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A B S T R A C T   

As numerous new drug candidates are poorly water soluble, enabling formulations are needed to increase their 
bioavailability for oral administration. Nanoparticles are a conceptually simple, yet resource consuming strategy 
for increasing drug dissolution rate, as predicting in vivo oral absorption using in vitro dissolution remains 
difficult. The objective of this study was to obtain insight into nanoparticle characteristics and performance 
utilizing an in vitro combined dissolution/permeation setup. Two examples of poorly soluble drugs were 
examined (cinnarizine and fenofibrate). Nanosuspensions were produced by top-down wet bead milling using 
dual asymmetric centrifugation, obtaining particle diameters of approx. 300 nm. DSC and XRPD studies indicated 
that nanocrystals of both drugs were present with retained crystallinity, however with some disturbances. 
Equilibrium solubility studies showed no significant increase in drug solubility over the nanoparticles, as 
compared to the raw APIs. Combined dissolution/permeation experiments revealed significantly increased 
dissolution rates for both compounds compared to the raw APIs. However, there were substantial differences 
between the dissolution curves of the nanoparticles as fenofibrate exhibited supersaturation followed by pre
cipitation, whereas cinnarizine did not exhibit any supersaturation, but instead a shift towards faster dissolution 
rate. Permeation rates were found significantly increased for both nanosuspensions when compared to the raw 
APIs, indicating a direct implication that formulation strategies are needed, be it stabilization of supersaturation 
by precipitation inhibition and/or dissolution rate enhancement. This study indicates that in vitro dissolution/ 
permeation studies can be employed to better understand the oral absorption enhancement of nanocrystal 
formulations.   

1. Introduction 

Most drug candidates in the pharmaceutical pipelines are poorly 
water soluble. This poses a potential problem of poor oral bioavailability 
as the active pharmaceutical ingredient (API) must dissolve to be 
absorbable in the gastrointestinal tract. Poorly soluble drugs need for
mulations that enhance the solubility to obtain sufficient bioavailability 
after oral administration (Bergstrom et al., 2016; Buckley et al., 2013; 
Keseru and Makara, 2009). One approach to increase the oral absorption 
of poorly soluble drugs is to reduce the size of the drug particles. 

According to the Nernst-Brunner equation, the dissolution rate of par
ticles increases by size reduction due to a higher specific surface area 
(Nernst, 1904). During dissolution, it is also observed that small parti
cles may exceed the equilibrium solubility, although this may still be 
discussed as being a matter of experimental methods used (Bauer-
Brandl and Brandl, 2020). From various studies in literature, it is known 
that nano-milled fenofibrate yields faster dissolution, which upon oral 
administration results in earlier tmax, higher Cmax and larger AUC as 
compared to fenofibrate of larger crystal size, and decent IVIVC in
dicates that oral bioavailability of fenofibrate is dissolution rate-limited 
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(Wang et al., 2012; Xu et al., 2014). While dissolution rate enhancement 
through nano-milling is reported in literature (van Eerdenbrugh et al., 
2008), only few data on its correlation with enhanced bioavailability are 
available. Mishra and colleagues (Mishra et al., 2016) report earlier tmax, 
higher Cmax and larger AUC for orally administered (rats) nanomilled 
cinnarizine as compared to reference. 

With recent advancements concerning milling processes in the 
pharmaceutical industry, it is now possible to produce nanoparticles 
down to the 100–200 nm range. Rapamune® (Sirolimus, Wyeth), 
EMAND® (Aprepitant, Merck), and TriCor® (Fenofibrate, Abbott) are 
examples of marketed products prepared by ball milling of aqueous 
suspensions of the APIs containing surfactants and polymers, stabilizing 
the comminuted particles, and preventing their re-agglomeration 
(Kesisoglou et al., 2007). If the nanoparticles are not sufficiently stabi
lized, a risk of agglomeration persists, as well as crystal growth due to 
Ostwald ripening, or chemical degradation e.g., by hydrolysis during 
storage. Therefore, it should be considered to incorporate the nano
suspensions in solid dosage forms, which can be achieved by techniques 
such as spray- or freeze-drying and layering of pellets for multiple-unit 
pellet systems (Schmidt and Bodmeier, 1999; Van Eerdenbrugh et al., 
2008). 

Finding the optimum composition of surfactants and polymers for a 
certain API often requires screening of numerous compositions/ratios of 
the respective components (Van Eerdenbrugh et al., 2009). This process 
is usually very time-consuming as most planetary ball mills must mill for 
hours and can only mill a small number of formulations at a time. As wet 
bead milling is one of the most utilized nanocrystal production tech
niques, there is a need for screening upscaling from laboratory to pro
duction (Tuomela et al., 2015). In a recent study, Hagedorn et al. (2017) 
applied dual centrifugation to prepare nanosuspensions. The technique 
applies very high power to zirconium beads in small, closed containers, 
resulting in homogenous nanoparticles forming rapidly, allowing 
screening of multiple formulations simultaneously (Hagedorn et al., 
2017). A good comparability between nanoparticle formulations pro
cessed by dual centrifugation and different sized agitator bead mills 
were also shown. Identical nanoparticles were obtained from dual 
centrifugation and small-scale agitator milling in relation to solid-state, 
particle size, and size distribution. However, limitations of lower spe
cific grinding energy using large-scale agitator milling resulted in larger 
particles when compared to dual centrifugation (Hagedorn et al., 2019). 

Dual asymmetric centrifugation enables fast mixing or grinding of 
materials by rotating the sample holder in two directions simulta
neously: a primary rotation around the base and a secondary rotation of 
the sample holder in the opposite direction (Fig. 1). This leads to a very 
frequent and rapid sample movement. Furthermore, adding milling- or 
homogenization aids in the form of heavy beads (i.e., zirconia oxide 
beads) to the sample increases the efficiency of the milling process. The 
dual asymmetric centrifuge “SpeedMixer™” used in this study has 

previously been utilized to prepare liposomes for different medical 
purposes (Holsæter et al., 2022; Ingebrigtsen et al., 2017a, 2017b; 
Massing et al., 2008). This technique is also often referred to as “dual 
centrifugation”, but not all dual centrifuges have the asymmetric con
struction as is the case for the SpeedMixer™, and thus “dual asymmetric 
centrifugation” gives a more detailed description as the dual rotor is 
asymmetrically built and it carries only one rotating unit (Fig. 1) 
(Massing et al., 2017). To allow small sample volumes (2 mL Twist-top 
vials) and multiple samples to be prepared simultaneously, an in-house 
3D-printed sample adapter was applied (Fig. 1). 

Hagedorn et al. (2017) analyzed the performance of milling pro
cesses with respect to particle size distribution, its stability, and 
morphology. In terms of performance, the dissolution kinetics of the 
nanosuspensions upon dilution is a key parameter. It has previously 
been claimed by Juenemann et al. (2011), that nanofiltration using fil
ters with pore sizes of 100 nm and below provides useful dissolution 
profiles of nanoparticle formulations with respect to absorption. Using 
different sizes of filters, they revealed different dissolution profiles in 
biorelevant media, where the ones measured using small pore sizes gave 
the best correlation to in vivo behavior (Juenemann et al., 2011). 

Despite the vast number of recent studies on nano-milling of poorly 
soluble drugs, the selection of optimum process parameters and 
formulation additives for nano-formulations in order to achieve the 
desired oral absorption enhancement is still challenging and predictions 
based on in vitro parameters like particle size, solubility and dissolution 
rate still may be erroneous (Singhal et al., 2022). Examination of not 
only dissolution and solubility properties of different nanoparticle for
mulations, but also the permeation rate in biomimetic setups are 
important parameters of pre-formulation for oral absorption. Further
more, over the past couple of decades, the combined dis
solution/permeation experiments have increased in popularity to 
predict the in-vivo performance ranking between enabling formulations 
of poorly soluble drugs (Kataoka et al., 2003; Vinarov et al., 2021). The 
permeation allows to differentiate freely molecularly dissolved species, 
that are able to permeate, from solubilized species, such as micelles, 
cyclodextrins, etc., that do not permeate but would slip through the 
filters (Buckley et al., 2013). The combination of dissolution and 
permeation in addition reveals the kinetic interplay of the two processes. 
Studies have shown that permeation out of a dissolution vessel to an 
“absorptive sink” may extend the period of supersaturation and thus a 
more substantial parachute effect can be observed as compared to 
classical dissolution experiments in closed systems (Bevernage et al., 
2012; Sironi et al., 2017). Inclusion of an absorptive sink in combined 
dissolution/permeation setups is thus regarded to be more bio
predictive. A setup similar to the one used here has been demonstrated 
to detect supersaturation from a commercial nanocrystalline fenofibrate 
product, an observation not made earlier with conventional dissolution 
experiments (Sironi et al., 2017). It is not known, however, whether 

Fig. 1. Inside of the SpeedMixer™ type “DAC 150.1 FVZ-K” (left), sample adapter for 6 Twist-Top vials (middle), and schematic representation of rotation 
pattern (right). 
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such supersaturation would be observed with all nano-milled drugs 
under absorptive sink conditions. 

In this study, nanosuspensions of the poorly soluble model com
pounds fenofibrate and cinnarizine were prepared via dual asymmetric 
centrifugation, and the performance of the products was measured with 
dissolution/permeation experiments on a reversed-Franz cell setup. The 
aim was to investigate whether dissolution/permeation experiments can 
give additional insight into the performance and characteristics of 
poorly soluble drugs during nanomilling, beyond the traditional particle 
size and dissolution rate analysis. 

2. Materials and methods 

2.1. Chemicals 

Fenofibrate, cinnarizine, sodium phosphate monobasic dihydrate, 
sodium phosphate dibasic dihydrate, and trifluoroacetic acid were 
purchased from Sigma Aldrich (Brøndby, Denmark). Hydroxypropyl 
methylcellulose TC-5 E (HPMC) of pH. Eur. quality was donated as a gift 
from JRS Pharma GmbH & Co. KG (Rosenberg, Germany). Sodium 
dodecyl sulfate (SDS) was purchased from Caesar & Loretz GmbH 
(Hilden, Germany). 2-hydroxypropyl-β-cyclodextrin (HP-β-CD) was 
bought from Abcr GmbH (Karlsruhe, Germany). Acetonitrile of HPLC 
quality was purchased from VWR international A/S (Søborg, Denmark). 
The water used in experiments was highly purified, prepared by a Milli- 
Q reference A+ water purification system from Merck KGaA (Darmstadt, 
Germany). If not otherwise stated, the chemicals were of analytical 
grade. 

2.2. Media preparation 

30 mM phosphate buffer was prepared by dissolving 11 mM sodium 
phosphate dibasic dihydrate and 19 mM sodium phosphate monobasic 
dihydrate in highly purified water. The pH was adjusted to 6.5 with 1 M 
sodium hydroxide solution or 1 M hydrochloric acid solution. 

2.3. Quantification of fenofibrate and cinnarizine 

Cinnarizine and fenofibrate were quantified via high-performance 
liquid chromatography-ultraviolet (HPLC-UV). Details for the detec
tion of each compound are stated in table 1. 

2.4. Nano-milling of API suspensions via dual-asymmetric centrifugation 

The composition of polymers and surfactants used in the suspensions 
for nano-milling of fenofibrate and cinnarizine was the most optimal 
composition earlier found for fenofibrate (Hagedorn et al., 2017; Knieke 
et al., 2013). In brief, 1000 mg of water containing 2% (m/V) HPMC and 

0.075% (m/V) SDS, 1000 mg YTZ® zirconia oxide beads from Nikkato 
corporation (Sakai, Japan), and 100 mg of fenofibrate or cinnarizine was 
weighed into a 2 mL Twist-top vial. 

The nanosuspensions were prepared using a SpeedMixer™ dual 
asymmetric centrifuge 150.1 FVZ-K from Synergy Devices Ltd. (High 
Wycombe, United Kingdom). If not otherwise stated, the twist-top vials 
with drug suspensions were milled for 90 min at 1500 rpm. After mill
ing, the nanosuspensions were centrifuged on a bench-top centrifuge 
(Microfuge 20R from Beckmann Coulter Inc., Indianapolis, IN, USA) at 
1000x G for 5 min. The supernatant was collected into a new twist-top 
vial. 

Heat production from the dual asymmetric centrifugation was 
limited by milling in cycles of 5 min (supplementary information). Be
tween each cycle, the sample adaptor was stored inside a refrigerator for 
2 min or until the samples were cooled to room temperature, before the 
milling was resumed. 

2.5. Particle size measurements with dynamic light scattering 

The particle size distribution was measured using dynamic light 
scattering on a ZetaSizer Nano ZS from Malvern Panalytical Ltd. (Mal
vern, United Kingdom). 3 µL nanosuspension was diluted in 1000 µL of 
highly purified water saturated with the studied drug compound in 
disposable plastic cuvettes. Particles in the size range from 0.3 nm to 10 
µm were measured in three runs of 60 s at 25 ◦C with a refractive index at 
1.33 and a dielectric constant at 78.6. The mean particle size is reported 
as z-average and polydispersity index (PDI) that the Malware apparatus 
software calculated. 

2.6. Differential scanning calorimetry 

The melting points for raw products and nanoparticles of fenofibrate 
and cinnarizine were measured by differential scanning calorimetry 
(DSC) using a DSC 8500 from PerkinElmer Inc. (Waltham, MA, USA). 
The nanocrystals were obtained by air-drying the supernatant from the 
nanosuspensions on a piece of aluminum foil overnight. Around 2 mg of 
fenofibrate or 4 mg of cinnarizine or their respective nanocrystals were 
sealed in 50 μL aluminum pans. The measurements were performed 
from 25 to 150 ◦C with an increase in temperature of 3 ◦C/min for 
fenofibrate and 10 ◦C/min for cinnarizine. The instrument was purged 
using nitrogen gas with a 20 mL/min flowrate. 

2.7. X-ray powder diffraction 

X-ray powder diffraction (XRPD) compared the crystal state of raw 
fenofibrate and cinnarizine with the produced nanoparticles using a 
MiniFlex 600 from Rigaku Corp. (Tokyo, Japan). The nanocrystals were 
obtained by drying the supernatant of the nanosuspensions on 
aluminum foil overnight and grinding the obtained aggregates to a fine 
powder with a mortar and pestle. Measurements were performed with 
Cu radiation, 20 kV, and 400 mA voltage. The samples were measured at 
a diffraction angle (2θ) varying from 5 to 45◦ with a sampling width of 
0.02◦ at a scanning speed of 5 ◦/min. 

2.8. Solubility measurements 

The solubility of raw materials and nanoparticles were examined in 
phosphate buffer (composition given in Section 2.2), and relevant 
acceptor media compositions used in the dissolution/permeation ex
periments. Excess amounts of the raw material or 200 μL of the super
natant from the nanosuspensions were suspended in 10 mL phosphate 
buffer in amber flasks. Excess amounts of the raw compounds were also 
suspended in 10 mL of acceptor media 2% SDS and 5% HP-β-CD. The 
flasks were capped and placed in a shaking SW22 water bath from 
Julabo GmbH (Seelbach, Germany) set to 37 ◦C and 60 rpm. Samples of 
500 μL were taken after 72 h and filtered using a 0.10 μm Whatman™ 

Table 1 
HPLC conditions used for quantification of fenofibrate and cinnarizine.  

Compound Fenofibrate Cinnarizine 

Apparatus 2690 HPLC apparatus with a 
996-photodiode array detector 
from Waters Corporation 
(Milford, MA, USA) 

2695D HPLC apparatus with a 
2487 dual λ absorbance detector 
from Waters Corporation. 

Column XSelect CSH C18 column from 
Waters Corporation. 

Dionex™ reversed-phase C18 
LC-column from Thermo Fischer 
Scientific Inc. (Roskilde, 
Denmark) (product number: 
059,133) 

Temperature 40 ◦C 40 ◦C 
Flowrate 1 mL/min 1 mL/min 
Mobile phase 80% acetonitrile, 19.98% water 

and 0.02% trifluoroacetic acid 
60% acetonitrile, 39.96% water 
and 0.04% trifluoroacetic acid 

Retention 
time 

1.6 min 2.6 min  
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Anotop™ 10 inorganic membrane syringe filter from GE Healthcare 
(Little Chalfont, United Kingdom). The first 400 µL of the filtrate was 
discarded, and the remaining 100 μL samples were diluted in acetoni
trile for quantification with HPLC-UV. 

2.9. Combined dissolution/permeation experiments 

Dissolution/permeation experiments were carried out using reversed 
Franz cell set-ups (PermeGear Inc., Hellertown, PA, USA), where the 1 
mL compartment at the top served as acceptor and either a 5 mL (0.66 
cm2 permeation area) or 8 mL (1.0 cm2 permeation area) compartment 
in the bottom as donor. In the bottom of the donor compartments, a 
small stirring bar was rotating at 500 rpm. The compartments were 
separated by a cellophane membrane, placed for 30 min in purified 
water, and then flushed in fresh purified water before use. A circulating 
water system was attached to the Franz cell to keep the temperature 
constant at 37 ◦C. 

The acceptor compartments were filled with the most suitable 
acceptor media derived from a screening experiment (supplementary 
information), 2% SDS for fenofibrate and for cinnarizine 5% 2-hydrox
ypropyl-β-cyclodextrin. In the donor compartments, either 10 mg raw 
material or 100 µL nanosuspension (equal to 10 mg) was suspended in 
the phosphate buffer at the start of the experiments. 

Dissolution samples of 500 μL, taken after 5, 15, 30, 60, 90, 120, 150, 
180, 210, and 240 min from the bottom compartment, were filtered with 
a 0.10 μm pore-size Whatman™ Anotop™ 10 inorganic membrane fil
ter. The first 300 μL were discarded, and the remaining 200 μL disso
lution samples were immediately diluted with acetonitrile. Permeation 
samples of 500 μL were taken from the top chamber after 30, 60, 90, 
120, 150, 180, 210, and 240 min and immediately diluted with aceto
nitrile. After sampling, the volume removed was replaced with phos
phate buffer in the donor chamber and acceptor medium in the acceptor 
chamber. 

2.10. Data analysis 

The cumulative mass of permeated API was calculated according to 
Eq. (1), 

m = dil. factor⋅c⋅Vacceptor +
∑0

n− 1

(
Vsample⋅dil. factor⋅c

)
(1)  

Where m is the cumulative mass, c is the concentration, and V is the 
volume. 

2.11. Statistics 

The lowest amount of API that was able to be detected, limit of 
detection (LOD), and quantified, limit of quantification (LOQ), based on 
the produced calibration curves were calculated according to Eq. (2) and 
Eq. (3) respectively, 

LOD =
3.3⋅SD

S
(2)  

LOQ =
10⋅SD

S
(3)  

Where S is the slope of the regression and SD is the standard deviation of 
the y-intercept from the calibration curve. 

A two-tailed Student’s t-test was employed for the comparison of 
data sets, where a value of p ≤ 0.05 was considered as significantly 
different. 

3. Results and discussion 

3.1. Particle size reduction of fenofibrate and cinnarizine via dual 
asymmetric centrifugation 

The nanosuspensions prepared by dual asymmetric centrifugation 
appeared visually milky and homogenous. Analysis of the drug content 
in the supernatant upon bench top centrifugation indicated that not all 
the drug was finely dispersed, due to larger particles ending up in the 
pellet (supplementary information). Measurements of the particle size in 
the nanosuspensions by DLS showed that fenofibrate and cinnarizine 
particle sizes decreased when processed on the dual asymmetric 
centrifuge, initially rather rapidly then more and more slowly, when the 
process was followed over three hours (Fig. 2). The mean particle 
diameter of fenofibrate decreased from 573 nm to 259 nm during three 
hours of milling, and cinnarizine mean particle diameter decreased from 
711 nm to 275 nm (time points 5 to 180 min in Fig. 2). Since the mean 
diameters of fenofibrate and cinnarizine were already down to 305 nm 
and 310 nm, respectively, after 90 min, we considered this to be the 
optimum milling conditions in further experiments. The PDI of fenofi
brate stayed at approx. 0.20 during the entire milling period, indicating 
a narrow size distribution throughout the experiment. This indicates the 
stabilizer composition provides a stable suspension of fenofibrate, in 
accordance with previous studies (Hagedorn et al., 2017; Knieke et al., 
2013). The PDI of cinnarizine decreased from 0.44 at 5 min to 0.25 after 
150 min of milling, showing that the size distribution became more 
homogeneous over time. This indicates that larger particles or stronger 
agglomerates were present in the beginning. The re-increase from 0.25 
to 0.29 from 150 to 180 min may indicate that a prolonged milling time 
might induce aggregation of cinnarizine because the chosen stabilizers 
are not efficient enough for the application of energy at the chosen 

Fig. 2. Particle size distribution of fenofibrate (top) and cinnarizine (bottom) 
as the z-average diameter (circles), reported as mean ± SD (n = 3), and PDI 
(diamonds) from dynamic light scattering as a function of milling time. 
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rotational speed. Ripening caused by continuous milling using a plane
tary ball mill has also previously been shown for cinnarizine using a 
closely related stabilizer composition consisting of HPMC and dioctyl 
sulfosuccinate sodium salt (Bitterlich et al., 2014). 

The mean particle sizes finally reached and kinetics of fenofibrate 
size-reduction were comparable to the results obtained by Hagedorn 
et al. (2017) by using the same stabilizer composition and drug load in 
twist-top vials. This indicates a similar process of deagglomeration and 
attrition, although, slightly larger particles were obtained after 90 min 
of dual asymmetric centrifugation. Despite very similar experimental 
conditions between our study and the study by Hagedorn et al. (2017), 
some differences are worth mentioning that can potentially affect the 
obtained nanoparticles. The dual centrifugation device used by Hage
dorn et al. (2017) can actively cool samples, allowing for continuous 
milling at constant temperature (Hagedorn et al., 2017). Not only does 
the “stop-and-go” approach at room temperature employed in the cur
rent study take significantly longer, but also higher sample temperatures 
were reached (supplementary information). This might induce 
solid-state changes and could affect the smallest obtainable particle 
sizes. Slightly smaller zirconia beads of 0.1–0.2 mm diameter were used 
by Hagedorn et al. (2017) as compared to this study (0.3 mm) and can 
also be a factor for the larger particles obtained during this study. 

Process parameters that influence final product properties during 
nanomilling are not only bead size and drug content, but also specific 
energy input, typically assigned by rpm, but dependent on geometry to 
produce different g values. These parameters are interdependent, e.g., 
decreasing grinding media diameter (i.e., bead size) and increasing en
ergy input produces smaller particles (Ghosh et al., 2012; Willmann 
et al., 2022). Despite differences between the devices used in this study 
and by Hagedorn et al. (2017), both reach approx. the same maximum 
acceleration (Massing et al., 2017). However, only small differences 
between the setups might result in varying obtained nanoparticles. 

3.2. Solid-state determination of nanoparticles 

The nanoparticles produced by nanomilling of both fenofibrate and 
cinnarizine were examined for changes in their crystal state compared to 
the respective raw APIs, both by differential scanning calorimetry DSC 
and diffraction patterns measured by XRPD (Fig. 3). 

All DSC patterns reveal a single exothermic peak, however, 

differences between the raw compounds and their respective nano
particles were seen. Both nanoparticles of fenofibrate and cinnarizine 
showed less intensive and broader peaks with onsets at lower temper
atures than the raw APIs. It is known that high-energy milling can affect 
the solid-state by inducing partly drug amorphization through in
teractions with stabilizers, resulting in melting point depression (Kumar 
and Burgess, 2014). It is also expected that small particles lower the 
melting point as it is dependent on particle diameter and curvature, 
thereby increasing the interface (Colombo et al., 2009). The DSC curves 
of the nanomilled drugs in Fig. 3 show a characteristic melting peak 
indicating that crystals are still present, yet with a lower onset tem
perature of melting and broader peaks, both of which could be caused by 
the smaller particle size, as the nanoparticles have a larger interface and 
possibly better contact to the aluminum pans as compared to the bulk. 
The absence of additional (exothermic) peaks indicates that there is no 
re-crystallization detectable (within the sensitivity of the applied 
method). 

Also, in XRPD diffractograms, small particle sizes can cause peak 
broadening and halo effect due to the loss of long-range crystalline order 
by formation of partly disordered nanocrystals. Such solids are not 
completely transitioned to an amorphous form (Deng et al., 2008). The 
XRPD patterns of fenofibrate, cinnarizine, and their respective nano
particles are comparable, yet with a decrease in peak intensity and 
slightly broader signals. Compared to the raw compounds, some peaks 
are not easily identifiable due to the broader and less intensive signals, 
as they overlap partly, and the reduction in peak intensity is not 
necessarily proportional between signals. Despite this, many identifiable 
peaks are visible, which indicates that the same crystalline phase of the 
compounds is present. 

Combined results from DSC and XRPD support the hypothesis that 
nanocrystals are present. The chosen analytical approaches, however, 
cannot rule out a minor degree of amorphization or loss of crystalline 
order, caused by the extended application of energy during the milling 
process. 

3.3. Equilibrium solubility measurements 

The equilibrium solubilities of raw fenofibrate and cinnarizine and 
their nanoparticles were examined at 37 ◦C after 72 h of equilibration 
time to evaluate if the nanoparticles yield different equilibrium solu
bilities, results are listed in Table 2. No major increase in equilibrium 
solubility was observed neither for cinnarizine (p = 0.14) nor fenofibrate 
(p = 0.19) nanoparticles, when compared to the raw compounds. This is 
in congruence with the conclusion of Murdande et al. (2015), who had 
not seen any enhancement of solubility upon nanomilling neither when 
separating the nanoparticles from dissolved drug by ultracentrifugation 
nor by 0.10 µm nanofiltration (Murdande et al., 2015). Sironi et al. 
(2017) also measured very similar concentrations of dissolved Fenofi
brate over the nanocrystalline marketed product (Lipidil 145) as 
compared to raw fenofibrate, when separating by 0.10 µm nano
filtration. Interestingly, Imono et al. (2020) measured concentrations of 
dissolved fenofibrate that were moderately enhanced (up to 1.4-fold) for 
the nanomilled suspensions, as measured both by fiber-optic UV analysis 
(using 2nd derivative correction) and upon separation by 0.02 µm filter 

Fig. 3. Typical DSC patterns (top) and XRPD diffractograms (bottom) of 
fenofibrate and cinnarizine and their respective nanoparticles produced by dual 
asymmetric centrifugation. 

Table 2 
Equilibrium solubility of fenofibrate and cinnarizine as raw material and 
nanoparticles after 72 h at 37 ◦C in phosphate buffer pH 6.5 or in the acceptor 
media used in the dissolution/permeation experiments; mean ± SD (n = 3).  

Particles Concentration (ng/mL) 

Raw fenofibrate 318.21 ± 10.81 
Nanomilled Fenofibrate 306.83 ± 3.42 
Fenofibrate in 2% SDS 443,982.46 ± 8330.14 
Raw cinnarizine 1867.84 ± 18.72 
Nanomilled Cinnarizine 1902.05 ± 21.45 
Cinnarizine in 5% HP-β-CD 67,669.06 ± 5278.62  
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by HPLC (Imono et al., 2020). 
The unchanged equilibrium solubility above nanoparticles found 

here as compared to raw drug further corroborates the hypothesis based 
on solid-state examinations that the nanoparticles are in the same crystal 
state. At the same time this cannot rule out the transient occurrence of 
partially amorphous particles. These particles may have recrystallized or 
undergone particle-changes by Ostwald ripening during the equilibra
tion time of 72 h. 

The solubility of fenofibrate and cinnarizine in their respective 
acceptor media for the permeation experiments were also examined to 
get an idea if the selected acceptor media provide sink conditions. The 
apparent solubility was more than 1000-fold higher for fenofibrate in 
2% SDS and 35-fold higher for cinnarizine in 5% HP-β-CD. This confirms 
that absorptive sink conditions in the acceptor compartments were ob
tained with the chosen acceptor media. 

3.4. Dynamic dissolution/permeation experiments 

The in vitro performances of nanoparticle suspensions were evalu
ated using a combined dissolution/permeation set-up in Franz cells and 
compared to the performances of the raw APIs. The employed setup is 
limited to passive diffusion of drug and does not account for other 
properties of the intestinal barrier such as carrier transport, mucus etc. It 
does, however, allow to gain insight into drug kinetics of permeation 
and dissolution that is of relevance to understanding the mechanisms 
that occur during oral drug delivery correlating to differences of particle 
sizes. 

Upon transfer of the cinnarizine raw material into the donor 
compartment, the concentration increased but did not reach equilibrium 
solubility within the 4 h of the experiment. Comparing the dissolution 
profile for raw cinnarizine and its nanoparticles, the dissolution rate for 
the nanosuspension was persistently higher than for the raw material 
and approached a higher concentration of dissolved drug approx. by a 
factor of 1.4 after 4 h (Fig. 4). Especially the initial dissolution process of 
the nanoparticles was much more rapid, reaching a concentration of 
approx. 200 ng/mL after 5 min compared to a concentration of the raw 
particles below LOQ. However, the nanoparticles did not reach equi
librium solubility within the 4 h of the experiment. The dissolution rate 
of the nanoparticles is significantly higher than the raw API (p = 0.001), 
as expected by the Nernst-Brunner relationship, due to the decreased 
particle size and increased surface area, possibly also better surface 
wettability due to nanomilling as cinnarizine crystals are known to have 
poor wettability (Mishra et al., 2016). The dissolution rate slowed down 
when approaching higher concentrations for both nanoparticles and raw 
particles, which is expected from the Noyes-Whitney equation (Noyes 
and Whitney, 1897), as the bulk concentration approaches solubility. 
The effect of nanomilling thus can be described as particle 
size-dependent dissolution rate-enhancement without influence on 
equilibrium solubility. 

The cumulative permeated amount of both the raw cinnarizine and 
nanoparticles increased with time in a close to linear manner, where the 
steady-state flux above the nanoparticle suspension was about three 
times faster than the barrier flux above the raw cinnarizine suspension. 
This may serve as an indication for the bioavailability-enhancement 
potential of cinnarizine nanomilling. In fact, Mishra et al. (2016) had 
reported a 2.5 to 3-fold increase in both Cmax and plasma AUC upon oral 
administration of nanomilled cinnarizine as, compared to reference (raw 
cinnarizine) (Mishra et al., 2016). One should be careful with this cor
relation, however, because both the preparation method, mean particle 
sizes and the stabilizers were different in the study by Mishra et al. 
(2016) as compared to the cinnarizine nanosuspensions investigated 
here. 

For fenofibrate, upon transfer of the raw material into the donor 
compartment, the concentration increased steadily over the time course 
of the experiment and reached concentrations of dissolved drug close to 
the solubility. When the fenofibrate nanosuspension was transferred 

into the donor compartment, a significant supersaturation was observed 
immediately with an initial concentration more than 5-fold higher than 
equilibrium solubility (Fig. 5). The observed supersaturation was tran
sient with the concentration of dissolved fenofibrate declining to equi
librium solubility during a period of 120 min. The cumulative amount of 
fenofibrate permeating into the acceptor chamber increased in a close to 
linear manner over the 4 h of the experiment both for the fenofibrate 
nanoparticles and the raw particles, where the flux achieved by the 
nanoparticle suspension was about 2-fold enhanced as compared to that 
of the raw fenofibrate suspension. A similar dissolution profile with 
distinct supersaturation had been obtained by Sironi et al. (2017) for 
Lipidil 145 ONE®, a marketed formulation of fenofibrate nanoparticles 
containing HPMC and SDS yet tested using a slightly different combined 
dissolution/permeation setup. This indicates that fenofibrate nano
particles in the examined formulation composition exhibit a super
saturating nature. 

Interestingly, Sironi et al. (2017) demonstrated a beneficial effect of 
combined dissolution-/permeation as compared to (non-sink) dissolu
tion: the absorptive sink apparently enhanced and prolonged the 
supersaturation-effect. In yet another study, Imono et al. (2020) 
demonstrated an excellent correlation between oral bioavailability 
(initial absorption rate) of nano- and micro-suspensions of fenofibrate of 
different mean particle sizes and the in vitro flux obtained in a combined 
dissolution-/permeation experiment using the µFLUX™ setup equipped 
with a PAMPA barrier. Here, the commercial nanomilled fenofibrate 
product Tricor® (282 nm) was compared with nanoparticles of 610 nm 
and 207 nm, produced by rotation/revolution pulverizer at different sets 
of process conditions (Imono et al., 2020). 

The dissolution profiles of cinnarizine and fenofibrate are 

Fig. 4. Dissolution profile depicting the donor concentration as a function of 
time (top) and permeation expressed as cumulative mass permeated to the 
acceptor chamber (bottom) for raw cinnarizine (diamonds) and the nano
suspension (circles), reported as mean ± SD (n = 3). 
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substantially different. The fenofibrate nanoparticles supersaturated 
immediately and precipitated to equilibrium solubility during the 
experiment. In contrast to this, the dissolution rate of cinnarizine 
nanoparticles was significantly enhanced when compared to the raw 
compound (p = 0.001) but did not exhibit any supersaturation. The 
transient supersaturation followed by precipitation for fenofibrate 
nanosuspension did not directly translate into decreasing permeation 
rate, which remained constant (Fig. 5). The reason might be that a 
considerable fraction of compound in the donor compartment defined as 
dissolved by filtering through a 0.10 µm filter was not molecularly dis
solved but present as distinct nanoparticles below a diameter of 100 nm. 
Membrane permeation might also be the rate-limiting step for absorp
tion of the fenofibrate nanosuspension in the employed setup as a nearly 
linear permeation rate is observed, indicating saturated barrier or by 
limited permeation area. In a recent study, different “dissolved” con
centrations were obtained by centrifugation, nanofiltration, and 
microdialysis, during dissolution, indicating that some apparently dis
solved drug is still present even after nanofiltration (Holzem et al., 
2022). The measured concentration in the present study using a 5 times 
larger pore size filter includes possibly a considerable fraction of 
nanoparticles, in addition to the solubilized drug molecules. Both would 
not readily permeate, nor are they absorbed in vivo. What is measured as 
the precipitation of the supersaturated state may thus be the growth of 
nanoparticles due to the distribution in the medium with no impact on 
permeation nor absorption. Following the concentration in the donor 
compartment by alternative methods to catch the molecularly dissolved 
drug, e.g., by microdialysis as previously described in literature, would 
be able to study this in more detail and to reveal, whether there is true 
supersaturation that is worth optimizing the fenofibrate formulation 

towards (Fong et al., 2017; Holzem et al., 2022). 
Combined dissolution/permeation experiments have been employed 

to elucidate nanocrystal drug behavior in terms of supersaturation in 
vitro and at low material use. Dual asymmetric centrifugation is a high 
throughput method for investigating stabilizer composition and milling 
process parameters. At this stage of preformulation, it is essential to 
know whether no supersaturation can be expected, and if the formula
tion would benefit from increasing the dissolution rate, e.g., by 
improving the wettability. Or, alternatively, if supersaturation may be 
expected and it thus could be advantageous to prolong its duration by 
introducing precipitation inhibitors in the formulations, if this translates 
into improved permeation rates. 

4. Conclusion 

In the current study, nanoparticle suspensions of two model drugs 
have been prepared by a material-sparing dual asymmetric centrifuga
tion method resulting in particle size distributions that are comparable 
to those obtained with established comminution methods. The poorly 
soluble compounds fenofibrate and cinnarizine were used as examples. 
The effects of nanomilling on crystallinity, mean particle diameter and 
on equilibrium solubility were measured. Finally, the impact of nano
nization on in vitro permeability was investigated by in vitro 
dissolution-permeation studies and compared to in vivo oral pharma
cokinetic studies. For both, fenofibrate and cinnarizine, the reduction in 
particle size down to the minimum of around 300 nm mean diameter 
had no significant influence on thermodynamic solubility, but signifi
cantly enhanced their dissolution rate during combined dissolution/ 
permeation studies. For none of the two APIs, any indication was seen in 
XRPD and DSC analysis for changes of the solid state (i.e., bulk crys
tallinity was retained). Both analytical approaches, however, are 
generally considered not sensitive enough to detect minute partial dis
ordering on the crystal surfaces. 

Although nanosizing led to substantially enhanced dissolution rates 
for both fenofibrate and cinnarizine, the patterns of the (absorptive sink) 
dissolution curves differed fundamentally. For the cinnarizine nano
suspension, a shift of the whole dissolution curve towards higher con
centrations, but no indication of supersaturation was observed. In 
contrast, the fenofibrate nanosuspension showed the typical spring & 
parachute pattern with pronounced supersaturation at early time points, 
followed by a decline due to precipitation. It is unclear for the time being 
whether the different (absorptive sink) dissolution behavior, i.e. super
saturation (or not) observed with nanomilled fenofibrate and cinnar
izine is a consequence of that fenofibrate more readily forms non- 
crystalline clusters (partial amorphization) or whether the difference 
in crystal lattice induces a facilitated release of drug molecules from the 
highly curved crystal surface or not. The permeation experiments using 
a combined dissolution/permeation setup, substantiated enhanced 
permeation rates as compared to the respective raw compounds. For 
cinnarizine nanoparticles, the permeation rate was found tripled, which 
is in line with the order of magnitude for in vivo bioavailability 
enhancement reported earlier in literature. The difference in dissolu
tion/permeation properties between the compounds has direct impli
cation for an informed selection of formulation strategies, may it be the 
goal to induce and prolong true supersaturation or just to increase the 
dissolution rate. 

A comparison with published in vivo data indicates that it is fair to 
assume that the enhancement in the permeability rate is the key deter
minant for oral absorption enhancement of nanocrystal formulations. 
Furthermore, our findings indicate that in vitro dissolution/permeation 
studies can be employed to better understand oral absorption 
enhancement of nanocrystal formulations. 
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