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ABSTRACT

Poor aqueous solubility of preexisting and emerging drug molecules is a common issue faced in the field of
pharmaceutics. To address this, particle size reduction techniques, including drug micro- and nanonisation have
been widely employed. Nanocrystals (NCs), drug particles with particle sizes below 1 pm, offer high drug con-
tent, improved dissolution, and long-acting capabilities. Media milling is the most used method to prepare NCs
using of-the-shelf machinery, both at the laboratory and industrial scales. However, early NCs development,
especially when limited amounts of the active are available, require the use of milligram-scale media milling.
This study introduces a novel mini-scale milling device (Mini-mill) that incorporates temperature control
through a water-cooled jacket. The device was used to produce NCs of three model hydrophobic drugs, itraco-
nazole, ivermectin and curcumin, with lowest particle sizes of 162.5 + 0.4 nm, 178 + 2 nm, and 116.7 + 0.7 nm,
respectively. Precise control of milling temperature was achieved at 15, 45, and 75°C, with drug dependent
particle size reduction trends, with no adverse effects on the milling materials or polymorphic changes in the
NCs, as confirmed by calorimetric analysis. Finally, a scale-up feasibility study was carried out in a lab-scale
NanoDisp®, confirming that the novel Mini-mills are a material-efficient tool for early formulation develop-

ment, with potential for scale-up to commercial mills.

1. Introduction

Poor water solubility presents a significant challenge to the phar-
maceutical industry, as 70 to 90 % of drugs in the development pipeline,
and 40 % of drugs on the market exhibit poor water solubility and
bioavailability (Ma et al., 2022; Lipinski, 2002). Pharmaceutical com-
panies continue investing in research for new drug molecules with good
affinity for the pharmacological target; however, unsatisfactory drug
potence due to the low solubility of the compounds often leads to
development discontinuation, translating in significant loss of resources
and time (McGuckin et al., 2022; Dahan et al., 2016). Particle size
reduction is the most universally used strategy to enhance the absorp-
tion of poorly soluble actives with micronisation, a technique tradi-
tionally achieved via milling, allowing the obtention of particles with

sizes between 2-10 um. Work from Liversidge and Cundy, in the early
1990's, described the production of sub-micrometric drug particles using
media milling techniques adapted from the pigments industry
(Liversidge and Cundy, 1995). Nanocrystals (NCs) are particles of pure
drug with a mean particle size below 1 pm and crystalline properties
(Uwe et al., 2008). Unlike conventional polymer and lipid nanoparticles,
which require the use of carrier materials, NCs are surrounded by a thin
layer of stabiliser, such as surfactants or polymeric stabilisers, to prevent
agglomeration. According to the Noyes and Whitney equation, a
reduction of particle size increases the dissolution rate by means of
increasing the specific surface area, which is critical for Class II drugs in
the biopharmaceutical classification system (poor solubility, high
permeability) (Noyes and Whitney, 1897; Dizaj et al., 2015; Junyapra-
sert and Morakul, 2015). NCs can be produced using bottom-up and top-
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down techniques, leading to NCs suspensions, also known as nano-
suspensions (NSs), with further water removal forming powdered NCs.
NCs have made a significant clinical impact, with > 20 products on the
market, including the recently approved long-acting injectable antire-
troviral Cabenuva®, which marked and important milestone for the
field.

Top-down techniques are the most employed, both in academic and
industrial laboratories, with the primary benefit of achieving high drug
loadings, while using water as a dispersion media, thus avoiding the use
of organic solvents, which are normally required to dissolve the drug
before precipitation in bottom-up techniques (Castillo Henriquez et al.,
2024). Top-down approaches, on the other hand, require the application
of high energy inputs and include techniques such as media milling and
high-pressure homogenisation, with the former being the most used
approach for the production of the currently marketed NCs products
(Malamatari et al., 2018). Media mills consist of a milling chamber
where the crude drug is stirred together with an aqueous solution of a
stabiliser and the milling media, typically beads of various materials,
such as Yttria stabilised zirconia, metal, plastic or glass. Agitation gen-
erates collisions, attrition and shear forces which lead to particle
breakage and size reduction (Malamatari et al., 2018). One of the major
advantages of this process is the possibility to be easily scaled up using
of-the-shelf machinery (Miiller et al., 2011). Crucially, industrial media
mills are equipped with an integrated cooling system enabling precise
control of the process temperature via an external jacket surrounding the
milling chamber through which a cooling fluid circulates (Uwe et al.,
2008; Malamatari et al., 2018).

Commercially available mills have processing capacities that require
significant amounts of the drug for effective milling, ranging from
several grams at the lab scale, to kilograms at the industrial scale
(Peltonen, 2018). However, these systems are inconvenient at early
stages of drug development when the amount of active is limited, or
when working with expensive compounds. Consequently, the produc-
tion of NCs using simplified, small media milling devices that can be
used with milligrams is an interesting target for exploration. Romero et
al, described the use of a magnetically stirred device with a milling
chamber of 2 mL (Romero et al., 2016), whereas work from this group
reported the manufacture of NCs using 10 mL vials (Permana et al.,
2021; Permana et al., 2020; Bianchi et al., 2022; Zhang et al., 2023;
Abbate et al., 2023; Wu et al., 2022). Production of NCs using small-
scale wet bead milling within academia has been most beneficial,
providing ease and flexibility in terms of formulation optimisation by
enabling control over various milling parameters, such as volume of
milling media, quantity of drugs and stabilizers, which play a crucial
role in the physical properties of the resulting NCs, while producing NCs
in a cost, material and energy efficient manner (Chen et al., 2011).

One key difference between the magnetically stirred devices previ-
ously described and commercially available mills is the possibility to
regulate the temperature of the process, a critical parameter in the
milling process, which can affect the rheology of the slurry (drug, sur-
factant solution and beads) as well as the milling efficiency. Addition-
ally, the heat generated during milling may disrupt the colloidal stability
and lead to thermal drug decomposition. Implementation of a cooling
jacket may provide superiority in terms of formulation optimisation as
this system would allow each parameter to be specifically fine-tuned,
per the requirements of the specific API, with the additional benefit of
temperature regulation during the milling process. Additionally,
employment of a thermally regulated system could be crucial for the
extraction of biomolecules from plants, cells and tissues whereby media
milling is widely used, and temperature plays a key role with respect to
material decomposition.

This work reports the use of an original milling device for the pro-
duction of drug NCs at the laboratory scale, with the unique feature of
permitting temperature control via water circulation through a cooling
jacket. The manufacture of NCs of three model hydrophobic drugs,
itraconazole (ITZ), ivermectin (IVM) and curcumin (CUR) was
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performed, and manufacturing parameters, such as amount of milling
media, milling time and milling temperature is presented. A commercial
laboratory scale mill was used to reproduce the milling conditions of the
novel mills and demonstrate potential for scale-up.

2. Materials and methodology
2.1. Materials

CUR (CAS RN 458-37-7, molecular weight 368.39), ITZ (CAS RN
84625-61-6 molecular weight 875.11), and IVM (CAS RN 70288-86-7
molecular weight 705.64) were obtained from Tokyo Chemical In-
dustries (United Kingdom). Poloxamer 188 (POL 188) was purchased
from BASF Chemical company (Ludwigshafen, Germany). Polyvinyl
alcohol (PVA) (9-10 kDa) was purchased from Sigma-Aldrich (Dorset,
UK). YTZP Yttria-stabilised zirconia beads with a diameter of 0.1-0.2
mm obtained from Chemco (Guangfu China) were used as the media in
the wet media milling process. Ultrapure water was obtained from a
water purification system, Elga Purelab DV25, Veolia Water systems
(Ireland). All other chemicals were of analytical grade.

2.2. Design and construction of the media milling device

The new media milling device (Mini-mill) were built using glass at
the Glass Blowing Shop at Queen’s University Belfast, UK. The device
consisted of a milling chamber of 12 mL surrounded by a cooling jacket
with inlet and outlet connections for water circulation. A screwed neck
allowed to close the system hermetically using a screwed plastic cap.
The vials were produced using Simax® glass with a composition of 80.3
% SiOg, 13.0 % By03, 2.4 % Aly,03 and 4.3 % NayO+K,0 (Kavalier,
Sazava, Czech Republic). Fig. 1 presents illustrations of the device with
its dimensions and images of the actual mills.

2.3. CUR, IVM and ITZ bulk powder particle size measurement

A Malvern Mastersizer® 3000 was utilised to measure the initial
particle size distribution of the model hydrophobic drugs in the initial
coarse powder form, using laser diffraction, prior to size reduction in the
Mini-mills. The assay was conducted at room temperature. After
dispersion of the particulate matter, a laser beam illuminated the par-
ticles, with the intensity of the scattered light collected and analysed to
determine the particle size distribution within the sample. In short, 10
mg of the coarse powder of each drug was added to 10 mL of 1 % (w/w)
PVA (9-10 kDa) and vortexed, to produce a homogenous suspension.
This was further dispersed in a glass beaker containing 500 mL of
deionised water. The sample was agitated for 3 mins at 2000 rpm during
analysis and sonicated between each measurement cycle for 30 s to
confirm an accurate and reproducible dispersion was achieved.

2.4. Preparation of drug NCs using the novel Mini-mills

Three poorly soluble actives were used as model drugs, CUR, ITZ and
IVM. NSs of all the drugs were produced using the Mini-mills using the
experimental set up described in Fig. 2. To this purpose, 100 mg of the
drug were placed in the milling chamber together with 5 mL of 1 % (w/
v) POL 188 (selected stabilizer) and 4.5 mL of zirconia beads (0.9:1 vol
ratio with the surfactant solution). Additionally, two magnetic bars of
25 x 8 mm (IKAFLON®, Sigma-Aldrich, Dorset, UK) with their magnetic
poles aligned were added in the milling chamber, and the system placed
on an IKA RCT Basic Magnetic Stirrer (Staufen, Germany) at a rotation
speed of 1200 rpm. Each formulation was milled within the
temperature-controlled vials at set temperatures of 15 °C, 45 °C and
75 °C with samples taken after 1, 6 and 24 h. Temperature control was
achieved by circulation of a coolant fluid (Kryo 30, Lauda Wobser
GMBH, Germany) using a Ministat® 125w Pilot one compact cooling
bath circulation thermostat (Huber, Offenburg, Germany). After
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Fig. 1. Images of the novel Mini-mills used for wet bead milling annotated with its dimensions.
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Fig. 2. A schematic representation of the experimental set up employed to produce NCs, via wet media milling, using the Mini-mills.

completion of milling at 24 h, the NSs were separated from the milling reported protocol (Wu et al., 2022).

media and magnets using a nylon 200-mesh sieve (74 um-pore size)

placed over a metal funnel. Following this, the NSs obtained were 2.5. Measurement of the vials internal and external temperature
characterised in terms of particle size, polydispersity index (PDI) and

zeta potential as described in the following section 2.6.1. At the end of To examine the Mini-mills ability to produce NCs at specified chosen
the process, the resultant NSs were freeze-dried for further analysis in a temperatures set via the central console display, the internal and
SP Scientific, Warminster PA, USA freeze-dryer, following a previously external temperature of the vials was measured. Additionally, a control
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was employed, whereby the milling experiments were carried out as
previously described in the novel Mini-mill device without employment
of thermoregulation to determine the change in temperate during the
media milling process. The internal temperature of the system was
measured using a mercury thermometer directly inside the milling
chamber, whereas the external temperature was measured using a
UniversalTemp® Infrared Thermometer (Bosch, Gerlingen, Germany).
To measure the internal temperature, the milling experiment was
paused, and the mercury thermometer immediately placed inside the
milling chamber while measurement of the external temperature
required the infrared thermometer to be secured in a fixed position by a
three fingered clamp. This method was implemented to ensure the angle
of measurement across each timepoint remained constant to ensure
accurate emissivity, field of view and spot size. All the experiments were
carried out in triplicate and the results expressed as means + SD (n = 3).

2.6. Physiochemical characterization of nanosuspensions

2.6.1. Particle size, polydispersity index and zeta potential

A Nanobrook Omni Dynamic Light Scattering Particle Sizer (Broo-
khaven Instruments, Holtsville, NY, USA) was used to measure the
particle size and PDI of each NS, with the particle size measurement
provided as the particles’ hydrodynamic diameter. Sample preparation
consisted of dilution of 20 pL of each sample with 3 mL of ultra-pure
water in a plastic cuvette. Additionally, the zeta potential was deter-
mined using the same dilution and medium, with phase analysis light
scattering which required insertion of a SERL (solvent resistant elec-
trode) plastic probe into the plastic cuvette. All measurements were
conducted in triplicate at 25 °C after a 30 s equilibration time and
presented as means + SD (n = 3).

2.6.2. Scanning electron microscopy (SEM) of coarse drugs and
nanocrystals

Samples of the coarse drug were placed onto double-sided carbon
attached to an aluminium SEM sample holder. For visualisation of the
NSs a droplet was pipetted onto the carbon adhesive disk and left to dry
at room temperature overnight with all the samples coated with gold
prior analysis in a Sigma Scanning Electron Microscope (Zeiss, Ober-
kochen, Germany). The analysis was carried out with an acceleration
voltage of 3-20 kV. For the coarse drugs, a magnification of 300 x was
used, with an aperture size of 60.00 pm (width of 381.1 um). For the
obtained NCs, both from the Mini Mill and the Scale-up, images were
captured at a magnification of 15,000, with an aperture size of 60.00
um and a width of 7.622 pm. Magnifications between 300 x and 15000
x were used to observe the morphology of the particles.

2.6.3. Differential scanning calorimetry (DSC)

DSC was used to assess the crystallinity of the coarse drugs, stabilizer
and NCs formed. To this purpose, 5-10 mg of the lyophilised NSs,
formulation excipients and coarse drugs were placed in standard her-
metic aluminium pans with an empty pan as reference. A Q100 Differ-
ential Scanning Calorimeter (TA Instruments, Delaware, USA) was
employed with samples heated in nitrogen atmosphere at a stepping rate
of 10 °C/min over a temperature range of 25 °C to 350 °C. TA In-
struments Universal Analysis 200 Software, version 4.4A (TA In-
struments, Elstree, Hertfordshire, UK) was utilised to study and quantify
any thermal events.

2.6.4. Thermal gravimetric analysis (TGA)

TGA was used to evaluate the thermal behaviour of the pure drugs,
stabilizer and NCs produced. To this purpose, 5-10 mg of each material
was carefully weighed into aluminium pans, placed into a platinum
sample pan with an attached stirrup and heated from ambient temper-
ature to 500 °C at a heating rate of 10 °C/min in a Thermal Advantage
Model Q500 thermogravimetric analyser (TA Instruments, Delaware,
USA). During all analysis nitrogen flow rates of 50 mL/min (balance and
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2.6.5. pH measurement of CUR, IVM and ITZ nanosuspensions

A HANNA HI-2210-02 benchtop pH meter (Hanna Instruments Ltd.,
Bedfordshire, UK) was employed to accurately determine the pH of the
CUR, IVM and ITZ NSs. The pH meter was calibration using two buffer
solutions, one of pH 4.00 + 0.01 at 25 °C and the other 7.00 + 0.01 at
25 °C. Each NSs was individually transferred into a 5 mL falcon tube, the
pH probe was placed inside the falcon tube and the pH was measured at
equilibration of the reading. The probe was removed from the tube and
washed with deionized water in between measurements.

2.7. Microscopical analysis of Yttria-stabilised zirconia beads

Scanning electron microscopy images of YTZP yttria zirconia beads
were captured using a benchtop TM3030 electronic microscope (Hita-
chi, Tokyo, Japan) prior to milling and after. This was to allow in-
vestigations to be made with respect to the surface morphology and
integrity of the beads after exposure to different temperatures during the
milling process. The milling media was securely attached to carbon
double-sided adhesive disks and placed on an aluminium stage. Images
were taken under low vacuum, at a magnification of 400 and at an
accelerating voltage of 15 kV.

2.8. Potential scale-up of the Mini-mills

The potential for scale-up of the Mini-mills was assessed using a
NanoDisp® media mill (Paredes et al., 2020). To this, the configuration
of the system was adjusted to mimic the milling conditions of used with
the Mini-mills. The 120 mL-milling chamber was filled with 1.2 g of
drug, 60 mL of 1 % w/v POL 188 and 54 mL of Yttria-stabilised zirconia
beads. The system was agitated at 1200 rpm and the temperature
adjusted to 15 °C. Samples were withdrawn at predetermined intervals
for particle size determination and SEM imaging as described in sections
2.5.1 and 2.5.2, respectively.

2.9. Statistical analysis
Microsoft Excel ™ version 16.81 2024 (Microsoft Corporation,
Redmond, USA) was used for statistical analysis for calculation of means
and S.D. All other statistical analysis was completed using GraphPad
Prism® version 9 (GraphPad Software, San Diego, California, USA). The
results were presented as means + SD after measurement in triplicate, in
all cases.

3. Results and discussion
3.1. CUR, ITZ and IVM bulk particle size measurement

The particle size distribution of CUR, ITZ and IVM was assessed by
individual dispersion of each drug in a 1 % (w/v) PVA (9-10 kDa) so-
lution, as depicted in Fig. 3. The D (Dahan et al., 2016; McGuckin et al.,
2022) values, De Brouckere Mean Diameter, representing the average
size of the particles with respect to volume are in the micrometre range
for CUR, ITZ and IVM at 71.9, 174 and 83.4 pm, respectively. The wide
peaks presented in Fig. 3 highlights the varied distribution of non-
uniform sized particles, and tendency to aggregate, with ITZ exhibit-
ing a bimodal volume distribution, this therefore indicates the model
drugs selected are fit for the intended purpose of significant size
reduction and are suitable candidates to manufacture homogenous
particles to the nanometre scale.

3.2. Physiochemical characterization of CUR, ITZ and IVM NSs

NCs of the three drugs were prepared, with the mean particle size
and PDI of the resultant NSs shown in Fig. 4 alongside the processing
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Fig. 3. Particle size distribution graphs of CUR (A), ITZ (B) and IVM (C) dispersions achieved by laser diffraction.

time and milling temperature. After 1 h of milling, it was observed that
controlling the temperature had little influence on the particle size of
CUR, with slight variation in size amongst all temperatures, indicating
temperature control during the early stages of CUR milling temperature
does not seem to be a dominant factor in terms of particle size, as
highlighted in Fig. 4A. However, the opposite was observed with IVM
and ITZ, as it is evident 75 °C is the most favourable temperature for IVM
milling and 45 °C is the least favourable temperature for ITZ milling, in
terms of producing particles of the smallest size. Thus, even after a short
period of milling, it is clear manipulation of temperature during milling
of certain drugs can be used to alter the size of particles produced. The
variation in particle size of CUR after 6 h of milling at different tem-
peratures diminishes even further, suggesting temperature has minimal
contribution in determining the particles size of CUR NCs, as depicted in
Fig. 4C. Similarly, the trends observed for IVM and ITZ at 1 h continues
on after 6 h, with higher temperatures yielding smaller particles in the
case of IVM and milling ITZ at the elevated temperature of 45 °C pro-
duced the largest NCs. After milling ceased at 24 h, 15 °C was shown to
be the most appropriate temperature evaluated to fabricate the smallest
CUR particles (116.7 + 0.7 nm), although using higher temperatures
still produced particles of a comparable size, as highlighted in Fig. 4E.
Interestingly, it can be seen that after milling ITZ for an extended period
of time, controlling the milling temperature at 45 °C was most favour-
able with respect to reduction in particle size (162.5 + 0.4 nm),
demonstrating that not only is it beneficial to control the temperature of
milling, but also the time at which the milling is controlled for is also

significant with regards to particle size. Similarly, controlling the mill-
ing for a longer period of time resulted in the production of the smallest
IVM-NCs at 45 °C (178 + 2 nm), with milling at 75 °C closely following
despite having a more pronounced importance within a shorter milling
period. Clearly, the influence of milling temperature on particle size
reduction over time varies considerably among different drugs. While in
theory any drug, independently of their physicochemical nature can
undergo particle size reduction, to date, specific research where intrinsic
crystal hardness and process temperature are factored together in media
milling is still necessary. Reports from Prof Keck have commented on
drug hardness-dependent particle reduction in media milling, with
harder materials predictably leading to larger final particle sizes (Muller
and Keck, 2004). In this sense, it could be hypothesised that drugs with
higher melting points, and therefore higher intermolecular forces in
their crystal lattice, would be more difficult to break. However, other
factors need to be weighted when using top-down approaches, including
the presence of crystal imperfections, polymorphic forms, solvates/hy-
drates, and impurities, among others. As per temperature, some reports
have delved into heat generation during media milling (Guner et al.,
2022; Guner et al., 2022), and NCs production via cryo-milling (Niwa
et al., 2010); however, little has been reported on the effect of temper-
ature in media milling. Moreover, beyond milling temperature, milling
time plays an important role in the final particle size, with most of
particle reduction occurring at early stages of the process. This phe-
nomenon is commonly observed in the literature and is related to the
gradual reduction of weak points and cracks in the drugs crystal
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Fig. 4. Particle size and polydispersity index of CUR, ITZ and IVM nanosuspensions milled at various temperatures at 1 h- (A, B), 6 h- (C, D) and 24 h- (E, F)
timepoints. Exemplar particle size distribution of CUR-NCs milled for 24 h at 15 °C (G), ITZ-NCs milled for 24 h at 45 °C (H), and IVM-NCs milled for 24 h at 45 °C (I).

structure, requiring increasing amounts of energy to break particles
(Paredes et al., 2021). Thus, fine tuning of the temperature and milling
time are crucial in early formulation development.

After 1 h of milling, the highest PDI values, in terms of CUR, were
observed in both the vial maintained at 45 °C during milling and the
non-temperature regulated vial (which attained a temperature of a
similar level as presented in 3.2.), as depicted in Fig. 4B. This indicates

an initial milling temperature of 45 °C negatively influences the particle
size distribution of CUR, as the similarity of both PDI values, suggests
both NSs were milled at comparable thermal conditions, resulting in
corresponding patterns of particle breakage and distribution. This cor-
relation highlights the important role of temperature during milling and
its impact on the heterogeneity of particles produced during the milling
process. However, after milling for 6 and 24 h, there was little variation
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in the PDI observed between the milling of CUR at different tempera-
tures, as indicated in Fig. 4. This shows the formulation is stable at all
temperatures investigated and variation in temperature during later
stages of milling has a less pronounced influence on the size of CUR
particle populations produced. Interestingly, milling ITZ at 75 °C yiel-
ded a more favourable PDI with uniform particle sizes, producing a
PDI<0.2, exhibiting a clear trend of manufacturing smaller PDI values,
which is evidenced at all timepoints in Fig. 4B, D and F. It is plausible
the reduced viscosity of milling slurry formed at higher temperatures,
enabled enhanced movement and collision efficiency of the milling
media, providing a uniform energy transfer leading to a more consistent
particle size reduction which ultimately yields a homogenous PDI value.
Unlike ITZ, IVM shows a change in trend, with milling at 75 °C initially
providing a superior PDI value but with an extended period of milling
for 24 h, a reduced temperature of 45 °C produced a more promising PDI
value of 0.157 as opposed to that of 0.160 measured at 75 °C, as depicted
in Fig. 4F. This change to a lower milling temperature for the production
of a more favourable PDI, as milling time increases, is paralleled with
respect to particle sizes, as displayed in Fig. 4. This may be attributed to
the dynamic nature of particle size reduction, stabilisation processes and
thermal effects, as milling IVM at high temperatures for short periods of
time may be beneficial in terms of enhancing size reduction efficiency
and preventing agglomeration. However, over longer milling periods, a
lower milling temperature may be advantageous with respect to stabil-
ising particles and preventing Ostwald ripening (Keck, 2010). A mono-
modal distribution of particle size for CUR-NCs (15 °C) ITZ-NCs (45 °C),
and IVM-NCs (45 °C) is presented in Fig. 4G, H and I, respectively. From
this data, it is evident that the Mini-mills could enable the development
of optimal formulations enabling precise control of process variables at
the laboratory-scale.
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Temperature modification of the vial during milling demonstrated to
affect the zeta potential of the NCs produced in a drug-dependent
fashion, as detailed in Fig. 5. This is evident as all formulations were
manufactured using the non-ionic surfactant POL188 comprised of
sections of block copolymers polyethylene oxide (PEO) and poly-
propylene oxide (PPO) in a PEO-PPO-PEO formation (Bodratti and
Alexandridis, 2018). Thus, POL188 is able to offer steric stabilisation as
the hydrophilic polyethylene oxide chains coat the newly formed sur-
faces of the NCs, creating a hydrated layer providing steric hinderance,
physically blocking close interaction with other particles and preventing
aggregation (Verma et al., 2011). The zeta potentials for CUR, ITZ and
IVM NCs at all temperatures indicated weaker electrostatic repulsion
than the widely accepted range of > |30| mV, probably due to low
surface charges (Wang et al., 2013). This signifies a low level of elec-
trostatic repulsion among drug nanoparticles, but it is not reflective of
the steric stability provided by the physical barrier provided by POL188.
Asseen in Fig. 5, the variation in zeta potential is drug- and temperature-
dependent. Importantly, the pH of all three NSs were close to neutral,
(CUR: 6.48, ITZ:7.69 and IVM: 7.90). Although the drugs studied here
are practically insoluble, particle size reduction to the nanometre range
leads to a supersaturated state, and therefore, NCs coexist in equilibrium
with soluble molecules (Mauludin et al., 2009). CUR presented an
increasing trend in zeta potential values at increasing processing tem-
peratures (Fig. 5A), which was attributed to changes on the adsorption/
desorption of the stabiliser chains from the NCs’ surface and induced
charge effect. With pKa values of 8.38, 9.88 and 10.51, CUR exists pri-
marily in its neutral form at the reported pH, and therefore, negligible
effects on NCs’ surface charge would be expected. The zeta potential of
ITZ demonstrated similar values irrespective of the milling temperature,
as evidenced in Fig. 5B, ranging between —4.5 to —8.0 mV. With a pKa
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of 3.7, the drug is predominately in its neutral form at the reported pH,
thus contributing minimally to the overall electrical charge of the NCs’
surface. Similar trends were observed with IVM NSs (Fig. 5C), where
working temperature showed a limited influence on the surface charge
of the NCs, with all the produced suspensions presenting zeta potentials
within |1.0| mV among them. At the reported pH, IVM, with a pKa of
12.47 would be mainly neutral, again with ionised IVM molecules
contributing to the overall NCs surface charge minimally.

It can be observed that manipulation of temperature could be utilised
as a key parameter to produce optimised NS as it is evident selection of
temperature, for certain drugs, can vary the level of stabilisation of the
newly formed particle surfaces. Thus, employment of the Mini-mills
enables the exploration of stabilizers beyond the previously tested pa-
rameters by effective temperature management during milling.

3.3. Measurement of internal and external vial temperature during milling

The difference between the internal and external temperature of the
vial was investigated as shown in Fig. 6. This was key to understand the
ability of the circulating cooling liquid to absorb then heat created
within the milling chamber. When using conventional glass vials with no
temperature control, there was clear evidence of temperature raise.
Initially, the external temperature of the non-temperature-controlled
vial was 26.7 °C and the internal temperature was 25 °C, yet, as ex-
pected, a burst increase in temperature of 10 °C, both externally and
internally, was observed during the first two hours of milling which then
plateaued remaining elevated till the termination of milling at 24 h. This
steep rise in temperature can be attributed to heat produced from the
multitude of intense mechanical collisions between the drug, milling
media, magnets and the glass vial (Afolabi et al., 2014). The heat
generated during milling in the non-temperature-controlled vials is not
effectively dissipated due to a lack of cooling mechanism leading to a
sharp temperature increase of the vial internally and externally. This
increase in temperature can influence the viscosity of the slurry, the
overall process energy efficiency, and potentially the physical stability
of the system via Ostwald ripening and affecting the adsorption and
desorption of stabiliser molecules from the NCs’ surface (Guner et al.,
2022; Verma et al., 2011; Wang et al., 2013) Utilisation of the ther-
mostat feedback system of the Ministat 125 (Huber, Offenburg, Ger-
many) shown to be successful in precisely regulating the temperature of
the vicious liquid circulating the temperature-controlled vials at three
levels as the burst temperature increase was not observed at the set
temperatures 15 °C, 45 °C and 75 °C. A slight disparity between the
internal and external temperature was observed for the vials set at 45 °C
and 75 °C, with the internal temperature of the vial remaining lower
than the set values. A potential reason for the reduced temperature
achieved includes the higher heat capacity of the NSs, than that of the
glass of which the Mini-mills are composed of, which requires more
energy to reach the desired temperature. Despite this slight limitation, it
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is important to note for all set temperatures evaluated, the measured
temperatures remained consistent, highlighting a uniform temperature
throughout the liquid was attained during the entirety of the milling
process, as the feedback loop system of the Mini-mills remained effective
over the 24-hour milling period measured.

3.4. Scanning electron microscopy (SEM) of coarse drugs and
nanocrystals

In order to observe the change in surface morphology of the pure
drugs as well as the different obtained NCs, the samples were examined
using SEM. It can be seen in Fig. 7, the CUR presents particles apparently
crystalline, with well-defined angular geometries, exhibiting rectan-
gular and square shapes, with a relatively smooth and homogenous
surface, with sizes in the range of ~ 20 to 120 pm. By contrast, the NCs
obtained with the Mini- and NanoDisp® mills showed a significant
change in appearance respect to the raw material, with the NCs
embedded in a matrix of the dried stabiliser. This aligns with previous
papers were NCs were dried by freeze or spray-drying (Paredes et al.,
2020; Paredes et al., 2016). With respect to pure ITZ, a variety of
irregularly shaped structures are observed, some angular in form with
relatively smooth surfaces, consistent with the observations reported by
other authors (Tao et al., 2009). The Mini-mill ITZ-NCs show clusters of
smaller particles, whereas the scale-up ITZ-NCs are apparently more
uniform. For IVM pure drug, particles of the drug can be observed in
various shapes and sizes, with angular edges and rough surfaces. In both
cases, the IVM-NCs formed via the Mini-mills and scale-up, a compact
structure is observed. Noticeably, the IVM-NCs Mini-mills sample ap-
pears more uniform than the scale up sample, with some aggregates
observed in the centre of the photomicrographs, probably formed during
the drying process.

3.5. Microscopical analysis of YTZP zirconia beads after milling at
different temperatures

YTZP yttria zirconia beads are engineered to withstand large
amounts of energy, with application in various fields, including dyes
manufacture, metallurgic, aerospace, and pharmaceutical industry. In
this case, beads are engineered between 0.1-0.2 mm according to the
manufacturer’s specifications and changes of size and morphology were
not expected. However, the beads before and after milling for 24 h at
75°C, presenting the more intense milling conditions, were analysed by
SEM to confirm assess potential wearing, scratching or material loss. As
observed in Fig. 8A, the beads with no use presented a near-perfect
spherical shape and sizes according to the manufacturer specifications.
The surface of the beads was smooth, and no noticeable defects were
detected. Fig. 8B, C, and D correspond to the milling media collected
from the production of CUR, ITZ, and IVM, respectively. Here, beads
maintained their integrity during the milling process, as there was no
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Fig. 7. SEM images of pure drugs, NCs produced in the Mini-mills and in the NanoDisp® media mill.

evidence of deformation or softening of the beads. Moreover, the surface
of the beads post-milling was also smooth, with no apparent changes in
size. This indicates that the milling media was able to withstand all
collisions and shear forces, as well as the temperature and long pro-
cessing time within the scope of this study. These findings are crucial
since material transfer from the milling media to the resultant suspen-
sion is an important aspect of media milling (Juhnke et al., 2012).
Importantly, industrial media mills can produce large batches of drug
NSs under good manufacturing practices, reducing the chances of ma-
terial wearing and contamination by coating all the mill parts (i.e., shaft
and milling chamber) with the same ceramic materials of the milling
media. Therefore, potential contamination in pre-clinical stages of NCs
production can be remediated during formulation scale up.

3.6. Differential scanning calorimetry (DSC) and thermal gravimetric
analysis (TGA)

The DSC and TGA thermograms of raw materials and freeze-dried
NCs are reported in Fig. 9. The thermogram of CUR, Fig. 9A, showed
an endothermic sharp peak at 185.6 °C, corresponding with the melting
point of CUR (Boyd et al., 2019). ITZ showed a sharp endothermic peak
at 168.8 °C in Fig. 9C which is coincident with the melting point of ITZ
(Permana et al., 2020). In the case of IVM, two peaks were observed in
the thermogram, the first peak was sharp and endothermic at 152.7 °C,
corresponding with the melting point of the drug, while the second peak
observed at 213.7 °C has associated mass loss, indicating thermal
decomposition of the IVM as highlighted in Fig. 9E (Paredes et al.,
2020). As shown in Fig. 9A, C and E, the thermal curve of POL188
exhibited a sharp endotherm with a temperature peak at 57.1 °C cor-
responding at melting point of the excipient used (Paredes et al., 2020).

The DSC curve of CUR NCs showed two sharp and endothermic peaks at
51.4 °C and 154.6 °C corresponding with the melting point of POL188
and CUR. Similar thermal behaviour was observed for ITZ NCs. The DSC
curve of Fig. 9C exhibited two sharp endothermic peaks at 51.4 °C and
163.8 °C, corresponding with the melting point of POL188 and ITZ,
respectively. In the case of IVM NCs, the DSC curve showed only one
event an endothermic peak at 51.4 °C corresponding with the melting
point of POL188, while the melting point of IVM was detected in Fig. 9E.
This behaviour can be attributed to the possibility of IVM dissolving in
the molten POL188. The observed shifts to lower temperatures in the
peak of each component in the NCs are related with the influence that
particle size has in the thermal behaviour of crystalline components
(Haddad et al., 2022). In this regard, smaller particles tend to exhibit
lower melting points due to the increased surface area and enhanced
surface energy associated with nanoscale materials. This phenomenon
has been well documented in the literature for other poorly-soluble
actives, where a similar shift to lower melting temperatures was
observed as particle size decreased (Abbate et al., 2023; Zhang et al.,
2023; Camiletti et al., 2020). Additionally, the interaction between the
NCs and the stabilizing polymer further contributes to these thermal
changes, as evidenced by Martin et al. (2020), showing a decrease in
melting temperature when NCs are incorporated into a polymer matrix,
suggesting a modification of intermolecular interactions between the
particles and the polymer chains (Martin et al., 2020). For TGA, ther-
mograms of CUR, ITZ, IVM, POL188 exhibit weight loss starting at
approximately 240 °C, 350 °C, 145 °C and 330 °C respectively, indi-
cating that the drugs and the stabilizer used are thermally stable up to
each respective temperature as illustrated in Fig. 9B, D and F. TGA
thermograms of CUR-NCs and ITZ-NCs, depicted in Fig. 9B and D,
exhibited the beginning of mass loss at 240 °C and 350 °C showing that
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Fig. 8. SEM images of YTZP yttria zirconia beads before milling (A), and after milling CUR (B), ITZ (C), and IVM (D). Samples correspond to the 24 h time point and

75 °C, since they were the most energy-intensive milling conditions.

the NCs are thermally stable up to their respective temperatures, coin-
cident behaviour to that of the pure drugs. IVM-NCs TGA thermogram
showed mass loss initiated at 360 °C, indicating that IVM-NCs had
similar thermal stable behaviour to POL188 (Fig. 9F). These results
demonstrate that the process of NCs formation via media milling in the
Mini-mill device does not interfere with the crystalline structure of each
component used in the formulations as no polymorphic changes were
observed on the process of NCs obtention. Thus, NCs composed of
different active pharmaceutical ingredients can be successfully manu-
factured using the Mini-mill device.

3.7. Potential scale up of the Mini-mills

To evaluate the potential for scale-up of the Mini-mills, the Nano-
Disp® laboratory-scale mill (Cordoba, Argentina) was used (Paredes
et al., 2020; Camiletti et al., 2020; Lopez-Vidal et al., 2021). This mill
consists of an agitator chamber coupled to a variable-speed motor,
where the milling material and the drug suspension are housed. In
Fig. 10A, the particle size values for each evaluated drug are depicted
over the course of milling time. It’s evident that the particle size, as
determined by DLS, decreases with the progression of milling. Following
1 h of milling, particle sizes of 473 + 5 nm, 471 + 9 nm, and 547 + 10
nm are observed for CUR, ITZ, and IVM, respectively. Subsequently,
after 4 h, both CUR and ITZ display values below 300 nm (264 + 1 nm
and 281 + 4 nm, respectively), whereas [IVM stands at 448 + 4 nm. As
discussed earlier, NCs typically exhibit a particle size ranging from 200-
700 nm. In this regard, all three drugs studied showed sizes within the
expected range and a tendency to decrease with milling time, suggesting
that smaller sizes could be achieved by increasing the processing time if
necessary. Regarding PDI, (Fig. 10B), acceptable values (<0.3) were
achieved for all three drugs after 4 h of milling. These findings indicate
that employing Mini-mills beforehand could optimize the formulation
(including stabilizer selection and its compatibility with the drug,
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concentration of the original suspension, and the milling agent and its
quantity) prior to transitioning to the laboratory-scale mill. This
approach translates into substantial material savings, given that milling
with NanoDisp® necessitates at least 12 times more drug compared to
Mini-mills.

4. Conclusion

A novel method to successfully produce NCs at the milligram-scale in
a temperature-controlled set up has been described in this report. When
compared to other papers in the literature, the NCs produced using this
simple experiment were small, with sizes as small as 116 nm in the case
of CUR, showing substantial potential for the development of targeted
systems, an area of increasing interest (Fuster et al., 2024; Udabe et al.,
2024; Zhang et al., 2024). It was also demonstrated the applicability of
the system to multiple actives, achieving homogeneous and mono-
disperse NSs in all cases, via precise control of temperature as a key
variable for media milling of NCs. It was clear that particle size reduc-
tion and particle properties were highly dependent on the active, but in
all cases, particle size reduction was achieved even after 1 h of milling.
This is very appealing for optimisation of NCs using tools like design of
experiment, which require a large number of milling iterations. Addi-
tionally, the use of this new method did not induce any substantial
change in the drugs’ crystallinity, as confirmed by DSC and TGA anal-
ysis. This study also demonstrated the potential for scale up to larger
commercial mills, highlighting again the capabilities of a simple
experimental approach that mimics processing conditions of larger scale
mills. Employment of this milling method presents a flexible and simple
technique for academic or industrial laboratories working in early
development of drug NCs. Finally, this technique could also be trans-
lated to extraction of biological materials of interest from different tis-
sues, cells and plants, all areas where thermal degradation could present
significant challenges.
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