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Abstract
Background Nanosuspensions, liquid dispersions with nanometer size distribution, are becoming trendy in pharmaceutical
practice to formulate poorly water-soluble drugs and to enhance their bioavailability. Generally, nanosuspensions are produced
in two main approaches; top-down or bottom-up. The former is based on size-reduction of large particles via milling or high
pressure homogenization. The latter is focused on the mechanisms of nucleation and particle growth.
Methods In this review, the critical factors influencing the kinetics or dynamics of nucleation and growth are discussed.
Subsequently, the mechanisms of nanosuspension instability as well as strategies for stabilization are elaborated. Furthermore,
the effects of stabilizers on key parameters of instability as well as the process of choosing an appropriate stabilizer is discussed.
Results Steric and electrostatic stabilizations or combination of them is essential for nanosuspensions formulation to prevent
coagulation. Accordingly, some characteristics of stabilizers play critical role on stability and optimization of nanosuspensions;
i.e., HLB and concentration. Nevertheless, after reviewing various articles, it is ascertained that each formulation requires
individual selection of surfactants according to the parameters of the particle surface and the medium.
Conclusions Based on the results, application of excipients such as stabilizers requires proper optimization of type and concen-
tration. This implies that each formulation requires its own optimization process.
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HPMC Hydroxypropyl methyl
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MC Methylcellulose
HPC-SL Hydroxypropyl cellulose
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Vitamin E TPGS Tocopherol polyethylene
glycol succinate

Span 20 Sorbitanmonolaurate
Span 60 Sorbitanmonostearate
Brij® 58 Polyoxyl 20 cetyl ether
Cremophor EL Polyoxyl 35 castor oil
Volpo 10 Polyoxyl 10 oleyl ether
Crodesta F-160 Sucrose stearate
Crodesta F-110 Sucrose stearate (and)

sucrose distearate
Triton X-100 Polyethylene glycol

tert-octylphenyl ether
Nomenclature
A Crystal surface area
D Diffusion coefficient
d Nanoparticles diameter
d0 Nanoparticles diameter in the initial time
ΔG Gibbs free energy of a nanoparticle
kB Boltzmann constant
R Gas molar constant
RG Rate of crystal growth
r Particle radius
S Degree of supersaturation
T Absolute temperature
v Molar volume
η Viscosity
γ Surface tension

Introduction

Bioavailability is one of the limiting factors in drug develop-
ment with chemicals having poor water solubility [1–5]. An
array of solubilizing agents as well as various techniques have
been employed to increase the solubility of such drugs, includ-
ing surfactants, co-solvents, pH adjusted solutions, emulsions,
liposomes, cyclodextrins and solid dispersions [6, 7].
However, the majority of these techniques require additional
excipients, which themselves can be a safety challenge [2]. In
addition, these techniques offer little or no help in formula-
tions where the parent molecules are poorly soluble in both
aqueous and non-aqueous media [8].

The tendency of solute dissolution in specific solvent
is determined by similar or dissimilar molecular interac-
tions between the solute and solvent. In this way, envi-
ronmental condition such as pressure and temperature
influence the cohesion and adhesion force and eventual-
ly the intermolecular interactions. Of particular note,
any further addition of solute above the solvent capacity
leads to precipitation. All together Noyes–Whitney
equation (Eq. 1), is very practical to get the valuable
information about the process of dissolution.

dc
dt

¼ D:A
h

cs−cxð Þ ð1Þ

Nanosuspensions, liquid dispersions with nanometer size
distribution, help enhance the bioavailability of poorly soluble
chemicals. In this regard, particle size as well as size distribu-
tion significantly influence the dissolution rate; thereby are
among key determinants of the bioavailability. In particular,
fine particles with high specific surface areas exhibit faster
dissolution rate, which is demonstrated by Noyes–Whitney
equation (Eq. 1) [7, 9–11].

According to this equation (Eq. 1), dissolution rate of a
particle (dc/dt) is inversely related to diffusion distance (h),
and directly to the particle surface area (A) and saturation
solubility [12]. Also, solubility is correlated to the rate of
dissolution, albeit in some cases the case is more complex.
Solubility is thermodynamically defined as the maximum
amount of solute that can hold the pure solvent. So, solubility
is affected by environmental conditions such as pH, tempera-
ture, ionic strength of solvent and solute. However, the rate of
dissolution is a kinetic process. This implies that the extent of
solubility of one solute can be poor or good independent of the
rate of dissolution.

However, according to Ostwald–Freundlich equation (Eq.
2), in apposition to microparticles, the saturation solubility
and equilibrium solubility of spherical particles with size of
smaller than 1000 nm can influence the particle size.

log
Cs

C∞
¼ 2σv

2:303RTρr
ð2Þ

That Cs is solubility, C∞ is solubility of the solid which
consist of large particles, σ is interfacial tension substance
and ρ is the solid density [13]. Also, according to Prandtl
equation (Eq. 3) hydrodynamic boundary layer thickness will
decrease and surface specific dissolution rate will increase by
reduction of particle size [14].

hH ¼ k � L1=2=V1=2
� �

ð3Þ

Where L is length of the surface in the direction of flow, k is
denotes a constant, V is relative velocity of the flowing liquid
against a flat surface and hH is the hydrodynamic boundary
layer thickness.

Also, the formation of nanosuspensions not only increases
the surface area but also enhances the saturation solubility of
the solute in medium, resulting in better bioavailability [12,
15–18]. Moreover, the increase of mucoadhesivity and attach-
ment to surfaces/cell membranes are other characteristics of
nanosuspensions aiding in efficacious drug delivery [7, 9, 10].
Furthermore, nanosuspensions require no co-solvents, and al-
low higher drug loading compared with other formulations
[19]. Better antitumor activity is also reported with
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nanosuspensions due to higher extravasation and remaining of
particles at the vicinity of tumor [20].

Formulation of pharmaceuticals as nanosuspension was in-
troduced in 1990, and the first product of this form appeared in
the market in 2000 [10]. Ever since, a variety of micro- and/or
nano- particles with proper size distribution have been widely
used for drug delivery of poorly soluble chemicals [21]. These
included of Rapamune® (sirolimus), Emend® (aprepitant),
Megace®ES (Megestrole), Triglide® and Tricor®
(fenofibrate), [8, 22–24]. In the most cases, particles are sta-
bilized using appropriate polymers and/or surfactants in
nanosuspensions [8, 25].

Generally, nanosuspensions are produced via either top-
down or bottom-up processes [1, 2]. While the former mainly
includes size reduction via milling, the latter involves precip-
itation and supersaturation. The main factors determining an
effective top-down formulation process are elaborated else-
where [26]. Here, we review the mechanisms of
nanosuspension formulation in bottom-up approach and, also,
we elaborate the parameters influencing the quality and stabil-
ity of these formulations.

Mechanism of nanoparticle formation

Top-down

Top-down approaches are based on the size-reduction and
breaking down of large materials into particles with nanome-
ter dimensions via milling, high pressure homogenization and
pulsed laser fragmentation [27, 28]. Milling is performed
using a rotating instrument in which particles are mixed with
milling pearls with constant rotation, resulting in crystals or
amorphous particles with reduced size [2, 26, 29, 30].
However, high speed rotation may generate lots of heat, caus-
ing degradation of thermal-sensitive agents [2]. Also, milling
can cause surface activation of drug particles, influencing sev-
eral physiochemical properties of them such as their flow abil-
ity [31]. High-pressure homogenization (HPH) is also applied
for nanocrystal production. In particular, the piston-gap ho-
mogenizer and microfluidizer are two main types of homoge-
nizers frequently used for particle size reduction [29]. In this
regard, several parameters are critical in HPH including pres-
sure, cycle number, stabilizer type, temperature of process and
stabilizing concentration [32, 33]. Pulsed Laser Ablation
(PLA) and Pulsed Laser Deposition (PLD) are advanced tech-
niques based on the absorption of the energy by the material
and transformation to thermal and/or chemical energy to break
(inter) molecular bonds of the bulk material. This method
usually leads to smaller particles with a wide size distribution
which can be considered a disadvantages [28].

The Gibbs free energy will change during the size reduc-
tion in top-down process due to formation of new surfaces.

This wil l resul t in thermodynamic instabil i ty of
nanosuspension. Therefore, proper stabilizers are required to
reduce the particle free energy [34]. The process of top-down
nano formulation is discussed elsewhere [26] and is beyond
the scope of this review.

Bottom-up

The bottom-up approach is based on precipitation of supersat-
urated solutions [35]. It is frequently employed for the pro-
duction of nanosuspensions both in bulk solutions or in single
droplets [36]. This method is used in a number of pharmaceu-
tical processes such as solvent–anti-solvent technique, super-
critical fluid processing, spray drying, and emulsion–solvent
evaporation [8, 37]. Of particular note, nanoparticles are ob-
tained after several steps including supersaturation, nucle-
ation, diffusion of the solute molecules and nanoparticle
growth [38].

The bottom-up approach offers various advantages such as
production of monodisperse particles, i.e., narrow range of
size distribution, application of low energy and low process-
ing temperature for thermolabile drugs, and no need for ad-
vanced equipment and generally an economically procedure.
Recently, some pharmaceutical products have been produced
and marketed in this method, such as Griseofulvin (Gris-
PEG®) and Nabilone (Cesamet®) [39]. In addition, an inves-
tigation has proved the nanosuspension of Danazol (gonado-
tropin inhibitor) has more improvement in comparison with
micro-suspension of marketed Danazol [40, 41]. Interestingly,
fenoibrate [42] and Nitrendipine nanosuspensions were
manufactured with the aid of combination methods [43].

However, generation of different unstable polymorphs, hy-
drates and solvates such as needle shaped particles caused by
rapid growth can be undesirable. Also, application of non-
solvents or anti-solvents are not favorable, given that even a
few amount of residual medium can lead to physicochemical
instability. Therefore, non-solvents are removed either via
evaporative precipitation into aqueous solution (EPAS) or su-
percritical fluid (SCF) which need high pressure pump, tem-
perature and fine nozzle designing.

Combination method

It is, however, noteworthy that some studies suggest a combi-
nation of top-down and bottom-up approaches as an optimal
method for the particle preparation with size and stability. In
this way, NANOEDGE™, H 69, CT (combination technolo-
gy), H 96 and H 42 technology have been introduced to com-
bine bottom-up and top down technology to reach effective
reduction of particle size, e.g., preparation of atorvastatin
nanoparticles via combination of anti-solvent precipitation af-
ter probe sonication method [44]. When these two methods
are implemented simultaneously, a number of distinct nuclei
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with a certain size are created and inhibit the formation of
nuclei with larger size. In addition, the combination of these
methods leads to reach a narrow polydispersity index (PDI)
and the range of particle size lies within a certain range that
decreases the particle growth [2, 24, 35, 44, 45].

Nucleation and particle growth

Particle formation in bottom-up approach is initiated by nu-
cleation followed by particle growth, which is, indeed, con-
sidered as the most important step in nanosuspension formu-
lation [46]. As described by Reiss [47] and laMer and Dinegar
[48], particle formation begins with short nucleation bursts
and consequent molecule-by-molecule diffusion leading to
particle growth. However, nucleationmay result in either crys-
tals or amorphous nanoparticles.

The first step of nucleation is monomer aggregation in
supersaturated systems. So, the likelihood of addition of
one monomer to the nucleus is directly proportional to its
concentration in the bulk solution as well as its ability to
diffuse to the nucleus surface [46]. In this regard, when
the primary nucleus is spherical, the rate of diffusion of
monomer (Q) follows the Fick’s law (Eq. 4); where R is
the primary nucleus radius, D is the diffusion coefficient
of monomers, Cb is the concentration of monomer in the
bulk solution, and S0 is the solubility [46, 49].

Q ¼ 4πRD Cb−S0ð Þ ð4Þ

The free energy per monomer in the solution is higher than
that in crystalline phase. Therefore, monomeric molecules
tend to aggregate to maintain a low-energy state. Likewise, a
small nucleus has higher surface area compared to large ones,
resulting in higher interface interaction with solute molecules
and higher level of energy. Hence, small nuclei combine to-
gether to reduce the system’s free energy, ultimately leading to
the particle growth [46].

It is noteworthy that coagulation of nanoparticle are also
determined by other factors, described in Navier-Stokes (NS)
equations such as mass, momentum and energy conservation
of Newtonian-fluids. NS equations are applicable for incom-
pressible or compressible, low or high speed, inviscid or vis-
cous flows. The compact form of Navier-Stokes equations for
Newtonian fluid is (Eq. 5):

ρ
∂V
∂t

þ V :∇ð ÞV
� �

¼ −∇P þ ρg þ μ∇ 2V ð5Þ

Where ρ is density, ∂V∂t is change of velocity with time, (V.
∇)V is convective term, ∇P is pressure term (fluid flows in the
direction of largest change in pressure), ρg is bode force term
(external forces acting on the fluid, such as gravity and elec-
tromagnetic) and μ∇2V is viscosity controlled velocity

diffusion. This equation (Eq. 5) represents how all
Newtonian fluids move [50].

Kinetics of nucleation and particle growth

The rate of formation and growth of the nuclei is determined
by Arrhenius model (Eq. 6). Here, K is the nucleation con-
stant, Ea is the activation energy, and A0 is the pre-exponential
factor. These parameters are, in turn, influenced by the number
and orientation of particles, surface tension, medium viscosity,
temperature, pressure and external driving forces [51, 52]. In
particular, Ea diminishes at higher supersaturation, leading to
higher nucleation probability and speed [53].

K ¼ A0exp
−Ea
RT ð6Þ

The effect of temperature It is expected for particle
growth to decrease at higher temperatures because of
particle re-dissolution. However, the Brownian motions
will also increase with temperature, leading to improve-
ment of particle orientation and the force of intermolec-
ular interactions, which are in favor of particle growth.
Furthermore, temperature increases the particles hydro-
dynamic diameter (diameter of particle that is coated
with hydrated counter ion), resulting in lower particle
repulsion, ultimately leading to particle adhesion and
nanoparticles growth. In fact, the effect of temperature
on nucleation depends on the degree of supersaturation
of solution [51, 52].

The effect of surface tension The rate of nucleation is a critical
determinant of particle size and size distribution. In this re-
gard, Arrhenius equation (Eq. 7) describes the effects of dif-
ferent variables on nucleation rate [54]. Of particular note,
nucleation rate constant (dNdt ) depends on the concentration
of stabilizers. In fact, increase of stabilizer concentration in
the solution decreases surface tension, thereby inhibits nucle-
ation rate and increases crystallization time [53]. In addition,
surfactants alter γ, the surface free energy, thereby modulate
the nucleation speed [54].

J ¼ dN
dt

¼ A0 exp −
ΔGcrit

kBT

� �

¼ A0 exp −
16πγ3v2

3k3BT
3 lnSð Þ2

 !
ð7Þ

The effect of supersaturation The ratio of anti-solvent to sol-
vent increases at high degree of supersaturation, resulting in a
greater nucleation rate, which eventually enhances the number
but decreases the size of particles. In fact, higher degree of
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supersaturation (S in Eq. 7) enhances nucleation rate, and
eventually results in smaller particle size [45]. In this regard,
small changes in S dramatically alters nucleation rate; Kwon
and Hyeon showed that an increase of S by two folds (from 2
to 4) lead to a significant increase of nucleation rate up to 1070

times [54]. It is noteworthy that particle growth is directly
proportional to both particles count and their size. Thus, a
shrink in particle size appears to neutralize the effects of su-
persaturation on particle number. Nevertheless, the overall
outcome of an increase in supersaturation favors particle
growth [45].

The effect of molecular diffusion The nanoparticles diameter
is determined according to LSW (Lifshitz–Slyozov–Wagner)
model [51, 55–57]; where n depends on the formation and
growth of the particles.

d−d0 ¼ kt
1
n ð8Þ

When n is 2, particle growth is mainly controlled by
ions diffusion in the matrix; i.e., diffusion of ions in
solution. Meanwhile, when n is 3, the particle growth
depends on volumetric diffusion in the matrix; i.e., dif-
fusion of ions on the particle surface. Accordingly, n = 4
implies that dissolution kinetics at both particles surface
and the matrix ought to be counted in particle growth,
demonstrating dissolving-precipitation phenomena at the
solid-liquid interface [51, 56]. It is noteworthy that n
can never be 1 and the 1/n exponent would always be
less than 1, because particle size does not follow first
order kinetics model. In fact, a decrease in the surface/
volume ratio due to particle growth tends to negatively
influence the ripening rate (k) due to reducing the avail-
able surface for deposition.

In this regard, k is correlated to diffusion coefficient of
solute molecules in the medium, bulk solublity of dispersed
phase (C∞), the solid-liquid interfacial tension (γ) and the
molar volume of dispersed phase (Vm) [55]. As demonstrated
in Eq. 9, k is almost constant in specified isothermal systems.

k ¼ 64DC∞Vmγ
9RT

ð9Þ

The surface nucleation, a critical component of particle
growth, varies in different systems and depends on the dimen-
sions of length and time, τ and k1 respectively (Eq. 10) [58,
59].

d−d0 ¼ k1log 1þ t
τ

� �
ð10Þ

The crystal growth depends, also, on the concentration of
bulk solution as well as its related concentration to crystal
surface. In particular, the rate of crystal growth (RG) is deter-
mined by Eq. 11; where kG is the coefficient of growth rate,Cb

is the solute concentration in bulk solution, C∗ is the solute
concentration in equilibrium after nanosuspension formation,
and g is the total growth condition [60].
RG ¼ kGA Cb−C*� 	g ð11Þ

The crystal growth is composed of two sequential steps.
The first step involves solute transfer to the interfacial solid-
liquid surface; i.e., the diffusion of monomers to the surface.
In the next step, the solute integrates with the solution and
separates from the crystal lattice.

Thermodynamics of nucleation and particle growth

The effect of free energy The bottom-up approach in
nanosuspension formulation is based on the supersaturation
of the solution followed by precipitation of the nanoparticles.
Assessment of the thermodynamics of homogenous nucle-
ation has revealed that the Gibbs free energy of nanoparticles
is determined by the sum of surface free energy of nanoparti-
cles and bulk free energy (Eq. 12). Accordingly, the bulk free
energy (ΔGv) is calculated by Eq. 13. In particular, ΔGv is
directly proportional to temperature (T), Boltzmann constant
(kB), degree of supersaturation (S), and inversely to the molar
volume (v) [46, 54, 61].

ΔG ¼ 4πr2γ þ 4

3
πr3ΔGv ð12Þ

ΔGv ¼ −kBT lnS
v

ð13Þ

The rate of particle formation, stabilization, and size, de-
pend on the sum of free energy (Eqs. 14 and 15). In fact, the
higher the total free energy, the lower the rate of particle for-
mation. It should be noted that the surface free energy of
particles in solution is more than in crystal form. Thus parti-
cles tend to form large agglomerates or precipitate in the form
of crystals. Of particular note, the radius of critical nuclei (r-
crit), nuclei with maximal free energy per monomer without
further re-dissolution in medium, is directly proportional to
their free energy (ΔGcrit) [46, 54, 61].

ΔGcrit ¼ 4

3
πγr2crit ¼ ΔGhomo

crit ð14Þ

rcrit ¼ 2γv
kBT lnS

ð15Þ

The effect of supersaturation The precipitation of nanoparti-
cles correlates with the degree of supersaturation. Indeed, the
lower the degree of supersaturation, the slower the rate of
nucleation. In this regard, Bmetastable zone^ is a concentra-
tion range at which nucleation does not occur regardless of
time. During the nanosuspension generation process, the
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concentration of solute molecules rise to form Bclusters^
which are prerequisites for nanoparticle formation [46].

According to the Eq. 7, the rate of clustering of molecules
as well as its thermodynamics depends on the degree of su-
persaturation and the molar volume of the nucleus. In fact,
solute molecule continues to cluster until ΔGcrit becomes neg-
ative. In this regard, ΔGcrit, Gibbs free energy to form the
critical nucleus, is calculated by Eq. 16; where γsl is the sur-
face tension between liquid and solid surface [46].

ΔGcrit ¼ 16πγ3slv
2

3 kBT lnSð Þ2 ð16Þ

As demonstrated in Eq. 16, the degree of supersaturation is
inversely related to ΔGcrit. Thus, solutions become thermody-
namically unstable and tend to crystallize when the degree of
supersaturation increases [53].

The steady state concentration in which clusters are stable
(Cn∗) is close to the equilibrium concentration, and is calcu-
lated using Eq. 17. Here, ΔGcritrepresents the free energy of
forming a critical cluster from free monomers, and Ctot is the
total concentration of substance in the system, which is ap-
proximately equal to the free monomer concentration [46].

Cn* ¼ Ctotexp −ΔGcrit=kBTð Þ ð17Þ

For the assessment of ΔGcrit, the capillarity approximation
has been used. In other words, the free energy of a cluster is
established on the free energy of a macroscopic solid and the
cluster–water interfacial tension [62]. The formation of critical
clusters per unit of time represents the transport of monomers
to the clusters, and is calculated by nucleation rate (J) in unit of
bulk volume in steady state concentration (Eq. 18); where Z is
Zeldovich factor, and ψ∗ = rcrit/(λ + rcrit) [46].

J ¼ NAψ
*4πrcritDCbCn*Z ð18Þ

The effect of molecular diffusion The nucleation rate is related
to diffusion and λ (effective length) as well as the interfacial
tension (γsl) and Cb/S0, which is dependent to degree of su-
persaturation. It is noteworthy that when a change in λ is
compensated by simultaneous change in γsl, the nucleation
rate maintains a constant value [46].

Some polymers with surface adsorption can enhance nu-
cleation rate. In fact, these polymers ought to modulate one or
more of the parameters discussed above. When, a specific
polymer produces distinct effects on each parameter, the geo-
metric sum of effects determines the final outcome [53].

Thermodynamics of surfactant adsorption and nucleation

Generally, nanosuspension is assuming a dispersion of hydro-
phobic nanoparticles in water as a hydrophilic medium. The

enormous increase of surface area due to reduction of particle
size results in increase of particles’ free energy while The
interfacial tension remains constant, and is considered the
main reason of thermodynamic instability of nanosuspensions
[8]. Accordingly, to reduce the total surface energy of the
system, nanoparticles tend to accumulate and reduce the total
surface area with flocculation aggregation or crystal growth.
Thus, crystallization as the main step in bottom-up approach
can itself result in instability of nanosuspension, if is not ap-
propriately controlled. In this regard, stabilizers are added to
reduce the free energy of the system by decreasing the inter-
facial tension. This is fulfilled through electrostatic or steric
stabilization or both [55].

The effect of surfactant lipophilicity and concentration The
adsorption of surfactants and polymers on the surface of
nanoparticles play a pivotal role in the formation and sta-
bilization of nanosuspensions. Furthermore, not only the
surfactant adsorption to the solid surface but also its orien-
tation influences the energy in the case of ΔG, ΔH and ΔS.
In this regard, the hydrophilic: lipophilic balance (HLB) of
surfactants is a critical parameter [63]. In fact, a change in
the energy levels of the adsorbate species, the interfacial
plate, and free surfactant in the bulk solution ultimately
leads to the selective partitioning of the adsorbate into the
interfacial region [63].

The mixture of surfactant/polymer and drug crystallites de-
termines the melting point depression, and depends on their
concentration, though their relationship is not necessarily lin-
ear [64]. The concentration of surfactant at the interface
(Cinterface)is in balance with its’ bulk concentration (Cbulk),
and is calculate by Eq. 19. In this regard, the negative value
of Gibbs free energy indicates the favorable conditions for
absorption of surfactant from the bulk medium to the inter-
face.

Cinterface

Cbulk
¼ exp −ΔG=RTð Þ ð19Þ

The effect of dispersionmedium The absorption of surfactants
in the solid-liquid interface depends on several factors in the
solid plate, in the surfactant, and in the medium. The latter
includes the nature of solvent, pH, temperature, ionic strength,
lateral interaction between the adsorbed molecules, and pres-
ence of other dissolved materials, i.e., electrolytes or short
chain additives such as alcohol an urea [63, 65].

An array of interactions is demonstrated at the interface
such as electrostatic, covalent, hydrogen or non-polar bonds
[64, 65], among which hydrogen bonds strongly influence the
nucleation process [53]. Albeit, a specific type of interaction is
dominant for each polymer. In this regard, polymers like PVP,
with only one hydrogen bonding functional group per
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monomer, are not strongly adsorbed onto the crystal faces, and
are less likely to induce habit modification [53]. For example,
Lindfors L. et al., found that the growth rate significantly
decreased in the presence of 0.01% (w/w) PVP, whereas nu-
cleation rate was not affected. This is explained by similar
values of D, λ, γsl, and Cb/S0 with and without PVP, small
critical radius, and the fact that there is no significant polymer
adsorption on these small particles [46].

Although hydrogen bonds play the main role in surface
adsorption, the sum of all additive forces determines the level
of free energy. For instance, Celecoxib is more likely to pro-
duce hydrogen bonds with the hydroxyl group of hydroxypro-
pyl cellulose (HPC) than with the ether group of Pluronic F-
127 (PLU), but the latter produce stronger effects on crystal-
lization. This indicates that the final effect on crystallization is
determined by the sum of interactions [64]. Thus, ΔGads is
considered when analyzing the surface energy (Eq. 20). In
fact, the level of energy is a combination of electric attraction
force between solid plate and the surfactant (ΔGelec), covalent
bonding (ΔGchem), cohesive chain-chain interaction among
adsorbed long chain surfactant species (ΔGc − c) and similar
interactions between the hydrocarbon chains and hydrophobic
sites on the solid plate (ΔGc − s), hydrogen bonding (ΔGH), and
the solvation or de-solvation energy (ΔGH2O ) [65].

ΔGads ¼ ΔGelec þ ΔGchem þ ΔGc−c þ ΔGc−s þ ΔGH

þ ΔGH2O… ð20Þ

This implies that several processes at the interface includ-
ing ion exchange (the exchange of surfactants with opposite
charges), ion pairing (the absorption of surfactants in non-
occupied positions), acid-base interaction (Lewis acid and ba-
se interaction with hydrogen bonds), π electron polarization
(the force between side chains with positive charge), disper-
sion force (such as London and Van Der Waals forces), hy-
drophobic interactions (interaction between the non-polar side
chains of surfactant and hydrophobic surface of nanoparticles)
[63].

The effect of interfacial layer thickness The thickness of inter-
facial layer (τ) is of notable importance. In this regard, the
level of energy at the interface depends on the concentration
of surfactant as well as the interfacial thickness (Гi) (Eq. 21)
[65].

Γ i ¼ τcb exp
−ΔGads

RT
ð21Þ

The interface is a very dynamic region. In fact, diffusion,
convection, adsorption, and desorption of stabilizer on the
new surface of nanoparticle can occur simultaneously
[66–68]. The physicochemical property of new particle sur-
faces, medium and surfactant is critical to minimize the Gibbs

free energy. Thus, stabilization of a specific nanosuspension
demands selection of a stabilizer with appropriate properties
[69]. Moreover, the mixture ought to be incubated for a spe-
cific time span to ensure proper coverage of the surface; the
length of which depends on physicochemical properties of the
surfactant such as molecular weight and hydration value as
well as the viscosity of medium [70].

The effect of surface polarity Surface polarity influences the
surface interaction of not only ionic but also non-ionic surfac-
tants. In fact, the absorption of nonionic surfactant on the
articles depends on the chemical potential of bulk solution,
and is defined by Flory-Huggins Eq. (Eq. 22); where, the s
represents surface, and q is the number of solute segments in
contact with the surface. The m is the number of segment-
surface nearest neighbors divided by the lattice coordination
number, and r is the molecular size ratio of solute to solvent.
The net interaction between components 1 (water as solvent)
and 2 (surfactant as solvate) is expressed as χ1, 2. In this
regard, χ1, s − χ2, s indicates the change of surface contact
from solvent to solute, and χ1;2−χs

1;2 represents the differential

strength of solute-solvent interaction in the bulk solution and
in the surface phase [71].

ΔGAdsorption ¼ qm χ1;s−χ2;s

� 	þ r χ1;2−χs
1;2

� �
ð22Þ

This model is applied for the absorption of nonionic sur-
factant to the non-polar surface such as polystyrene. In this
regard, approximately 20% of free energy of absorption of
nonionic surfactants on latex surface is due to the replacement
of surface-water contacts with surface-surfactant contacts, i.e.,
(χ1, s − χ2, s). The remaining 80% is related to the orientation
of surfactant molecules at the surface, expressed as

χ1;2−χs
1;2

� �
.

At the interface, the hydrophilic parts of surfactant molecule
are in contact with water, whereas hydrophobic parts orient to-
ward particle surface [71]. This indicates lower possibility of
unfavorable contacts of hydrocarbon chain to the aqueous solu-
tion. Therefore, the water–surfactant interaction at the surface
will be weaker than that in bulk solution (χs< χ).

The χ parameter is the sum of fractional effects of interac-
tions between water-hydrophilic moiety of surfactant, water-
hydrophobic moiety of surfactant, water-water, and
hydrophilic-hydrophobic moieties. Hence, χ is related to the
HLB of surfactant and the HLB will beHLB = 20ωhydrophilic in
which ωhydrophilic is the weight fraction of hydrophilic part of
surfactant [71].

Nanosuspension instability

The process of particle formation in nanosuspensions gener-
ally follows 2 steps, nucleation and particle growth. In this
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regard, uncontrolled growth can cause instability of the sus-
pension (Fig. 1) [60, 61]. Instability at some, but not all, levels
is reversible with appropriate intervention. Thus, proper con-
trol of the processing time is critical to get nanoparticles with
desirable size without instability.

Particle growth in nanosuspensions is explained by various
mechanisms, including aggregation [55, 56], coalescence [56,
61, 72], crystal growth [55, 60, 73], Ostwald ripening [55, 74,
75], orientated attachment [56, 76], self-assembly, and
mesoscopic transformation of nanoparticles via a restructuring
process [77–79]. Depending on the system, one or several
mechanisms may be involved in nucleation and growth of
particle size [56].

Particle agglomeration is the outcome of attractive forces
between the particles in the absence of considerable energy
barrier; the latter is proven to be more important [80]. In this
regard, high levels of hydrophobicity of particles decrease the
wettability of their surface, resulting in aggregation [81].
Accordingly, hydrophobic particles tend to agglomerate to
reduce the system free energy, as shown in the case of
naproxen particles [82].

The lyophobic nanosuspension is produced by dispersion
of hydrophobic materials in hydrophilic aqueous medium. In
this system, increase of the surface area, because of nano-
formulation, enhances the contacts between particles and out-
er medium, ultimately resulting in high surface energy. This
can cause thermodynamic instability [8] and aggregation of
nanoparticles [81].

Mechanisms of nanosuspension instability/stabilization As
discussed above, the mechanisms of nanoparticle growth
and instability are similar. In fact, inappropriate growth can
cause instability of the system. Hence, both formation and
instability of nanoparticles can be determined by similar var-
iables and principles.

Nanoparticle growth in lamer mechanism

The nucleation and particles growth is divided into 3
steps according to lamer mechanism. At first, increase

in monomer concentration in supersaturated solution
causes nucleation bursts in the medium. This results in
a decrease of monomer concentration, and if continued,
halts the process of nucleation. If monomer concentra-
tion is high enough to prevent nucleation arrest, the
nuclei will grow due to monomer diffusion of supersat-
urated solutions [54, 83]. Thus, monomer concentration
as well as factors influencing its diffusion plays pivotal
roles not only in nucleation and growth but also in
system stability. In this regard, storage at low tempera-
tures, removal of residual solvents, applications of steric
barrier around the particles, higher viscosity and lower
diffusion coefficients of the medium ought to reduce
monomer diffusion to the surface and inhibit particle
growth (Eqs. 9, 10 and 11).

Ostwald ripening

Ostwald ripening was introduced in 1900 by Gibbs–
Thomson law, and is based on the changes in the solubility
of nanoparticles according to their size. It can cause significant
instability in nanosuspensions [2], especially in long term stor-
age [55]. In fact, higher solubility of nanoparticles causes re-
dissolving and elimination of small particles. In the meantime,
large particles tend to grow inappropriately because of low
level of surface energy [84, 85].

Owing to application of surfactants in nanosuspension for-
mulations and because of their adsorption at particles surface,
Ostwald ripening is illustrated by Lifshitz–Slyozov–Wagner
(LSW) theory (Eq. 23). Here, r is the radius of spherical nano-
crystal, t is the time of radius changing, andKD is the diffusion
coefficient. The ω is monomer flux coefficient which demon-
strates the ease of material movements in the surfactant layer
[74].

dr3c
dt

¼ d rh i3
dt

¼ KD 1þ ωð Þ
∫∞0 ρ2h ρð Þdρ ð23Þ

In LSW theory, the term ∫∞0 ρ2h ρð Þdρ is specific for each
system. For instance, in the case of bare-nanocrystals it equals

Fig. 1 Schematic of particle
precipitation process. Reprinted
with permission from [159].
Copyright (2009) American
Chemical Society
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to 9/4. However, if surfactants are utilized, one ought to con-
sider the thickness of surfactant layer on the nanoparticle sur-
face (δ) (Eq. 24) [74].
dr3c
dt

¼ d rh i3
dt

¼ 1þ η

1þ η
3 Rh i

3 Rh i þ 2δ

4

9
KD ð24Þ

The kinetics of Ostwald ripening is determined by two
basic parameters; the ability of solute molecules to diffuse to
the particle surface, and the rate of crystal growth/dissolution
by attachment-detachment of the solute. In this regard, the
ripening is controlled by the slower step. That is, Ostwald
ripening becomes diffusion controlled, if crystal growth/
dissolution is rapid; and it becomes interface controlled, when
solute diffusion is faster than its incorporation/elimination to/
from the particles [55].

The effects of surfactants

According to Eq. 24, surfactants influence diffusion coef-
ficient as well as solubility and surface tension. It is also note-
worthy that growth depends on t, though not linearly. Thereby,
surfactants have an enormous effect on the process of ripen-
ing. In fact, they decrease growth by reducing Ostwald ripen-
ing [74]. In contrast, according to the LSW theory, the con-
centration of the dispersed phase directly influence the rate of
Ostwald ripening [2]. Therefore, surfactants with higher solu-
bilizing property, causing a rise in particle concentration in
bulk solution, increase the rate of Oswald ripening [2].

The effects of size distribution

Size distribution is another determinant of particle growth.
In this regard, Ostwald ripening requires poly disperse parti-
cles with some solubility in medium [55]. Because large par-
ticles tend to grow and small particles tend to fade, a narrow
size distribution is essential to prevent particle growth due to
Ostwald ripening and to maintain the stability of
nanosuspension [86].

Digestive ripening

Digestive ripening is another mechanism describing the
effects of particle size on the stability of nanosuspensions. In
contrast to Ostwald ripening, digestive ripening argues that it
is possible to reconstruct particles in order to increase the
stability of system. In fact, the ultimate goal is to enhance
dissolving of large particles and growth of small particles [87].

Finke-Watzky two step mechanism

Finke-Watzky mechanism illustrates nucleation and
growth as consequent events. In this mechanism, the particle

growth is autocatalytic with the formed nucleus, and is defined
by Eqs. 25 and 26 [88]. The formation of nucleus is a chemical
process, and is beyond the scope of this review. However, a
fraction of substance A is primarily converted to substance B.
Then A and B bind together, and two moles of B are ultimate-
ly formed. Consequently, particles grow in size during this
process.

A→B ð25Þ
Aþ B→2B ð26Þ

Coalescence and orientated attachment

Coalescence and orientated attachment describe particle
growth in a similar manner. The former defines particle attach-
ment with no orientation, yet the latter demands crystallographic
alignment of particles for their attachment, including continuous
crystallographic planes [76].

Equation 27 shows the relationship between the rate con-
stant (K2) of orientated attachment reaction and particle radius
(r); the NA is the Avogadro constant. In particular, the rate of
particle growth is directly proportional to particle radius and
diffusion coefficient (DA) [56].

K2 ¼ 6πrDANA ð27Þ

Equation 28 represent relationship between rate constant (K2)
of orientated attachment reaction and viscosity. On the other
hand, the correlation between DA in Eq. (27) and viscosity is
illustrated with Stokes-Einstein model (Eq. 31). Also, Eq. 28
argues that particle growth is directly related with temperature
(T) and is inversely associated with viscosity (η). Furthermore,
viscosity of the solvent as well as the solid volumetric fraction
(ϕ) determine the total viscosity of system (Eq. 29), thereby
influencing the kinetics of particle growth [56].

K2 ¼ NAkBT
η

ð28Þ

η ¼ μ∙ 1þ 5

2
ϕ

� �
ð29Þ

It is noteworthy that viscosity depends also on temperature,
according to Arrhenius model described in Eq. 30 [56]. Thus, the
effects of viscosity on growth rate ought to be adjusted to tem-
perature. In fact, increase of viscosity at low temperatures
(around the melting point of solvent) significantly inhibits parti-
cle growth. In contrast, viscosity tends to remain moderately
constant at high temperatures, conferring a linear relationship
between growth rate (K2) and temperature (Fig. 2) [56].

η ¼ η0e
−Ea=NkBT ð30Þ
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The Influence of solids concentration in dispersion
medium

Solid content of the system is another determinant of vis-
cosity in Einstein equation (Eq. 29). In fact, the solid volumet-
ric fraction (ϕ), assuming particles as highly dispersed rigid
spheres, increases viscosity and, thereby, inhibits particle
growth in colloidal nanosuspensions [56]. It is, therefore, sug-
gested that dilution of nanosuspension, by reducing the total
viscosity, promotes particle growth and increase particle size.
For instance, Daebis et al., showed that reducing the viscosity
of Itraconazol nanosuspension through serial dilution resulted
in particle growth from 682.3 nm ± 55 nm (PDI 0.38 ± 0.05)
to 828 nm ± 86.3 μm (PDI 0.48 ± 0.104) [89].

The effect of stabilizers on system viscosity

According to Stokes-Einstein model (Eq. 31), the diffusion
of a molecule is inversely proportional to its diameter (d).
Also, temperature (T) influences the diffusion through alter-
ation of systems viscosity [90]. For instance, HPMC enhances
the viscosity much more than do Poloxamer 407 and PVA

(Fig. 3a). Hence, the former more effectively inhibits the dif-
fusion of the solute molecules and particle growth [90]. In
contrast, Poloxamer 407, with the lowest viscosity, results in
higher growth rate (Eq. 28). In this regard, temperature more
significantly influences the viscosity of solutions containing
HPMC (Fig. 3b) [90].

D ¼ kBT
3πηd

ð31Þ

Intra particle re-shaping

Intraparticle ripening explains the change of particle shape
at the nanomaterial surface over time. It requires specific con-
ditions in which the energy of monomers in bulk solution is
lower or equal compared to that in crystal surface. This im-
plies absence of monomer diffusion/influx to the particle sur-
face. However, the irregularity of particle shape can cause
subtle differences in surface energy on an individual particle,
leading to dissolution of some regions (high energy surfaces)
and growth of others (low energy surfaces) within a particle.
Thus, an individual particle is constantly eroded at one side
and formed at another side [91, 92].

The role of particle morphology on stability Although needle
shape crystal structures are more common in bottom-up ap-
proach, an array of particle morphologies is possible such as
amorphous, crystal or metastable [46, 93, 94]. For instance,
preparation of nanoparticles with anti-solvent method produce
amorphous, polycrystalline, single crystals or metastable
forms [90, 95–98]. Furthermore, localized amorphous parti-
cles are seen in some cases, which are the result of inhibition
of crystal growth. This can lead to instability of the
nanosuspensions, especially in long term storage [90].

Generally, application of inorganic materials such as calci-
um carbonate [99, 100], cadmium sulfide [101], and zinc ox-
ide [77] results in crystal formation with broad range of crystal

Fig. 3 Dynamic viscosity of
crystallizationmedium containing
different polymers (a), and at
different temperatures (b) (n = 3).
Reprinted with permission from
[90]. Copyright (2012) Springer
Nature

Fig. 2 Temperature dependence of the reaction rate constant. Reprinted
with permission from [56]. Copyright (2005) John Wiley and Sons
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habits. In contrast, organic materials in the formulation give
amorphous products or crystals with varied shapes [90, 95].

The morphology of particles influence their stability
through several mechanisms such as Ostwald ripening [102].
In particular, the mobility of drug molecules in crystal struc-
ture is less than that in amorphous form [34]. Also, the rela-
tively high energy of amorphous structures makes them un-
stable, thus they tend to transform to more stable crystal form
[102]. The surface energy of crystals will rise, if the localized
amorphous regions are generated on the surface [103]. This
increases the chance of re-ordering or re-crystallization, and
compromises physicochemical stability during formulation or
long term storage [2]. Therefore, crystal particles confer better
stability to the system [69]. However, this may interfere with
the dissolution rate of nanosuspension [1, 23, 81, 104].

The primary nanoparticles formed during the process are
either amorphous or metastable [95]. The other particles are
resulted from the aggregation of primary particles, which ex-
plains their varied forms as amorphous, polycrystalline, or
single crystals [90, 95–98]. However, recrystallization after
aggregation may change the particles structure [96–98].

The effect of surfactants

Surfactants or polymers in the formulation can influ-
ence the crystal state as well as crystallization rate. For
examples, the type and concentration of surfactant has an
important impact on crystallinity and size of amylase
[105] and celecoxib particles [106]. Accordingly, PVP,
but not PEG, distinctly improves the in vitro drug release
behavior, and causes significant melting point depression
and polymorphic change in celecoxib nanocrystals [64].
In addition, PVP and/or HPMC changed the morphology,
size and crystallization rate of bicalutamide and griseoful-
vin nanoparticles [46, 107]. Of particular note, PVP
(0.01% w/w) inhibits crystal formation and alters the crys-
tal structure to amorphous particles (Fig. 4) [46].
Surfactants , a lso , a l ter the crys ta l s t ructure of
buparvaquone [70] and isradipine [108]. In contrast, nei-
ther nanosizing nor surfactants influence the crystallinity
or morphology of nifedipine particles [109].

The effect of dispersion medium

An array of solvents or dispersion media are employed for
the preparation of nanosuspensions, including methanol, ace-
tone, ethanol, acetonitrile, liquid paraffin, isopropylmyristate,
propylene glycol dicaprylate, caprylic/capric triglyceride,
oleic acid, oleyl alcohol, triacetin, and propylene carbonate
[108, 110, 111]. In this regard, the choice of an appropriate
organic solvent or dispersion medium is critical to control the
size and stability of drug nanocrystals during precipitation

[110]. In fact, the crystal form as well as its behavior is deter-
mined by some parameters such as the composition of nano-
particles, the crystallization temperature, and presence of
solvents/co-solvents [107].

Particle growth as well as morphology and behavior
are influenced by residual solvents or impurities in the
system. Of particular note, solvent polarity decreases the
nanoparticle size and growth [107] In fact, impurities
can interact physically or chemically with the surface
[53] or can be incorporated in crystal lattice [46]. In

Fig. 4 Images from nucleation experiments carried out at an initial
concentration drug concentration of 440 μM, corresponding to a
supersaturation of 30: a polymer free system; b at the presence of PVP
(0.01% w/w). The diameter of the wells is 5 mm. Reprinted with
permission from [46]. Copyright (2008) Elsevier
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addition, the hydrate, solvate or anhydrous forms of
materials may be produced after nanosuspension forma-
tion [90]. It is noteworthy that the residual solvent or
impurities in the particle can cause safety issues [2, 8].

The effect of external energies

The external energies such as sonication and homogeniza-
tion are also applied to reduce particle size in bottom-up pro-
cess. In the meantime, they can alter nanoparticle morphology
or behavior [108]. In particular, homogenization can reduce
the crystal size or even transform them into cubic or round
structures. For instance, homogenization induces formation of
amorphous layers around the crystals in buparvaquone
nanosuspension [70]. In addition, simultaneous application
of surfactants and homogenization may produce distinct ef-
fects on particle coating and morphology [70].

The role of surface tension and intermolecular forces on sta-
bility Interfacial tension is a key factor in nucleation and
growth [46]. As described previously in Eq. 7, surface tension
(γ) is inversely related to nucleation rate (J). Thus, reduction
of surface tension increases nucleation rate, eventually de-
creasing the particle size and growth (crystallization) [46,
112–114].

Surface tension in a system is defined as the interactions
between different surfaces (Young–Laplace model, Eq. 32)
[46, 71, 115]. Here, γsl, γsv, and γlv represent the surface ten-
sion between solid-liquid, solid-vapor, and liquid-vapor inter-
faces, respectively. In addition, the interaction between parti-
cles and medium as well as crystal growth rate decrease with
lower contact angel of solid-liquid interface (θ) [46].

γsl ¼ γsv−γlvcosθ ð32Þ

According to Bragg–Williams theory (Eq. 33), the interfa-
cial tension is directly related to the sum of intermolecular
attractions (χ), including hydrogen, hydrophobic, dipole and
Van Der Waals interactions [46, 71, 115]. In addition, the
fraction of nearest neighbors in a plane below or above the
interface (m) as well as the cross-sectional area per molecule
(a) are critical [46, 71, 115]. This implies that the wider the
nanoparticle surface, the higher the possibility of Van Der
Waals interactions, thus, the higher the surface tension.

γ ¼ m
a
kBT χ ð33Þ

Types of interparticulate forces

The forces between particles influence nanosuspension sta-
bility. In fact, interparticle forces alter the rate of adhesion/

repulsion and consequently aggregation/disaggregation of
nanoparticles in liquid medium. This include repulsive forces
such as Van Der Waals, electrostatic, and hard sphere as well
as attractive forces such as steric [116]. The DLVO theory
(named after Derjaguin, Landau, Verwey and Overbeek) rep-
resents the stability of colloidal nanoparticles according to
interparticle forces [117]. In this regard, interparticle force is
the sum of adhesion and cohesion forces (Eq. 34) [63].

V ¼ VA þ VR ð34Þ

Van Der Waals force

The Van Der Waals force is calculated by Eq. 35; where A
is Hamaker constant, a is the radius of similar spherical parti-
cles, and H represents the minimum distance between two
particles [118]. The Hamaker constant (A) in dispersed medi-
um is replaced by Aeff, which depends on the nature of dis-
persed particles and the medium (Eq. 36). The similar polarity
of particles and medium results in lower Aeff. According to Eq.
35 smaller values of Aeff would lead to less attraction between
the particles.

This decrease Van Der Waals repulsions, resulting in parti-
cle aggregation and instability. In this condition the potential
energy will decrease [63].

VA ¼ −Aa
12H

ð35Þ

Aeff ¼
ffiffiffiffiffi
A2

p
−

ffiffiffiffiffi
A1

p� �2
ð36Þ

Electrostatic force

Electrostatic force with repulsive nature between two semi-
charged particles is calculated by Eq. 37; where εr represents
the dielectric constant of the dispersion medium, and the a is
hydrodynamic radial. In contrast to Van Der Waals force, the
electrical force is always positive. Electrostatic force is greater
when the distance between particles (h) is minimum.
Furthermore, it highly depends on zeta potential (ψ0), electro-
lyte content of the medium, and the ratio of particle size to
electrical double layer, a/(1/κ) = κa, [63, 119].

The effective electrical double layer is called Debye length
(1/κ), and represents the thickness of stern layer (Eq. 38). Here, F
is the Faraday constant, Ci is the molar concentration of any ion
in the solution phase, and Zi is the valence of the ions [63].

Of particular note, addition of electrolytes, via increase of κ
and decrease of VR, can cause coagulation. In contrast, in-
creasing the zeta potential ψ0 as well as surfactants enhance
the system VR and decrease particle coagulation.
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VR ¼ εra2ψ2
0

h
e−κH ð37Þ

1=κ ¼ εrε0RT

4πF2 ∑
i
CiZ2

i

0
B@

1
CA

1=2

ð38Þ

Zeta potential is the net charge around the particles after
neutralization with opposite ions in the medium [120]. Indeed,
the first absorbed monolayer, the inner Helmholtz layer, is
consist of ions with opposite charge to that of nanoparticle
surface, and are fixed and dehydrated ions. The second mono-
layer, the outer Helmholtz layer, is composed of fixed but
hydrated ions with similar charge to dispersion medium.
Helmholtz layers together are called the Stern layer.

Adjustment of surface tension and intermolecular forces

Intramolecular forces are controlled via two main mecha-
nisms; electrostatic stabilization or steric hindrance. The for-
mer is based on the electrostatic interaction between the par-
ticle surface and ionic surfactants or charged polymers [121].
The later, however, describes adsorption of stabilizers onto the
surface of drug nanoparticle via non-covalent forces [80].

Electrostatic stabilization

As a general rule, nanosuspensions are stabilized by elec-
trostatic repulsion with zeta potentials of at least 30 mv [9, 70,
86, 122–124]. Furthermore, increase of zeta potential to 60mv
confers more stability to the formulation, whereas vast aggre-
gation occurs in zeta potentials lower than 5 mv [125, 126].
However, to stabilize nanosuspensions containing both elec-
trostatic and steric stabilizers, an absolute zeta potential of ±20
mv appear to be sufficient [9, 70, 86, 122, 123].

The effect of ionic strength of dispersion medium

The ionic strength of the medium is a key factor that influ-
ences the inter-particles electrostatic repulsive forces and inhibits
particle aggregation [127]. Electrostatic stabilization is a simple
and low cost method for nanosuspension stabilization [128].
According to Eqs. 37 and 38, increase of the ionic strength re-
duces the thickness of double layer, leading to a fall in the repul-
sion force between particles [127]. The change in ionic strength
could be due to ingredients in the formulation or nanosuspension
contact with body fluids. In this regard, body fluids exhibit a
broad range of pH and electrolyte content [125]. Also, processing
conditions such as heat sterilization [129] or changing the medi-
um pH [130] can alter the electrostatic strength. Thus, alternative
methods of sterilization such as filtration or buffering systems are
recommended to prevent instability of the formulation [131].

The effect of surfactants

Surfactants/polymers decrease electrostatic force and
change the dielectric constant of medium. Therefore, they di-
minish repulsion between nanoparticles [132]. Zeta potential
is influence by the type as well as the concentration of
employed stabilizers or electrolytes in the medium [70]. In
this regard, steric stabilizers, such as HPMC and MC, alter
the zeta potential through surface coverage [55]. As such,
negatively or positively charged surfactant/polymers influ-
ence the total zeta potential of nanoparticles. For instance,
negatively charged ionic surfactants, such as SLS, improves
the Helmholts internal layer as well as the negative zeta po-
tential in a concentration dependent manner [55].
Accordingly, increase of the concentration of low molecular
weight chitosan enhances the positive charge at the surface of
atorvastatin nanocrystal [44]. Although, high zeta potential
inhibits the nanosuspension aggregation, it may impair inter-
actions between nanoparticles and surfactants with similar
charge, resulting in inefficient coverage. In the same manner,
electrolytes in the medium can diminish the charged layer
around the particles, resulting in a decrease in zeta potential.

Electrical charges of the particles and surfactant are key
players in surfactant adsorption to the surface. However, pH,
temperature, light, chemical nature and composition of the
particle surface and medium influence electrical charge [126,
133–136]. For instance, change in the medium pH alters zeta
potential, and causes repulsion between ibuprofen nanoparti-
cles and HPMC [2].

Steric hindrance

A substantial body of evidence indicates that polymers ef-
ficiently prevent nanoparticles from aggregation and agglom-
eration during preparation and/or incubation [1]. In this re-
gard, the affinity of nanoparticle for the polymer is a critical
determinant of the efficacy of stabilization [111].

Formation of steric barrier around the particles is one of the
main mechanisms of stabilizer-induced inhibition of aggregation
and agglomeration [1]. In fact, steric stabilizers decrease particle
contacts with the medium as well as attraction forces between
particles (Eq. 35). Accordingly, polymer-coated drug nanoparti-
cles exhibit lower Brownian motions, which are another mecha-
nism for inhibition of particle attraction and aggregation [70,
137]. In addition, polymer adsorption prevents attachment/
detachment of molecules of particle surface, thereby inhibiting
Ostwald ripening [53, 138–140]. Also, polymers and nonionic
surfactants tend to increase the solution viscosity, which in turn
provides a barrier against aggregation (Eq. 28).

Several variables of the particle, themedium and the stabilizer
influence the efficacy of steric barrier. In this regard, polymers
appear to provide a superior steric barrier compared with surfac-
tant shaving small molecular structure such as sodium lauryl
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sulfate [69, 141]. This is explained by more effective inhibition
of steric repulsion due to fast/tight adsorption and effective sur-
face coverage [89, 141, 142]. Of particular note, the thickness of
polymer layer ought to be about 10 nm in order to provide
efficient steric stabilization [70, 143].

Adsorption of polymers onto hydrophobic surfaces is due to
the hydrophobicity of polymer chain. On the other hand, the
hydrophilic moiety of polymer interacts with medium. So, the
chain morphology plays a pivotal role in polymer adsorption and
steric stabilization [69, 86]. In particular, long swinging hydro-
philic chains appear to provide better steric stability and protect
more efficiently against aggregation [144]. Furthermore, a range
of particles (340–440 nm) were obtained in formulations which
differed only on the molecular weight of the stabilizer, chitosan.
Indeed, low molecular weight chitosan yielded smaller
nanocrystals compared to moderate or high molecular weight
counterparts [44]. However, polymers with higher molecular
weight tend to reduce the rate of surface adsorption, which is
also an essential determinant of stability [34].

Application of block copolymers is shown to provide better
control/reduction of the particle shape and size [145]. In this
regard, poloxamer is a block copolymer of polyethylene oxide
(PEO), as hydrophilic segment, and polypropylene oxide (PPO),
as hydrophobic segment. The latter moiety helps surface adsorp-
tion, while the former provides steric hindrance surrounding the
particles, thus protecting against aggregation [89].

The efficacy of polymers in particle adhesion depends on tem-
perature. For example, chitosan fails to produce steric stabilization to
the atorvastatin nanocrystals at high temperatures (40 °C), resulting
in agglomeration [45]. As such, the protective effects of HPMC
against aggregation disappear, when temperature rises to 45 °C
due to dehydration of polymer chains or Ostwald ripening [55].

Steric stabilization has several advantages over electrostat-
ic stabilization. 1: the particles stabilized by steric hindrance
are re-dispersible [146, 147]; 2: dispersion medium elimina-
tion is possible even in high concentration of nano-crystals [7,
148]; 3: addition of electrolytes during ‘salting out’ process
does not influence the stability of formulation [149, 150]; and
4: it can be adopted for systems with multiple phases [151].

Choosing the appropriate stabilizer Stabilizers are extensively
used in nanosuspension formulations to adjust thermodynamic
and/or mechanical parameters in order to prevent or delay ag-
glomeration [86, 152]. Surfactants as well as polymers or a mix-
ture of both are employed as stabilizers. In particular, an appro-
priate stabilizer with proper quantity confer particle stability via
steric or electrical barriers, leading to balance of the surface en-
ergy [68, 69, 153, 154].

Surfactants and polymers tend to decrease Van Der Waals
forces, resulting in a decrease of Boltzmann constant (KB),
interfacial tension, and crystallization rate [155]. However,
the effect of surfactants/polymers is not limited to the surface
tension. Rather, they can increase the viscosity of system [53,

112], which interferes with mass diffusion (D) from solution
to solid–liquid surface, and decreases the growth rate (Eq. 31)
[56, 156–159]. In this regard, particle growth due to higher
HPMCs ratio in formulation is ascribed to the increase of
viscosity of solution [160].

An array of steric stabilizers are employed in the formulation
of nanosuspensions (Table 1), including hydroxypropyl methyl
cellulose (HPMC) [34, 109, 161], hydroxypropyl cellulose
(HPC), polyvinyl pyrrolidone (PVP K-30), Poloxamer (188
and 407), Vitamin E TPGS [34, 162], serum proteins (e.g. albu-
min) [45] and polyvinyl alcohol (PVA) [6, 7]. Accordingly, sev-
eral electrostatic stabilizers are also used to provide stability to the
formulation, including polysorbates (mainly Tween®80), sodi-
um lauryl sulfate (SLS) [34, 124], amphoteric surfactant (e.g.
lecithin) [70], lipoid S75 [120], and eudragit® [163]. Serum
proteins, such as albumin, were also extensively employed as
emulsifier to help stabilize oil-in-water emulsions [45, 164].
Hypothetically, serum proteins can also provide stability to
nanocrystals because of their ability to interact with hydrophobic
surfaces. Therefore, they confer steric barriers to nanocrystals
aggregation and growth, especially during consecutive centrifu-
gation and drying [165, 166].

Stabilizers are not equal efficacious for all formulations.
For example, PVP is effectively used in nanosuspension for-
mulations of phenytoin [167], probucol [168], hydrocortisone
acetate [53], celecoxib [64], ibuprofen [141] and griseofulvin
[107]. Conversely, it fails to inhibit aggregation in
itraconazole nanosuspensions because of low affinity to the
particle surface. In this regard, more viscose polymers such as
HPMC and MC have successfully been employed for the
stabilization of itraconazole nanocrystals [169].

Surfactants can supply better wetting of the nanoparticles
than do macromolecular hydrocolloids (PVP, HPMC and
MC). This indicates better dispersion with the former [86,
89]. In addition, high molecular weight polymers
(Poloxamer 407) provide higher degree of steric hindrance,
more size reduction, and better dispersion compared to their
counterparts with short side chains (Poloxamer 188) [89].
However, Lee et al., reported no correlation between the mo-
lecular weight and steric repulsion [69].

Some nonionic surfactants like Tween®80, Cremophor
EL, Pluronic F68, and TPGS are reported to inhibit the activ-
ity of P-glycoprotein efflux pumps, which are responsible for
backward pumping of the drug molecules and decrease of
their intracellular concentration. Also, surfactants enhance
drug penetration and increase drug absorption via paracellular
route. These mechanisms are additional to the effects of sur-
factants on particle behavior, and can explain better disposi-
tion of the drug molecules in target cells [170]. However, it
should be noted that perturbation of the integrity of cell mem-
brane can cause cytotoxicity.

Effect of surfactant HLB

DARU J Pharm Sci



Ta
bl
e
1

St
ab
ili
ze
rs
th
at
us
ed

in
va
ri
ou
s
na
no
su
sp
en
si
on

fo
rm

ul
at
io
ns

A
rt
ic
le
tit
le

D
ru
g
na
m
e

S
ta
bi
liz
er

na
m
e

T
he

be
st
st
ab
ili
ze
r

A
dd
iti
ve
s

C
la
ri
th
ro
m
yc
in

D
is
so
lu
tio

n
E
nh
an
ce
m
en
tb

y
Pr
ep
ar
at
io
n
of

A
qu
eo
us

N
an
os
us
pe
ns
io
ns

U
si
ng

S
on
op
re
ci
pi
ta
tio

n
Te
ch
ni
qu
e
[1
]

C
la
ri
th
ro
m
yc
in

H
P
M
C
E
5,
H
P
M
C
E
15
,H

PM
C
E
50
,T

w
ee
n®

80
,

Po
lo
xa
m
er

18
8,
N
aC

M
C
,P

V
A

H
PM

C
E
5,
H
PM

C
E
15
,

H
P
M
C
E
50

O
rt
ho
ph
os
ph
or
ic
ac
id

A
co
m
pa
ra
tiv

e
st
ud
y
of

to
p-
do
w
n
an
d
bo
tto

m
-u
p
ap
pr
oa
ch
es

fo
r
th
e
pr
ep
ar
at
io
n
of

m
ic
ro
/n
an
os
us
pe
ns
io
ns

[2
]

Ib
up
ro
fe
n
U
SP

S
L
S,

ko
lli
do
n
30

(P
V
P
K
-3
0)
,P

ol
ox
am

er
18
8,
Po

lo
xa
m
er

40
7,
Tw

ee
n®

80
,H

PM
C
s
=
K
3,
E
3,
E
5,
E
15
,A

15
pr
em

iu
m

LV
gr
ad
es

H
PM

C
s
=
K
3,
E
3,
E
5,
E
15
,

A
15

pr
em

iu
m

LV
gr
ad
es

C
hi
to
sa
n
ba
se
d
at
or
va
st
at
in

na
no
cr
ys
ta
ls
:e
ff
ec
to

f
ca
tio

ni
c
ch
ar
ge

on
pa
rt
ic
le
si
ze
,f
or
m
ul
at
io
n
st
ab
ili
ty
,a
nd

in
-v
iv
o
ef
fi
ca
cy

[4
4]

A
to
rv
as
ta
tin

(A
T
R
)

C
hi
to
sa
n
of

di
ff
er
en
tm

ol
ec
ul
ar

w
ei
gh
ts
(C
SL

-4
0,
C
SM

-4
80
,

C
SH

-8
50

kD
a)
;v

is
co
si
tie
s
(2
0,
20
0,
an
d
80
0
cp
s)
,

Po
lo
xa
m
er

40
7,
L
ab
ra
so
l®

L
ab
ra
so
l®
-l
ow

m
ol
ec
ul
ar

ch
ito

sa
n

E
ff
ec
ts
of

su
rf
ac
ta
nt
s
on

si
ze

an
d
st
ru
ct
ur
e
of

am
yl
os
e

na
no
pa
rt
ic
le
s
pr
ep
ar
ed

by
pr
ec
ip
ita
tio

n
[1
05
]

A
m
yl
os
e
w
ith

co
nt
en
to

f
99
.5
%

Tw
ee
n8
0,
Sp

an
80

Tw
ee
n
80
-S
pa
n
80

D
M
SO

(s
ol
ve
nt
)

F
or
m
ul
at
io
n
an
d
C
ha
ra
ct
er
iz
at
io
n
of

It
ra
co
na
zo
le
O
ra
l

N
an
os
us
pe
ns
io
n:

M
et
hy
lC

el
lu
lo
se

as
P
ro
m
is
in
g

S
ta
bi
liz
er

[8
9]

It
ra
co
na
zo
le
(I
T
Z
)
S
L
S,

P
V
P
K
25
,H

PM
C
E
15
,P

ol
ox
am

er
18
8
(P
.1
88
),

Po
lo
xa
m
er

40
7
(P
.4
07
),
m
et
hy
lc
el
lu
lo
se

(M
C
)

1-
Po

lo
xa
m
er

40
7
(P
.4
07
)

2-
Po

lo
xa
m
er
18
8
(P
.1
88
)

3-
SL

S
In
ve
st
ig
at
io
n
of

E
ff
ec
to

f
D
if
fe
re
nt

S
ta
bi
liz
er
s
on

Fo
rm

ul
at
io
n
of

Z
al
to
pr
of
en
N
an
os
us
pe
ns
io
n
[8
6]

Z
al
to
pr
of
en

Pl
ur
on
ic
F6

8
(P
ol
oa
xa
m
er

18
8)
,P

lu
ro
ni
c
F
12
7

(P
ol
ox
am

er
40
7)
,S

od
iu
m

la
ur
yl

su
lp
ha
te
(S
L
S)

Pl
ur
on
ic
F6

8-
SL

S

N
an
os
us
pe
ns
io
n
B
as
ed

In
Si
tu

G
el
lin

g
N
as
al
S
pr
ay

of
C
ar
ve
di
lo
l:
D
ev
el
op
m
en
t,
In

V
itr
o
an
d
In

V
iv
o

C
ha
ra
ct
er
iz
at
io
n
[1
10
]

C
ar
ve
di
lo
l(
C
R
V
)
P
ol
ox
am

er
40
7
(L
ut
ro
lF

12
7)
,P

ol
ox
am

er
18
8

(L
ut
ro
lF

68
),
S
L
S,

Tw
ee
n®

80
,S

ol
ut
ol
,P

V
P

K
-3
0,
St
ea
ri
c
ac
id
,O

le
ic
ac
id
,S

pa
n
40

Tw
ee
n8
0

M
et
ha
no
l

E
th
an
ol

A
ce
to
ne

M
et
ho
d
fo
r
sc
re
en
in
g
of

so
lid

di
sp
er
si
on

fo
rm

ul
at
io
ns

of
lo
w
-s
ol
ub
ili
ty

co
m
po
un
ds
—
M
in
ia
tu
ri
za
tio

n
an
d
au
to
m
at
io
n
of

so
lv
en
tc
as
tin

g
an
d
di
ss
ol
ut
io
n

te
st
in
g
[1
63
]

JN
J-
25
89
49
34

hy
dr
ox
yp
ro
py
lc
el
lu
lo
se

(H
PC

-S
L
),
hy
dr
ox
yp
ro
py
lm

et
hy
l

ce
llu

lo
se

ac
et
at
e
ph
th
al
at
e
(H

P
M
C
P
50
),
K
ol
lid

on
V
A
-6
4

(B
A
SF

,U
SA

),
P
la
sd
on
e
K
29
–3
2
(I
SP
,U

SA
),
ac
ry
la
te
-b
as
ed

(E
ud
ra
gi
t®

L
10
0
an
d
E
ud
ra
gi
t®

R
S1

00
),
V
ita
m
in

E
T
PG

S,
SL

S,
Pl
ur
on
ic
F1

27
N
F
(P
ol
ox
am

er
40
7,
B
A
SF

,U
SA

),
Tw

ee
n®

80
,C

ro
de
st
a
F-
16
0,

C
ro
de
st
a
F
-1
10
,C

re
m
op
ho
r

E
L
,V

ol
po

10

Pl
as
do
ne

K
29
–3
2
(I
SP
,

U
S
A
)&

C
re
m
op
ho
r
E
L

so
lv
en
ts
us
ed

(a
ce
to
ne
,

et
ha
no
l,n
-p
ro
pa
no
l)

E
va
lu
at
io
n
of

Ta
da
la
fi
lN

an
os
us
pe
ns
io
ns

an
d
T
he
ir

PE
G
S
ol
id

D
is
pe
rs
io
n

M
at
ri
ce
s
fo
r
E
nh
an
ci
ng

It
s
D
is
so
lu
tio

n
Pr
op
er
tie
s
[1
77
]

T a
da
la
fi
l

P
V
P
K
30
,M

et
ho
ce
lE

5
LV

,P
lu
ro
ni
c
F
-6
8,
SL

S,
N
a

do
cu
sa
te
,T

ri
to
n
X
-1
00
,C

re
m
op
ho
r
E
L
,B

ri
j®
58
,

Tw
ee
n®

80
,S

pa
n2
0,
S
pa
n6
0,
Sp

an
80

Tw
ee
n®

80
-S
pa
n8
0
1:
1

A
ce
to
ne

(s
ol
ve
nt
)

W
at
er

(a
nt
i-
so
lv
en
t)

PE
G
40
00

(S
ol
id

D
is
pe
rs
io
n

M
at
ri
ce
s)

DARU J Pharm Sci



Hydrophilic Lipophilic Balance (HLB) is a key feature in
surfactants and influences the outcome of their application in
formulations [2]. Actually, it demonstrates the magnitude of
water to lipid attraction of a specific surfactant; i.e., those with
lower HLB are more lipophilic and vice versa. Thus, HLB
values of surfactants can assist in selecting the proper stabiliz-
er. Albeit, there are some studies which highlight that HLB is
not an appropriate criterion for stabilizer selection. The HLB
values of some stabilizers are summarized in the Table 2.

Generally, nanosuspensions are hydrophobic drugs dis-
persed in hydrophilic media. Therefore, hydrophobic drug
molecules tend to have more interactions with hydrophobic
surfactants (low HLB), resulting in more reduction of surface
energy, better dissolution, and smaller particles. For instance,
there is a positive correlation between the size of ibuprofen
nanoparticles, as lyophobic materials, and the HLB value of
non-ionic stabilizer in bottom-up approach (Fig. 5).
Conversely, larger particles are obtained when polymer with
higher HLB are implemented [2].

The favorable range of stabilizer HLB to get the minimum
size and maximum stability of nanosuspension is 10–15
(Tables 1 and 2) [1, 2]. For example, among SLS (HLB 40),
Span40 (HLB 6.7) [171] and Tween®80 (HLB 15), the latter
was the best particle size reducer [172]. In this regard, surfac-
tants with high HLB impair the ability of ionic stabilizers for
size reduction. This is explained by inter-surfactant repulsion
because of increase of particle charge density [44]. This phe-
nomenon was observed in the preparation of atorvastatin
nanocrystals; where labrasol® (HLB 12) was the best

stabilizer compared with PVP, Tween®40 and Tween®80
with higher HLB [44]. However, each formulation requires
individual selection of surfactants according to the parameters
of the particle surface and the medium. It is noteworthy that
surfactants with high HLB >14 may have harmful effects such
as cytotoxicity, immunogenicity, or poor biodegradability [44,
173].

Effect of surfactant concentration

Application of surfactant with high concentration may ad-
versely influence the nanosuspension formation and stabiliza-
tion. In this regard, the surfactant solubility limit may cause
precipitation at high concentrations. In addition, formation of
a third layer around the particles can cause repulsion [105].
Accordingly, high concentrations of hydrophilic surfactants
can promote nanoparticle dissolution through micelle forma-
tion, and cause instability via Ostwald ripening [69, 141, 174].
For instance, ibuprofen nanoparticles were more soluble in the
presence of SLS, Tween®80 and Pluronic F-127, leading to
erosion of small molecules and growth of large ones, i.e.,
instability of the formulation [2].

The concentration of stabilizer is a key factor in
nanosuspension stability, and requires optimization for each
formulation. At low concentrations, the efficacy of stabilizer
diminishes because of low potency of surface coverage to
form steric hindrance. For instance, the suitable concentration
of MC for optimal size reduction and stabilization of
itraconazole nanoparticles was 40% [89]. Moreover dilution
of nanosuspension, by decreasing the efficacy of steric

Table 2 The HLB value of some stabilizer which is used for
nanosuspensions stability

Stabilizer name HLB value

HPMCS 10–12

Tween®80 15

Poloxamer 188 (Pluronic F-68) 29

PVA 18

SLS ≈40
Poloxamer 407 (Pluronic F-127) 22

Labrasol® 12

Span 80 4.3

Solutol ~15

Span 40 6.7

Vitamin E TPGS ≈13.2
Crodesta F-160 14.5

Crodesta F-110 12

Cremophor EL 12–14

Volpo 10 Volpo N10 = 12.4

Span 20 8.6

Span 60 4.7

Brij® 58 15.7

Fig. 5 Particle size of ibuprofen suspensions as a function of HLB value
of the stabilizer: precipitation. (♦) HPMCs, (▲) Tween®80, (●) Pluronic
F-127 and (■) Pluronic F-68. Reprinted with permission from [2].
Copyright (2009) Elsevier
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stabilizer for surface coverage, induces aggregation [89, 175].
In this regards, itraconazole particles grow in size due to dilu-
tion of formulation and reduction of HPMC concentration
[175]. Accordingly, insufficient amount of stabilizer is report-
ed to be the cause of agglomeration in zaltoprofen
nanosuspension, whereas excess amounts of it induce
Ostwald ripening [86].

Thus, too little or too much surfactant/stabilizer can yield
unfavorable particles. In this regard, absence of surfactant in
amylose nanosuspension resulted in large particles, whereas
small particles of interest were obtained with surfactant at the
concentration of 0.5% (w/v) [105]. Conversely, high concen-
trations of surfactant resulted in large agglomerate [105]. In
the same manner, the optimal concentration of low molecular
weight chitosan for the stabilization of atorvastatin was 0.3%
(w/w), and increasing its concentration to 0.4 and 0.5% (w/w)
led to particle agglomeration [44]. The paradoxical agglomer-
ation because of high concentrations of stabilizer is explained
by Ostwald ripening as well as increase of osmotic pressure.
While the former enhances the solubility and causes erosion of
small and growth of large particles, the latter induce attraction
between colloidal particles [176].

Combination of surfactants

Combination of different surfactants/polymers is im-
plemented when the optimal condition is not conceiv-
able with a single stabilizer. The absorption of surfac-
tant depends on the nature of particle surface. For in-
stance, lyophobic nanoparticles such as tadalafil [177]
and amylose [105] exhibit hydrophobic surface. So, sur-
factants with lower HLB tend to bind better on these
surfaces. However, hydrophilic surfactants (high HLB)
have shown higher steric stabilization. Thus, surfactants
with low HLB may not be suitable choices in all cases.
In fact, a combination of hydrophilic and hydrophobic
surfactants seems to offer a better choice. In this regard,
combination of tween®80 (HLB 15) with span80 (HLB
4.3) produced optimal amylose or tadalafil nanoparticles
(Table 3) [105, 177]. However, these formulations re-
quired different ratios of tween®80 to span80.

Combination of polymers is shown to reduce particle size
more efficiently than either of them alone, demonstrating syn-
ergistic effects [163]. In addition, simultaneous application of
steric and electrostatic stabilizers, known as electrosteric sta-
bilization, provides better protection against agglomeration
[178]. For instance, charged polymers (cationic or anionic)
such as chitosan confer both electrostatic repulsion and steric
stabilization, thus prevent the adhesion of nanoparticles more
efficiently [44]. Chitosan, also, enhances bioavailability due
to mucoadhesion [179]. Accordingly, combination of high-Tg
polymers (HPMCP 50 or Eudragit® L100) with surfactants
enhances the dissolution rate, stability, and bioavailability of
nanoparticulate drugs [163].

The synergistic effect of mixed surfactants on
nanosuspension stability is explained by better coverage of
the particle surface. In this regard, low amounts of Span80
penetrates into the gaps between Tween®80 molecules
(Fig. 6), resulting in better coating of the nanoparticle surface.
In fact, Span80 as inhibits the interactions between polar
groups of Tween®80 produces a monolayer around the nano-
particle. This allows maximum coating with minimum con-
centration of the surfactant, and prevents the perturbation of
other parameters of stability due to high concentrations of
surfactant [177]. Alternatively, Tween®80 can be absorbed
as the second layer over the internal layer of Span80 coating
the particle. This indicates a surfactant bilayer, but requires
high concentrations of the surfactants [177].

Although application of two stabilizers appears to provide
better protection, it adds another level of complexity for the
optimization of formulation. Particularly, the ratio of polymers
ought to be optimized to get the desired level of stability. In
this regard, combination of PVP and SLS confer better size
reduction. Meanwhile, increase of PVP ratios hampers the
stability of formulation [180]. In fact, PVP seems to inhibit
the surface adsorption of SLS at high concentrations. This is

Fig. 6 Interaction models of surfactants (white triangles and circles)
Span80 and (black triangles and circles) Tween®80. Reprinted with
permission from [177]. Copyright (2014) Springer Nature

Table 3 Effect of surfactant HLB on mean size and PDI of amylase
nanoparticles. Reprinted with permission from [105]. Copyright (2016)
Indian Academy of Sciences

Tween80/Span80 (w/w) HLB Mean size (nm) PDI

0/100 4.30 174.8 ±17.7 0.380 ± 0.063

25/75 6.98 183.1 ± 3.7 0.402 ± 0.032

50/50 6.65 173.1 ± 2.2 0.422 ± 0.017

75/25 12.33 155.2 ± 2.8 0.340 ± 0.032

100/0 15.0 157.4 ± 3.8 0.394 ± 0.020
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explained by the fact that free PVPmolecules can interact with
SLS molecules due to opposite charges [167, 180].

According to the DLVO theory, the effect of mixing se-
quence has no influence which may be as a result of formation
of right energy barrier between the particles and hence have
good physical properties [117].

Drying for particle stability Dry powder formulations to be
reconstituted as nanosuspension are becoming trendy to en-
hance the stability of system during long term storage. Also,
nanosuspensions in dry state are harnessed for the preparation
of solid dosage form such as tablets, capsules, and pellets. In
this regard, spray drying, freeze drying, spray freeze drying,
pelletization and granulation have been successfully
employed to transform the liquid nanosuspensions into dry
powder [106, 181]. In fact, drying appears to suppress the
electrostatic activity due to lower effects of electrolytes in
dry state [128].

Various additives such as polymers, surfactants, cryoprotec-
tants and lyoprotectants are used as stabilizer or cryo/thermal-
protectant in formulation or drying process. These excipients
can alter particle behavior because of surface interaction or
change in medium properties [106, 182–184]. In addition, the
selection of carriers should not also perturb the maintenance of
physicochemical properties of the nanoparticle after re-dispersion
[185]. In this regard, sugar base cryoprotectants such as sucrose
decrease the surface zeta potential of itraconazole loaded poly (ε-
caprolactone) nanoparticles by masking the OH group on the
surface [186]. Accordingly, mannitol appears to result in lower
polydispersity, more size reduction, and better cryopreservation
compared to sucrose [89, 117].

Conclusion

Taken together, nanosuspensions are very useful for the for-
mulation of poorly water soluble drug molecules, and can
increase their bioavailability, thereby, therapeutic efficacy.
The bottom-up approach involves precipitation of supersatu-
rated solutions for naonoparticle formation. Several parame-
ters in the particle, dispersion medium and formulation/
s torage condi t ion are cr i t ical in the stabi l i ty of
nanosuspension. Nucleation and particle growth share similar
mechanisms with instability, i.e., the same principles that
cause nucleation and particle formation can cause inappropri-
ate growth an agglomeration. Thus, application of excipients
such as stabilizers requires proper optimization of type and
concentration. This implies that each formulation requires its
own optimization process, and if a drying process is
employed, one ought to consider the effects additional vari-
ables to ensure the desired size and behavior of particles as
well as the stability and therapeutic efficacy of formulation.
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