipette and was then further diluted with 20mL of
deionized water.Theywere then analyzed onHPLC at 215 nm
ultraviolet (UV) wavelength.

2.9. Preparation and Characterization of Tablets. Tablets were
prepared employing direct compression method using single

punch tabletmachine. Tomake tablets, the homogenousmix-
ture of preformulated grains and lactose (quantity sufficient
for 500mg tablet weight) was prepared followed by passing
through a sieve of 180 𝜇m mesh size. Magnesium stearate
(0.5%), Primogel (5%), and talcum powder (0.5%) were also
mixed with these grains andmixing was carried out for about
10–20min. The weight of each tablet was 500mg, out of
which 333mg consisted of granules containing 40mg of pure
ARTM and another portion was 167mg consisting of inactive
material. The prepared tablets of different formulations were
then stored and labeled properly. For assessment of quality,
these tablets were characterized for various compendial
requirements including weight variation, friability, and drug
contents.

2.10. Dissolution Studies. The dissolution studies of all for-
mulations of ARTM were done by utilizing USP dissolution
apparatus II (Digitek, Lahore, Pakistan) with stirring speed
of 100 RPM at 37∘C. Fasted state simulated gastric fluid
(FaSSGF) with pH of 1.6 with composition of sodium tauro-
cholate 80 𝜇M, sodium chloride (NaCl) 34.2mM, hydrochlo-
ric acid (HCl) q.s. to adjust pH to 1.6, and deionized water q.s.
to make 1 L with pH 1.6 was used as biorelevant dissolution
medium. The tablets containing SESDs of ARTM as well as
other excipients in various ratios were put in dissolution
medium of about 1000mL. In the dissolution experiment,
each tablet contained a specific quantity of powder in which
40mg ARTM was present. On specific time intervals such as
5, 15, 30, 60, 90, 120, 180, and 240min, aliquots of about 10mL
were taken out which were replaced through the addition of
10mL of fresh FaSSGF. These obtained samples were then
analyzed using HPLC at 215 nm. The obtained dissolution
data was analyzed using various kinetic models including
zero order, first order, Higuchi, and Korsemeyer-Peppas
model. Indifferent to othermodels, Korsmeyer-Peppasmodel
involves the fitting of initial 60% drug release data to find out
the mode of drug release, 𝑛 [8].

2.11. Stability Studies. For pure ARTM, SDs, and SESDs
of ARTM, the stability tests in Hank’s balanced salt solu-
tions were carried out at 37∘C that indicated the disso-
lution test temperature. The Hank’s balanced salt solu-
tion was formulated with 0.40 gL−1 KCl, 8.00 gL−1NaCl,
0.06 gL−1 KH

2
PO
4
, 0.35 gL−1NaHCO

3
, 0.19 gL−1 CaCl

2
⋅2H
2
O,

0.05 gL−1Na
2
HPO
4
, 0.09 gL−1MgSO

4
, and 1.00 gL−1 glucose

and the pH was adjusted to 7.4 (with NaHCO
3
, 3.8mM,

pH 11.2, solution). For stability tests in Hank’s balanced
salt solutions (pH 7.4), ARTM and its SESDs solution with
concentration of 100𝜇gmL−1 were firstly put into 10mL test
tubes with plugs. Then, aliquots of about 0.5mL were taken
out at intervals of 1 hour at 37∘C in 6 hour.The concentration
of pure ARTM and prepared samples wasmeasured byHPLC
at 215 nm and each test was performed in triplicate. Since the
degradation of ARTM followed first-order kinetics, apparent
degradation rate constants (𝑘) were used to calculate the
stability of ARTM and its SESDs from the slope of the
degradation diagrams according to the following equation:

ln [𝐶] = ln [𝐶𝑜] − 𝑘𝑡, (𝐶 ̸= 𝐶𝑜) , (1)
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Figure 2: X-ray diffraction patterns of ARTM (A), PEG6000 (B), physical mixture of group-1 (C), freeze-dried mixture of group-1 (D),
physical mixture of group-2 (E), freeze-dried mixture of group-2 (F), physical mixture of group-3 (G), and freeze-dried mixture of group-3
(H).

where [𝐶
𝑜
] was the initial concentration of ARTM, [𝐶] was

the concentration of ARTM at time 𝑡, and 𝑘 was the slope of
the fitted linear regression for the first order reaction.

2.12. High Performance Liquid Chromatography (HPLC) Anal-
ysis. The supernatant solutions of each group of SESDs
of ARTM were withdrawn and then filtered through the
cellulose acetates filters of 0.22𝜇m in pore size. The amount
of drug dissolved was then analyzed by using HPLC (Perkin
Elmer, USA) at 215 nm after suitable dilution. This assay was
determined by using reverse phase C18 column (4.6mm ×
250mm, 5 𝜇), while UV detector was set at a wavelength
of about 215 nm. Mobile phase consisted of a mixture of
acetonitrile and water (75 : 25, v/v) operated at a flow rate of
1mL/min. The injection volume was 20 𝜇L.

The validation data shows that the used HPLC method
follows linearity in the range of 0.078 to 2.5mg, as evident
from the value of 𝑅2 = 0.999 with 𝑌 = 462.5𝑋 − 21.32. It
relates to the closeness of the test results to true values, that is,
measure of exactness of analytical method. It is expressed as
percentage recovery by the assay of known amount of analyte
in the linearity range. For the determination of accuracy, the
ARTM percentage recovery was 99.98, 100.34, 101.64, 101.75,
101.83, and 101.94% for dilutions 0.078, 0.1562, 0.3125, 0.625,
1.25, and 2.5mg/mL, respectively.The accuracy and precision
ofmethodwere 99.31± 2.94 and 98.72± 2.02, respectively [11].

2.13. Statistics. In all cases, analysis of the datawas carried out
by applying one-way ANOVA with a probability of 𝑃 < 0.05
set as statistically significant.

3. Results and Discussion

3.1. X-RayDiffractionStudies. TheXRDpatterns of artemether
(ARTM) showed very strong characteristic diffraction peaks
at 2𝜃 of 9.88∘, 17.64∘, 18.04∘, and 19.68∘. It signifies that
artemether is purely a crystalline compound (Figure 2(A)).
The XRD pattern of PEG6000 showed characteristic diffrac-
tion peaks at 2𝜃 of 19.6∘ and 23.76∘ (Figure 2(B)).

Poloxamer 188 is crystalline in nature and gives three
characteristic peaks, that is, at 19∘, 22∘, and 23∘ [11]. X-ray
diffraction analysis of physical mixture of group-1 showed
characteristic diffraction peaks at 2𝜃 of 9.80∘, 19.20∘, and
23.40∘, similarly freeze-dried mixture of group-1 showed
diffraction peaks at 2𝜃 of 9.72∘, 19.12∘, and 23.32∘. These peaks
represent ARTM and PEG6000. It was noted that intensity of
ARTM diffraction peaks in physical mixture of group-1 was
lower than the intensity of pure ARTM, while in freeze-dried
mixtures crystalline peaks of ARTM were very less intense
than pure ARTM (Figures 2(C) and 2(D)).

The X-ray diffraction analysis of physical mixture of
group-2 showed characteristic diffraction peaks at 2𝜃 of 9.88∘,
19.28∘, and 23.44∘, while its freeze-dried form showed peaks
at 2𝜃 of 9.72∘, 19.12∘, and 23.36∘, respectively. These peaks
represent ARTM and PEG6000 also. The principal ARTM
peak of ARTM and PEG6000 in physical and freeze-dried
mixtures of group-2 were present but having lower intensity
compared to pure ARTM and this decrease of intensity were
more pronounced in freeze-dried mixture than in physical
mixture (Figures 2(E) and 2(F)), as also seen for rofecoxib
[12].
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Figure 3: ATR-FTIR spectra of pure ARTM (a), PEG6000 (b), physical mixture of group-1 (c), freeze-dried mixture of group-1 (d),
Cremophor-A25 (e), physical mixture of group-2 (f), freeze-dried mixture of group-2 (g), Poloxamer 188 (h), physical mixture of group-3
(i), and freeze-dried mixture of group-3 (j).

When Poloxamer 188 was incorporated in place of
Cremophor-A25 in SESDs compared to XRD of physical
mixture of group-3, SESDs showed diffraction peaks at 2𝜃
of 10.12∘, 19.48∘, and 23.76∘ and its freeze-dried mixture
showed peaks at 2𝜃 of 9.64∘, 19.04∘, and 23.20∘, respectively,
which were representative of ARTM and PEG6000.The peak
intensity of two peaks of PEG6000 in both physical and
freeze-dried mixture of group-3 was substantially decreased,
while principal ARTM peak in its freeze-dried mixture was
12 times less than intense compared to pure ARTM (Figures
2(G) and 2(H)), as also seen for rofecoxib [12, 13].

3.2. Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR) Studies. ATR-FTIR spectra of arte-
mether (ARTM) indicated the presence of four character-
istic peaks of C–H stretching vibrations at 2844.99 cm−1,
2873.61 cm−1, 2914.58 cm−1, and 2936.97 cm−1, C–O–O–C
bending vibrations at 1121.62 cm−1, C–O–C stretching vibra-
tions at 1023.89 cm−1 and 1277.83 cm−1, and C–H bending
vibrations at 1451.05 cm−1 (Figure 3(a)).

TheATR-FTIR spectra of PEG6000 showed characteristic
bands of C–H stretching vibrations at 2882 cm−1, O–H
bending vibrations at 1341.02 cm−1 and 359.52 cm−1, C–O
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stretching vibrations at 1059.97 cm−1 and 1278.91 cm−1, and
C–H bending vibrations at 1466.38 cm−1 (Figure 3(b)).

Physical and freeze-dried mixtures of group-1 showed
characteristic bands of C–H stretching vibrations in func-
tional group region at 2882.76 cm−1 and 2883.43 cm−1 which
was single broader peak instead of four peaks of ARTM
alone; in the fingerprint region, C–O–O–C bending vibra-
tions of both physical and freeze-dried mixtures of group-
1 were unaltered. C–O–C stretching vibrations of physi-
cal mixtures of group-1 were red shifted at 1033.31 cm−1
and 1278.83 cm−1, while its freeze-dried mixtures were also
red shifted at 1060.12 cm−1 and 1279.05 cm−1, respectively.
C–H bending vibrations of physical mixtures of group-1
were red shifted at 1456.79 cm−1 and 1465.91 cm−1, while
its freeze-dried mixtures were red shifted at 1456.91 cm−1
and 1465.74 cm−1, respectively. ATR-FTIR spectra tell about
presence and absence of bonding interaction among ARTM
and excipients due to mixing, grinding, and freeze drying
(Figures 3(c) and 3(d)).

ATR-FTIR spectra of Cremophor-A25 showed charac-
teristic bands of C–H stretching vibrations at 2885.69 cm−1
and 2915.24 cm−1, O–H bending vibrations at 1341.58 cm−1
and 1359.54 cm−1, and C–O–C stretching vibrations at
1060.60 cm−1 and 1279.38 cm−1. In group-2 of SESDs of
ARTM, physical and freeze-dried mixture showed charac-
teristic bands of C–H stretching vibrations in the functional
group region at 2883.29 cm−1 and 2884.06 cm−1, respectively,
which indicated that C–H stretching vibrations of ARTM
were masked as compared to pure ARTM and the C–
H stretching vibrations of both physical and freeze-dried
mixtures showed characteristics bands of Cremophor-A25.
Similarly, in the fingerprint region, the C–O–O–C bending
vibrations were unaltered which showed that there was
no change in trioxane ring that indicated that our SESDs
retained their antimalarial activity. The C–O–C stretching
vibrations of physical mixtures of group-2 were red shifted
at 1030.21 cm−1 and 1278.76 cm−1, while its freeze-dried mix-
tures were red shifted at 1060.25 cm−1 and 1279.06 cm−1; C–H
bending vibrations of physical mixture of group-2 were red
shifted at 1465.92 cm−1 and its freeze-dried mixture was red
shifted at 1466.15 cm−1 (Figures 3(e)–3(g)).

ATR-FTIR spectra of Poloxamer 188 showed characteris-
tic bands of C–H stretching vibrations at 2882.68 cm−1, O–H
bending vibrations at 1341.58 cm−1 and 1359.38 cm−1, and C–
O–C stretching vibrations at 1060.33 cm−1 and 1279.21 cm−1.
When Poloxamer 188 was substituted with Cremophor-A25
in group-3 of SESDs of ARTM, the peak intensities and
frequency of transmittance were not changed significantly.
Physical and freeze-dried mixtures of group-3 showed char-
acteristic bands of C–H stretching vibrations at 2883.06 cm−1
and 2884.08 cm−1 which indicated that C–H stretching
vibrations of ARTM were masked and the C–H stretching
vibrations of both physical and freeze-driedmixtures showed
characteristics of Poloxamer 188. There was no change in
C–O–O–C bending vibrations in physical and freeze-dried
mixtures of group-3. C–O–C stretching vibrations of physical
mixtures of group-3 were also red shifted at 1060 cm−1

and 1278.90 cm−1, whereas its freeze-dried mixture was red
shifted at 1060.25 cm−1 and 1279.04 cm−1, respectively. C–H
bending vibrations of physical and freeze-dried mixtures of
group-3 were red shifted at 1466.13 cm−1 and 1466.11 cm−1,
respectively (Figures 3(h)–3(j)).

The disruption in crystalline structure was similar to that
of DHA [14]. The shifting and broadening agreed with pre-
vious ketoconazole results [15]. The shifting in the carbonyl
stretching confirms a chemical interaction between ARTM
and PEG, as occurs for norfloxacin [16]. Most bands were
broad compared to pure ARTM, confirming an interaction
between ARTM and PEG [17].

3.3. Differential Scanning Calorimetry. TheDSC thermogram
of ARTM showed typical characteristics of a crystalline
substance having one endothermic peak at 86.64∘C while
melting onset temperature at 84.86∘C. An enthalpy change
(Δ𝐻) of ARTM was 56.68 J/g. The DSC thermogram of
ARTM is shown in Figure 4(A).

Physical mixture of group-1 showed melting onset at
65.90∘C, peak temperature at 66.55∘C, and enthalpy change
of 186.5 J/g, while its freeze-dried mixture showed decreased
melting onset at 56.84∘C, peak temperature at 61.90∘C, and
Δ𝐻 at 162.8 J/g. Both physical and freeze-dried mixtures of
group-1 showed decreased melting peak temperature and
increased enthalpy change. It was noted that decrease in
melting endotherm [18] was more pronounced in case of
freeze-dried mixture and increase in Δ𝐻 was more in case
of physical mixture. All these changes were due to less
crystalline nature of ARTM in SESDs of group-1 (Figures 4(B)
and 4(C)).

Physical mixture of group-2 showed melting onset tem-
perature at 61.84∘C, peak temperature at 66.31∘C, and Δ𝐻 at
109.4 J/g, while freeze-driedmixture of group-2 showedmelt-
ing onset at 53.36∘C, peak temperature at 60.93∘C, and Δ𝐻
at 150.1 J/g. Both physical and freeze-dried mixtures showed
lower endothermic peak temperature [18] and increased
enthalpy change as compared toARTMalone.The increase in
enthalpy lowered melting endotherm effect which was more
pronounced in case of freeze-dried mixture of group-2 than
its physical mixture. Group-2 SESDs of ARTM were more
stable than group-1 SESDs (Figures 4(D) and 4(E)).

3.4. Scanning Electron Microscopy (SEM) Studies. Scanning
electron microscopic photographs of artemether (ARTM)
alone showed typical crystalline blocks of ARTM, while in
group-1 SDs of ARTM, SEM showed that these crystalline
structures of ARTM were decreased in size enormously
having no sharp edges in both physical and freeze-driedmix-
tures of group-1. Scanning electron micrographs of physical
mixture of group-2 showed formation of flakes representing
amorphous agglomerates with smooth surfaces, whereas its
freeze-dried mixture showed glassy appearance in addition
to size reduction and embedment. SEM of physical mixture
of group-3 in which Cremophor-A25 was substituted with
Poloxamer 188, showed flakes having no smooth surface,
while its freeze-dried mixture showed modified irregular
shaped glassy appearance (Figure 5), comparable to the result
of ARTM as obtained earlier [19].
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Figure 4: DSC thermogram of ARTM (A), physical mixture of group-1 (B), freeze-dried mixture of group-1 (C), physical mixture of group-2
(D), freeze-dried mixture of group-2 (E), physical mixture of group-3 (F), and freeze-dried mixture of group-3 (G).

3.5. Equilibrium Solubility Studies. In group-1 of the prepared
samples of artemether (ARTM), the solubility of physical
mixture (PM) was increased up to 9 times (2.74mg/mL)
and solubility of its freeze-dried (FD) mixture was improved
up to 15 times (4.74mg/mL) as compared to ARTM alone
(0.30mg/mL). While in group-2 of SESDs, the solubility of
physical mixture was increased up to 94 times (28.38mg/mL)
and its freeze-dried mixture was improved up to 121 times
(36.33mg/mL). In group-3 of SESDs when Cremophor-A25
was replaced with Poloxamer 188, the solubility of physical
mixture was up to 65 times (19.49mg/mL), while solubility
of its freeze-dried mixture was increased further up to 135
times (40.56mg/mL). In all cases, the solubility was in the
decreasing order of FD > PM > ARTM (Figure 6).

All the physical and freeze-dried mixtures of all samples
showed a substantial increase in equilibrium solubility. The
increase in solubility was due to amorphous nature of pre-
pared samples or inhibition of crystallization by polymers as
obtained earlier [20–22]. Moreover, this increase in solubility
can be a result of the formation of more soluble dispersion
between the drug and the polymer [23]. The effect of
temperature on solubility was similar to artemisinin [24],
aspirin, and paracetamol [25]. Generally, solubility profile
of SESDs of ARTM was agreed with data of XRD, FTIR,
DSC, and SEM, which indicated that both procedures such as
physical mixture method and freeze-dried method improved
the solubility profile of ARTM.

3.6. Preparation and Characterization of Tablets. The quality
control parameters of all prepared tablets were in accordance
with official requirements [22].Weight variation and friability
were ±4.92% and <0.5%, respectively. The ARTM contents
(%) in all the tablets ranged between 99.91 ± 0.73% and 102.01
± 0.32%.

3.7. Dissolution Studies. From dissolution data (Table 1), it
is found that rate of drug dissolution (𝐾) is faster in all
formulations as compared to pure ARTM as evident from
zero order, first order, and Higuchian model analysis. More-
over, that rate of drug dissolution is faster in all products
formulated by freeze drying compared to that of physical
mixing. In addition, drug release data was best fit to the
Higuchian model which illustrates that drug release from the
products occurs through the diffusion process. This mode of
drug release is further supported by 𝑛-value, that is, in range
of 0.437–0.483. If 𝑛 is equal to or less than 0.5, dissolution
data follows the Fickian diffusion. The diffusion is Fickian
when liquid diffusion takes place at slower rate than the rate of
relaxation of polymeric chains. The 𝑛-value is assessed from
the slope of Korsmeyer-Peppas curve [8]. Figure 6 shows
dissolution profiles of ARTM alone and its formulations.

The rate of dissolution was increased by using
Cremophor-A25 as well as Poloxamer 188 in addition
to PEG6000, olive oil, Transcutol, and HPMC. By comparing
physical and freeze-dried mixtures of SESDs of ARTM,



8 BioMed Research International

(a)

(a)

(b)

(b)

(c)

(c)

(d)

(d)

(e)

(e)

(f)

(f)

(g)

(g)

Figure 5: SEMofARTM(a), physicalmixture of group-1 (b), freeze-driedmixture of group-1 (c), physicalmixture of group-2 (d), freeze-dried
mixture of group-2 (e), physical mixture of group-3 (f), and freeze-dried mixture of group-3 (g).

Table 1: Kinetic analysis of dissolution data.

Formulations Zero order model First order model Higuchi model Korsmeyer-Peppas model
𝐾 𝑅2 𝐾 𝑅2 𝐾 𝑅2 𝑛

Pure ARTM 0.013 0.7857 0.000 0.7913 0.171 0.9569 0.549
Physical mixture of group-1 0.036 0.5417 0.000 0.5622 0.478 0.8383 0.459
Freeze-dried mixture of group-1 0.044 0.5961 0.000 0.6199 0.589 0.8535 0.483
Physical mixture of group-2 0.181 0.5622 0.002 0.6719 2.403 0.8322 0.473
Freeze-dried mixture of group-2 0.194 0.5651 0.003 0.6839 2.573 0.8336 0.475
Physical mixture of group-3 0.115 0.5002 0.001 0.5739 1.546 0.8346 0.437
Freeze-dried mixture of group-3 0.227 0.5121 0.003 0.6677 3.035 0.8215 0.450
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the freeze-dried mixtures showed enhanced dissolution
as compared to physical mixtures and ARTM alone. This
enhanced dissolution of SESDs of ARTM was due to less
crystalline structure and their conversion into amorphous
form [18]. The order of decrease in dissolution was FD >
PM > ARTM alone. The dissolution profile of SESDs of
ARTM agreed with data of XRD, FTIR, DSC, and SEM,
which indicated that both procedures such as physical
mixture method and freeze-dried method improved the
dissolution profile of ARTM.This increase in dissolution was
comparable to that observed earlier for ARTM [26].

3.8. Stability Studies. The stability of artemether (ARTM) in
Hank’s balanced salt solution of pH 7.4 was very poor and
only 8% of ARTM was left at the end of 6 hours. Therefore,
Hank’s balanced salt solution pH 7.4 was chosen as medium
for the stability analysis of ARTM in the SDs and SESDs
at 37∘C, as used previously for dihydroartemisinin [27]. The
degradation of ARTM in Hank’s balanced salt solutions (pH
7.4) followed first order reaction described by the following
equation with 𝑅2 > 0.984. The degradation rate constant
values were calculated by linear regression of ln[𝐶] and 𝑡.The
changes of concentration ofARTMaswell as SESDs ofARTM
as a function of time were shown in Figures 7, 8, and 9.

The degradation rate constant (𝑘) of ARTM alone was
0.52 h−1. Physical mixture (PM) as well as freeze-dried (FD)
mixture of group-1 showed values of 𝑘 0.46 h−1 and 0.42 h−1,
respectively. Physical and freeze-dried mixtures of group-2
of ARTM showed decreased 𝑘 values 0.22 h−1 and 0.18 h−1,
respectively. Similarly, physical and freeze-dried mixture of
group-3 showed lowest values of 𝑘 0.25 h−1 and 0.11 h−1,
respectively.

The rank order of the 𝑘 values was ARTM alone > FD
mixture > PM. The stability of ARTM in Hank’s balanced
salt solution at pH 7.4 was substantially improved by using
PEG6000, Cremophor-A25, and Poloxamer 188, comparable
to DHA [27, 28].
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Figure 7: The changes of ARTM concentration percentage as a
function of time in Hank’s balanced salt solution (pH 7.4) at 37∘C for
ARTM alone (A), physical mixture of group-1 (B), and freeze-dried
mixture of group-1 (C).
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Figure 8: The changes of ARTM concentration percentage as a
function of time in Hank’s balanced salt solution (pH 7.4) at 37∘C for
ARTM alone (A), physical mixture of group-2 (B), and freeze-dried
mixture of group-2 (C).

4. Conclusions

It can be concluded from our results that solubility and
dissolution profile of artemether (ARTM) can be increased by
preparing their self-emulsified solid dispersions (SESDs)with
PEG6000, Poloxamer188, Cremophor-A25, olive oil, HPMC,
and Transcutol by using freeze-driedmethod.The increase in
solubility and dissolution profile of SESDs of ARTM agreed
with data of XRD, FTIR, DSC, and SEM, which indicated
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Figure 9: The changes of ARTM concentration percentage as a
function of time in Hank’s balanced salt solution (pH 7.4) at 37∘C for
ARTM alone (A), physical mixture of group-3 (B), and freeze-dried
mixture of group-3 (C).

that self-emulsified solid dispersions by freeze-dried method
improved the physicochemical properties of ARTM.
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Copyright © 2015 Barbora Vranı́ková et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Liquisolid systems are an innovative dosage form used for enhancing dissolution rate and improving in vivo bioavailability of
poorly soluble drugs. These formulations require specific evaluation methods for their quality assurance (e.g., evaluation of angle
of slide, contact angle, or water absorption ratio). The presented study is focused on the preparation, modern in vitro testing,
and evaluation of differences of liquisolid systems containing varying amounts of a drug in liquid state (polyethylene glycol 400
solution of rosuvastatin) in relation to an aluminometasilicate carrier (Neusilin US2). Liquisolid powders used for the formulation
of final tablets were prepared using two different methods: simple blending and spraying of drug solution onto a carrier in fluid
bed equipment. The obtained results imply that the amount of liquid phase in relation to carrier material had an effect on the
hardness, friability, and disintegration of tablets, as well as their height. The use of spraying technique enhanced flow properties of
the prepared mixtures, increased hardness values, decreased friability, and improved homogeneity of the final dosage form.

1. Introduction

Bioavailability of drugs after oral administration depends on
several factors such as aqueous solubility, drug permeability,
dissolution rate, first-pass and presystemic metabolism, and
susceptibility to efflux mechanisms. Poor solubility and low
permeability represent the most frequent causes of limited
bioavailability for a number of drugs. Solubility is the most
important parameter for orally administered drugs which
enable them to achieve the required concentration in sys-
temic circulation necessary for the desired pharmacological
response. The improvement of drug solubility remains one
of the most challenging aspects of the drug development
process especially for solid dosage forms designated for
systemic absorption of the drug after oral administration
[1]. Therefore, one of the most important and promising
areas of the modern pharmaceutical technology is focused
on modern approaches to the formulation and evaluation
of solid dosage forms with enhanced bioavailability of
poorly soluble drugs. These drugs represent up to 40%
of commonly used active substances and almost 70% of

newly synthesized molecules. Scientific literature describes a
number of different techniques for improving the solubility
and bioavailability of mentioned drugs (such as reducing
particle size via micronization [2], using surfactants [3],
lyophilization [4], and the preparation of self-emulsifying
drug delivery systems [5]). Of all these, the formulation of
liquisolid systems (LSS) represents one of themost promising
and innovative techniques for promoting dissolution rate and
in vivo bioavailability of poorly soluble drugs.

Liquisolid systems essentially refer to formulations pre-
pared by converting a liquid drug or a drug in liquid state
(solutions, suspensions, or emulsions) into dry, nonadher-
ent, free-flowing, and readily compressible powder mixtures
by blending or spraying a liquid dispersion onto specific
powder carriers and coating materials [6]. The prepared dry
blends can be subsequently transformed into conventional
solid dosage forms (filled into capsules and compressed
into tablets) which represents one important advantage of
these systems [7]. Various grades of cellulose, a granulated
form of magnesium aluminometasilicates (Neusilin), and
a specifically prepared form of anhydrous dibasic calcium
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phosphate (Fujicalin) may be used as the carriers while very
fine powders, such as colloidal silica or a powdered form of
magnesium aluminometasilicates, could be used as coating
materials.

Due to the their advantages, a number of poorly sol-
uble drugs (such as atorvastatin [8], carbamazepine [9],
furosemide [10], and indomethacin [11]) have been formu-
lated as liquisolid systems to ensure enhanced drug release
and improved bioavailability of active ingredients. Several
mechanisms of enhanced drug release from liquisolid sys-
tems have been described in scientific literature. Increased
surface area of the available drug and the drug in dissolved
state represents the most important one of these. The drug
within the liquisolid system is usually already dissolved in
a nonvolatile solvent (propylene glycol, polyethylene glycol,
glycerol, etc.) which keeps the drug from having to dissolve
in the gastrointestinal tract, which is the most limiting step
during drug absorption. Moreover, the solubilized drug in its
molecularly dispersed state is still fixed on the large surface
of the carrier material available for GI fluids [7, 12, 13].

The improved wetting properties of the liquisolid tablets
by the dissolution media represent another one of the
proposed mechanisms of the enhanced dissolution rate in
liquisolid systems.Thenonvolatile solvents used for liquisolid
system formulations facilitate the wetting of the final solid
dosage form by decreasing interfacial tension between dis-
solution medium and tablet/powder surface [14]. Improved
wettability of these systems is usually demonstrated by mea-
suring contact angles and water rising times (wetting times)
[12, 14].The improved wettability was proved, for example, by
V. B. Yadav and A. V. Yadav [15]. In their study, they claimed
that liquisolid granules containing indomethacin showed
a significantly shorter rising time of water in comparison
to raw indomethacin and also granules prepared using the
compression (dry granulation) technique. This finding can
be explained by the fact that water poorly soluble drug is,
in the hydrophilic dissolved form (polyethylene glycol 400
solution), absorbed in the powder particles of the carrier of
the liquisolid formulation [15].

In addition to the first two mentioned mechanisms of
drug release enhancement, it could be expected that the
solubility of the drug might be increased through the use of a
suspension when formulated as a liquisolid system. In fact,
the relatively small amount of liquid vehicle in a liquisolid
compact is not sufficient to increase the overall solubility
of the drug in an aqueous dissolution medium. However,
it could also be expected that, in the microenvironment of
the solid/liquid interface between an individual liquisolid
primary particle and the release medium, the amount of
the liquid vehicle diffusing out of a single liquisolid particle
together with the drug molecules is sufficient to increase
the aqueous solubility of the active ingredient by acting as a
cosolvent [7, 12, 16].

In addition to conventional evaluation methods, specific
tests for assessing liquisolid systems’ quality parameters can
be used (e.g., angle of slide and water absorption ratio or
contact angle). Angle of slide (𝜃) is a specific parameter used
to evaluate the flow properties of powder excipients. During
such tests, an angle of 33∘ is regarded as optimal flow behavior

for an LSS powder mixture [17]. To evaluate the improved
wettability of the final liquisolid formulation, contact angle or
water absorption ratio tests are performed.The contact angle
is calculated by measuring the height and diameter of drop
of dissolutionmedium placed on the tablet surface [6].Water
absorption ratio is related to the wetting time (time necessary
for complete wetting of the tablet) and refers to the amount
of water (in %) absorbed by the tablet during wetting [18].

Drugs from the group of hypolipidemic agents represent
one of the best selling drugs. Mixed dyslipidemia, a common
lipid abnormality characterized by altered levels of lipids and
lipoproteins in blood plasma, is associated with increased
risk of coronary heart disease which has been identified as
the leading cause of death in developed countries [19, 20].
Statins, selective inhibitors of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, are first-line drugs in
the treatment of hypercholesterolemia due to their lowering
effect on LDL-cholesterol [21]. Compared with other statins
(lovastatin, simvastatin, fluvastatin, cerivastatin, and ator-
vastatin), rosuvastatin has the greatest amount of bonding
interaction with HMG-CoA reductase and exhibits the mini-
malmetabolization via cytochrome P450 3A4, the isoenzyme
implicated in a wide variety of drug-drug interactions [22,
23]. However, rosuvastatin is poorly soluble in water which
leads to low estimated absorption (∼50%) and inadequate
absolute bioavailability (∼20%) [24].

The presented study is focused on the preparation, in
vitro testing, and evaluation of differences of liquisolid
systems containing varying amounts of liquid state drug
(polyethylene glycol 400 solution of rosuvastatin) in relation
to aluminometasilicate carrier Neusilin US2. Liquisolid pow-
ders used for the formulation of final tablets were prepared
using two different methods: simple blending and spraying of
drug dispersion onto carrier material in fluid bed equipment.
The effect of the amount of the drug in liquid state and
the method used for preparing liquisolid systems on their
quality parameters were studied and evaluated with the aim
of finding a formulation most suitable for in vivo testing.

2. Materials and Methods

2.1. Materials. Modern hypolipidemic agent, rosuvastatin
calcium (Jai Radhe Sales, India), was used as the model drug.
Polyethylene glycol 400 (Dr. Kulich Pharma, Czech Repub-
lic), Neusilin US2 (Fuji Chemical Industry Co., Ltd., Japan),
Aerosil 200 (Eurošarm spol. s.r.o., Czech Republic), Lactose
DCL 11 (DMV International GmbH, the Netherlands), and
magnesium stearate (Zentiva a.s., Czech Republic) were used
as the nonvolatile solvent, carrier, coating material, filler, and
lubricant, respectively. Superdisintegrant Kollidon CL-F was
received as a gift from BASF SE (Germany).

2.2. Methods

2.2.1. Preparation of Liquisolid Powders and Formulation of
Tablets. Liquisolid powder blends were prepared by simple
blending using mortar and pestle and/or by spraying in fluid
bed equipment (Glatt AG, Switzerland). Rosuvastatin was
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Table 1: Composition of liquisolid tablets.

Sample Rosuvastatin PEG 400 Neusilin US2 Aerosil 200 Kollidon CL-F Mg stearate Lactose
𝐿
𝑓

∗

[mg] [%] [mg] [%] [mg] [%] [mg] [%] [mg] [%] [mg] [%] [mg] [%]
40%w 10 1.5 123 18.9 332.5 51.2 6.5 1.0 32.5 5.0 6.5 1.0 139.0 21.4 0.4
50%w 10 1.5 123 18.9 266.0 40.9 5.3 0.8 32.5 5.0 6.5 1.0 206.7 31.8 0.5
60%w 10 1.5 123 18.9 221.7 34.1 4.4 0.7 32.5 5.0 6.5 1.0 251.9 38.8 0.6
70%w 10 1.5 123 18.9 190.0 29.2 3.8 0.6 32.5 5.0 6.5 1.0 284.2 43.7 0.7
80%w 10 1.5 123 18.9 166.4 25.6 3.3 0.5 32.5 5.0 6.5 1.0 308.3 47.4 0.8
90%w 10 1.5 123 18.9 147.8 22.7 3.0 0.5 32.5 5.0 6.5 1.0 327.2 50.3 0.9
100%w 10 1.5 123 18.9 133.0 20.5 2.7 0.4 32.5 5.0 6.5 1.0 342.3 52.7 1.0
110%w 10 1.5 123 18.9 121.0 18.6 2.4 0.4 32.5 5.0 6.5 1.0 354.6 54.6 1.1
120%w 10 1.5 123 18.9 110.8 17.1 2.2 0.3 32.5 5.0 6.5 1.0 365.0 56.2 1.2
∗
𝐿𝑓 means liquid load factor.

dissolved in polyethylene glycol 400 (PEG 400) to obtain
a 7.5% (w/w) solution (experimentally measured saturated
concentration at 20∘C). The resulting solution was applied to
a precisely calculated amount of Neusilin US2 (carrier) and
coated with Aerosil 200 (coating material) to obtain a dry
powder with sufficient flow properties for further processing.

Powder materials used for the formulation of LSS can
retain only a limited amount of liquid while maintain-
ing acceptable flow and compression properties. Therefore,
Spireas and Bolton [25, 26] established a mathematical
approach for calculating the required amounts of carriers and
coating materials. According to the previous study [27], the
maximum liquid load factor (𝐿

𝑓
) (the ratio of the weight

of the drug in liquid state to the carrier material weight)
was determined to be 1.2 and the excipient ratio (𝑅) (the
weight ratio of the carrier material to the coating material)
was determined to be 50.The appropriate quantities of carrier
(𝑄) and coating material (𝑞) required to transform a given
amount of drug in liquid state (𝑚) into an acceptably flowing
and compressible liquisolid system were calculated from the
following equation:

𝐿
𝑓
=
𝑚

𝑄
,

𝑅 =
𝑄

𝑞
.

(1)

In the case of simple blending, the liquid form of the
drug was mixed with a calculated amount of carrier and
coating material. The blend was passed through a sieve
(mesh size 1mm) and subsequently mixed in a three-axial
homogenizer (T2C, TURBULA System Schatr, Switzerland)
for 10 minutes. Lactose and Kollidon CL-F were added; the
mixture was sieved (mesh size 1mm) and homogenized in the
homogenizer for another 10 minutes. At the end, magnesium
stearate (a lubricant) was added and the whole blend was
sieved (mesh size 1mm) and mixed for 2 more minutes.

For the fluid-bed spraying method, the drug solution
was sprayed onto Neusilin US2, and the mixture was then
passed through a sieve (mesh size 1mm) and mixed in a
homogenizer for 10 minutes. After this, Aerosil 200 was
added and the whole mixture was sieved (mesh size 1mm)

and mixed for 5 minutes. Lactose and Kollidon CL-F were
then added, and powder blend was sieved (mesh size 1mm)
and mixed for another 10 minutes. For the final part of the
preparation procedure, magnesium stearate was added, and
the mixture was sieved (mesh size 1mm) and mixed for 2
more minutes.

Oblong tablets (18 × 8mm) with constant weight of
650mg were directly compressed from the prepared dry
blends using an excentric tablet press (EK 0, KORSCH,
Germany). The prepared tablets were kept in polyethylene
bag for 48 hours before testing.

Samples were marked according to the representation
(percentage w/w) of the drug in liquid state in relation to the
carrier (Table 1). For example, sample 60%w contained 60%
liquid phase in relation to the weight of Neusilin US2.

2.2.2. Powder Flow of the Liquisolid Tableting Mixtures. The
flow properties of prepared liquisolid tabletingmixtures were
established by determining the flowability (flow through the
orifice), angle of repose, compressibility index, and Hausner
ratio. A defined stainless steel funnel with an orifice of 2.5 cm
in diameter and a fixed glass funnel were used to measure
the flowability and angle of repose as implies Ph. Eur. 8.0.
Bulk and tapped densities were determined also according
to Ph. Eur. 8.0 for the calculation of Hausner ratio (HR) and
compressibility index (CI) [28].

2.2.3. Angle of Slide. Angle of slide is a specific parameter
for evaluating the flow behaviour of liquisolid mixtures [29].
Angle of slide was used to evaluate the flow properties of
liquisolid tabletingmixtures.The tested powder sample (10 g)
was placed on one end of a metal plate with a polished
surface (Figure 1). This end was gradually raised until the
plate with the horizontal surface formed an angle at which the
sample was about to slide. The measurement was repeated 3
times; average and standard deviationswere calculated. Angle
of slide corresponding to 33∘ is regarded as optimal flow
behaviour [16].

2.2.4. Pycnometric Density. The density of tableting mixtures
was evaluated using the gas displacement technique with
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Figure 1: Equipment for evaluation of angle of slide.

a helium pycnometer (PYCNOMATIC ATC, POROTEC,
Germany). An accurately weighed and completely dry test
cell was filledwith the powder sample andweighed again.The
test cell containing the sample was sealed in the pycnometer
and analysis commenced. Each sample was measured three
times and average and standard deviations were calculated.

2.2.5. Tablet Hardness. Hardness of liquisolid tablets (the
force in Newton required to crush the tested tablet) was
evaluated using a hardness tester (C 50 Tablet Hardness
& Compression tester, ENGINEERING SYSTEMS (Nottm)
Ltd., UK). Ten randomly selected oblong tablets of each
formulation were tested in both directions (transversely
and lengthwise); mean values and standard deviations were
calculated.

2.2.6. Friability. Approximately 6.5 g of dedusted tablets was
weighed precisely using an analytical balance (KERN 870-13,
Gottl. KERN & Sohn, Germany) and placed into the plastic
drum of an abrasion tester (TAR 10, ERWEKA GmbH, Ger-
many) and rotated for 4 minutes at 25 rpm, corresponding to
Ph. Eur. 8.0. Afterwards, the dust was removed and tablets
were reweighed. The loss of mass in each tablets’ sample was
determined. Percentages were calculated using the following
equation [28]:

% Friability = loss of mass
initial mass

∗ 100. (2)

2.2.7. Disintegration. The disintegration test was performed
at 37.0 ± 2.0∘C in distilled water on six tablets from each
formulation using a disintegration test apparatus (ZT4,
ERWEKA GmbH, Germany). The tablets were considered
completely disintegrated when no residue remained in the
basket. The presented values are the means and SDs of six
determinations.

2.2.8. Uniformity of Mass. From each formulation, 10 ran-
domly selected tablets were weighed individually on an
analytical balance (KERN 870-13, Gottl. KERN & Sohn,
Germany). The average weight of all tablets and percentage
deviation from the mean value for each tablet were deter-
mined.

2.2.9. Drug Content. For this process, 10 randomly selected
representative tablets from each batch were evaluated for
their drug content. 500mL of distilled water was added to
each tablet to dissolve the drug. The dispersion was kept
at laboratory temperature (20∘C) for at least 3 hours. Sam-
ples were filtered and then analysed spectrophotometrically
(LAMBDA 25, PERKIN ELMER INSTRUMENTS, USA) at
242 nm. The percentages of individual drug content were
calculated and compared to the theoretical drug content
(10mg).

2.2.10. Tablet Height. The heights of 3 tablets were measured
using a digital slide caliper (DS 150, QUANTUM MASCHI-
NEN, Germany). Measurement was carried out 5 times for
each batch of tablets.The average weight of one tablet and the
standard deviation of measurement were calculated.

2.2.11. Determination of Wetting Time and Water Absorption
Ratio. Wetting time and water absorption ratio of liquisolid
tablets were determined in a Petri dish using a sponge (5
× 5 cm), impregnated by ten grams of water containing a
water-soluble green colour (brilliant green) for identification
of complete tablet surface wetting. Tested liquisolid tablet was
carefully placed on the surface of the impregnated sponge
in the Petri dish at laboratory temperature (20∘C). The time
required to reach the upper surface of the tablet by the colour
solution was noted as the wetting time (time necessary for
complete wetting of the tablet). The weight of the tablet in
the dry state (before being placed on the sponge) was noted
as 𝑚
0
. The wetted tablet was removed and reweighed (𝑚

1
).

The water absorption ratio (WA) was calculated using the
equation:

𝑊𝐴 = 100 ∗
(𝑚
1
− 𝑚
0
)

𝑚
0

. (3)

The measurement was carried out 5 times for each batch
of tablets; results are presented as mean values and standard
deviations.

2.2.12. In Vitro Dissolution Studies. In vitro release of rosu-
vastatin was determined using a standard paddle dissolution
apparatus (Sotax AT 7 Smart, Sotax, Switzerland) with a
paddle speed of 50 rpm in 500mL of artificial gastric fluid
(pH 1.2) at 37.0 ± 0.5∘C. Throughout the experiment, the
withdrawn samples were analysed spectrophotometrically
online at 242 nm at time intervals 5, 10, 15, 20, 25, and 30min.
Six randomly selected tablets of each formulationwere tested;
results are presented as mean values and standard deviations.

3. Results and Discussion

3.1. Powder Flow of the Liquisolid Tableting Mixtures. Cur-
rently, a number of various methods are used for characteriz-
ing the flow properties of pharmaceutical powder materials.
Therefore, several parameters, such as flowability, angle of
repose, angle of slide, compressibility index, and the Hausner
ratio, were used to determine the flow properties of prepared
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liquisolid powdermixtures. Angle of slide is a specific param-
eter used to evaluate flow properties of prepared liquisolid
powdered blends. Spireas et al. [30] claimed that angle of
slide is the preferred method to determine the flowability of
powders with particles smaller than 150 𝜇m.

The evaluation of flowability (Table 2) of powdered mix-
tures prepared by simple blending implied that increasing
the amount of liquid phase in relation to aluminometasilicate
carrier Neusilin US2 improved the flowability of the prepared
powder blend. The flowability improvement is a result of the
increased weight of the Neusilin US2 granules with sorbed
rosuvastatin solution, hence decreasing the pycnometric
density of the liquisolid tableting mixtures (Table 3). The
decreased pycnometric density with the increasing amount
of liquid phase in relation to the carrier material could
be explained, as Neusilin pores became filled with liquid.
Gumaste et al. in their study [31] proved that the majority
of the liquid is adsorbed into mesopores and deep into the
channels of the Neusilin US2’s macropores. Hentzschel et al.
[32] showed that the addition of liquid phase (tocopherol
acetate) to Neusilin US2 decreased flowability. In general,
the flow properties of the liquisolid blends were enhanced
in comparison to Neusilin US2 alone [27, 32]. Moreover,
samples withmore liquid contained higher amounts of spray-
dried lactose (DCL 11) as filler, with excellent flow properties
[33], supporting their improved flowability. The flowability
values of the powder blends prepared by spraying in fluid
bed equipment did not indicate any dependence of the
amount of the drug in the liquid state added to carrier. The
highest flowability value (57.90 ± 0.90 s/100 g) was exhibited
by sample 80%w and the lowest value (5.19 ± 0.01 s/100 g) by
sample 90%w. Excluding samples 100%w, 110%w, and 120%w,
flowability of the samples prepared by spraying was lower in
comparison to mixtures prepared by simple blending. This
improvement of the flow properties could be explained by
the improved homogeneity of blends obtained by spraying in
fluid bed equipment [34].

Determination of angle of repose (Table 2) did not reveal
any dependence on the amount of the used drug in liquid
state or the usedmethod.This finding supports the argument
that measurement of angle of slide is more suitable for deter-
mining flow properties of liquisolid systems. The measured
values of angle of repose for samples prepared by simple
blending ranged between 26.43 ± 0.48∘ and 31.51 ± 0.87∘
and corresponded with excellent to good flow characteristics
[28]. Blends obtained by spraying in fluid bed equipment
showed values of angle of repose in range between 21.19 ±
0.53∘ and 30.70 ± 0.88∘ which responded to excellent flow
properties in compliance with European Pharmacopoeia
[28].

Results obtained from measuring angle of slide implied
that sample 110%w prepared by simple blending and 120%w
prepared by spraying exhibited the recommended angle of
slide (about 33∘) [16] (Table 2). Values lower than 33∘ were
observed in only three samples prepared by spraying (40%w,
60%w, and 110%w). Other blends provided angle of slide
values higher than the recommended angle of 33∘, which
indicated inferior flow properties of the blends. In general,
mixtures prepared by spraying showed lower values of angle
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of slide than blends achieved by simple blending. This obser-
vation could be explained by the improved homogeneity of
blends created by spraying in fluid bed equipment [34].

Evaluation of compressibility index and Hausner ratio
(Table 2) implied that blends prepared by simple mixing
exhibited fair flow characteristics in compliance with Euro-
pean Pharmacopoeia [28]. Tableting mixtures prepared by
spraying provided lower CI and HR values in comparison
to blends obtained by simple blending. Their values cor-
responded to good and fair flow properties. The results
confirmed previous studies dealing with liquisolid blends
whereHR values ranging between passable and excellent flow
properties were observed after adding a liquid phase. The
sorption of 0.9% solution of griseofulvin in PEG 300 [35] and
olmesartan medoxomil in Acrysol EL 135 [36] onto carrier
Neusilin US2 are two examples of this.

3.2. Tablet Hardness. Tablet hardness is one of the basic tests
of final dosage form quality and mechanical durability. This
parameter depends on a number of factors such as tablet
shape, size, composition, and used compression force and
equipment [37]. Therefore, prepared liquisolid tablets were
evaluated in two directions (transversely and lengthwise)
due to their oblong shape. All tablets were compressed to
the experimentally adjusted maximum hardness. In general,
it was observed that the hardness of the tablets placed
between the hardness testers’ jaws lengthwise was lower
than those measured transversely (Figure 2). The obtained
results implied that hardness increased initially with the
increasing amount of liquid phase up to 60% in relation
to carrier Neusilin US2 (Figure 2). However, from the 70%
representation of drug in liquid phase, values decreased again
in both measured directions (Figure 2). A similar tendency
was observed by Hentzschel et al. [32] in their study, where
Neusilin US2 was able to absorb up to 50% of tocopherol
acetate while maintaining acceptable mechanical properties
of the prepared tablets. The decreasing values of hardness
could be explained by the squeezing of the liquid from the
tablets structure during compression (liquid-squeezing out
phenomena) and by the negative effect of liquid on the bonds
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Table 3: Pycnometric densities (g/cm3) of tableting blends.

Sample Simple blending Spraying
Density SD Density SD

40%w 1.7765 0.0018 1.7377 0.0039
50%w 1.7639 0.0051 1.6271 0.0020
60%w 1.6088 0.0011 1.6093 0.0023
70%w 1.5854 0.0028 1.5781 0.0024
80%w 1.5530 0.0010 1.5177 0.0013
90%w 1.5318 0.0006 1.5201 0.0028
100%w 1.5441 0.0032 1.5368 0.0025
110%w 1.5269 0.0030 1.5120 0.0055
120%w 1.5340 0.0019 1.5138 0.0006

between solid carrier particles necessary for adequate tablet
quality [38]. Figure 2 illustrates that tablets compressed from
the blends prepared by simple blending had a generally lower
hardness in comparison to tablets from mixtures prepared
by spraying, which could be related to better flowability and
compressibility of these blends as shown in the results of the
compressibility index (Table 2).

3.3. Friability. All the tested tablet samples showed friability
values (Table 4) lower than the Ph. Eur. 8.2 limit, which
for uncoated tablets is 1% [28]. The only exception to this
was observed in sample 120%w prepared by simple blending
(1.45%). This finding correlates with this sample’s lower
hardness values (31.9±4.4N and 124.35±4.34N). In general,
it can be stated that the rest of the tablets, which fulfilled
the requirements for friability, are expected to withstand the
stress and attrition of common handling, packaging, and
transporting processes.

3.4. Disintegration. Rapid tablet disintegration is necessary to
ensure tablets’ quick collapse into smaller fragments to obtain
the largest possible surface area accessible for dissolution
media [39].The determined disintegration times of liquisolid
tablets are shown in Table 4. The disintegration test revealed
that all liquisolid system formulations disintegrated within a
maximum of 159±3 s, which complies with the specifications
given for the uncoated tablets in the Ph. Eur. [28]. All the
prepared liquisolid formulations could also be marked as
fast disintegrating tablets which disintegrate rapidly (within
3min) and could be beneficial for patients with difficulty in
swallowing [28, 40]. The observed fast tablet disintegration
could be explained by the presence of superdisintegrant
Kollidon CL-F in combination with hydrophilic solvent PEG
400 which improves wetting properties of the liquisolid
tablet and shortens its disintegration time [14]. Preparing
fast disintegrating tablets could improve the bioavailability
of rosuvastatin thanks to the fast and easy transition of the
dissolved drug in a hydrophilic liquid (PEG 400) to GI fluids,
from which the active ingredient could be absorbed into
systemic circulation.

3.5. Uniformity of Mass. All the prepared liquisolid tablets
met the requirements for the uniformity of mass test. None
of the tablets deviated from the average value by more
than 5% (Table 4), which is the limit given by European
Pharmacopoeia [28]. The results proved that both meth-
ods of preparations led to the formulation of blends with
good flow properties and processability and to tablets with
homogeneous weight, as indicated by low values of standard
deviations.

3.6. Drug Content. Fahmy and Kassem [13] claimed that the
process of adsorption of liquid phase onto carriers provides
uniform drug distribution in the final dosage form, thereby
ensuring good content uniformity.However, evaluation of the
drug content (Table 4) implied that samples 90%w (66.10 ±
3.83%), 100%w (116.76 ± 5.03%), 110%w (118.19 ± 13.15%),
and 120%w (85.68±23.70%) obtained by simple blending did
not meet content uniformity criteria in compliance with Eur.
Ph. [28]. This problem could be a result of inhomogeneous
distribution of the drug solution in the tableting blends, as
high values of standard deviation implied. This issue might
be resolved by spraying the drug in liquid phase onto the
carrier in fluid bed equipment or mixing the blends in high-
shear mixers. The results of drug content evaluations of
tablets prepared by spraying have proved this assumption,
as shown in Table 4. Moreover, standard deviations of the
tablets prepared by spraying (maximum value 5%) were
lower in comparison to tablets obtained by simple blending
(maximum value 23.70%).

3.7. Tablet Height. The amount of the drug in the liquid state
presented in the formulation showed an impact also on tablet
height. Initially, the height of the prepared liquisolid tablets
decreased with increasing amount of liquid in relation to
the carrier Neusilin US2 (from sample 40%w with 8.20 ±
0.07mmto sample 70%wwith 4.90±0.04mm). Subsequently,
the height of tablets containing 70% and more liquid phase
was very similar due to the saturation of carrier pores
by liquid and the presence of higher amounts of lactose
with limited compaction properties (Table 4). In addition,
it was observed that the tablets’ height was influenced by
the formulation method. Tablets prepared from mixtures
obtained by spraying had generally lower height values (6.22±
0.13 to 4.30 ± 0.00mm) in comparison to tablets prepared by
simple blending (8.20±0.07 to 4.73±0.08mm).These results
are related to the better compressibility of the liquisolid
blends, which contain higher amounts of liquid in relation
to carrier material and better flow properties of mixtures
prepared by spraying in fluid bed equipment.

3.8. Wetting Time and Water Absorption Ratio. One mecha-
nism that might explain the enhanced dissolution rate from
the liquisolid systems is the improved wettability of the final
liquisolid dosage form by the dissolution media (natural
or artificial GI fluids). This is caused by hydrophilization
of the solid particles’ surface through the incorporation
of hydrophilic liquid media (drug solution, emulsion, and
suspension) [14]. As a result, water absorption ratio and time



8 BioMed Research International

Ta
bl
e
4:
Pr
op

er
tie

so
fl
iq
ui
so
lid

ta
bl
et
sp

re
pa
re
d
by

sim
pl
eb

le
nd

in
g
an
d
sp
ra
yi
ng

.

Sa
m
pl
e

Si
m
pl
eb

le
nd

in
g

Sp
ra
yi
ng

Fr
ia
bi
lit
y

D
isi
nt
eg
ra
tio

n
U
ni
fo
rm

ity
of

m
as
s

D
ru
g
co
nt
en
t

H
ei
gh
t

Fr
ia
bi
lit
y

D
isi
nt
eg
ra
tio

n
U
ni
fo
rm

ity
of

m
as
s

D
ru
g
co
nt
en
t

H
ei
gh
t

[%
]

[s
]

[m
g]

[%
]

[m
m
]

[%
]

[s
]

[m
g]

[%
]

[m
m
]

40
%
w

0.
52

3.
0
±
0.
0

65
0.
23
±
5.
28

10
3.
01
±
5.
08

8.
20
±
0.
07

0.
95

18
.0
±
0.
0

65
0.
12
±
3.
37

95
.5
8
±
5.
00

6.
06
±
0.
05

50
%
w

0.
10

38
.0
±
3.
0

64
9.7

6
±
4.
25

98
.8
2
±
7.9

5
6.
48
±
0.
15

0.
18

24
.0
±
5.
0

65
7.0

7
±
6.
70

96
.5
5
±
1.7

0
6.
22
±
0.
13

60
%
w

0.
06

50
.0
±
3.
0

65
4.
43
±
5.
98

99
.8
6
±
6.
66

5.
59
±
0.
09

0.
04

60
.0
±
13
.0

65
0.
50
±
1.9

7
10
6.
07
±
0.
77

4.
96
±
0.
11

70
%
w

0.
23

15
9.0
±
3.
0

65
1.3

1±
4.
13

92
.2
9
±
3.
11

4.
90
±
0.
04

0.
04

98
.0
±
17.
0

65
6.
66
±
6.
33

97
.3
5
±
0.
80

4.
66
±
0.
06

80
%
w

0.
43

10
7.0
±
5.
0

65
5.
13
±
7.7

1
10
9.4

2
±
4.
67

4.
73
±
0.
08

0.
05

35
.0
±
0.
0

65
6.
82
±
4.
30

10
3.
43
±
4.
29

5.
05
±
0.
02

90
%
w

0.
56

51
.0
±
0.
0

66
4.
31
±
5.
46

66
.10
±
3.
83

4.
88
±
0.
03

0.
03

73
.0
±
0.
0

65
4.
74
±
5.
60

95
.9
2
±
1.8

9
4.
81
±
0.
02

10
0%

w
0.
79

39
.0
±
0.
0

64
9.4

4
±
3.
68

116
.76
±
5.
03

4.
87
±
0.
03

0.
08

30
.0
±
0.
0

65
5.
75
±
0.
82

90
.5
5
±
1.9

5
4.
47
±
0.
17

11
0%

w
0.
85

40
.0
±
4.
0

65
9.1

1±
3.
29

11
8.
19
±
13
.15

4.
94
±
0.
05

0.
25

25
.0
±
0.
0

65
2.
93
±
1.7

0
10
9.2

0
±
1.1
4

4.
61
±
0.
05

12
0%

w
1.4

5
21
.0
±
0.
0

65
3.
12
±
1.7

8
85
.6
8
±
23
.7
0

4.
82
±
0.
05

0.
16

18
.0
±
0.
0

65
8.
05
±
1.0

5
11
2.
38
±
0.
92

4.
30
±
0.
00



BioMed Research International 9

Table 5: Water absorption ratio and wetting time.

Sample
Simple blending Spraying

Water absorption ratio Wetting time Water absorption ratio Wetting time
[%] [min] [%] [min]

40%w 173.17 ± 12.60 3.18 ± 0.03 170.60 ± 15.06 6.32 ± 2.53
50%w 119.93 ± 12.59 4.48 ± 3.02 118.48 ± 6.32 3.38 ± 1.75
60%w 104.22 ± 10.14 7.00 ± 1.12 74.60 ± 3.35 8.70 ± 2.42
70%w 75.26 ± 11.03 12.82 ± 4.92 64.36 ± 9.57 7.25 ± 2.77
80%w 78.10 ± 13.07 26.30 ± 24.52 69.73 ± 15.28 9.37 ± 4.63
90%w 79.98 ± 5.45 25.01 ± 2.28 73.64 ± 8.59 8.07 ± 2.82
100%w 84.19 ± 11.42 31.01 ± 3.37 75.66 ± 5.63 9.93 ± 2.78
110%w 93.58 ± 7.56 52.65 ± 13.27 76.08 ± 7.56 1.67 ± 1.05
120%w 92.94 ± 10.76 55.87 ± 4.77 78.06 ± 3.22 2.87 ± 1.92

required for complete wetting of the tablet by aqueous media
(wetting time) were evaluated (Table 5).Thewater absorption
ratio of tablets prepared by simple blending ranged between
75.26 ± 11.03% (70%w) and 173.17 ± 12.60% (40%w). The
absorption ratio initially decreased as the amount of drug in
liquid state increased up to 90% in relation to Neusilin US2.
After 90%, the ratio began to increase. An explanation for
this could be the saturation of pores of the carrier particles in
formulations with lower representation of the drug in liquid
state (40%w–70%w). The subsequent slight increase of water
uptake could be caused by the improved hydrophilicity of
Neusilin particles surface which contains a higher amount of
drug in hydrophilic liquid state, as well as a higher amount
of lactose as hydrophilic filler in the formulation. Water
absorption ratio of tablets obtained by spraying was generally
lower compared to tablets prepared by simple blending.

The lower absorption ratios are related to the faster
wetting time of these samples (1.67 ± 1.05–9.93 ± 2.78min).
In terms of tablets prepared by spraying, this parameter did
not imply any evident dependence on the amount of drug in
liquid phase in relation to the carrier material and testing of
faster wetting time could be affected by measurement errors
resulting in higher values of standard deviation (Table 5).The
wetting time of tablets compressed from mixtures prepared
by simple blending increased as the amount of Neusilin
US2 in the formulation decreased. This prolongation of
the wetting time could be caused by saturation of Neusilin
particles pores by the drug solution, thus reducing its ability
to absorb another liquid. The slowest wetting time was
exhibited by sample 120%w (55.87 ± 4.77) prepared by
simple blending and the fastest sample was 110%w (1.67 ±
1.05min) prepared by spraying. The obtained values of
wetting time were higher in comparison to wetting times
measured by Kapure et al. [41]. In their study, rosuvastatin
tablets containing microcrystalline cellulose as a carrier were
completely wetted after 20 s. Wetting time is closely related to
the inner structure of the tablets and to the hydrophilicity of
the excipients used. Therefore, liquisolid systems containing
microcrystalline cellulose with a fast water wicking rate [42]
are wetted faster than those containing insoluble and less
hydrophilic Neusilin US2 [35].
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Figure 3: Dissolution profiles of tablets compressed from powders
prepared by simple blending.

3.9. In Vitro Dissolution Studies. The dissolution profiles
of rosuvastatin liquisolid tablets are presented in Figures 3
and 4, respectively. The percentage of rosuvastatin released
from tablets prepared by simple blending during the first 5
minutes ranged between 81.34±24.27% (90%w) and 112.27±
3.42% (50%w). Higher values of standard deviations of these
measurements (Table 6) are related to poorer homogeneity
of the tablets, as was previously mentioned. The similar
dissolution profiles were obtained also for tablets prepared
by spraying. The amount of rosuvastatin released from
these compacts during the first 5 minutes ranged between
74.27 ± 2.30% (100%w) and 110.25 ± 1.39% (80%w). The
release of rosuvastatin from all liquisolid tablets was faster
in comparison to the results of the directly compressed
tablets introduced by Kapure et al. [42]. In this study, the
amount of drug released after 15 minutes from conventional
rosuvastatin tablets was about 15% (as 450mL of a pH 1.2
solution was used as a dissolution medium). This value is
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Figure 4: Dissolution profiles of tablets compressed from powders
prepared by spraying in fluid bed equipment.

considerably lower in comparison to liquisolid tablets, which
showed an 80% release of drug during the first five minutes
of testing. The same enhanced release profile has already
been proved in several studies dealingwith liquisolid systems,
such as those of liquisolid compacts containing clonazepam
[43], candesartan cilexetil [44], and griseofulvin [35]. The
enhanced release could be caused by the presence of a
nonvolatile liquid vehicle which improved the wettability of
the compacts and hence their disintegration time and by the
presence of the drug in its dissolved formwithout the need to
dissolve it in the dissolution medium [14].

4. Conclusion

Preparation of liquisolid systems is one of themost promising
and innovative techniques for enhancing in vitro dissolution
rate and improving in vivo bioavailability of poorly soluble
drugs. A liquisolid system can be prepared by incorporating a
drug in liquid state (liquid drug; drug solution, suspension, or
emulsion) onto a specific carrier and coating material while
forming a dry, free-flowing, and readily compressible pow-
dered blend. Liquisolid systems are unique medical forms
which require specific evaluation for their quality assurance.
The presented work was aimed at the modern evaluation of
liquisolid systems and the evaluation of differences among
liquisolid tablets containing varying amounts of rosuvastatin
solution in relation to a magnesium aluminometasilicate car-
rier (Neusilin US2). Liquisolid powder blends were prepared
using two different methods: simple blending and spraying
in fluid bed equipment. From the obtained results, it could
be stated that all liquisolid tablets had very fast disintegration
times connected to enhanced dissolution profiles. It was also
observed that the amount of liquid phase in relation to carrier
material had an effect on hardness, friability, disintegration
of tablet, and tablet height. The use of spraying technique

enhanced flow properties of the preparedmixtures, increased
hardness, decreased friability, and improved the homogeneity
of the final dosage form. Therefore, spraying of a drug in
liquid phase onto a carrier in fluid bed equipment seems to
be a better preparation method for liquisolid systems as a
perspective candidate for clinical usage as dosage forms with
improved bioavailability.
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The blood-brain barrier prevents the passage of many drugs that target the central nervous system. This paper presents the
preparation and characterization of silica-based nanocarriers loaded with piracetam, pentoxifylline, and pyridoxine (drugs from
the class of nootropics), which are designed to enhance the permeation of the drugs from the circulatory system through the blood-
brain barrier.Their permeationwas comparedwith non-nanoparticle drug substances (bulkmaterials) bymeans of an in vivomodel
of rat brain perfusion. The size and morphology of the nanoparticles were characterized by transmission electron microscopy. The
content of the drug substances in silica-based nanocarriers was analysed by elemental analysis and UV spectrometry. Microscopic
analysis of visualized silica nanocarriers in the perfused brain tissue was performed.The concentration of the drug substances in the
tissue was determined by means of UHPLC-DAD/HRMS LTQ Orbitrap XL. It was found that the drug substances in silica-based
nanocarriers permeated through the blood brain barrier to the brain tissue, whereas bulk materials were not detected in the brain.

1. Introduction

Nootropics are a wide and structurally heterogeneous class
of drugs (also supplements, nutraceuticals, and functional
foods) that improve one or more aspects of mental func-
tion, such as working memory, motivation, and attention.
They can be also referred to as smart drugs, memory
enhancers, neuroenhancers, cognitive enhancers, and intelli-
gence enhancers.Their therapeutic effect is based on positive
affection of metabolic pathways in brain tissue (improved
utilization of nutrients and mediators) and their impact
manifests after some time of administration. They are used
especially at insult of brain by a trauma, ischemia, intoxica-
tion, and hypoxia as well as at neurodegenerative disorders
such as Alzheimer’s disease, Parkinson’s disease, Hunting-
ton’s disease, and attention deficit hyperactivity disorder
(ADHD). A number of nootropics are synthetic analogues of

physiological compounds (such as acetylcholine, pyridoxine,
GABA, or coenzyme Q

10
); others are natural compounds

(e.g., vinpocetine); and the rest are other cerebral-active
compounds (e.g., nimodipine, pentoxifylline, etc.) [1, 2].

The site of action of all these drugs is brain; that is,
they must overcome all barriers to achieve the brain tissue,
and the blood-brain barrier (BBB) is the last, critical, and
serious obstacle for the permeation of drugs that require CNS
action. The BBB represents a structure with complex cellular
organisation that separates the brain parenchyma from the
systemic circulation. It consists of brain capillaries that
support endothelial cells and are surrounded by astrocytic
end-foot processes. The BBB also acts as a metabolic barrier
due to the presence of numerous enzymes.These enzymes can
either metabolise potentially harmful drugs to CNS-inactive
compounds or convert inactive drugs to their active CNS
metabolites or degrade them intometabolites or substrates of
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Figure 1: Structures of investigated drugs.

specific efflux transporters, such as P-glycoprotein/multidrug
resistance proteins [3–5].

All the above mentioned properties of the barrier result
in strong selection of permeating drugs depending on
their physicochemical properties, such as molecular weight,
molecular volume, lipophilicity, ionisation state, and/or their
affinity to specific transporters (uptake/efflux transporters)
[3, 5].The cellular organisation of the BBB and the presence of
transmembrane proteins enable a selective regulation of the
passage of molecules from the blood to the brain. Molecules
present in the blood stream can reach the CNS by two
different pathways, the paracellular pathway (through tight
junctions) and the transcellular pathway (through endothe-
lial cells). Molecules that reach the CNS via the transcellular
pathway can diffuse passively, be actively transported by
specific transporters, or undergo endocytosis [5, 6]. To
circumvent the BBB and allow an active CNS compound to
reach its target, many strategies exist.They can be sorted with
respect to the BBB as either invasive (direct injection into
the cerebrospinal fluid or therapeutic opening of the BBB) or
noninvasive such as use of alternative routes of administra-
tion (e.g., nose-to-brain route and olfactory and trigeminal
pathways to brain), inhibition of efflux transporters, chemical
modification of drugs (prodrugs and bioprecursors), and
encapsulation of drugs into nanocarriers (e.g., liposomes,
polymeric nanoparticles, and solid lipid nanoparticles) [5, 7].
Nanoparticles as drug carriers have also been extensively
studied recently. Their uptake into the brain is hypothesised
to occur via adsorptive transcytosis and receptor-mediated
endocytosis [8, 9]. Particle size, surface affinity, and stability
in circulation are important factors influencing the brain
distribution of colloidal particles [10, 11].

Silica-based nanoparticles are widely used in nanotech-
nology in the biomedical sector, because they are easy to
prepare and inexpensive to produce. Their specific surface
characteristics, porosity, and capacity for functionalization
make them good tools for biomolecule detection and sep-
aration, providing solid media for drug delivery systems
and for contrast agent protectors. In addition, they are used
as safe and biocompatible pharmaceutical additives [12–17].
Incorporation of a drug into nanocarriers may change the
drug bioavailability, physicochemistry, and pharmacokinet-
ics, which can be advantageous in many applications [18, 19].

As mentioned above, silica-based nanoparticles are well-
known to be biocompatible easy-to-prepare nontoxic carriers
that are able to transport loaded drugs in living organisms
[12–17]. What is not so well-known (only a few papers have
been published so far), they are also able to penetrate through

BBB which is used for transport of silica nanoparticles [20]
and silica-coated nanoparticles [21]. The aim of this study
was the preparation of these silica-based nanocarriers loaded
with piracetam, pentoxifylline, and pyridoxine (see Figure 1)
and investigation of their permeation through the BBB in
comparisonwith bulk drug substances to enhance absorption
and concentration of these cerebral-active drugs in brain.

2. Experimental and Methods

2.1. General. All reagents were purchased from Sigma-
Aldrich, Life Technologies, or Fisher Chemical and were of
analytical grade. Acetonitrile hypergrade for LC-MS LiChro-
solvR was supplied by Merck KGaA (Darmstadt, Germany).
Methanol hypergrade for LC-MS LiChrosolvR was supplied
by Merck KGaA (Darmstadt, Germany). Acetic acid was
obtained from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany). The Purelab Classic (ELGA LabWater, High
Wycombe, Bucks, UK)was used to generate high purity water
for preparation of aqueous mobile phase.

2.2. Preparation of Nanoparticles. The silica nanoparticles
weremade via amodified Stobermethod [22–25].The typical
reaction solution consisted of methanol (99.9%, 94mL),
ammonium hydroxide (25% wt of ammonia, 30mL), and
drug solution (20mg/mL for piracetam, 5–20mg/mL for
others, 2mL). On mixing the solution by vigorous magnetic
stirring, tetraethylorthosilicate (TEOS) (99.9%, 0.8mL) was
added dropwise to initiate the hydrolysis reaction. The
resulting solution was stirred at room temperature for 2 h.
The particle suspension was repeatedly (4 times) collected by
centrifugation (10min, 9,000G) and washed with methanol
to ensure the removal of all unreacted reactants. Finally, the
nanoparticles were dried to yield a final product of drug-
loaded silica nanocarriers.

2.3. Elemental Analysis and UV Spectrometry. The content
of API (1.5mg/50mg nanoparticles) in silica nanoparticles
was determined by elemental analysis and UV absorption.
Elemental analysis was performed using a Vario EL III
Universal CHNOS Elemental Analyzer (Elementar Anal-
ysensysteme, Germany) and loading was calculated from
the corresponding increase of nitrogen content when drug-
loaded nanoparticles were analysed in comparison with non-
loaded nanoparticles. Calculated loadings for pentoxifylline
and pyridoxine were in accordance with those estimated by
UV absorption by determination of unbound drug removed
by nanoparticle washing. The corresponding verification
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Figure 2: TEMmicrophotographs of pure silica nanoparticle (a), silica-based nanocarriers loaded with piracetam (b), pentoxifylline (c), and
pyridoxine (d).

of piracetam loading estimated by elemental analysis was
not possible due to piracetam absorption below 210 nm.
Absorption measurements were performed using a Cintra
404 spectrometer (GBC Scientific Equipment, USA).

2.4. Transmission Electron Microscopy. The particle size and
the morphology of the samples were examined by trans-
mission electron microscopy (TEM). Samples for TEM were
prepared by putting a drop of the colloidal dispersion in
methanol (10𝜇L) on a copper grid covered with thin amor-
phous carbon film. Samples were dried before inserting them
in the specimen holder of a transmission electronmicroscope
JEOL JEM-1010 and observed at 80 kV. Pictures were taken
by a digital camera SIS Megaview III (Soft Imaging Systems)
and analysed by AnalySIS 2.0 software. The average particle
size was calculated from at least 50 particles. The results are
illustrated in Figures 2 and 3.

2.5. Rat Brain Perfusion. Male Wistar rats (310–380 g) pur-
chased from the breeding facility Anlab (Prague, Czech
Republic) were used in the study. Animals were maintained
under standard conditions of temperature and lighting and
given food and water ad libitum. For surgical preparation,
rats were anesthetized intramuscularly with ketamine and
xylazine. The in situ rat brain perfusion technique was used
with modifications according to the previously described
methods [26–28]. External jugular veins were prepared and
cannulated for freely blood flowing out of the veins. At the
same time, carotid arteries (on the left and right sides) were
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Figure 3: Particle size [nm] of individual nanoparticles: pure silica
nanoparticles, Si-piracetam, Si-pentoxifylline, and Si-pyridoxine.
Particle size is expressed as mean diameter ± 2∗SD (𝑛 > 50
particles).

prepared and cannulated using intravascular catheter filled
with heparinized saline (60U/mL) for perfusion. Ligation
was accomplished caudally to the catheter implantation site.
The catheter in the carotid artery was connected to a syringe
filled with buffered Krebs-Henseleit saline solution con-
taining NaCl (7.48 g/L), NaHCO

3
(2.02 g/L), KCl (0.31 g/L),

NaH
2
PO
4
⋅2H
2
O (0.37 g/L), CaCl

2
(0.166 g/L), MgCl

2
⋅6H
2
O
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Figure 4: Microscopic photographs of histological preparations of control rat brain tissue (a) and rat brain tissues treated with Si-piracetam
(b), Si-pentoxifylline (c), and Si-pyridoxine (d) as stained with PDMPO (green fluorescence) in combination with Hoechst 33258 (nuclei,
blue fluorescence).

(0.18 g/L), and d-glucose 1.803 g/L, as also used in previous
perfusion studies [29, 30]. Polyvinylpyrrolidone (35 g/L) was
added into the perfusate to maintain physiological oncotic
pressure in the perfusion medium. The perfusion fluid was
filtered, warmed to 37∘C, and gassed with 95% O

2
and 5%

CO
2
. Immediately prior to the perfusion the pH and osmo-

larity of this solution were 7.35 and 290 mOsm, respectively.
The perfusion fluid was infused into the carotid artery with
an infusion pump for 240 s at flow rate 10.4mL/min. This
perfusion rate was selected to maintain the carotid artery
pressure of 120mmHg [26]. The rectal temperature of the
animal was maintained at 37 ± 0.5∘C throughout the surgery
by a heat pad connected to a feedback device. At the end
of perfusion, rats were decapitated and the whole brain was
removed from the skull. Cerebral hemispheres were dissected
and stored to next analysis after removal of the arachnoid
membrane andmeningeal vessels (deeply frozen at −80∘C for
HPLC analysis and tissues for histological examination were
fixed in 10% formaldehyde).

2.6. Microscopic Analysis of Brain Tissue: Visualization of
Silicates. Thedeposition of silicates in brain tissuewas visual-
ized using 𝑁-[2-(dimethylamino)ethyl]-2-{4-[2-(pyridin-4-
yl)-1,3-oxazol-5-yl]phenoxy}acetamide (PDMPO).Themod-
ified procedure described by Shimizu et al. was used [31].
Briefly, sections were deparaffinised and rehydrated (xylene,
mixture xylene/ethanol 1 : 1, ethanol, 95% ethanol, 70%
ethanol, 50% ethanol, Na-phosphate buffer (0.1M, pH 7.0)).

Then the sectionswere incubated in 1𝜇Msolution of PDMPO
in 0.1M Na-phosphate buffer (pH 7.0) for 3 hours at 22∘C
(laboratory temperature). After incubation, the sections were
costained with a Hoechst 33258 fluorescent probe (Sigma-
Aldrich, USA) to visualize nuclei washed three times with
PBS buffer and observed with a microscope using an appro-
priate excitation filter (Axioscop 40, Zeiss, Germany). Typical
photographs are shown in Figure 4.

2.7. Analysis of Brain Tissue. Samples of brain tissue after
perfusion with bulk materials (non-nanoparticle drug sub-
stances) and drug-loaded silica nanocarriers were frozen
and homogenized before extraction. Solid-liquid extraction
in methanol was used as an efficient method. Extracts
were subsequently purified, concentrated, and analysed. The
samples of brain tissue (without purification) perfused with
piracetam were also analysed by direct injection (overdosing
loop) on UHPLC-HRMS. Direct injection was used for the
samples where the concentration of the drug was close to
or lower than the limit of detection or quantification. Direct
injection was not useful for more samples because it can
contaminate UHPLC-HRMS.

Isolated drugs from brain tissue and from silica nanopar-
ticles were analysed by a UHPLC-HRMS separation sys-
tem (Dionex UltiMate 3000 Liquid Chromatography Sys-
tems) equipped with diode array detection (DAD) and a
hybrid high resolution mass spectrometer LTQ Orbitrap XL
(ThermoFisher Scientific, USA/Dionex RSLC,Dionex, USA).
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A chromatographic column Hypersil Gold (Thermo Scien-
tific, USA), C18 3 𝜇m, 2.1 × 50mm, was used. The mixture
of MeCN-HPLC grade (20.0%) and H

2
O-HPLC grade with

0.1% AcOH (80.0%) was used as a mobile phase. The total
flow of the columnwas 0.3mL/min, column temperature was
30∘C, and the time of analysis was 15min.

The records were evaluated from the DAD and HRMS-
Orbitrap. The wavelengths of 254 nm, 272 nm, 274 nm,
331 nm, and 190–800 nm were monitored. MS and MSn were
performedusing theHRMSLTQOrbitrapXL (ThermoFisher
Scientific, USA) equippedwith aHESI II (heated electrospray
ionization) source. Orbitrap was operated in full scan with
resolution 60,000. Full scan spectra were acquired over mass
range 𝑚/𝑧 50–1000 in the positive mode. Orbitrap was
also operated in SIM (select ion monitoring): 143.0810 (as a
qualifier ion) and 126.0548 (as a qualifier ion without NH

2

group) under 1Δppm for piracetam; 279.1461 under 1Δppm
for pentoxifylline; and 170.0810 (as a qualifier ion) and
152.0700 (as qualifier ion without OH group) under 1Δppm
for pyridoxine. The resolution and sensitivity of Orbitrap
were controlled by injection of the standard (piracetam,
pentoxifylline, and pyridoxine) after analysing of every 5
samples, and the resolution was also checked by the help of
lock masses (phthalates). Blanks were also analysed within
the sequence after analysis of each sample. The compounds
were checked in the mass library that was created from
measurement of standards of piracetam and pentoxifylline
and pyridoxine in the MS and MSn modes of Orbitrap.

3. Results and Discussion

The content of drug substances in silica-based nanocarriers
was analysed by elemental analysis and confirmed by UV
absorption analysis of supernatants (except of piracetam).
Loading efficiency was tested by the addition of an increasing
concentration (5, 10, and 20mg/mL) of drug solution to the
reactionmixture for nanoparticle preparation. For both com-
pounds (pentoxifylline and pyridoxine) the loading efficiency
was about 10% for concentration of drug stock solution 10 and
20mg/mL. When 5mg/mL drug stock solution was added,
the amount of the drug loaded was below the detection
limit of the used method. Approximately the same loading
efficiency (i.e., 10%) was confirmed for all three drugs
by elemental analysis. Only nanoparticles with the highest
loading (i.e., those prepared using a drug stock solution of
20mg/mL) were subjected to the animal study. It was found
that 1.5mg of drug substance is in 50mg of nanoparticles
with batch to batch variance less than 10%. The particle size
and the shape of prepared silica nanocarriers with loaded
piracetam, pentoxifylline, and pyridoxine (Si-piracetam, Si-
pentoxifylline, and Si-pyridoxine) were measured by TEM
(see Figure 2). A control sample of pure silica nanoparticles
was prepared and characterised. It was found that the average
particle size of all prepared nanoparticles was approximately
120 nm (TEM microphotographs of pure silica nanoparticles
and nanocarriers with loaded drugs in Figure 2 are shown
with 105x magnification). It is evident that the general shape
of all particles can be considered as spherical. Based on 95%
confidence interval computed from the mean diameter plus

or minus twice the standard deviations (see Figure 3), it can
be stated that no statistical significance was found for the
samples.

Microscopic photographs of histological preparations
(samples of brain tissue after perfusion with bulk drug
solution and Si-drugs) are shown in Figure 4. In comparison
with control rat brain tissue (Figure 4(a)), significant changes
in fluorescence in silica-based nanocarriers were recorded
for piracetam (Figure 4(b)), pentoxifylline (Figure 4(c)), and
pyridoxine (Figure 4(d)). In these photographs, both nuclei
and cytoplasmic structures have been identified as PDMPO-
positive (green fluorescence). No PDMPO fluoresce has been
identified in control, untreated samples. In addition, also
tissue treated with bulk material alone was investigated.
In this case, no changes in fluorescence (not shown) were
observed. PDMPO (Lysosensor DND-160 Yellow/Blue) was
originally developed to visualize acidic compartments in the
cells [32]. On the other hand, it has been established that
it has unique properties allowing to evaluate the deposition
of silica in cells and tissues. PDMPO-Si complex possesses
unique fluorescent properties in the presence of silicic acid,
producing bright green fluorescence after UV excitation.
PDMPO has successfully been established to visualize silica
in diatoms and other organisms. For example, Znachor et al.
used PDMPO to study the deposition of silica in Fragilaria
crotonensis Kitton [33]. This compound was also studied
for the distribution and deposition of silicates in horsetail,
Equisetum arvense L. Shimizu et al. showed on the silica gel
that PDMPO is able to label silicates directly [31]. In the light
of this fact, it was decided to use it as a probe to visualize
deposition of silica-based nanoparticles in tissues.

The samples of brain tissue after perfusion with bulk
materials (drugs solutions) and drug-loaded silica nanocar-
riers were analysed by direct injection (over dosing loop)
on UHPLC-HRMS. Also extracted drug substances from the
samples of the perfused tissues were analysed. While the
bulk drug substances were extracted from perfused brain
tissues easily practically by any of the applied methods, the
extraction of the nanonized drug substances from the tissues
or from silica nanocarriers was problematic. Different extrac-
tion techniques for isolation of the drugs from the tissue and
the nanocarriers were tested, such as classical liquid extrac-
tion (LE), sequent extraction by various solvents (methanol,
water, acetonitrile, etc.), solid-liquid extraction, accelerated
solvent extraction (ASE), and ultrasound extraction (USE).
The individual extraction methods were compared. The used
methods showed similar effectivity; nevertheless the solid-
liquid extraction in methanol with minimum losses of the
studied compounds was selected.

For example, the brain tissue samples with piracetam and
Si-piracetam were compared. Concentrations of piracetam
in brain tissues measured by the UHPLC-HRMS using indi-
vidual extraction methods were comparable (4–10 ng/mL,
10–40 ng/g brain tissue). For Si-piracetam concentrations
measured by individual extraction methods were also com-
parable (50 pg/mL–1 ng/mL, 100 pg/g brain tissue–2.5 ng/g
brain tissues) but with lower extraction efficiency.The extrac-
tion efficiency was especially influenced by sorption of the
drug substances in silica-based nanocarriers.The determined
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(a)

(b)

Figure 5: Comparison of concentration of bulk piracetam (a) and Si-piracetam (b) in brain tissue samples: this chromatogram presents very
low concentration of drug, close to limit of quantification (S/N close 20/1). Found ratio of piracetam/Si-piracetam is approximately 20 : 1.

concentrations in the samples of bulk piracetam were higher
than in the brain tissue sampleswith nanoparticles; see Figure
5. The fact of the strong sorption of piracetam in silica
nanocarriers was confirmed using direct injection of the
brain tissue with the nanoparticles into the dosing loop and
subsequent multiple rinsing by solvent (methanol) and anal-
ysis by LC-MS (as mentioned below). Processing of extracts
(filtration and centrifugation) caused high losses; never-
theless the highest losses were observed at purification of
the extracts (30–40%), because nanocarriers were adsorbed
in the filters and on the vial wall. Therefore, silica-based
nanoparticles were destroyed by borate buffer (pH = 10.5),

but at following LC-MS analysis various borate adducts and
dimers were determined; that is, the method does not seem
to be suitable.

As a solution of the abovementioned problems (sorption,
dimers, etc.), the samples were analysed by direct injection to
a sampling loop with subsequent multiple elution by MeOH.
The concentration of Si-piracetam determined by direct
injection was by several orders of magnitude higher com-
pared with the concentrations determined in the extracts.
By repeated injection of pure methanol the nanocarriers
were gradually disintegrated and Si-piracetam was released,
as illustrated in chromatograms in Figure 6. Concentrations
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(a)

(b)

Figure 6: Chromatograms after first (a) and second (b) injections of pure methanol to sample of brain tissue with piracetam-loaded silica
nanocarriers (labelled samples as blank-pure solvent injected into sample of brain with nanoparticles.).

determined at the first injection of pure solvent was 1500–
1000 ng/mL (375–250 ng/mL in 100mg brain tissue), at the
second injection 250–100 ng/mL (65–25 ng/mL in 100mg
brain tissue), which was by 2-3 orders of magnitude higher
than those measured during the extraction of brain tissue
with nanoparticles.

Based on this semiquantitativemethod of direct injection,
the concentrations of Si-piracetam that permeated through
the BBB to the brain can be determined in comparison with
drugs in bulk material; see Table 1. The concentration of
the permeated bulk piracetam in the brain tissue was 2.8–
1.0 ng/mL in 100mg brain tissue, while that of Si-piracetam

was 440–275 ng/mL in 100mg brain tissue; that is, the
application of nanoparticles led to an increase of piracetam
approximately 200-fold. Similar strong sorption in silica
nanocarriers can be found for pentoxifylline and pyridoxine;
nevertheless, as mentioned in Section 2.7, the direct injection
of the pentoxifylline samples was not performed due to the
contamination of UHPLC-HRMS system. However, based
on the results obtained for piracetam, it can be supposed
that the concentration of Si-pentoxifylline in the brain tissue
would be much higher, approximately 44000–20600 ng/mL
in 100mg of brain tissue. Although the silica nanocarriers
loadedwith pyridoxinewere detected bymicroscopic analysis
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Table 1: Concentrations of drug-loaded silica nanocarriers permeated through the BBB to brain in comparison with drugs in bulk (n.d. =
not detected).

Drug substance Concentration [ng/mL] in 100mg of brain tissue
Bulk Extraction of nanocarriers Direct injection of tissue with nanoparticles

Piracetam 2.8–1.0 0.25–0.01 440–275
Pentoxifylline 6000–2000 2.5–0.75 44000–20600∗

Pyridoxine n.d n.d —
∗Predicted based on the ratio bulk/direct injection of piracetam.

of brain tissue, no pyridoxine was found by UHPLC-HRMS;
see Table 1.

It can be stated that loading of drugs to silica nanocarriers
and extraction of drugs from nanocarriers is governed by
general principles of normal-phase adsorption chromatogra-
phy; it means that the retention of a molecule (the strength of
interactions between the molecule and silica surface/silanol
groups) is determined by its polar functional groups/double
bonds and steric factors. Silica gel has acidic properties,
and, therefore, basic compounds interact with the surface of
this gel strongly [34]. Thus the observed strong binding of
the discussed drug substances in silica nanocarriers may be
caused by the presence of free electron pairs in the com-
pounds (basicity).The basicity of pyridoxine expressed as the
strongest p𝐾a(base) was 5.0±0.1 (predicted byACD/Percepta
ver. 2012), while for pentoxifylline the strongest p𝐾a(base)
was 0.5 ± 0.7 (ACD/Percepta ver. 2012) and for piracetam
the strongest p𝐾a(base) was −0.6 ± 0.2 (ACD/Percepta ver.
2012). Based on these data, pyridoxine shows the strongest
potential bonding power, which may be a reason why it was
not extracted in a detectable amount.

4. Conclusions

The silica-based nanocarriers loaded with piracetam, pentox-
ifylline, and pyridoxine were prepared. The content of the
drug substances in silica-based nanocarriers was determined
by elemental analysis and spectrophotometry as 1.5mg of
drug in 50mg of nanoparticles. By transmission electron
microscopy it was found that the average particle size of
all prepared nanoparticles was approximately 120 nm, and
they had spherical shape. The permeation of the prepared
nanoparticles was compared with bulk materials by means of
the in vivomodel of rat brain perfusion. Samples of rat brain
tissues were analysed by microscope, and it was found that
all silica-based nanoparticles permeated to the brain tissue.
The concentration of the drug substances in the tissue was
determined by LC-HRMS. It was found that all the drugs
exhibited very strong sorption in silica nanocarriers. The
direct injection of samples of brain tissue (without purifica-
tion) treated with Si-piracetam to a sampling loop with sub-
sequent multiple elution by MeOH confirmed approximately
200-fold higher concentration of piracetam loaded in silica-
based nanocarriers in the brain tissue in comparison with
bulk piracetam.

The field of nanomedicine proposes many opportunities
of finding novel solutions to improve health care. This study
confirmed that silica nanoparticles can permeate through the

blood-brain barrier and effectively transport drugs to the
brain and so help in the treatment of different difficult to
treat cerebral diseases. However, further investigation and,
primarily, selection of suitable drug candidates (bulky and
nonbasic) for immobilization into silica nanoparticle drug
formulations are needed.
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The implementation of an effective quality management system has always been considered a principal method for a manufacturer
to maintain and improve its product and service quality. Globally many regulatory authorities incorporate quality management
system as one of the mandatory requirements for the regulatory control of high-risk medical devices. The present study aims
to analyze the GMP enforcement experience in Taiwan between 1998 and 2013. It describes the regulatory implementation of
medical device GMP requirement and initiatives taken to assist small and medium-sized enterprises in compliance with the
regulatory requirement. Based on statistical data collected by the competent authority and industry research institutes, the present
paper reports the growth of Taiwan local medical device industry after the enforcement of GMP regulation. Transition in the
production, technologies, and number of employees of Taiwan medical device industry between 1998 and 2013 provides the
competent authorities around the world with an empirical foundation for further policy development.

1. Introduction

An effective quality management system has always been
considered to be a good strategy for a manufacturer to main-
tain and improve its product and service quality. The Food
and Drug Administration of the United States of America
(the US FDA) was the first competent authority for medical
device tomandatemedical device quality system requirement
to ensure the safety and effectiveness of medical devices. The
US FDA issued a final rule in the Federal Register of July 21,
1978 (43 FR 31 508), prescribing CGMP (current good man-
ufacturing practice) requirements for medical devices. This
quality system requirement provided the government and
industry with a foundation for ensuring that medical devices
manufactured comply with the established specifications and
with continuous improvement strategy. The quality system
regulation also requires establishment of documentation and

records for investigating quality problems and patient injuries
of the medical devices concerned.

The US FDA CGMP had been the only regulatory quality
system requirements specifically for medical device until the
publication of ISO 13485:1996. The European norm version
of ISO 13485:1996 (i.e., EN 46001) was adopted as part of
the conformity assessment prescribed in European Com-
munity’ (European Economic Community was renamed as
European Community in 1993), Active Implantable Medical
Device Directive (90/385/EEC), Medical Device Directive
(93/42/EC), and later In Vitro Diagnostic Medical Device
Directive (98/79/EC) for higher-risk medical devices. US
FDA replaced 1987 CGMP with Quality System Regulation
(QSR) to harmonize with ISO 13485:1996 in 1997.

Following the approaches taken by the United States
and the European Union, many competent authorities have
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decided to incorporate quality management system imple-
mentation as one of mandatory requirements for high-
risk medical devices. This is analogous to the International
Conference on Harmonisation (ICH) approaches. The ICH
developed a harmonized guideline on pharmaceutical quality
system for the lifecycle of the product and emphasized
an integrated approach to quality risk management. ICH
published Q9 Quality Risk Management in November 2005
and Q10 Pharmaceutical Quality System in June 2008.

The international standard, ISO 13485:2003, medical
devices—quality management systems—requirements for
regulatory purposes, as the title suggested specifies quality
management requirements for the medical device sector for
regulatory purposes. By the end of 2012, at least 22,237 ISO
13485:2003 certificates had been issued in 97 countries and
economies. The 2012 total represents an increase of 2,388
(+12%) over 2011. The top three countries for the total of
certificates were Germany, the USA, and Italy and the top
three in growth since the 2011 surveywere Italy, Germany, and
the USA [1].

2. Medical Device GMP Regulation and
Corresponding Measures

2.1. Medical Device GMP Regulation. Taiwan is one of the
pioneers in Asia in its medical device regulation, which dates
back to the 1970s. The Department of Health of Taiwan
(DOH, later reorganized as the Ministry of Health and
Welfare in 2010) revised medical device regulations in 1998
for the establishment of a risk-based regulatory system.
The system classified medical devices into three classes
according to their risk, promulgating mandatory medical
device good manufacturing practice (GMP) regulation for
medical devices, and introduction of the premarket review
and postmarket controls.The revision of the regulations com-
pleted in 2005 aims to provide the government and industry
with an international harmonized regulatory ecosystem to
improve the safety, effectiveness, and quality of medical
device marketed in Taiwan.

The DOH established the Medical Device GMP Promo-
tion Task Force and convened the first meeting on 19 Novem-
ber 1996 to draft GMP regulation and supporting measures.
After a series of stakeholder meetings and public workshops
held in the following 18 months, DOH released medical
device GMP regulation on 10 February 1999. To harmonize
with the international standards at that time, DOH GMP
regulation was based on ISO 13485:1996 with additional reg-
ulatory requirements on issues, such as outsourcing, adverse
event reporting, and product recall. Following the establish-
ment of medical device GMP, DOH published the regulation
on “Classification and Management of Medical Devices” on
21 June 2000. More than 1,600 types of medical devices were
classified into three classes according to risk level of the prod-
ucts. Class I medical device includes 700 lowest risk products
such as tong tongue depressors, elastic bandages, andmanual
wheelchairs. GMP regulation is not mandatory for Class
I medical device manufacturers unless their products are
labeled as sterile or with measuring function. Over half of
the medical devices on the Taiwan market were classified as

Class II. Examples of Class II medical devices include blood
pressure monitors, diagnostic X-ray system, and glucose
monitoring systems. Class III medical devices are the highest
risk level and subject to the most stringent controls. Typical
Class III medical devices include HIV diagnostic reagents,
pacemakers, and coronary stents. Manufacturers of Class
II and Class III medical devices need to establish quality
systems in accordance with GMP regulation before their
product licenses are issued by DOH. Table 1 illustrates the
number of medical devices under each classification and
GMP requirement for different classes of the products.

Medical device manufacturers were required to complete
the GMP registration process by the end of a 5-year transition
period (2001–2005).

The current GMP regulationwas revised in 2013 by TFDA
to harmonize with ISO 13485:2003.

2.2. Supporting Measures to Support SMEs. To assist medical
device manufacturers, in particular small and medium-
sized enterprises (SMEs), in understanding GMP regulation
and establishing quality system within the company, DOH
supported many organizations such as industry/trade asso-
ciations and not-for-profit research organizations to hold
training workshops and to provide consultancy services
during 2000–2005.

Besides DOH, Industry Development Bureau ofMinistry
of Economic Affairs and Science Industrial Park Administra-
tion also provided financial and technical support to firms
to establish quality system and recruit qualified employees.
It was estimated that more than a dozen public training
workshops supported by government departments were held
and more than 500 employees were trained each year. These
supporting measures were aimed at reducing the burden and
resources needed for SME to comply with GMP regulation.

The majority of medical device manufacturers in Taiwan
produced Class I and some Class II medical devices at
the time when GMP was first enforced. It was estimated
that 75% of SMEs seek outside consultation services for the
establishment of quality systems. It was reported that a typical
consultation for medical device GMP took 8.8 months and
cost 10∼15 thousand USD in average [5].

The supporting measures provided by the government,
industry associations, and nonprofit organizations are still
available for SMEs that would like to enter into the medical
device sector.

3. Impact on Local SMEs Medical
Device Manufacturers Brought by GMP
Regulation Requirement

Small and medium-sized enterprises (SMEs) are defined by
OECD as “non-subsidiary, independent firms which employ
fewer than a given number of employees.” However, the
number of employees of SMEs is defined differently across
economies. For example, a firm employing fewer than 250
workers is designated as an SME in the European Union,
while the United States considers SMEs as firms with fewer
than 500 employees, and companies with fewer than 50
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Table 1: Taiwan GMP requirement for medical devices.

Classification Class I Class II Class III
Number of medical device
classification names (2014) 737 936 153

GMP Not required

Required for sterile
devices or devices
with measuring

function

Required for all Class
II medical devices

Required for all Class
III medical devices

employees are small firms, and companies with employees
below 10 are microfirms [8].

Globally, medical device industry is innovative and a
technology-based sector consists of predominately SMEs.
More than 80% of medical device companies have fewer
than 50 employees, and many (notably innovative startup
companies) have little or no sales revenue [9]. In Europe, 95%
of medical device firms are SMEs [10] with the majority of
the medical device companies being small and microsized,
employing less than 50 people [11].

In Taiwan, SME is defined as enterprise with fewer than
200 employees. A firmwhich employs fewer than 5 workers is
defined as small enterprise [12]. According to a government
statistics in 2001, essentially all medical devicemanufacturers
were SMEs [13].

The tightening of medical device regulation generally
discourages the creation of new medical device companies
and startup firms [14]. Although medical device regulation
may provide quality system exemptions, they are, however,
generally based upon the risk level of medical device and
not on the size of company. Potential adverse impact of
new regulations hence can be harmful to SMEs in particular
[15]. SMEs tend to have less human and financial resources
than large firms to implement the regulation and deal with
additional bureaucratic processes [16]. Therefore, as would
be expected, new medical device regulation tends to be more
burdensome to SMEs than large firms [17]. A 2001 study in the
USA showed that small business bears a disproportionately
large share of federal regulatory burden [18].

The two main components of the compliance costs to the
companies are as follows:

(1) the time cost of internal staff on collecting,
maintaining and understanding regulatory require-
ments, establishing procedures, completing forms
and preparing the necessary information, and dealing
with the relevant government authority;

(2) the financial costs of external professional [19].

During the scheduling of medical device GMP regulation,
oppositions and concerns were raised by industries. By
analogy with the experience of pharmaceutical GMP imple-
mentation which reduced the number of local SME drug
manufacturers, some policy analysts argued that quality
management system regulation might raise the burden of
SME medical device manufacturers and jeopardize the sur-
vival of such companies. This reduction in number of local
manufacturers could lower the accessibility of lower-price

medical devices, raise healthcare cost, and weaken sector’s
competiveness in general [20–23].

The dissentient voices might not be unfound. Accord-
ing to a 1961 government statistics of Taiwan, before the
enforcement of the pharmaceutical factory standard in 1959,
there were 468 pharmaceutical factories (not including 359
Chinese herbal medicine factories) in Taiwan. Some phar-
maceutical factories failed to comply with the regulatory
requirement and were not allowed to operate as a result. It
was estimated that 250 pharmaceutical factories were closed
down between 1961 and 1968.The number of pharmaceutical
factories increased again in 1970s. It was estimated that there
were 900 pharmaceutical factories in Taiwan in 1981. DOH
mandated pharmaceutical GMP in 1982 and the number of
factories decreased again. There were only 231 GMP regis-
tered pharmaceutical factories in 1995 [24]. Nearly two-thirds
of Taiwan pharmaceutical companies discontinued operation
after the enforcement of pharmaceutical GMP. Although
the quality and competiveness of Taiwan pharmaceutical
industry improved, the number of companies did not reach
the 1980s level again [25].

3.1. The Development of Taiwan Medical Device SMEs after
GMP Implementation. Before DOH revised medical device
regulations in 2000, the differentiation between medical
devices and other medical products was not clear. This might
lead to underestimation of the actual scale of production and
number of products in medical device industry before 2000.

There were about 200 medical device manufacturers in
Taiwan in 2000, withmost of them located in northern part of
the island such as Taipei, Taoyuan and Hsinchu (see Table 2).
Taiwan medical device industry started from making wound
care products such as gauze and bandage provided by textile
factories after the SecondWorldWar.Medicalmasks, surgical
gowns, patient bed sheets, and examination gloves were the
leading manufacturing products in 1960s. Metallic surgical
instruments, electrocardiography (ECG), mercury sphygmo-
manometers, intravenous infusion sets, syringes, sutures,
blood sampling devices, and scalp needles caught on in 1970s.
Blood pressure monitors, hearing aids, wheelchairs, clini-
cal thermometers, surgical operation tables, bone implants,
electrical surgical knives, and transcutaneous electrical nerve
stimulation (TENS) became dominated products in 2000
[26].

According to DOH (and TFDA), there were 208 medical
device manufacturers across the island in 1999. The number
of registered medical device manufacturers firms increased
constantly to the level of 1,229 in 2013 [2] (see Figure 1) .
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Table 2: Number ofmedical devicemanufacturers in 2005 and 2013.

City/county 2005 2013
Taipei City 37 56
Taipei County 197 361
Yilan County 10 17
Taoyuan County 52 145
Hsinchu City 11 26
Hsinchu County 25 58
Miaoli County 9 22
Taichung City 22 175*
Taichung County 45
Changhua County 34 99
Chiayi City 2 5
Nantou County 6 13
Yunlin County 6 9
Chiayi County 10 25
Tainan City 13 109*
Tainan County 29
Kaohsiung City 8 88*
Kaohsiung County 14
Pingtung County 6 10
Hualien County 2 1
Keelung 2 10
Total 540 1,229
Source [2].
*Taichung City/County, Tainan City/County, and Kaohsiung City/County
were combined in 2010.
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Figure 1: Taiwan medical device manufacturers during 1999∼2013.
Source [2].

The production and export of Taiwan medical device
increased significantly in the past ten years (see Figures 2 and
3).

3.2. The Development of Medical Device Manufacturer Asso-
ciation. With the improvement in product quality, Taiwan’s
medical device ismore competitive globally as the growth rate
of export showed, which also explained the overall growth of
production of Taiwan medical device industry.

By analyzing the transition of the medical device man-
ufacturer association in Taiwan after the implementation of
GMP regulation, it helps us to understand how quality of
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Figure 3: Taiwan medical device export during 1989∼2012. Source
[4, 6, 7].

medical device manufactured in Taiwan was enhanced as a
result of the implementation of the GMP regulation.

The impact of GMP regulation on local manufacturers
may also be observed from analyzing the evolution of the
medical device association in Taiwan.

The current medical device manufacturer association
in Taiwan was originally the “Taiwan Absorbent Cotton
Industry Association” established in 1953. It was reorganized
to become “Taiwan Medical Device Industry Association”
(TMDIA) in 1995 and later renamed as “Taiwan Medical and
Biotech Industry Association” (TMBIA) in 2013 to reflect the
composition of its members [3].

In the 1970s, most of medical device manufacturers
in Taiwan were family-owned company. In addition to
gauze and bandages, various products such as hospital beds,
wheelchairs, surgical tables, surgical lamps, dental chairs,
sterilization devices, and laboratory instruments were later
added into the product list of medical devices made by asso-
ciation members. Now, Taiwan is a major supplier of blood
glucose monitoring system, powered wheelchairs/scooters,
and blood pressure monitors in the world (see Table 3).

The rapid growth of Taiwan medical device industry
began in 1990s. TMDIA played an important role in promot-
ing medical device GMP. TMDIA was entrusted by DOH
to assist firms in complying with regulation by providing
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Table 3: Taiwan top export medical devices during 1997∼2012 (in amount of sales).

Year Top export medical devices

1997 Examination gloves, physical therapy devices, manual wheelchairs, powered wheelchairs/scooters, hearing aids,
and sphygmomanometers

2000 Powered wheelchairs/scooters, manual wheelchairs, glucose meters, artificial limbs, physical therapy devices,
blood pressure monitors, medical instruments, prosthesis devices, and syringes

2002 Powered wheelchair/scooter, examination gloves, physical therapy devices, surgical devices, prosthesis devices,
blood pressure monitors, manual wheelchairs, glucose meters, and contact lenses

2003 Powered wheelchairs/scooters, physical therapy devices, examination gloves, surgical devices, blood pressure
monitors, prosthesis devices, manual wheelchairs, and glucose meters

2004 Powered wheelchairs/scooters, physical therapy devices, examination gloves, surgical devices, prosthesis
devices, manual wheelchairs, laboratory devices, contact lenses, and blood pressure monitors

2005 Powered wheelchairs/scooters, physical therapy devices, examination gloves, surgical devices, prosthesis
devices, contact lenses, glucose meters, laboratory devices

2006 Powered wheelchairs/scooters, surgical devices, physical therapy devices, contact lenses, laboratory devices,
examination gloves, surgical devices, and glucose meters

2009 Powered wheelchairs/scooters, laboratory devices, glucose test strips, surgical devices, contact lenses, glucose
meters, and physical therapy devices

2010 Powered wheelchairs/scooters, glucose test strips, laboratory devices, surgical devices, contact lenses, glucose
meters, and physical therapy devices

2011 Glucose test strips, laboratory devices, powered wheelchairs/scooters, contact lenses, surgical devices, glucose
meters, and IVDs

2012 Glucose test strips, contact lenses, laboratory devices, surgical devices, powered wheelchairs/scooters, glucose
meters, and IVDs

Source [3, 4].
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Figure 4: Number of medical device GMP manufacturers during
1999∼2013. Source: the authors [2].

qualified trainers and consultants to firms. Before the end
of the transition period of GMP in 2005, more companies
producing medical devices joined TMDIA. The membership
grew by as many as 50% to 260 members in 2005. Many
information and communication technologies companies
developing medical devices also become members of the
TMBIA in recent years. Investment in in vitro diagnostic
medical devices, medical imaging system, artificial joints,
dental implants, medical apps, and mobile health devices has
increased significantly since 2010. Currently, there are 350
companies registered under TMBIA [3].

3.3. Medical Device GMP Registered Manufacturers. Medical
device GMP requirement ismandatory for themanufacturers
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Figure 5: Taiwan medical device industry employees. Source [4].

of Class I sterile or with measuring function, Class II, and
Class III devices. In addition, Class I medical devices manu-
facturersmay also apply forGMP registration voluntarily.The
number of medical device GMP registered manufacturers
was only 17 in the first year (1999) and increased to 289 at the
end of the transition period in 2005, and, by 2013, the number
increases to as many as 338 [2] (see Figure 4).

3.4. The Taiwan Medical Device Manufacturing Workforce.
In addition to the growth in number of medical device
manufacturers after the enforcement of GMP regulation, the
size of firms was also enlarged. The number of the workforce
employed by the medical device manufacturers increased
constantly from 2005 to 2013 (see Figure 5). Statistical data
regarding the number of employees of medical device firms
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audited by Center for Measurement Standards/Industrial
Technology Research Institute (one of four TFDA medical
device GMP designated auditing organizations) in 2006
showed that 26% of the firms employed fewer than 10
workers, 67% of the firms hired less than 50 employees, and
only 4 firms hadmore than 100 employees. In 2009, 25%of the
firms hired less than 10 employees, 86% of the firms employed
no more than 50 workers, and 3 firms had more than 100
employees. A similar datawas also collected for 2013, showing
that 17% of the firms hired fewer than 10 employees, 61% of
the firms did not hire more than 50 employees, and 13 firms
had more than 100 employees.

Some manufacturers enjoy a constant growth in business
after GMP regulation enforcement. According to Taiwan
Stock Exchange Corporation, examples of local large medical
device manufacturers which employ more than 500 persons
include ApexBio (592 employees), Kang Na Hsiung (KNH,
569 employees), Bionime (826 employees), Pacific Hospital
Supply (515 employees), Microlife (3,400 employees), Taidoc
(850 employees), St. Shine (2,000 employees), Rossmax (1,554
employees), and Avita (520 employees) [4].

4. Conclusion

The success of Taiwan medical device industry in the last
decade is contributed by different factors such as global
market growth, technology innovation, increased financial
investment, educated human resources, and governmental
initiatives.

Based on statistical data collected by the government and
market survey organizations, the present paper reports the
growth of Taiwan medical device industry after the enforce-
ment of GMP regulation. As shown by the growth rates of
the production and export, the international competiveness
of Taiwan medical device industry is enhanced. Quality of
Taiwan medical devices is recognized by global healthcare
providers and consumers. Transition in the production, tech-
nologies, and number of employees of Taiwanmedical device
industry between 1998 and 2013 provides the competent
authorities around the world with an empirical foundation
for further policy development.

Policy makers around the world need to understand
and evaluate the impact of regulatory requirements on the
local small-to-medium-sized manufacturers and implement
a harmonized regulatory system with care to mitigate the
impact, thereby ensuring the success of the implementation
of their policy.

The present study suggested that the implementation
of GMP regulation facilitates the transformation of local
medical device industry. The standard set forth by GMP
regulation did not jeopardize the development of local indus-
try as some analyst believed. Supporting measures assisting
SMEs in quality system establishment and human resource
improvement is essential for the success. SMEs which comply
with GMP regulation can strengthen their competiveness in
both domestic and global markets.

Further studies should be conducted in order to under-
stand the key factors of GMP regulation implementation.

Nonetheless, this study agrees that improving the informa-
tion availability to SMEs, a friendly environment for SMEs to
conduct new product development, and broad channels for
SMEs to access regulatory informationwill ensure the success
of new regulation as well as industry development [16, 27, 28].
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The purpose of this study was to specify critical parameters (physicochemical characteristics) of drug substance that can affect
dissolution profile/dissolution rate of the final drug product manufactured by validated procedure from various batches of the
same drug substance received from different suppliers. The target was to design a sufficiently robust drug substance specification
allowing to obtain a satisfactory drug product. For this reason, five batches of the drug substance and five samples of the final
peroral drug products were analysed with the use of solid state analysis methods on the bulk level. Besides polymorphism, particle
size distribution, surface area, zeta potential, and water content were identified as important parameters, and the zeta potential and
the particle size distribution of the drug substance seem to be critical quality attributes affecting the dissolution rate of the drug
substance released from the final peroral drug formulation.

1. Introduction

In the past, drug development was primarily empirical
and data based [1]. Nowadays pharmaceutical develop-
ment should be systematic; that is, the process should be
understood; a mere change of some parameters of active
pharmaceutical ingredients (APIs) of drug formulations so
that they comply with some requirements is not sufficient.
Process analytical technology (PAT) was defined by the
United States Food and Drug Administration (FDA) as a
mechanism to design, analyse, and control pharmaceutical
manufacturing processes through the measurement of crit-
ical process parameters (CPP) which affect critical quality
attributes (CQA) and thus by identification of these critical
parameters the production process is improved, for example,
by in-line or on-line monitoring to minimize production
defects [2]. Quality by design (QbD) [1, 3] is connected
with PAT. This innovative paradigm is inspired by ICH
Q8-Q11 [4–7] and should lead to understanding the effect
of incoming material parameters, formulation, and process

variables on CQA [8, 9]. Older approved and registered APIs
and pharmaceuticals are analysed/controlled by methods
used at the time of their registration; that is, their specification
cannot include modern analytical methods, such as solid-
state analysis. Thus really critical parameters affecting the
quality need not be defined in a specification prepared in
this manner. This can become a great problem, when API
source, site of manufacturing, or manufacturing equipment
is changed.

This case study discusses prompt determination of critical
parameters of the API purchased from a new supplier to
afford the drug formulation to conform to the valid spec-
ification. Although the newly supplied API corresponded
to the requirements of the current specification, after the
change of the API supplier it was found that the drug
formulations hardlymet the required specification.Therefore
the aim of this investigation was to find critical parame-
ters/physicochemical properties of the drug substance that
affect the quality of the peroral dosage form. Subsequently
these new critical quality attributes were recommended as
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new parameters for modification of the current API specifi-
cation. As a result, the composition of the tablet should not
be changed, and any change management process should not
be initiated. The investigated API contains a tertiary amino
group (p𝐾

𝑎
≈ 9) and a carboxyl moiety (p𝐾

𝑎
≈ 4); its

lipophilicity expressed as log𝑃 is ca. 6, and the API can be
used as hydrochloride. Due to confidentiality reasons it is not
possible to characterise the API more specifically.

2. Experimental and Methods

2.1. Samples. All the samples of APIs (AS-1–AS-5), that is,
five different batches, were received from external suppliers;
samples AS-1, AS-2, AS-4, andAS-5 were from a new supplier
and sample AS-3 was from a previous supplier. The final
drug products, tablet samples TS-1–TS-5, were produced
by the same validated manufacturing procedure (preforms
with hardness 70–160N were prepared on a tablet press
from the homogenized mixture of the API, diluent, glidant,
disintegrant, and calcium stearate; the prepared preforms
were milled and then homogenized with calcium stearate,
and from the prepared tabletingmixture the final tablets were
compressed using a tableting machine). It was found that
the drug products TS-1 (from AS-1) and TS-2 (from AS-2)
provided noncomplying and boundary results of dissolution
testing, respectively, while TS-3 (from AS-3), TS-4 (from
AS-4), and TS-5 (from AS-5) provided complying results
according to the registered drug product specification.

2.2. Dissolution Testing. Dissolution tests were performed by
a validatedmethod using a USP apparatus 2 (paddle method)
Varian Vankel VK 7000 Dissolution System (Agilent Tech-
nologies, Santa Clara, CA, USA). Powder samples (180mg) or
one tablet was introduced into 900mLof dissolutionmedium
(phosphate buffer pH = 7.2) maintained at 37 ± 0.5∘C with
the rotation speed of 100 rpm. Aliquots of the dissolution
samples were withdrawn at predetermined times and filtered
through a 0.45 𝜇m PTFE filter. The loss in the volume of
the liquid was compensated by addition of fresh dissolution
medium maintained at the same temperature. The weight of
each drug was used to calculate the dissolved percentage of
the drug (Q [%]). The absorbance (drug concentration) of
the sample solutions and the reference solutionwasmeasured
in 1 cm quartz measuring cells at the maximum absorbance
wavelength of the drug against the dissolution medium
using a Varian Cary 50 UV-VIS Spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA). The measurements
were repeated six times. All the presented results are reported
as the mean value of these six independent measurements
(mean ± SD, 𝑛 = 6). All the results are summarized in Table 1.

2.3. Water Content. The determination was performed by
a titrator 701 KF Titrino (Methrom, Herisau, Switzerland)
according to the Ph.Eur 7.7, Chapter 2.5.32 (Water: Micro de-
termination) using 200mg of theAPI dissolved in 1mL of dry
methanol. The measurements were repeated three times. All
the presented results are reported as the mean value of these

three independent measurements (mean ± SD, 𝑛 = 3). All the
results are summarized in Table 2.

2.4. Wettability—Water Contact Angle. The tablets were
made from each powder sample in a standard press for
infrared spectroscopy tablets by the power of 80 kN for 20
seconds. Droplets (5𝜇L) of phosphate buffer (pH = 7.2) were
used as themedium.Thewater contact angles weremeasured
at 25∘C by OCA20 (DataPhysics, Applied Photophysics, UK)
using the sessile drop method. Sixteen values of the contact
angle were measured and statistically evaluated. All the
results are summarized in Table 2.

2.5. Zeta Potential. The zeta potential of the samples was ob-
tained using Zetasizer Nano ZS (Malvern Instruments, UK)
by means of electrophoretic light scattering. The zeta poten-
tial of the samples was measured in glass cuvettes with an
inserted dip cell. The instrument detects the Doppler shift
between the laser beam (5mW, 633 nm) passing through
the cuvette with the sample and the reference beam passing
outside the cuvette. The data are evaluated using phase
analysis light scattering. The samples were prepared by
dissolving solid powder in phosphate buffer (pH = 7.2) to
reach their final concentration 0.2mg/mL. The measuring
was carried out at laboratory temperature (25.0 ± 0.1∘C). The
measurements were repeated four times. All the presented
results of the zeta potential of the samples are reported as the
mean value of these four independent measurements (mean
± SD, 𝑛 = 4). All the results are summarized in Table 2.

2.6. Particle SizeMeasurement. Theparticle/agglomerate size
of samples was measured bymeans of a laser diffraction anal-
yser HELOS/KR (SympaTec, Clausthal-Zellerfeld, Germany)
using the combination of MIEE and Fraunhofer theory for
calculation. The measured data were statistically calculated
from the measurements by 3 types of objectives (range from
100 nm to 30mm). The measurements were repeated five
times. All the presented results of the particle size samples
are reported as the mean value of these five independent
measurements (mean ± SD, 𝑛 = 5). All the results are sum-
marized in Table 2.

2.7. Specific Surface Area. The values of specific surface area
(SSA) were determined using a Quantachrome NOVA 2200
analyser (Quantachrome Instruments, Boynton Beach, FL,
USA). The samples were degassed using vacuum under the
temperature of 90∘C for 3 h. The degassed samples were
placed into the measuring chamber and evacuated under
pressure around 1.33 × 10−6MPa. The evacuated chamber
was filled with pure nitrogen with partial pressure p/p

𝑜
varied

from 0.03 to 0.5. The obtained data (from full absorption
and desorption) were fitted by using Brunauer-Emmet-
Teller isotherm [10] to determine specific surface values. The
measurements were repeated three times. All the presented
results of the SSA of the samples are reported as the mean
value of these three independent measurements (mean ± SD,
𝑛 = 3). All the results are summarized in Table 2.
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Table 1: Dissolved amounts𝑄
𝑛
[%] of pure API andAPI from tablets.𝑄

𝑛
values are expressed asmean± SD (𝑛 = 6 units).Themeans followed

by different letters are significantly different at 𝑃 = 0.05.

Sample Dissolved amounts 𝑄
𝑛
[%]

5min 10min 20min 30min 45min 60min
AS-1 28.5 ± 3.2a 31.6 ± 4.0a 37.8 ± 4.0a 43.0 ± 4.3a 48.2 ± 3.9a 51.4 ± 4.0a

AS-2 24.3 ± 3.9a 28.2 ± 4.0a 34.5 ± 4.8a 40.1 ± 5.0a 45.2 ± 6.1a 48.4 ± 5.7a

AS-3 41.7 ± 0.3c 48.5 ± 0.4b 55.8 ± 0.5b 60.7 ± 0.5b 65.7 ± 0.3c 70.1 ± 0.4c

AS-4 54.8 ± 0.4e 57.9 ± 2.5c 66.5 ± 2.7cd 69.8 ± 1.5c 75.2 ± 0.9d 79.3 ± 1.3d

AS-5 37.3 ± 0.3b 49.3 ± 0.5b 54.6 ± 2.3b 58.5 ± 1.6b 62.4 ± 1.1b 66.6 ± 1.1b

TS-1 49.3 ± 3.2d 54.3 ± 2.1c 63.4 ± 2.2c 70.4 ± 2.3c 73.7 ± 2.7d 76.9 ± 2.0d

TS-2 57.5 ± 1.2f 62.9 ± 1.1d 70.4 ± 1.2cd 76.2 ± 1.4d 83.0 ± 1.5e 87.8 ± 1.9e

TS-3 84.6 ± 1.9h 96.4 ± 2.1e 98.8 ± 2.2g 99.7 ± 2.1f 100.7 ± 2.4g 101.4 ± 2.1g

TS-4 86.2 ± 1.2h 91.8 ± 0.9f 95.4 ± 0.8f 97.2 ± 0.8f 98.8 ± 0.9g 100.0 ± 0.8g

TS-5 78.4 ± 1.7g 87.4 ± 2.4e 90.7 ± 2.1e 93.1 ± 1.8e 95.1 ± 1.8f 96.3 ± 1.6f

Table 2: Other determined characteristics of investigated samples of APIs AS-1–AS-5: water content [%], wettability (water contact angle
𝜃 [∘]), zeta potential (𝜁 [mV]), particle size (𝑥

10
, 𝑥
50
, 𝑥
90
[𝜇m]), and specific surface area (SSA [m2/g]). Values are expressed as mean ± SD

(see Section 2 for number of experiments for individual methodology). The means followed by different letters are significantly different at
𝑃 = 0.05.

Sample Water [%] 𝜃 [∘] 𝜁 [mV] Particle size [𝜇m] SSA [m2/g]
𝑥
10

𝑥
50

𝑥
99

AS-1 0.18 ± 0.01c 35.6 ± 1.7b −18.13 ± 1.94a 0.51 ± 0.01a 2.12 ± 0.01a 8.57 ± 0.37a 42.11 ± 0.03d

AS-2 0.16 ± 0.01c 34.9 ± 3.1b −17.98 ± 0.34a 0.49 ± 0.01a 2.18 ± 0.12b 9.06 ± 0.39b 59.65 ± 0.04e

AS-3 0.13 ± 0.01b 11.0 ± 6.6a −10.36 ± 0.40b 0.74 ± 0.01b 3.15 ± 0.08d 13.36 ± 0.19d 31.91 ± 0.04c

AS-4 0.12 ± 0.01b 35.2 ± 0.7b −2.64 ± 0.17c 0.73 ± 0.06b 2.36 ± 0.04c 10.33 ± 0.14c 23.21 ± 0.05b

AS-5 0.08 ± 0.01a 33.4 ± 2.7b −10.90 ± 0.37b 1.02 ± 0.03c 5.05 ± 0.05e 15.97 ± 0.24e 19.69 ± 0.06a

2.8. Scanning Electron Microscopy. The morphologies of the
samples were examined using a scanning electron micro-
scope (SEM). The Au sputtering was applied to avoid
unfavourable sample conductivity. The samples were anal-
ysed using the scanning electron microscope equipped with
anEDXanalyzer (Zeiss EVOLS10, Zeiss, Germany) andusing
accelerating voltage 10.0 kV, working distance 8.0mm, and
probe current 100 pA.

2.9. Statistical Analysis. All experiments were repeated and
the data were expressed as means ± SD. The differences
were evaluated by one-way analysis of the variance (ANOVA)
completed with the Bonferroni’s multicomparison test (ORI-
GIN PRO7). The differences (marked by different small
letters) were considered significant at 𝑃 = 0.05.

3. Results and Discussion

A new supplier provided two batches of API (AS-1 and
AS-2) that gave noncomplying results of dissolution testing
of the drug product, tablet sample, TS-1, and boundary
results of dissolution testing of tablet sample TS-2. The
results of these analyses were verified by comparison with
the results of dissolution of tablet sample TS-3 that was
manufactured under the same validated procedure as samples
TS-1 and TS-2 from API sample AS-3 purchased from the

previous supplier. Tablet sample TS-3 met all the criteria
of the valid drug product specification. Based on these
observation patterns, API batches AS-1, AS-2, and AS-3 were
also tested for their dissolution profiles/dissolution rate and
great differences were found; see Figure 1. The subsequent
investigation of samplesAS-1–AS-3was started by determina-
tion of polymorphism by powder X-ray diffraction (PXRD).
It can be stated that all evaluated API samples contained the
same polymorph (diffractograms are not presented due to
confidentiality reasons). Although both new samples AS-1
and AS-2 met the criteria of the API specification for the first
time, the change of the quality of new API samples was found
in the production of the drug formulation; the new samples
showed considerable adhesiveness and electrostatic charge in
comparison with the API from the previous supplier. In the
light of the below discussed results it can be supposed that
these properties are connected with particle size distribution.
Additionally other parameters such as zeta potential, particle
size, surface area, water content, andwater contact angle of all
three batches of the API (AS-1, AS-2, and AS-3) were tested.
Based on the obtained preliminary results some recom-
mendations were made for modification of API parameters.
Subsequently two new batches of the API from the new
supplier manufactured according to these criteria and the
tablets produced from these APIs (AS-4/TS-4 and AS-5/TS-
5) were subjected to all the abovementioned tests, and critical
parameters were suggested. Although the total number of
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samples was limited, some noteworthy relationships between
the properties/parameters of APIs and their dissolution were
found.

The comparison of dissolution profiles (dissolution
amounts 𝑄

𝑛
[%]) of individual samples is shown in Table 1

and illustrated in Figure 1. The dissolution testing of the
API batches (AS-1–AS-5) and the tablets (TS-1–TS-5) was
performed according to the valid specification in phosphate
buffer (pH = 7.2). The same medium and concentration
were used for determination of zeta potential and wetting
(contact) angle; see below. It is evident that 𝑄

𝑛
values of

the pure API are significantly lower (see Figure 1(a)) than
𝑄
𝑛
values of APIs from the tablets (see Figure 1(b)). This

fact can be caused by the excipient (calcium stearate) that
facilitates solubilisation of the API. Different behaviour of
AS-1 and AS-2 in comparison with AS-3, AS-4, and AS-5
was observed. Both AS-1 and AS-2 stayed on the surface
nonwetted, while the others sank and dissolved. From the
data presented in Figures 1(a) and 1(b) it can be assumed that
if the amount of the dissolvedAPI achieved in the 10thminute
(𝑄
10
) approximately equals to 50%, the dissolution testing of

the tablets will comply with the valid specification (Q = 75%
of the stated amount after 45min).

All the experimental results were compared by means
of statistical analysis. The results of one-way analysis of
the variance (ANOVA) completed with the results of the
Bonferroni’s multicomparison test are presented in Table 1,
where differences were considered significant at 𝑃 = 0.05.
Significant differences between the 𝑄

𝑛
values determined for

samples AS-1/TS-1 and AS-2/TS-2 and complying samples
AS-3/TS-3–AS-5/TS-5 were estimated.

From the slope of the curves of the graphs in Figures 1(a)
and 1(b), that is, from the dissolution rate, it seems that the
pure or formulated API is most rapidly dissolved by the 5th
minute. Within subsequent 5 minutes the rate of dissolution
decreased; nevertheless, it can be stated that in comparison
with the following time interval (from the 10th to the 60th
minute) the amount of the API dissolved within the first 10
minutes is the most important, especially for the formulation
and for satisfactory results of dissolution testing. For this
reason all the graphs presented below (Figures 2–4 and 6)
illustrate the amount of the dissolved API in the 10th minute
(𝑄
10
). It is important to note that the dependence shown and

discussed below is obviously valid also for dissolved amount
𝑄
𝑛
in other measured time-intervals.
As mentioned above, API samples AS-1–AS-5 were eval-

uated for their water content, wettability, zeta potential,
particle size, and specific surface area. Also the shapes of
individual API samples were investigated by scanning elec-
tron microscope analysis. All these results are presented in
Table 2 and illustrated in Figures 2–6.

The results of one-way analysis of the variance (ANOVA)
completed with the results of the Bonferroni’s multicompar-
ison test are presented in Table 2, where differences were
considered significant at 𝑃 = 0.05. Significant differences be-
tween water content, zeta potential, particle sizes, and surface
area for samples AS-1/TS-1 and AS-2/TS-2 and complying
samples AS-3/TS-3–AS-5/TS-5 were determined. No statisti-

cal significance was found for samples AS-1, AS-2, AS-4, and
AS-5 with regard to water contact angle.

The bilinear dependence of the 𝑄
10

values on water
content in APIs is shown in Figure 2. It is evident that the
𝑄
10

values of APIs AS-1 and AS-2 that afforded noncom-
plying formulations TS-1 and TS-2 are low and represent
remote points. The decreasing dependence in Figure 2(a) has
correlation coefficient = −0.9140 (𝑛 = 4); the increasing
dependence in Figure 2(b) has correlation coefficient 𝑟 =
0.9406 (𝑛 = 3), and the decreasing dependence in Figure 2(b)
has 𝑟 = −0.9772 (𝑛 = 3). The optimum seems to be 0.12-
0.13% of water. It can be stated that the samples with water
content higher than 0.13% can stop complying in relation to
dissolution testing. Unambiguously it can be found that the
API with water content higher than 0.16% does not comply.

Wettability expressed as water contact angle (𝜃 [∘]) unfor-
tunately did not provide the required information. From the
results presented in Table 2 it is apparent that all the samples
of APIs are wetted (𝜃 < 90∘ involves compounds with good
wettability) [11]. All angles were up to 35∘; AS-3 is a drug
substance with excellent wettability that caused the API to
absorb water too fast.

Generally, zeta potential is used for determination of
stability of colloidal systems. A high zeta potential (𝜁 >
±30mV) is an indicative of the system stability (resistance
to aggregation). When the potential is small (interval from
0 to ±30mV), attractive forces may exceed this repulsion and
the system tends to coagulate [12]. Nevertheless, as phosphate
buffer with pH = 7.2 and the concentration of the API were
chosen for the measurement of zeta potential to reflect real
conditions at dissolution testing, and as the investigated
compounds can be considered as zwitterions (tertiary amino
and carboxyl moieties), it can be supposed that the value of
pH = 7.2 is close to the point of zero charge. At this point,
when the compounds have zero zeta potential, minimum
stability, maximum solubility of the solid phase, and other
peculiarities are demonstrated [13, 14]. The zeta potential
values of boundary samples AS-1 and AS-2 (𝜁 ≈ −18mV) are
significantly different from those of complying samples AS-
3, AS-4, and AS-5 (𝜁 ≈ −3mV, 𝜁 ≈ −11mV); see Table 2,
and it can be stated that the samples with zeta potential
close to zero expressed significantly higher solubility. The
dependence of the𝑄

10
values of the samples on zeta potential

is illustrated in Figure 3. The dependence of the dissolution
of the pure API on the zeta potential seems to be linear-
increasing (correlation coefficient 𝑟 = 0.9654, 𝑛 = 5) with
the zeta potential close to 0mV (see Figure 3(a)), while for
the dissolution of the API from the tablets, a biphasic course
was found (Figure 3(b)). Up to an optimum 𝜁 ≈ −11mV a
linear increase of 𝑄

10
was observed (𝑟 = 0.9774, 𝑛 = 4), and

further increase in zeta potential did not affect significantly
the dissolved amount.The different course of the dependence
illustrated in Figures 3(a) and 3(b) can be explained by the
influence of excipients on the API. Based on the data it can be
concluded that the more different the values of zeta potential
are from zero, the less soluble the substances are. Despite the
limited number of the samples, the values of zeta potential
ranged from 0 to −11mV can be considered as advisable for
good solubility.
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Figure 1: Dissolution profiles (dissolved amounts 𝑄
𝑛
[%]) of individual API samples AS-1–AS-5 (a) and individual tablets TS-1–TS-5 (b).𝑄
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values are expressed as mean ± SD (𝑛 = 6 units). SDs are not illustrated to improve visualisation.
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Figure 2: Dependence of dissolved amounts𝑄
10
[%] of individual API samples AS-1–AS-5 (a) and individual tablets TS-1–TS-5 (b) in the 10th

minute on water content [%]. Samples with boundary values AS-1, AS-2, TS-1, and TS-2 are marked by empty symbols. The data represent
the mean ± SD of three samples.
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Figure 3: Dependence of dissolved amounts 𝑄
10
[%] of individual API samples AS-1–AS-5 (a) and individual tablets TS-1–TS-5 (b) in the
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data represent the mean ± SD of four samples.
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Figure 4: Dependence of dissolved amounts 𝑄
10
[%] of individual API samples AS-1–AS-5 ((a), (c)) and individual tablets TS-1–TS-5 ((b),

(d)) in the 10th minute on particle size (x
10
and x

99
[𝜇m]). Samples with boundary values AS-1, AS-2, TS-1, and TS-2 are marked by empty

symbols. The data represent the mean ± SD of five samples.

Figure 4 shows the dependence of the 𝑄
10

values of
the individual API samples (Figures 4(a) and 4(c)) or the
dissolved API released from individual tablets (Figures 4(b)
and 4(d)) on particle size. The terminal particle sizes x

10
and

x
99

were chosen for highlighting this dependence. Bilinear
curves can be observed for the dependence of dissolution
on particle size with an optimum of particle size x

10
≈

0.74𝜇m and x
99
≈ 10–13 𝜇m. It is possible to see that the total

increase of particle size distribution profile of the substance
causes less significant effect on the amount of the dissolved
compound than a particle size reduction, especially in Figures
4(b) and 4(d) illustrating the dissolution of the API from
the tablets (compare samples 1, 2, and 5). Although reduced
particle size aids the formulation of poorly water soluble APIs
[15], in this case, a large share of small particles results in a
significant decrease of dissolution and probably also causes
processability difficulties as mentioned above.The significant
decrease of the dissolved API with a large share of small
particles can be also related to particle surface area; see
below. Based on the results listed in Table 2 and illustrated
in Figure 4, it can be stated that particle size limits should be
0.8–1.0 𝜇m for x

10
, 2.4–5.1 𝜇m for x

50
, and 11–16 𝜇m for x

99
.

The investigation of particle size distribution is closely
connected with shape analysis of the particles. The SEM

analysis of all the API samples supported the results of
particle size distribution analysis. The microphotographs of
samples AS-1, AS-3, and AS-5 with 500x magnification are
presented in Figure 5. The general shape of all particles can
be considered as tabular or laths. The laths of AS-1 and AS-2
are very fine, those of AS-4 are medium, and those of AS-3
and AS-5 are coarse.

The specific surface area (SSA) is often correlated with
the rates of dissolution.The SSA is increased with decreasing
particle size and with increasing porosity of the particles.
The generation of porosity, especially in the case of small
pores, can produce SSA far in excess of that produced by
particle size reduction. The SSA influences processing and
behaviour of powders and porous solids, since the surface
area corresponds to the roughness of the particle exterior and
its porous interior [16, 17]. One of the possibilities to measure
SSA is using the BET approach [10]. The dependence of the
𝑄
10

values of the individual samples of the API or the API
released from the tablets on the SSA (porosity) expressed as
SSA values [m2/g] is illustrated in Figure 6. Both boundary
APIs 1 and 2 (samples AS-1/TS-1 and AS-2/TS-2) represent
the remote points in Figures 6(a) and 6(b), where bilinear
courses can be found again; the correlation coefficient of the
decreasing part of the course in Figure 6(a) is 𝑟 = −0.9299
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Figure 5: SEM microphotographs of noncomplying sample AS-1 (a) and complying samples AS-3 (b) and AS-5 (c).
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Figure 6: Dependence of dissolved amounts 𝑄
10
[%] of individual API samples AS-1–AS-5 (a) and individual tablets TS-1–TS-5 (b) in the

10th minute on SSA [m2/g]. Samples with boundary values AS-1, AS-2, TS-1, and TS-2 are marked by empty symbols. The data represent the
mean ± SD of three samples.

(𝑛 = 4) and the increasing part of the course in Figure 6(b)
is = 0.9742(𝑛 = 3). According to the results SSA ≈ 23m2/g
(AS-4) is preferable for the dissolution of pure API, while
SSA ≈ 32m2/g (AS-3) is favoured for the dissolution of the
drug formulation. As mentioned above, a slight change of
the dissolution rate/amount of the pure API in comparison
with the formulatedAPI is caused by an excipient. Apparently
for both cases it can be summarized that for satisfactory

dissolution testing the specific surface area should be in the
range 20–32m2/g. An increase of the surface area (porosity)
leads to a rapid decrease of dissolution.

Similar results can be found for some drugs, particularly
for those that are lipophilic in nature, where particle size
reduction can result in aggregation of the material. This
causes a consequent reduction in the effective surface area of
the drugs exposed to liquids and hence a reduction in their
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dissolution rate. For example, acetylsalicylic acid, phenacetin,
or phenobarbital is prone to aggregation in particle size
reduction. Thus, although a particle size reduction and an
increase of the surface area are recommended to increase
the dissolution rate of drugs in general, for some APIs, the
improvement of solubility by particle size reduction/increase
of the surface area ceases when the particle size reaches
a particular value. Hence, the particle size is critical and
beyond a particular value the solubility of solid substances
decreases. It can be stated that such changes can arise because
of the presence of an electrical charge on the particle, which
is predominant in small particles [17–20]. Based on the
above-mentioned facts zeta potential and particle size were
evaluated as critical for satisfactory dissolution.

4. Conclusions

A change of the supplier of the API for an older medicament
led to noncomplying results of the dissolution test (samples
TS-1 and TS-2). Firstly a sample of the API from the original
supplier (AP-3) and two different samples of the API from
the new supplier (AS-1 and AS-2) were analysed in detail.
The sample of the API from the original supplier and its
final peroral dosage form were used as standards (AP-3 and
TS-3), and based on the parameters of this API (sample
AS-3) some criteria were advised. The results of analytical
evaluation of other two samples/batches of the APIs (AS-4
and AS-5) and the tablets manufactured therefrom (samples
TS-4 and TS-5) confirmed the presumptions and led to
the following recommendations. Based on the performed
analytical testing, finding and interpretation of relationships
between the amount of soluble pure API/API released from
the tablets and the determined physicochemical parameters,
particle size, surface area, zeta potential and, perhaps, water
content can be considered as critical parameters affecting the
dissolution rate of the final product. It can be summarized
that for satisfactory dissolution test of the final product the
specification of the API should be modified and completed
as follows. Zeta potential should be in the range from 0 to
−11mV, particle size limits should be x

10
> 0.80𝜇m and x

99
<

13 𝜇m, specific surface area (BET) should be in the range
19–32m2/g, and the water content in the API should not
be higher than 0.13%, provided that similar instrumentation
and the same experimental conditions of measurement are
chosen.
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Palackého třida 1/3, 612 42 Brno, Czech Republic

2 Avian and Exotic Animal Clinic, Faculty of Veterinary Medicine, University of Veterinary and Pharmaceutical Sciences Brno,
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Oral mucosa is an attractive region for the local and systemic application of many drugs. Oral mucoadhesive films are preferred for
their prolonged time of residence, the improved bioavailability of the drug they contain, their painless application, their protection
against lesions, and their nonirritating properties. This work was focused on preparation of nonmedicated carmellose-based films
using both solvent casting and impregnation methods, respectively. Moreover, a modern approach to evaluation of mucoadhesive
films applying analysis of texture and subsequentmultivariate data analysis was used. In this experiment, puncture strength strongly
correlated with tensile strength and could be used to obtain necessary information about the mechanical film characteristics
in films prepared using both methods. Puncture work and tensile work were not correlated in films prepared using the solvent
casting method, as increasing the amount of glycerol led to an increase in the puncture work in thinner films. All measured texture
parameters in films prepared by impregnation were significantly smaller compared to films prepared by solvent casting. Moreover,
a relationship between the amount of glycerol and film thickness was observed, and a greater recalculated tensile/puncture strength
was needed for an increased thickness in films prepared by impregnation.

1. Introduction

The oral cavity and its mucosa represent an attractive region
for local and systemic applications of many active pharma-
ceutical ingredients. Direct absorption of drugs through the
oral mucosa into systemic circulation circumvents undesir-
able hepatic metabolism (first-pass effect) and leads to higher
bioavailability and faster onset of the action [1]. The lower
enzymatic activity in the oral cavity compared to further
parts of gastrointestinal tract limits the possibility of drug
degradation, thus presenting yet another advantage [2].

The wide range of innovative dosage forms based on
mucoadhesive polymers [3] for application to oral mucosa
could be an attractive alternative to conventional dosage

forms (oral rinses, gels, and pastes) for a number of reasons,
such as extended residence time at the application site leading
to prolonged therapeutic effect, easy manipulation, painless
application, and possibility of preparation removal in the case
of adverse drug effect [4]. Mucoadhesive oral films (MOFs)
are preferred overmucoadhesive tablets because they are thin
and flexible, which reduces uncomfortable feelings during
normal activities such as eating, drinking, and speaking.
Moreover, they can play the role of lesion dressings, which
could minimize further irritation and reduce pain at the site
of application [5].

MOFs as an innovative rapidly developed dosage form,
recently also listed in European Pharmacopoeia, can be
formulated for the application of a wide range of drugs
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for local or systemic therapy. Investigated mucoadhesive
delivery systems for local action include, for example, anti-
septics (chlorhexidine, cetylpyridinium chloride), antibiotics
(ciprofloxacin, ofloxacin, and tetracycline), antifungal drugs
(miconazole, nystatin, and clotrimazole), local anaesthetics
(lidocaine, tetracaine), and other drugs for treatment of oral
diseases such as recurrent aphthous stomatitis and others
[6, 7]. Numerous drugs were investigated as possible active
ingredients for oral mucoadhesive films with systemic action.
These include peptidic hormones degradable in lower parts
of the gastrointestinal tract (insulin, calcitonin, and oxytoc-
in), antihypertensive drugs (metoprolol, carvedilol, nifedip-
ine, and losartan), analgetics (particularly opioid drugs as
buprenorphine or fentanyl—registered buccal films Onsolis
and Breakyl), or drugs used for the treatment of asthma
(salbutamol, terbutaline), diabetes (glipizide, glibenclamide),
and other diseases [7].

The most widely used technology for the formulation of
oral mucoadhesive films is the solvent casting method using
homogenous dispersions of active ingredients and excipients.
These liquid mixtures are poured into the casting moulds
and the solvent is evaporated. Problems that may occur when
employing this technology include inadequate rheological
properties of the solution or suspension (high viscosity may
affect dosing accuracy), entrapped air bubbles, insufficient
content uniformity, and residual solvents presented in the
final dosage form [2].

The second technology used for preparing MOFs is hot-
melt extrusion, widely used in plastics and metal processing
and the food industry. This method of MOF preparation
was optimized by Repka et al. [8]. The principle of this
method is controlled extrusion of the molten raw material
through an orifice (the die) onto rolls which form the final
homogenous sheets of film [9]. The described technology
has many advantages in comparison with the solvent casting
method, such as greater time effectiveness due to shorter
processing time, no need of solvents (and therefore no
solvent residues in the final dosage form), high stability of
prepared films, and improved solubility and bioavailability
of poorly soluble drugs. The relevant disadvantage is the
requirement of thermal stability in all materials, moisture
free components, limited and expensive excipients, and
the requirement of specialized equipment [10]. Alternative
methods for manufacturing MOFs consist of compressing
or freeze-drying polymer powders and mixtures or printing
active pharmaceutical ingredients onto a base film layer [11,
12].

A frequently discussed topic connected to MOFs is their
evaluation, as authorized methods for testing this innovative
medical form have still not been defined. European Pharma-
copoeia describes only a dissolution test [13]. Authorised and
justified methods for solid dosage forms (tablets, capsules,
etc.) are usually unsuitable, cannot be used, or provide
results which are irrelevant in the context of MOFs. Methods
used to evaluate therapeutic transdermal systems seem to
be suitable, but they must be significantly modified and
special equipment is needed, for example, amodified physical
balance for measuring mucoadhesive strength [14].

One suitable solution could be found in the innovative
and sophisticated use of a texture analyzer, a special device
widely used in the food and cosmetic industry, which has
recently been also introduced into the pharmaceutical indus-
try for evaluation of several dosage forms (tablets, semisolid
preparations) and packaging (extrusion of ointment from the
tube, etc.) [15, 16].

The texture (relations in the internal structure) of MOFs
significantly affects their physicomechanical (strength, elas-
ticity, durability, etc.) as well as mucoadhesive properties
(residence time, water uptake, mucoadhesive strength, etc.),
which together form the basis of dosage form with nonprob-
lematic application, prolonged residence time, nonirritating
properties, and easy handling and packaging, resulting in
better patient compliance and higher therapy effectiveness.

For this reason, one of the modern trends in the evalua-
tion ofMOFs’ properties could become the seeking of mutual
relations between their texture and other in vitro or in vivo
properties using multivariate data analysis.

There are two basic tests suitable for evaluation of films’
durability against tension and compression using texture
analyzer. The tensile strength represents the stress needed to
stretch the film until it tears. For this assessment, a texture
analyzer equipped with a special probe with two clamps is
used. The influence of the cross-sectional area of the sample
and the speed of upper clamp movement are recorded. The
amount of the sample’s deformation, in this case, namely,
elongation, depends on the type and content ofmucoadhesive
polymer, the drug, and the amount of plasticizer [17]. Tear
resistance and porosity, which also affect the mechanical
resistance, depend upon the nature, type, and content of
the polymer. It was observed that tear resistance increases
with polymer concentration [18]. Using a texture analyzer
with cylindrical probes, the puncture test can measure the
resistance of the film against puncture. The area under
the curve and the maximum stress or strength required to
rupture the film determine its toughness [14].

The aim of the presented research was to analyze the tex-
ture of MOFs and then evaluate the influence of formulation
and process variables on mechanical properties of prepared
mucoadhesive films using multivariate data analysis. Until
now, the number of known general dependencies related to
tensile strength is limited. The presented research evaluates
also the mechanical resistance of the films against puncture
which is not usually published in scientific literature [19].
Moreover, the new modification of solvent casting method,
the method of impregnation first described by Vetchý et
al. [12], was used, evaluated, and compared to unmodified
solvent castingmethod.The presented research illustrates the
advantages of this innovative approach for evaluating oral
mucoadhesive films’ properties.

2. Material and Methods

2.1. Materials. Carmellose sodium (NaCMC), type Blanose
7LF Pharm, donated by Ashland Specialty Ingredients
(Wilmington, USA) was used (in the form of water disper-
sion) as the basic mucoadhesive and film-forming polymer.
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Table 1: Formulations of mucoadhesive films.

Sample NaCMC Glycerol Textile Water Casted amount
A1 2% 1% No 97% 18mL
A2 2% 1.5% No 96.5% 18mL
A3 2% 2% No 96% 18mL
A4 2% 2.5% No 95.5% 18mL
A5 2% 3% No 95% 18mL
B1 2% 1% No 97% 27mL
B2 2% 1.5% No 96.5% 27mL
B3 2% 2% No 96% 27mL
B4 2% 2.5% No 95.5% 27mL
B5 2% 3% No 95% 27mL
C1 2% 1% Yes 97% up to 18mL∗

C2 2% 1.5% Yes 96.5% up to 18mL∗

C3 2% 2% Yes 96% up to 18mL∗

C4 2% 2.5% Yes 95.5% up to 18mL∗

C5 2% 3% Yes 95% up to 18mL∗

D1 2% 1% Yes 97% up to 27mL∗

D2 2% 1.5% Yes 96.5% up to 27mL∗

D3 2% 2% Yes 96% up to 27mL∗

D4 2% 2.5% Yes 95.5% up to 27mL∗

D5 2% 3% Yes 95% up to 27mL∗
∗The textile was impregnated with an amount of prepared dispersion to ensure the weight of resulting films corresponded to films prepared using the solvent
casting method.

Moreover for the method of impregnation, an acid form
of carmellose in the form of nonwoven textile (Hcel HT)
donated by Holzbecher Medical (Pardubice, CZ) was incor-
porated into the structure of the MOFs. Glycerol purchased
from Dr. Kulich Pharma (Hradec Králové, CZ) was used as
a plasticizer. All the other chemicals used in this experiment
were of analytical grade.

2.2. Methods of Film Preparation. 20 samples of mucoad-
hesive oral films with different concentrations of plasticizer
(1–3%) were prepared using two different methods (Table 1).
One-half of the samples were prepared by the standard sol-
vent casting method and the second half using the innovative
impregnation method. After drying, two different shapes
of samples (25 × 25mm and 10 × 40mm) were punched
from the prepared films for the testing of physicomechanical
properties.

2.2.1. Solvent Casting Method (Sample Series A and B). Using
an automatic pipette 18mL (series A) or 27mL (series B) in
length, prepared uniform carmellose dispersions were cast
into a round plastic mold (diameter 63mm) and the solvent
was left to evaporate at 30∘C for 72 hours.

2.2.2. Impregnation Method. Nonwoven carmellose textile
was cut into circles 63mm in diameter and placed into the
casting molds. The textile was impregnated with an amount
of prepared dispersion to ensure the weight of resulting films
corresponded to films prepared using the solvent casting
method (i.e., up to 18mL in series C and up to 27mL in series

D). The solvent was similarly left to evaporate at 30∘C for 72
hours.

2.3. Testing Methods. Amodified method according to Shid-
haye was used to evaluate the mechanical properties of the
prepared films [20]. A Texture Analyzer CT3 (Brookfield,
USA) equipped with a 4.5 kg load cell and TexturePro CT
software was used to determine the tensile strength (ten.
strength) of the prepared films. Rectangular samples (10 ×
40mm) were held between two clamps of probe TA-DGA
positioned at a distance of 2 cm. The lower clamp was held
stationary and the strips of MOF were stretched by the upper
clamp moving at a rate of 0.5mm/sec until the strip tore. The
tensile work done during this process (ten. work) and the
tensile deformation/elongation of the film at the moment of
tearing (ten. def.) were also measured.Themeasurement was
repeated three times for each film sample.

The texture analyzer with probe TA39 (a cylindrical probe
with a diameter of 2mm; probe motion speed 0.5mm/sec)
was used for the puncture test. The force needed to puncture
square samples (25 × 25mm) fixed in jig TA-CJ (puncture
strength or pun. strength), the work done during this process
(puncture work or pun. work), and the deformation of the
film at the moment of puncture (puncture deformation or
pun. def.) were measured. The measurement was repeated
three times for each film sample.

Since the films were prepared in different ways (solvent
casting method or impregnation method) and had different
thicknesses, values measured by the texture analyzer were
recalculated for a film thickness of 100 𝜇m for better compar-
ison.
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Table 2: Mechanical properties of mucoadhesive films.

Sample Tensile testing Puncture testing Thickness
(mm)Strength∗

(N)
Work∗
(mJ)

Deformation∗
(mm)

Strength∗
(N)

Work∗
(mJ)

Deformation∗
(mm)

A1 26.55 ± 1.74 149.67 ± 31.31 9.18 ± 2.02 19.35 ± 0.86 22.55 ± 0.68 3.35 ± 0.07 83.76 ± 10.02
A2 18.54 ± 3.10 177.97 ± 29.62 14.27 ± 1.01 13.87 ± 1.08 20.20 ± 2.09 3.48 ± 0.11 101.69 ± 4.13
A3 14.07 ± 1.75 154.84 ± 24.40 19.77 ± 1.35 11.17 ± 2.31 23.29 ± 7.57 4.94 ± 0.71 109.90 ± 2.12
A4 7.43 ± 1.80 87.42 ± 11.11 35.56 ± 8.56 9.71 ± 2.89 34.64 ± 9.95 11.68 ± 0.36 83.84 ± 1.58
A5 4.06 ± 0.76 78.45 ± 22.73 35.78 ± 3.41 6.74 ± 0.95 24.53 ± 2.19 9.91 ± 0.34 112.05 ± 5.87
B1 20.77 ± 1.41 226.06 ± 11.19 6.50 ± 0.47 14.15 ± 1.79 18.33 ± 2.56 2.18 ± 0.20 145.70 ± 6.56
B2 15.86 ± 2.16 148.26 ± 42.46 12.04 ± 0.73 9.95 ± 1.38 21.39 ± 4.40 3.50 ± 0.22 156.18 ± 13.37
B3 5.94 ± 0.60 110.21 ± 11.47 21.02 ± 1.27 6.54 ± 1.36 21.57 ± 4.22 4.42 ± 0.07 205.13 ± 17.12
B4 5.83 ± 0.59 66.09 ± 1.83 24.71 ± 0.00 2.38 ± 0.30 12.05 ± 1.00 4.56 ± 0.17 250.85 ± 26.00
B5 0.82 ± 0.11 30.49 ± 4.56 20.89 ± 0.01 1.06 ± 0.11 6.97 ± 0.33 3.42 ± 0.14 296.64 ± 24.03
C1 10.45 ± 0.53 19.30 ± 5.16 0.96 ± 0.14 4.28 ± 0.45 3.35 ± 0.92 0.65 ± 0.08 268.17 ± 46.09
C2 7.69 ± 0.72 17.07 ± 3.32 1.22 ± 0.15 3.86 ± 0.52 4.28 ± 0.56 1.06 ± 0.03 221.46 ± 27.28
C3 5.29 ± 0.23 19.24 ± 3.85 1.18 ± 0.06 3.00 ± 0.12 3.75 ± 0.48 1.04 ± 0.04 246.93 ± 36.82
C4 4.59 ± 0.28 16.92 ± 4.28 1.41 ± 0.04 2.84 ± 0.41 3.93 ± 0.41 1.12 ± 0.07 217.33 ± 28.71
C5 3.39 ± 0.17 14.99 ± 1.69 1.10 ± 0.03 1.87 ± 0.25 3.09 ± 0.42 0.96 ± 0.04 257.23 ± 26.41
D1 17.96 ± 0.40 34.05 ± 2.33 1.22 ± 0.08 7.98 ± 0.59 5.74 ± 0.84 0.71 ± 0.05 220.00 ± 21.09
D2 12.07 ± 0.12 33.07 ± 2.86 1.31 ± 0.08 5.86 ± 0.57 5.68 ± 0.82 0.81 ± 0.06 266.97 ± 12.08
D3 7.65 ± 0.05 26.21 ± 6.85 1.30 ± 0.16 4.42 ± 0.56 4.82 ± 0.30 0.80 ± 0.07 302.97 ± 6.13
D4 4.36 ± 0.27 23.14 ± 4.04 1.25 ± 0.14 2.82 ± 0.55 4.20 ± 0.69 0.89 ± 0.09 315.90 ± 5.75
D5 3.71 ± 0.30 18.87 ± 4.92 1.13 ± 0.05 1.92 ± 0.12 2.97 ± 0.24 0.79 ± 0.11 322.70 ± 23.51
∗Recalculated for 100𝜇m film thickness.

Film thickness was measured by microscopic analysis,
using an optical microscope (STM-902 ZOOM, Opting,
CZ) and NIS Elements software. A rectangular sample was
vertically fixed in a holder, the microscope was focused on
the edge of the film, and its thickness wasmeasured at 5 places
throughout the film. This was repeated 3 times for each film
sample.

2.4. Methods of Data Analysis. The experiment was designed
as a full factorial composed of 3 variables (glycerol; film thick-
ness; nonwoven textile), where glycerol was used in 5 levels
(1%; 1.5%; 2%; 2.5%; 3%), film thickness in 2 levels (18mL,
27mL), and nonwoven textile in 2 levels (presence—yes;
absence—no). Data were initially checked using descriptive
statistics. Subsequently, exploratory evaluation of data using
PCA was carried out in order to study systematic variability
in the data, relationships among variables and objects, and
their correlations and to detect outliers. Prior to modeling,
the variables were adjusted by autoscaling, that is, mean
centering and scaling by standard deviation. MLR regression
together with ANOVA was used to identify important vari-
ables and quantitative expression of their effect. Analysis was
performed using the program Unscrambler X, v 1.3 (Camo
software).

3. Results and Discussion

The results are summarized in Table 2.

The full data set of obtained results was analyzed using
principal component analysis (PCA) models in order to
describe the systematic variability. PCA is one of the old-
est and most widely used methods to study dependencies
in multivariate data set containing multiple variables and
objects. Correlations of the original variables are evaluated
on the basis of a smaller number of latent variables, the so-
called principal component (PC), which represent a part of
total variability. Their advantage is that they are independent
(orthogonal), which greatly simplifies interpretation.

The PCA biplot (Figure 1) shows the variability of objects
and variables in the area of the first two components.
A presence/absence of nonwoven textile is shown by the
formation of two groups along the components of PC-1. The
effect of the amount of glycerol used is described along the
components of PC-2.The first two components describe 92%
of explained variance. With regard to the data structure,
further PCA models were calculated separately for the data
group with and without a nonwoven textile.

A PCAmodel was constructed for data of films without a
nonwoven textile. A systematic distribution of objects along
the PC-1 depending on the content of glycerol in the films is
shown in the scores plot (Figure 2(a)). The data distribution
of the films with higher concentrations of glycerol (2.5%,
3%) is divided into two branches along the PC-2 component,
which can be assigned to the variable pun. work. The cor-
relation loadings plot (Figure 2(b)) together with the scores
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Objects are labeled according to design parameters: %(glycerol) ml(casted amount).

plot (Figure 2(a)) shows that puncture work was influenced
by the thickness of the film differently compared to the rest of
film characteristics, as the opposite effect in films containing
2.5–3% of glycerol was observed. The increased amount of
glycerol in films C4 and C5 (18mL) led to an increase in
puncture work and conversely to a decrease in this work
in films D4 and D5 (27mL). The effect of the amount of
glycerol used is well described by the parameters of the
texture analysis located along PC-1 (Figure 2(b)). Moreover,
some parameters are strongly correlated, both positively
and negatively. Correlated parameters have the potential to
explain a similar part of variability in the data. This may
have the practical consequence of using only one of the
parameters to obtain the necessary information about the
film characteristics. Puncture strength, tensile strength, and
tensile work positively correlated, and tensile deformation
negatively correlated with these parameters.

A separate PCA model for the data of films with a
nonwoven textile was further calculated. The correlation
loadings plot (Figure 3(b)) describes the relationship between
variables in the data. In particular, variability of strongly
correlated variables of tensile strength and tensile work,

puncture strength and, in the specific case of these nonwoven
textile films, puncture work are explained to some extent
by the distribution of films into two groups according to
their thicknesses (Figure 3(a)). Thicker films (27mL) have a
greater variability depending on the amount of glycerol as
compared to thinner films (18mL) which reflects different
variance of each group along PC-1 and PC-2, respectively.

MLR regression was performed to better explain the
effect of formulation parameters on the parametersmeasured
by texture analysis. Using ANOVA (analysis of variance),
model significance was tested and was also used to evaluate
individual effects and interaction effects. Goodness of fit coef-
ficients was used to evaluate the models: 𝑅-square described
explained variance of the model, 𝑅-square of prediction
expressed predictive ability of themodel, and C.V. (coefficient
of variation) was expressed as a percentage of themean.MLR
models were calculated for two levels of each variable (min,
max), which made interpretation easier. The output of the
selectedMLRmodelswas interaction plotswhich represented
an average value effect of one factor dependent upon the level
of the second factor.
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Table 3: Models for films without nonwoven textile.

Pen. strength Pen. work Pen. def. Ten. strength Ten. work Ten. def.

Significance (𝑃 value)

Model 0.000 0.000 0.000 0.000 0.000 0.000
mL of glycerol 0.000 0.002 0.000 0.000 0.000 0.000
Thickness 0.000 0.000 0.000 0.000 0.284 0.000

mL of glycerol ∗ thickness 0.711 0.000 0.000 0.100 0.001 0.009

Goodness of fit
𝑅-square 0.98 0.96 0.97 0.99 0.95 0.97

𝑅-square prediction 0.96 0.91 0.93 0.98 0.89 0.93
C.V. in % 10.65 9.55 14.22 9.05 16.53 14.79
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Figure 4: Interaction plot; effect of amount of glycerol on tensile
strength at various thicknesses of films without nonwoven textile.

The characteristics of models for films without a nonwo-
ven textile are summarized in Table 3. Until now, a general
observation is known that the deformation/elongation of film
increases with plasticizer content [14, 21]. In this experiment,
it was found that puncture strength and tensile strength had
similar regression characteristics.The effect of the interaction
between the amount of glycerol and the film thickness did not
occur as shown in Figure 4 where the lines are parallel; that
is, increase in the amount of glycerol from 1% to 3% led to
approximately the same decrease in the recalculated tensile
strength for both film thicknesses. Greater recalculated ten-
sile strength and puncture strength were needed for thinner
films (dashed line). A greater recalculated tensile strength
was also found for thinner films containing NaCMC and
propylene glycol as plasticizer in Verma and Chattopadhyay’s
experiment [22]. Puncture work and tensile work were not
correlated; therefore texture characteristics are manifested
differently in graphs of interactions (Figures 5(a) and 5(b)).

Characteristics of models for films with a nonwoven
textile are summarized in Table 4. In general, all measured
texture parameters were significantly smaller compared to
films without the nonwoven textile. Unlike films without
a nonwoven textile, interaction between the amount of
glycerol and film thickness was observed. The results show
that the best texture parameter for describing dependence
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Figure 5: Interaction plot; (a) effect of the amount of glycerol on
puncture work at various thicknesses of films without nonwoven
textile; (b) effect of the amount of glycerol on tensile work at various
thicknesses of films without nonwoven textile.

between the amount of glycerol and film thickness was tensile
strength with excellent regression characteristics, followed
by puncture strength. These parameters were again strongly
correlated but increasing the amount of glycerol from 1% to
3% did not lead to a decrease similar to that in the films
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Table 4: Models for films with nonwoven textile.

Pen. strength Pen. work Pen. def. Ten. strength Ten. work Ten. def.

Significance (𝑃 value)

Model 0.000 0.003 0.006 0.000 0.000 0.049
mL of glycerol 0.000 0.004 0.002 0.000 0.000 0.803
Thickness 0.000 0.018 0.284 0.000 0.002 0.029

mL of glycerol ∗ thickness 0.000 0.012 0.033 0.000 0.007 0.052

Goodness of fit
𝑅-square 0.98 0.81 0.77 1.00 0.90 0.61

𝑅-square prediction 0.96 0.58 0.49 0.99 0.77 0.11
C.V. in % 9.83 17.64 9.97 4.67 14.46 8.15
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Figure 6: Interaction plot; effect of the amount of glycerol on tensile
strength at various thicknesses of films with nonwoven textile.
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Figure 7: Interaction plot; effect of the amount of glycerol on the
work done during film puncture at various thicknesses of films with
nonwoven textile.

without a nonwoven textile (Table 2). Figure 6 shows that
film thickness significantly affects tensile strength for 1%
concentration of glycerol. Film thickness had practically no
effect on filmswith 3%of glycerol. Greater recalculated tensile

strength and puncture strength, respectively, were needed
for thicker films (solid line), unlike films without nonwoven
textile. The concentration of glycerol was a parameter which
had a strong negative effect on tensile strength; that is, a
high concentration of glycerol led to low tensile strength,
regardless of the film thickness. Another suitable parameter
to describe the dependence between the amount of glycerol
and film thickness was tensile work. Again, film thickness
affected tensile work and puncture work in films with a lower
amount of glycerol and had almost no effect on films with
higher amounts of glycerol (Figure 7).

4. Conclusion

New dependencies between formulation, process variables,
and parameters describingmechanical properties ofmucoad-
hesive films based on NaCMC were discovered. Puncture
strength was strongly correlated with tensile strength and
could be used to obtain necessary information about the
mechanical characteristics of films. Puncture work and ten-
sile work were not correlated in films prepared using the
unmodified solvent casting method; increasing the amount
of glycerol led to an increase in the puncture work in
thinner films. All measured texture parameters in films
prepared using the modified solvent casting method were
significantly smaller compared to films without a nonwoven
textile. Moreover, unlike films without a nonwoven textile, a
relationship between the amount of glycerol and film thick-
ness was observed, and greater recalculated tensile strength
and puncture strength, respectively, were needed for thicker
films with a nonwoven textile.
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Although methods exist to readily determine the particle size distribution (PSD) of an active pharmaceutical ingredient (API)
before its formulation into a final product, the primary challenge is to develop a method to determine the PSD of APIs in a finished
tablet. To address the limitations of existing PSD methods, we used hot-stage microscopy to observe tablet disintegration during
temperature change and, thus, reveal the API particles in a tablet. Bothmechanical and liquid disintegration were evaluated after we
had identified optimummilling time for mechanical disintegration and optimum volume of water for liquid disintegration. In each
case, hot-stage micrographs, taken before and after the API melting point, were compared with image analysis software to obtain
the PSDs. Then, the PSDs of the APIs from the disintegrated tablets were compared with the PSDs of raw APIs. Good agreement
was obtained, thereby confirming the robustness of our methodology. The availability of such a method equips pharmaceutical
scientists with an in vitro assessment method that will more reliably determine the PSD of active substances in finished tablets.

1. Introduction

Particle size distribution is one of themost important physical
parameters of the starting materials as well as the finished
products of pharmaceutical solid dosage forms [1]. On the
one hand, particle size distribution of a pharmaceutical
solid governs its bulk properties such as flowability, which
determines the processability of the starting and intermediate
materials and finished products during the manufacturing
process. On the other hand, particle size distribution (PSD) of
either the excipients or the active pharmaceutical ingredients
(APIs) has a profound effect on drug dissolution, bioavail-
ability, stability, and content uniformity, thereby determining
the safety, efficacy, and quality of the finished products.
Therefore, the analysis and control of particle size distribution
of both the excipients and APIs are often an essential part of
pharmaceutical product development [2–4].

Tablet formulations typically contain, in addition to an
API, sugars and a number of insoluble excipients, which
may include microcrystalline cellulose, magnesium stearate,
calcium phosphate anhydrous, pigments, and other ingre-
dients. However, excipients often exhibit a broad PSD and

a substantial number of excipients may occur in the same size
range as the drug substance. This complicates determination
of the drug substance. In addition, the majority of APIs and
excipients are white powders with rarely predictable particle
shape and size. Morphology is usually the only useful clue on
how to distinguish API particles in almost all cases of white
substances. This leads to inclusion of excipient particles into
assessment of an API PSD [5]. In relation to limitations of
existing PSD methods, we investigated a methodology for
PSD determination based on hot-stage microscopy.

Hot-stage microscopy has been already used for the char-
acterization of pharmaceutical substances. For example, Vitez
et al. used hot-stage microscopy for observing polymorphic
phase transformations of an API [6]. It is frequently used
as a complementary technique to DSC during compatibility
analyses [7]. Similar usage of this technique can be easily
found in the literature. It is obvious that hot-stagemicroscopy
is becoming a routine analytical tool for system observation
over temperature [8].

Spectral techniques such as FTIR or Raman mapping
are sometimes used for the approximation of particle size
of drug substance in a tablet [9]. These techniques require
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Table 1: List of used APIs, excipients, their melting points, and composition of mixture and tablets.

Tadalafil Meloxicam Calcium
carbonate Methocel Lactose

monohydrate
Avicel
PH102

Colloidal
silicon
dioxide

Crospovidone Magnesium
stearate Povidone

Melting
point [∘C] 286–295 242–250 825 225–230 214–216 260–275 1600 150–180 117–150 150–180

Mixture 1 e e
TFL Tbl 1 e e e e e
ME Tbl 1 e e e e e e
ME Tbl 2 e e e e e e e

a high quality cut of tablet. Methods of the cut preparation
are described in our previous puplication [10]. A result map
provides the spatial distributions of the various components
within a sample by different colors. However, this does
not preclude API particles agglomerate formation and the
detection of agglomerates as single particles. It should be
noted that images often cannot differentiate between a large
particle and agglomerated particles [11]. Thus, a chemical
distribution within the image is often described in terms
of the “domain” size rather than the particle size [12, 13].
Comparison of the results of spectral mapping and hot-stage
microscopy could be useful for discovering API agglomerates
in a drug product.

2. Materials

2.1. Raw Materials. We used tadalafil and meloxicam as
model APIs. Tadalafil is a phosphodiesterase-5 inhibitor used
for a treatment of the erectile dysfunction [14–17].Meloxicam
is a nonsteroidal anti-inflammatory drug with an analgesic
and fever reducer effect [18]. Common excipients were used
with APIs to create an experimental mixture and model
tablets. The list of compounds used and their melting points
are shown in Table 1, as well as the composition of themixture
and tablets which are made of them.

2.2. Mixture 1. Mixture 1 consists of tadalafil (50%) and
Methocel (50%). Mixture 1 was used for the demonstration
of hot-stage microscopy as a useful technique in early stage
of our work.

2.3. TFL Tbl 1. Tablets TFL Tbl 1 were prepared by direct
compression of tadalafil (10%), calcium carbonate (39%),
lactose monohydrate (46.2%), silicon dioxide (2.7%), and
magnesium stearate (2.1%).

2.4. ME Tbl 1. TabletsME Tbl 1 were prepared by direct com-
pression of meloxicam (9.9%), lactose monohydrate (15.3%),
Avicel PH102 (50.3%), silicon dioxide (1.6%), crospovidone
(14.4%), and magnesium stearate (9.6%).

2.5. ME Tbl 2. Tablets ME Tbl 2 were prepared by com-
pression of granules. Povidone was used as a granulation
binder. Granules were made of meloxicam (9.6%), lactose
monohydrate (14.9%), Avicel PH102 (48.8%), silicon dioxide

(1.5%), crospovidone (13.9%), magnesium stearate (9.3%),
and povidone (3%).

3. Methods

A tablet must first be disintegrated before analysis as hotstage
microscopywas used for observation of solid powdermixture
over change in temperature.

3.1. Mechanical Disintegration of Tablets. The mechanical
method of powder preparation from a tablet is shortly
described in the publication from Koradia et al. A small
portion of a tablet core is pressed lightly between two glass
slides. We consider this procedure suitable only for softer
tablets [8]. Conversely, mechanical crushing of a tablet may
cause breaking of a tablet as well as individual particles.
Because of this, it was necessary to assess the dependency of
particles size reduction on milling time.

3.2. Liquid Disintegration of Tablets. This method of disin-
tegration is based on the dissolution of soluble components
followed by the filtration and drying of insoluble compo-
nents. Selected dissolution liquid must not dissolve the API.
Elimination of soluble components causes increase of API
content in the prepared powder. This is advantageous for
API’s identification by a microscope, especially in the case of
tablets with a low amount of API [19].The dependency of the
API particle size change on a volume of used disintegration
liquid was one of our experimental aims.

3.3. Analytical Methods

3.3.1. Size Analysis. The evaluations of the particle or domain
size distribution of APIs were performed with image analysis
(NIS Elements 4.11 software, LIM—Laboratory imaging spol.
s.r.o., Za drahou 171/17, Prague, Czech Republic) of hot-
stage micrographs as well as spectral images. Approximately
600 particles were evaluated in every analysis. Particle size
distributions are often reported by parameters based upon
the maximum particle size for a given percentage (10, 50,
and 90%) of sample. For this reason, PSDs were compared
by percentile 𝑑-values which are known as the lower decil—
𝑑(0.1), median—𝑑(0.5), and upper decil—𝑑(0.9).
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Figure 1: Mixture 1 at 225∘C, 275∘C, and 300∘C temperatures. No change of the system was observed from 25 to 225∘C. Methocel melted at
230∘C and tadalafil melted at 295∘C.

3.3.2. Hot-Stage Micrographs. Light microscope Nikon
eclipse Ni with LTS420 temperature controlled stage (Nikon
spol. s.r.o., K Radot́ınu 14, Prague, Czech Republic) was used
for experiments with 4x and 10x lens. Heating rate was 10∘C
per minute.

3.3.3. Spectral Images. FTIR mapping was carried out using
Nicolet iN10 MX Infrared Imaging Microscope (Thermo
Fisher Scientific-Thermo Scientific Inc., Vienna, Austria)
with OmnicSpecta software (Thermo Scientific Inc., Vienna,
Austria). Full performance leads to resolution of 6.25 𝜇m per
pixel.

4. Results and Discussion

The aim of this paper was to show hot-stage microscopy
as a suitable tool for the identification of API particles in
a mixture and disintegrated tablet. Important part of this
work was focused on finding the best parameters for tablet
disintegration by the mechanical and liquid disintegration
method. To find out the best parameters, the dependencies
of the 𝑑-values of PSDs were observed. Each experiment,
including selection of 600 API particles, was repeated five
times and variation obtained.

4.1. Identification of API with Hot-Stage Microscopy. The
principle of API identification is shown on the example of
mixture 1 (Figure 1). As tadalafil has higher melting point
thanMethocel, needle-shaped particles of tadalafil melt later.
API particles were identified by comparing pictures taken at
275∘C and 300∘C as the melting point of tadalafil is 295∘C.
The experiments were repeated until 600 particles of tadalafil
were analyzed.

Tablet TFL Tbl 1 was disintegrated to powder by a few
drops of water. Prepared powder was filtered and dried at
room temperature and used for the analyses as described.
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Figure 2: PSDs of raw tadalafil, tadalafil inmixture 1 and in TFL Tbl
1 tablets.

Three PSDs of tadalafil (raw, in mixture 1, and in TFL Tbl 1)
are compared in Figure 2. The PSDs have similar range and
occurrence of particle sizes.

4.2. Mechanical Disintegration of Tablets. Tablets ME Tbl 2
were prepared by the compression of granules and were used
for experiments. An adverse phenomenon of the mechanical
method is gradual destruction of particles over the milling
time. Figure 3 shows the change of 𝑑-values of meloxicam
particle size distributions over milling time. Reference values
of raw meloxicam were measured before formulation into
tablets. Minimal change (approximately 5 percent) of 𝑑-
values was observed at 0.5min milling time. The rapid
decrease of particle size was observed if the milling time was
longer than 0.5min.



4 BioMed Research International

0

10

20

30

40

50

Reference 0.5 1 1.5 2.5
Milling time (min)

Si
ze

 (𝜇
m

)

d(0.9)

d(0.5)

d(0.1)

Figure 3: Change of 𝑑(0.1), 𝑑(0.5), and 𝑑(0.9) of API particle size
distributions over milling time. Reference values belong to raw
meloxicam.

At first, a tablet is broken into small pieces. Then,
small pieces are milled into granules. Till some granules
are presented, smooth milling does not significantly destroy
individual particles. This is the reason why some residual
granules were presented in prepared samples and they were
discarded during image analyses.

4.3. Liquid Disintegration of Tablets. Because it was found
that granulation binders, used in the granulation process,
caused hardening of prepared powder, directly compressed
tablets ME Tbl 1 were used for these experiments. Figure 4
shows change of 𝑑-values of meloxicam PSDs over volume of
water used for the disintegration. PSD analyses were carried
out using themethod described inmechanical disintegration.
Almost no change of 𝑑-values was observed if 0.5mL of water
was used. This volume equals the volume being required
to dissolve all sufficiently soluble components of ME Tbl 1
tablet [20]. It can be calculated as a saturated solution of
all sufficiently soluble components in a tablet [21]. In our
case, more than 0.5mL of water caused partial dissolution of
meloxicam particles.

4.4. Comparison of Hot-Stage Microscopy and FTIR Mapping.
The preparation of tablet cut is described in our previous
publication [10]. FTIR map of the microtome cut of ME Tbl 1
tablet is shown in Figure 5. FTIRmapping presents “domains”
of all components (meloxicam—black, Avicel PH102—dark
grey, lactose—light grey, and crospovidone—white). Image
analysis results of meloxicam PSD, obtained from FTIR
mapping andhot-stagemicroscopy, are compared in Figure 6.
A lot of API “domains” from FTIR map are much bigger
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Figure 4: Change of 𝑑(0.1), 𝑑(0.5), and 𝑑(0.9) of meloxicam
PSDs over volume of water used. Reference values belong to raw
meloxicam.
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Figure 5: FTIR map of ME Tbl 1 cut. (meloxicam—black, Avicel
PH102—dark grey, lactose—light grey, and crospovidone—white).

than particles analyzed with hot-stage microscopy which
provides congruent results with reference PSD of meloxicam.
FTIR mapping does not seem to be suitable for an API PSD
assessment. On the other hand, comparison of FTIR map
with hot-stage microscopy allows the determination of API
agglomerates in a tablet.
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Figure 6: Results of meloxicam PSD in generic drug (ME Tbl 1)
obtained by hot-stage microscopy and by FTIR mapping.
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Figure 7: Results of failed bioequivalence study. The maximal
concentration in blood (𝐶max) of generic product is out of the
tolerance limit. Area under the curve of pharmacokinetic profile
(AUC) complies.

4.5. Application of Hot-Stage Microscopy Analysis (Case
Study). The aim of this part is to demonstrate the application
of hot-stage microscopy analysis as a routine analytical
method in the pharmaceutical industry. Bioequivalence stud-
ies are performed to demonstrate in vivo that two phar-
maceutically equivalent products (in the US) or alternative
pharmaceutical products (in the EU) are comparable in
their rate and extent of absorption [22]. For reaching the
bioequivalence, values of themaximal concentration in blood
(𝐶max), the area under the curve of pharmacokinetic profile
(AUC), and their deviations, must be situated inside the
tolerance limit. Width of the limit (from 80 to 125%) is
defined by the regulatory authorities and center point (100%)
represents relative values of 𝐶max and AUC of the reference
listed drug (RLD). As shown in Figure 7, the bioequivalence
study of generic and reference listed drug (RLD) was not
reached. We used hot-stage microscopy to compare API PSD
in the RLD and generic tablet and rawAPI used in the generic
tablet (Figure 8). The results showed a difference in PSDs of
API used in the RLD and generic tablet and helped to find out
why the bioequivalent study had notmatched in𝐶max. Higher
𝐶max of the generic tablet was truly caused by the smaller
size of API particles, as the smaller particles dissolved faster
and led to higher 𝐶max. API particles in the RLD are roughly
double the size of the particles in the generic tablet. Almost
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Figure 8: Comparison of PSD of raw API used in generic drug, API
in generic tablet, and API in the RLD tablet.

identical PSDs of the raw API and API in the generic product
confirm the robustness of the method.

5. Conclusion

The experiments demonstrated that hot-stage microscopy
and image analysis allow identification of API particles in
mixtures or in disintegrated tablets. The methodology is
based on different melting points of individual substances.
The disintegration of tablet into powder is essential for PSD
analysis by hot-stage microscopy. The mechanical disinte-
gration was suitable for both—tablets produced by direct
compression and those compressed from granules. However,
it is not recommended to completely grind a tablet into pow-
der. If all bigger particles of a tablet were milled, individual
API particles were partially broken.The liquid disintegration
was suitable only for directly compressed tablets. In case of
compressed granules, granulation binders caused hardening
of the prepared powder. The API should be insoluble or,
at least, minimally soluble in liquid. The qualitative and
quantitative composition of a tablet are required for the right
calculation of the liquid volume. The volume of the liquid
is calculated like the volume of the saturated solution of all
soluble excipients in a tablet. It was found that more API
particles are partially dissolved when a volume greater than
the calculated liquid volume is used. The elution of soluble
excipients allows the API content in the prepared powder to
be increased. The comparison of results produced by hot-
stage microscopy and FTIR mapping is considered a useful
way to identify API agglomerates in a tablet. Importantly,
hot-stage microscopy can be used as a routine tool in
pharmaceutical development for comparing particle size of
the RLD and generic product.
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