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ARTICLE INFO ABSTRACT

Keywords: The present work aimed to investigate the impact of the critical material attributes on the design space of the
Lysozyme production of lysozyme pellets with suitable biological and physical properties for the subsequent coating pro-
Polyol

cess. The effect of two brands of both lysozyme and conformation stabilizing mannitol on the behavior of the
composition in an extrusion/spheronization process was studied, while the experiments were designed according
to 23 factorial design. The kneading of the mass was carried out in a high shear granulator equipped with a
specially designed granulation chamber (Opulus Ltd, Hungary) constructed with seven built-in sensors for the
measurement of temperature and relative humidity (RH). The special chamber is a novel tool for the identifi-
cation of the critical points during processing a thermolabile drug by providing the online monitoring of critical
environmental parameters and could be used to accurately determine the effect of critical process parameters and
material attributes. The prepared samples were investigated for their biological and physical properties. It was
found that the critical material attributes have a potential effect on the production process and product quality,
and highly influence the size of the process design space. Therefore, the screening of the formulation materials is

Extrusion/spheronization
Quality by design
Design space

Material attributes

a key factor in macromolecular drug development.

1. Introduction

Flourishing in the biotechnological field has produced numerous
macromolecules, such as proteins and peptides, which play a great role
in managing and treating various diseases, e.g. autoimmune, neurode-
generative and cancer diseases [1]. Their oral delivery remains an
attractive alternative to invasive routes because it offers
cost-effectiveness as well as patient convenience and compliance [2,3].
To date, they are administered parenterally due to their low bioavail-
ability from other alternative routes of administration, including the
oral route [4]. Egg-white lysozyme occurs in many vertebrates and in-
sects, and this diversity of the source renders it the most affordable
enzyme [5]. It is harmless to human cells and effectively lyses or inhibits
the growth of several pathogens responsible for food spoilage and
food-borne diseases; therefore it has a substantial role as a preservative
in the food industry [6]. Lysozyme is commonly known as an antimi-
crobial agent mainly against Gram-positive bacteria and some fungi.
Bactericidal activity was due to an approved membrane disturbing effect
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on the peptidoglycan layers of the bacterial cell wall [7-9]. Due to
presence of an outer membrane consisting of lipopolysaccharide, lyso-
zyme is ineffective against Gram-negative bacteria, and consequently
various methods are available to expand the activity, such as conjuga-
tion and combination with a permeation enhancing agent [10]. There-
fore, its successful formulation in a stable oral solid dosage form may
contribute to managing and controlling many diseases caused as a result
of food contamination.

Compared to single unit solid dosages, multiparticulate dosages, for
example pellets, are acquiring definite priority for many reasons, such as
anticipated gastric emptying time, reduced riskiness of dose dumping,
spherical shape and hence easiness to coat, adjustable release designs, as
well as even and predictable distribution through the gastrointestinal
tract (GIT), resulting in enhanced drug dissolution, which leads to
increased bioavailability with low inter- and intra-subject variations
[11-13]. Accordingly, multiparticulates are the most suitable for the
development of an orally ingested solid dosage form to deliver a
macromolecular drug.
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The pelletization process is an agglomeration procedure that con-
verts the homogenized powders of a drug and excipients into relatively
high density, free-flowing spherical or semi-spherical units of narrow
size distribution called pellets, with a dimension of 500-1500 pm
[14-16]. Among the pellet production methods, the extrusion and
spheronization method is used frequently and is widely considered as a
potential future method, due to its ability to produce more dense spheres
with higher drug-loading capacity while retaining their small size, and
thus the process is considered more efficient than other pelletization
methods [17-19]. For pellets to be layered or coated, roundness [20]
and aspect ratio [21] are the most investigated parameters to evaluate
the suitability of pellets for sub-coating/coating processes as well as for
estimating flowability. However, in the case of a macromolecular drug
such as lysozyme, the mechanical and thermal stresses encountered
during processing into an effective dosage form should be carefully
evaluated [22] since these stresses might have a reverse effect on
enzyme activity when the moisture content is high, especially during
high shear pelletization [23]. Accordingly, the implementation of a
specially instrumented chamber for the analysis of temperature and
relative humidity and the design of experiment as tools of quality by
design could be vital to assessing the risk factors encountered during the
pelletization process and represent helpful tools for understanding the
effect of different process parameters and material characteristics on the
quality of the produced pellets.

Similarly, polyols such as glycerol, propylene glycol, trehalose and
mannitol can be used to stabilize lysozyme conformation through their
exclusion from the vicinity of macromolecules, and thus the interaction
with proteins is unfavourable. Among them, mannitol was found to
stabilize lysozyme mainly against aggregation [24,25]. Therefore,
mannitol can be used to preserve the lysozyme conformation by pre-
venting the misfolding of the enzyme, and hence the activity during the
various processing steps of pelletization might be maintained.

The present study is the continuation of a previous experiment series
[1,22], aimed at developing a multiparticulate system for lysozyme
delivery. The aim of the present phase of the study is to investigate the
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impact of the material attributes on the process design space, and
furthermore to clarify the impact of mechanical and thermal stress
encountered during the various production steps on the enzyme activity
of the prepared pellets.

2. Materials and methods
2.1. Materials

Two brands of Egg-white lysozyme (Mw: 14.3 kDa), with different
stabilities Lysoch-40000 (Handary SA, Brussels, Belgium) here referred
to as “Lyso-1” and a CAT. HY-B2237/CS-7671 (MedChemExpress,
Hungary), referred to as “Lyso-2” were used as model proteins. The
scanning electron micrographs (Fig. 1a and b) showed no considerable
differences in the size or morphology of Lyso-1 and Lyso-2, but there are
considerable differences between their stability, since Lyso-1 may be
stored under ambient conditions up to 24 month, while Lyso-2 should be
stored at —20 °C. According to our hypothesis, the poorer thermal sta-
bility may negatively affect enzymatic activity, but with careful design,
it is still possible to produce pellets of the required quality. Conventional
crystalline (Hungaropharma Ltd., Budapest, Hungary) and directly
compressible spray-dried (Pearlitol SD-200, Roquette Pharma, France)
mannitol (referred to as CM and SDM, respectively) served as confor-
mation stabilizers. The CM have big columnar/tabular crystals with
sharp edges, and wide particle size distribution (Fig. 1c), while SDM
have spherical particles with more narrower size distribution (Fig. 1d),
which may be considered as aggregates of columnar microcrystals.
Further difference that while CM is pure p form, SDM is a mixture of a
and B forms, which exerted smaller elasticity in compression studies.
Microcrystalline cellulose (Avicel pH 101, FMC Biopolymer, Philadel-
phia, USA; Mw: approx. 160 kDa) referred to as MCC, was utilized as
pellet former and drug carrier, lyophilized Micrococcus lysodeikticus
(Sigma-Aldrich, USA) was used as standard reagent for lysozyme activity
investigation.

Fig. 1. Scanning electron micrographs of lyso-1 (a), lyso-2 (b), CM (c) and SDM (d).
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2.2. Methods

2.2.1. Design of experiments

The experimental design was made according to 2% full factorial
design with one central point. The impeller speed (x;), liquid addition
rate (x2) and extrusion speed (x3) were studied as independent factors,
while the optimization parameters were: enzyme activity (y1), pellet
hardness (y2), moisture content (y3), roundness (y4) and aspect ratio
(ys5). The effect of factors and factor interactions on the optimization
parameters was evaluated statistically by using Statistica v. 13.5. soft-
ware (Tibco Statistica Inc, Palo Alto, CA, USA).

2.2.2. Homogenization

100 g of powder mixtures composed of Lyso-1 or Lyso-2, CM or SDM
and MCC in a ratio of 1:4:5, respectively, were homogenized in a
Turbula mixer (Willy A. Bachofen Maschinenfabrik, Basel, Switzerland)
for 10 min. The composition of the homogenized powder mixtures is
shown in Table 1.

2.2.3. Estimation of water quantity

The amount of the granulating liquid used to produce a moisturized
plastic mass of a powder mixture to be ideal for extrusion/spheroniza-
tion is critical, since the liquid quantity will affect the quality of the
extrudate, as well as the hardness and the sphericity of the particles [26,
27]. Therefore, the water quantity required for wet granulation was
estimated by determining the Enslin number, which is a simple mea-
surement and equals the quantity of water absorbed by 1 g of the powder
mixture (ml/g). The equipment is simple and consists of a G4 glass filter
and a pipette with 0.01 accuracy. 0.5 g of each homogenized powder
mixture was dispersed as a monolayer over a filter paper which was
placed horizontally at the bottom of the glass filter, and the maximum
water uptake was determined. The experiment was performed three
times.

2.2.4. Wet granulation

The homogenized mixtures of the powder samples were wetted and
kneaded in a ProCepT 4M8 high shear granulator (ProCepT nv. Zelzate,
Belgium) at different impeller speeds (x;) and liquid addition rates (x2).
The impeller and chopper were located vertically; the processing pa-
rameters are illustrated in Table 2 below. 60 ml of purified water was
added at different rates (—1, 0 and + 1 level), followed by 60 s wet
massing time. Wet granulation and kneading were performed in a
specially designed Teflon granulation chamber (Opulus Ltd., Szeged,
Hungary) equipped with three immersed PyroDiff® sensors (channel 1,
2 and 3) located at different heights from the bottom of the chamber and
at different distances from the chamber wall, as demonstrated in Fig. 2.
They were connected directly to a computer via an interface, and four
calibrated PyroButton-TH® sensors (ISO 17025) were equipped on the
chamber wall at different positions (at the bottom, 42 mm, 65 mm and
87 mm from the bottom). The sensors were programmed to continuously
measure the change in temperature and relative humidity (RH) in every
2 s during the granulation, at a temperature and humidity resolution of
0.0626 °C and 0.04 % RH, respectively. In addition, the infrared tem-
perature sensor of the high shear granulator was set to continuously
measure the temperature during granulation. The kneaded wet mixtures

were preserved in tightly closed containers until extrusion/
Table 1
Composition of prepared powder mixtures.
Excipients Cl (g C2(g) C3(g)
Lyso-1 10 10 -
Lyso-2 - - 10
CM 40 - 40
SDM - 40 -

MCC 50 50 50
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spheronization.

2.2.5. Extrusion and spheronization

The kneaded wet masses were extruded with a single-screw extruder
(Caleva Process Solutions Ltd., Sturminster Newton, UK), equipped with
an axial screen of 4-mm thickness and having 16 dies with a diameter of
1 mm. The extruder was equipped with a laboratory-developed water-
cooling jacket to maintain the temperature constant during extrusion.
Extrusion was performed at different extrusion rates (x3) (70, 95 and
120 rpm) and at a constant feeding rate of 5 g/min. The obtained
extrudates were preserved in moisture-retentive containers to prevent
water loss.

The extruded samples were spheronized with a Caleva MBS spher-
onizer (Caleva Process Solutions Ltd., Sturminster Newton, UK). 17 g of
each extruded sample was spheronized at a speed of 2000 rpm for 1 min
(according to the preformulation study). The obtained pellets were dried
for 24 h under ambient conditions (22 °C & 1, 31 4+ 2% RH).

2.2.6. Pellet activity investigation

The biological activity (y;) of the prepared pellets was measured via
the degradation of lyophilized Micrococcus lysodeikticus by using a
Genesys 10 S UV-VIS Spectrometer (ThermoScientific, Waltham, MA,
USA). 70 mg of lyophilized bacteria was suspended in 100 ml of phos-
phate buffer (pH 6.24), the base absorption at 450 nm was around 0.7.
The absorption of the bacterial suspension was measured for 5 min
before each test to reduce the error arising from bacterial sedimentation.
100 mg of pellet or 10 mg of crude lysozyme were dissolved in 25 ml of
phosphate buffer. 0.1 ml of pellet/or crude lysozyme solution was added
to 2.5 ml of bacterial suspension and shaken for 20 s in a quartz cuvette,
then the change in bacterial absorption was measured for 5 min. Pellet
activity was calculated from the percentage degradation of the bacterial
cells relative to crude lysozyme activity as a reference.

2.2.7. Hardness and deformation

Deformation force (yz) and behavior were investigated with a
custom-made texture analyzer; the equipment and its software were
developed at the University of Szeged, Institute of Pharmaceutical
Technology and Regulatory Affairs. The equipment consists of a sample
holder at the base and a probe moving vertically at a speed of 20 mm/
min. The test was conducted in the force range of 0-50 N. The defor-
mation characteristics and breakage force of pellets (n = 20 for each
sample) were obtained and the average and SD were calculated.

2.2.8. Moisture content

The moisture content (ys) of the prepared pellets was measured by
using a Mettler-Toledo HR73 (Mettler-Toledo Hungary Ltd., Budapest,
Hungary) halogen moisture analyzer. The moisture content of approxi-
mately 0.5 g of each sample was measured in triplicate at the drying
temperature of 105 °C until a constant weight was obtained.

2.2.9. Size and shape study

The size and shape (y4 and ys) of the prepared samples were inves-
tigated by using a system consisting of a stereomicroscope and a ring
light with a cold light source (Carl Zeiss, Oberkochen, Germany). The
images were analyzed with Leica Quantimet 500 C image analysis
software (Leica Microsystems, Wetzlar, Germany), and the area, length,
breadth, perimeter, convex perimeter, roundness and aspect ratio of 100
pellets were measured or calculated. The roundness and aspect ratio are
the most common shape parameters used to characterize the shape of
pellets and are calculated by the applied Leica Q500MC software using
the following equations:

Roundness = Perimeter’ / (4xm+Area * 1.064) (@D)]

Aspect ratio = dax/dmin (&)
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Table 2
Processing parameters of kneading, extrusion and spheronization.
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Kneading Process-1

Process-2 Process-3 Process-4 Process-5
Impeller speed (rpm) (x;) 500 (—1) 500 (-1) 1500 (+1) 1500 (+1) 1000 (0)
Liquid addition rate (ml/min) (x3) 5(-1) 10 (+1) 5(-1) 10 (+1) 7.5 (0)
Purified H,O (ml) 60 60 60 60 60
Chopper speed (rpm) 500 500 500 500 500
Extra./spheron.
Extrusion speed (x3) 70 (-1) 120 (+1) 70 (-1) 120 (+1) 70 (-1) 120 (+1) 70 (-1) 120 (+1) 95 (0)
Spher. speed (rpm) 2000 2000 2000 2000 2000 2000 2000 2000 2000
Spher. time (min) 1 1 1 1 1 1 1 1 1
Spher. amount (g) 17 17 17 17 17 17 17 17 17
Sample code LysC"-11 LysC-12 LysC-21 LysC-22 LysC-31 LysC-32 LysC-41 LysC-42 LysC-c

@ C: referring to the composition; 1, 2 and 3 for the first (C1), second (C2) and third (C3) composition, respectively.

PyroDiff sensor
distance from
bottom / wall

No1. 92mm / 30mm
No2. 34mm / 10mm
/ No3. 68mm / 20mm T

g+ Gore-Tex membrane

PB-TH sensor
distance from
bottom

Sensirion sensors

./ \
» ‘

LR &

\;4/ & \
Fig. 2. Kneading chamber showing the configuration of immersed (PyroDiff®)
and PyroButton-TH® sensors.

No1l. Omm
No2. 42mm
No3. 65mm
No4. 87mm

a

where Perimeter is the total length of boundary of the feature, Area is
calculated from the total number of detected pixels within the feature,
while dpax and dpi, are the longest and shortest Feret diameter
measured.

2.2.10. Scanning electron microscopy

The morphology and size of the raw materials were investigated by
Scanning Electron Microscope (SEM) (Hitachi 4700, Hitachi Ltd., Tokyo,
Japan). The samples were coated with a conductive gold thin layer by a
sputter coating unit (Polaron E5100, VG Microtech, UK), images were
taken at an accelerating voltage of 10.0 kV, the used air pressure was
1.3-13 mPa during the analyses. The particle size was determined using
Image J 1.47 t (National Institute of Health, Bethesda, MD, USA)
software.

3. Results and discussion

3.1. Investigation of the change in temperature and RH% during the
kneading phase

In our previous studies [1,22] an unexpected effect of the applied
kneading parameters was observed on the enzyme activity of the pre-
pared pellets. One of the key objectives of the present study was to
clarify the reason for this effect via the use of a special kneading
chamber, which enabled the determination of the variations of tem-
perature and relative humidity at representative points of the chamber.
In order to reveal if the chamber wall (Teflon) has any effect on the
behavior of the materials, we repeated the previous experiments

obtained in a glass chamber with the same quality of materials
(composition C1).

The variation of the recorded values was attributed to the sensor
location and its distance from the impeller rotation axis, as illustrated
above (Fig. 2), and the detected local temperatures may be considerably
higher than the general temperature recorded by the granulator’s own
built-in sensor [23]. The variation of temperature and humidity with the
various experimental settings can be found in the supplementary
material.

As expected, at a lower (—1) level of impeller speed, the internal
chamber temperature was relatively low and constant throughout the
wet kneading period, which is advantageous for processing thermolabile
molecules. Under these conditions, the liquid addition rate has less
impact on the temperature value, as demonstrated in Fig. 3, where the
difference between the starting and final temperatures is displayed
throughout the various experimental settings.

When operating at a higher (+1) level of impeller speed (process 3
and 4), the liquid addition rate exhibited more considerable influence on
the temperature distribution inside the chamber, although it was only
partially able to compensate for the temperature increase which was
induced by mechanical friction between the kneaded mass, impeller,
and chamber wall. Overall, the temperature change mostly depends on
impeller speed, and it exhibited a linear relation with the investigated
parameters (Eq. (3)).

(o) SRR BNE 3Ry,

Fig. 3. Temperature change in the kneading phase.
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Yar = 15409 4+10.643,; — 3.176,, — 1.633,x,

R*= 099836 Adj R?= 0.99344 MS Residual = 0.828245 3

In contrast, the variation of system relative humidity did not follow
the expectations since the increasing liquid addition rate resulted in a
reduced increment of relative humidity. This unexpected phenomenon
may be due to the insufficient equilibration time of the moisture content
on the solid-air interface. The highest increment in the system RH%
values was recorded in the central point (Fig. 4). The low adj. R? and
high curvature coefficient of the corresponding Equation (4). indicates
poor model quality, which may be due to a strong nonlinear relation-
ships between the tested factors and RH%.

Yrug =33.6158-2.3742,, —2.2925,,
R*= 0.80017 Adj R*=0.20067 MS Residual=31.4534 Curvature=10.148

4

The increasing impeller speed also decreases the general increment
in the system RH%, which may indicate that more intensive mixing
promotes the uniform distribution of moisture, which increases the
amount of the surface adsorbed fraction. Nevertheless, at a lower
impeller speed, RH% was comparable in the whole granulation cham-
ber, but increasing impeller speed resulted in greater RH% variation
with a rapid increase in RH% values throughout the granulation
chamber (Figs. S3 and S4 in the supplementary material). This may be
due to the increased evaporation rate in the regions with elevated
temperature, which is supported by the similar distribution of temper-
ature and RH% values (Figs. S1 and S3 in the supplementary material).

The results confirmed our original hypothesis that there are differ-
ences in the distribution of temperature and relative humidity inside the
granulation chamber, which may result in the formation of hot spots,
which represent the critically degrading microenvironment for sensitive
drugs. Nevertheless, it should be noted that despite the similar ten-
dencies, generally better enzyme activities (See chapter 3.2) were
recorded than previously in the glass chamber (92.67 % vs. 58.98 % (5)
of enzyme activity). This phenomenon may be explained by the different
thermal conductivity of Teflon and glass (0.25 W/mK vs. 0.96-1.05 W/
mK), which will result in less localized thermal elevation and therefore
the formation of bigger hot spots in the glass chamber.

WO BN \O RN

Fig. 4. Relative humidity change in the kneading phase.
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3.2. Investigation of the impact of material attributes on pellet quality

Despite the considerable variation in temperature and humidity
distribution, the detected maximum temperatures (Fig. 5) are good in-
dicators of material behavior during the kneading phase.

It is clearly visible that at low shear rates (process 1 and 2) there is no
difference in the recorded temperature. In contrast, at high levels of
impeller speed and low levels of liquid addition, C2 exhibited consid-
erably lower maximum temperature compared to C1 and C3. Schaefer
and Mathiesen and Kristo et al. reported that the increase in temperature
in high shear granulation is mainly attributed to the conversion of me-
chanical energy input into heat of friction within the moist mass [23,
28]. Therefore, the lower temperature elevation upon high mechanical
attrition may be due to the better deformation properties of SDM over
CM.

The temperature excess arising in the case of C1 may be compensated
for by the cooling effect of an increased liquid addition rate while it is
related only to the presence of CM. However, if CM is combined with
lyso-2 in C3, the further increasing friction results in a much higher
temperature than a composite containing SD lyso-1 (C1 and C2), despite
the increased liquid addition rate. In conclusion, in spite of the general
physicochemical similarities and similar liquid uptake pattern (0.6 ml/
g) of the SD and C form of raw materials, the material attributes showed
obvious differences in thermal behavior upon the applied mechanical
stress, especially at higher shear rates. This finding is supported by Hulse
et al., who reported that despite the similarity in the thermal behavior of
CM and its different forms such as SDM, a full characterization is
required as a preformulation step because these polymorphs are dis-
similar in their physical properties [29]. Overall, the method of raw
material production (i.e. conventional crystallization, or spray drying)
has an effect on the thermomechanical response upon exposure to higher
mechanical stress and may considerably influence the critical quality
attributes of the final product (Tables 3-5).

3.2.1. Biological activity

For a macromolecular drug (such as lysozyme) to be formulated into
multiparticulates, biological activity is the most important criterion that
should be retained for the finished product, particularly when
manufacturing processes operate at high shear rates, usually accompa-
nied with an elevation of temperature and high attrition. Accordingly,
biological activity might be diminished as a result of protein folding or
denaturation.

The statistically obtained equations describing the relationship be-
tween factors xj, Xp and x3, and the optimization parameter (y;) are
listed below. The statistically significant factor coefficients are shown in
bold. The second subscript number of the optimization parameters (y)
refers to the composition (C1, C2 or C3). The coefficients of the factors
(variables) and their interactions show the changes in the optimization
parameters when the value of the variable increased from 0 to +1 level.
In order to get a good fit by increasing the adez values, some unnec-
essary elements have been omitted from the equations.

¥11=92.267—0.597; +3.314x, —4.926,3 +3.7491x0 — 5.5501x3 — 2. 7861253
R?,4;=0.9814MS Residual=1.667 Curv. coeff.=—3.282

(5)
Y, = 96.56 +4.00,; +1.51,, — 1.89,1,5 — 3.00,1,3 + 4.78.5.5 + 1.18,1,2:3
Rzadj = 0.9995MS Residual = 0.0369Curv. coeff. = —12.41

(6)
yi3 = 81.45 — 4.504 + 1.375 + 2.75x3 — 1.49% 10 — 1.29¢153 + 0.464150x3
Rzadj = 0.9771MS Residual = 1.3337Curv. coeff. = —14.78

)

The average enzyme activity was relatively high (92.267 % and

96.56%) for C1 and C2 (Egs. (5) and (6), respectively). However, while
there were no statistically significant coefficients for Cl1, for C2 the
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60 == Composition 1 —Composition 2 Composition 3

w
o

H
o

Max. temperature (°C)
S 3

-
o

% %, 500(1) 500 (-1)

X 5(-1) 10 (+1)

1500 (+1) 1500 (+1) 1000 (0)
5(-1) 10 (+1) 7,5(0)

Fig. 5. Maximum recorded temperature under different processing conditions for the various compositions (C1, C2 and C3).

Table 3

Physical properties and biological activity of C-1-pellets.
Sample Activity% (y11) Hardness (N) (y21) MC% (ys1) Roundness (y41) Aspect ratio (ys1)
Lys1-11 95.92 15.55 + 1.67 0.93 £+ 0.02 1.13+0.13 1.14 £ 0.10
Lys1-12 92.75 13.03 £ 1.10 0.51 £+ 0.03 1.11 + 0.08 1.13 £ 0.06
Lys1-21 88.56 13.00 + 1.17 0.62 + 0.02 1.17 £ 0.10 1.18 £ 0.10
Lys1-22 111.56 11.60 + 1.24 0.44 + 0.01 1.15+ 0.10 1.16 £ 0.10
Lys1-31 90.68 14.64 + 1.54 0.59 + 0.02 1.15 + 0.07 1.16 £+ 0.07
Lys1-32 76.46 12.50 + 1.55 0.41 + 0.03 1.14 + 0.07 1.15 + 0.06
Lys1-41 96.30 14.00 £+ 1.05 0.63 + 0.02 1.14 + 0.09 1.14 + 0.06
Lys1-42 85.93 13.60 + 1.41 0.40 + 0.01 1.15+0.12 1.14 £ 0.07
Lys1-C 88.99 14.04 + 1.05 0.77 + 0.02 1.13 £ 0.10 1.13 £ 0.05

Table 4

Physical properties and biological activity of C-2 -pellets.
Sample Activity% (y12) Hardness (N) (y22) MC% (y32) Roundness (y42) Aspect ratio (ys2)
Lys2-11 89.84 13.01 +1.50 1.00 £+ 0.03 1.12 + 0.06 1.17 £ 0.07
Lys2-12 109.96 12.33 £ 1.21 0.47 £+ 0.02 1.12 + 0.06 1.17 £ 0.08
Lys2-21 89.43 11.12 +£ 1.57 1.10 £ 0.02 1.10 + 0.04 1.15 £ 0.07
Lys2-22 97.30 10.20 + 1.53 0.82 £+ 0.02 1.11 + 0.06 1.17 £ 0.08
Lys2-31 88.49 16.10 + 2.50 0.56 + 0.01 1.17 £ 0.22 1.20 £ 0.12
Lys2-32 91.91 14.44 £+ 2.53 0.40 £ 0.01 1.16 +£ 0.14 1.22 £ 0.10
Lys2-41 102.50 15.13 £+ 2.40 0.59 £ 0.02 1.14 £ 0.10 1.17 £ 0.08
Lys2-42 103.08 13.21 +1.50 0.42 £ 0.01 1.16 + 0.16 1.20 £ 0.10
Lys2-C 84.15 14.76 + 1.63 0.79 £+ 0.03 1.15+ 0.10 1.21 £ 0.10

Table 5

Physical properties and biological activity of C-3-pellets.
Sample Activity% (y13) Hardness(N) (y23) MC% (y33) Roundness (y43) Aspect ratio (ys3)
Lys3-11 79.00 15.23 + 1.64 0.93 £ 0.03 1.17 £ 0.13 1.18 £ 0.11
Lys3-12 76.47 13.35 + 2.02 0.55 + 0.02 1.17 £ 0.10 1.16 + 0.07
Lys3-21 84.81 15.26 + 2.10 0.94 £ 0.04 1.17 £ 0.13 1.17 £ 0.10
Lys3-22 74.51 13.28 + 1.58 0.65 £+ 0.02 1.16 £ 0.10 1.17 £ 0.10
Lys3-31 87.18 15.95 + 2.61 0.67 £+ 0.05 1.16 + 0.08 1.24 £ 0.10
Lys3-32 77.66 14.21 + 2.26 0.59 £ 0.03 1.20 £ 0.16 1.28 £ 0.14
Lys3-41 92.79 12.83 + 2.18 0.97 £ 0.03 1.21 £ 0.14 1.22 +£0.12
Lys3-42 79.17 11.01 +1.32 0.72 £ 0.07 1.22 +0.11 1.20 £ 0.10
Lys3-C 66.67 13.77 + 1.48 0.83 £ 0.03 1.24 £ 0.20 1.23 £ 0.10

increment of both impeller speed and liquid addition rate significantly
(p < 0.05) increased the enzyme activity (Eq. (6)). A further difference is
that in the case of C1 the increasing liquid addition rate clearly has a
positive effect (coefficients b; and b;z) on enzyme activity by the
compensation of the temperature excess caused by higher friction. In

contrast, for C2 the negative value of coefficient b5 indicates the
negative effect of a high dosing rate when ow shear rates are applied.
This supports our previous conclusion [1,22,23] that the over-wetting of
the enzyme increases its sensitivity to thermomechanical stress. The
higher biological activity of C2 and the considerably lower enzyme
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activity of C3 support our argument concerning the impact of the critical
material attributes, especially the deformability of particles, on the
quality of the macromolecular product. Consequently, the variation in
the properties of formulation excipients or a macromolecular drug re-
sults in different biological activities and different thermal behaviors in
response to the elevated mechanical stress, and the differences in factor
coefficients and interactions indicate that it will exert considerable
impact on the design space too.

3.2.2. Mechanical properties and moisture content

All the prepared pellet samples showed fairly good breaking force
(10.20-16.10 N), making them to be qualified for the subsequent
coating process, which requires the granules to be hard enough to
withstand the mechanical attrition encountered during the coating
process.

Yo = 13.49+0.1954; —0.4404, —0.808,3 +0.55541x2 +0.17353 +0.358243
Rzadj =0.9654MS Residual =0.0481Curv. coeff.=0.5500

(8

V2 =13.19+1.528,; — 0.778,, — 0.648,3 +0.228,,, — 0.248,,,3 —0.063,,,3
Rzadj =0.9999MS Residual =0.0001Curv. coeff. =1.568

©)]

¥p3 =13.89-0.390,; —0.795,, —0.928,3 — 0.785,1,2 +0.038,1,3 — 0.023,5,3
Rzadj =0.9999 MS Residual =0.0005Curv. coeff.=—0.1200

(10)

Despite the considerably high values of the coefficients, none of the
factors showed statistical significance in the case of C1 (Eq. (8)). In
contrast, their effects on C2 and C3 were clearly significant (Egs. (9) and
(10)). Increasing the impeller speed increases the hardness of C1 and C2
while decreasing the breaking force of C3, which indicates that
increasing friction has a negative influence on the bonding ability of
mechanically resistant particles. An increase in both liquid addition rate
(x2) and extrusion speed (x3) decreases hardness in all cases, which may
be related to the less uniform distribution of water and particle density,
which considerably influences the internal texture of the pellets. The
deformation of the pellets starts with a viscoelastic deformation to the
increasing load. No visible change in the shape of the pellets may be
observed during this stage. In the next phase, plastic deformation of the
pellets results in complete crushing of the pellets (Fig. 6). In some cases,
a multi-stage deformation process was observed (Fig. 6b), where the first
peak indicates the presence of microfractures due to small in-
consistencies or structural defects in the pellet texture without visible
deformations or breakage of the pellets. Therefore, peak C, which is
equal to the crushing strength, was considered as pellet hardness in all
cases.

The results revealed that the observed differences in the stability,
polymorphs or mechanical properties of the raw materials did not affect
the water uptake pattern of the various compositions (0.6 ml/g).

16700
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Therefore, the physical interactions upon liquid (water) addition and
mixing were almost similar for all formulations (C1-C3) processed
under the same experimental conditions and confirmed by the compa-
rable moisture content of the formulations processed under the same
conditions. In case of C1 and C2, a weaker model quality was observed,
which may be related to the higher values of curvature coefficients of
these compositions, which indicates certain nonlinearity of the effect of
the factors. Due to the weaker fit, the resulting models should be eval-
uated with cautions. The most considerable effect was exerted by the
extruder speed (x3), but it was found significant only for C1 (Eq. (11)).
The results indicate higher extrusion rates may repulse water from the
wet mass and so decrease the final MC of the pellets.

y3 = 0.566 — 0.059; — 0.044,, — 0.126,3 + 0.051;x» — 0.0364;x2x3 an
Rzadj = 0.8544MS Residual = 0.0045Curv. coeff. = 0.2038

Y3, =0.670 —0.178,; +0.063,, — 0.143,3 — 0.05012 4+ 0.0604,3 — 0.033 1,043
Rzadj =0.8899MS Residual =0.0072Curv. coeff.=0.1200

12)

ya3 =0.753 — 0.0154; 4+0.068,, — 0.125,3 4 0.0404x2 + 0.043 153 — 0.03341x0x3
Rzadj =0.9688MS Residual =0.0008Curv. coeff.=0.0775
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According to the literature, Colley et al. reported that increasing the
moisture content of pellets is accompanied by increasing their breaking
force up to a certain moisture content, and then further moisture will
reduce their breaking hardness [30]. However, the increase in the
moisture content in a formulation which contains macromolecules is
problematic because it reduces the long-term stability and adversely
affects biological activity [31]. Generally, the moisture content of all the
prepared samples was good (max.1.1 %) and could be maintained by
appropriate packaging and storage conditions.

3.2.3. Roundness and aspect ratio

The preformulation study showed that the maximum spheronization
time was 1 min, therefore it was kept constant for all the prepared
samples as a result of the incorporation of a higher amount of polyols,
which are hygroscopic and have a tendency to develop electrostatic
charges, thus increasing the spheronization time will lead to the sticking
of the pellets [32,33].

The roundness of all the produced samples of C1 and C2 was good
(<1.2), while C3 showed slightly higher values (<1.28). As known, the
closer roundness is to 1, the closer the sample shape is to circular,
thereby allowing the pellets to be coated effectively. According to the
literature, the sphericity of the pellets is markedly affected by the
quantity of the granulating liquid and the duration of spheronization
time [34]. The liquid addition rate had a significant effect on pellet
roundness for C1 and C2 (Egs. (14) and (15)), but significance should be
evaluated with caution in case of C1, due to the poorer model quality.
Interestingly, the increasing liquid addition rate increased the roundness

BN (2)

959
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Fig. 6. (1 and 2). Typical pellet deformation curves, A and B: viscoelastic stages of deformation and C the final collapse of the pellet.
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of C1 and C3 while decreasing the roundness of C2. This could be
attributed to the different material characteristics, especially to the
different deformation characteristics of SDM. The fact that the impeller
speed affected roundness significantly only for C2 and the significance of
the curvature coefficient of the same composition indicate that the
uniformity of liquid distribution had a significant impact on the sphe-
ricity of C2. Impeller speed also had a significant effect on the AR of C2
and C3 (Egs. (18) and (19)), it was directly proportional to AR and the
interaction of the tested factors was not significant.

V4 = 1.143 +0.010,, — 0.005,3 — 0.010,4,> + 0.005)3 14)
Rzadj = 0.8252MS Residual = 0.00005Curv. coeff. = —0.013

Yy = 1.135 4+ 0.023,; — 0.008,, + 0.005,5,3 + 0.003;x243 (15)
Rzﬂdj = 0.9733MS Residual = 0.00002Curv. coeff. = 0.015

V43 =1.18340.0155; +0.005,, +0.00555 +0.0105;5, +0.008,;53 —0.0054743
Rzadj =0.9419MS Resiudal =0.00005Curv. coeff.=0.058

(16)
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ys; = 1.15 4 0.0054, — 0.0053 — 0.013,;5> + 0.003,,3 + 0.003 ;503

R?,5; = 0.9072MS Residual = 0.00003Curv. coeff. = —0.0200 a7

ys, = 1.18140.016,; — 0.009,, 4 0.009,3 — 0.004; > 4 0.004 53 +0.004 23
R?,;; =0.9774MS Residual =0.00001Curv. coeff.=0.0275

18

ys3 = 1.20340.033,; — 0.013,, — 0.013,150 — 0.005,043 — 0.0011x043
Rzadj =0.9376MS Residual = 0.0001Curv. coeff. = 0.0275

19)

3.3. Evaluation of the changes on the process design space

It is clear from the results of the previous chapter (3.2) that the
different compositions showed considerable differences in the response
to changes in process parameters, which greatly influenced the size and
position of the process design space (DS) in the modeled knowledge
space. The DS was determined according to the recommendations of
Appendix 2 of the ICH Q8 guideline, using the following acceptance
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Fig. 7. Design space of the kneading process in case of various compositions and extruder speeds.
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criteria in case of various CQAs: enzyme activity >75 %, pellet hardness
>15 N, moisture content <1 %, aspect ratio <1.2, roundness <1.2. The
contour plots of CQAs (Figs. S5-S49) and the scheme of the determi-
nation of the DS (Fig. S50) can be found in the supplementary material,
while Fig. 7 shows the position of DS of different compositions at
different extruder speeds.

The results showed that the enzymatic activity and the moisture
content were the less limiting factors, and the DS were mostly deter-
mined by the overlapping portions of the acceptance areas of hardness
and shape parameters. Since increasing of the extruder speed generally
reduced the hardness and worsened shape parameters, this resulted in a
decrease in the size of the DS of all compositions. The results showed
that DS only partially overlap in case of the different formulations. A
liquid feed rate of 4-5 ml/min and an impeller speed of 1100-1300 rpm
and an extruder speed of 70 rpm can be used as controls for samples C1
and C2, while for sample C3 a liquid feed rate of 4-5 ml/min and
750-800 rpm min impeller speed can be used at an extruder speed of
70-95 rpm.

4. Conclusion

The specially designed granulation chamber equipped with seven
sensors was a useful tool to precisely monitor the changes in the tem-
perature and RH% during the course of high shear kneading. Therefore,
the chamber could be used effectively to produce proteins/peptides and
other thermolabile drugs, and to correlate the processing conditions
with the product quality of these drugs. The continuous monitoring of
the changes in temperature and RH% enables the precise determination
of the critical points of differently set processes and hence could be used
as a novel tool for both process analytical technology (PAT) and QbD.

This has a particular importance in case of strongly thermolabile
drugs such as lysozyme. Nevertheless, despite the predominant concept
according to which most technologist researchers think that the effect of
mechanical attrition and elevated temperature on the processed mac-
romolecules will end in an inactive product as a result of protein folding
or deterioration, present work confirmed that lysozyme could be pro-
cessed under high-shear conditions. Furthermore, we were able to prove
our hypothesis that with careful design, enzyme activity can be main-
tained as desired even when working with less stable forms of enzyme,
such as lyso-2.

It could also be concluded that the investigation of the critical ma-
terial attributes is essential not only for APIs but also for excipients
during the development stage of macromolecular drugs, since they have
a major impact on the process temperature, and therefore on biological
activity, and other product properties, which became clearer when the
mechanical energy input increased. Consequently, the evaluation of the
omitted design space is crucial from the aspect of the properties of the
formulated materials before the large-scale production of
biopharmaceuticals.
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