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ABSTRACT
This study focuses on the dry milling of biopharmaceutical classification system (BCS) class II molecules.
These molecules have a limited bioavailability because of their low aqueous solubility, poor water wett-
ability and low dissolution rate. In order to improve these properties, indomethacin (IND) and niflumic
acid (NIF) were milled using two different types of equipment: Pulverisette 0VR and CryoMillVR . Milled sam-
ples were characterized and compared to commercial molecules. IND shows a modified solid state, like
surface crystallinity reduction and an increase in water vapor adsorption from to 2- up to 5-fold due to
milling processes. The obtained solubility data resulted in an improvement in solubility up to 1.2-fold and
an increase in initial dissolution kinetics: 2% of dissolved drug for original crystals against 25% for milled
samples. For NIF no crystallinity reduction, no change of surface properties and no solubility improvement
after milling were noticed. In addition, milled particles seemed more agglomerated resulting in no
changes in dissolution rate compared to the original drug. IND solubility and dissolution enhancement
can be attributed to the modification of surface area, drug crystallinity reduction, and water sorption
increase due to specific behavior related to the drug crystal disorder induced by milling process.

1. Introduction

In industrial fields, the design of New Chemical Entities (NCE)
through combinatorial chemistry has led to the development of
drug candidates with greater lipophilicity, high molecular weight,
and poor water solubility. These physical, chemical, and intrinsic
drug properties are considered as the major obstacle that has pre-
vented the commercialization of many new promising drugs.
However, majority pharmaceutical development failure has been
attributed to poor water solubility of the drug.

Nowadays, 90% of pharmaceutical solid dosage form contains
hydrophobic substances (Al-Obaidi et al. 2013). Many of these com-
pounds are classified as class II and IV in the biopharmaceutical clas-
sification system (BCS) (Amidon et al. 1995). The compounds of this
molecules class are characterized by poor solubility.

Issues of drugs poor water solubility provide limitation on dis-
solution rate and reduction on oral bioavailability resulting in sub-
optimal drug delivery. Early-stage pharmaceutical development is
the critical step to the development of this kind of pharmaceut-
ical products. To overcome solubility issues, powder technology
provides new innovative solutions for original as well as
generic applications in a wide variety of industries including
pharmaceuticals.

There are many strategies to overcome low solubility or low
dissolution rate of hydrophobic drugs. Different approaches
include systems that emphasize physical: size reduction
(Chamarthy and Pinal 2008; Branham et al. 2012; Borba et al.
2016), chemical modifications: amorphization (Chaudhari and
Dugar 2017) or new solid forms such as carrier systems like solid
dispersion (Chikhalia et al. 2006; Chaudhary et al. 2012). Other dif-
ferent approaches are known such as pH adjustment (Columbano

et al. 2003; Saravanan et al. 2021), salt formation (Da Silva et al.
2020), the use of co-solvents (De Gusseme et al. 2008), complex-
ation (de Paiva Lacerda et al. 2015; Dedroog et al. 2019), addition
of surfactants (Dujardin et al. 2013; Einfalt et al. 2013), formulation
as emulsion or other lipid based systems or entrapment in lipo-
somes (Feng et al. 2008; El-Badry et al. 2009).

Among the conventional methods for bioavailability improve-
ment, size reduction, in the micrometer or nanometer scales, is an
important and widely used operation in many pharmaceutical
applications to optimize active drug physicochemical properties
and consequently the performance and the manufacturing of
pharmaceuticals dosage forms. Particle size reduction methods
can be divided into two main categories, bottom-up and top-
down techniques. Top down features dry milling in particular,
which is often used to reduce the particle size in the absence of
water or any organic solvent. In addition, this method is easy to
handle, reproducible and represents a low-cost method to
improve solubility and/or dissolution kinetics (Fix and Steffens
2004) by multiple mechanisms as size reduction (Friedrich et al.
2005), crystal modification, amorphization (Garg et al. 2009) up to
powder surface modification (Gotor et al. 2013). Different types of
ball milling equipment were tested in this work. Their size reduc-
tion mechanisms are based on impaction and compression (Guo
et al. 2013; Hadjittofis et al. 2018). The balls impact and the com-
pression phenomenon from their movement can affect the poten-
tial of particle size reduction and create aggregate (Han et al.
2011; Hagbani and Nazzal 2017). In addition, ratio between the
material and the ball can also have an impact on milling intensity
(Humayun et al. 2016; Hussain et al. 2018).

Dry ball milling, as a micronization technique, is well known
and supported by the literature (J�oj�art et al. 2012; Jermain et al.
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2018). Moreover, this milling process is adapted to hydrophobic
drugs to improve their physicochemical properties (Junyaprasert
and Morakul 2015) and increase drug solubility and/or dissolution
kinetics (Kacso et al. 2012), as represented in the Noyes–Whitney
equation (Kho et al. 2014). Therefore, the purpose of the present
work is (i) to determine the physicochemical properties of two dif-
ferent BCS Class II (indomethacin (IND) and niflumic acid (NIF))
and (ii) to increase their solubility and improve their dissolution
kinetics considering the effect of ball dry milling through two dif-
ferent types of equipment (Pulverisette 0VR and CryoMillVR ).

In the first part of the work, model drugs were selected based
on their BCS classification (i.e. poorly water-soluble drugs), assay
method described in pharmacopeia, easy availability, and low
handling risks. In the second part, ground powders produced by
dry milling were characterized according to their physicochemical
properties through thermal analysis, particle size distribution
(PSD) particles morphology, surface changing, powder crystallinity,
and finally solubility and dissolution kinetics.

2. Materials and methods

2.1. Materials

Active pharmaceutical ingredients (APIs), IND (c-form), and NIF
were provided from Tokyo Chemical Industry (TCI Europe,
Zwijndrecht, Belgium). Both APIs have 98% of purity. For high-per-
formance liquid chromatography (HPLC) analysis, acetonitrile
(ACN), acetic acid HPLC grade were purchased from VWR
(Fontenay-sous-Bois, France), distilled and purified water were
obtained by the purification system Milli-Q (Classic Purelab DI,
MK2, Elga, High Wycombe, UK).

2.2. Grinding process

2.2.1. Preparation of ground drug
Dry grinding process was performed using Pulverisette 0VR (Fritsch,
Idar-Oberstein, Germany) and CryoMillVR (Retsch, Haan, Germany).
For each grinding experiment, one stainless-steel ball is placed in
the stainless-steel jar. The milling process parameters, of both
types of grinding equipment, are described in Table 1. Sample
nomenclature and process conditions of each sample are detailed
in Table 2. The same process parameters were applied to IND
and NIF.

2.2.2. Yield calculation
Actual yields were calculated as the percentage by mass of the
powder recovered after grinding in relation to the total initial
amount of drug used for grinding.

2.3. Physicochemical characterization

2.3.1. Drug content
The quantification of the IND and NIF, obtained by grinding, was
determined by solubilization of approximately 5mg of powder in
50 g ACN/water (50/50, w/w) to obtain a final concentration of
0.1mg g�1. Each sample was analyzed in duplicate (n¼ 2). API
assay was performed by UHPLC (Infinity II 1290, Agilent, Massy,
France) equipped with a UV-Vis detector. A reverse phase HPLC
method was used for the quantification using a method according
to the European Pharmacopeia. The mobile phase was ACN/acetic
acid 0.01%, (50/50 v/v), the flow rate was 1mL/min, the volume
of injection was 20 mL and wavelength was fixed at 318 nm. A
PoroshellVR 120 EC-C18 column 2.7 mm (3� 100mm, Agilent,
Massy, France) was used. The retention times were at 1.5 and
1.2min for IND and NIF, respectively. The results were expressed
as the percentage of the mean of the peak responses of ground
APIs related to the mean of the peak responses of the raw mater-
ial, which was considered as 100%.

2.3.2. Particle size analysis
The PSDs of samples were determined by laser diffraction particle
size analyzer, a MasterSizer 3000 laser granulometer (Malvern
Instruments, Malvern, UK). Samples were dispersed in water with-
out ultrasonication.

2.3.3. Scanning electron microscopy (SEM) analysis
The surface morphology of samples was observed with a tabletop
scanning electron microscope (MT-3000, Hitachi, Tokyo, Japan)
operated at an excitation voltage of 15 kV in SE mode. A double-
sided adhesive tape was used to fix the powder sample on an
SEM stub before analysis.

2.3.4. X-ray powder diffraction (XRPD) analysis
Powder diffractograms were obtained using an X-ray diffractom-
eter (X’Pert Panalytical, Philips, Cambridge, MA) with CuKa radi-
ation at a scanning rate of 1.228min�1 from 5� to 50� with a
measurement step of 0.017�, applying 45 kV at 40mA to observe
the crystallinity of the sample.

Table 1. Grinding parameters.

Milling equipment Ball diameter (cm)/mass (g) API mass (g) Milling time (min) Frequency (Hz) Amplitude (mm)

Pulverisette 0VR 5/500 1, 2, and 3 20 – 1.5 and 1.8
CryoMillVR 1/60 2 2.5 and 5 12.5 and 25 –

Table 2. Sample nomenclature.

Milling equipment Sample name Amplitude (mm) Frequency (Hz) API mass (g) Milling time (min)

P0 P1 1.5 – 1 20
P2 1.5 – 2 20
P3 1.5 – 3 20
P4 1.8 – 1 20
P5 1.8 – 2 20
P6 1.8 – 3 20

CM CM1 – 12.5 2 2.5
CM2 – 12.5 2 5
CM3 – 25 2 2.5
CM4 – 25 2 5



2.3.5. Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurements were car-
ried out using a DSC-Q200 thermal analyzer (TA Instrument,
Guyancourt, France) in a temperature range of 20–210 �C (heating
rate 5 �C.min�1) under nitrogen gas with a flow rate of
50mL min�1. Samples of raw material and milled powder
(2.8–5.5mg) were placed in a hermetically closed aluminum pan.
The heat of fusion (DHF) and melting temperature (Tm) were cal-
culated using the DSC software (PlatinumVR ). The residual crystal-
linity (vc) was calculated using Equation (1), taking into account
the melting enthalpy of 100% crystalline sample (raw material)
and ground one (Kumar et al. 2018).

vc %ð Þ ¼ DHm grinded sampleð Þ
DHm 100% crystallinð Þ

� 100 (1)

2.3.6. Fourier-transform infrared (FTIR) spectroscopy
FTIR spectra were recorded on a Thermo Scientific NicoletTM iS50
spectrometer, using OmnicVR software to analyze the data. The
samples were placed on the diamond window. The data were
recorded in ATR mode in a scan range of 4000–400 cm�1 with a
resolution of 4 cm�1.

2.3.7. Dynamic vapor sorption (DVS)
The dynamic vapor sorption measurements were carried out on
the DVS apparatus of the SMS (Surface Measurement Systems)
(Allentown, PA). All experiments were performed at 25 �C. Dry
nitrogen is blown through the probe for 60min. The relative pres-
sure of the probe is controlled using a computer program that
sets the appropriate flow rate on the wet side (100% relative pres-
sure of the probe) and the dry side (dry nitrogen). Fifty to 100mg
was placed into the pods. Measurements were recorded on a
scale from 0 to 95% relative humidity (RH) with a measurement
step of 10% RH. The final step was set at 95% RH. Two measure-
ment cycles were conducted.

2.3.8. Solubility measurement
Solubility of samples was determined using a method previously
described in the literature (Borba et al. 2016), by equilibrating a
drug excess in 30 g of phosphate buffer pH 7.2 at 37 ± 0.5 �C in a
temperature-controlled bath up to 48 h (equilibrium). The flasks
were sealed and shaken for the duration of the tests and concen-
trations were determined after filtration (0.22 mm, VWR, Fontenay-
sous-Bois, France). The sample solutions were analyzed using the
same assay method as described for drug content determination.
Each experiment was carried out in quadruplicate.

The relative solubility (RS) was calculated using Equation (2)
taking into account the solubility value of raw API and ground
sample.

RS %ð Þ ¼ solubility valuesample

solubility valueraw API
� 100 (2)

2.3.9. Dissolution kinetics measurement
The apparent dissolution (n¼ 3) tests were carried out using dis-
solution method a USP II dissolution apparatus (AT Xtend, SOTAX,
Aesch, Switzerland). Paddle speeds were set at 100 rpm with
500mL of phosphate buffer pH 7.2 at 37 ± 0.5 �C; to ensure sink
conditions, approximately 51mg for IND and 140mg for NIF (tak-
ing into account drug content). Each drug sample was placed
into a hard-shell capsule and fixed to the bottom of the dissol-
ution vessel by stain steel sinkers. At appropriate time intervals: 5,
10, 15, 30, 45, and 60min, 2mL of samples were withdrawn and
filtered through a 0.22 mm filter (VWR, Fontenay-sous-Bois,
France). API dissolved assay was analyzed using UHPLC method as
described in the drug content determination part.

The dissolved drug (DD) as a percentage was calculated using
Equation (3) taking into account the theoretical concentration
value of raw API and the concentration of ground sample at each
time point.

DD %ð Þ tð Þ ¼ Concentrationsample tð Þ
Concentrationraw API

� 100 (3)

3. Results and discussion

3.1. Grinding analysis on process yield and drug purity

3.1.1. Purity and yield
The grinding process has no impact on API purity. For all ground
powders, the purity was above 93%. Yield (final product) of
81–97% was obtained after grinding (Table 3).

3.1.2. Particle size distribution and powder morphology
The PSD provides information related to product size reduction
and subsequent milling performance. Upon reviewing results of
measurement data, particle number and volume size distributions
are plotted in Figure 1. It could be observed on the number %
PSD that ground products show clearly smaller sizes than raw
material. Besides, a slight decrease of particle volume size distri-
butions were observed. These results are supported by the finer
and the more agglomerate powders produced after milling, as
shown in Figure 2(1,2). For clarity, the characteristic sizes of the
product particle, the mean size based on volume and the mean
size based on surface/volume (D [4,3] and D [3,2]) are summarized
in Table 4.

For both APIs ground using the Pulverisette 0VR , it was
observed that a higher API mass inside the apparatus is more
likely to achieve a higher degree of size reduction. For IND,

Table 3. Yield and purity results.

Milling equipment

IND NIF

Sample name Yield (%) Purity (%) Sample name Yield (%) Purity (%)

P0 INDP1 84 95 NIFP1 80 90
INDP2 87 93 NIFP2 88 95
INDP3 90 97 NIFP3 90 98
INDP4 81 96 NIFP4 81 100
INDP5 88 93 NIFP5 87 99
INDP6 89 95 NIFP6 90 100

CM INDCM1 88 97 NIFCM1 94 97
INDCM2 89 94 NIFCM2 96 100
INDCM3 90 97 NIFCM3 97 100
INDCM4 89 95 NIFCM4 97 93



particle reduction observed was between 2 and 6 folds and for
NIF it was between 2- and 4-fold. Concerning the CryoMillVR ,
ground IND showed a particle size decrease around two folds and
NIF particle size reduction was next to threefold, regardless of the
grinding time and frequency used.

Figure 2(1,2) qualitatively reveals, by SEM, ground particles
morphology. Raw IND particle shape changed after milling on
very small columnar crystals. On the other hand, particle morph-
ology of starting NIF powder is similar to the ground one.
However, smaller crystals are obtained. Nevertheless, for both
APIs, grinding process had an impact on the crystals breakage
and powder agglomeration state, which supports the results con-
cerning the particle size.

3.2. Milling impact on crystalline APIs

The samples crystallinity evaluation was carried out by two com-
plementary approaches: X-ray diffraction (XRD) and DSC, the com-
bination of which allows a good understanding of crystal disorder
(i.e. creation of amorphous regions and crystalline lattice defects;
Kumar et al. 2022) induced by milling. XRD has shown useful
insights related to diffraction method that give a great amount of
valuable information concerning the crystal structure (Li et al.
2017), orientation and size (Ling et al. 2019) of ordered regions in
materials (Loftsson and Brewster 2010) while DSC concerns ther-
mal analysis which allows a more accurate determination of the
melting enthalpy or the degree of crystallinity (Loh et al. 2015).

3.2.1. X-ray powder diffraction analysis
The crystalline character of APIs after milling is characterized by
the presence of multiple Bragg peaks. For raw IND (see Figure

3(A,B)), Bragg peaks of c-IND are in accordance with the reference
data (Mallick et al. 2008). The most intense peaks were found at
2h degrees of 10.2�, 11.7�, 16.7�, 19.6�, 20.5�, and 21.9�. However,
after milling, a decrease of crystallinity was observed for both
processes, characterized by a loss or intensity decrease of distinct
peaks in the diffraction pattern (Fix and Steffens 2004; Mallick
et al. 2013) such as 2h of 19.6� and 21.9�. This behavior, can sug-
gest the formation of amorphous regions or formation of crystals
defects (Mallick et al. 2013) subjected to repeated collisions ball-
powder-wall of bowl (M�artha et al. 2013), specially for INDP1,
INDP4, INDCM3, and INDCM4 samples, where higher intensity
decrease was observed. This trend seems to be related to higher
energy available to break down the crystalline lattice of the drug,
during milling used for low mass of added product inside the
Pulverisette 0VR bowl (Mennini et al. 2016) and also to higher mill-
ing intensity in CryoMillVR . Concerning NIF, XRPD patterns repre-
sented in Figure 3(C,D) show the same characteristic Bragg peaks
for all samples before and after the milling process. In addition,
different process parameters do not lead to decrease of peak
intensity. The most intense peaks were found at 2h degrees of
8.2�, 12.8�, 16.2�, 23.2�, and 25.3�, which are in agreement with
previous published results (Mir et al. 2018).

3.2.2. Differential scanning calorimetry
To further investigate and better understand crystal disorder, the
different samples were also thermally characterized using DSC.
Thermal analysis showed that raw and milled material for either
drug does not exhibit a glass transition (Tg), indicating that there
is no amorphous phase (Newman and Zografi 2014) upon milling,
but does show an endothermic (melting like) event.

Figure 1. Particle size distribution. (A) IND ground with Pulverisette 0VR , (B) IND ground with CryoMillVR , (C) NIF ground with Pulverisette 0VR , and (D) NIF ground
with CryoMillVR .



For each sample, the IND DSC curve represented Figure 4(A,B),
shows an endothermic peak of raw API at 160.3 �C which corre-
sponds to c-IND and is in accordance with the reference data
(Mallick et al. 2008). The melting (onset) temperature and the
heat of fusion for raw and ground samples are detailed in Table 5

as functions of different milling parameters. After milling, a slight
depression of melting (onset) temperature (from 159.8 �C up to
157.6 �C), heat of fusion (from 111 J g�1 up to 104.2 J g�1) and
residual crystallinity (from 100% up to 94%) is observed (see Table
5). Residual cristallinity reduction was mainly noticed for INDP1,

Figure 2. (1) SEM images of raw and ground IND. Raw IND (A); INDP1 (B); INDP2 (C); INDP3 (D); INDP4 (E); INDP5 (F); INDP6 (G); INDCM1(H); INDCM2 (I); INDCM3 (J); INDCM4
(K). (2) SEM images of raw and ground NIF. Raw NIF (L); NIFP1 (M); NIFP2 (N); NIFP3 (O); NIFP4 (P); NIFP5 (Q); NIFP6 (R); NIFCM1 (S); NIFCM2 (T); NIFCM3 (U); NIFCM4 (V).



INDP4, INDCM3, and INDCM4 samples (bold values). These results
can indicate a decrease in crystallinity (Noyes and Whitney 1897;
Nugrahani and Jessica 2021) where the higher the energy applied
during milling the greater the number of defects are formed
(Patterson et al. 2007). The same tendency has been evidenced by
the changes in the corresponding XRPD patterns analysis discussed
previously. However, both approaches are not able to differentiate
which property governs crystallinity loss: amorphous regions or for-
mation of crystal defects (Mallick et al. 2013).

Raw NIF, has an endothermic peak at 203 �C (shown in Figure
3(C,D)), which is in accordance with previous work (Perissutti et al.
2017). According to Table 5, no changes in DSC thermal parame-
ters were observed after milling in both types of equipment using
different process parameters. In addition, after milling the residual
crystallinity was maintained. As mentioned above for NIF, the
XRPD results are also supported by the DSC analysis.

3.3. Grinding effect on powder chemical properties and powder
surface characterization

3.3.1. Fourier-transform infrared spectroscopy characterization
FTIR was performed in order to detect APIs structural change
(Phillips 1997; Qin et al. 2018; Sakher et al. 2018), after the milling
process. In particular, the entire spectral range investigated is
shown in Figure 5, whereas in a restricted range (600–1800 cm�1)
the principal absorption bands in the infrared spectra of unmilled
and milled samples are observed. Based on the literature, c-IND
absorption bands are shown in Figure 5(A,B) (Saleki-Gerhardt
et al. 1994). The most intense peaks at 1715 cm�1 and 1691 cm�1

(C═O stretching vibrations), 1615–1587 cm�1 and �¼ 1480 cm�1

(C═C stretching vibrations) are evidenced. The absorption peaks
at 1307 cm�1 and 1240–1221 cm�1 correspond to C–O bond of
acidic and ether groups, respectively. The peak at 1068 cm�1 can

Table 4. Particle size distribution of drug powders.

Milling equipment

IND NIF

Sample name Span D [4,3] (mm) D [3,2] (mm) Sample name Span D [4,3] (mm) D [3,2] (mm)

– Raw IND 1.7 34.2 15.3 Raw NIF 10.1 87.1 35.8
P0 INDP1 1.3 38.1 16.7 NIFP1 1.6 40.0 19.7

INDP2 0.7 11.0 4.3 NIFP2 0.7 21.5 9.2
INDP3 0.7 7.2 2.7 NIFP3 0.8 18.8 7.6
INDP4 1.1 37.7 16.3 NIFP4 0.8 43.3 10.5
INDP5 0.8 15.5 5.8 NIFP5 0.8 27.8 9.1
INDP6 0.9 8.6 3.3 NIFP6 0.9 29.1 9.2

CM INDCM1 2.4 25.9 8.0 NIFCM1 0.7 32.2 11.7
INDCM2 1.7 21.2 8.2 NIFCM2 0.6 27.6 10.6
INDCM3 2.4 31.8 9.7 NIFCM3 2.1 61.3 30.9
INDCM4 1.9 22.1 8.6 NIFCM4 2.1 50.1 25.5

Figure 3. XRPD diffractogram. (A) IND ground with Pulverisette 0V
R

, (B) IND ground with CryoMillV
R

, (C) NIF ground with Pulverisette 0V
R

, and (D) NIF ground
with CryoMillV

R

.



be assigned to the C–Cl absorption bands. In addition, intense
bands in the low frequency range, specific to aromatic com-
pounds, are present between 760 and 980 cm�1.

Pure NIF spectrum shows characteristics peaks (see Figure
5(C,D)) at 1662 cm�1 (C═ O stretching vibrations),
1140–1170 cm�1 (C–F stretching vibrations) and also intensive
bands at 760 and 980 cm�1 related to aromatic compounds
(Saravanan et al. 2021).

For both APIs, similar FTIR spectra were noticed for processed
and unprocessed powders suggesting no changes between the
internal structure and conformation of these samples (Sheng et al.
2006; Serajuddin 2007; Sud and Kamath 2013). Nevertheless,
minor differences can be observed on peaks intensity of the
bands, which can be associated to method reproducibility linked
to the contact area between the sample and the ATR crystal
(Szunyogh et al. 2012).

3.3.2. Dynamic vapor sorption
At early pharmaceutical development, it is essential to know the
hygroscopic nature of an API for a better understanding of its
physicochemical behavior. Figure 6(A,B), with DVS results for raw
IND and NIF showed non-hygroscopic solids at 95% RH, which
exhibited low moisture absorption, <1% for IND and 0% for NIF
over specified humidity range.

After grinding for both APIs, an increase of moisture absorption
is observed with DVS (absorptions and desorption) profiles. For IND,
humidity uptake was increased from 2- up to 5-fold. For NIF, a slight
increase of 0.04% was observed. In addition, an overlap of water
uptake curves is observed. This behavior can indicate that ground
powders are stable crystalline solids and that crystal internal struc-
ture is not affected by high RH% (Szunyogh et al. 2013).

According to samples INDP1, INDP4, INDCM3, and INDCM4 iso-
therms, it was noted that the water uptake for these sample is

Figure 4. DSC thermograms. (A) IND ground with Pulverisette 0VR , (B) IND ground with CryoMillVR , (C) NIF ground with Pulverisette 0VR , and (D) NIF ground with CryoMillVR .

Table 5. Thermal properties.

Milling
equipment

IND NIF

Sample
name

Tm(onset)

(�C)
Tm
(�C)

DHF
(J/g)

Residual
crystallinity (%)

Sample
name

Tm(onset)

(�C)
Tm
(�C)

DHF
(J/g)

Residual
crystallinity (%)

Raw IND 159.8 160.9 111 100 Raw NIF 203.0 203.8 128.7 100
P0 INDP1 158.0 160.2 106.1 96 NIFP1 202.9 203.8 128.2 100

INDP2 159.4 160.5 107.6 97 NIFP2 203.0 203.7 129.0 100
INDP3 159.5 160.5 109.2 98 NIFP3 202.9 203.6 131.4 102
INDP4 158.0 160.3 104.3 94 NIFP4 203.0 203.8 130.9 102
INDP5 159.1 160.4 107.8 97 NIFP5 202.9 203.7 130.3 101
INDP6 159.5 160.5 108.9 98 NIFP6 202.9 203.7 129.5 101

CM INDCM1 159.4 160.5 109.2 98 NIFCM1 203.0 203.8 129.6 101
INDCM2 159.1 160.4 107.4 97 NIFCM2 202.9 203.8 128.2 100
INDCM3 157.9 160.1 105.7 95 NIFCM3 202.8 203.7 128.9 100
INDCM4 157.6 160.0 104.2 94 NIFCM4 202.9 203.9 128.2 100



Figure 5. FTIR spectra. (A) IND ground with Pulverisette 0VR , (B) IND ground with CryoMillVR , (C) NIF ground with Pulverisette 0VR , and (D) NIF ground with CryoMillVR .

Figure 6. DVS isotherm plot. (A) IND ground with Pulverisette 0V
R

, (B) IND ground with CryoMillV
R

, (C) NIF ground with Pulverisette 0V
R

, and (D) NIF ground
with CryoMillVR .



higher. As reported by Saleki-Gerhardt, this behavior can denote
crystallinity loss by amorphous regions or formation of crystal
defects after grinding (Taniguchi et al. 2014). The DVS measure-
ments were also carried out for raw NIF as well as for the ground
samples in a lower number of samples which are representative
of API comportment at high RH%. As shown in Figure 6(C,D), it
appears that NIF, despite the grinding, continued to present an
important non-hygroscopic behavior.

3.4. Milling influence on drug solubility and dissolution kinetics

IND and NIF are considered as poorly soluble in aqueous media.
The solubilization process was followed at 2 h, 4 h, 24 h, and 48 h,
until APIs equilibrium concentration is reached. According to
Figure 7, all milled IND samples showed faster solubilization

kinetics compared to the raw material. It would appear that the
INDP1, INDCM3, and INDCM4 samples have a faster solubilization
rate with a maximum value at 4 h for the INDCM3 concentration
CIND as 0.99 ± 0.04mg.g�1. In addition, no ‘spring effect’ was
noticed, which can indicate a good API stability over the time
(Tawfeek et al. 2020). Unlike milled NIF, any impact was observed
on solubilization process as a function of the processes used and
its different parameters.

In Table 6, the equilibrium concentration values at 24 h in
aqueous buffer pH 7.2 at 37 �C are detailed. It can be noted that
the equilibrium concentration reached for commercial IND is
0.75 ± 0.08mg.g�1, which is in accordance with previous work
(Van Duong et al. 2018). Milled IND showed an increase, from
1.05- up to 1.2-folds on equilibrium concentration (see Table 6).
Maximum solubility values observed were 0.92 ± 0.07mg.g�1 for

Figure 7. Solubility kinetics profiles at 37 �C in aqueous media at different time points (2 h, 4 h, 24 h, and 48 h). (A) IND ground with Pulverisette 0VR , (B) IND ground
with CryoMillVR , (C) NIF ground with Pulverisette 0VR , and (D) NIF ground with CryoMillVR . Values are displayed as mean with standard deviation (n¼ 4).

Table 6. Equilibrium concentration values at 2 h, 4 h, and 24 h of IND and NIF.

IND NIF

Milling
equipment

Sample
name

CIND at 2 h
(mg.g–1)

CIND at 4 h
(mg.g1)

Ceq at 24 h
(mg.g–1)

Sample
name

CNIF at 2 h
(mg.g–1)

CNIF at 4 h
(mg.g–1)

Ceq at 24 h
(mg.g–1)

– Raw IND 0.68 ± 0.08 0.75 ± 0.08 0.75 ± 0.08 Raw NIF 1.27 ± 0.01 1.22 ± 0.01 1.21 ± 0.01
P0 INDP1 0.87 ± 0.04 0.90 ± 0.05 0.90 ± 0.05 NIFP1 1.05 ± 0.02 1.21 ± 0.03 1.21 ± 0.01

INDP2 0.78 ± 0.12 0.80 ± 0.03 0.80 ± 0.03 NIFP2 1.33 ± 0.01 1.27 ± 0.02 1.22 ± 0.02
INDP3 0.77 ± 0.12 0.87 ± 0.03 0.87 ± 0.03 NIFP3 1.29 ± 0.01 1.25 ± 0.16 1.20 ± 0.23
INDP4 0.76 ± 0.12 0. 92 ± 0.07 0.92 ± 0.07 NIFP4 1.36 ± 0.15 1.20 ± 0.07 1.23 ± 0.04
INDP5 0.89 ± 0.01 0.90 ± 0.01 0.90 ± 0.01 NIFP5 1.32 ± 0.01 1.34 ± 0.01 1.21 ± 0.15
INDP6 0.82 ± 0.01 0.87 ± 0.05 0.87 ± 0.05 NIFP6 1.32 ± 0.01 1.30 ± 0.01 1.20 ± 0.15

CM INDCM1 0.78 ± 0.25 0.83 ± 0.06 0.83 ± 0.06 NIFCM1 1.27 ± 0.05 1.26 ± 0.01 1.19 ± 0.04
INDCM2 0.82 ± 0.04 0.87 ± 0.03 0.87 ± 0.03 NIFCM2 1.25 ± 0.01 1.27 ± 0.09 1.20 ± 0.01
INDCM3 0.70 ± 0.24 0.99 ± 0.04 0.99 ± 0.04 NIFCM3 1.11 ± 0.08 1.26 ± 0.15 1.26 ± 0.07
INDCM4 0.73 ± 0.11 0.84 ± 0.11 0.84 ± 0.11 NIFCM4 1.19 ± 0.04 1.33 ± 0.11 1.28 ± 0.04

Values are displayed as mean with standard deviation (n¼ 4).



the INDP4, 0.99 ± 0.04mg.g�1 and 0.84 ± 0.11mg.g�1 for the
INDCM3 and INDCM4 samples. As shown in Table 6, NIF equilib-
rium concentration does not change after milling compared to
raw powder whether the samples are milled with the Pulverisette
0VR or with the CryoMillVR , for all samples the equilibrium solubility
at pH 7.2 remains at approximately 1.21mg.g�1.

3.4.1. Dissolution kinetics evaluation
In vitro dissolution kinetics was carried out in pH 7.2 buffer, the
dissolution profiles of the commercial molecules as well as the
ground samples are shown in Figure 8. The dissolution testing
shows an increase in the dissolution rate of ground IND compared
to commercial drug in the first 10min (see Table 7). These values

indicate that there is a marked increase on dissolution rate from
all ground IND samples mainly for INDP1, INDP4, INDCM3, and
INDCM4 (see bold vaules-Table 7). The faster dissolution kinetics,
at this stage, led to a maximum of 25% of DD against approxi-
mately 2% of DD for original drug. The increase of the dissolution
rate can be attributed to the fine particles present for the 15 first
minutes and its slowing down seems to be linked to the presence
of powder agglomerates that were observed by SEM.

Dissolution study confirmed the enhancement of the initial dis-
solution rate of ground IND crystals by a decrease up to 40% of
average particle size in number compared to the raw material
and modification of surface properties (i.e. water vapor sorption,
particle surface crystallinity) which can be potentially related to

Figure 8. Dissolution profiles. (A) IND ground with Pulverisette 0VR , (B) IND ground with CryoMillVR , (C) NIF ground with Pulverisette 0VR , and (D) NIF ground with
CryoMillVR . Values are displayed as mean with standard deviation (n¼ 3).

Table 7. Percentage of drug dissolved within the first 15min.

IND NIF

Milling equipment Sample name 10min (%) 15min (%) Sample name 10min (%) 15min (%)

– Raw IND 2.6 ± 0.4 13.4 ± 2.5 Raw NIF 5.4 ± 1.4 10.1 ± 1.1
P0 INDP1 17.5 ± 4.4 27.7 ± 0.2 NIFP1 3.4 ± 1.9 5.8 ± 2.5

INDP2 5.2 ± 3.5 10.5 ± 2.7 NIFP2 1.4 ± 0.4 4.1 ± 0.8
INDP3 2.9 ± 3.1 9.7 ± 6.7 NIFP3 1.3 ± 0.2 3.7 ± 0.6
INDP4 11.2 ± 6.6 25.8 ± 6.1 NIFP4 1.2 ± 0.4 2.8 ± 0.8
INDP5 4.1 ± 3.8 11.4 ± 10.5 NIFP5 1.5 ± 0.1 4.24 ± 1.1
INDP6 8.6 ± 1.7 17.7 ± 5.9 NIFP6 2.8 ± 1.8 6.2 ± 1.6

CM INDCM1 7.0 ± 2.2 10.2 ± 6.7 NIFCM1 3.9 ± 0.7 6.2 ± 2.8
INDCM2 2.3 ± 1.4 8.7 ± 4.1 NIFCM2 2.8 ± 0.6 5.2 ± 1.2
INDCM3 25.1 ± 1.8 32.6 ± 1.1 NIFCM3 1.6 ± 0.6 3.5 ± 1.1
INDCM4 16.6 ± 5.1 30.1 ± 8.9 NIFCM4 1.2 ± 0.1 3.1 ± 0.1

Values are displayed as mean with standard deviation (n¼ 3).



increase of surface area and crystallinity change after drug milling,
respectively. In addition, these results corroborate with DVS and
with crystallinity evaluation which indicated the appearance of
surface defaults, that potentially could enhance drug dissolution
kinetics (Venkatesh et al. 1996). On the other hand, the dissol-
ution kinetics of NIF, Figure 8(C,D) is not improved. The decrease
of the dissolution initial rate of ground NIF crystals compared to
raw material (see Table 7) was noticed. This behavior can be
linked to the milling process, that primarily causes powder
agglomeration and consequent reduction of surface area
(Wadhwa et al. 2012).

4. Conclusions

The present study highlights that the use of the dry ball milling
process could be an interesting way to improve the solubility and
dissolution rate of BCS class II molecules. These processes are
easy to implement and inexpensive. They avoid the use of organic
solvents and are suitable for hydrophobic drugs to improve solu-
bility and dissolution kinetics. The IND samples generated exhibit
an improvement in solubility up to 1.2-fold and initial dissolution
rates over the original product: a maximum of 25% of DD against
2% for original drug. Dry milling, whether with the Pulverisette 0VR

or the CryoMillVR , leads to crystal surface modifications, where a
decrease in crystallinity and an increase of the water sorption
were observed: increase of humidity uptake from 2- up to 5-fold.
In addition, no other physicochemical evolution was noticed. In
contrast, for the NIF samples, any physicochemical modification or
crystallinity decrease, that would allow an improvement in solubil-
ity or even dissolution kinetics, was noted. Both milling technolo-
gies seem not be suitable for NIF, because they lead to powder
aggregate formation that would inhibit improvement in solubility
properties and dissolution rate. These milling technologies would
be interesting for pharmaceutical studies. However, additional
investigation would be interesting to understand which type of
crystal disorder governs the APIs physicochemical properties
modification: amorphous regions or formation of crystal defects
after grinding. This article gives a detailed and comprehensive
description about the use of different dry milling processes for
improving solubility, dissolution, and bioavailability of hydropho-
bic drugs. It highlighted that these properties improvement is not
only linked to the process parameters, but mainly to the process
and API synergy.
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