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Abstract

Background: The well-established biopharmaceutical advantages provided by nanosus-
pensions (NSs) make their conversion into solid oral dosage forms particularly appealing
for improving both patients’ compliance and product stability. However, such a transfor-
mation continues to represent a significant challenge. Aim: This study explored manual
wet granulation (WG) as a laboratory-scale strategy to transform an NS containing cinnar-
izine (CN) into granules, which were intended for direct administration or to be further
processed. Methods: A range of polymers, characterized by different interaction mecha-
nisms with aqueous fluids, were employed as carriers to incorporate the CN-containing NS
during manual WG. The resulting granules were thoroughly characterized before tableting.
Results: The NS-loaded products exhibited satisfactory physio-technological properties,
effective nanocrystal redispersibility, high drug load efficiency, and expected in vitro perfor-
mance. Moreover, they turned out to be suitable intermediates for mini-tablet production.
Conclusions: Based on the data collected, WG turned out to be an effective lab-scale
method for transforming an aqueous CN-containing NS into solid products (i.e., granules
and mini-tablets), while preserving the starting properties of the drug nanocrystals. By
adjusting formulation and process parameters, a variety of release kinetics were achieved,
highlighting the value of the pursued approach, especially for early-stage screening of new
drug candidates belonging to class II of the biopharmaceutical classification system.

Keywords: BCS class II drugs; water-based nanosuspensions; wet granulation; solid dosage
forms; mini-tablets; immediate release

1. Introduction
In the drug delivery field, the increasing awareness of the advantages associated with

the application of nanotechnologies has driven substantial progress in the formulation
of poorly soluble drugs [1,2]. In this context, the development of nanosuspensions (NSs)
has emerged as a powerful tool to enhance the dissolution rate and improve the oral
bioavailability of challenging molecules [3,4]. However, as water-based systems, NSs present
several limitations: they are often characterized by restricted long-term stability, are difficult
to handle from the patients’ perspective, which could in principle compromise compliance,
and pose major challenges in terms of final product storage and distribution [5–9]. Therefore,
developing robust strategies to transform liquid NSs into solid dosage forms has become a
key research priority, as relevant solidification can markedly improve stability, streamline
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the supply chain, and ultimately maximize both the therapeutic and the commercial
potential of nanosized drugs [4,10–12]. In addition, the availability of NS-containing solid
dosage forms, even during the early phases of pharmaceutical research, can be highly
advantageous, in principle accelerating formulation screening and reducing overall time
and cost of development.

Several solidification approaches have been tested, especially at the research level,
to convert NSs into solid dosage forms, each characterized by peculiar advantages and
limitations [4,13]. By way of example, spray drying enables continuous, scalable production
of dry powders and offers good control over particle morphology and size but requires
careful thermal and formulation control to avoid nanocrystal aggregation and degrada-
tion [14,15]. For drugs sensitive to temperature, freeze drying is the process of choice, but
it is known for being time-consuming and expensive, leading to highly porous powders
that may require further processing [16,17]. More recently, hot melt extrusion has also
been explored, being a solvent-free, continuous process able to embed NSs into diverse
polymeric carriers, but its use is limited by the active ingredient thermal stability [18,19].
On the other hand, wet granulation (WG) has been described as an advantageous alter-
native for converting NSs into solid products if the NS itself is used as the granulating
liquid [4,20,21]. Indeed, WG transforms fine powders into larger, uniform granules by
promoting inter-particulate adhesion, generating a cohesive wet mass that, after proper
drying and screening, yields granules with improved flowability, bulk density, and mechan-
ical strength [22–25]. From a processing perspective, WG involves multiple steps, named
wetting, nucleation, coalescence-driven growth, consolidation, and attrition, during which
formulation variables and process parameters would critically affect the final granule struc-
ture. Key granule attributes, and especially the particle size, morphology, moisture content,
and hardness, are fundamental to final product quality, whether granules are intended for
direct administration or used as intermediates for downstream processing [26–29].

Industrial WG can be implemented in several automated formats [29,30]. High-shear
wet granulation affords tight control of shear and liquid addition for reproducible granule
size and density, while twin-screw wet granulation offers a continuous, scalable alternative
with improved residence-time control and reduced solvent consumption [31–35]. Finally,
fluid-bed granulation integrates spraying and drying in a single step, leading to a rela-
tively high-porous granule with improved compaction attitude [36–38]. These automated
methods generally improve reproducibility and yield compared with manual approaches,
but they require greater capital investment and material throughput for process optimiza-
tion [29]. On the other hand, manual WG represents an accessible solidification strategy
that is particularly valuable during early-stage formulation screening [30,39]. In contrast to
equipment-intensive technologies, this process requires minimal infrastructure and energy
input, while enabling rapid iterative testing, particularly when only limited quantities
of drug or excipients are available. This makes it a low-cost and low-risk platform for
preliminary compatibility and feasibility studies, allowing early identification of promising
formulation strategies before transitioning to semi-automated or fully automated granu-
lation systems. Indeed, it provides direct visual and tactile control over liquid addition,
wetting behavior, and granule growth kinetics, process attributes that are hard to check in
closed automated systems. This hands-on method would support better understanding of
nucleation, coalescence, and consolidation phenomena, which are fundamental for promot-
ing rational formulation design [40]. This technique allows rapid adjustment of process and
formulation variables without the constraints imposed by automated control systems, sup-
porting hypothesis-driven experimentation during early development phases. However,
manual WG also encompasses several limitations. It is inherently operator-dependent, and
variability in mixing intensity, liquid distribution, and endpoint determination can lead to
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limited reproducibility in granule size distribution and mechanical properties, resulting
in batch-to-batch inconsistency [30]. Furthermore, manual WG lacks objective, real-time
monitoring tools that are increasingly available in automated systems, reducing the ability
to precisely control endpoint parameters such as granule density, porosity, and liquid
saturation. Nevertheless, the combination of accessibility, flexibility, and the possibility to
gather direct insights into the granule formation makes manual WG a valuable complemen-
tary approach to automated technologies, particularly in the early phases of formulation
development where rapid, low-resource and high-throughput screening is essential.

Based on these premises, the present work investigated, at the lab scale, the feasibility
of using WG to convert a water-based NS into granules. In more detail, granules were
produced using a cinnarizine-containing NS (CN NS) as the granulation liquid, which
served as a case study. In fact, CN was chosen as a representative compound of class
II Biopharmaceutical Classification System (BCS), a category that encompasses a large
proportion of new chemical entities (NCEs) [41]. Indeed, cinnarizine exhibits extremely
low aqueous solubility and pH-dependent dissolution, making it an interesting benchmark
for assessing the impact of particle size reduction on dissolution enhancement [42,43].
Moreover, CN has a favorable safety profile, which allows its employment at relatively
high concentrations in formulation studies without raising significant safety concerns for
the operators [44,45]. These combined features make it an excellent model compound
for the present study. To maximize versatility, polymeric excipients showing a variety of
interaction mechanisms with aqueous fluids, thus potentially enabling a range of release
profiles from immediate to modified release, were investigated as carriers. On the other
hand, povidone and copolymer of vinylpyrrolidone and vinyl acetate were tested as binders
in view of their good aqueous solubility and because they have been reported to promote
granule nucleation, reduce the fraction of fines, and improve granule mechanical strength,
while offering a range of wetting and rheological behaviors [46]. The resulting granules
were assessed for key quality attributes considering their potential use either as final dosage
forms or as intermediates for subsequent tablet manufacturing.

2. Materials and Methods
2.1. Materials

CN (mean particle size distribution, PSD: ~63.5 ± 1.2 µm) and CN NS (CN load,
10 wt%; d-a-tocopheryl polyethylene glycol 1000 succinate, TPGS, 2.5%; Z-average of
~350 nm and PdI of 0.4) were both kindly supplied by Novartis Pharma AG (Basel, Switzer-
land). Specifically, CN NS was manufactured and characterized following an experimen-
tal protocol previously validated within the company [18,47]. Sodium starch glycolate
(Explotab® CLV, EXP; JRS PHARMA, Rosenber, Germany); soy polysaccharides (Emcosoy®,
SP; JRS PHARMA, Rosenber, Germany); lactose monohydrate (GranuLac® 200, LT; MEG-
GLE, Wasserburg, Germany); polymethacrylates (Eudragit® RL PO, ERL; Eudragit® E
PO, EPO; Evonik, Essen, Germany); ethylcellulose (Ethocel™ standard 10 premium, EC;
Dupont, UK); hydroxypropyl methylcellulose acetate succinate (AQQAT® AS LG, HPM-
CAS; Shin-Etsu Chemical, Tokyo, Japan). Binders: polyvinylpyrrolidone (Kollidon® 30,
PVP K-30; BASF, Mannheim, Germany); copolymer of vinylpyrrolidone and vinyl acetate
6:4 (Kollidon® VA 64, PVP/VA 64; BASF, Germany). Other additives: potassium dihydro-
gen phosphate (AnalaR NORMAPUR; VWR CHEMICALS, Leuven, Belgium); methanol
(AnalaR NORMAPUR, VWR CHEMICALS, Fontenay-sous-Bois, France); hydroxypropyl
methylcellulose (METHOCEL™ K4M premium, HPMC K4M; Colorcon, Harleysville, PA,
USA), magnesium stearate (Mg St; Sigma-Aldrich, Milan, Italy).
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2.2. Methods
2.2.1. CN NS Characterization

Particle size (Z-average, Z-avg) and polydispersity (PdI) of CN NS (n = 3) were mea-
sured using Zetasizer Nano ZS Dynamic Light Scattering (DLS) instrument (Malvern
Instruments, Worcestershire, UK). Before the analysis, samples were diluted (1:100) using a
saturated solution of CN. The resulting dispersions were sonicated (Ultrasonic Homoge-
nizer UP200St, Hielscher, Teltow, Germany) for 1 min at 70% amplitude (corresponding to
approximately 4–6 kJ) to disrupt potential aggregates and ensure proper dispersion of the
nanocrystals. Then, an aliquot of the sample solution was withdrawn and equilibrated for
120 s to ensure proper conditioning. The temperature was set at 25 ◦C, and each analysis
involved 10 measurements (100 s duration each). The stability of the CN NS, stored in a
refrigerator (VWR, Basel, Switzerland; 3 ± 1 ◦C), was checked by measuring the Z-avg and
PdI at pre-established time periods (i.e., up to 18 months).

2.2.2. WG

WG was performed manually using a mortar and pestle. Composition of the various
formulations tested and relevant codes are reported in Table 1. Granules were prepared
using either aqueous binder solutions or the CN NS supplemented with binders as the
granulating liquid. Specifically, two different binder types (i.e., PVP K-30 and PVP VA/64)
at two increasing concentrations (i.e., 2.5 wt% and 5 wt%) were tested. The required
amount of binder was accurately weighed (analytical balance, EWJ 600-2SM, KERN &
SOHN GmbH, Balingen, Germany) directly into the liquid phase (i.e., either water or CN
NS) and stirred until complete dissolution before use.

For all batches, the same quantity of granulation liquid was added gradually in small
aliquots, while manually mixing the powder blend with a pestle to ensure uniform wetting
and binder distribution. This procedure was applied to both placebo (i.e., carrier granulated
with water-based binder solutions) and drug-containing (i.e., carrier granulated with CN
NS supplemented with binders) formulations in order to achieve comparable wetting
conditions and binder content. Liquid addition was interrupted once target conditions
were reached, which meant, for NS-based batches, when the desired CN loading (i.e., 100
mg/g) was achieved, while for placebo batches, when an equivalent liquid quantity had
been incorporated to match the wetting and binder content of the corresponding NS-based
formulations. After the wet mass was broken down into granules by passing it through
a 1000 µm sieve, the resulting material was oven-dried at 40 ◦C for 8 h until a constant
weight was achieved.

Granules with a particle size between 355 and 500 µm were selected using a vibratory
sieve shaker (AS 200 basic, Retsch, Haan, Germany, time = 4 min, and amplitude of sieving
= 5). The product yield was calculated as the percentage ratio between the mass of granulate
retained on the 355 µm sieve and the total mass of granules produced, as reported below:

Yield (%) = 100 × weight of granules (size fraction 500–355 µm)

total weight of granules produced
(1)

This intermediate size range was chosen because it typically provides the best com-
promise between minimizing fines (which are known to impair flow, increase dusting
and segregation) and avoiding oversized granules that can compromise further process-
ing [28,48].
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Table 1. (a) Overview of the formulation codes used in the study, including binder type and
concentration, carrier material, and presence or absence of CN NS, and (b) formulation composition
of placebo and CN NS-loaded granules.

a

Abbreviation Description

1a PVP K-30 binder at 2.5% (placebo)
2a PVP K-30 binder at 5% (placebo)
1b PVP/VA 64 binder at 2.5% (placebo)
2b PVP/VA 64 binder at 5% (placebo)
1aNS, 2aNS, 1bNS,
2bNS Granulation liquids containing CN NS

SP1a, SP2a, SP1b,
SP2b Soy polysaccharide granules with binder variants (placebo)

LT1a, LT2a, LT1b,
LT2b Lactose monohydrate granules with binder variants (placebo)

EC1a, EC2a, EC1b,
EC2b Ethyl cellulose granules with binder variants (placebo)

EPO1a, EPO2a,
EPO1b, EPO2b Eudragit® E PO granules with binder variants (placebo)

ERL1a, ERL2a,
ERL1b, ERL2b Eudragit® RL PO granules with binder variants (placebo)

EXP1a, EXP2a,
EXP1b, EXP2b Sodium starch glycolate granules with binder variants (placebo)

HPMCAS1a,
HPMCAS2a,
HPMCAS1b,
HPMCAS2b

Hydroxypropyl methylcellulose acetate succinate granules with binder variants (placebo)

SP1bNS, SP2bNS Soy polysaccharide granules with PVP/VA 64 binder variants containing CN NS
LT1bNS, LT2bNS Lactose monohydrate granules with PVP/VA 64 binder variants containing CN NS
EC1bNS, EC2bNS Ethyl cellulose granules with PVP/VA 64 binder variants containing CN NS
EPO1bNS,
EPO2bNS Eudragit® E PO granules with PVP/VA 64 binder variants containing CN NS

ERL1bNS,
ERL2bNS Eudragit® RL PO granules with PVP/VA 64 binder variants containing CN NS

EXP1bNS,
EXP2bNS Sodium starch glycolate granules with PVP/VA 64 binder variants containing CN NS

HPMCAS1bNS,
HPMCAS2bNS

Hydroxypropyl methylcellulose acetate succinate granules with PVP/VA 64 binder variants
containing CN NS

b

Formulation code 1a 2a 1b 2b 1aNS 2aNS 1bNS 2bNS

Carrier *, % 85 82.5 85 82.5 85 82.5 85 82.5
CN, % - 10

TPGS, % - 2.5

Binder, %
PVP K-30 2.5 5 - - 2.5 5 - -

PVP/VA 64 - - 2.5 5 - - 2.5 5
* alternatives: SP, LT, EC, EPO, ERL, EXP, HPMCAS.

2.2.3. Granules Characterization
2.2.3.1. Density

A total of 5 g of granules within the 355–500 µm size range were accurately weighed
(analytical balance, EWJ 600-2SM, KERN & SOHN GmbH, Balingen, Germany) and trans-
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ferred into a 25 mL graduated cylinder. The apparent volume (V0) was recorded, and the
bulk density (ρb) was calculated as follows:

ρb (g/mL) =
m
V0

(2)

Tapped density (ρt) was then determined according to Method 1 of the European
Pharmacopoeia (Eur. Ph. XI Ed., 2.9.34). The 25 mL cylinder containing the granules was
placed in a tapping volumeter (Stampf Volumeter Stav2003, JEL, Gemini, Amsterdam, The
Netherlands). After 250 taps, the final volume (Vf, corresponding to V250) was recorded
and ρt was calculated as follows:

ρt (g/mL) =
m
Vf

(3)

2.2.3.2. Flowability

Granule flowability (Eur. Ph. XI Ed., 2.9.36) was assessed by calculating the compress-
ibility index (CI), according to the following equations:

CI (%) = 100 ×
V0 − Vf

V0
(4)

2.2.3.3. Friability

Friability of granules within the 355–500 µm size range was evaluated using a pro-
cedure adapted from the European Pharmacopoeia (Eur. Ph. XI Ed., 2.9.7, Method B). In
particular, 4 g of granules were weighed (analytical balance, EWJ 600-2SM, KERN & SOHN
GmbH, Balingen, Germany) directly into a glass container, which was then sealed. The
container was placed in a turbula mixer (Turbula T2C, Willy A. Bachofen WAB, Muttenz,
Switzerland) and subjected to horizontal oscillations for 2 min at a constant frequency of
200 oscillations/min. After treatment, the granules were sieved using a pre-calibrated set
of sieves (i.e., 500 µm, 355 µm, and collecting base), mounted on a vibratory sieve shaker
(AS 200 basic, Retsch, Germany). Sieving was performed for 1 min at an amplitude of 4.
The fraction retained on the 355 µm sieve was collected and weighed (CKE 16K0.05, KERN
& SOHN, Germany). Friability was calculated as mass loss, according to the following
equation:

Mass loss (%) = 100 × m1 − m2

m1
(5)

where m1 is the initial mass of granules, and m2 is the final mass after sieving.

2.2.3.4. Particle Size

Particle size analysis (n = 3) of the selected granulates was carried out using a laser
diffraction particle size analyzer (Mastersizer 3000, Malvern Instrument, Malvern, UK)
equipped with a dry powder disperser (Aero S). The mean particle size (D50) and the
corresponding standard deviation (SD) were subsequently calculated.

2.2.3.5. Drug Content

CN content (n = 3) was quantified using high-performance liquid chromatography
(HPLC; HP 1100 ChemStations, Agilent Technologies, Milan, Italy) equipped with an UV-
Vis detector and a reverse-phase column L-column (InertClone ODS, 150 mm × 4.6 mm,
5 µm ODS (3) 100 Å, Phenomenex Inc., Aschaffenburg, Germany), maintained at 30 ◦C.
The mobile phase consisted of methanol and pH 3.5 phosphate buffer (70:30 v/v), filtered
through a 0.45 µm membrane prior to use, and delivered at a flow rate of 1 mL/min. The
run time was set to 10 min. For the analysis, samples (25 mg) were dispersed in 15 mL of
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mobile phase and then ultrasonicated at 25 ◦C for 30 min to ensure complete CN dissolution.
The resulting liquid was filtered through a 0.22 µm syringe filter and transferred into an
HPLC vial kept at 30 ◦C. A 10 µL aliquot was automatically injected from the vial into the
HPLC system for spectrophotometric detection (retention time = 4.7 min, λ = 250 nm). The
CN content was calculated using a purposely-built calibration curve in the 0.25–500 µg/mL
range (y = 33.581x + 5.0951, R2 = 0.9998). The percentage CN content was calculated as the
ratio between the experimentally measured drug load and a normalized reference value,
the latter being calculated taking into account the actual drug concentration in the CN NS
(92.62 µg/mL).

2.2.3.6. In Vitro Performance

Dissolution performance (n = 3, samples of 25 ± 2 mg in weight) was evaluated in
HCl 0.1N (pH 1.2) using a USP Apparatus 4 (Sotax, Allschwil, Switzerland) equipped
with powder/granule cells. The apparatus was operated in the open-loop mode, with a
continuous flow of fresh media into the cells (8 mL/min), and automatic sampling of the
latter at pre-established time points (5 mL every 5 min). CN content in the sample was
quantified by HPLC, as described in Section 2.2.3.5. Results were expressed as a percentage
of the CN released with respect to the actual drug content in the tested product. HCl 0.1 N
was employed as the dissolution medium based on both biopharmaceutical and analytical
considerations [42,49,50]. CN exhibits high solubility in acidic environments, ensuring
sink conditions throughout the test and preventing solubility-related artefacts that could
obscure differences in release kinetics. This way, the dissolution method setup was capable
of detecting subtle formulation-dependent differences that might appear superimposable
in different media. For this reason, the use of acidic media has been widely reported in the
scientific literature for the in vitro evaluation of CN-containing products.

2.2.3.7. Nanocrystals Redispersibility

Nanocrystals redispersibility (n = 3) was measured by DLS, using a Zetasizer Nano
ZS DLS instrument (Malvern Instruments, Worcestershire, UK). Samples were dispersed in
a saturated CN solution under magnetic stirring (200 rpm), and the resulting dispersions
were sonicated (Ultrasonic Homogenizer UP200St, Hielscher, Germany) for 1 min at 70%
amplitude (corresponding to approximately 4–6 kJ) to separate finer excipient particles
from the drug nanocrystals. Prior to the dimensional analysis, the insoluble excipient
particles were allowed to sediment, and the supernatant was carefully collected for analysis.
Then, samples were equilibrated for 120 s to ensure proper conditioning. The temperature
was set at 25 ◦C, and each analysis involved 10 measurements (100 s duration each). Z-avg
and PdI were used as characteristic parameters for differentiating the granules in terms of
capability of redispersing the CN nanocrystals. Data were compared to those relevant to
the original NS dimension through the RDI [51]. More in detail, RDI values were calculated
(Equation (6)) by normalizing the mean particle size of the redispersed nanocrystals (Z-avg.
redisp) to the mean particle size of the original NS (Z-avg.orig):

RDI =
Z-avg.redisp
Z-avg.orig

(6)

2.2.4. Tableting

Tablets with a nominal weight of 25 mg were prepared based on the EC2bNS formula-
tion (Figure 1). Granules (355–500 µm particle size) were blended with an external phase
consisting of HPMC K4M and/or Mg St, as detailed in Table 2. The resulting blends were
compressed by means of a rotary tablet press (AM-8S, Officine Ronchi, Cinisello Balsamo,
Italy) equipped with 4 mm round punches.
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Figure 1. Photographs of EC-based (a) granules and (b) mini-tablets.

Table 2. Mini-tablet compositions (w/w %).

EC2bNS Mini-Tablet EC2bNS-HPMC K4M Mini-Tablet

Granulate (%) 98.5 49.25
Mg St (%) 1.5 1.5
HPMC K4M (%) 0 49.25

2.2.5. Mini-Tablet Characterization

Mini-tablets (n = 10) were characterized for mass (CRYSTAL 500, Gibertini, Milan,
Italy), thickness (Mitutoyo CD-15CP, Andover, UK), and hardness (crash tester, Erweka
GmbH, Langen, Germany). Drug load and dissolution performance were evaluated as
discussed in Sections 2.2.3.5 and 2.2.3.6, respectively. However, for the in vitro performance,
the time points differed from those previously used when dealing with granules and were
set at 15, 30, 60, 90, and 120 min.

3. Results
3.1. Binders and Carriers Selection

In this feasibility study, WG was selected as a relatively easy and low-cost strategy
for converting water-based NSs into solid products at the lab scale. This approach was
considered appropriate prior to exploring larger-scale equipment, such as high-shear
mixers, given the possibility to work with limited NS volume and to perform a preliminary
screening of a variety of carriers.

Two hydrophilic binders (i.e., PVP K-30 and PVP/VA 64) were added (2.5 wt% and
5 wt%) to the CN NS to attain the granulation liquid. Although increasing binder concentra-
tion would be expected to reduce nanocrystal mobility and collision frequency, the relatively
high PVP and PVP/VA 64 amounts used here may also destabilize drug nanocrystal disper-
sions [52–54]. Indeed, competitive adsorption with the primary surfactant stabilizer (i.e.,
TPGS) might have occurred, leading to altered interfacial composition and less effective
steric/surfactant protection. On the other hand, the rise in granulation liquid viscosity can
hinder redispersion of loosely associated nanocrystal aggregates formed during process-
ing [55,56]. Therefore, particle size control of the CN NS was carried out immediately after
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binder addition and repeated after 24 h (Table 3). Interestingly, neither the type nor the
concentration of the selected binders affected the dimensional characteristics of CN.

Table 3. Z-avg and PdI relevant to the CN NS supplemented with different binders at increasing
concentrations, measured immediately after preparation (t0) and after 24 h (t24h).

Dimensional Analysis t t24

1aNS
Z-avg, nm ± SD 346.37 ± 0.50 347.73 ± 5.16
PdI 0.181 ± 0.026 0.259 ± 0.015

1bNS
Z-avg, nm ± SD 353.40 ± 1.01 350.27 ± 2.90
PdI 0.176 ± 0.008 0.297 ± 0.013

2aNS
Z-avg, nm ± SD 338.40 ± 2.71 341.07 ± 0.76
PdI 0.174 ± 0.004 0.261 ± 0.015

2bNS
Z-avg, nm ± SD 342.47 ± 2.05 345.53 ± 4.22
PdI 0.218 ± 0.021 0.209 ± 0.012

For the carrier screening phase, a broad range of excipients was tested based on two key
performance criteria: (i) their intrinsic ability to interact with water (i.e., moisture-uptaking
properties), which can affect granule formation, and (ii) their potential impact on the final
product phyisio-technological as well as release characteristics, whether granules are used
as such or subjected to further processing (e.g., tableting). In this respect, granule-forming
agents, which were expected, based on their interaction mechanics with aqueous fluids, to
support either immediate or prolonged release of CN, were taken into account. Based on
the above-mentioned considerations, the carriers employed in this work are summarized
below, together with their key properties as reported in the drug delivery literature:

• EXP: cross-linked sodium starch glycolate, a superdisintegrant known for its pro-
nounced swelling upon contact with water (up to 300 times its volume). This behavior
facilitates prompt disintegration and thus immediate drug release. Based on the
above-mentioned properties, it is widely used in both direct compression and wet
granulation [57,58];

• SP: soy polysaccharides acting as disintegrants. Derived from non-genetically modi-
fied soy, they ensure consistent disintegration performance with minimal impact on
tablet tensile strength [59–61];

• LT: lactose monohydrate, a widely used filler for tablets and capsules. Its cohesive
properties make it suitable for both wet and dry granulation processes [62,63];

• ERL and EPO: methacrylate-based polymers traditionally employed in coating pro-
cesses. More in detail, Eudragit® E is a cationic, pH-dependent polymer soluble in
acidic media (pH < 5), which is generally applied on the outer surface of tablets and
capsules for taste-masking purposes [64]. More recently, it has also been tested as a
processing aid in hot-melt extrusion and 3D printing to produce rapidly dissolving
oral dosage forms [65]. On the other hand, Eudragit® RL is a cationic, water-insoluble
but highly permeable material, widely used as a pH-independent matrix former and
coating polymer to achieve prolonged release systems by modulating water uptake
and drug diffusion [66];

• EC: ethylcellulose, water-insoluble cellulose derivative, widely used as a hydropho-
bic matrix former and coating polymer to control diffusion in prolonged-release
oral formulations, and provide moisture-protective coatings for sensitive active
drugs [67,68];

• HPMCAS: hydroxypropyl methylcellulose acetate succinate with acetyl and succinyl
groups that determine its pH-dependent solubility. Indeed, it is insoluble in gastric
fluids, while it swells and dissolves at higher pH values, making it suitable as an
enteric coating agent [69,70]. Moreover, it was also demonstrated to be suitable for the
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preparation of solid dispersions by hot melt extrusion and 3D printing, being able to
improve the oral bioavailability of poorly soluble compounds [71–73].

3.2. Placebo Granules

Initially, placebo granules (formulations detailed in Table 1) were manufactured using
a simple water-based binder solution to assess the intrinsic capability of different carriers to
absorb water. This assessment was essential to understand how each material handled high
amounts of liquid, a relevant aspect given the high-water content of the CN NS. Indeed, by
quantifying the amount of water absorbed per wetting cycle before drying (2 h at 40 ◦C),
it was possible to estimate the number of granulation/drying cycles required to reach
the desired CN load. Formulations containing SP, HPMCAS, EC, ERL, and EPO required
no more than two drying steps, in line with their known water-handling properties. In
contrast, the LT-based formulation proved the most challenging, due to the high solubility
of lactose. Variations in binder type or concentration generally had a limited impact on the
WG process, except for EXP, which showed a shorter drying time when granulated with
PVP/VA 64 compared to PVP K-30.

This screening was crucial for defining a viable granulation strategy for each material
while avoiding wasting the CN NS. Moreover, it enabled the identification of interesting
carrier/binder combinations for the subsequent preparation of CN NS-loaded granules.
All the characterization results relevant to placebo formulations are summarized in Table 4.

Table 4. Physico-technological characteristics of placebo granules (355–500 µm size fraction).

Yield, % Friability,
% of Mass Loss ρb, g/mL CI, % Flowability *

SP1a 69.11 30.10 0.319 20.63 Passable
SP2a 48.86 30.05 0.271 13.51 Good
SP1b 59.58 10.04 0.379 13.21 Good
SP2b 58.11 4.63 0.386 13.46 Good
LT1a 40.23 5.47 0.469 18.60 Fair
LT2a 43.77 9.52 0.489 14.63 Good
LT1b 56.04 28.77 0.590 11.76 Good
LT2b 51.15 32.82 0.445 15.56 Good
EC1a 27.66 23.46 0.410 11.90 Good
EC2a 42.00 10.27 0.400 18.00 Fair
EC1b 32.82 10.12 0.427 8.51 Excellent
EC2b 50.19 27.55 0.392 13.73 Good
HPMCAS1a 88.63 2.50 0.477 16.67 Fair
HPMCAS2a 84.07 1.02 0.500 15.00 Good
HPMCAS1b 84.87 7.06 0.501 12.50 Good
HPMCAS2b 75.07 7.82 0.488 12.20 Good
EPO1a 88.43 8.98 0.445 17.78 Fair
EPO2a 81.41 8.80 0.400 18.00 Fair
EPO1b 86.43 10.29 0.501 10.00 Excellent
EPO2b 80.22 10.31 0.456 13.64 Good
EXP1a 29.13 12.52 0.485 13.89 Good
EXP2a 51.67 36.41 0.455 15.91 Fair
EXP1b 49.55 8.77 0.417 16.67 Fair
EXP2b 50.20 8.93 0.440 15.22 Good
ERL1a 91.16 36.97 0.36 21.43 Passable
ERL2a 82.61 44.42 0.27 24.32 Passable
ERL1b 94.16 51.27 0.33 25.00 Passable
ERL2b 93.21 70.07 0.34 23.73 Passable

* defined based on Eur. Ph. XI Ed., 2.9.36—Powder flow.
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As highlighted in the table, reference criteria were established to facilitate the iden-
tification of the most promising formulations. By way of example, these included the
following: (i) “excellent” or “good” flowability, (ii) friability below 15%, and (iii) product
yield above 50%. With respect to the above-mentioned key parameters, adequate pow-
der flow was deemed essential for potential downstream processing. Indeed, granules
classified as excellent or good according to standard flow indices are generally associ-
ated with improved filling capabilities, for instance, of capsule bodies or dies in tableting
manufacturing, reduced weight variability, and thus enhanced process robustness [74–76].
On the other hand, the friability value selected as a cut-off reflected sufficient mechani-
cal strength of the products to withstand handling, sieving, and subsequent processing
without excessive breakage [28,30,77]. Finally, a yield above 50% for the targeted size
fraction was considered an acceptable compromise to obtain a sufficiently representative
and processable fraction for subsequent characterization and the expected variability of the
adopted processing [78–80]. Indeed, differences in liquid distribution, kneading intensity,
and endpoint determination would produce broader and more variable particle sizes, limit-
ing the proportion of material falling within a narrow sieve cut. In a broader perspective,
an increase in yields can be attained when a promising formulation is selected, and the
process is transferred to pilot-scale equipment, where optimization of operating parameters
(e.g., binder addition, impeller/pan speed, and spray/drying conditions) would be carried
out depending on the targeted granule size fraction.

Among the SP-based samples, the use of PVP/VA 64 improved flowability, product
yield, and mass loss compared with PVP K-30. LT formulations containing PVP/VA 64
were characterized by higher friability but maintained yields above 50%, while flowability
remained comparable to the corresponding batches containing PVP K-30. EC samples
showed greater variability: most of them showed yields below 50%, with EC2b as an excep-
tion, though associated with higher mass loss. EC1b displayed excellent flowability and
acceptable friability, but low overall yield. PVP K-30-based EC products pointed out insuf-
ficient yield and, in some cases, pointed out high mass loss or poor flowability. HPMCAS-
and EPO-based granules performed consistently, with yields around 80% and mass loss
≤10%. Flowability was slightly improved using PVP/VA 64, particularly in EPO samples.
EXP granules showed comparable flowability across batches, while differences were ob-
served in product yield (~50% with PVP/VA 64) and mass loss, which remained below
10% only in 1b and 2b specimens. ERL formulations had analogous, though suboptimal,
flowability, high mass loss, and excellent product yield (>90%).

Based on these findings, PVP/VA 64 was selected as the binder for the preparation of
drug-loaded granules, testing both the minimum (2.5% w/w) and the maximum (5% w/w)
binder concentrations.

3.3. CN NS-Loaded Granules

Based on the results from the placebo trials, CN NS containing granules were produced
(formulations detailed in Table 1) and characterized to evaluate the impact of using the NS
as the wetting liquid on the previously defined granules key quality attributes (Table 5).

Overall, the physico-technological characteristics of NS-loaded granules were main-
tained or even improved, particularly in terms of flowability and mass loss. This behavior
can be attributed to the intrinsic physico-chemical characteristics of CN, which might
promote stronger inter-particulate bonding and greater granule densification during wet
massing and drying, resulting in better flowing granules with higher mechanical resis-
tance [28,81]. Conversely, product yield relevant to the targeted granulometric fraction
remained comparable or slightly reduced, as the presence of a crystalline drug does not
eliminate the inherent variability of manual WG, as previously discussed [82]. Thus, while
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the presence of CN can enhance granule quality attributes, it does not necessarily increase
the recovery of the specific size fraction undergoing subsequent evaluation [28,83].

Table 5. Physio-technological characteristics of CN NS-loaded granules (355–500 µm particle size
fraction).

Yield, % D50, µm ±
SD

Friability,
% of Mass Loss ρb CI, % Flowability *

SP1bNS 44.32 480 ± 3.2 1.40 0.334 15.38 Good
SP2bNS 41.97 478 ± 1.2 1.64 0.352 14.00 Good
LT1bNS 44.92 495 ± 9.0 7.55 0.557 16.67 Fair
LT2bNS 48.17 505 ± 2.3 7.94 0.557 16.67 Fair
EC1bNS 60.68 482 ± 1.7 1.40 0.392 9.80 Excellent
EC2bNS 58.71 466 ± 2.6 3.85 0.394 11.76 Good
HPMCAS1bNS 77.85 504 ± 6.2 2.42 0.513 10.26 Excellent
HPMCAS2bNS 75.71 517 ± 9.6 10.16 0.477 11.90 Good
EPO1bNS 55.98 529 ± 14.2 12.52 0.476 14.29 Good
EPO2bNS 61.93 519 ± 6.1 13.84 0.500 12.50 Good
EXP1bNS 41.41 425 ± 11.7 10.11 0.400 14.00 Good
EXP2bNS 52.06 490 ± 3.2 22.52 0.510 10.26 Excellent
ERL1bNS 44.28 430 ± 12.5 5.33 0.390 17.65 Fair
ERL2bNS 38.87 455 ± 5.5 7.34 0.390 13.46 Good

* defined based on Eur. Ph. XI Ed., 2.9.36—Powder flow.

More in detail, WG using the CN NS generally resulted in granules with markedly re-
duced friability (overall 10%, Figure 2) with respect to their placebo counterparts. EXP2bNS
samples were the sole exception, which exhibited a mass loss of approximately 20%. A
particularly illustrative example is provided by ERL1b and ERL2b, as placebo formulations
showed mass losses of 51% and 70%, respectively, while the corresponding NS-loaded
granules displayed values of only 5% and 7%.

Regarding product yield, most NS-loaded granules performed similarly to their
placebo equivalents (Figure 1). Indeed, in the majority of cases, yields exceeded 50%, with
only a few formulations showing slightly lower values, though never below 40%. The most
pronounced deviation was observed for ERL-based samples, which were characterized
by a substantial reduction in yield, i.e., approximately 50% lower than the corresponding
placebo counterparts.

The use of the CN NS as the granulating liquid did not compromise the flowability
of the resulting granules. Except for the LT-based formulations, which exhibited only a
slight deviation from their placebo analogues, all drug-containing samples displayed flow
properties comparable to the corresponding placebo batches. Notably, EXP1bNS, EXP2bNS,
ERL1bNS, and ERL2bNS products even exhibited improved flowability.

3.3.1. Drug Content and Nanocrystals Redispersibility

Evaluating the actual CN content in granules was considered a critical step in the
screening process. Indeed, it would allow us to verify whether the drug was effectively
retained during the WG process and whether any major loss occurred. Moreover, the RDI of
the CN nanocrystals from granules was evaluated in comparison with that of the reference
CN NS, to ensure that the manufacturing processes, and especially the drying phase, did
not alter the original particle size of drug nanocrystals (Table 6). RDI values approaching
1.0 indicated optimal redispersion of nanocrystals from the granules, with values < 1.20
being considered acceptable [12,84].
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Figure 2. Friability and yield values relevant to placebo and CN NS-loaded granules based on
different carriers.

Table 6. Drug content, Z-avg, PdI, and RDI values relevant to CN NS-loaded granules based on
different carriers.

CN Content,
% (CV)

Z-avg,
nm ± SD PdI ± SD RDI

SP1bNS 105.05 (1.97) 346.4 ± 4.42 0.210 ± 0.01 1.007
SP2bNS 99.02 (11.36) 345.1 ± 7.29 0.212 ± 0.02 1.003
EC1bNS 93.56 (1.48) 355.8 ± 3.59 0.239 ± 0.01 1.034
EC2bNS 95.06 (4.72) 320.0 ± 0.80 0.213 ± 0.01 0.930
HPMCAS1bNS 97.68 (2.91) 587.1 ± 6.84 0.382 ± 0.03 1.707
HPMCAS2bNS 99.04 (4.07) 475.9 ± 5.35 0.302 ± 0.04 1.383
LT1bNS 98.94 (15.87) 388.0 ± 4.76 0.345 ± 0.04 1.128
LT2bNS 100.61 (2.52) 344.5 ± 0.85 0.204 ± 0.02 1.001
EXP1bNS 108.89 (5.76) 357.2 ± 4.30 0.185 ± 0.02 1.038
EXP2bNS 104.13 (3.48) 349.3 ± 6.92 0.163 ± 0.01 1.015
EPO1bNS 94.51 (7.75) 401.4 ± 6.78 0.298 ± 0.03 1.167
EPO2bNS 103.7 (7.87) 392.5 ± 5.00 0.278 ± 0.02 1.141
ERL1bNS 101.72 (2.16) 379.3 ± 5.22 0.241 ± 0.01 1.103
ERL2bNS 103.96 (3.96) 415.6 ± 1.32 0.246 ± 0.02 1.208

Analysis of CN content confirmed an overall high loading efficiency, with most for-
mulations showing values above 95%. All granules exhibited acceptable RDIs, indicating
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an effective redispersion of the nanocrystals and demonstrating that the solidification
process did not alter the original CN NS particle size. Minor deviations were observed
for HPMCAS-based samples. However, values falling outside the acceptable range are
likely attributable to the presence of insoluble carrier-derived particles, which are larger
in size but indistinguishable from the CN nanocrystals using the analytical technique
employed. Indeed, sizing techniques commonly used to determine RDI measure the overall
scattering/diffraction signal of the sample, being unable to discriminate primary drug
nanocrystals from larger, insoluble carrier-derived fragments or aggregates. In this respect,
the presence of even a small fraction of larger carrier particles will shift the measured
distribution and can produce apparent out-of-range RDI values [85,86]. Thus, incomplete
breakup of agglomerates during the redispersion step or the co-presence of carrier-derived
insoluble particulates can increase the apparent fraction of large particles despite intact
CN nanocrystals being present [87,88]. Method-related aspects might also amplify this
effect: Indeed, DLS is intensity-weighted and, therefore, disproportionately emphasizes
larger scatterers, so minor amounts of debris or aggregates can dominate the reported
distributions [85,89,90]. For these reasons, RDI values slightly outside the predefined
acceptance range could result from the co-existence of insoluble carrier fragments and
known limitations of the sizing methods, rather than indicating irreversible growth of CN
nanoscrystals.

3.3.2. In Vitro Performance

Assessing the release behavior of CN NS-loaded granules was a pivotal part of the
characterization phase. Indeed, in products containing drug nanocrystals, dissolution
performance serves not only as an indicator of the WG efficiency but also provides valuable
insights into two key aspects: (i) whether the selected solidification process preserves
the nanoscale particle size of the drug, allowing the granules to exhibit a release pattern
comparable to the original NS, and (ii) the capability of the selected carriers to meet
their expected release-modulation function (e.g., ensuring controlled release even when
dealing with granules containing drug nanocrystals that, due to their size, can easily
escape entrapment within the polymeric matrix). Representative release profiles relevant
to granules containing the lowest binder concentration (i.e., 1bNS formulations) are shown
in Figure 3. Indeed, formulations with the highest binder concentration (i.e., 2bNs) pointed
out analogous release patterns.

Granules based on EXP and EPO released nearly 100% of the conveyed CN within
3 min, while those containing LT and SP reached a plateau within 5 min. This immediate
release behavior was expected, given the prompt solubility or disintegration ability of
these carriers and considering that the CN NS characteristics were not altered by the WG
process. Unexpectedly, granules prepared starting from EC, HPMCAS, and ERL, which are
polymers traditionally used in the development of controlled-release systems, also release
the entire drug content within 15 min. Given these results, the WG process likely did not
achieve sufficient granule densification nor an effective embedding of the CN nanocrystals
within a continuous polymer matrix [28]. Therefore, the carriers were unable to give rise
to a coherent diffusion-controlling barrier, and the drug remained mainly deposited on
the granule surface, resulting in rapid dissolution. A similar behavior in polymer-based
controlled-release systems, arising from inadequate matrix formation or limited polymer–
drug integration, has already been described [68,91–94]. In addition, the rapid release was
probably further amplified by the intrinsic properties of CN nanocrystals [87,88]. Their
very high specific surface area markedly accelerated dissolution, which can dominate over
the release-modifying capability imparted by the carriers, particulate for dosage forms with
insufficient embedding and limited density, thus high porosity. In the present case, this
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phenomenon could result in a particularly pronounced effect under acidic sink conditions,
which further accelerate CN dissolution. Overall, the combination of (i) insufficient polymer
structuring resulting from the manual WG process and (ii) the intrinsically fast dissolution
of CN nanocrystals in HCl 0.1 N likely masked the release-controlling properties of the
selected polymers, ultimately resulting in immediate-release profiles.

Figure 3. Release profiles relevant to CN NS-loaded granules based on different known from the
literature for providing either (a) immediate or (b) modified-release performances.

3.4. Tableting

As a further assessment of their performance, granules were used to prepare mini-
tablets, which, due to their size, can still be considered as multi-particulate systems. Be-
sides exploring their suitability for downstream processing, this step helped in evaluating
whether (i) the application of mechanical stress during tableting would compromise the
physico-chemical and dimensional properties of the CN nanocrystals conveyed, and (ii) the
densification achieved during compression could enhance the release behavior of products
intended for controlled release. To this end, EC-based granules were selected as a model
system. Mini-tablets were produced starting from granules having the highest binder
concentration (i.e., EC2bNS), which were blended with either Mg St alone or in combina-
tion with HPMC K4M (Table 2), which was used as a matrix-forming polymer. All tablets
exhibited acceptable weight uniformity and comparable average thickness (Table 7). On
the other hand, prototypes containing HPMC K4M showed reduced mechanical resistance.
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Table 7. Tableting parameters and physico-technological characteristics of mini-tablets based on
different formulations.

Weight,
mg ± SD

Compression Force,
kN ± SD Ejection Force,

kN ± SD
Thickness,
mm ± SD

Hardness,
N ± SDUpper Punch Lower Punch

EC2bNS
mini-tablet 25.20 ± 2.20 4.87 ± 0.16 4.91 ± 0.15 21.06 ± 1.15 2.30 ± 0.06 14.3 ± 1.53

EC2bNS-HPMC
K4M mini-tablet 25.32 ± 2.12 3.78 ± 0.03 3.81 ± 0.03 23.36 ± 0.81 2.16 ± 0.02 4.0 ± 0.52

3.4.1. In Vitro Performance

Assessing the release performance of EC-based mini-tablets allowed us to estimate
whether the densification entailed by the tableting process and the presence of high viscosity
HPMC effectively slowed down the release rate of the starting granules (Figure 4).

Figure 4. Release profiles relevant to EC2b mini-tablets formulated with and without HPMC K4M.

The resulting dissolution profiles clearly demonstrated that granule compaction ef-
fectively modified the release pattern compared with the corresponding uncompressed
products (Figure 3). Specifically, EC2bNS prototypes exhibited a slower release rate, re-
leasing approximately 50% of the CN conveyed within 2 h. Adding HPMC K4M further
reduced the release rate, with mini-tablets releasing approximately 35% of the loaded CN
over the same timeframe. These data highlighted the positive influence of a hydrophilic
matrix-forming agent to strengthen the structural integrity of the mini-tablet and to enhance
diffusional control, in line with the well-established role of HPMC in modulating drug
release from matrices [91,95,96]. Indeed, hydrophilic swellable/erodible polymers are well
known for their ability to give rise to viscous gel layers upon contact with aqueous media,
which slow down drug diffusion and counteract the rapid dissolution typically associated
with nanocrystal-based formulations [97].

These findings also support the hypothesis that the initial granules did not achieve
sufficient densification during manual WG. On the other hand, the additional mechanical
compression involved in tablet manufacturing reduced porosity and promoted intimate
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contact between the polymer and the nanocrystals, enabling the formation of a more
coherent matrix able to better control the release rate [94].

Overall, the in vitro performance results confirmed that granules, when used as in-
termediates, can provide the desired prolonged-release profile thanks to the densification
impaired by tableting. Moreover, the control on the release rate can be further fine-tuned
by incorporating additional release-controlling polymers.

3.4.2. Nanocrystals’ Redispersibility

Assessing the preservation of the CN nanoscale dimensions was essential to determine
the actual impact of an additional technological steps (e.g., tableting) on the original drug
particle size (Table 8).

Table 8. Z-avg, PdI, and RDI values relevant to CN NS-loaded mini-tablets based on different
formulations.

Sample Z-avg, nm ± SD PdI ± SD RDI

EC2bNS mini-tablets 368.8 ± 8.44 0.382 ± 0.06 1.072
EC2bNS-HPMC K4M mini-tablets 443.0 ± 10.08 0.395 ± 0.03 1.288

In this case as well, the measured dimensional values were found to be consistent with
those relevant to the starting CN NS, with RDI data falling within the optimal range. More
in detail, the CN nanocrystals were effectively redispersed by the EC2bNS mini-tablets.
On the other hand, EC2bNS-HPMC K4M samples displayed slightly higher-than-expected
measurements.

4. Conclusions
This work served as a proof-of-concept to assess, at the lab scale, the feasibility of con-

verting a CN-containing NS, which was representative of a poorly water-soluble BCS class
II drug, into solid dosage forms for oral administration while preserving the nano-scale
dimensions and the solid-state characteristics of the drug. The WG process proved effective
in producing granules with suitable physio-technological properties. With respect to the
in vitro performance, they showed a prompt CN release, with no capability of controlling
the release rate. Considering the use of carriers traditionally used in the development
of controlled-release systems, this finding was unexpected. Achieving prolonged-release
behavior will likely require WG technologies with greater densification efficiency and im-
proved incorporation of drug nanocrystals. Moreover, granules were successfully processed
into mini-tablets, which, as expected, enabled modulation of CN release by decreasing
product porosity and reducing the surface area exposed to aqueous media, ultimately allow-
ing slower release patterns to be achieved. Importantly, neither granulation nor tableting
altered the CN NS size characteristics, which are essential for the biopharmaceutical perfor-
mance of the final product. Overall, the data collected in this work confirmed that using
an NS as the binding liquid in WG is an effective strategy for obtaining multi-particulate
systems with excellent technological properties, suitable for direct subdivision (e.g., into
capsules or sachets) or for downstream processing. This approach results in a versatile
product for different uses and, in principle, is suitable for supporting a portfolio of release
kinetics. As such, it could be particularly valuable during the early screening of new BCS
class II drug candidates for future medicinal products, accelerating development while
reducing both relevant time and costs.
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Abbreviations

BCS Biopharmaceutical classification system
CI Compressibility index
CN Cinnarizine
CN NS Cinnarizine-containing nanosuspension
D50 Median particle diameter
DLS Dynamic light scattering
EC Ethyl cellulose, i.e., Ethocel™ Standard 10 Premium
EPO Polymethacrylate copolymer, i.e., Eudragit® E PO
ERL Polymethacrylate copolymer, i.e., Eudragit® RL PO
EXP Sodium starch glycolate, i.e., Explotab® CLV
HPLC High-performance liquid chromatography
HPMCAS Hydroxypropyl methylcellulose acetate succinate, i.e., AQOAT® AS
LT Lactose monohydrate, i.e., GranuLac® 200
NCE New chemical entity
NS Nanosuspension
PdI Polydispersity index
PSD Particle size distribution
RDI Redispersibility index
SP Soy polysaccharides, i.e., Emcosoy®

USP United States pharmacopoeia
UV–Vis Ultraviolet–visible spectroscopy
WG Wet granulation
Z-avg Z-average hydrodynamic diameter
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