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This paper describes a systematic approach to select optimum stabilizer for the preparation of nano-
crystalline suspensions of an active pharmaceutical ingredient (API). The stabilizer can be either a
dispersant or a combination of dispersant and wetting agent. The proposed screening method is a quick
and efficient way to investigate a large number of stabilizers based on the principles of physical-
chemistry and employs a stepwise approach. The methodology has been divided in two main parts; the
first part being focused on the qualitative screening with the objective of selecting the best candidate(s)
for further investigation, the second part has been focused on quantitative screening with the objective to
optimize the ratio and amount of wetting and dispersing agents, based on wettability, surface charges
measurement, adsorption evaluation, process-ability evaluation and storage stability.

The results showed clearly that SDS/PVP 40/60% (w/w) (sodium dodecyl sulfate/poly(vinyl
pyrrolidone)) at a total concentration of 1.2% was the optimum stabilizer composition, at which the

Dispersant agent

resulting nanosuspensions were stable for more than 50 days at room temperature.

1. Introduction

At present, the small molecular entities produced by the current
pharmaceutical discovery are showing an increasing trend toward
poor aqueous solubility (Lee, 2002), (Sharma et al., 2009), (Savjani
et al., 2012). Such low water solubility is a challenge to achieve
adequate bio-availability (Kipp, 2004) after oral administration. It
also limits the types of formulations suitable for parenteral
administration (Wong et al., 2008). In the recent years, nano-
crystalline suspensions have been applied for the delivery of highly
water-insoluble active pharmaceutical ingredients (APIs) (Shegokar
and Miiller, 2010), (Kawabata et al., 2011), (Singh et al., 2011 ), (Wang
et al,, 2012). By reducing the particle size of the AP], the rate of the
dissolution whichis directly proportional to the specific surface area,
as well as the solubility of the API can be significantly enhanced
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(Kesisoglou et al., 2007; Noyes and Whitney, 1897). Indeed Ostwal-
Freundlich equation (Borm et al., 2006) shows that the solubility
increases exponentially with decrease of particle radius, r. Signifi-
cant increase in solubility is typically observed when r is less than
200 nm. In addition, in contrary to the formulations made from poor
tolerable solvents, such as Polysorbate, the injectable dose can be
increased using nano-crystalline suspensions. Indeed they are
essentially made of pure drug and typically use a relatively small
amount of excipients (Bazile, 2011)

Top down process (particles size reduction by milling) is an
efficient way to prepare nano-crystalline suspensions. This method
is the most commonly used one thanks to the possibility of
controlling particles size by a proper choice of wetting/dispersing
agent, as well as by controlling the milling conditions (Leena
Peltonen, 2010). The generated nano-crystalline particles in the
dispersion must be stabilized against flocculation (Holthoff et al.,
1996; Lauten and Nystrom, 2001) and crystal growth (Ostwald
ripening (Ostwald, 1901)), thus the selection of appropriate
stabilizer composition is a crucial step in achieving stable nano-
crystalline suspensions.

The present paper proposes a physico-chemistry based
method for the selection of suitable wetting/dispersing agent



for manufacturing nano-crystalline suspensions using top-down
process.

2. Scientific background of formulation strategy

According to Tadros (2005), in a API powder of any material the
aggregates and agglomerates are held together by very strong
attractive forces. When these aggregates and agglomerates are
dispersed in a liquid medium, the attractive forces are reduced but
still sufficient to keep the particles strongly attached together. To
separate the particle in such aggregates or agglomerates and to
disintegrate them, a combination of milling process and supple-
menting wetting/dispersant agents is required to overcome such
attractive forces.

Depending on both the wetting/dispersant agent used and on
the drug material properties, the particle sizes will decrease down
to an equilibrium value during milling (water solubility, density,
molecular weight). Different drugs will require different wetting/
dispersant agents. Approach for selecting the most suitable
wetting/dispersant agent for specific API, is therefore desired.

From our point of view, an ideal wetting/dispersant agent
should satisfy several criteria:

(i) It should achieve a maximum reduction in the surface energy
of the powder. In fact, Rehbinder and his collaborators
investigated the role of surfactants in the grinding process.
They found that, as a result of surfactant adsorption at the
solid/liquid interface, the surface energy at the boundary is
reduced and this facilitates the process of particles deforma-
tion or disintegration. The adsorption of surfactants at the
solid/liquid interface in cracks facilitates the propagation of
this phenomena. This mechanism is referred to as the
Rehbinder effect (Monteiro et al., 2013). Furthermore, for an
efficient milling, the migration of wetting agent should be as
fast as the propagation of cracks (Tadros, 2005).

(ii) The suspension should be stable to avoid Ostwald ripening and
flocculation or aggregation during the storage. Typically
colloidal stability can be obtained either by electrostatic or
steric stabilization or a combination of both: “electrosteric
stabilization”. Electrostatic stabilization is brought by adsorp-
tion of charged species, like ionic surfactant or phospholipids.
The efficiency of electrostatic repulsion can be assessed from
the knowledge of the ionic concentration and ion valency, as
well as by measuring the zeta potential of the particles
(Hunter, 1988). It is well known that the electrostatic repulsion
increases with a decrease of electrolyte concentration, a
decrease of ion valency and an increase of zeta potential (Adler
et al., 2000). The zeta potential measurements allow estimat-
ing of colloidal suspension stability (Cosgrove, 2010). The
colloidal system is stable when a dominant role is played by
the forces causing the mutual repulsion of the particles. Higher
is the absolute value of the zeta potential, greater is the
probability that the studied suspension will be stable. A small
value of the zeta potential (from +5 to —5mV) indicates a
tendency for the system destabilization (Iwona Ostolska,
2014). Reported typical absolute zeta potential value for stable
suspension is between 20 and 30 mV, although value as higher
as 100 mV can be obtained (Dery, 2012). Non-ionic dispersants
reduce flocculation through steric repulsion (Adler et al.,
2000). These agents, mostly polymers, form adsorbed layers
with thickness (A) which is strongly hydrated in water. When
two particles each having an adsorbed layer of thickness (A)
approach each other at a surface-to-surface distance h that is
smaller than 2A, strong repulsion occurs as a result of two
phenomena: (i) unfavorable mixing of the stabilizing chains
when these are in a good solvent. (ii) Reduction of the

configurational entropy on considerable overlap of the
stabilizing chains (Fisher, 1958; Sato, 1980).

(iii) Minimizing Ostwald ripening: firstly, in order to limit the
material transport, the API solubility should be maintained as
low as possible. Indeed, due to Ostwald ripening, the average
particle size may increase over time. The driving force for
Ostwald ripening is the higher solubility of smaller particles
than the larger ones (Hiemenz, 1997). This results in a shift of
the particle size distribution to larger values during the storage
of nanosuspension, especially at higher temperatures. Sec-
ondly, the adsorption of polymer at the surface of particles
may also efficiently inhibit the crystal growth (Simonelli
et al., 1970).

(iv) The formulation should be easy to handle and to process in a
bead mill, it should in particular not be too viscous. Indeed,
rheological parameters are critical during milling (Gordana
Matijasic and Glasnovic, 2008). High viscosity may require
longer processing time (Lee et al., 2005).

3. Experimental
3.1. Materials

A model hydrophobic and non ionisable highly insoluble API
was obtained from Sanofi and the API was micronized by jet
milling before use. The physico-chemical properties of the API are
provided in Table 1.

The dispersant/wetting agents used for the investigation and
their intended use in suspension stabilization are listed in Table 2
(See Appendix A). Several chemical categories were used (cellulose
derivatives, povidones, phospholipides, poloxamers, polyethyl-
eneglycol and derivatives, fatty acids and fatty acid esters, SDS,
sodium ployacrylate).

3.2. Methods

3.2.1. Preparation of nanosuspensions

For the screening of dispersant/wetting agents using low shear
milling, a suspension containing 20% (w/w) of API, 3% (w/w) of
dispersant/wetting agents, and 77% (w/w) of water for injection
(WFI) was prepared. An aliquot of 10 ml of the suspension and
20ml of Zirconium oxide beads (700 um diameter supplied by
Netzsch (Germany)) were introduced in 30 ml glass vial. The vial
was shaken in orbital roller mill for 5 days at 0.03 m/s and at room
temperature.

For the assessment of process ability using high shear milling, a
suspension containing 20% (w/w) of API, 3% (w/w) of dispersant/
wetting agents and 77% (w/w) of WFI was prepared. An aliquot of
50 ml suspension and 50 ml of Polymill® Cross-linked Polystyrene
beads milling media (500 wm diameter supplied by Alkermes, Inc.,
(Waltham, MA, USA) were introduced in a Nano-mill® 01 milling

Table 1

Physico-chemical properties of the API.
Average particle diameter 5pum
Specific surface area (m?g)” 1.5
Molecular weight (g/mol) 497.4
Water solubility (pg/ml) 0.2
pKa No pKa
Log P’ 6.9
Real density (g/ml) 142
Melting point (°C) 156.7

* P is the partition coefficient between octanol and water.
” Measurement is performed using Blaine method (Kaye, 1967).



Table 2
List of witting/dispersant agent used for the investigation.

Chemical category Material

Supplier Molar mass Expected added value for

stabilization

Cellulose derivatives

Klucel™ Hydroxypropylcellulose: HPC HF

Povidones Luvitec™ polyvinylpyrrolidone: PVP (K30)

PVP-VA (Plasdone™ S-630) linear random copolymer of N-Vinyl-2- Ashland (France)

pyrrolidone and vinyl Acetate

Phospholipids

Hydroxypropyl methylcellulose HPMC (Pharmacoat®™ 606)

Phosal®™ 50 PG compound of 50% phosphatidylcholine from soybean Phospholipid GmbH 775

SEPPIC (France) Range: 10,000~ Steric stabilization
1,500,000
Average:

1,150,000

Hercules (France) Steric stabilization

BASF (France) Average: 50,000 Steric stabilization

Average: 27,000 Steric stabilization

Electrostatic

with propylenglycol (Germany) stabilization
Phospholipon™ 90 G Pure phosphatidylcholine stabilized with 0.1% Phospholipid GmbH 758 Electrostatic
ascorbyl palmitate (Germany) stabilization
Lipoid™ S100 phosphatidylcholine from soybean Lipoid (Germany) 787 Electrostatic

Poloxamers
ethylene oxide and propylene oxide

Poloxamer 407P luronic™ F127 NF PrillBlock copolymers based on BASF (France)

ethylene oxide and propylene oxide

Poly-Ethylene-Glycol
& derivatives

Polyethylene Glycol 8000 PEG 8000
Solutol™ HS 15 Macrogol 15 HydroxyStearate

Vitamine E TPGS™ (d-Alpha Tocopheryl Polyethylene Glycol

1000 Succinate)

Fatty Acids and Fatty  Cremophor®™ RH 40 Macrogol-Glycerolhydroxystearate

acid Esters
Montanov® 68 Cetearyl Alcohol & Cetearyl Glucoside
Montanox®™ 80 Ethoxylated sorbitan ester)
Gelucire®™ 4414 Lauroyl macrogol-32 glycerides
Simulsol™ M49 Polyethoxylated castor oil (PEG-20 stearate)
Others Soduim Polyacrylate®

Sodium dodecyl sulfate (SDS)

Poloxamer 188 Pluronic®™ F68 NF PrillBlock copolymers based on BASF (France)

stabilization

Range: 7680- Steric stabilization
9,510

Range: 9840- Steric stabilization
14,800

Sigma-Aldrich (France) Average: 8000
BASF (France) 813.2
Eastman Chemical 1,513
Company (Netherlands)

Steric Stabilization
Steric stabilization
Steric stabilization

BASF (France) Range: 300- Steric stabilization
6,000

SEPPIC (France) N.A. Steric stabilization

SEPPIC (France) 1,310 Steric Stabilization

Gattefossé (France) N.A. Steric stabilization

Seppic (France) 1,165 Steric stabilization

Electrosteric
stabilization
Electrostatic
stabilization

BF Goodrich chemical (USA) 104,400

Univar (France) 288.4

system (Annular mill purchased from Alkermes, Inc., (Waltham,
MA, USA), having a stator of 80 mm diameter and a rotor of 73 mm).
The mill was operated during 1h at 20°C and 3 m/s.

For the optimization of the % of selected dispersant/wetting
agent, a suspension containing 20% (w/w) of API, the dispersant/
wetting agents concentration varying between 0.3 and 3% (w/w)
and WFI gs 100% (w/w). An aliquot of 50 ml suspension and 50 ml
of Polymill® Cross-linked Polystyrene beads milling media
(500 wm diameter supplied by Alkermes, Inc. (Waltham, MA,
USA) were introduced in a Nano-mill®01 milling system (Annular
mill purchased from Alkermes, Inc. (Waltham, MA, USA), having a
stator of 80 mm diameter and a rotor of 73 mm). The mill was
operated at 20°C and 3 m/s. The milling operation was performed
during 105-240 min.

3.2.2. Characterization

3.2.2.1. Measurement of specific surface area of APl powder. The
specific surface area (SSA) of API powder is measured using Blaine
apparatus BSA1 supplied by ACMEL, France. The measurement was
carried out at room temperature. The SSA was determined based
on Kozeny-Carman theory (Rigden, 1947), by measuring the air
permeability of compressed powder bed. The relationship between
the specific surface area (SSA) and the flow time (t) of a known
volume of air in is given by Eq. (1):
£3/2 /2

SSA = K x X
psx (1—¢) " (0.1n)"?

(1)

1/2 /2

where K is the apparatus constant [g'/? x cm3/? x s71], ¢ is porosity
of the compressed powder bed, 7 is air viscosity (Pas), ps is the
absolute density of the API (g x cm?) and ¢ is the flow time (s).

3.2.2.2. Suspension particles size measurement. The particles size
measurement was performed using two methods:

(i) Dynamic light scattering, referred to as photon correlation
spectroscopy (PCS), using Coulter N4+® equipment supplied by
Beckman coulter (France). The method is based on measuring
the intensity fluctuation of scattered light as the particles
undergo Brownian diffusion. From the intensity fluctuation, the
diffusion coefficient D can be calculated, and from which, the
particle radius, r, is estimated using the Stockes-Enstein
equation (Pecora, 1985). The particle size measurements were
carried out using a scattering angle of 90°. The refractive index
was fixed at 1.332. The temperature was fixed at 20°C. The
suspension was diluted from 20% (w/w) to 0.1% (w/w) with
purified water. 10 pl of diluted suspension were added to 1 ml
of purified water. The resulting suspension was gently mixed in
DLS cuvette and then placed into the measuring cell of DLS. The
measurement was repeated 3 times.

(ii) Laser diffraction using Malvern Mastersizer 2000®. This
method is based on measurement of angle of light diffracted
by the particles, which depends on the particle radius, using
Fraunhofer diffraction theory. This method can measure the
particle sizes down to 1 um. For small particles, forward light
scattering is measured with the application of Mie Theory of
light scattering.



By combining the results obtained with light diffraction and
forward light scattering, the particle size distributions in the range
0.02-10 wm can be measured (Swithenbank et al., 1976).

The Mastersizer is equipped with lens having focal length of
550 mm and cell measurement having thickness of 2.4 mm. The
sample was diluted in 100 ml of purified water and introduced in
MS1 sampler. The suspension was stirred at 1500rpm and
recirculated through the measurement cell. The dilution factor
was adjusted in order to ensure an obscuration in the range of 2.5-
4.5. The measurements were carried out at room temperature.
Each measurement was performed during 20s and repeated
3 times. The refractive index of the API and of dispersing were fixed
at 1.61 and at 1.33, respectively.

3.2.2.3. Scanning electron microscopy (SEM) evaluation of
suspension. The nanosuspension was diluted 10,000 times
using WFI. 1 ml of the obtained suspension was filtered through
Isopore®™ (Polycarbonate) filter having diameter of 13 mm and
porosity of 0.1 wm (supplied by Millipore, France). The filter was
then rinsed 3 times with 1 ml of WFI for each rinse. The filter was
then bonded to an aluminum pad using conductive adhesive on
both sides, and subsequently metalized with gold using metallizer
Xenosput XE200 Edwards. The gold deposit was approximately
1.5-2nm thickness. For an overview and detailed view,
nanoparticles were observed at 15kV using JEOL JSM-6300F®
field emission SEM (supplied by SEMtech solution Inc., USA), at
several magnifications (X 1000, X 5000, X 10,000 x 20,000).

3.2.2.4. Suspension stability assessment. The short-term stability
was monitored by measuring the particle size immediately after
milling, after 7 days and after 15 days of storage at ambient
temperature.

For the selected formulation, the stability was monitored over
8 weeks at ambient temperature.

3.2.2.5. Zeta potential measurement of suspension. A Zetasizer
Nano ZS® (Malvern, UK), which applies the M3-PALS technique, a
combination of laser Doppler velocimetry (LDV) and phase analysis
light scattering (PALS), was used for the zeta potential
measurements. The equipment employs a He-Ne laser (red light
of 633 nm wavelength) which first splits into two, providing an
incident and a reference beam.

From the electrophoretic mobility, u, zeta potential, ¢, is
calculated using the Smoluchowski equation (Hunter, 1988), that is
valid when k x r>>1 (where k™! is the Debye length and r is the
particle radius). In case of small particles and a low electrolyte
concentration, the Huckel equation is applicable for the calculation
of zeta potential.

The sample to be measured was diluted in purified water to
achieve a solid concentration in the range of 0.0001-0.1%. The
obtained suspension was introduced in disposable cuvette
(DTS1060) and gently mixed. The cuvette was then placed into
the measuring cell of the Zetasizer. The dilution factor was checked
in order to generate a minimum count rate of 20,000 counts per
second. The measurements were performed at room temperature
and repeated 3 times.

3.2.2.6. Rheological measurement of unmilled suspension. Study
state, shear stress versus shear rate curves, were carried out using
HAAKE Viscotester® VT550 supplied by HAAKE (Germany). A
concentric cylinder device was used for this measurement. The
measurement was carried out at 20°C. The shear rate was
gradually increased from 0 to 1500s~! (up curve) for over a
period of 2min and decreased from 1500 to 0s~! (down curve)
over another period of 2 min. The test samples were 25 ml of
unmilled suspension containing 20% API (w/w), 3% (w/w) stabilizer

and 77% (w/w) of WFL These samples were homogenized by using
an ultra-Turrax® T-8 (supplied by IMLAB France) for 10 min at
6000rpm. The measurements were performed at room
temperature. When it is a Newtonian system, the shear stress
increases linearly with the applied shear rate, and the viscosity of
the suspension can be obtained from the slope. In this case, the up
and down curves coincide with each other. When, it is a non-
Newtonian system, the viscosity of the suspension decreases with
the applied shear rate. When, it is a thixotropic system, the down
curve is below the up curve showing hysteresis. The latter could be
assessed by measuring the area under the loop.

3.22.7. Surface tension measurement of wetting/dispersant
solution. The surface tension y of selected dispersant/wetting
agent was measured by using KRUSS K12® tensiometer supplied
by KRUSS GmbH (Germany). In these measurements, the Wilhelmy
plate method (Biswas and Marion, 2001 ) was applied under quasi-
equilibrium conditions. Therefore, the force required to detach the
plate from the interface was accurately determined. From the y
versus log C, where C is the total surfactant concentration curves,
the critical micelle concentration (CMC) was determined. The
measurements were carried out at room temperature and repeated
3 times.

3.2.2.8. Evaluation of wetting/dispersant agent. Wetting was
assessed using the sinking time test method (Walker et al.,
1952), as well as by measuring the rate of penetration of wetting/
dispersant solution through a powder plug based on Washburn
method (Aartsen, 1974; Chander and Hogg, 2007). By manual
tapping a known weigh of powder was placed in glass tube, inner
diameter about 9.8 mm (see Fig. 1). To ensure a constant packing of
the powder, the tube was always filled to the same weight. The
lower end the tube was closed with a glass filter. The higher end of
the tube was hanging on weighing scale platform (precision of
+0.1 mg). The mass of the liquid penetrated within the powder
plug was measured when the lower end of the tube is placed
vertically in the wetting liquid. The experiments were performed
at 22 4+1°C. Each experiment was repeated 3 times.

From the slope of the linear relationship between the square
penetrated liquid weight and time the wettability factor can be
calculated using the following equation:

H2 =Y % CxRxcoshxt (2)
2n

where H is the height of the liquid penetrated within the powder

plug, 0 is the contact angle, y is the surface tension of the liquid, 1 is

the liquid viscosity, R is the mean radius of the capillary within the

powder plug, C is the tortuosity factor, and t is the time. Since all

Weighing scale WETACQUI 2.0
WET-LAB SYSTEM
2000
I O
[ ] . O
16 = — o
Tube — ] [ ]
Solution .
<= /s | Thermostatic Chamber
s |
W Elevator
u

Fig. 1. Experimental setup for studying the wetting of powders.



powder plugs were prepared at the same compression pressure,
the parameter C is assumed a constant.

To calculate H?, the relationship of the mass (m) and the height
of the liquid penetrated within the powder plug was used. It can be
expressed by the following equation:

m=HxSxexp 3)

where, m is the mass of the liquid penetrated within the powder
plug, H is the height of the liquid penetrated within the powder
plug, p is the volumetric mass of the liquid, S is the surface of the
powder plug, and ¢ is the fraction of the dead volume of the
powder.

Combining Eqgs. (2) and (3), the following equation is obtained:
2 _Yxp s

><7><C><R><82><c059><t (4)

From a plot of m? versus time (linear curve), the slope (d(m?)/
dt) can be determined and the wettability factor can be calculated
from a knowledge of the surface tension (y’) and the viscosity (1) of
the liquid.

The wetability factor can be expressed by the following
equation:

2 25 2
d((r; ) N (n) _g_Sxp szxRxcosﬁ (5)

3.2.2.9. Adsorption isotherm measurement of PVP. The adsorption
isotherm of the selected dispersant, namely PVP, was measured at
room temperature. Known amounts of the API were introduced in
vials at room temperature with various concentrations of PVP
solutions. Then, the vials containing the various dispersions were
rotated from a few hours to up to 15h until equilibrium was
achieved. Indeed, it is reported that the intrinsic adsorption kinetic
of homopolymer is usually instantaneous (less than 1 h) (Dijit and
Cohen Sturat, 1992; Somasundara, 2006)
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Then the particles were removed from the dispersant solution
by centrifugation at 3000 rpm during 20 min. The supernatant was
then filtered through 0.45 pm PVDF® filter (supplied by Millipore).
The dispersant concentration in the supernatant was determined
using UV spectrometry by Cary® 50 (UV-vis spectrophotometer
supplied by Varian Australia) at 200nm wavelength. Each
measurement was repeated 3 times. To obtain the amount of
adsorption per unit area of the powder (I"), the specific surface area
of the powder (A) in m?/g was determined using the gas flow
method (Blaine).

3.2.2.10. Methodology for selection of wetting/dispersant
agent. Nowadays, the general strategy (‘fast-to-patient’) in
pharmaceutical industry is to test a new API in a target patient
population as quickly as possible (Pritchard, 2010). The screening
methodology, based only on physico-chemistry, would provide a
lot of scientific information but would be very time and resources
consuming and consequently not aligned with the fast to patient
strategy. In contrary, a purely empirical methodology (e.g. design
of experiment, trial error approach) may provide a quick solution
with poor scientific information. The typical risk of such
methodology is that due to the lack of scientific understanding,
long term stability or formulation robustness are not anticipated
and lead to unfordable formulation development. Our proposal
here is to use a compromise between purely scientific and purely
empirical methodology in order to achieve both time effectiveness
and scientific information.

The proposed screening methodology derived from the
previous theoretical considerations was divided in two major
parts:

(i) Part 1 focused on qualitative screening to select a lead
generation: in this part several screening tests were applied
to the mentioned list of wetting/dispersant agents (Table 2).

(ii) Part 2 focused on quantitative screening aimed to optimize the
selected lead: a customized quantitative optimization of the
amount of wetting/dispersant agent, based on wetting, on

Selection Criteria

Average diameter below 500 nm and
absence of flocculation during storage

Absolute zeta potential value higher
than 15mV

1) Suspension viscosity below 10 mPa.s.
2) Average diameter below 500 nm and
absence of flocculation during storage

1) Low CMC value
2) High absolute zeta potential value

1) High wettability: maximum
reduction in the surface energy of the
powder

2) Generation of suspension with a
high implicit specific surface area

3) Obtaining of high affinity adsorption
isotherm

Absence of flocculation during 8
weeks of storage

e ———

Fig. 2. Illustration of step by step approach methodology for wetting/dispersant agents.



adsorption and on process-ability. As in the studied case the
SDS/PVP association was chosen after Part 1, the PVP and SDS
ratio and their amount were optimized.

The tests are summarized in Fig. 2 and described in more details
hereafter.

In Part I all tested suspensions contained 20% of API, which is
sufficient from a process productivity point of view, and 3% of
wetting/dispersant agent are used (3% of wetting/dispersant agent
should be sufficient to meet a full coverage of particles having
approximately 80 nm mean diameter assuming a typical adsorp-
tion of 3 mg/m? (Tadros, 2012)). In this part the selection was
performed by the following step by step approach:

(i) Step #1.1: At this step the roller mill is used in order to perform
several tests in parallel with a reduced amount of product. Two
criteria were used to select the optimum stabilizer. The first
criterion is that the API particle mean diameter has to be in the
range of 100-500 nm after milling (typical nanocrystals size
(Leena Peltonen, 2010)). The second criterion is that the
formulation should be free of flocculation upon at least
2 weeks storage at room temperature. The prepared suspen-
sions were assessed by visual observation, particle size
measurement and stability after 2 weeks storage at room
temperature.

(ii) Step #1.2: At this step the measurement of zeta potential of
selected samples from step #1.1 were carried out. To ensure
electrostatic repulsion, an absolute value greater than 15 mV
was fixed as criterion.

(iii) Step #1.3: At this step, the process ability of selected samples
from step #1.2 was assessed. This evaluation was done based
on the following tests:

a) Step #1.3a: At this step, the viscosity of unmilled suspension
was measured as a function of shear rate as well as of thixotropy.
The samples that gave viscosity greater than 10 mPas at shear
rate of 1000 s~! were excluded. Indeed our internal observations
evidenced that this criterion is essential to ensure faster milling
kinetics as well as manufacturing-ability at industrial scale.

b) Step #1.3b: At this step, the milling ability using the high shear
mill, namely Nano-mill® 01 milling system of selected samples
from step #1.3a was assessed. This step is essential to ensure the
preparation of nanosuspension at industrial scale using high
speed milling. All the samples that had particle size greater than
500 nm or that showed instability due to flocculation or Ostwald
ripening were excluded.

From the partI, the combination of SDS/PVP appeared as superior
to the other tested agents. Therefore, this combination was selected
for further evaluation in the part 2 as described below:

(i) Step #2.1: At this step the SDS-PVP ratio was optimized. The
synergistic effect of the combination was confirmed by
performing the following tests:

c) Step #2.1a: At this step, both surface tension and critical micelle
concentration (CMC) of solutions made of SDS-PVP at different
ratio were measured. Indeed, Cabane (1977) demonstrated that
the poly(ethylene oxide) chains are able to capture SDS
monomer and micelles. They have shown the existence of an
optimal SDS/PEO ratio which maximizes the interaction of both
components. The best association can be easily determined by
measuring the surface tension.

d) Step #2.1b: At this step the zeta potential of suspensions made
of SDS-PVP at different ratio were measured.

(i) Step #2.2: At this step, the amount of selected SDS-PVP ratio
was optimized. This optimization was done based on the
following tests:

a) Step #2.2a: At this step the wettability of selected SDS-PVP ratio
was evaluated in order to select the amount of SDS-PVP
allowing a maximum reduction in the surface energy of the
powder.

b) Step #2.2b: At this step, a high shear milling of suspension made
of selected SDS-PVP ratio at different amount was evaluated.
From this step an optimal amount that gave suspension with a
high implicit specific surface area was selected.

c) Step #2.2c: At this step, the adsorption isotherm of PVP was
measured to ensure the strong adsorption of the dispersant
(PVP) on the particles surface.

(iii) Step #2.3:At this step, the physical stability of the selected
formulation was evaluated. This was assessed by monitor-
ing the particle size distribution during 8 weeks at room
temperature.

4. Results and discussions
4.1. Part 1: Qualitative screening evaluation (lead generation)

(i) Step # 1.1: Assessment of milling ability using low shear mill
(roller mill).

After roller milling, all samples were inspected for API
suspendability. HPC, PEG 8000, Montanov® 68 and Sodium
polyacrylate®™ resulted in an obvious flocculation and in appear-
ance of a ‘dry’ sample. The particles size of these suspensions was
not measured.

The remaining samples were assessed by measuring the
particles size at time 0, 7 and 14 days. The results are shown in
Fig. 3. Suspensions with a particles size greater than 500 nm and/or
showing flocculation after 7 days were not evaluated further.
Discarded samples were those made with HPMC, Poloxamer
188 and Poloxamer 407.

(ii) Step #1.2: Assessment using surface charges measurement
(Zeta potential).
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Fig. 3. Low shear milling evaluation using roller mill during 5 days at 0.03 m/s and
at room temperature. The figure represents the average particles size at initial time,
at 7 and at 14 days storage at room temperature (mean +S.D, n=3).
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Fig. 4. Results of the zeta potential measurements carried out on selected wetting/
dispersant agents from step #1.1. Cremophor™ RH40 shows a small value of zeta
potential suggesting high risk of nanosuspension destabilization (mean £+ S.D, n=3).

In the present study, the results of the zeta potential
measurements of selected wetting/dispersant agents from step
#11 were collected and compared. Fig. 4 shows that all the
wetting/dispersant agents, except the Cremophor® RH40, gave an
acceptable zeta potential value. One can observe that the charged
species (SDS, PVP-SDS) lead to a high absolute value. Therefore,

upon this step the Cremophor® RH40 was excluded.
(iii) Step #1.3 Processability assessment.

The evaluation of processability was done in two steps:
Rheological evaluation to select the wetting/dispersant agents
that will promote the milling process and high shear milling ability
of suspensions made from selected wetting/dispersant agents to
select those that will lead to stable suspension

a) Step #1.3a: Assessment using the rheological behavior of the
suspension (Step #3a).

Fig. 5 and Fig. 6 show typical flow curves of unmilled
suspensions prepared using Solutol® HS15 and Phosal® 50 PG.
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Fig. 5. Flow curves (shear stress as function of shear rate) of unmilled suspension

prepared using Solutol™ HS15. The suspension shows Newtonian behaviour with a
low viscosity of 2.8 mPas (n=1).
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Fig. 6. Flow curves (shear stress as function of shear rate) for unmilled suspension
prepared using Phosal®™ 50 PG. The suspension shows non Newtonian behaviour
with clear thixotropy, indicating flocculation of the suspension (n=1).

The prepared suspension using Solutol® HS15 shows a Newtonian
behavior with a low viscosity of 2.8 mPas. In contrast, the
suspension using Phosal® 50 PG showed a non-Newtonian
behavior with a clear thixotropy, indicating a flocculation of the
suspension.

The Table 3 summarizes the rheology results of various
dispersants. Suspensions with viscosity greater than 10 mPas at
high shear rate of 1000 s~' were excluded from further evaluation.
In fact, we have demonstrated that milling a suspension at
different viscosity leads to the following observation: higher the
viscosity of the suspension, slower is the milling kinetic (unpub-
lished data). This may impact the productivity at industrial scale.

From this step, the suspensions made of Phosal® 50 PG,
Phospholipon® 90 and Lipoid® S100 were excluded.

b) Step #1.3b: Assessment of milling ability using high shear mill
(Nano-mill® 01 milling system: Step #3b).

After high shear milling, the suspensions were assessed by
measuring the particles size at time 0, 7 and 14 days. The results are
shown in Fig. 7.

Two systems, SDS/PVP at a ratio of 70/30 and Vitamin E TPGS®
provided the highest stabilization of the nano crystalline
formulations. These results were confirmed by SEM measurement
as illustrated in Fig. 8 for suspensions prepared using SDS/PVP
(Fig. 8A) and using Montanox® 80 (Fig. 8B). These SEM pictures
showed significant differences between the 2 formulations. The
needles shaped crystals observed with Montanox®™ 80 formulation
depict an anisotropic crystal growth (Ostwld repining). This is
likely linked to preferential adsorption of Montanox® 80 on crystal
faces which are parallel to the crystal axis. However, the
suspension made of SDS/PVP presents a small, but irregular
shaped particles. Furthermore, it can be observed that the particles

Table 3
Summary of rheological results for different dispersant/wetting agents.

Dispersant/wetting system Viscosity at 1000s~! (mP)

Phosal 50 PG 1

Phospholipon 90 G 12

Lipoid S100 15

Solutol HS15 2.8
Vitamine E TPGS 4.5
PVP 4.6
SDS-PVP 30/70 3.6
PVP/VA 4.0
Montanox 80 23
Gelucire 44/14 34
Simulsol M49 2.8
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Fig. 7. High shear milling evaluation of using selected wetting/dispersant agents
from Step #1.3a. Milling was performed using Nano-mill® 01 system (Annular mill)
at 3 m/s and at room temperature. The figure represents the average particles size at
initial time, after 7 and 14 days storage at room temperature (mean +S.D, n=3).

size of the suspension using PVP-VA increased from initial time to
7 days and then decreased at 14 days. This may be due to the
relaxation of the suspension. Indeed, it was reported for some
formulations that when milling is stopped, nanoparticles agglom-
erated within a few days. The particles size continued to increase
until reaching a maximum size. Thereafter, the suspension relaxed
spontaneously with an apparent size reduction (Deng et al., 2008)

In summary, PVP alone, Mantanox®™ 80, and Simulsol® M49, as
they did not meet the optimization selection criteria, were
discontinued from this study.

At the end of this screening part, two formulations are clearly
superior: SDS/PVP and Vitamin E TPGS®™ formulations. In order to
illustrate the lead optimization part, the SDS/PVP made from ionic
surfactant (SDS) and polymer (PVP) association was considered
more relevant. Therefore, it was selected for the second part of the
methodology.

4.2. Part 2: Quantitative screening evaluation (lead optimization)

In this part, the SDS-PVP ratio is firstly optimized based on both
wettability and zeta potential. The amount of SDS-PVP of selected
ratio is then optimized to ensure the milling processability and a
long term stability under storage conditions.

(i) Step #2.1: Optimization of PVP-SDS ratio.
a) Step #2.1a: Surface tension measurements.

Fig. 9 shows the y-log C curve for a typical SDS/PVP mixture
(20-80%). This graph shows a typical behavior with y decreasing

with log C increase until the CMC is reached after which y shows
only a small decrease with increase of log C. A plot of CMC versus %
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Fig.9. Surface tension as function of SDS/PVP (80-20% w/w) concentration (y-log C
curve) obtained using Wilhelmy plate method. The addition wetting/dispersant
agent decreases the surface tension of the solution, as a function of the total its
concentration. Above the critical micelle concentration, no further decrease in
surface tension is detected.

of PVP (Fig. 10) in the binary mixture shows a minimum at 60% of
PVP. This result implies a maximum of surface activity at 60% of
PVP in the binary mixture.

b) Step #2.1b: Zeta potential measurements.

The Fig. 11 outlined that in the absence of SDS, PVP alone results
in a low negative zeta potential of —20 mV, which is not sufficient
to induce electrostatic stabilization. In this case, the main stability
is obtained from a steric repulsion as a result of the adsorbed loops
and tails of PVP molecules. Upon addition of SDS, the zeta potential
decreased sharply to —50mV, which likely contributes to the
stability through electrostatic repulsion. With further increase of
SDS concentration to 40% (40-60 SDS—PVP), the zeta potential
decreased down to —54mV and remains almost constant. Thus
when using a mixture of SDS and PVP the stabilizing mechanism is
a combination of electrostatic repulsion, which shows a maximum
energy at intermediate separation distance, and steric repulsion
that occurs at shorter distances of separation that is comparable to
twice of the adsorbed layer thickness. This combination stabiliza-
tion mechanism is referred to as electrosteric stabilization
(Napper, 1982; Tadros, 1985; Tadros, 1982)

Based on these two evaluations, the SDS-PVP at a ratio of 40-
60% appeared to provide the best association of the two
components. Therefore, it was selected for the quantitative
optimization.

(i) Step #2.2: Amount optimization of PVP-SDS at ratio of 40-60%
W/W.

(a) Step #2.2a: Wettability measurements.

Fig. 8. Scanning electro-microscopy pictures of suspensions produced using PVP-SDS (70/30% w/w) (A) and Montanox™ 80 (B) at 3% w/w using Nano-mill™ 01 milling system

(Annular mill) at 3m/s and at room temperature.
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Fig. 11. Zeta potential of the SDS/PVP system as a function of SDS concentration
(mean+S.D, n=3). By increasing the SDS concentration, the zeta potential
decreased sharply to —50mV, which likely contributed to the stability through
electrostatic repulsion.

Fig. 12 shows the variation of the square of penetrated liquid
weight versus time for the 40-60% (w/w) SDS-PVP system at a
total concentration of 1.2%. Fig. 13 shows a plot of wettability factor
K versus SDS-PVP concentration. For comparison, the results
obtained using SDS alone are shown in the same graph (triangle
scatter). It can be seen on Fig. 13 that K increases with increase of
surfactant concentration, reaching a plateau at a certain surfactant
concentration. For the SDS/PVP system, this plateau is reached at
1.2% consisting of 0.72% PVP and 0.48% (w/w). Using the same
concentration of SDS alone (0.48% w/w), the K value was found to
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Fig. 12. Liquid penetration rate of SDS/PVP (40-60% w/w) mixture at total
concentration of 1.2%. A linear relationship is observed between the square
penetrated liquid weight and time. From the slope of the line, a wettability factor (K)
can be obtained.
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Fig. 13. Wet-ability factor as function of stabilizer concentration of SDS/PVP binary
mixture and SDS alone. For the SDS/PVP system, this plateau is reached at 1.2%
consisting of 0.72% PVP and 0.48% (w/w) (mean=+S.D, n=3).

be much lower than that obtained with the combination system.
This clearly demonstrates the synergistic effect obtained when a
polymer surfactant mixture is used. The latter is much more
effective wetting system as compared to individual components.
By using 1.2% of SDS-PVP at the ratio of 40-60%, maximum
reduction in surface energy can be expected for the powder-liquid
interface, which will lead to an enhanced cracks propagation
(Rehbinder effect), and an enhanced breakage of the particles upon
wet milling process.

(b) Step #2.2b: Milling ability as function of % of PVP-SDS at ratio
of 60-40% (w/w).

The milling ability was investigated using a kinetic experiment
where the reduction in particles size, or the equivalent increase in
implicit specific surface area, was measured as function of milling
time. A typical result is illustrated in Fig. 14 using 1.2% w/w PVP-
SDS at the ratio of 40-60%. The results obtained show an
exponential increase in the implicit specific surface area (or
decrease in particle sizes) reaching a steady state value at 100 min
of milling. The results can be represented by the following
equation:

6 (6 .
d—m:(d—w)vaeM (6)

where, 6/dsq is the implicit specific surface area, dsg is the mean
particles diameter at time t, (dsp).. is the mean particles diameter
steady state value over time, (6/dsg). is the implicit specific surface
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Fig. 14. Milling kinetic of suspension using SDS/PVP (40-60% w/w) at total

concentration of 1.2%. The milling kinetic is illustrated by an exponential increase in
the implicit specific surface area reaching a steady state value at 100 min of milling.
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area steady state value over time and 7 is the duration toreach 63% of
the maximum specific surface area. Values for (6/dso)., and T were
generated at various stabilizer concentrations and the results are
shown in Fig. 15. These results show an initial increase in (6/dsg)
and T with increasing stabilizer concentration reaching a plateau at
1-1.2%, and are consistent with those obtained from the wettability
evaluation. The results show the existence of two distinct regimes.
Below 1-1.2%, the (6/dsp)., increases dramatically when the
concentration of SDS-PVP is increased. In contrast, above 1-1.2%,
a plateau ((6/dsg).. = 50 corresponding to dsg of 120 nm) is reached.
A similar behavior was observed when manufacturing submicron
emulsion using high pressure homogenization (Laurent Taisne,
1996). The proposed mechanism is that at low stabilizer concen-
tration “poor regime”, the particles size is limited by the stabilizer
amount corresponding to full coverage. At high stabilizer concen-
tration “rich regime”, the particles size is limited by the mechanical
energy of milling system. The excess of stabilizer will accumulate in
the supernatant phase. This demonstrates that 1-1.2% is sufficient
to ensure the suspension stabilization. Any excess is undesired as it
may increase micellar solubility and therefore promote Ostwald
repining

(c) Step #2.2c: Adsorption isotherm measurement of PVP.

Fig. 16 shows the adsorption isotherm of PVP on the API powder
surface. As indicated by the complete adsorption of the first added
PVP molecules, the results show a high affinity type isotherm. The
great deal of scatter obtained at high PVP concentration is likely
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Fig. 16. Adsorption isotherm (high affinity) of PVP at room temperature. A plateau
value appeared at approximately 0.7 m?/g (mean+S.D, n=3).
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Fig. 17. Stability at room temperature of nano-crystalline suspension stabilized
with SDS/PVP (40-60% w/w) at total concentration of 1.2% w/w. variation of d1o,dso
and dgo with storage duration. Not significant change is observed (mean+S.D,
n=3).

due to the variability of the UV method used for determining the
remaining PVP concentration. At high PVP concentration, the
instrument measures the difference between large quantities, and
any uncertainty in the estimated concentration using the UV
method can therefore result in a large error in the amount of
adsorbed PVP. Hence it is difficult to ascertain an exact plateau
value of the isotherm which appeared as between 0.6 and 0.9 mg/
m?. Assuming a plateau value of 0.7mg/m? the required
concentration of PVP to completely saturate the particles can be
roughly estimated. From Fig. 14 the smallest particles diameter
obtained is about 120 nm. This gives a specific surface area of
35.2m?/g. For a 20% suspension the total surface area was
calculated by using the following equation and estimated as
704 m?:

X 20/,0>< dso (6)

The total surface area coverage required 493 mg or 0.493% of
PVP which corresponds to 0.82% of SDS/PVP 40-60% w/w. These
results are within the order of magnitude of the values obtained in
milling ability and wettability tests.

(iii) Step #2.3: Stability results of selected formulation.

Using the optimum SDS/PVP ratio of 40-60 at a concentration
of 1.2%, the stability data were obtained by assessing the particles
size as a function of time at room temperature (for the 20% w/w
API nanosuspension). Fig. 17 shows the evolution of dqo, dso and
dgo along a storage period of 57 days. It can be seen that no
significant change in particle size occurred during the storage
period, further confirming the high colloidal stability of the
defined nanosuspension following the developed methodology.

SDS

Fig. 18. Schematic of SDS-PVP conformation.



5. Discussion

It is interesting to observe that the selected formulation is a
synergic combination of an ionic surfactant (SDS) and a polymer
(PVP). Indeed, it achieves a strong electro-steric protection. The
trapped SDS micelles by the PVP chains provide a high electrostatic
barrier (value) and furthermore the micelles are placed outside the
surface of API as illustrated in Fig. 18 (Bernard Cabane, personal
communication)

6. Conclusion

Using a combination of empirical and colloidal-interfacial
fundamental approach, an optimum wetting/dispersant agent was
selected for preparing nano-suspensions with a dso lower than
150 nm. Using a systematic approach, a large number of wetting/
dispersant agents was investigated. The unsuccessful agents were
excluded following each step. Using a simple milling procedure,
namely roller mill combined with particle size measurement, the
agents that resulted in a particle diameter greater than 500 nm or
that failed to prevent flocculation were excluded. The remaining
agents were further segregated using zeta potential and rheologi-
cal measurements. Samples that resulted in a low absolute zeta
potential value (<15 mV) and a viscosity higher than 10mPas ata
shear rate of 1000s~' were also excluded. Among remaining
samples, those showing a Newtonian flow were further investi-
gated using high shear milling to select the best wetting/dispersant
system. The SDS/PVP mixture was selected for composition
optimization using wettability, adsorption isotherm and zeta
potential measurement. An optimum stabilizer combination that
led to maximum wettability, the best milling results and the
maximum stability was identified as SDS/PVP 40-60% with a total
concentration of 1-1.2%. Overall, the present approach of stabilizer
selection described in this manuscript is intended to support the
formulators to select a suitable wetting/dispersant system for any
API to achieve a scalable industrial process leading to stable
nanosuspensions.

A step forward would be to introduce additional stress tests to
assess the formulation robustness such as thermal stability, freeze-
thawing stability, centrifugation stability, ionic strength impact or
effect, and/or a dilution in bio-relevant media.
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