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Abstract: This research work presents the use of the Quality by Design (QbD) concept for
optimization of the spherical agglomeration crystallization method in the case of the active agent,
ambroxol hydrochloride (AMB HCl). AMB HCl spherical crystals were formulated by the spherical
agglomeration method, which was applied as an antisolvent technique. Spherical crystals have good
flowing properties, which makes the direct compression tableting method applicable. This means
that the amount of additives used can be reduced and smaller tablets can be formed. For the risk
assessment, LeanQbD Software was used. According to its results, four independent variables
(mixing type and time, dT (temperature difference between solvent and antisolvent), and composition
(solvent/antisolvent volume ratio)) and three dependent variables (mean particle size, aspect ratio,
and roundness) were selected. Based on these, a 2-3 mixed-level factorial design was constructed,
crystallization was accomplished, and the results were evaluated using Statistica for Windows 13
program. Product assay was performed and it was revealed that improvements in the mean particle
size (from ~13 to ~200 pm), roundness (from ~2.4 to ~1.5), aspect ratio (from ~1.7 to ~1.4), and flow
properties were observed while polymorphic transitions were avoided.

Keywords: spherical crystallization; ambroxol hydrochloride; quality by design; factorial design;
statistical analysis; powder rheology analysis; spherical morphology

1. Introduction

The last step in the production of solid-form active agents and additives is generally crystallization.
With the help of crystallization methods, not only can purification be achieved but the ideal crystal
habit and polymorphic form can also be produced. With the application of spherical crystallization
methods, the flowability and the compressibility properties of the solid materials can be improved [1].

The appropriate particle size and powder rheological properties make the material suitable for
direct tablet compression [2—4]. Direct compression improves the economic aspects by reducing the
technological process steps. It is also suitable for processing active substances into solid dosage forms,
which is not applicable in the case of wet granulation. Various excipients are used to provide the
appropriate dosage form parameters of the tablet in the powder mixture. If the active agent possesses
an ideal habit, the amount of the used additives can be reduced. In this way, the production of smaller
tablets can be accomplished, which can help patients with dysphagia.

The active pharmaceutical ingredient (API) ambroxol hydrochloride (AMB HCI), which was
chosen as the model compound, usually crystallizes in small particles (<20 pm), which causes cohesion
between the particles. AMB HCl is the salt form of ambroxol, the metabolite of bromhexine. It is
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an expectorant with mucokinetic and secretolytic properties used in the treatment of the common
cold and cough, bronchial asthma, and chronic bronchitis [5]. However, very little research has been
published on the crystallization of AMB HCl. Based on the available literature, direct compression
is used for making tablets of this compound [6]. The appropriate physicochemical properties of the
directly usable material are important.

Spherical crystallization methods are categorized into typical [7,8] and non-typical methods [9,10].
In our previous work [11], these methods were compared and the non-typical methods such as
spherical agglomeration and cooling crystallization were found to be suitable methods for the
production of ambroxol hydrochloride spherical crystals. Spherical agglomeration (SA) is usually
described as a typical [12,13] method but in our work, it is rather an antisolvent technique, which is
non-typical, due to the fact that only one solvent phase is generated. The cooling crystallization
method was implemented with the use of an alternating temperature profile [14,15]. It contains cycles
of slow heating and cooling in order to standardize the particle size. It can also be combined with
antisolvent addition.

Roundness and aspect ratio are two parameters that are able to describe the morphology of the
particles. These values equal 1.00 in the case of a sphere, which has ideal flowability. Micrometric
properties are very important for describing the compaction properties of the API [16,17]. For direct
compression, the optimal value for mean particle size is different for each active agent and additive,
and it also has a role in the surface properties of the particles. According to the literature, the mean
particle size of a powder with good flowability is around 80-1000 um [18,19].

In industrial production, it is important to carry out a risk assessment before applying new
technologies. Wrongly selected critical parameters can affect the product in a bad way, which can
negatively impact the product, resulting in financial loss. The application of the “Quality by Design”
(QbD) methodology according to The International Conference on Harmonisation of Technical
Requirements for Registration of Pharmaceuticals for Human Use (ICH) Q8 and Q9 guidelines [20,21]
is a fairly new approach in the development phase of new pharmaceutical products [22-24]. The QbD
concept is a systematic process for the assessment, control, communication, and review of risks to the
quality of the APIs through the product lifecycle. The QbD concept provides scientific-based product
development, which involves the identification of the quality target product profile (QTPP) defining the
critical quality attributes (CQAs), critical material attributes (CMAs), and critical process parameters
(CPPs), using risk assessment and optimization of data analysis with the use of design of experiments
(DoE) [25-27]. Based on the ICH Q8 (R2) guideline, the QTPP means the quality characteristics of a drug
product that optimally will be achieved to ensure the desired quality—as promised on the label—taking
into account safety and efficacy. A CQA is a physical, chemical, biological, or microbiological property
that should meet the predefined requirements to ensure the desired product quality. CQAs are usually
associated with the active ingredient, excipients, intermediates, and drug product. CQAs of solid
dosage forms affect product purity, strength, drug release, and stability. For drug substances, raw
materials, and intermediates, the CQAs can additionally include those properties (e.g., particle size
distribution, bulk density) that affect drug product CQAs. A CMA is a physical, chemical, biological,
or microbiological property or characteristic of an input material that should be within an appropriate
limit, range, or distribution to ensure the desired quality of output material. The variability of a process
parameter always has an impact on the CQAs. We call the process parameters “CPPs” if they have
a direct impact on CQAs; therefore, these should be monitored and controlled in order to produce the
desired quality (temperature, cooling rate, rotation speed, feeding rate, etc.).

Several quality management tools can be found in the ICH guideline Q9, for example, Ishikawa
diagram, Pareto analysis, and risk estimate matrix.

Based on the results of the risk assessment, which show the critical parameters of the
procedure, a factorial design can be applied. This is a simple method for screening out the optimal
parameters [28,29]. Risk assessment aims at identifying which material attributes and process
parameters potentially influence the product CQAs. Furthermore, they can help to obtain all of
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the significant factors that will be subjected to the DoE study to establish product and process design
space (DS) [30-33].

The aim of our present work was to obtain spherical crystals of the chosen API, AMB HC],
by adapting the QbD approach in the development of the spherical agglomeration method. It is another
aspect of the application of risk assessment because it is used in the context of process development
and not in the design of the final pharmaceutical product. The result is an active pharmaceutical agent
with better morphology and improved flow properties, which makes it possible to apply an easier
tableting method during the production.

2. Materials and Methods

2.1. Materials

AMB HCl was chosen as the model material and was generously supplied by Teva Pharmaceutical
Works Ltd. (Budapest, Hungary). As the mean particle size, aspect ratio, and roundness were key
parameters for our work, all of these values for the initial material and the target product are shown in
Table 1. The values of the parameters of the target product were described based on the literature and
self-made pre-experiments.

Table 1. Comparison of the initial material and the target product.

Initial Material = Target Product

Mean particle size (number-based) (um) 13 80-1000
Aspect ratio 1.67 <15
Roundness 2.37 <15

All of the applied solvents were of analytical grade. Dimethyl sulfoxide (DMSO) was purchased
from Scharlau Concept Co., Ltd. (Budapest, Hungary). Ethyl acetate (EtAc) was purchased from VWR
International (Budapest, Hungary).

2.2. Methods
2.2.1. Risk Assessment

Definition of the QTPP and Determination of CQAs, CMAs, and CPPs

The first step of a QbD approach is defining QTPPs. These are the quality, safety, and efficiency
features of a product, for example, the dosage form, the route of administration, etc. The second
step is defining the quality attributes of a product. The CQAs are derived from QTPP and prior
product knowledge. In the case of pharmaceutical development, the CQA is a physical, chemical,
biological, or microbiological property. The next step is to determine the material attributes and process
parameters that may influence the CQAs. These factors were determined based on the literature data,
pilot experiments, and personal experiences. Pilot experiments are small-volume experiments that are
usually based on visual observations of the key parameters, e.g., particle size and flow properties.

Quality Tools

During the risk assessment, two quality tools were applied: Ishikawa diagram and Pareto analysis.
Once the predominant causes have been identified, tools such as the Ishikawa diagram can be applied
to identify the root cause(s) of a problem.

Pareto analysis represents the correlations between CPPs and CQAs and it can determine the most
critical parameters to which attention must be given during development [34]. This technique helps
the identification of the critical parameters that can influence a process [35]. LeanQbD Software
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(Version 1.3.6., 2014 QbD Works LLC, Fremont, CA, USA) was used for the evaluation of risk
severity scores.

2.2.2. Factorial Design

Based on a well-established risk assessment, the dependent and independent variables of the
process can be defined. The levels of the factors have to be determined and as a next step, crystallization
needs to be carried out with the previously described factors. As a result, dependent variables can be
measured. The Statistica for Windows 13 (Palo Alto, CA, USA) program was used for the statistical
evaluation. In a factorial experiment (factorial design, FD), all levels (n) of a given factor (m) are
combined with all levels of every other factor included in the experiment, and the total number of
experiments is “n-m” [36]. In this case, a 2-3 mixed-level factorial design was used, 36 experiments
were planned, and, based on the coefficients, polynomial correlations were defined and the significance
of the factors was determined.

2.2.3. Crystallization

The applied crystallization method was spherical agglomeration, which is an antisolvent
technique for the production of spherical crystals. In our case, the antisolvent was ethyl acetate
and the solvent for the active pharmaceutical ingredient, AMB-HCI, was DMSO. The saturation of
the solution was 440 mg/mL. The temperature difference between the solvents (dT) was set and then
the nearly-saturated solution was fed into the antisolvent while agitating the system. Agitation was
carried out with a Heidolph Titramax 101 horizontal shaker (Schwabach, St, Louisville, KY, USA) set
to 150 rpm. The crystals were produced in a double-walled vessel in the volume of 78 mL and with the
exact geometrical parameters shown in Figure 1.
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Figure 1. The geometrical parameters of the double-walled vessel used for the production of the
spherical agglomerates.

During the crystallization procedure, the temperature was controlled by a Julabo F32-ED
Refrigerated /Heating Circulator® (Seelbach, St, Louisville, KY, USA). After crystallization with the
chosen parameters, the products were separated by vacuum filtration, washed with 10 mL ethyl acetate,
and then dried with a Memmert dry-heat sterilizer (Schwabach, St, Louisville, KY, USA) at 40 °C for 24 h.

2.2.4. Investigation of the Morphology

The products were examined from the aspect of mean particle size, aspect ratio, and roundness
with a LEICA Q500 MC Image Processing and Analysis System (LEICA Cambridge Ltd., Cambridge,
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UK) measuring an average of 1000 particles. Light microscopic images were also taken, which are
shown in the Results section.

2.2.5. Polymorphism

X-Ray Powder Diffractometry (XRPD)

Polymorphism was investigated by X-ray powder diffractometry (XRPD) and differential scanning
calorimetry (DSC). The diffractograms were collected with a BRUKER D8 Advance diffractometer
(Bruker AXS GmbH, Karlsruhe, Germany) system equipped with a Véantec 1 line detector (Bruker
AXS GmbH, Karlsruhe, Germany) with Cu K«1 radiation (wavelength = 1.5406 A) over the interval
3—40° 2-theta, using 40 kV and 40 mA with rotation switched on. The measurement conditions were
as follows: filter, Ni; time constant, 0.1 s; angular step 0.01°, sample holder: Si low background
sample holder.

Differential Scanning Calorimetry (DSC)

The DSC curves were collected with a Mettler Toledo DSC 821e apparatus (Mettler Toledo AG,
Greifensee, Switzerland) in the temperature interval of 25-300 °C with an Ar gas intake of 10 L/h.
Heating was linear with a heating rate of 10 °C/min. The mass of the samples was between 3 and
5 mg in a 40 pL Al sample holder.

Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the KBr pastilles of the original AMB HCI and our spherical particles were
recorded with an Avatar 330 Thermo Nicolet FTIR spectrometer (Thermo Fisher Scientific Inc., Waltham,
MA, USA) between 4000 and 400 cm ! with 128 scans at an optical resolution of 4 cm 1.

2.2.6. Powder Rheology

Flow time, angle of repose, and bulk density were measured with a Pharma Test PTG-1
powder characterization instrument (PHARMA TEST Apparatebau AG, Hainburg, Germany) with
a Teflon funnel. Tapped density was determined by STAV 2003 Stampfvolumeter (J. Engelsmann
AG, Ludwigshafen, Germany) and based on the results, the Carr index and the Hausner factor
were calculated.

2.2.7. Mechanical Strength Tests

The mechanical strength of the crystal agglomerates was numerically characterized by
an individually-developed mechanical strength tester apparatus [37]. This instrument measures
the force applied for the fracture of the particles or pellets that are put under the breaking head.
Each product was tested by breaking 20 individual particles and by calculating the mean fracture force.
The software can also represent fracture curves.

3. Results
3.1. Risk Assessment

3.1.1. Ishikawa Diagram

An Ishikawa (fishbone) diagram was constructed to identify the effects of the key material
attributes and process parameters on the development of the production of AMB HCl spherical
agglomerates with the SA method (Figure 2).
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Figure 2. Isikawa diagram for the identification of the key parameters for the production of spherical
ambroxol hydrochloride (AMB HCl) agglomerates.

3.1.2. Definition of the QTPPs and Identification of the CQAs

Based on the literature data and pilot experiments, QTTPs and CQAs were determined and are
shown in Tables 2 and 3, together with their justification. After the identification of the QTPPs and
the CQAs, the following step was to determine the critical material attributes and process parameters
(CMAs and CPPs) by risk estimation matrix (REM), which represents the potential risks associated
with each material attribute and process parameter that has a potential effect on CQAs. By assigning
low (L), medium (M), and high (H) values for each parameter, the REM of interdependence rating
between the CQAs and QTTPs was established. For the probability rating, a 1(L)-3(M)-9(H) scale was
used. The interdependences of the factors are shown in Figure 3.

Table 2. Quality target product profiles (QTPPs) of the spherical ambroxol hydrochloride (AMB HCl)
produced by the spherical agglomeration (SA) method.

QTPP Target Justification

Dosage form of this API is most commonly the tablet.
Direct compression tablet making is a simple and fast method and
is usable for active ingredients that are moisture sensitive [38].

Direct compressible

: : Direct ibl
crystalline material 1rect compressible

Larger, spherical particles possess better powder rheology
parameters, which simplifies direct tablet making. Direct
compression is an easy tableting method that avoids the long
process of granulation [39].

Morphology Larger, spherical particles

Residual solvent content

The lowest possible,
according to ICH guideline
QBC [40]

Residual solvent content is a critical parameter because of its toxic
effect to the human body if its amount is higher than a certain
described dose.

Habit

Spherical

Spherical crystals can easily roll on each other, which predestinate
better flowing properties.

Powder rheology attributes

Good flowing properties

Better flowing properties simplify industrial operability of the
powder [41].

Dosage form

Tablet

Tablet is the most common dosage form of this API [42,43].

Route of administration

Gl tract

Therapeutic effect

Expectoration improver

Ambroxol is a clinically proven systemically active mucolytic
agent. When administered orally, the onset of action occurs after
about 30 minutes [44].
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Figure 3. Selected quality target product profiles (QTPPs), critical material attributes (CMAs),
critical process parameters (CPPs), and critical quality attributes (CQAs) and their impact on the

crystallization system.
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Table 3. Critical quality attributes (CQAs) of the spherical crystal containing AMB HCL.

Quality Attributes Target Is it a CQA? Justification

Physical attributes (color,
odor, appearance)

Physical attributes are not directly related to patient

White, odorless powder  No safety; thus, it is not a critical attribute.

Particles of this size range are better applicable for
direct compression in the case of a high-dose active
agent since adherence and aggregation of the
particles are uncharacteristic [45].

Particle size Size range: 80-1000 um Yes

Low span values indicate narrow particle size
Particle size distribution = Narrow size distribution ~ Yes distribution, which makes the powder easy to
process [45].

This parameter is the measure of how closely the

shape of an object approaches that of

a mathematically perfect circle. Roundness applies in
Roundness <1.50 Yes two dimensions, but it can refer to its

three-dimensional analog, sphericity, as the image

analyzer software works in 2D. In this way, spheres

are treated as circles.

This parameter complements roundness very well.
Aspect ratio <1.50 Yes If these two are close to 1.00, it means that the
investigated object is close to a sphere or circle.

Angle of repose 25-40° [46] Yes . .
- Angle of repose, flow time, Carr index, and Hausner
Flow time 0-10 s [46] Yes factor values show the powder rheology attributes of
Carr index 1-25 [46] Yes the powder. Particles with “good” flow properties
are suitable for direct tablet making.
Hausner factor 1.00-1.34 [46] Yes

Selected QTPPs, CMAs, CPPs, and CQAs and their interdependence rating with the risk estimation
matrix (REM): L = low-risk parameter; M = medium-risk parameter; H = high-risk parameter.
(A: interdependence between CQAs and QTPPs; B: interdependence between CQAs, CMAs, and CPPs)

3.1.3. Pareto Analysis

Based on the REM results, a Pareto chart (Figure 4.) was generated showing the severity scores of
CMAs and CPPs. Mixing time and type, the temperature difference between solvent and antisolvent,
and the solvent/antisolvent ratio were the factors with the highest severity scores (above 9000).
During the following experiments, these factors were the independent variables of the factorial design.
The Pareto analysis of CQAs led us to the following conclusions: roundness, aspect ratio, and particle
size were the factors with the highest severity scores (above 200) and, according to this, these were the
dependent variables of the factorial design in the next step.
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Figure 4. Pareto diagrams of the CQAs (a) and the CMAs/CPPs (b). Low = low-risk parameter;
Medium = medium-risk parameter; High = high-risk parameter.

3.2. Factorial Design and Crystallization

A mixed 2-3-level factorial design was planned considering the critical parameters of the spherical
crystals, which were determined by small-volume pre-experiments and evaluated by LeanQbD™
Software. Mixing type (qualitative factor), mixing time, dT (temperature difference between solvent
and antisolvent), and composition (solvent/antisolvent volume ratio) functioned as independent
variables. Dependent variables of the factorial design were roundness, aspect ratio, and mean particle
size based on the severity scores of CQAs. The levels of the factors are shown in Table 4.

Table 4. The levels of the applied factors during the factorial design.

Levels

Factor Number of Levels
Low Center High
Mixing type (qualitative) horizontal shaker/marine propeller 2
Composition (solvent/antisolvent ratio) 1:5 - 1:10 2
dT (°C) 0 10 20 3
Mixing time (min) 30 90 150 3

For the factorial design, it was necessary to make 36 products for the examination of the variables,
which were as follows: mean particle size, aspect ratio, roundness, and yield.

Each crystallization was carried out three times in order to investigate the reproducibility and
then the relative standard deviation values were calculated, which showed that the methods were
reproducible. With the application of Statistica 13 for Windows software, significant factors were
determined and are summarized in Table 5. The polynomial functions of the correlations are described,
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too. In that case, several linear and quadratic factors were neglected in order to improve the adjusted
R2; however, decreasing the number of the factors led to a decrement of R2.

Table 5. Parameters and effects causing significant changes in the dependent variables of the
factorial design, applied for the SA method and the polynomial functions describing the conditions
of significance.

Dependent Variable Polynomial Function R? Adjusted R?

y =53.97 — 33.75x; — 23.60x; — 26.09x3 — 14.19x4 + 17.39x42 + 26.83x1x7 +

Mean particle size 30.32x1x3 + 17.35x1x4 — 15.20x1x42 + 31.13xpX3 + 14.95xpx4 — 24.79%ox,2 —  0.74 0.58
23.68x3x42
y =1.508 — 0.032x; + 0.032x; + 0.013x3% + 0.013x42 — 0.021x7x; — 0.040x;x3

Aspect ratio — 0.016x1x32 — 0.021xpx4 + 0.029x7x42 + 0.021x3%42 + 0.018x32x4 + 0.61 0.41
0.022x3%x42

Roundness y =1.9681 — 0.013x; + 0.119x; — 0.035x3 — 0.011x42 — 0.228x1x3 + 0.095x,x32  0.38 0.25

y =38.94 — 0.19x1 + 1.46x7 + 9.25x3 + 0.12x4 + 5.66x3% — 1.50x4% — 3.90x1%y

Yield 5
- 10.47X1X3 - 3.33X]X4 - 3.56X1X4 - 6.92X2X3

0.65 0.49

x1: Mixing type; xp: Composition; x3: Mixing time; x4: dT

Surface plot diagrams were also taken (Figure 5) to obtain more information about the parameters
that characterize the design space. Figure 5a shows the effects of changing the mixing time and
the solvent/antisolvent ratio on mean particle size. Our DS is where lower mixing time values and
composition ratios meet. This is true for Figure 5b, ¢, too. The application of lower mixing time and
solvent/antisolvent values results in particles with lower aspect ratio and roundness values.

S

=
e

3% | B
3
T sy . <15
3 [ RN
—

ws 2RI

Figure 5. Surface plot diagrams of the SA products, investigating the effect of mixing time and
solvent/antisolvent ratio on mean particle size, aspect ratio, and roundness; describing DS. Blue lines
represent the standard deviation of the data. (a) represents the surface plot diagram of the mean particle
size of the particles besides the modification of mixing time and solvent/antisolvent ratio (composition).
(b) represents the surface plot diagram of the aspect ratio values besides the modification of mixing
time and composition. (c) represents the surface plot diagram of roundness besides the modification of
mixing time and solvent/antisolvent ratio (composition).
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3.3. Polymorphism

After crystallization, it was necessary to verify that no polymorphic transitions had happened.
For this reason, XRPD, DSC, and FTIR were used and it can be claimed that the crystalline material was
of the same polymorphic form during the crystallization procedure (Figure 6). The thermal analysis
shows that the melting points were the same between 245 and 246 °C and XRD patterns appeared at

the same 2-theta values in each case.

D
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\AA_A_M_,MA\MMM
r T T T T T T T T T T T T T C .. T 1 1T T
40 60 80 100 120 140 160 180 200 220 240 260 280 3 10 2021hela‘° 30 40

Figure 6. X-ray powder diffractometry (XRPD) and differential scanning calorimetry (DSC) results of
the four products with proper mean particle size, aspect ratio, and roundness values.

FTIR spectra were also measured and those of the original material and our formulation were

compared (Figure 7).

1785
"
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Figure 7. FTIR spectra of the original AMB HCl and the spherical agglomeration product (SAB).

The FTIR of AMB HCI shows characteristic bands, for example, at 668 ecm~!, 1631 em™ L,
and 1285 cm ™! corresponding to the presence of functional groups such as aliphatic bromo compound,
secondary amine, and secondary alcohol. All the other peaks appeared at the same wavenumber
values, which mean that no undesirable reactions or polymorphic transitions happened during the
crystallization. Although the sensitivity of the FTIR method is not as high as, for example, in the case
of the GC method, it can be applied for the determination of the residual solvent content (RS) [47] and,
based on our results, it can be claimed that the RS was under the detection limit.

3.4. Light Microscopy Investigations

During the statistical evaluation of the factorial design of the products, it became clear that four of
them (A, B, C, D) had the correct mean particle size, aspect ratio, and roundness values compared to the
target product. Mean particle size and roundness values were determined by light microscopy analysis.
These values are shown in Table 6. Compared to the initial material, over an order of magnitude
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increase was reached and both aspect ratio and roundness values improved. Light microscopy images
were taken in order to observe more closely the morphology of the particles. Exposures of the initial
material and products A, B, C, and D are shown in Figure 8.

Table 6. Comparison of the initial material and the products made by the spherical agglomeration
method (L = low-risk parameter; M = medium-risk parameter; H = high-risk parameter).

Initial Material A B C D
Mean particle size (um) 13.12 248.17 176.82 142.50 441.53
Aspect ratio 1.67 1.34 1.43 1.45 1.40
Roundness 2.37 1.41 1.37 1.88 1.49
Yield (%) - 37.46 32.17 14.14 18.98
Applied parameters
Mixing type - Horizontal shaker
Composition - 1:5
Mixing time (min) - 90 (M) 30 (L) 90 (M) 30 (L)
dT - 0 (L) 0 (L) 10 (M) 10 (M)

\

Initial
material

Figure 8. Light microscopy measurements of the initial material and the SA products produced
with the application of different process parameters. (A) Light microscopic image of product SA (A);
(B) light microscopic image of product SA (B); (C) light microscopic image of product SA (C); (D) light
microscopic image of product SA (D). Process parameters are in Table 6.

These measurements confirmed that roundness values improved and the surface of the crystals
became generally smoother (Figure 8A-D). Based on the light microscopy images, the SA method also
enabled the production of uniform crystals.

3.5. Powder Rheology Tests

Product B was chosen for this experiment because it was produced in the highest amount (short
mixing time, dT = 0 °C). Powder rheological properties were investigated and it was revealed that
product A had far better flow properties; the Carr index and the Hausner ratio were also improved
compared to the initial material (Table 7). This can ease the tableting process (for example, direct
compression can be used instead of conventional tableting methods) and any other manipulations
during the production (e.g., loading). Therefore, in the case of direct compression tablet making,
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the amount of the additives may be reduced. In Table 7, the improvements in the powder rheological
properties are summarized.

Table 7. Improvements in the powder rheological properties comparing the initial material and the SA

(B) product.
Bulk Density ~ Tapped Density . o Carr Hausner Classification
(g/mL) (g/mL) Flow Time (s)  Angle of Repose (°) Index Factor (Carr 1965)
Imtlsll CI?MB 0.54 0.81 unmeasurable unmeasurable 32.67 1.49 Very poor
SA product 0.43 0.53 13.6 31.3 188 123 Fair

(B)

3.6. Mechanical Strength Test

Mechanical strength tests were carried out in order to examine the mechanical stability of the
crystalline material. The fracture curves of the products showed enough mechanical strength to
maintain their spherical morphology with 2.53-3.13 N of fracture forces (Table 8), which is an especially
high value regarding the mean particle size of the particles.

Table 8. Mean values of the fracture forces of SA products based on 20 measurements.

Sample Fracture Force (N)
A 295+ 0.06
B 3.02 £ 0.04
C 2.53 £ 0.07
D 3.13 £ 0.04

The fracture curves of products A, B, C, and D are shown in Figure 9.

3 TFN 3TF(N)

5 A 5 B

1] 1.

Oy 25 3 tgzs °r 25 3 t(:fs
3 TE(N) 31F(N)

5 ] C 2] D

1] 1]

0| . ts) Q| t(s)

2 25 3 35 2 25 3 35

Figure 9. Representative fracture curves of the spherical agglomerates produced by the SA method.

With a relatively long viscoelastic period, it can be claimed that the particles were resistant to
slight mechanical impacts and only a larger force could break the particles. This is advantageous in the
manufacture of a solid pharmaceutical formulation.

4. Discussion

The spherical agglomeration method was applied to the active agent AMB HCI in order to
improve its powder rheological properties, which can ease the application of direct compression tablet
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making. The crystallization method was preceded by a risk assessment. The QTPPs, CQAs, CMAs,
and CPPs were determined and the risk severity scores were evaluated by the Lean QbD program.
According to the results, independent and dependent variables for a mixed 2-3 factorial design were
determined and the factorial design was established. A total of 36 products were prepared and four of
them (A, B, C, D) were marked as “good” for further investigations. During the product assay, it was
first verified by X-ray powder diffraction (XRPD), thermal analysis (DSC), and infrared spectroscopy
(FITR) that no polymorphic transitions had happened during the crystallization procedure. With light
microscopy measurements, the mean particle size, roundness, and aspect ratio were examined and
compared to the initial material. Since these parameters improved, it means that we had obtained
smoother, larger, and more spherical crystals possessing improved powder rheological properties.
Flow time, angle of repose, bulk density, and tapped density values were measured and the Carr index
and the Hausner factor were calculated and compared to the initial material. A large improvement
in these parameters was observed. In addition, the mean particle size became appropriate for direct
compression. Larger particles have better flow properties due to their proportionally smaller surface
area, which causes easier rolling on each other and decreased adhesion forces between the particles
and tableting filling funnel. This is the topic of our next study. Mechanical strength characteristics
were also investigated in order to predict whether the products would be suitable for pharmaceutical
manipulations such as filling. It was revealed that the particles were stable and hard enough to
keep their morphology constant during these procedures. In summarizing the main discoveries
of the research, the spherical agglomeration crystallization process was applied successfully on the
compound AMB HC]J, resulting in spherical particles (140-450 um) with smooth surfaces and improved
powder rheological properties. The method was coupled with a risk assessment that was applied as
part of the process development. It is a fairly individual and economical way for the production of
AMB HCI crystals because it is based on the main impacts. The experiments were planned based on
a factorial design and, therefore, less solid material and solvents were used compared to the original
method, which starts with dozens of pre-experiments and applies an unpredictable method. Since the
largest horizontal shakers on the market can only handle a maximum of 6 L of liquid, scale-up could
be achieved but it is heavily dependent on the agitation type. It would be easier to implement with
a propeller shaker but according to the current results, the morphology improved with the application
of a horizontal shaker. The spherical crystallization could also be incorporated into the drug synthesis
phase, which would significantly shorten the time necessary for manufacturing the pharmaceutical
form because tablet making could be started from almost the same production line. Furthermore,
by improving the morphology, the granulation process could be eliminated.

Acknowledgments: This work was financially supported by Gedeon Richter’s Talentum Foundation (19-21,
Gyomréi Street, H-1103, Budapest, Hungary).

Author Contributions: Gyulai Orsolya designed the experiments, carried out the crystallization processes and
composed the manuscript. Anita Kovacs helped throughout the risk assessment. Tamas Sovany provided help
during the work with Statistica for Windows. Ildiké Cséka provided the team with the necessary theoretical
background of the QbD methodology and Zoltan Aigner supervised the whole process.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Chatterjee, A.; Gupta, M.M,; Srivastava, B. Spherical crystallization: A technique use to reform solubility
and flow property of active pharmaceutical ingredients. Int. J. Pharm. Investig. 2017, 7, 4-9. [PubMed]

2. Goczo, H.; Szabo-Revesz, P.; Farkas, B.; Hasznos-Nezdei, M.; Serwanis, S.F,; Pintye-Hodi, K.; Kasa, P;
Eros, I; Antal, I.; Marton, S. Development of spherical crystals of acetylsalicylic acid for direct tablet-making.
Chem. Pharm. Bull. 2000, 48, 1877-1881. [CrossRef] [PubMed]

3.  Kaialy, W,; Larhrib, H.; Chikwanha, B.; Shojaee, S.; Nokhodchi, A. An approach to engineer paracetamol
crystals by antisolvent crystallization technique in presence of various additives for direct compression.
Int. |. Pharm. 2014, 464, 53-64. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/28405573
http://dx.doi.org/10.1248/cpb.48.1877
http://www.ncbi.nlm.nih.gov/pubmed/11145135
http://dx.doi.org/10.1016/j.ijpharm.2014.01.026
http://www.ncbi.nlm.nih.gov/pubmed/24480534

Materials 2018, 11, 635 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

Nokhodchi, A.; Maghsoodi, M. Preparation of spherical crystal agglomerates of naproxen containing
disintegrant for direct tablet making by spherical crystallization technique. AAPS PharmSciTech 2008, 9,
54-59. [CrossRef] [PubMed]

Peralta, J.; Poderoso, J.J.; Corazza, C.; Fernandez, M.; Guerreiro, R.B.; Wiemeyer, ].C.M. Ambroxol plus
amoxicillin in the treatment of exacerbations of chronic-bronchitis. Arzneimittel-Forschung 1987, 37, 969-971.
[PubMed]

Ingredients, B.P. Generic Drug Formulations; BASF Corporation: Ludwigshafen, Germany, 2004.

Teychene, S.; Sicre, N.; Biscans, B. Is spherical crystallization without additives possible? Chem. Eng. Res. Des.
2010, 88, 1631-1638. [CrossRef]

Maghsoodi, M.; Barghi, L. Design of agglomerated crystals of ibuprofen during crystallization: Influence of
surfactant. Iran. J. Basic Med. Sci. 2011, 14, 57-66.

Kovacic, B.; Vrecer, F,; Planinsek, O. Spherical crystallization of drugs. Acta Pharm. 2012, 62, 1-14. [CrossRef]
[PubMed]

Li, X,; Yin, Q.X.; Zhang, M.].; Hou, B.H.; Bao, Y.; Gong, ].B.; Hao, H.X.; Wang, Y.L.; Wang, ].K.; Wang, Z.
Process design for antisolvent crystallization of erythromycin ethylsuccinate in oiling-out system. Ind. Eng.
Chem. Res. 2016, 55, 7484-7492. [CrossRef]

Gyulai, O.; Révész, P; Aigner, Z. Comparison study of different spherical crystallization methods of ambroxol
hydrochloride. Cryst. Growth Des. 2017, 17, 5233-5241. [CrossRef]

Pagire, SK.; Korde, S.A.; Whiteside, B.R,; Kendrick, J.; Paradkar, A. Spherical crystallization of
carbamazepine/saccharin co-crystals: Selective agglomeration and purification through surface interactions.
Cryst. Growth Des. 2013, 13, 4162-4167. [CrossRef]

Jadhav, N.R,; Pawar, A.P; Paradkar, A.R. Preparation and evaluation of talc agglomerates obtained by wet
spherical agglomeration as a substrate for coating. Pharm. Dev. Technol. 2011, 16, 152-161. [CrossRef] [PubMed]
Yang, Y.; Nagy, Z.K. Combined cooling and antisolvent crystallization in continuous mixed suspension,
mixed product removal cascade crystallizers: Steady-state and startup optimization. Ind. Eng. Chem. Res.
2015, 54, 5673-5682. [CrossRef]

Acevedo, D.; Tandy, Y.; Nagy, Z.K. Multiobjective optimization of an unseeded batch cooling crystallizer for
shape and size manipulation. Ind. Eng. Chem. Res. 2015, 54, 2156-2166. [CrossRef]

Bindra, D.S.; Desikan, S. Impact of micromeritic properties of an active pharmaceutical ingredient on its
compaction behavior. Pharm. Dev. Technol. 2015, 20, 129-138. [CrossRef] [PubMed]

Kumar, S.; Chawla, G.; Bansal, A.K. Spherical crystallization of mebendazole to improve processability.
Pharm. Dev. Technol. 2008, 13, 559-568. [CrossRef] [PubMed]

Santl, M.; Lli¢, I.; Vre&er, E; Baumgartner, S. A compressibility and compactibility study of real tableting
mixtures: The effect of granule particle size. Acta Pharm. 2012, 62, 325-340. [CrossRef] [PubMed]
McCormick, D. Evolutions in Direct Compression. Pharm. Technol. 2005, 17, 52—62.

US Food and Drug Administration. Guidance for Industry: Q8 (R2) Pharmaceutical Development; Center for
Drug Evaluation and Research: Silver Spring, MD, USA, 2009.

US Food and Drug Administration. Guidance for Industry: Q9 Quality Risk Management; US Food and Drug
Administration: Silver Spring, MD, USA, 2006.

Kovacs, A.; Berko, S.; Csanyi, E.; Csoka, I. Development of nanostructured lipid carriers containing salicyclic
acid for dermal use based on the quality by design method. Eur. J. Pharm. Sci. 2017, 99, 246-257. [CrossRef]
[PubMed]

Kirrstetter, R. GMP aspects in practice: The new ICH guidelines concerning quality: ICH Q8, Q9 and Q10.
Pharm. Ind. 2005, 67, 213-216.

Mockus, L.N.; Paul, TW.; Pease, N.A.; Harper, N.J.; Basu, PK,; Oslos, E.A.; Sacha, G.A.; Kuu, W.Y,;
Hardwick, L.M.; Karty, ].J.; et al. Quality by design in formulation and process development for a freeze-dried,
small molecule parenteral product: A case study. Pharm. Dev. Technol. 2011, 16, 549-576. [CrossRef] [PubMed]
Hales, D.; Vlase, L.; Porav, S.A.; Bodoki, A.; Barbu-Tudoran, L.; Achim, M.; Tamuta, L. A quality by design
(QBD) study on enoxaparin sodium loaded polymeric microspheres for colon-specific delivery. Eur. |.
Pharm. Sci. 2017, 100, 249-261. [CrossRef] [PubMed]

Iurian, S.; Bogdan, C.; Tomuta, I.; Szabo-Revesz, P.; Chvatal, A.; Leucuta, S.E.; Moldovan, M.; Ambrus, R.
Development of oral lyophilisates containing meloxicam nanocrystals using QBD approach. Eur. J. Pharm. Sci.
2017, 104, 356-365. [CrossRef] [PubMed]


http://dx.doi.org/10.1208/s12249-007-9019-3
http://www.ncbi.nlm.nih.gov/pubmed/18446461
http://www.ncbi.nlm.nih.gov/pubmed/3675696
http://dx.doi.org/10.1016/j.cherd.2010.02.015
http://dx.doi.org/10.2478/v10007-012-0010-5
http://www.ncbi.nlm.nih.gov/pubmed/22472445
http://dx.doi.org/10.1021/acs.iecr.6b00795
http://dx.doi.org/10.1021/acs.cgd.7b00764
http://dx.doi.org/10.1021/cg400804x
http://dx.doi.org/10.3109/10837450903544567
http://www.ncbi.nlm.nih.gov/pubmed/20105058
http://dx.doi.org/10.1021/ie5034254
http://dx.doi.org/10.1021/acs.iecr.5b00173
http://dx.doi.org/10.3109/10837450.2013.852569
http://www.ncbi.nlm.nih.gov/pubmed/24219704
http://dx.doi.org/10.1080/10837450802310180
http://www.ncbi.nlm.nih.gov/pubmed/18720249
http://dx.doi.org/10.2478/v10007-012-0028-8
http://www.ncbi.nlm.nih.gov/pubmed/23470346
http://dx.doi.org/10.1016/j.ejps.2016.12.020
http://www.ncbi.nlm.nih.gov/pubmed/28012940
http://dx.doi.org/10.3109/10837450.2011.611138
http://www.ncbi.nlm.nih.gov/pubmed/21932931
http://dx.doi.org/10.1016/j.ejps.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28088371
http://dx.doi.org/10.1016/j.ejps.2017.04.011
http://www.ncbi.nlm.nih.gov/pubmed/28435075

Materials 2018, 11, 635 16 of 16

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

Adam, S.; Suzzi, D.; Radeke, C.; Khinast, ].G. An integrated quality by design (QBD) approach towards
design space definition of a blending unit operation by discrete element method (DEM) simulation. Eur. J.
Pharm. Sci. 2011, 42, 106-115. [CrossRef] [PubMed]

Beirao-da-Costa, S.; Duarte, C.; Moldao-Martins, M.; Beirao-da-Costa, M.L. Physical characterization of rice
starch spherical aggregates produced by spray-drying. J. Food Eng. 2011, 104, 36—42. [CrossRef]

Paradkar, A.R.; Pawar, A.P; Chordiya, ] K,; Patil, V.B.; Ketkar, A.R. Spherical crystallization of celecoxib.
Drug Dev. Ind. Pharm. 2002, 28, 1213-1220. [CrossRef] [PubMed]

Wang, J.L.; Kan, S.L.; Chen, T.; Liu, ].P. Application of quality by design (QBD) to formulation and processing of
naproxen pellets by extrusion-spheronization. Pharm. Dev. Technol. 2015, 20, 246-256. [CrossRef] [PubMed]
Pallagi, E.; Ambrus, R.; Szabo-Revesz, P.; Csoka, I. Adaptation of the quality by design concept in early
pharmaceutical development of an intranasal nanosized formulation. Int. J. Pharm. 2015, 491, 384-392.
[CrossRef] [PubMed]

Karimi, K.; Pallagi, E.; Szabo-Revesz, P.; Csoka, I.; Ambrus, R. Development of a microparticle-based dry
powder inhalation formulation of ciprofloxacin hydrochloride applying the quality by design approach.
Drug Des. Dev. Ther. 2016, 10, 3331-3343. [CrossRef] [PubMed]

Jornil, J.; Jensen, K.G.; Larsen, F; Linnet, K. Risk assessment of accidental nortriptyline poisoning:
The importance of cytochrome p450 for nortriptyline elimination investigated using a population-based
pharmacokinetic simulator. Eur. | Pharm. Sci. 2011, 44, 265-272. [CrossRef] [PubMed]

Vilfredo Pareto, A.N.P. Translation of Manuale di Economia Politica. In Manual of Political Economy; A.M.
Kelley: New York, NY, USA, 1971.

Litten, D. Project Risk and Risk Management. Available online: https://pmhut.com/project-risk-and-risk-
management (accessed on 26 March 2018).

Box, G.E.; Hunter, ].S.; Hunter, W.G. Statistics for Experimenters: Design, Innovation, and Discovery, 2nd ed.;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2005; ISBN 0-471-71813-0.

Busignies, V.; Mazel, V.; Diarra, H.; Tchoreloff, P. Role of the elasticity of pharmaceutical materials on the
interfacial mechanical strength of bilayer tablets. Int. . Pharm. 2013, 457, 260-267. [CrossRef] [PubMed]
Hirschberg, C.; Sun, C.C.; Rantanen, J. Analytical method development for powder characterization:
Visualization of the critical drug loading affecting the processability of a formulation for direct compression.
J. Pharm. Biomed. Anal. 2016, 128, 462—468. [CrossRef] [PubMed]

Patra, C.N.; Swain, S.; Mahanty, S.; Panigrahi, K.C. Design and characterization of aceclofenac and
paracetamol spherical crystals and their tableting properties. Powder Technol. 2015, 274, 446-454. [CrossRef]
International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use.
ICH Harmonised Guideline Impurities: Guideline for Residual Solvents Q3C(R6); ICH: Brussels, Belgium, 2016.
Pingali, K.C.; Saranteas, K.; Foroughi, R.; Muzzio, FJ. Practical methods for improving flow properties of
active pharmaceutical ingredients. Drug Dev. Ind. Pharm. 2009, 35, 1460-1469. [CrossRef] [PubMed]
Shaikh, K.A; Patil, S.D.; Devkhile, A.B. Development and validation of a reversed-phase HPLC method
for simultaneous estimation of ambroxol hydrochloride and azithromycin in tablet dosage form. J. Pharm.
Biomed. Anal. 2008, 48, 1481-1484. [CrossRef] [PubMed]

Gowekar, N.M.; Pande, V.V; Kasture, A.V.; Tekade, A.R.; Chandorkar, ].G. Spectrophotometric Estimation of
Ambroxol and Cetirizine Hydrochloride from Tablet Dosage Form. Pak. J. Pharm. Sci. 2007, 20, 249-250.
Vujovic, M.M.; Jokanovic, M.; Nikolic, G.M. In vitro dissolution profile study of mucolytic drug ambroxol
hydrochloride from solid oral dosage form by UHPLC-MS/MS. Hem. Ind. 2017, 71, 75-83. [CrossRef]

DFE Pharma. Introduction to Tableting by Direct Compression, in Introduction to Tableting by Direct
Compression. pp. 3-11. Available online: https://www.dfepharma.com/en/knowledge-base/oral-solid-
dose/direct-compression.aspx (accessed on 11 April 2018).

Carr, R.L. Evaluating flow properties of solids. Chem. Eng. 1965, 18, 163-168.

Grodowska, K.; Parczewski, A. Analytical methods for residual solvents determination in pharmaceutical
products. Acta Pol. Pharm. 2010, 67, 13-26. [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ejps.2010.10.013
http://www.ncbi.nlm.nih.gov/pubmed/21056102
http://dx.doi.org/10.1016/j.jfoodeng.2010.11.024
http://dx.doi.org/10.1081/DDC-120015354
http://www.ncbi.nlm.nih.gov/pubmed/12476867
http://dx.doi.org/10.3109/10837450.2014.908300
http://www.ncbi.nlm.nih.gov/pubmed/25069591
http://dx.doi.org/10.1016/j.ijpharm.2015.06.018
http://www.ncbi.nlm.nih.gov/pubmed/26134895
http://dx.doi.org/10.2147/DDDT.S116443
http://www.ncbi.nlm.nih.gov/pubmed/27784991
http://dx.doi.org/10.1016/j.ejps.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21854846
https://pmhut.com/project-risk-and-risk-management
https://pmhut.com/project-risk-and-risk-management
http://dx.doi.org/10.1016/j.ijpharm.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24055440
http://dx.doi.org/10.1016/j.jpba.2016.06.014
http://www.ncbi.nlm.nih.gov/pubmed/27368089
http://dx.doi.org/10.1016/j.powtec.2015.01.053
http://dx.doi.org/10.3109/03639040903025830
http://www.ncbi.nlm.nih.gov/pubmed/19929205
http://dx.doi.org/10.1016/j.jpba.2008.09.031
http://www.ncbi.nlm.nih.gov/pubmed/18993009
http://dx.doi.org/10.2298/HEMIND160315020V
https://www.dfepharma.com/en/knowledge-base/oral-solid-dose/direct-compression.aspx
https://www.dfepharma.com/en/knowledge-base/oral-solid-dose/direct-compression.aspx
http://www.ncbi.nlm.nih.gov/pubmed/20210075
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Risk Assessment 
	Factorial Design 
	Crystallization 
	Investigation of the Morphology 
	Polymorphism 
	Powder Rheology 
	Mechanical Strength Tests 


	Results 
	Risk Assessment 
	Ishikawa Diagram 
	Definition of the QTPPs and Identification of the CQAs 
	Pareto Analysis 

	Factorial Design and Crystallization 
	Polymorphism 
	Light Microscopy Investigations 
	Powder Rheology Tests 
	Mechanical Strength Test 

	Discussion 
	References

