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Abstract: Nanocrystal suspensions proved to be a potent enabling principle for biopharmaceutics
classification system class II drugs with dissolution limited bioavailability. In the example of itracona-
zole (ITZ) as a model drug combined with electrosteric stabilization using hydroxypropyl cellulose
(HPC-SL), sodium dodecyl sulfate (SDS) and polysorbate 80 (PS80), the impacts of formulation and
process parameters of a dual centrifugal mill on material attributes such as particle size, zeta potential,
particle morphology, storage stability and especially solid-state characteristics were evaluated. A
minimal concentration of 0.9% (w/w) HPC-SL, 0.14% (w/w) SDS and 0.07% (w/w) PS80 was necessary
for sufficient nanoparticle stabilization. Despite the minor effect of PS80, its presence was beneficial
for electrosteric stabilization. Choosing lower stabilizer concentrations resulted in a pronounced
increase in particle size due to agglomeration, which was confirmed by SEM imaging and a decrease
in zeta potential in combination with an amorphization of the particles. Milling temperature had
no significant impact on the particle size, whereas milling speed and the size of the milling beads
used were found to have a strong impact on the critical material attributes such as particle size and
polydispersity index. The smallest particle sizes could be obtained by using the smallest milling
bead size. However, the smallest obtainable particle size could only be achieved by using two-fold
stabilizer concentrations, as smaller particles exhibit a larger specific surface area.

Keywords: dual centrifugation; itraconazole; media milling; nanocrystals; nanosuspension;
agglomeration; amorphization

1. Introduction

The trend of an increasing number of poorly soluble compounds entering pharmaceu-
tical development is still ongoing. It is reported that 40% of the drugs currently marketed
and up to 75% of compounds under development are poorly water-soluble [1]. As an
increase in surface area leads to a faster dissolution rate and a potentially higher kinetic
solubility [2], one approach to enhance bioavailability is the reduction of particle size to
generate nanosuspensions.

In the last few years, over 50 products that comprise nanoparticles have been approved
by the FDA (U.S. Food and Drug Administration) [3]. In general, two different approaches,
known as bottom-up (e.g., precipitation) or top-down (e.g., milling) processes, can be
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used to prepare nanosuspensions. Common top-down approaches are high-pressure
homogenization and media milling. Media milling, which is also known as ‘wet stirred
media milling’ or ‘bead milling’, decreases the size of particles suspended in a liquid
by means of milling beads. Particle comminution is achieved by shear forces generated
by movement of the stabilizer medium and beads, as well as collisions of API (active
pharmaceutical ingredient)–API particles, API–wall or API–beads.

Upon milling, two different processes occur concurrently: the suspended particles
break down due to mechanical stress, and, in parallel, might also agglomerate due to
hydrophobic interparticulate forces (i.e., van der Waals forces) [4]. A decrease in particle
size results in an increased surface area. As a consequence, the Gibbs free energy is
increased, which leads to a thermodynamically unstable system that tends to reduce the
free energy by particle agglomeration, flocculation or crystal growth [5], also known as
Ostwald ripening [6,7]. To overcome these issues, a suitable stabilizer system is needed [8].
There are two main approaches to stabilize nanosuspensions, the steric stabilization by
forming a physical barrier, e.g., by polymers, and/or the electrostatic stabilization by
electrostatic repulsion. The latter mechanism is applicable for ionic stabilizers, e.g., sodium
dodecyl sulfate (SDS). According to the DLVO (Deryaguin–Landau–Verwey–Overbeek)
theory [9,10], the ionic surfactant enables the formation of an electric double layer on
the surface of the nanoparticles, resulting in repulsive forces if particles approach each
other [5]. The group of non-ionic stabilizers comprises polymers such as cellulose derivates
(e.g., hydroxy propyl cellulose, HPC) and non-ionic surfactants, for example, polysorbates
(PS). These stabilizers adsorb onto the surface of the particles and form a physical barrier
towards the other particles in the suspension. The combined stabilization approach of both
principles is known as electrosteric stabilization [4]. The composition and concentration of
the stabilizer system is of utmost importance during the development of a nanosuspension
formulation. In addition to the particle size, there are several other attributes that should
be considered critical for the development of nanosuspensions, such as particle shape and
morphology, solid-state properties, and chemical and physical stability. For investigating
these parameters at material limited conditions during early formulation development,
small scale milling approaches are required.

In this study, the preparation of nanosuspensions was carried out using a novel cen-
trifugal mill that consists of a rotor with two sample adapters (ZentriMix; Andreas Hettich
GmbH & Co. KG, Tuttlingen, Germany). Each sample adapter facilitates a secondary
rotation (in addition to the rotor’s rotation), which is called dual centrifugation. This leads
to a very high grinding energy. Further details concerning the ZentriMix can be found in
an article by Hagedorn et al. [11]. Moreover, the rotor holds four samples to be processed
simultaneously at a very small batch size of 5.5 g. As a biopharmaceutics classification
system class II model compound, itraconazole was used because of its very low solubility
of ~1 ng/mL in water and its high lipophilicity (logP~6) [12]. Several research groups have
already investigated the application of media milling techniques to prepare ITZ nanosus-
pensions [13–18] utilizing agitator bead mills. This research was typically conducted with
the aim of manufacturing intermediate scale batch sizes of 150–300 mL within a relatively
short time frame (<2 h). On the contrary, the aim of the current study is to demonstrate
the benefit of using a novel type of mill to accelerate early formulation development for
nanosuspensions. We would like to highlight that, in early-stage formulation development,
the ability to concurrently process multiple samples is a key factor to time- and cost-efficient
formulation screening, so this type of mill, to our understanding, is a valuable addition to
the techniques already established. The influence of process parameters such as processing
time, milling speed, milling temperature and milling bead size was evaluated regarding
particle size, polydispersity index (PDI) and the respective storage stability. Furthermore,
the effect of the stabilizer concentration on critical material attributes of the ITZ nanosus-
pensions was examined. The grinding limit, which is the minimal achievable (i.e., constant)
particle size during prolonged milling, was chosen as the primary endpoint in terms of
particle size [19].



Pharmaceutics 2022, 14, 1528 3 of 19

2. Materials and Methods
2.1. Materials

Itraconazole (ITZ) was purchased from Sigma-Aldrich (Supplier: Wuhan Atomole
Chemicals Co., Ltd., Wuhan, China) and jet-milled prior to use. Hydroxypropyl cellulose
(HPC-SL; Nippon Soda Co., Ltd., Tokyo, Japan), polysorbate 80 (PS80; Kolb Distribution AG,
Hedingen, Switzerland) and sodium dodecyl sulfate (SDS; BTC Europe GmbH, Monheim
am Rhein, Germany) were used as stabilizers for the nanosuspensions. Milling beads
(zirconium oxide, yttrium stabilized, density 6 g/mL, diameter 0.3–0.4 mm (except for
investigation of the effect of bead size, see Section 3.2.3)) were purchased from VMA
Getzmann GmbH (Reichshof, Germany). For milling trials, 10 mL polypropylene (PP) vials
from iphas (iphas Pharma-Verpackung GmbH, Würselen, Germany) were used.

2.2. Manufacturing Methods
2.2.1. Preparation of ITZ Suspensions

For the stabilizer solution, surfactants (SDS and PS80) were dissolved in demineralized
water, and HPC-SL was added and stirred overnight at 200 rpm with a magnetic stirrer
to enable complete dissolution. To ensure a homogeneous suspension, 4.2 g of jet milled
ITZ (d10 = 0.70 µm, d50 = 1.55 µm, d90 = 3.47 µm) and 42 g of the filtered (0.2 µm, cellulose
acetate membrane) stabilizer solution were pre-suspended and mixed in a 100 mL duran
glass bottle (filling level approximately 40% (v/v)) with the acoustic mixer LabRAM™
II (Resodyn Acoustic Mixers, Butte, MO, USA) at 50 times acceleration of gravity for
two cycles of 45 s each. The mixer combined low oscillation frequencies at a resonant
condition (approximately 60 Hz) with a relatively large displacement amplitude (up to
14 mm) to a high mixing energy, which was measured as the acceleration of gravity [20,21].

2.2.2. Nanomilling by Dual Centrifugation

Nanomilling was performed using a ZentriMix 380R (Andreas Hettich GmbH & Co.
KG, Tuttlingen, Germany) dual centrifuge. The rotor held four 10 mL PP processing vials,
filled with 5.5 g of the homogenized suspension and 5 g of milling beads of various sizes
(Table 1).

Table 1. Overview of the parameters for the evaluation of the milling process. HPC-SL: hydrox-
ypropyl cellulose, SDS: sodium dodecyl sulfate, PS80: polysorbate 80.

Purpose Bead Size (mm)
Stabilizer

Concentration
(w/w)

Speed (rpm) Temperature Inside the
Milling Chamber (◦C)

Speed evaluation 0.3–0.4
0.9% HPC-SL,

0.14% SDS,
0.14% PS80

500
4

1500

Temperature
evaluation 0.3–0.4

0.9% HPC-SL,
0.14% SDS,
0.14% PS80

1500
4

−10

Bead size
evaluation

0.1–0.2
0.9% HPC-SL,

0.28% SDS,
0.28% PS80

1500 4

0.3–0.4

0.9% HPC-SL,
0.14% SDS,
0.14% PS80

0.4–0.6

0.6–0.8

0.8–1.0

1.2–1.4

1.6–1.8

2.0–2.5

2.6–3.3

Stabilizer impact
on CMA 0.3–0.4

0.9% HPC-SL,
0.14% SDS,
0.14% PS80

1500 4
0.9% HPC-SL,

0.07% SDS,
0.07% PS80
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In order to determine the grinding limit, samples were taken in each run from the
same vial every 30 min during the first 4 h, and afterwards every hour over a period of 8 h.
The volume removed was replaced by fresh stabilizer solution.

For process evaluation, −10 ◦C and +4 ◦C were set as ambient temperature in
the milling chamber. The temperature inside the vials was determined using a Testo
925 thermometer (Testo SE & Co. KGaA, Titisee-Neustadt, Germany). An overview of
the parameters for the process evaluation can be found in Table 1. Assessing the smallest
milling beads (0.1–0.2 mm), the minimum concentration of both stabilizers (SDS and PS80)
had to be increased for this milling bead size only from 0.14% (w/w) to 0.28% (w/w) in
order to get a stable nanosuspension (see Section 4).

2.2.3. Storage Stability

The storage stability of the nanosuspensions was investigated for two out of six for-
mulations (F2 and F6, see Table 2) at room temperature (22 ◦C ± 1 ◦C) and at refrigerated
conditions for 7 and 14 days, respectively. Both formulations, milled for 3 h, were addition-
ally put on long-term stability for 70 weeks at refrigerated conditions. The formulations
were selected based on the results of the stabilizer assessment described in Section 3.1. F6
was selected as it yielded a constant particle size during milling, while minimizing the
concentration of stabilizer needed. F2 was selected because it was the formulation with the
lowest stabilizer concentration that resulted in a homogeneous suspension with the largest
particle size.

Table 2. Input variables and response parameters of the statistical evaluation of the stabilizer
concentrations after 8 h of milling. HPC-SL concentration was kept constant in all experiments (0.9%
(w/w)). PDI: Polydispersity index.

Formulation

Input Response

SDS
Concentration

(% w/w)

PS80
Concentration

(% w/w)
Z-Average (nm) PDI

F1 0 0.14

1443 0.19

1465 0.30

1378 0.28

F2 0.07 0.07

4935 0.73

5447 0.79

5609 1.00

F3 0.07 0.14

2254 0.29

2201 0.58

2464 0.24

F4 0.14 0

221 0.24

232 0.26

226 0.31

F5 0.14 0.07

162 0.22

168 0.22

167 0.22

F6 0.14 0.14

165 0.23

165 0.22

166 0.22
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2.3. Physicochemical Characterization Methods
2.3.1. Particle Size Determination

A Zetasizer® Nano S (Malvern Panalytical, Herrenberg, Germany) was used for the
determination of the particle size distribution of the nanoparticles by dynamic light scatter-
ing. The nanosuspensions were diluted with filtered (0.2 µm, cellulose acetate membrane),
saturated ITZ solution in demineralized water at a ratio of 1:500 [22]. The measurement
was carried out with disposable semi-micro polymethyl methacrylate cuvettes at 25 ◦C.
Detection angle was fixed at 173◦. Ten measurements were performed per experiment and
each sample was measured in triplicate. Particle size and size distribution were displayed
as Z-average and PDI. Solution viscosity and refractive index were set to 0.8872 cP and
1.33, respectively. Particle size data of the nanoparticles were processed with Zetasizer®

Software Version 7.12 (Malvern Panalytical, Herrenberg, Germany).

2.3.2. Zeta Potential

Zeta potential was determined with a SZ-100 nanoPartica analyzer (Horiba Europe
GmbH, Oberursel, Germany). A 6 mm cuvette with a carbon electrode was used. The
conductivity of the samples was adjusted as described in [23], and the temperature was kept
at 25 ◦C. The sample was diluted 1:100 with filtered (0.2 µm, cellulose acetate membrane)
demineralized water. The zeta potential was calculated (based on the electrophoretic
mobility) using the Helmholtz–Smoluchowski equation with Horiba NextGen Project
2.4 software.

2.3.3. X-ray Powder Diffractometry (XRPD)

After milling, the samples were centrifuged at 20,817 rcf (relative centrifugation force)
for 15 min and the residue was used to investigate its solid-state properties. The diffraction
patterns were obtained using a Bruker AXS D8 Discover DAVINCI diffractometer (Bruker
Corporation, Billerica, MA, USA) using Cu-Kα radiation (40 kV voltage and 40 mA current).
All scans were performed at 0.5 s/step with step size of 0.02◦ from 5◦ to 40◦ 2 Theta angles.
Measurements were carried out in reflection mode (coupled two Theta/Theta). Raw XRPD
data were converted to American Standard Code for Information Interchange (ASCII)
format with Bruker DIFFRAC 7.5 and processed using Origin Pro® 2017 (Origin Lab®

Corporation, Northampton, MA, USA).

2.3.4. Differential Scanning Calorimetry (DSC)

The thermal behavior of the nanosuspensions was investigated by differential scanning
calorimetry with a DSC2500 Discovery (TA Instruments®, New Castle, DE, USA). The
samples used for X-ray diffractometry were reused in order to save material and dried at
40 ◦C under vacuum for 1 h to remove any residual water. Then, 3–5 mg were weighed out
into aluminum pans with a perforated lid and compacted gently with a punch in order to
ensure a homogeneous heat transfer. Nitrogen was used as a purging gas at a flow rate
of 50 mL/min. Samples were heated at 10 ◦C/min from 25 ◦C to 200 ◦C. DSC data were
analyzed using TA Instruments TRIOS software (TA Instruments, New Castle, DE, USA).

2.3.5. Scanning Electron Microscopy (SEM)

The nanosuspensions were diluted 1:500 with demineralized water and dried over
night at room temperature on a coverslip. A Helios™ G4 CX Dualbeam™ (Thermo Scien-
tific™ Inc, Waltham, MA, USA) microscope was used in secondary electron mode at 2 kV
and 3 mm working distance. Samples were sputtered with platinum.

2.4. Statistical Evaluation

Results were expressed as mean ± standard deviation (SD). The effect of process pa-
rameters (bead size, temperature, speed) on the particle size was investigated by a one-way
ANOVA with post hoc Tukey test. A paired-sample t-test was applied for the investigation
of storage stability. Comparison of the two selected formulations in terms of particle size,
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PDI and zeta potential at specific time points was done by a two-sample t-test. Statistical
evaluation of the stabilizer concentration was performed using MODDE® 12.1 software
(Sartorius Stedim Biotech GmbH, Göttingen, Germany). All other statistical investigations
and data processing were carried out with Origin Pro 2017 (Origin Lab® Corporation,
Northampton, MA, USA). p < 0.05 was considered to represent a significant difference.

3. Results

The evaluation of process parameters was performed at fixed formulation conditions;
vice versa, experiments regarding the formulation impact on critical material attributes
of the nanosuspension were carried out at fixed process parameters. An overview of the
respective settings is given in Table 1.

3.1. Stabilizer Assessment

To optimize the process of nanomilling, binary and ternary stabilizer mixtures of
HPC-SL, SDS and PS80 were evaluated by means of a design of experiments approach.
A response surface model (RSM) was applied and planned as a full factorial design
with two factors (k: SDS and PS80) at three concentration levels. The resulting num-
ber of experiments is 3k = 9. Three repetitions per experiment resulted in a total num-
ber of 27 experiments. As three combinations did not yield a stable suspension, only
27 − 3 × 3 = 18 trials were evaluated. The trials were conducted with the following pa-
rameters: bead size 0.3–0.4 mm, milling temperature 4 ◦C and centrifugation speed of
1500 rpm.

The concentration of HPC-SL was kept constant at 0.9% (w/w) for all formulations
(F1–F6), as previous tests showed no improvement when using higher concentrations (data
not shown). ITZ concentration was also kept constant at 7.4% (w/w) for all formulations
after 8 h of milling. The input variables and the response parameters are reported in Table 2.
The primary response parameter, particle size, reported in Figure 1, was obtained after
8 h of milling. The hatched areas represent compositions resulting in inhomogeneous
nanosuspensions, which were neglected for statistical evaluations. All suspensions with
a SDS concentration of 0.07% (w/w) or less (F1–F3) were neither homogeneous nor of a
particle size below 235 nm.

Figure 1. Z-average after 8 h of milling with different stabilizer solutions. Composition is given in %
(w/w) and HPC-SL concentration was kept constant at 0.9%. Milling was carried out at 4 ◦C with
1500 rpm and milling beads sized 0.3–0.4 mm. Hatched area: No stable nanosuspension was obtained.
Values are given as mean of three measurements.
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The smallest Z-average in the steady range of 160–170 nm was found with 0.14% (w/w)
SDS and 0.07 to 0.14% (w/w) PS80 (F4–F6).

The summary of fit for the model is presented in Table 3. Analysis of the coefficients
showed that the concentration of SDS had the highest impact on particle size, i.e., led to a
smaller particle size (p < 0.001). The PS80 concentration also had a significant effect on the
particle size (p < 0.001), but to a lower extent when compared to the concentration of SDS.

Table 3. Summary of fit for the applied model. R2: measure of fit, Q2: estimation of precision for the
prediction, N: number of trials.

R2 R2 Adj. Q2 N Model Validity Reproducibility

0.9953 0.9938 0.99 18 0.94 0.99

Furthermore, a weak interaction between the concentration of SDS and PS80 was
observed. With the unscaled coefficients, the resulting particle size could be calculated
depending on the SDS and PS80 concentration, as shown in Equation (1) (applicable in a
concentration range of 0% (w/w)–0.14% (w/w) each):

Z − Average = K + cSDS × kSDS + cPS80 × kPS80 + (cSDS)
2 × kSDS×SDS + kSDS × cPS80 × kSDS×PS80

= 13463.2 + cSDS × (−51352.6) + cPS80 × (−85962.2) + (cSDS)
2 × (−309054) + cSDS × cPS80 × 610912

(1)

where K is a constant, cSDS is the concentration of SDS [% w/w], kSDS is the coefficient for
concentration of SDS, cPS80 is the concentration of PS80 [% w/w], kPS80 is the coefficient for
concentration of PS80, kSDS×SDS is the coefficient for concentration of SDS in a quadratic
term and kSDS×PS80 is the coefficient for the interaction between the concentration of SDS
and the concentration of PS80.

Subsequent sampling during the analysis led to a decrease in the concentration of
ITZ from 9.1% (w/w) to 7.4% (w/w) after 8 h of milling as suspension samples withdrawn
were replaced with fresh stabilizer medium. F5 und F6 were tested in a follow-up study
without sampling (9.1% (w/w) concentration of ITZ): The combination of 0.14% (w/w) SDS
and 0.07% (w/w) PS80 (F5) was suitable for stabilizing a nanosuspension comprising 7.4%
(w/w) ITZ, but not the initial concentration of 9.1% (w/w) (data not shown). Therefore,
F6 with 0.9% (w/w) HPC-SL, 0.14% (w/w) SDS and 0.14% (w/w) PS80 was chosen as the
optimum composition to stabilize the ITZ nanosuspension.

3.2. Evaluation of Milling Process Parameters

For the evaluation of the milling process parameters, formulation F6 was used.

3.2.1. Effect of Milling Intensity on the Particle Size

In order to evaluate the impact of the milling intensity, the maximum reasonable
settings for this rotor (500 rpm and 1500 rpm) were tested. Using various milling speeds
led to significantly different particle sizes: after 3 h of milling at 500 rpm, the Z-average of
the ITZ particles was reduced to 275 nm ± 1 nm, whereas milling at 1500 rpm resulted in a
Z-average of 166 nm ± 1 nm (p < 0.001). This effect was even more pronounced after 8 h of
milling, resulting in 201 nm ± 1 nm at 500 rpm and 164 nm ± 2 nm at 1500 rpm (p < 0.001),
respectively. Milling at 1500 rpm was preferred because of the reduced process time and
the smaller Z-average obtained.

3.2.2. Effect of Milling Temperature on the Particle Size

Two milling temperatures were tested: 4 ◦C (which was the manufacturer’s recommen-
dation) and −10 ◦C, which was the lowest temperature supported by the centrifuge. The
above-mentioned temperatures were set for the milling chamber, whereas the temperatures
inside the vials were higher because of the process heat, yet still constant during the milling
process at 25.6 ◦C ± 0.2 ◦C for milling at 4 ◦C and 16.3 ◦C ± 0.4 ◦C for milling at the
set temperature of −10 ◦C, respectively. No degradation occurred during milling at 4 ◦C
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(determined via HPLC, data not shown). The particle sizes obtained at different vial tem-
peratures were similar with 166 nm ± 1 nm after 3 h at a vial temperature of approximately
26 ◦C and 169 nm ± 2 nm for a vial temperature of approximately 16 ◦C, respectively.

3.2.3. Effect of Bead Diameter on the Particle Size

Figure 2 depicts the Z-average of the ITZ nanoparticles generated with different bead
diameters as a function of the milling time, using 0.14% (w/w) SDS and 0.14% (w/w) PS80,
except for the lowest bead size. The impact of different sized beads was evaluated for nine
different bead diameters, as shown in Table 4.

Figure 2. Effect of milling bead size on the ITZ particle size. Values are expressed as mean ± SD, n = 3.
Milling was carried out at 4 ◦C with 1500 rpm. * Bead size was 0.1–0.2 mm; stabilizer concentration
had to be changed to 0.9% (w/w) HPC-SL, 0.28% (w/w) PS80 and 0.28% (w/w) SDS (see Section 4).

Table 4. Overview of the bead diameters, density, bead volume and the number of beads used
per run.

Bead Diameter (mm) Bead Density
(g/cm3)

Bead Volume of 5 g
Beads (cm3)

Theoretical Number
of Beads in 5 g

0.1–0.2

6 0.83

471,570

0.3–0.4 37,121

0.4–0.6 12,732

0.6–0.8 4640

0.8–1.0 1592

1.2–1.4 724

1.6–1.8 324

2.0–2.5 131

2.6–3.3 59
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The theoretical number n of 5 g beads (e.g., diameter 0.3–0.4 mm) can be calculated
according to Equation (2):

n =
V5g

V0.35
=

833.33 mm3

0.022449 mm3 = 37121 (2)

where V5g is the volume of 5 g beads calculated with the bead density of 6 g/cm3 and V0.35
is the volume of one bead, assuming a mean diameter of 0.35 mm.

Milling with all nine bead sizes led to stable and homogeneous nanosuspensions.
The lowest achievable particle size after 8 h of milling was directly correlated to the
grinding bead diameter. The smallest particle size was achieved with the smallest milling
beads (diameter 0.1–0.2 mm, Figure 2) However, the smaller beads demanded twice the
stabilizer concentration used with larger milling beads to achieve constant particle sizes
(see Section 4).

Using twice the concentration of SDS (0.28% w/w) and PS80 (0.28% w/w) in combina-
tion with the smallest milling beads (0.1–0.2 mm), a stable nanosuspension with a particle
size of 127 nm ± 1 nm was generated with 0.1–0.2 mm beads after 3 h of milling with a
corresponding PDI of 0.18 ± 0.01. The largest beads (2.6–3.3 mm) led to the nanosuspension
with the largest particle size and the greatest PDI after 8 h of milling: 264 nm ± 4 nm and
0.26 ± 0.00, respectively; however, at a stabilizer concentration of 0.14% each. All samples
showed significantly different particle sizes after the end of the milling process (p < 0.001),
except for the samples milled with 0.4–0.6 mm and 0.6–0.8 mm, which resulted in a particle
size of 176 nm ± 3 nm and 181 nm ± 1 nm (p = 0.64), respectively. The PDI of the samples
milled with beads of 1.2–1.4 mm and smaller decreased at the beginning of the milling
process (as shown in Figure S1) and rose only slightly during prolonged milling. On the
contrary, milling beads of 1.6–1.8 mm and larger resulted in an initial increase of the PDI
and a subsequent drop at about the same time the minimum particle size/grinding limit
was reached. More details can be found in Figure S1 in the Supplementary Materials.

For the determination of the grinding limit, samples were compared after a milling
time of 6 h and 8 h (see Figure 2). The particle sizes of the suspensions generated with
0.1–0.2 mm to 0.4–0.6 mm beads were not significantly different at these time points
(0.1–0.2 mm: p = 0.75, 0.3–0.4 mm: p = 0.29, 0.4–0.6 mm: p = 0.19), and thus the grind-
ing limit was reached. Regarding the suspensions milled with milling bead diameters
of 0.6–0.8 mm and greater, the grinding limit was not reached within the investigated
timeframe (p < 0.001, except for 0.8 mm–1.0 mm: p = 0.03 and 2.0–2.5 mm: p = 0.03). The
smallest particle size with the least stabilizer concentration was achieved with the bead
size 0.3–0.4 mm.

3.3. Impact of Concentration of Stabilizer on CMA

A comparison of F6 vs. F2 was performed to investigate the impact of the stabilizer
concentration on the critical material attributes. F2 was chosen as this was the formulation
with the lowest stabilizer concentration that resulted in a homogeneous suspension with
the greatest particle size, and F6 as the formulation with a constant particle size during
milling with a stabilizer concentration as low as possible.

3.3.1. Impact of Concentration of Stabilizer on Z-Average, PDI and Zeta Potential

Figure 3 displays the Z-average (A), the PDI (B) and the zeta potential (C) for both
formulations, F2 and F6, in relation to the milling time. Significant changes in particle size,
PDI and zeta potential were observed after 2.5 h of milling for formulation F2. After the
first 2.5 h of milling, the particle size decreased to 181 nm ± 1 nm, and afterwards increased
to 5297 nm ± 441 nm with no final grinding limit (p < 0.001). The zeta potential values
increased after milling for 2.5 h of milling, and afterwards decreased significantly from
|−68| mV ± 2 mV to |−39| mV ± 1 mV after 8 h of milling (p < 0.001). After a process
time of 2.5 h, the PDI was found to be 0.20 ± 0.01, but increased to 0.84 ± 0.14 after milling
for 8 h (p < 0.001). On the contrary, the particle size of formulation F6 remained constant
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after 3 h of milling, thus the grinding limit of this formulation (166 nm ± 1 nm) was reached.
The PDI exhibited a statistically significant increase from 0.19 ± 0.01 to 0.22 ± 0.01 after 3 h
and 8 h of milling (p = 0.01), respectively. This was in correspondence with the decrease in
zeta potential value from |−74.1| mV ± 1.6 mV to |−65| mV ± 1.6 mV after 8 h (p = 0.01).

Figure 3. Z-Average (A), PDI (B) and zeta potential (C) of F2 (black squares) and F6 (grey dots) in
relation to the milling time. Milling was carried out at 4 ◦C with 1500 rpm and milling beads sized
0.3–0.4 mm. Values expressed as mean ± SD, n = 3.

3.3.2. Impact of Concentration of Stabilizer on the Solid-State Properties

Figure 4 illustrates the XRPD patterns of formulation F2 after different milling times.
The unprocessed ITZ suspension showed distinct peaks of ITZ, which correspond to the
ITZ bulk material. A reduction in peak intensity, as well as peak broadening, occurred
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during the milling process and was observed already at the first time point after 0.5 h of
milling. After 8 h of milling, the peaks indicating crystalline structures were no longer
present. As an example, the signal-to noise ratio of the peak at 23.56◦ decreased from 2
(after 0.5 h) to 1 (after 8 h of milling).

Figure 4. XRPD pattern of F2 in relation to grinding time. Milling was carried out at 4 ◦C with
1500 rpm and milling beads sized 0.3–0.4 mm. Plots are shifted for a better illustration.

A slightly different result was found for F6 (Figure 5). In addition, formulation F6
exhibited a reduction in peak intensity as well as peak broadening after 0.5 h of milling.
However, in contrast to formulation F2, the peak intensity did not decrease to the same
extent and was still indicating crystalline material after 8 h of milling. The signal noise
ratio of the peak at 23.56◦ stayed constant at 2 and the peaks remained clearly present.

Figure 5. XRPD pattern of F6 in relation to grinding time. Milling was carried out at 4 ◦C with
1500 rpm and milling beads sized 0.3–0.4 mm. Plots are shifted for a better illustration.
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3.3.3. Impact of Concentration of Stabilizer on the Thermal Behavior

Figure 6 shows DSC-thermograms of formulation F2 obtained after the indicated time
points during the milling process. An endothermic event at approximately 62 ◦C occurred
after 6 h of milling (marked with arrow 1). It was followed by an exothermic event with
an onset temperature of 87–90 ◦C (marked with arrow 2). An endothermic peak with an
onset temperature of 165 ◦C observed prior to milling had a similar onset temperature as
the ITZ bulk material (165.6 ◦C). The onset of this peak was shifted from 165 ◦C to 152 ◦C
during milling. The enthalpy of fusion decreased from 80.2 J/g to 60 J/g after 8 h of milling.
Moreover, the enthalpy of the exothermic peak increased from 1 J/g after 5 h to 19.5 J/g
after 8 h of milling.

Figure 6. DSC-thermograms of F2 ITZ nanosuspension. Milling was carried out at 4 ◦C with 1500 rpm
and milling beads sized 0.3–0.4 mm. Plots are shifted for a better illustration. Arrow 1 marks an
endothermic event, arrow 2 marks an exothermic event.

Figure 7 displays DSC-thermograms of formulation F6. The ITZ bulk material showed
an endothermic peak with an onset temperature of 165.1 ◦C, which was also observable for
the unprocessed ITZ suspension prior to milling. The onset is shifted to lower temperatures
(e.g., to 154.8 ◦C after 8 h of milling), as already seen in the thermograms of formulation F2.
The enthalpy decreased from 76 J/g to 61.2 J/g during the milling process.

3.3.4. Impact of Concentration of Stabilizer on the Morphology

Figure 8 depicts SEM images of formulation F2. The ITZ crystals showed a conver-
sion from the platelet-like shape of the jet-milled starting material (see Figure S8 in the
Supplementary Materials) into a needle-like shape after 2 h of milling with almost no
agglomerates. After 4 h, slight agglomeration occurred and further milling resulted in the
formation of large agglomerates, as shown on the image after 8 h of milling.
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Figure 7. DSC-thermograms of F6 ITZ nanosuspension. Milling was carried out at 4 ◦C with 1500 rpm
and milling beads sized 0.3–0.4 mm. Plots are shifted for a better illustration.

Figure 8. SEM images of F2 ITZ nanosuspension after different milling periods (indicated in the left
upper corner of each image). Milling was carried out at 4 ◦C with 1500 rpm and milling beads sized
0.3–0.4 mm.

Figure 9 displays SEM images of formulation F6. Similar to formulation F2, the shape
conversed from platelet to needle upon milling. However, unlike formulation F2, the
particle size and shape of formulation F6 remained stable during the milling process and
no agglomeration was observed up to 8 h.
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Figure 9. SEM images of F6 ITZ nanosuspension after different milling periods (indicated in the left
upper corner of each image). Milling was carried out at 4 ◦C with 1500 rpm and milling beads sized
0.3–0.4 mm.

3.3.5. Impact of Concentration of Stabilizer on the Storage Stability

The particle size of both formulations, F2 and F6, were analyzed prior and after
storage for 7 and 14 days at room temperature and under refrigerated conditions. Solid-
state (XRPD/DSC) was investigated with samples milled for 2, 4, 6 and 8 h after storage
at refrigerated conditions. The respective figures and further details can be found in the
Supplementary Materials (Figures S2–S7).

Formulation F2 showed no significant change in particle size after 7 and 14 days
of storage, regardless of the storage conditions and the duration of the milling process
(0.07 ≤ p ≤ 0.98). Furthermore, an investigation of the behavior of the sample milled for
3 h after long-term (70 weeks) storage showed no significant particle size increase when
stored at refrigerated conditions (p = 0.7). However, formulation F6 exhibited a statistically
significant but very small increase in particle size after 7 days of storage (p < 0.001),
regardless of the storage conditions and milling time applied, but no further significant
change occurred after another 7 days of storage (p = 0.71 for refrigerated conditions; p = 0.29
for room temperature). Long-term storage investigation over 6 and 70 weeks at refrigerated
conditions showed another slight increase between 2 and 6 weeks of storage (p = 0.05,
rounded), but no further significant change occurred afterwards (p = 0.08).

The thermal behavior of formulation F2 showed differences in the thermogram after
7 days of storage compared to the initial thermogram directly after milling (0 d). The
exothermic event at 90 ◦C that had occurred after milling for at least 6 h, as well as
the endothermic event at about 60 ◦C after 8 h of milling, disappeared after storing the
formulation. In contrast, the thermal behavior of formulation F6 remained unchanged
after storage.

The XRPD solid-state properties of formulation F2 did not change during storage for
the samples milled for 2 h, 4 h and 6 h, whereas an increase in peak intensity was observed
after 7 days of storage of the samples milled for 8 h. A general reduction in peak height
during prolonged milling could be seen for F2, as well as for F6. No qualitative change in
solid-state was observed throughout storage for formulation F6.
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4. Discussion

Our study revealed an increase in particle size for formulation F2 throughout 8 h of
milling, which is accompanied by an increase in PDI. The zeta potential value decreased
and implies an only moderately to insufficiently stabilized nanosuspension [24]. The
solid–liquid interfacial area increases with increased milling time, resulting in increased
Gibbs free energy and a thermodynamically unstable suspension [25]. If the stabilizer
concentration is insufficient, van der Waals attraction may overcome repulsive forces of
stabilizers and lead to agglomeration. Crystal growth has also been reported as reason
for a particle size increase during or immediately after milling [26]; crystal growth can be
excluded in our case as we could show progressive agglomeration over time. The time point
of the change from a stable, crystalline nanoparticulate system to an instable, agglomerated
system could be identified by DLS and zeta potential measurement. This observation was
supported by SEM images and by the fact that a much higher SDS and PS80 concentration
was needed to prevent agglomeration for the smallest ITZ particles exhibiting the highest
surface area. A minimal concentration of 0.9% (w/w) HPC-SL, 0.14% (w/w) SDS and 0.07%
(w/w) PS80 was necessary for a sufficient nanoparticle stabilization. Furthermore, the SDS
concentration had a higher impact on the ITZ particle size than PS. Although PS80, as a
non-ionic stabilizer (lower HLB value [27]), was not as potent as the ionic stabilizer SDS, it
nevertheless was still necessary, especially for higher ITZ concentrations. The stabilizer
concentration highly affected storage stability. The particle size significantly increased
after 7 days of storage for formulation F6 (0.14% (w/w) SDS, 0.14% (w/w) PS80). A further
particle growth was observed after 2 and 6 weeks, but then stopped. The use of high
stabilizer concentrations obviously promoted Ostwald ripening during storage, as also
already published by Verma et al. [8]. This group reported a significant increase in particle
size upon 0 and 3 days of storage with high concentrations of stabilizer. On the contrary,
the stabilizer concentration of formulation F2 was insufficient to prevent agglomeration
during the milling process, but did not result in particle growth during storage.

Furthermore, it is well known that the milling process may impact the solid-state char-
acteristics of an API [28]. Particles are exposed to a very high energy during milling, which
can lead to plastic deformation, defects in the crystal structure, or on the surface, and the
creation of (amorphous) areas of high-energy on a crystal, also known as mechanochemical
activation [29,30]. The effect of the stabilizer concentration on the solid-state characteristics
have not yet been investigated. Furthermore, nearly complete amorphization by media
milling has not been reported yet. We could detect that the XRPD patterns of both for-
mulations show an intensity reduction, as well as peak broadening, which is assumed to
be caused by the smaller particle size or by crystal defects [22]. In general, reducing the
particle size can result in XRPD peak broadening and halo formation, due to the loss of
long-range crystalline order, but without complete transition to an amorphous form [31].
The reduced peak intensity in the case of formulation F2 indicated amorphization in ad-
dition. The XRPD pattern of the 8 h milled sample showed no complete amorphization
as there are still crystal peaks evident; however, the content of amorphous ITZ seemed to
be quite high. Complete amorphization might have occurred during further milling. The
XRPD findings are in agreement with DSC studies of formulation F2. The endothermic
event at around 62 ◦C is described in the literature as the glass transition temperature of
ITZ [32]. Here, the glass transition was probably followed by relaxation due to mechanical
stress of the sample. The following exothermic event at 87–90 ◦C could be attributed to
some recrystallization of amorphous ITZ, as described in [33]. The crystalline ITZ melted
at 165 ◦C, indicated by the endothermic event for the ITZ bulk material, which is also well
reported in the literature [33]. The enthalpy of recrystallization increased over time and
reached a maximum after 8 h of milling, indicated by the decreasing melting enthalpy.
During the milling process, the onset temperatures of the melting temperature were shifted
to lower temperatures, which might be related to crystal lattice defects [29], interaction
with the polymer [34], or due to the small particle size of the nanoparticles [22]. In contrast
to the aforementioned observations, no amorphous content was detected during milling of



Pharmaceutics 2022, 14, 1528 16 of 19

formulation F6. We conclude that the stabilization of the particle surface via stabilizers is
stronger than the introduced mechanical conversion energy of crystalline into amorphous
material by media milling. For F6, the XRPD pattern of the unprocessed ITZ suspension is
similar to the ITZ bulk material and to already published reference samples [35]. Reduction
of melting enthalpy and a shift of the onset temperature was also observed for the sufficient
stabilized suspension F6, and is therefore related to the milling process. Furthermore, the
changes in XRPD patterns upon the milling process are probably caused by the reduced
particle size or crystal lattice defects, as described above.

During the process evaluation, a significant impact of the milling intensity on the
particle size and the grinding limit could be shown: the higher the milling intensity, the
earlier the grinding limit was reached.

Not only milling intensity, but also the size of the milling beads heavily affected the
specific energy input, which determined the degree of comminution (i.e., particle size). The
detailed kinetics of change in particle size in relation to the milling bead diameter has not
yet been described to this extent for dual centrifugation. The smallest particle size could
be obtained by using the smallest milling bead size. However, the smallest obtainable
particle size could be only achieved by using a higher stabilizer concentration as smaller
particles exhibit a larger specific surface area. The frequency of grinding contacts was
highly increased for small milling beads due to the higher bead numbers per volume. This
predominates the fact that the energy per contact is lower for smaller beads compared to
larger beads [36]. The findings are in agreement with other studies investigating the effect
of the milling bead size [29,37–39]. Remarkably, ITZ nanosuspensions with a relatively
low particle size could be obtained even with the largest milling beads after 8 h of milling.
This is attributed to the fact that the ZentriMix operates with a much higher specific
energy compared to other bead mills, and the very long process duration. This assumption
is supported by Hagedorn et al. [40], stating that the specific grinding energy of the
ZentriMix is comparable or even higher to conventional agitator bead mills [40]. The effect
of the temperature of the grinding chamber, respectively of the vial temperature, plays
an important role during the formation of nanoparticles in terms of stability and particle
growth, and has not been reported so far in the context of dual centrifugation [11,40].
Lower temperatures might be advantageous for very heat sensitive APIs, but could not
be tested with the ZentriMix due to equipment inherent limitations. As also noted by
Hagedorn et al. [11], the ZentriMix provides a material sparing approach for early-stage
development with a high number (up to 40) of samples being processed simultaneously
that offers benefits when compared to agitator bead mills. In addition, the option of using
disposable vials is time saving, as tedious cleaning procedures as well as transferring the
samples to a vessel for storage are inherently avoided. However, this process was found to
require longer milling times when compared to experiments performed by Cerdeira et al.
(2013), Li et al. (2018) or Bilgili et al. (2018), who reported a milling duration of about 60 min
for ITZ [14,17,18], yielding similar particle size distributions. In addition, the batch size of
the suspension usually is higher for wet stirred media milling, and 200–300 mL of sample
can be processed with ITZ concentrations being comparable or even higher [14,16–18]. As
only small amounts of materials are required (≤100 mg), we suggest performing early-stage
experiments for development using the ZentriMix. As a next step, transferring the process
to an agitator bead mill may be beneficial when larger batch sizes are required during
later development stages. This approach has already been shown to be suitable for other
APIs [40].

5. Conclusions

Media milling using the dual centrifugal principle of the ZentriMix proved to be a
useful tool for small-scale formulation development of ITZ nanosuspensions, facilitated
through the ability of running multiple samples within one process run, which is evaluated
as being more efficient than reducing the duration of the individual processes. At a
maximum speed of 1500 rpm, the grinding limit was primarily governed by the milling
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bead size, being 165–185 nm for bead sizes in between 0.2 and 1.00 mm at 3 h of milling, and
130 nm for bead sizes smaller than 0.2 mm already after 2 h of milling; in consequence, it is
recommended as a process parameter to adjust the required particle size of the nanocrystals.
Especially for insufficiently stabilized formulations, particle sizes of ITZ nanocrystals
increased again after reaching the grinding limit upon further milling, accompanied with
a similar trend for PDI and zeta potential. At insufficient protection of the nanocrystals
surface, an increased mechanical energy intake resulted in an amorphization of the particles
with pronounced agglomeration responsible for increasing PDI and particle size. Successful
electrosteric stabilization, including long term stability, was found with the combination
of HPC-SL (0.9% w/w), SDS (0.14% w/w) and PS80 (0.14% w/w) with SDS having the
dominant impact on stabilization.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics14081528/s1, Figure S1: Effect of milling bead size on
the polydispersity index (PDI) of ITZ particles (relating to F6); Figure S2: Particle sizes of formulation
F2 stored at refrigerated conditions (A) and room temperature (B) for different storage periods;
Figure S3: Particle sizes of formulation F6 stored at refrigerated conditions (A) and room temperature
(B) after different storage periods; Figure S4: DSC thermograms of F2 ITZ nanosuspension after
storage at refrigerated conditions for storage periods of 0, 7 and 14 days; Figure S5: DSC thermograms
of F6 ITZ nanosuspension after storage at refrigerated conditions for different storage periods of
0, 7 and 14 days; Figure S6: XRPD patterns of F2 ITZ nanosuspension after storage for different
storage periods of 0, 7 and 14 days at refrigerated conditions; Figure S7: XRPD patterns of the F6
ITZ nanosuspension after storage for different storage periods of 0, 7 and 14 days at refrigerated
conditions. Milling was carried out at 4 ◦C with 1500 rpm and milling beads sized 0.3–0.4 mm;
Figure S8: SEM image of jet-milled (JM) ITZ particles used as starting material for nanomilling.
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