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Abstract

The present study explored vacuum drum drying (VDD) as potential drying technique for the solidification of crystalline
ritonavir nanosuspensions prepared by wet-ball milling. In detail, the impact of drying protectants (mannitol, lactose, tre-
halose) added to the ritonavir nanosuspension was assessed in dependence of the drum temperature with respect to proces-
sibility via VDD, resulting intermediate powder properties, remaining nanoparticulate redispersibility and crystallinity. A
clear impact of the glass transition temperature (7},) of the drying protectant on the redispersibility/crystallinity of the VDD
intermediate was observed. Increased T, of the drying protectant was associated with improved redispersibility/crystallinity
at a defined drum temperature. Consequently, the high 7,-substance trehalose and lactose showed a better performance than
mannitol at higher drum temperatures. However, the processability and related powder properties were not in accordance
with this observation. Mannitol containing formulations showed superior processibility to those containing trehalose/lactose.
Moreover, the impact of the tableting and encapsulation process on the redispersibility of the VDD intermediate was studied
for a selected formulation. Neither process demonstrated a negative impact on redispersibility. In conclusion, vacuum drum
drying is a promising drying technique for the solidification of nanosuspensions to result in dried powder still containing
ritonavir nanoparticles while demonstrating acceptable to good downstream processibility to tablets/capsules.

KEY WORDS ritonavir - vacuum drum drying - solidification - nanocrystals - drying protectants

INTRODUCTION Ostwald-Freundlich principles (4-6). The nanocrystal for-

mulations are generally based on a liquid, aqueous nanocrys-

The importance of addressing the poor water-solubility of
drug candidates in pharmaceutical development has become
more pronounced in the last years, since nearly 90% of the
drug candidates are poorly soluble, resulting in limited bio-
availability (1-3). One strategy to tackle the solubility issue
is the nanocrystal approach, whereby the crystalline drug
substance is nanosized to improve dissolution behavior and
saturation solubility according to the Noyes-Whitney and
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tal suspension (nanosuspension) in the nanometer size range
(100-1000 nm). However, nanoparticles in aqueous media
require stabilization since nanoparticles are much less sta-
ble than microparticles due to the Gibbs free energy con-
tribution. Two types of stabilizers with different functional
principles are described in literature: ionic stabilizers via
thermodynamic/electrostatic stabilization, and steric stabi-
lizers via kinetic stabilization (7, 8). The combination of
both is most commonly utilized, demonstrating the highest
stabilization effectiveness due to a synergistic effect which
is also referred to as electrosteric stabilization (9-11).
Nanosuspensions can be prepared by either top-down
(e.g., wet ball milling) or bottom-up (e.g., precipita-
tion) approaches (12, 13). However, in the pharmaceuti-
cal industry, top-down approaches are far more relevant
due to their simplicity, reproducibility and scalability
(9, 13). The most prominent methods are NanoCrystal®
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(wet ball milling) and IDD-P™ (insoluble drug delivery
microparticle technology, high pressure homogenisation)
(13) which are used in the manufacture of drug products
such as Invega® Sustenna™ (Paliperidone palmitate via
NanoCrystal®, Janssen 2009) or Triglide® (Fenofibrate
via IDD-P™| Sciele Pharma, Skye Pharma 2005) (9).

Nanocrystals in aqueous suspensions are still associ-
ated with a certain risk of instabilities, either physical
(e.g., Ostwald ripening and agglomeration), chemical
(e.g., hydrolysis), or a risk for microbial growth leading
to limited product shelf life (14-16). Another disadvan-
tage of the administration of nanosuspensions as a liquid
dosage form is the error-prone dosing step for patients,
which may affect patient compliance and trigger the need
for dosing devices. These disadvantages can be overcome
by transforming the liquid nanocrystal suspension into a
solid dosage form such as tablets or powder filled capsules.
State-of-the-art solidification (drying) techniques include
spray-drying, spray-coating (also termed spray granula-
tion), and freeze drying (11-13).

In general, drying is a critical and essentially destabiliz-
ing procedure for the nanocrystal system which may lead to
particle agglomeration and/or aggregation as well as crystal
growth followed by sedimentation or flocculation. Conse-
quently, redispersibility of nanoparticles upon reconstitu-
tion of the dried powder could be affected, which in turn
reduces the beneficial effect of nanosizing on dissolution.
For this reason, drying protectants are usually added to the
final nanosuspension prior to the drying process to avoid
particle growth. Common drying protectants include solu-
ble sugars, such as lactose, sucrose or trehalose, or sugar
alcohols like mannitol (14, 17). However, no nanocrystal-
based drug product was approved by the FDA from 2009
to 2018 although drying protectants enable processability
(9). This demonstrates how challenging and less economi-
cally efficient the common drying processes for solidifica-
tion of nanocrystal suspensions are compared to other ena-
bling technologies such as solid dispersion technology for
solubility enhancement. This is particularly relevant in light
of the observation that nanosizing technology is frequently
used for early toxicology studies supply, which would be a
straightforward approach for FIH development. Recently,
vacuum drum drying (VDD) has been introduced as alterna-
tive approach to manufacture amorphous solid dispersions
showing benefits especially compared to spray drying (18,
19). This technology is well-established in the food indus-
try, but rarely known in the development of pharmaceuticals
(20). The manufacture of ASDs as one enabling formulation
principle consists of the embedment of the drug substance
molecularly dispersed (i.e., amorphous) in a matrix polymer.
Using vacuum drum drying as technology requires the dis-
solution of the drug substance and respective excipients in
a common organic solvent.
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In contrast, the nanocrystal approach essentially bases on
the size reduction of a crystalline drug substance into nano-
sized particles (nanocrystals) in aqueous media followed by
a solidification (drying) step. Consequently, the focus of the
present case study was to investigate the suitability of vacuum
drum drying as solidification (drying) technique for nanosus-
pensions with the potential to overcome obstacles and disad-
vantages of currently available drying technologies by, e.g., not
needing a secondary drying step and by showing no viscosity
related limitations for the solution to be dried and potentially
higher yields. Thus, the suitability of vacuum drum drying for
another enabling formulation principle, entirely different to the
ASD approach, was examined to broaden the applicability in
the pharmaceutical development.

The nanosuspension analyzed in this study consisted of
ritonavir as model drug substance, sodium dodecyl sulfate
as ionic stabilizer, and copovidone as steric stabilizer. More
detailed, the impact of the drying protectant (mannitol, lac-
tose, trehalose) on the processibility via VDD, on the dried
powder properties, the remaining nanoparticulate redispers-
ibility and crystallinity was assessed in dependence of the
drum temperature. Subsequently, the most promising for-
mulation was selected for further downstream processibility
evaluation, with a particular focus on redispersibility. There-
fore, the impact of compaction pressures during tableting
was investigated as well as the impact of the encapsulation
process on a pilot scale machine.

MATERIAL AND METHODS
Materials

Ritonavir (RTV, purity > 99.8%) was obtained from AbbVie
Inc. (North Chicago, USA). Copovidone (polyvinylpyrro-
lidone—vinyl acetate copolymer, Kollidon® VA 64, COP)
was purchased from BASF SE (Ludwigshafen, Germany),
sodium dodecyl sulfate (SDS), mannitol (Parteck M 200
Emprove® Essential) and trehalose dihydrate (Emprove®
Expert) from Merck KGaA (Darmstadt, Germany), and lac-
tose (InhaLac®140) from MEGGLE Pharma (Wasserburg
am Inn, Germany). Zirconium oxide beads were obtained
from NETZSCH (Selb, Germany). Capsules (Quali-V
HPMC capsules, size 0, color opaque grey) were purchased
from Qualicaps (Madrid, Spain).

Methods

Preparation of Ritonavir Nanosuspensions by Wet Ball
Milling

The ritonavir nanosuspension was prepared by wet ball milling
(top-down approach, batch sizes 1.50-1.85 kg). Ritonavir
(15% w/w) and 0.5 mm zirconium oxide beads as grinding
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media (bead to ritonavir ratio: 1:18) were added to a stabilizer-
containing solution (SDS (1% w/w) and copovidone (3% w/w))
into a 5-L HDPE (high-density polyethylene) bottle. The
nanosizing was performed using a tumble blender (Turbula
blender T10B, Willy A. Bachofen AG Maschienenfabrik,
Muttenz, Switzerland) at 45 rpm for 69 h. Then, the zirconium
beads were separated via filtration using a sieve with 200 pm
mesh size. Prior to vacuum drum drying, drying protectants
(mannitol, lactose, or trehalose; amount: 7.5%, 10%, 15%,
or 25% w/w (see Table 1)) as well as copovidone (7% w/w)
were added to the ritonavir nanosuspension while stirring on
a magnetic stirrer IKA GmbH & Co KG, Staufen, Germany).
Copovidone was added to increase the viscosity of the liquid
formulation (drying dispersion) and thus, to increase the
adhesion of the solution to the drums.

The nanosuspension formulation and the liquid formula-
tions (drying dispersions) including drying protectant and
copovidone were selected based on prior knowledge and
formulation screening data (data not shown). The drying
protectants investigated in the present study are commonly
used excipients in the solidification of crystalline nanosus-
pensions (see “Introduction”).

Characterization of Nanosuspensions

Particle Size Analysis by Dynamic Light Scattering Dynamic
light scattering (DLS) method was applied using a Zeta-
sizer Ultra (Malvern Instruments GmbH, Herrenberg, Ger-
many) to determine the z-average and the polydispersity
index (PDI) of the nanosuspensions after wet-ball milling.

z-average represents the hydrodynamic diameter, and PDI
expresses the width of the particle size distribution. The
samples were diluted in water (1:20), and polystyrene sin-
gle-use cuvettes (DTS0012) were used. The measurements
were performed in back scatter mode (173°) as triplicates
at 25°C prior to an equilibration time of 120 s. The results
were analyzed using ZS Xplorer software (version 1.3.2.27).

Particle Size Analysis by Laser Diffraction Laser diffraction
particle size analyzer (Mastersizer 3000, Malvern Instru-
ments GmbH, Herrenberg, Germany) equipped with the
automated dispersion unit “HydroMV” module was used to
determine the particle size distribution of the nanosuspen-
sions. For the measurements, nanosuspension was added to
water until a laser obscuration of approximately 2-2.5% was
reached. Data were analyzed according to the MIE theory
using the Mastersizer 3000 Software (version 3.71). Meas-
urements were performed as triplicates and averaged.

Solidification via Vacuum Drum Drying

The liquid formulations (drying dispersion: ritonavir nano-
suspension + drying protectant 4+ copovidone) were dosed
into the gap of the two drums of the vacuum double drum
dryer (Buflovak, New York, USA) for solidification. A thin
film spread out evenly on the heated, counter-rotating drums
covering full drum width. The water fraction of the liquid
formulation (drying dispersion) evaporated during con-
tact with the heated drums under vacuum conditions. The
dried product was scraped off the drums by knifes showing

Tablel Overview of Formulations Processed via VDD Incl. Drum Temperatures and Associated Short Names

Formulation composition of drying dispersion (liquid formulation) Drum tempera- Ritonavir content in Short name
ture (°C) dried product (W/w%)
83% (w/w) RTV NS +10% (w/w) Man +7% (w/w) COP 75 38 Man10_75
78% (wW/w) RTV NS +15% (w/w) Man +7% (w/w) COP 55 32 Manl15_55%
78% (wW/w) RTV NS +15% (w/w) Man +7% (w/w) COP 65 32 Manl15_65
78% (wW/w) RTV NS +15% (w/w) Man +7% (w/w) COP 75 32 Manl5_75
68% (w/w) RTV NS +25% (w/w) Man +7% (w/w) COP 75 23 Man25_75
78% (wW/w) RTV NS +15% (w/w) Lac +7% (w/w) COP 75 32 Lac15_75*
78% (wW/w) RTV NS +15% (w/w) Lac +7% (w/w) COP 85 32 Lac15_85
78% (w/w) RTV NS +15% (w/w) Lac +7% (w/w) COP 95 32 Lac15_95
78% (wW/w) RTV NS +15% (w/w) Tre +7% (w/w) COP 75 32 Trel5_75%
78% (wW/w) RTV NS +15% (w/w) Tre +7% (w/w) COP 90 32 Trel15_90
78% (wW/w) RTV NS +15% (w/w) Tre +7% (w/w) COP 105 32 Trel5_105
78% (wW/w) RTV NS +7.5% (w/w) Man +7.5% (w/w) Lac +7% (w/w) COP 75 32 Man7.5/Lac7.5_75%*
73% (w/w) RTV NS +10% (w/w) Man +10% (w/w) Lac +7% (w/w) COP 75 21 Man10/Lac10_75
78% (wW/w) RTV NS +7.5% (w/w) Man +7.5% (w/w) Tre +7% (w/w) COP 75 32 Man7.5/Tre7.5_75*
73% (w/w) RTV NS +10% (w/w) Man +10% (w/w) Tre +7% (w/w) COP 75 21 Man10/Trel10_75

RTV NS ritonavir nanosuspension, Man mannitol, Lac lactose, Tre trehalose, COP copovidone, VDD vacuum drum drying

*Used for compression analysis
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flake-like to powder-like appearance. The following process
parameters were kept constant during drying for all formula-
tions tested: casing temperature 80°C, pressure of 100 mbar,
drum rotation speed 0.3 rpm, and drum gap 0.2 mm. The
listed parameters were selected based on prior knowledge
in the field of vacuum drum drying to result most likely in a
dried product with reasonable quality properties. Since the
solution to be dried was aqueous, the pressure was selected
as low as applicable to ensure proper drying. The drum
speed was set to a low value to increase the retention time of
the product on the drums. In addition, a small drum gap was
chosen, which effected the product thickness and thus, indi-
rectly the required drying time. Just the drum temperature
was varied in the range of 55 to 105°C for the formulations
depending on the drying protectant used. The formulation-
based adaption of the drum temperature ranges studied was
chosen to consider the known differences in glass transi-
tion temperatures of the respective pure drying protectants
(approximately 87-115°C) properly. The batch sizes were
350-500 g liquid formulation (drying dispersion) for small-
scale runs and 1900 g for the large-scale run. Table I sum-
marizes the formulations tested and the corresponding drum
temperature during solidification.

The VDD intermediates of the small-scale runs were fur-
ther processed into powder via manual sieving (mesh size
0.8 mm). For the large-scale evaluation, the VDD intermedi-
ate was milled at 2000 rpm using a screening mill (Comil
U5, Quadro Engineering, Waterloo, Canada) equipped with
an 813-pum round-hole sieve. The resulting powders of the
small-scale runs were used for powder characterization
and tableting, whereas the large-scale run was used for the
encapsulation process.

Redispersibility of VDD Intermediates/Tablets/Capsules

For redispersibility evaluation, the VDD intermediates,
tablets, or capsule-fillings were dispersed in an appropriate
amount of water targeting the ritonavir concentration of the
original nanosuspension (ritonavir: 15% w/w). The resulting
suspension was mixed using a vortexer (IKA Vortexer VG3,
Staufen, Germany) and subsequently characterized by laser
diffraction and/or dynamic light scattering (see “Characteri-
zation of Nanosuspensions”).

Redispersibility by Particle Fractions in Submicron
Range The redispersibility was evaluated by means of laser
diffraction to increase the understanding of the agglomera-
tion state of the ritonavir particles, since larger particles
could sediment during DLS analysis not being detected
then. The percentage of particles below 1 pm in a cumula-
tive volume-based particle size distribution was selected as
criterion to determine the redispersibility.
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Redispersibility Index For better comparability of the redis-
persed suspension with the initial nanosuspension, the redis-
persibility index (RDI) was calculated by normalizing the
particle size describing variable (z-average or ds) to the
respective variable of the initial nanosuspension.

d5() (orz— average)redispersed

RDI =

dsg(or z — average); iy M

Consequently, an RDI value close to 1 indicates a suf-
ficient preservation of the nanoparticulate drug substance
particles after solidification. For processability evaluation,
the particle size describing variable of the tablets/capsule
powder fill was compared with the respective one of the

VDD intermediate (powder).

Characterization of VDD Intermediates

Bulk/Tapped Density Determination of bulk and tapped den-
sity was performed using tapped density tester (Pharmatest
Apparatebau AG, Hamburg, Germany) according to Ph. Eur.
2.9.34 (method 1). VDD intermediate was filled into a 250-
ml graduated cylinder and the mass and bulk/tapped volume
occupied by the material was determined. All measurements
were conducted as triplicates.

Flowability Determination of flow properties was performed
using ring shear tester (RST-XS, Dietmar Schulze, Schiitt-
gutmesstechnik, Wolfenbiittel, Germany) equipped with a
31.37-ml cell. VDD intermediates were measured as tripli-
cates at following conditions: pre-shear normal stresses of
0.250, 0.525, 0.800, and 1 kPa, and ambient temperature
(approximately 20-22°C). Data were evaluated using regres-
sion analysis.

Particle Size Distribution Determination of particle size dis-
tribution of VDD intermediates (powder) was performed
using a laser diffraction particle size analyzer (Mastersizer
3000, Malvern Instruments GmbH, Herrenberg, Germany)
equipped with a dry powder disperser module Aero S. The
samples (approximately 2-5°g) were dispersed with 0 bar
pressure and measured as triplicates. Data were analyzed
using the Mastersizer 3000 Software (version 3.71) accord-
ing to the Fraunhofer approximation.

Loss on Drying Determination of moisture content via loss
on drying (LOD) method was performed using a halogen
moisture analyzer (HB43-SSD, Mettler-Toledo GmbH, Gies-
sen, Germany). The samples (approximately 5.5-6.1 g) were
heated to 105°C and held until mass was constant within +
1 mg for 100 s. The VDD intermediates were measured as
triplicates.
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Crystallinity and Glass Transition Temperature by Differen-
tial Scanning Calorimetry Quantification of ritonavir-related
crystallinity as well as determination of the glass transition
temperature (7, ,.,) was performed via differential scanning
calorimetry (DSC) using a Mettler-Toledo DSC 3+ (Mettler
Toledo, GieBBen, Germany) equipped with an auto-sampler.
All DSC samples (VDD intermediates) were scanned at 1.5
K/min from 25 to 140°C under nitrogen (gas flow 50 ml/
min) as open pan method (crystallinity) and at 10 K/min
from 25 to 150°C as closed pan method (7, ,.,). Pure crystal-
line ritonavir was measured (open pan method) to determine
the melting enthalpy (n = 2, mean: 80.24 J/g) for quantifica-
tion purposes of the VDD intermediates. The results were
analyzed with STARe SW (version 16.1) (Mettler Toledo,
GieBlen, Germany). All VDD intermediate samples were
measured as triplicates. The DSC thermograms are not
shown in the present study except for Man7.5/Tre7.5_75_
large representatively for all formulations in Figure OR1.

To verify the DSC results on quantification of the crys-
talline ritonavir content, powder X-ray diffraction (PXRD)
was performed for one selected VDD intermediate (Man7.5/
Tre7.5_75, see supplemental data).

Short-Term Stability Focusing on Redispersibility The physi-
cal stability of the selected VDD intermediate for down-
stream evaluation was determined by DLS and LD after stor-
age for 2 and 6 months at uncontrolled conditions at room
temperature and relative humidity (approximately 45-50%)
and compared with initial nanosuspension data and initial
powder characterization after solidification (drying).

Downstream Processability

Tabletability and Tableting For tabletability evaluation,
round, biplane tablets (10 mm, mass: 200 mg, n = 6) of
selected formulations (small-scale runs; see Table I) were
manufactured using a single punch compression simulator
(HB-50, Huxley Bertram Engineering Limited, Cambridge,
UK) simulating a KorschXL100 (turret speed: 20 rpm, linear
speed: 124 mm/s, dwell time: 78 ms). Different compaction
pressures were applied targeting defined tensile strengths
(0.4,0.8, 1.2, 1.6, 2.0 MPa). The tensile strength range was
selected around the commonly targeted tensile strength of
1.2 MPa for tablets (21). Tablets were subsequently ana-
lyzed regarding tablet weight (analytical balance, Sartorius
BP 61 S-0CE, Sartorius AG, Goettingen, Germany), thick-
ness and diameter (caliper, Hommel Hercules Werkzeughan-
del GmbH & Co. KG, Viernheim, Germany), and breaking
force (ErwekaTBH 125, Erweka GmbH, Heusenstamm,
Germany).

Encapsulation The selected VDD intermediate (Man7.5/
Tre7.5_75; large-scale run) was encapsulated into size 0

Quali-V capsules in opaque grey targeting a fill weight of
157.2 mg (corresponding to 50 mg ritonavir). Encapsulation
process was performed using an automated capsule filling
machine (Modu-C LS, Harro Hofliger, Allmersbach im Tal,
Germany) equipped with an inline in-process (weight) con-
trol unit. Process parameters were set as follows: 20 cycles/
min, 100% check weighing (net weight). In-process control
samples were taken at start, middle, and end of the encap-
sulation process and evaluated according to Ph. Eur. 2.9.5
(uniformity of mass of single-dose preparation). In addition,
a process sample (n = 100) was taken and analyzed (gross
weight). The machine protocol was used for process assess-
ment (net weight).

Disintegration Disintegration test was performed according
to Ph. Eur. 2.9.1 (test setup A) using a disintegration tester
(ZT 722, Erweka GmbH, Heusenstamm, Germany).

RESULTS
Characterization of Ritonavir Nanosuspensions

Wet ball milling of ritonavir was successfully conducted in
5 sub-batches (runs) at different batch sizes (1.5-2.0 kg).
The particle size analysis results are shown in Figure 1. The
z-average values determined via dynamic light scattering
(DLS) were below 400 nm (in a range of 300-370 nm), and
the PDIs were below 0.15 indicating monodispersed ritona-
vir nanosuspensions (see Figure 1a). Laser diffraction (LD)
analysis confirmed the DLS results showing the absence of
large particles (e.g., agglomerates), which could be poten-
tially missed via DLS due to sedimentation. The ds, values
obtained by LD were in a range between 113 and 315 nm
and more than 98.5% of the particles were in the submicron
range (<1 pm) (see Figure 1b).

Solidification via VDD and Characterization
of Resulting Intermediates

Impact of Drying Protectant and Drum Temperature
on Processability

A clear dependency of the drying protectant used on pro-
cessability could be observed as shown in Table II. Yield
values were consistently low for lactose-containing formula-
tions ranging from 53 to 62%. Mannitol-containing formu-
lations showed yield values of 65-86% indicating a better
process performance compared to lactose-containing formu-
lations, whereas trehalose-containing formulations showed
a pronounced drum temperature dependence: the higher the
drum temperature, the better the yield (75°C: 63.3%, 105°C:
92.8%). Combining mannitol with either lactose or trehalose

@ Springer
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Fig. 1 Mean particle size results of ritonavir nanosuspensions (wet-ball milling runs 1-5); a dynamic light scattering—z-average and polydisper-
sity index (PDI); b laser diffraction—ds, and number of particles below 1 pm in %

as drying protectants resulted in formulations with accept-
able yield values of 65-87% for small-scale runs on a pilot
scale VDD. The LOD values were between 1 and 3% for
all other formulations except for the trehalose formulation
(processed at 75°C with LOD of 4.90%) and the mannitol
formulation (processed at 55°C with LOD of 4.87%).

Impact of Drying Protectant and Drum Temperature
on Powder Properties of Dried Intermediates

Dried VDD intermediates have been characterized with
respect to flowability (ring shear analysis), powder density
(bulk/tapped), and solid particle size distribution (PSD). The
results are summarized in Table II. The results indicated an
impact of drying protectant type on flowability. All mannitol
containing formulations exhibited easy flowing properties,
whereas the lactose or trehalose containing powders showed
cohesive flow independent of the drum temperature. Flow
function coefficient values (FFC) for trehalose containing
formulations indicated cohesive flow at lower temperatures
and borderline easy flow at the highest drum temperature.
The bulk density values (Table II) were most favorable
for further downstream processing for mannitol containing
formulations with values at around 0.30-0.46 g/cm®. The
lactose and trehalose containing formulations showed lower
bulk density ranging from 0.11 to 0.17 g/cm? indicating a
fluffy powder. The formulations with two drying protect-
ants, either mannitol/lactose (Man7.5/Lac7.5_75: 0.35 g/
cm?®) or mannitol/trehalose (Man7.5/Tre7.5_75: 0.35 g/
cm?), resulted in powders with bulk density values in the
same ranges of the pure mannitol containing formulation
(Man15_75: 0.34 g/cm?). Consequently, mannitol might be
the dominant component within the formulation with respect
to bulk density. This could be confirmed by the results of
mannitol containing formulations at different mannitol lev-
els: the higher the mannitol content within the dried product,
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the higher the bulk density: The bulk density for Man10_75
was 0.30 g/cm3, that for Man15_75 was 0.34 g/cm3, and the
one for Man25_75 was 0.46 g/cm?. For mannitol and lactose
containing formulations, a minor dependence between drum
temperature and bulk density values could be observed: the
lower the drum temperature, the higher the bulk density. For
trehalose, no trend could be observed.

The particle size distribution of the intermediates indi-
cated relatively large particles of dy, values even above
1000 pm due to the selected sieve. However, trehalose and
lactose containing intermediates tended to lower d,, values
at around 600-650 pm for trehalose and 535-844 pm for
lactose compared to mannitol (981-1120 pm). In addition,
the mannitol level within the formulation impacted the dy,
value: the higher the mannitol content, the higher the d,
value (Man10_75: 796 pm; Man15_75: 981 pm, Man25_75:
1330 pm). Furthermore, mannitol seemed to substantially
impact the particle size distribution when combined with
other drying protectants. The ds, and d, values for Man7.5/
Lac7.5_75 (dsy: 425 pm, dgy: 1170 pm) and Man7.5/
Tre7.5_75 (dsy: 371 pm, dgy: 1030 pm) were widely com-
parable to those of Man15_75 (ds,: 388 pm, dy,: 981 pm).

Impact of Drying Protectant and Drum Temperature
on Redispersibility

The impact of the drying protectant (mannitol, lactose, tre-
halose) at a defined amount (15% w/w within the liquid for-
mulation (drying dispersion)) was assessed with respect to
particle size and PDI after redispersing the VDD intermedi-
ate (redispersibility) dried at various drum temperatures via
LD. Process conditions and the results are summarized in
Table II. A clear trend could be observed for all three drying
protectants investigated: with increasing drum temperature,
the number of particles in the submicron range decreased,
and the RDI increased indicating particle agglomeration/
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crystal growth and thus, rated non-redispersible VDD inter-
mediate. Consequently, a critical drum temperature (7,;,)
could be identified at which the desired redispersibility of
the dry VDD intermediate was still given (particles in sub-
micron range >90% and RDI < 1.3). Figure 2 illustrates the
T, and T, ,, for the respective formulations and the 7, ,,.,
of the pure drying protectants according to literature (12). A
clear dependency between the 7, ;. values of the respective
drying protectants, the resulting formulation 7, , ., values,
and the T, values could be observed. Formulation Man15
with the lowest 7, ,, showed the lowest 7_,;, (55°C) mean-
ing that a redispersible intermediate is feasible at the lowest
drum temperature tested. Consequently, applying drum tem-
peratures above the T, during solidification would lead to
a dried, less to non-redispersible product. In contrast, dried
material with trehalose displayed the highest 7, ,,,, value, and
also the highest T, value with 90°C. However, the identi-
fied T, values were approximately 30-35°C above the wet
T, e, for all formulations.

Impact of Drying Protectant and Drum Temperature

on Solid State of Ritonavir

Figure OR1 (Online Resource) displays the DSC thermo-
grams of the pure microcrystalline ritonavir as reference
for quantification of the remaining ritonavir-related crys-
tallinity fraction (n = 2), and of the vacuum drum dried
intermediate (Man7.5/Tre7.5_75_large) representative for
all DSC measurements (data not shown). The crystalline
fraction within the Man7.5/Tre7.5_75_large VDD interme-
diate was 23.2% corresponding to 73.0% remaining crystal-
linity. This is in accordance with the small-scale batch data
(75.1%) of the same formulation. Additionally, an estimation
of ritonavir-related crystallinity was determined via pow-
der X-ray diffraction (PXRD) for the formulation Man7.5/

150
® T4y of pure drying protectant

125 - ® Ty of formulation
— e T, (drum temperature)
o °
"’;' 100
; L4 ° °
w® 75+
S
e . .
g 504 °
o
[t

25 -1 o
0 T . :
Man15 Lac15 Tre15

Fig.2 Critical process (drum) temperature (7,,;) and glass transi-
tion temperature (7, ,,,) of formulations containing different drying
protectants (mannitol, lactose, trehalose) and 7, ., of the pure drying
protectants according to literature (12)

Jdry
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Tre7.5_75_large. The remaining ritonavir-related crystallin-
ity value was 89.93 % (see Figure OR2 (Online Resource)).

Figure 3 shows the impact of the drum temperature dur-
ing vacuum drum drying on ritonavir-related crystallinity
determined via DSC for formulations containing mannitol,
lactose, or trehalose as drying protectant. Data indicate a
dependency between drum temperature and ritonavir-related
crystallinity: the higher the drum temperature for the respec-
tive formulation, the lower the crystalline ritonavir content
within the VDD intermediate. A strong decrease in crystal-
linity could be observed for VDD intermediates processed
at drum temperatures above T,;,. The crystallinity values at
T,

crit

rit*
were in a range of 75-85%.

Short-Term Stability of Selected Formulation

The short-term stability study was carried out on the selected
formulation Man7.5/Tre7.5_75 (see “Downstream Processa-
bility of Selected Formulation™). The VDD intermediate was
analyzed after 2- and 6-month storage at uncontrolled condi-
tions (room temperature; relative humidity of approximately
45-50%) using LD and/or DLS. Results were compared with
VDD intermediate at study start (TO) and the corresponding
nanosuspension. Results are given in Table III comprising
the ds, values, the cumulative number of particles in the
submicron range, and the z-average and PDI values. The
ds, values ranged from 111 to 139 nm indicating no distinc-
tive change over time regarding particle size. The number
of particles in the submicron range were consistently above
97% and comparable to the corresponding nanosuspension
with an initial value of 98.2%. However, z-average values
indicated a slight shift to larger particles during storage: 299
nm (nanosuspension), 330 nm (after 2 months), and 353 nm

[¢  Mant5] [=  Lacts] [¢  Trets]

100

90—

[}
80—
70— E b { I
60— * x
50— }

40

Crystallinity [%)]

K2

3011 T 1 T 1
55 65 75 75 85 95 75 90 105

Drum Temperature [°C]

Fig. 3 Ritonavir-related crystallinity dependent on drum temperature
of formulations containing mannitol (Manl5), lactose (Lacl5), and
trehalose (Trel5) as drying protectant. Critical drying temperature
(T,,,;,) for each formulation displayed in red

cril
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Table llI Short—t(?rm stgbility Timepoint (months)

results by laser diffraction

and dynamic light scattering TO (nanosuspension) TO (dried powder) T2 T6

analysis at study start (TO), after

2 (T2) and 6 months (T6) dsy (nm) 113.0+5.2 130.0 + 1.8 139.0+0.8 111.0 + 0.8
Particles <1 pm (%) 98.6 + 0.8 98.4+0.3 97.2+0.0 98.4+0.3
z-average (nm) 299.1 +4.30 Not determined 330.1 + 6.98 352.5 +4.63
PDI? 0.125 +0.019 Not determined 0.119 + 0.022 0.139 +0.003

“Polydispersibility index

(after 6 months). Consequently, it is recommended to store
the dried product at lower temperatures and low humidity to
avoid further particle agglomeration and/or crystal growth.

Downstream Processability of Selected Formulation

Formulation Man7.5/Tre7.5_75 was selected as prototype
formulation to evaluate downstream processability compris-
ing several benefits compared to other formulations tested.
It showed good remaining nanoparticulate redispersibility,
remaining crystallinity, and favorable powder properties
such as bulk density (see Table II). The small-scale batch
intermediate was used for tabletability evaluation to ensure
proper comparability to the other formulations processed
into powder intermediates using similar equipment (manu-
ally milled VDD intermediate). The large-scale batch inter-
mediate was used for encapsulation experiments.

Tabletability and Disintegration of Selected Formulations

Figure 4a shows the tabletability plot (tensile strength vs
compaction pressure) of selected formulations simulating
the rotary press Korsch XL.100 at 20 rpm turret speed (lin-
ear speed: 124 mm/s). All formulations were easily com-
pressible leading to tablets with sufficient hardness even at

low compaction pressures. Still, differences were observed
depending on the drying protectant used in the formulation
composition. Trehalose showed the best tabletability fol-
lowed by lactose. Mannitol exhibited the least favored tab-
letability profile, but still showed sufficient tensile strength.
Mannitol-containing formulations with lactose or trehalose
in combination revealed comparable tabletability to the
mannitol-only formulation. Consequently, mannitol affected
tabletability most. Moreover, no tablet defects were observed
for all formulations tested.

Figure 4b shows the impact of tensile strength on tablet
disintegration for different formulations. All tablets showed
fast disintegration time (< 12.5 min), which decreased with
decreasing tensile strength.

Impact of Tableting Process on Redispersibility

Tablets of different formulations with a tensile strength of
1.2 MPa were investigated regarding redispersibility after
tableting by laser diffraction. The results are summarized
in Table IV. The ds, values of the redispersed tablets were
similar to the initial VDD powder intermediates. RDI values
of 1.0-1.1 indicated no substantial change in PSD of redis-
persed particles with a large number of particles (> 93%)

= Man15_55|==== |ac15_75

a 3.5 b 15.0
® Man1555 @ Man7.5/Lac7.5_75 .
304 m  lLac15 75 ©® Man7.5/Tre7.5_75 — -
R e Tre15_75 £12.5—
o £ -
=2 2.5 o -
s R £1007
2 2.0+ z ] B 3
g 3 s 7.5
& 1.5+ L § st = 3

S
K ¥ i i [} o 5_0__
w 1.0 s 2 ]
S ] 93 = -
P05 o5 52 5 25—
0.0 T T T T T T T T T 0.0—_

0 10 20 30 40 50 60 70 80 90 100

Compaction Pressure [MPa] N

== Tre15_75 Man7.5/

Lac7.5_75

Man7.5/
Tre7.5_75

BRSPS PP PGS (PPt

Tensile strength [MPa]

Fig.4 a Tabletability plots of selected formulations simulating a Korsch XL100 at 20 rpm (n = 6); b Disintegration time of selected formula-
tions compressed to tablets of defined tensile strengths (n = 6); Man = mannitol, Lac = lactose, Tre = trehalose
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smaller than 1 pm. Consequently, no impact on tableting on
redispersibility could be observed.

In addition, the impact of tableting on redispersibility was
studied with tablets of different tensile strengths via DLS
and LD for a selected formulation (Man7.5/Tre7.5_75). As
shown in Figure 5, the z-average values by DLS were in a
comparable range (342-367 nm) for all tensile strengths.
Measured PDIs (0.100-0.175) indicated monodispersed
nanosuspensions. RDI values of 1.0 to 1.1 demonstrated
good redispersibility. LD results were in accordance with
those from DLS measurements: the ds, values varied from
196 to 239 nm with 95.1-99.8% of the particles in the sub-
micron range. The RDI values of LD measurement did not
indicate any particle size change induced by the tableting
process.

Impact of Encapsulation Process on Redispersibility

The selected VDD intermediate (Man7.5/Tre7.5_75) was
successfully encapsulated into size 0 HPMC capsules target-
ing a fill weight of 157 mg (RTV dose of 50 mg). Approxi-
mately 1000 capsules were manufactured. The results of the
analyzed in-process control and process samples combined
with machine protocol data are summarized in Table OR2

Table IV Tablets (TS: 1.2 MPa) Redispersibility of Different Formu-
lations by Laser Diffraction (Man = Mannitol, Lac = Lactose, Tre =
Trehalose, RDI = Redispersibility Index)

Formulation Particles < 1 pm (%) RDI  Disintegra-
tion time
(min)
Manl5_55 92.67 +0.05 1.0 399 +1.25
Lacl5_75 95.46 +0.23 1.0 7.86 +1.76
Trel5_75 93.26 +0.14 1.0 7.79 + 1.14
Man7.5/Lac7.5_75  99.68 + 0.72 1.0 525+1.37
Man7.5/Tre7.5_75 96.47 +0.72 1.0 5.88 +1.83
a
500 0.30 - 1.2
450 * . - 1.1
* . * L 025 1.0
__ 4001 M - ; _ [ 0o 2
£ 35071 = Lo20 [08%
= 300 i 07 2
[ w
2 250- i -0.15 SF 06 &
S 2004 “Fos =
< ¢ Lo10 Foa™
N 1504 L 03 2
100 L0.05 |02 %
50+ - 0.1
0 T T T T T 0.00 L 0.0
0.4 0.8 1.2 1.6 2.0

Tensile Strength [MPa]

(Online Resource) reflecting an acceptable encapsulation
process.

Redispersibility of the capsule powder fill (powder) was
assessed via DLS and LD for the in-process control samples
(see Figure 6). The z-average values ranged from 320 to 333
nm and the PDI from 0.114 to 0.126 assuming monodis-
persed nanosuspensions. The RDI values were constantly at
1.0. The particle size analysis data via LD were in accord-
ance with the DLS data: the ds, values were between 135
and 140 nm with 99% of the particles in the submicron range
without variation with respect to processing time. And the
RDI values were at 1.0 indicating no change in particle size
compared to the VDD powder. Thus, the encapsulation pro-
cess did not impact the remaining nanoparticulate redispers-
ibility of the capsule powder fill.

DISCUSSION

Ritonavir nanocrystal suspensions could be successfully
manufactured with good reproducibility via wet-ball milling
using zirconium oxide beads using a classic tumble blender.

The data revealed that processibility of the tested
nanocrystals containing liquid formulations (drying disper-
sions) during vacuum drum drying was impacted by the dry-
ing protectant. Mannitol was identified as best drying pro-
tectant for product solidification in terms of visual behavior
on the drums, LOD, and yield. Similar observations were
made by Chaubal, Popescu (12) comparing lactose, man-
nitol, sucrose, and dextrose containing spray dried powders
of itraconazole nanosuspensions: mannitol was rated as most
favorable carrier for spray drying of nanoparticles providing
most desirable particle morphology, flowability, and LOD
values.

The redispersibility was mostly affected by the interplay
between drying protectant and drum temperature. An indi-

vidual critical process temperature (7,,;,) correlating with the

300 - 1.1

* * * * B - 1.0
2501 = T = * B - I 0.9 §
L1002 Fo08 %
_ 2007 § { Lo9 & L0773
£ 3 -9 & Lo6a
= 150 F97 A =
I 3 [ o5 ~ [05=

= -

100 Bl pos 5 po4s
94 — 033
L o3 3 e
50 [0, [ 02 %

- 91 - 01

0 T T T T T 90 - 0.0

0.4 0.8 1.2 1.6 2.0

Tensile Strength [MPa]

Fig.5 Mean particle size results of tablets with different tensile strength values; a dynamic light scattering— z-average and polydispersity index
(PDI); b laser diffraction— ds, and number of particles below 1 pm in %; RDI redispersibility index compared to powder
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y 300 JFe73 E F9%8 0 Lo6a
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(in-process control samples)
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Fig.6 Mean particle size results of in-process control samples of the encapsulation process; a dynamic light scattering— z-average and polydis-
persity index (PDI); b laser diffraction— ds, and number of particles below 1 pm in %; RDI redispersibility index compared to powder

T, e, Of the formulation could be identified for all formula-
tions tested. Similar observations were recently published
for the spray drying process by Czyz et al. (14). Research-
ers reported that the outlet temperature during spray dry-
ing seemed to be critical and correlated with the 7, ,,, of
the formulation, which was shown to be drug load related.
The temperature difference between T, ,,,, of the formula-
tion and 7,,,, (outlet) was similar for all formulations tested
(approximately 20-25°C). In the present study, the differ-
ence between 7, ,,,, of the formulation and 7, (drum) was
30-35°C and thus, approximately 10° higher compared to
the spray drying data. This might be explained by the fact
that the drum temperature did not reflect the product tem-
perature, which is probably lower due to the cooling effect
during water evaporation. In contrast, the outlet temperature
during spray drying is much better linked to the real product
temperature. Consequently, it can be assumed that a T,,,,
related to the 7, ,,,, of the formulation might be process inde-
pendent. An explanation for the temperature impact on redis-
persibility could be as follows: process temperatures above
the T, ,,,, of the material knowingly increase the fluidity of
the material and potentially facilitate nanocrystals aggre-
gation and growing. Interestingly, Malamatari et al. (22)
identified the ratio of drying protectant to drug as another
important formulation-related factor for redispersibility.
The present study confirmed their findings, as the amount
of submicron particles was increased at higher mannitol to
ritonavir ratio (20% for Manl15_75, 40% for Man25_75) at
constant drum temperature. This stabilizing effect was likely
caused by steric hindrance by the drying protectant. Zuo et
al. explains this steric hindrance as follows: the presence of
water-soluble additives such as Mannitol could form hydro-
philic excipient bridges interconnecting the nanoparticles
and thus, avoiding crystal-to-crystal contact and in the end
crystal growth. The same stabilizing effect is seen in lyo-

philization processes where mannitol is used as so called

lyo-protectant (23). Surprisingly, Man10_75 showed better
redispersibility compared to Man15_75, despite containing a
lower amount of drying protectant. In this case, the 7, impact
would be more pronounced as stabilizing principle than the
steric hindrance. Reducing the mannitol content resulted in
a higher relative content of copovidone in the formulation,
which has a higher 7, ,,, (101°C) compared to mannitol.
Consequently, the T, ,,,, of the formulation might be higher
and thus, leading to a higher stabilizing effect against tem-
perature. In addition, copovidone acts as matrix polymer
still providing sufficient stabilization. Hence, the stabiliz-
ing effect of drying protectants on the nanocrystals might
be dominated by two principles: steric hindrance (acting
as spacers by building excipient bridges) and 7, influence.
However, other components of the formulation might influ-
ence the T, significantly as well (e.g., drug substance, ionic
or polymeric stabilizers or adhesion enhancers).

The remaining ritonavir-related crystallinity data deter-
mined via DSC showed a clear ritonavir melting peak vis-
ible in the thermograms of all analyzed samples. However,
a temperature shift to a lower melting temperature was
observed for the VDD intermediates containing ritonavir
nanoparticles compared to the pure microcrystalline ritona-
vir measurements. Based on literature, melting point depres-
sion is expected with reduction of crystal particle size as
described by the Gibbs-Thomson equation (24). In fact,
this has been already reported for several nanosuspensions
dried via spray drying in previously published studies (25,
26). Consequently, measuring the remaining crystallinity at
nanometer size via DSC might potentially not reflect the true
crystallinity. Few percent of crystallinity might get lost due
to fast melting of nanocrystals at even lower temperatures
which is also implied by the left skewed melting peak in the
VDD intermediate thermograms. In fact, even PXRD data
represent only an estimation, because a reference standard
had to be used for quantification. Consequently, the true
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crystallinity might be a bit higher compared to the estimated
values by DSC in this study.

However, DSC data clearly indicated that a portion of the
ritonavir was converted into a non-crystalline (most likely
amorphous) form even at the lowest process (drum) tempera-
tures. This observation was in accordance with the results of
a recently published study, where a risperidone nanosuspen-
sion was processed by spray drying (27). Kayaert, Van den
Mooter (28) stated that the cause of amorphization is most
likely the interplay between drug and stabilizer during dry-
ing, rather than the nanosizing via wet-ball milling. Indeed,
if the drug substance is soluble in the stabilizer, especially
if the stabilizer is a polymer, it enhances the probability of
an amorphous layer formed at the interface. In the present
formulations, copovidone was used to increase the adhe-
sion to the drums of the vacuum drum dryer, next to its
function as polymeric stabilizer of the liquid nanosuspen-
sion. Consequently, the level of copovidone within the final
dried intermediate was quite high (25% w/w) enabling the
solubilization process of ritonavir. This solubilization was
even more enhanced by the presence of nanocrystals instead
of microcrystals. In addition, this study clearly showed a
drum temperature dependency for the remaining crystallin-
ity: the higher the drum temperature, the higher the amorph
fraction. Interestingly, the critical drum temperature for
remaining crystallinity corresponded with the T, value for
redispersibility.

Since non-crystalline API, e.g., amorphous API, can
recrystallize during storage (28), this partial change in solid
state might have an impact on stability. Consequently, dif-
ferent solid states after manufacturing and after drying of
the nanosuspension should be avoided to ensure stability as
key design requirement. This might be even more critical
for substances showing pronounced polymorphisms. Thus,
future research should investigate the impact of non-crys-
talline API within a solidified nanocrystal drug product on
storage stability.

The short-term stability evaluation of the present study
indicated a slight increase in particle size determined via
DLS (see Table III). However, an increase in particle size
could not be detected via LD. Kumar et al. (29) found out
that all indomethacin nano-formulations were stable after
spray drying and during storage stability which contained
small molecular weight sugars such as mannitol, lactose, and
trehalose. However, the ratio between the drying protectant
and API was much higher (1 to 5 w/w) compared to the
formulation tested in this present study (1 to 1.3 w/w). A
higher drying protectant to API ratio is known to be benefi-
cial ensuring better steric stabilization, and thus, redispers-
ibility as stated by Malamatari et al. (22). Yet, the API load
would be significantly lower.

As mitigation concept for crystal growth/aggregation,
stability, and amorphization, the Tg of the formulation

@ Springer

should be determined prior to the drying step to choose
the processing temperature, accordingly, meaning below
the T,,;, of the respective formulation. This applies pre-
sumably for both, spray drying and vacuum drum drying.
However, the composition of the nanosuspension prior dry-
ing needs to be selected carefully considering the type of
drying protectant, its 7,, and the ratio of drying protectant
to APL Drying protectants with higher 7, might be pre-
ferred enabling lower drying protectant to API ratio, and
thus, higher API loads of the final dosage form. Moreover,
the solubility of the API within the polymeric stabilizer
needs to be assessed to avoid unintended amorphization
of the APIL.

The compression into tablets revealed a dependence
on the drying protectant in the formulation. This might be
related to the compression behavior of the neat drying pro-
tectant and the particle size and shape of the VDD interme-
diates. Nevertheless, all formulations showed acceptable tab-
letability, since resulting tablets exhibited sufficient tensile
strength even at low compaction pressures.

Results from the redispersibility assessment indicated that
tableting did not impact redispersibility for all formulations
at a tensile strength of 1.2 MPa. This was surprising, since
nanosized ritonavir particles were assumed to proximate to
each other during the tableting process. But even at higher
compaction pressures and higher tablet tensile strength
respectively, only disintegration was affected, however, not
redispersibility. Moreover, it could be demonstrated that
encapsulation of VDD intermediate to capsules did not affect
redispersibility of the final drug product.

To sum up, the drying process of a stabilized nanosus-
pension seems to be the most critical step during the manu-
facture of a nanocrystal drug product. The selection of the
formulation components is important for several reasons.
Selected excipients should enable the following:

— Stabilizing the liquid nanosuspension by preventing par-
ticle growth, agglomeration, and precipitation

— Enabling the spreading of the nanosuspension, and in
turn ensure uniform drying on the heated drums

— Achieving acceptable flow and density of the dried and
subsequently screened intermediate to ensure down-
stream processability for encapsulation or compression.

CONCLUSION

The present study demonstrated the feasibility of using
vacuum drum drying (VDD) for the solidification of rito-
navir nanosuspensions resulting in redispersible solids.
VDD offers advantages for downstream processing. First,
no second drying step is required. Second, the powder
properties of the dried intermediate, such as particle size
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distribution, can be adjusted during milling and by this,
potentially optimized for subsequent encapsulation or
compression into tablets, which was demonstrated for a
selected model formulation.

Moreover, first insights were gathered on the interplay
between formulation composition and VDD process condi-
tions (drum temperature), on the resulting impact on pow-
der redispersibility, and on the remaining ritonavir related
crystallinity as follows:

e For all studied formulations redispersibility and DS-
crystallinity substantially decreased exceeding a for-
mulation specific drum temperature (7,;,).

e AsT,, is formulation dependent, it should be identified
for each formulation as part of the process develop-
ment.

e T, might be correlated with the glass transition tem-
perature (7, ,,,) of the formulation, which is mostly
dominated by the T, of the pure drying protectant.
However, this needs further mechanistic clarification.

e Particle growth during drying can be prevented by tak-
ing advantage of the principles of steric hindrance in
combination with possibly high 7, of the formulation
leading to less fluidity.

e As the stabilizers for the nanosuspension will affect
the overall 7, the type and amount should be carefully

selected for formulation composition.
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