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a major challenge that compromises bioavailability and pharmacological re-
sponses. Nanosuspensions have emerged as an effective technology for en-
hancing drug solubility and the dissolution rate of the drug. This review criti-
cally explores the formulation strategies, including bottom-up, top-down, and
combinative techniques, and solidification methods such as spray drying and
lyophilization. A detailed evaluation of key stability challenges—aggregation,
Ostwald ripening, and crystal growth—is provided, along with mechanistic in-
sights into electrostatic, steric, and electrosteric stabilization. The manuscript
emphasizes how stabilizer type and concentration significantly influence the
physical stability and performance of nanosuspensions. Characterization pa-
rameters such as particle size, zeta potential, saturation solubility, and crystal-
linity transitions are discussed to ensure optimal formulation quality. Addition-
ally, recent advancements in route-specific nanosuspension applications and
selected clinical trial data underscore the evolving relevance of this approach.
The review concludes by outlining future directions for enhancing long-term
stability and expanding therapeutic applications.

Keywords: Solubility enhancement, nanosuspension, stabilization, crystal
growth, bioavailability, formulation strategies

INTRODUCTION

The solubility of the medication is a critical factor in determining how
quickly it dissolves and absorbs into the body (Das et al., 2022). Ac-
cording to the USFDA biopharmaceutics classification system-based
biowaivers, approximately 54% of new drug entities and 33% of mar-
keted drugs belong to BCS Class 2, characterized by poor water sol-
ubility (The Innovation Makers: First-in-Class New Drug Approvals
- DCAT Value Chain Insights, 2022). These drugs often exhibit lim-
ited oral bioavailability and require higher doses. Factors influencing
drug solubility include particle size, shape, solvent type, pH, pKa, log P
value, and chemical structure. Various enhancement strategies aim to
improve solubility and, in turn, the therapeutic efficacy of poorly solu-
ble drugs (Khan et al., 2022).
In recent years, nanosuspensions have emerged as a versatile and ef-
a Department of Pharmaceutics, fective nanotechnological platform to overcome solubility-related chal-
School of Pharmacy, Faculty lenges. Numerous studies have explored different preparation techniques,
of Pharmacy, Parul University, stabilization mechanisms, and solidification approaches to optimize na-
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nosuspension performance. Despite this, a comprehensive understanding
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This review uniquely consolidates existing knowledge on nano-
© The Author(s), 2025 suspension technologies while placing a particular prominence on the
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physicochemical stability challenges that limit their
practical application. Unlike existing literature, which
often focuses either on preparation methods or clinical
applications, this work systematically links formula-
tion strategies with the underlying stabilization mech-
anisms and long-term performance. The novelty of
this review lies in its combined approach—discussing
not only how nanosuspensions are prepared and so-
lidified but also critically examining the causes of
instability such as aggregation, Ostwald ripening,
and crystal growth. This complete viewpoint aims to
provide researchers and formulators with practical in-
sights for advancing nanosuspension-based drug de-
livery systems (Tian et al., 2022).

IMPORTANCE OF SOLUBILITY
ENHANCEMENT

Low solubility of drugs significantly impacts bi-
oavailability and reduces therapeutic effective-
ness. When drugs are administered orally, high
solubility is essential; otherwise, it becomes the
rate-limiting step for absorption, limiting the drug’s
efficacy (Coltescu et al., 2020). Therefore, poorly
water-soluble drugs exhibit a slow absorption rate,
leading to reduced bioavailability and ultimately
diminishing the pharmacological response. Solubil-
ity and dissolution rate are critical parameters that
greatly influence the bioavailability and absorption
of a drug. When these factors are insufficient, they
compromise the attainment of the desired drug con-
centration in systemic circulation, reducing thera-
peutic effectiveness. Due to the lower solubility and
bioavailability of hydrophobic drugs, they typically
require high dosages and high dosing schedules to
affect therapeutic plasma concentrations following
administration (Rahman & Haider, 2023).

SUSPENSION

A suspension is a heterogeneous, biphasic system in
which a solid drug is dispersed within a liquid (aque-
ous or non-aqueous) dosage form. In this system, the
liquid vehicle acts as the external or continuous phase,
also known as the dispersion medium, while the solid
drug, which is insoluble in the liquid, forms the internal
phase. The liquid phase may be aqueous or oil-based,
depending on the formulation requirements. Addition-
ally, a suspension is a type of coarse dispersion, where
hydrophobic drugs are uniformly distributed within
the dispersion medium (Arora et al., 2022).
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Nanosuspension is a nano-sized carrier-free dis-
persion of solid drug particles in an aqueous phase
or sub-micron-sized colloidal dispersion within
the range of 100-1000 nm. It is stabilized using a
suitable polymer, surfactant or both (Ibrahim et al.,
2019). Nanosuspensions are prone to agglomeration,
Ostwald ripening, and crystal growth due to their in-
creased surface area and high surface free energy,
which result in thermodynamic instability. How-
ever, the desired quality of nanosuspensions can be
achieved by carefully selecting and optimizing the
type and concentration of stabilizers (Baumgartner
et al., 2016). Nanosuspension can be administered
by different routes such as dermal, pulmonary, na-
sal, oral, parenteral, transdermal, ophthalmic, etc.
Currently, various commercial oral nanosuspension
products are available, such as Tricor® (fenofibrate)
by Abbott, Zanaflex® (tizanidine HCI capsules) of
Acorda, and Emend® (aprepitant capsule) by Merck
(Pnar et al., 2023a).

Potential Benefits of Nanosuspension

Nanosuspensions enhance drug dissolution, absorp-
tion, bioavailability, and onset of action by reducing
particle size. This carrier-free nanonization approach
improves the solubility of drugs, making them more
effective in the gastrointestinal (GI) tract. Addition-
ally, nanosuspensions can be lyophilized to solidify
the formulation, reducing physical instability and
improving suitability for oral administration. They
can adhere to GI mucosa depending on the surface
charge and the physicochemical properties of the ac-
tive pharmaceutical ingredient (API) and surfactant
used. By reducing the required dose, nanosuspen-
sions make formulations more economical while
minimizing the side effects of the API (Fathi-Karkan
et al., 2024; Rani et al., 2023a).

Stability Problems with Nanosuspension

Suspensions, as biphasic liquid formulations, are
inherently unstable. Nanosuspensions, in particular,
are prone to various stability challenges, including
physical, chemical, and, to some extent, biological
instability. For intravenous administration, it is cru-
cial to evaluate plasma compatibility. Furthermore,
chemical stability concerns, such as susceptibility to
hydrolysis, oxidation, or reduction, must be carefully
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assessed to ensure the formulation’s effectiveness
and safety (Guan et al., 2022b).

Aggregation is a significant factor contributing to
the instability of nanosuspension formulations, pri-
marily caused by the Brownian motion of drug parti-
cles. As these particles move, they may stick together
and coalesce due to attractive forces or strong inter-
actions such as van der Waals forces, covalent bonds,
or ionic interactions. This phenomenon is especially
common in liquid nanosuspensions during storage,
leading to the formation of tightly bound, strong,
and often irreversible aggregates (Kovalchuk et al.,
2019). Aggregation results in an increase in particle
size and available surface area, which diminishes sol-
ubility and dissolution rates, ultimately delaying the
bioavailability of the formulation. Additionally, in-
sufficient concentrations of stabilizers in the nanosus-
pension can exacerbate aggregation, further compro-
mising the formulation’s stability and performance
(Li et al., 2018). Agglomeration is another form of
instability in nanosuspensions, characterized by the
loose association of particles due to weak forces such
as van der Waals forces, electrostatic interactions,
capillary forces, or other physical forces. This pro-
cess results in the rapid settling of particles, leading
to a reduction in surface area and an increase in par-
ticle size due to the formation of agglomerates. The
large surface area of nanoparticles contributes to high
surface free energy, which drives thermodynamic in-
stability. Agglomeration occurs as a way to reduce the
system’s free energy by decreasing the surface area.
However, this process compromises the physico-
chemical stability of the nanosuspension, affecting its
performance and effectiveness (Okada et al., 2021).

Aggregation and agglomeration in nanosuspen-
sions can lead to rapid sedimentation of particles, a
phenomenon known as sedimentation. The transi-
tion in size ranges, whether from molecular disper-
sions to colloids or from colloids to coarse disper-
sions, occurs gradually and without clear boundaries.
Sedimentation becomes inevitable when the gravita-
tional force acting on the particles exceeds the buoy-
ancy force within the colloidal system. Particles of
varying sizes, densities, and velocities tend to aggre-
gate into floccules, which significantly accelerate par-
ticle settling (Shete et al., 2016). Sedimentation is one
of the reasons for the instability of particles present in
nanosuspension. In flocculated and unflocculated na-
nosuspension, sedimentation is directly proportional
to particle size (nm), particle size distribution, charges
present on particles, density of nanoparticles and vis-
cosity of dispersion phase (Lokare et al., 2022).
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Ostwald ripening is a process where smaller par-
ticles in a mixture dissolve, and their material moves
through the medium to larger particles, causing the
larger ones to grow due to accumulation on them.
This process depends on two main factors: the dif-
fusion of solute molecules through the medium and
the attachment or detachment of these molecules at
the particle surface (crystal growth or dissolution).
If the solute attaches or detaches quickly at the sur-
face, the movement of solute through the medium
(diffusion) becomes the limiting factor, making the
process diffusion-controlled. On the other hand, if
solute molecules move quickly but take time to at-
tach or detach from the surface, the rate is determined
by the mechanisms of crystal growth, also known as
interface-controlled growth (Prajapati et al., 2025).
These mechanisms can occur in three ways: continu-
ous growth (steady addition of molecules to the sur-
face), surface nucleation (sporadic layer formation),
or spiral growth (attachment along defects or steps)
(Dong et al., 2022). The equation dn — do* = k x t
explains how particle size changes over time during
this process, where the difference between the cur-
rent size and the initial size depends on the specific
growth mechanism, the rate constant (k), and the
time elapsed (t) (Hiemenz & Rajagopalan, 2016).

Agglomeration and aggregation of small na-
noparticles present in nanosuspension cause the
formation of larger particles, which compromises
the physical stability of nanosuspension, which is
also known as crystal growth (Okada et al., 2021).
Amorphous particles are less stable than crystalline
particles because they have higher energy and dis-
solve more readily. Their increased solubility leads
to the formation of a supersaturated solution, where
the concentration of the dissolved substance exceeds
the solubility limit of the crystalline form. This trig-
gers crystal formation, with the rate depending on
the level of supersaturation. To slow down crystal
formation, additives can be introduced to reduce the
solubility of amorphous particles. However, for oral
medications, minimizing the use of additives is es-
sential to maintain high bioavailability (the body’s
ability to absorb the drug). Typically, the solubility
of amorphous particles is about ten times greater
than that of crystalline particles. Once crystals begin
to form, they grow rapidly, drawing material from
the amorphous particles. Additionally, crystalline
particles may accidentally form during the prepara-
tion of amorphous particles, potentially compromis-
ing the stability and effectiveness of the final product
(Hang et al., 2022).
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CRYSTAL GROWTH

The milling process alters Gibbs free energy, leading to
a thermodynamically unstable nanosuspension prone
to crystal growth due to Ostwald ripening, which in
turn negatively impacts dissolution rates and solubil-
ity. The selection of stabilizer and concentration of sta-
bilizer highly affect the crystal growth (Patel, 2022).
The amorphous drug dissolves in the solvent, creating
an unstable supersaturated state relative to crystalline
solubility, which triggers crystal nucleation. Con-
trolling solubility can help reduce the nucleation rate,
ensuring better stability (Guan et al., 2022a; Meng et
al., 2021). Crystal growth occurs when dissolved drug
molecules from a supersaturated solution precipitate
and attach to existing crystals, leading to an increase
in crystal size. This process is influenced by solubility
differences between amorphous and crystalline forms,
where amorphous nanoparticles dissolve faster, creat-
ing a supersaturated environment. If crystalline parti-
cles are present, they act as seeds, promoting further
crystal growth while amorphous particles dissolve, a
phenomenon similar to Ostwald ripening (Sutradhar
et al., 2013; Zhang et al., 2024).

COMPONENTS OF NANOSUSPENSION

Nanosuspensions commonly contain excipients such
as stabilizers, polymers, surfactants, osmotic agents,
organic solvents, cryoprotectants, buffers, complex-
ing agents, organoleptic agents, and preservatives.
These excipients play crucial roles in ensuring sta-
bility, improving solubility, preventing aggregation,
and enhancing the overall performance and shelf life
of the formulation (Jacob et al., 2025).

Stabilizers

Stabilizers are crucial for preventing particle agglom-
eration or aggregation formation, which further hin-
ders sedimentation and helps in dispersing solid par-
ticles in nanosuspensions and enhances the physical
appearance of the formulation. The primary stabiliza-
tion techniques are electrostatic and steric stabiliza-
tion. Electrostatic stabilization occurs when ionic sur-
factants, such as soya lecithin or sodium lauryl sulfate
(SLS), adsorb onto the particle surface. This adsorp-
tion imparts a surface charge, generating electrostatic
repulsion that prevents the aggregation of nanosized
particles (Soroushnia et al., 2022). Steric stabilization
or entropic steric interactions involve the adsorption
or attachment of non-ionic amphipathic polymers to
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the particle surface, preventing aggregation. These
stabilizing moieties are mutually repulsive, main-
taining adequate particle separation. To be effective,
the polymers must be adsorbed, partially absorbed,
or firmly attached to the surface, ensuring stability
against Brownian collisions. Complete surface cov-
erage is crucial to prevent particle escape. Polymers
with a specific affinity for the particle surface are typ-
ically used, adsorbing in a manner that allows their
chain segments to extend into the dispersion medium.
When particles approach each other, the adsorbed pol-
ymer layers interact, leading to interpenetration of the
hydrophilic chains (Pryazhnikov et al., 2025).
Flocculation may occur with heating, cooling, or
both, but it is usually reversible. The most commonly
used steric stabilizers include povidone (PVP), hy-
droxypropylmethylcellulose (HPMC), and hydroxy-
propyl cellulose (HPC). This technique is crucial for
improving the stability of nanosuspensions by pre-
venting particle aggregation through the formation of
a protective layer surrounding the particles (Patel et al.,
2016). Sterically stabilized dispersions are generally
sensitive to temperature changes as compared to elec-
trostatic stabilization. Hence, combining electrostatic
and steric stabilizers is recommended for better stabili-
zation of nanosuspensions, known as electrosteric sta-
bilization. A neutral polymer enhances ionic surfactant
coverage by reducing self-repulsion between charged
surfactant molecules, enabling closer packing (Smith
et al., 2021). Nanosuspensions consist of solid drug
particles enveloped by a stabilizer layer, making their
preparation relatively simple. However, determining
the optimal stabilizer concentration is crucial for main-
taining product stability (Elmowafy et al., 2021a). The
selection of a stabilizer is especially critical for cer-
tain routes of administration, such as parenteral de-
livery, where the risk of toxicity and infection must
be minimized (Ahire et al., 2018). Lecithin is widely
recommended as a stabilizer for both parenteral and
autoclavable formulations. The concentration of sur-
factants and polymers plays a crucial role in determin-
ing key parameters such as critical micelle concen-
tration (CMC) and critical flocculation concentration
(CFC). While higher stabilizer concentrations typi-
cally enhance adsorption and improve nanosuspension
stability, exceeding the CMC or CFC can result in
micellar solubilization, which may promote Ostwald
ripening and ultimately compromise system stability
(Elsebay et al., 2023). Therefore, choosing the appro-
priate type and optimal concentration of a surfactant or
stabilizer is crucial. Stabilizers help maintain the sys-
tem’s integrity by preventing or slowing undesirable
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physical and chemical changes, thereby enhancing
overall performance. In addition to stabilizing newly
formed nanocrystals, they influence the formulation
process and may affect drug bioavailability. Thus,
selecting the right stabilizer for nanosuspension for-
mulations requires careful evaluation. Depending on
the formulation requirements, stabilizers can be either
polymers or surfactants (Guan et al., 2017).

Surfactants

Surfactants are helpful to reduce the interfacial ten-
sion between the dispersed phase and the continuous
phase. It also helps in maintaining the surface charges
by which enhances the stability of the drug. Sur-
factant can act as a stabilizers as its role is to prevent
the clumping of particles, which inhibits the growth
of particle size. The mechanism of action of non-
ionic surfactant and polymeric stabilizer is based on
the steric layer. Surface-active agents, or surfactants,
are amphiphilic molecules, meaning that part of the
molecule is hydrophilic (water-loving) and part is
lipophilic (oil-loving). This dual nature causes the
surfactants to orient themselves at interfaces, such as
between water and oil, reducing the interfacial ten-
sion between the continuous and dispersed phases.
This property is crucial in processes like emulsions
and suspensions (Pryazhnikov et al., 2025).

The Hydrophilic-Lipophilic Balance (HLB) scale,
developed by Griffin, classifies nonionic surfactants
and aids in selecting suitable emulsifiers and sur-
factants. Surfactants with lower HLB values (0-10)

Table 1: Excipients for Nanosuspension

Nanosuspensions for Enhancing Drug Solubility ...

are lipophilic, used for antifoaming, water-in-oil emul-
sification, and wetting, while those with higher values
(10-20) are hydrophilic, suited for oil-in-water emul-
sification and solubilization. As surfactants are often
complex mixtures, their properties may vary across
manufacturers. They are widely valued for enhancing
the solubility of poorly water-soluble substances and
their relatively low toxicity (Gong et al., 2021).

A screening study suggests that results indicate
that for anionic surfactants, concentrations above
the critical micelle concentration (CMC) are bene-
ficial for producing nanosuspensions with particle
sizes <250 nm. Below the CMC, only half of the
surfactant binds to the drug molecule, while the rest
provides repulsion, leading to incomplete surface
coverage and insufficient surface stabilization. At
or above the CMC, the surfactant fully saturates the
surface, and micelles form, enhancing repulsion and
improving nanosuspension stability. However, as
the ion concentration increases, the electrical double
layer thins, reducing the zeta potential and stability,
causing particle agglomeration. In general, combin-
ing both electrostatic and steric stabilizers is recom-
mended for better stabilizing a nanosuspension. A
neutral polymer can improve the coverage provided
by an ionic surfactant by reducing the self-repulsion
of the charged surfactant molecules. This allows the
surfactant molecules to pack more closely together,
enhancing the overall stability of the suspension (Tok
et al., 2023). Table 1 presents the suitable materials
commonly used in nanosuspension formulation.

Role in nanosuspension
Type of excipients | Sub types Examples formulation References
Continuous Phase or | Aqueous Phase Double Distilled Water Act as a continuous phase (Jadhav et al.,
Dispersion Phase Non-aqueous Phase for nanosuspension 2023a)
Organic Phase Ethanol It is one of the methods (Geetha et al.,
Methanol which is used for the Nano- | 2014)
DMSO suspension formulation to
precipitate the drug out.
Stabilizer Polymer or non- Poloxamers 188 To enhance the stability of (Purkayastha
ionic surfactants Poloxamers 407 the Drug & Prevent agglom- | & Hossian
Polyvinyl Alcohol eration of drug and inhibit SKI, 2019)
Ionic surfactant Sodium Lauryl Sulphate larger particle size (Purkayastha
(Anionic and & Sodium dodecyl sulfate & Hossian
cationic) (SDS), Docusate sodium SKI, 2019)
(dioctyl sodium sulfosuc-
cinate), Sodium stearate,
Cetyltrimethylammo-
nium bromide (CTAB),
Cetylpyridinium chloride
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Organic Solvent

In some bottom-up methods of nanosuspension
preparation, such as emulsion diffusion or solvent
evaporation, the use of organic solvents is neces-
sary. The primary concerns with these methods are
the potential toxicity of the solvents and the chal-
lenge of completely removing them from the final
formulation (Ravi et al., 2021). Commonly used wa-
ter-miscible and partially water-miscible ICH-listed
solvents include ethanol, isopropanol, ethyl acetate,
propylene carbonate, ethyl formate, triacetin, and
benzyl alcohol (Aldeeb et al., 2024). When pre-
paring nanosuspensions using emulsion or micro-
emulsion models, the use of organic solvents may
be necessary. The acceptance of organic solvents in
pharmaceuticals requires careful consideration of
their potential toxicity and the effectiveness of their
removal from the final product. These factors must
be carefully evaluated when developing nanosus-
pensions(Patel et al., 2016).

Co-Surfactants

When using microemulsions to prepare nanosus-
pensions, selecting the appropriate cosurfactant is
essential. The influence of the co-surfactant on the
acquisition of the inner phase and drug loading, par-
ticularly in microemulsion formulations, should be
thoroughly investigated, as it significantly affects
the phase characteristics. Bile salts and dipotassium
glycyrrhizinate are frequently mentioned as co-sur-
factants in the literature, while other solubilizers like
transcutol, glycofurol, ethanol, and isopropanol are
also suitable for safe use in microemulsion and na-
nosuspension formulations (Pawar et al., 2017).

METHODS FOR PREPARING
NANOSUSPENSION

Nanosuspensions are created by reducing particle
size to achieve a physically stable formulation. Two
primary methods are used in their preparation: bot-
tom-up technology and top-down technology. In the
bottom-up approach, molecules come together and
gradually form nanosized particles, while in the top-
down approach, larger macromolecules are broken
down into nano-sized particles through techniques
like milling or high-pressure homogenization. Both
methods are aimed at achieving stability, enhancing
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solubility, and improving bioavailability of the na-
nosuspension formulation (Pawar et al., 2017).

Bottom-up Method

It includes precipitation of a saturated solution of the
drug in which some methods, such as the solvent-an-
tisolvent method, spray drying, supercritical fluid
and emulsion-solvent evaporation method. A series
of processes includes supersaturation, nucleation of
molecules, and diffusion across the solute and nan-
oparticle growth in nanosuspension. It produces na-
noparticles with a narrow particle size distribution
or PDI. However, this method forms various unsta-
ble polymorphs, hydrates and solvates which are
needle-shaped crystals. The organic solvent can be
removed by evaporation (by applying temperature)
and high pressure (Ahmadi Tehrani et al., 2019).

Precipitation Method or Anti-solvent
Method

This technique is simple and cost-effective, particu-
larly for formulating small-scale nanosuspensions in
the laboratory. The process begins by dissolving the
drug in an organic solvent (acetone, acetyl nitrile,
methanol, ethanol, chloroform, or DMSO) to create
a highly saturated solution. This saturated solution is
then mixed with an aqueous solution with surfactant,
leading to the precipitation of the drug molecules in
an amorphous form, which significantly enhances
the solubility of the medicinal compound. However,
a major challenge lies in preventing crystal growth
due to Ostwald ripening, which occurs because of the
varying saturation solubilities among the nano-sized
particles; other top-down techniques are more pre-
ferred over the precipitation method (Jadhav et al.,
2023b; Shinkar et al., 2022).

Micro-emulsification Method or
Solvent-emulsification Method

In this method, the drug is dissolved in an appro-
priate amount of organic solvent and then dispersed
in an aqueous medium containing a stabilizer to
prevent particle aggregation and agglomeration.
The mixture is stirred continuously using a mag-
netic stirrer. The organic solvent is subsequently
evaporated by maintaining a suitable temperature,
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considering the boiling point of the solvent (Aher
etal., 2017).

Melt Emulsification Method

In this method, a lipophilic or poorly water-solu-
ble drug is dispersed in water or an aqueous me-
dium containing a surfactant and heated above its
melting point to create molten drug droplets. This
emulsified mixture is then subjected to high-shear
mixing or high-pressure homogenization, where
intense mechanical forces reduce the droplet size
to the nanoscale. The homogenized emulsion is
rapidly cooled (quenched), solidifying the molten
droplets into stabilized nanoparticles, resulting in a
nanosuspension. The surfactant prevents aggrega-
tion by stabilizing the nanoparticles in the aqueous
medium, ensuring a uniform dispersion. This tech-
nique is solvent-free, scalable, and suitable for im-
proving the solubility and bioavailability of poorly
water-soluble drugs, although it may not be ideal
for thermosensitive compounds (Pan et al., 2015;
Yadollahi et al., 2015).

Supercritical fluid method

Conventional techniques like solvent extrac-
tion-evaporation, solvent diffusion, and organic
phase separation rely on organic solvents, posing
environmental and biological risks. Supercritical
carbon dioxide (SC-CO:) presents a sustainable
alternative for nanosuspension preparation, of-
fering a low critical temperature, optimal density,
and viscosity near the critical point, along with
environmental benefits. A fluid becomes super-
critical when its temperature and pressure exceed
critical values, eliminating distinct liquid and gas
phases. In this state, it exhibits unique properties,
blending characteristics of both liquids and gases
(Ikeda et al., 2023). Among the most commonly
employed methods utilizing supercritical fluids are
supercritical assisted atomization (SAA), supercrit-
ical anti-solvent precipitation (SAS), supercritical
emulsion extraction (SEE) and rapid expansion of
supercritical solvent (RESS) techniques. Expanded
fluid for the nanosuspension formulation is a mix-
ture of SC-CO, and an organic solvent to dissolve
the drug amount. The mixture is depressurized
in surfactant-containing water or aqueous phase
(Campardelli & Reverchon, 2015). In the RESS
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process, SC-CO: was generated via solvent fluid
extraction (SFE), operating at a maximum pressure
of 390 bar. A syringe pump maintained precise CO-
flow control at 0°C, ensuring accuracy in extrac-
tion and expansion. For drugs with poor solubility
in supercritical fluids, the supercritical anti-solvent
(SAS) process is used. Here, the drug is first dis-
solved in a solvent miscible with the supercritical
fluid. Upon injection into the supercritical medium,
the solvent is extracted, leading to drug supersatu-
ration and precipitation as fine particles (Esfandiari
& Sajadian, 2022).

Top-down Technology

Top-down technologies involve reducing large
particles to the nanoscale. The primary techniques
used are high-pressure homogenization and media
milling (Pinar et al., 2023b). These methods are
more scalable at industrial-scale production than
bottom-up technologies and are already utilized in
commercially available products. It does not in-
volve the use of organic solvent. These technologies
involve suspending either micronized or nanonized
drug particles in a dispersion medium, which can
be aqueous or non-aqueous. The medium is fur-
ther enhanced and stabilized using the addition of
surfactants or polymeric stabilizers (Sharma et al.,
2022).

High-Pressure Homogenization

The high-pressure homogenization (HPH) technique
utilizes intense shear forces and potentially cavita-
tion to break down drug crystals. This is achieved
by forcing a suspension through voids or crevices,
dispersing the particles. The drug in powder form
is initially dispersed in a dispersion medium to cre-
ate a pre-suspension, which is then pressurized for
pre-milling. This process reduces particle size and
facilitates the formation of advanced nanosuspen-
sion systems such as (Sharma et al., 2022). Two main
homogenization principles are employed, along with
specific homogenizer types: microfluidization and
piston-gap homogenization. Microfluidization oper-
ates on the jet-stream principle, where a coarse sus-
pension is accelerated and forced through a homog-
enizing chamber. Under the influence of high-speed
collisions, shear forces, and cavitation, the particle
size is effectively reduced (Pinar et al., 2023b). In a
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piston-gap homogenizer, the coarse suspension with
big sized particles is pressurized at 500 bar to 350
MPa through a narrow gap or orifice at extremely
high speeds. Increasing the pressure and number of
cycles enhances particle size reduction, leading to
the formation of a nanosuspension with small sized
particles (Tashan et al., 2019). The process can be
categorized based on the liquid medium used: ho-
mogenization in water (DissoCubes), in non-aque-
ous media, or in water mixtures (Nanopure). The
particle size of the nanosuspension produced by this
method is primarily influenced by factors such as
temperature, the number of homogenization cycles,
energy density, and homogenization pressure (Rani
et al., 2023b).

Wet Media Milling Method

This method is the most commonly used nano-
suspension formulation method, also known by
various terms, including bead milling, wet me-
dia milling, and pearl milling. In this process,
the drug and stabilizer solution are placed in a
chamber, where mechanical grinding occurs as
the balls (or beads) collide with the mixture, re-
ducing particle size effectively. Various process
parameters can affect the particle size of the na-
nosuspension, for instance, the size of the mill-
ing chamber, milling bead type and diameter, the
type of beads (zirconium or stainless steel), the
concentration of the milling beads, the speed of
the mechanical stirrer or homogenizer, etc. (Kar-
akucuk et al., 2021). The milling chamber can be
filled one-third using beads and pre-suspension
to avoid overfilling, wastage and facilitate proper
homogenization of the suspension (Giilbag Pinar
et al., 2022). The device’s rotation speed is then
set, and the milling process begins, lasting for a
specified time. A common issue with this method
is wear and tear caused by the milling chamber or
the beads’ impact. To minimize this, it’s essential
to use a chamber made from durable materials like
stainless steel or porcelain and beads made from
materials such as porcelain, glass, agate, or zirco-
nium oxide. A particle size of less than 200 nm is
achieved by milling the sample for 30 to 120 min-
utes. The ratio of drug to polymer and the mill-
ing speed significantly affect the zeta potential,
while the particle size range of a nanosuspension
is influenced by the total milling time and milling
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speed. However, this technique has certain draw-
backs. During grinding, shear forces exerted by
the milling media can disrupt the crystal surface,
leading to defects and the formation of amorphous
regions. These structural changes increase the sur-
face energy of the particles, potentially affecting
their stability and performance (Tian et al., 2022).

Dry Co-grinding

Stabilizers and surfactants can be incorporated
into poorly water-soluble drugs to enhance sur-
factant polarity and facilitate the transformation
of crystalline structures into a stable amorphous
form. Dry co-grinding offers a simple, cost-effec-
tive, and eco-friendly approach, eliminating the
need for organic solvents (Bartos et al., 2024).

Combination Methods

Various combinational methods are used for nano-
suspension preparation, including the bottom-up
approach combined with the top-down method.
Additionally, two top-down techniques, such as
high-pressure homogenization and wet media mill-
ing, can be integrated, where a pre-suspension is
further processed to produce nano-sized particles.
In some cases, high-energy methods, such as me-
dia milling, high-pressure homogenization, or mi-
crofluidization, are followed by ultrasonication
or probe sonication to further refine particle size
and enhance nanosuspension stability (Attari et al.,
2016).

BENEFITS AND DRAWBACKS OF
VARIOUS MANUFACTURING
METHODS FOR NANOSUSPENSIONS

The different production procedure is discussed in
Table 2 for a better understanding of the advantage
and limitations, highlighting critical considerations
such as scalability, energy requirements, particle size
control, solvent use, and formulation stability. This
comparative overview serves as a valuable guide for
selecting the most appropriate method based on the
physicochemical properties of the drug and the in-
tended therapeutic application.
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Table 2: Merits and Demerits of preparation methods of nanosuspension

Methods

Advantages

Disadvantages

Nanosuspensions for Enhancing Drug Solubility ...

Reference

High pressure homogenization

Media milling method

Precipitation method

Melt Emulsification Method

Micro-emulsification method

Microprecipitation-high

pressure homogenization

Dry co-grinding method

Limited size spectrum of
particle size, ease of scaling
up, minimal batch-to-batch
variation, and aseptic crea-
tion of nanosuspensions for
parenteral administration

The same as those for
homogenization under high
pressure.

Low energy consumption, an
easy procedure

Avoiding organic solvents
as opposed to the diffusion
of solvents, less surfactant
needed.

Minimal energy consump-
tion, consistent outcomes,

straightforward procedure,
tiny particle size, and even
dispersion of particles

Much smaller, more homoge-
neous, and more stable than
that produced by micro-
precipitation; requires less
energy and mechanical effort
than high-pressure homoge-
nization.

Easy, simple, economical,
solvent free system

Prior to homogenization, ma-
terials should be presuspended
and medication particles should
be micronized.

Possible material erosion from
the pearl milling process

High size distribution, possible
toxicity of non-aqueous
solvents

Larger particles from it than
solvent diffusion, less suitable
for drugs with a lower melting
point and thermolabile drugs,
require high energy consump-
tion.

High levels of leftover solvents
and undesirable surfactants

The process of production is
intricate.

High energy consumption and
poor flow property, can cause

thermal degradation and may

cause aggregation

(Kodipyaka &
Govindu, 2025)

(Patel et al., 2018)
(Papdiwal et al.,

2014)

(Pan et al., 2015)

(Lietal,2015)

(Kodipyaka &
Govindu, 2025)

(Kodipyaka &
Govindu, 2025)

SOLIDIFICATION OF NANOSUSPENSION
Spray Drying

Spray drying is a widely used method for particle
and crystal engineering to change the physico-chem-
ical properties. It is a one-step, continuous process in
which a liquid feed is transformed into a dry powder
form. The process involves four key stages: prepa-
ration of the liquid feed, atomizing the feed into a
spray using a nozzle and exposing it to hot drying
gas, formation of particles as the solvent evaporates,
and finally, separating the dried product from the gas
(Vehring et al., 2020). Spray drying is reported to be

https://doi.org/10.37819/nanofab.10.2085

one of the best drying methods to convert directly
the fluid materials into solid or semi-solid drug de-
livery systems (Rezvankhah et al., 2020). This unit
operation involves atomizing a liquid product into a
hot gas stream (air or, rarely, a nitrogen stream as an
inert gas) to rapidly produce a powder (Gajera et al.,
2024).

The liquid feed (suspension, emulsion, or solu-
tion) may be affected by various process parameters
such as feed flow rate, feed temperature, viscosity of
feed, feed composition or components, feed concen-
tration, atomization method or rate, and type of feed.
This technique can produce a high-quality product
with low water activity, making it easier to store and
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transport due to its reduced weight (Jakubowska et al.,
2022). One of the main advantages of spray drying is
its versatility, as it is suitable for both heat-resistant
and heat-sensitive materials. Additionally, the pro-
cess is fast and allows for a controlled particle size
distribution (Haghighi et al., 2022).

Freeze Drying (lyophilization)

Freeze drying, also known as lyophilization, is a
widely used method for removing solvents, primar-
ily water, from pharmaceutical products and making
powder free of water. The process consists of three
main stages: freezing the product, primary drying to
remove the majority of the solvent, and secondary
drying to eliminate any remaining traces of solvent.
The final freeze-dried product typically exhibits a
highly porous structure with low moisture content
(Machamasi et al., 2024). Freeze drying improves
the stability of moisture-sensitive, heat-labile drugs,
particularly for long-term storage, and minimizes
damage to the compounds during processing. Ad-
ditionally, this method allows for the production
of nanosuspensions in a dry form, which are easy
to handle and can be reconstituted with water or
other aqueous solutions before use. Lyophilization
of pharmaceuticals enhances their stability, ensur-
ing they remain effective during long-term storage
(Jakubowska & Lulek J, 2021).

Lyophilization Process

The initial stage of freeze-drying is freezing, where
water is frozen to isolate solutes, and the degree of
supercooling, influenced by the freezing rate, may
occur, with freezing typically taking several hours
to complete. In the freezing process, the formulation
must be cooled to the temperature at which ice nu-
cleation occurs (Abla & Mehanna, 2025). Secondary
drying typically takes place once the product is heated
past its eutectic point. At this stage, the vacuum pump
creates the low-pressure environment required for
the removal of remaining solvents, resulting in a
product with a drier appearance (Mehanna & Abla,
2022). The frozen ice undergoes sublimation, yield-
ing a dry and structurally stable product. This phase
is the most time-consuming in the process. To ensure
optimal product quality, both the chamber pressure
and shelf temperature must be carefully controlled.
After freeze-drying, some bound moisture remains,
requiring higher-temperature drying to reach accept-
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able levels. “Isothermal Desorption” removes this re-
sidual water. Secondary drying, performed at a safe
temperature above room temperature, is easier than
primary drying but requires careful temperature con-
trol to prevent protein polymerization or biodegrada-
tion (Joshi et al., 2025). Secondary drying requires
almost 30-50% of total drying time; the shelf tem-
perature and chamber pressure are gradually adjusted
to their lowest points. On removal of ice, the “melt
track” is no longer a concern, allowing higher temper-
atures without harming the product. However, some
tightly bound water remains, requiring more energy to
remove. To enhance water desorption, chamber pres-
sure is further reduced (Silambarasan et al., 2022).

Spray Freeze Drying

Spray freeze drying (SFD) combines spray drying
and freeze-drying by atomizing a liquid into drop-
lets, freezing them under cryogenic conditions, and
lyophilizing to remove the solvent via sublimation.
This produces a porous, high-surface-area dry pow-
der, ideal for stabilizing thermosensitive drug nano-
suspensions. SFD is commonly used for solidifying
thermosensitive drug nanosuspensions, converting
them into dry powders (Wanning et al., 2015).

CHARACTERIZATION OF
NANOSUSPENSION

Comprehensive characterization of nanosuspen-
sions is essential to ensure their quality, stability,
and performance. Several analytical parameters are
employed to evaluate critical aspects such as parti-
cle size, surface charge, crystallinity, and dissolution
behavior.

Particle Size (nm) and Particle Size
Distribution

In nanosuspensions, particle size is a critical qual-
ity attribute to ensure the formulation’s size range,
solubility, stability, and absorption. The particle size
measurement is typically conducted using a Zeta-
sizer, an instrument that employs dynamic light scat-
tering (DLS), quasi-elastic light scattering (QELS)
or photon correlation spectroscopy (PCS) (Bhat-
tacharjee, 2016). This technique evaluates both par-
ticle size and particle size distribution (PDI) within
the nanosuspension, covering a submicron size range
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from below 1 nm to above 1 pm. DLS or PCS is a
technique for measuring particle size by analyzing
their Brownian motion (Willmann et al., n.d.). The
process begins by irradiating particles suspended in
a liquid with a laser. As light hits these particles, it
scatters in all directions. If a screen is placed near
a single illuminated particle, the scattered light will
create a bright spot on the screen. The stability of
a nanosuspension is influenced by its PDI; a lower
PDI generally indicates better long-term stability.
A PDI of 0.1-0.25 indicates a narrow particle size
distribution, while a PDI above 0.5 suggests a broad
distribution (Sun et al., 2022). Laser Diffraction
(LD) analyzers operate on the principle of light dif-
fraction as it passes through particles. The angle of
diffracted light is inversely proportional to the parti-
cle size. Common characterization parameters in LD
analysis include D50, D90, and D99, which repre-
sent the particle diameters at which 50%, 90%, and
99% of the particle volume is below a given size,
respectively (Sun et al., 2022).

X-Ray Diffraction (XRD) and Differential
Scanning Calorimetry (DSC)

Polymorphic and morphological changes in a drug
during nanosuspension preparation can be analyzed
using XRD. XRD also helps estimate amorphous
particle transformation during formulation. The
high-energy amorphous form of a drug is thermody-
namically unstable and tends to convert into a crys-
talline form over time during storage. However, the
amorphous form is often preferred because it offers
better dissolution properties, leading to enhanced
bioavailability of the drug. DSC can also be com-
bined with XRPD for a more comprehensive analy-
sis (Jain, n.d.).

DSC is an additional method for determining the
crystallinity and amorphousness of produced nano-
particles. It is founded on the idea of measuring a
material’s thermal characteristics in order to deter-
mine a relationship between temperature and par-
ticular physical characteristics of substances. More
significantly, it is the sole technique for directly
determining process enthalpy that has been docu-
mented (Kolipaka et al., 2023a). The primary charac-
teristics of an amorphous or crystalline material are
the glass transition endotherm (Tg), crystallization
exotherm, and endotherm peaks for the nanosuspen-
sion. These are evaluated when the sample is being
analyzed for DSC. The existence of an amorphous
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phase produces the Tg, while the recrystallization of
the amorphous content produces the crystallization
exotherm. A melting endotherm is created when the
preexisting crystalline content and the acquired crys-
talline state combine (Jadhav et al., 2024; Kolipaka
et al., 2023a).

Zeta Potential

Zeta potential (ZP), or electrokinetic potential, is
the charge at the shear plane of a colloidal particle
in an electric field. It determines nanosuspension
stability by reflecting the charge difference be-
tween the dispersed solid and liquid phases, meas-
ured in millivolts (mV). A minimum ZP of +30 mV
is required to ensure particle repulsion, preventing
agglomeration and maintaining stability (Serrano-
Lotina et al., 2023). Electrostatic stabilization
can reduce the zeta potential by + 20 mV, which
is sufficient to prevent nanoparticle aggregation.
“Zeta-sizer” is a tool used to quantify the nano-
suspension’s zeta potential value that utilizes the
ELS principle for measurement (Elmowafy et al.,
2021b).

Saturation Solubility & Dissolution
Studies

The investigation of the dissolution rate and satu-
ration solubility is essential to ascertain the in-vitro
behavior of nanosuspension. Dissolution rate can
be used to predict drug release, which is important
when using sustained-release dose forms of nano-
particles (Aghrbi et al., 2021). Drug release study of
the nanosuspension is a significant characteristic to
determine the influence of dissolution rate, bioavail-
ability, and therapeutic efficacy of poorly water-sol-
uble drugs. Nanosuspension dissolution and drug
release are assessed using a dissolution apparatus or
dialysis membrane method, with a dissolution me-
dium of 900 mL or 40-50 mL (dialysis membrane
method) maintained at 37°C. The medium typically
includes 0.1N HCI (pH 1.2) and phosphate buffer
(pH 6.0-6.5) to simulate gastrointestinal conditions,
or biorelevant media given in the pharmacopeia or
FDA website is utilized with the mentioned condi-
tions. Finally, almost 1-5 mL of the sample is ana-
lyzed at the predetermined intervals to evaluate the
dissolution rate of liquid or lyophilized nanosuspen-
sion (Shaikh et al., 2022).
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Stability

Reducing particle size increases surface energy due
to more unstable surface atoms, which can destabilize
colloidal suspensions. Stabilizers are often needed to
prevent agglomeration and reduce the risk of Ostwald
ripening (Guan et al., 2022b). A combination of sur-
factants and polymers has been shown to be effective
for the long-term stabilization of nanosuspensions.
The stability of a nanosuspension system can be im-
proved by enhancing the uniformity of particle sizes,
which can be achieved through centrifugation or other

Ankit Mishra, et al.

methods to remove larger particles. Stability studies
for both nanosuspension and lyophilized nanosus-
pension are conducted under two storage conditions:
room temperature and refrigerated conditions (2—
8°C) for a long-term stability study (12 months) and
an accelerated stability study (6 months). At specified
time intervals, samples are collected and examined
for particle size (nm), PDI, zeta potential and drug
content, etc. (Jawahar et al., n.d.). Table 3 summarizes
the recent advancements in the development of nano-
suspensions for effective drug delivery.

Table 3: Advancement in the nanosuspension in the delivery of drugs

Title Route Description References
Biomimetic nanosus- Intravascular (target- | Paclitaxel nanosuspension was coated with C6 gli- | (Fan et al.,
pension for cancer cell | ed delivery) oma cell membranes that actively target the glioma | 2021)
membrane based on tumor cell. Then, a BBB-penetrating and tumor-tar-
homology and active geting peptide called WSW (or PhrCACET1),
targeting for the treat- derived from Clostridium acetobutylicum, was
ment of glioma attached to the membrane surface using the lipid
insertion method. The final formulation was able to
cross the blood-brain barrier (BBB) and accumulate
at the tumor site in glioma-bearing mice.
Artemisia absinthium Oral The nanosuspension of Artemisia absinthium (Jahan et al.,
extract containing na- extract significantly enhanced oral bioavailability, | 2023)
nosuspension as a novel antioxidant activity, and hepatoprotective efficacy,
drug delivery system to demonstrating its potential as an effective drug
enhance its bioavailabil- delivery system.
ity and hepatoprotective
potential
Novel albumin wrapped | Intravenous Bovine Serum Albumin (BSA)-coated meloxi- (Lietal., 2018)
nanosuspension of cam nanosuspension was formulated to enhance
meloxicam to improve targeted delivery to inflamed tissues, leveraging
inflammation-targeting albumin’s natural accumulation and uptake at
effects inflammation sites.
Novel nose-to-brain Intranasal Donepezil gives targeted delivery of Alzheimer’s | (Md et al., 2014)
delivery of Donepezil disease in brain delivery drug with safety; no
Nanosuspension hematological changes and toxicity were shown.
Posaconazole nanosus- | Oral QbD-based wet-milled posaconazole nanosus- (Kolipaka et al.,
pension via wet milling pension improved solubility, dissolution, and 2023b)
bioavailability.
Voriconazole-loaded Topical ocular Voriconazole nanosuspension (1%) with Pharma- | (Qin et al.,
ophthalmic nanosus- solve® improved corneal permeability, antifungal | 2020)
pension activity, and safety.
Spray-dried nanosus- Oral Media-milled rutin nanosuspension using (Chary et al.,
pension of Rutin Box-Behnken design showed enhanced dissolu- 2024)
tion (7.5x) and permeability (5.4x) with non-toxic
profile. Stable under accelerated conditions.
Nanosuspension of Son- | Oral Antisolvent-prepared nanosuspension (12.9 nm, (Aldeeb et al.,
chus arvensis L. folium —12.5 mV) enhanced antioxidant and lipid-low- 2025)
(NS-Sa-4:1) ering effects versus simvastatin, with stable
sustained release and 28-day stability.
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Clinical Trials

As summarized in Table 4, multiple nanosuspen-
sion-based drug formulations have been evaluated in
recent clinical trials for their therapeutic potential,
safety, and pharmacokinetic advantages. These in-

Nanosuspensions for Enhancing Drug Solubility ...

clude formulations for cancer (BPM31510), viral in-
fections (ivermectin, rilpivirine), and nutraceuticals
(BIO 300), highlighting the versatility and growing
clinical relevance of nanosuspensions in modern
drug delivery.

Table 4: Recent Clinical Trials Involving Nanosuspension-Based Drug Formulations (clinicaltrials.gov)

Drug Phase | Year | Route Formulation | Study Design Primary Outcome
NYR-BI03 Phase I 2023 | Intravenous | NYR-BIO3 Randomized, Safety, tolerability,
nanosuspension | placebo-controlled, and pharmacokinetics
double-blind, 6 ascend- | (6 h infusion)
ing dose cohorts with
sentinel dosing
BIO 300 Phase [ 2021 | Oral Genistein Single-arm multiple | Adverse event profile
nanosuspension | ascending dose + 2 (14-day repeat dose &
crossover food-effect | food effect)
arms
Ivermectin Phase II* | 2022 | Intranasal Ivermectin Comparative 2-arm Improvement in
(anosmia) nanosuspension | trial: ivermectin nasal | olfactory function
spray vs placebo in post-treatment
post-COVID anosmia
patients
Ivermectin Phase IT* | 2021 | Intranasal Mucoadhesive | Comparative trial: Reduction in early
(early COVID) ivermectin ivermectin nasal viral symptoms and
nanosuspension | spray + standard disease progression
therapy vs. standard
therapy alone
Rilpivirine Phase [ 2020 | Intramus- Rilpivirine Open-label, ran- Single-dose pharma-
(RPV LA) cular nanosuspension | domized, paral- cokinetics across PSD
(varied PSDs) lel-group trial: 5 IM | variants
formulations with
different particle size
distributions
RPV-LA vs Phase [ 2023 | Intramus- Standard vs Open-label, rand- Single-dose plasma
Aged RPV-LA cular aged rilpivirine | omized, parallel-group | pharmacokinetics un-
nanosuspension | study evaluating stor- | der different storage
age condition effects | conditions
on PK
BPM31510 Phase [ 2022 | Intravenous | Ubidecarenone | Open-label trial in Safety, tolerability,
(glioma) (CoQ10) recurrent high-grade PK, and imag-
nanosuspension | glioma; 72-hour IV in- | ing-based tumor
fusions twice weekly | response
+ vitamin K; repeated
every 28 days
BPM31510 + | PhaseIl |2023 | Intravenous | Ubidecarenone | Open-label, non-ran- | Safety and clinical
Gemcitabine (CoQ10) domized, multicenter | benefit in 2nd/3rd-
(pancreatic nanosuspension | study in advanced line pancreatic cancer
cancer) pancreatic cancer; therapy
BPM31510 (144 h/
week V) + weekly
gemcitabine
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CONCLUSION

Nanosuspensions have emerged as a promising ap-
proach for enhancing the solubility and bioavail-
ability of poorly water-soluble drugs, addressing a
critical challenge in pharmaceutical formulation. By
reducing particle size to the nanometer scale, nano-
suspensions significantly improve dissolution rates,
leading to better drug absorption and therapeutic ef-
ficacy. However, stability remains a major concern,
as factors such as aggregation, flocculation, Ost-
wald ripening, and crystal growth can compromise
formulation integrity. The selection of appropriate
stabilizers, surfactants, and optimization of formu-
lation parameters play a crucial role in overcoming
these challenges. With continuous advancements in
nanosuspension technology, including novel stabi-
lization techniques and solidification methods, this
approach holds great potential for improving drug
delivery across various routes of administration. Fu-
ture research should focus on refining formulation
strategies and exploring innovative drug delivery
applications to maximize the therapeutic benefits of
nanosuspensions.
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light scattering: DLS, Quasi-elastic light scattering:
QELS, particle size distribution: PDI, Photon cor-
relation spectroscopy: PCS, Laser Diffraction: LD,
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rimetry: DSC, Zeta potential: ZP.

References

Abla, K. K., & Mehanna, M. M. (2025). Freeze-
Drying as a Tool for Preparing Porous Mate-
rials: From Proof of Concept to Recent Phar-
maceutical Applications. AAPS PharmSciTech
2025 26:5, 26(5), 1-27. https://doi.org/10.1208/
S$12249-025-03117-4

Aghrbi, 1., Filop, V., Jakab, G., Kallai-Szabd, N.,
Balogh, E., & Antal, I. (2021). Nanosuspension
with improved saturated solubility and dissolu-
tion rate of cilostazol and effect of solidifica-
tion on stability. Journal of Drug Delivery Sci-
ence and Technology, 61, 102165. https://doi.
org/10.1016/J.JDDST.2020.102165

Aher, S. S., Malsane, S. T., & Saudagar, R. B. (2017).
NANOSUSPENSION: AN OVERVIEW. Inter-
national Journal of Current Pharmaceutical
Research, 9(3), 19. https://doi.org/10.22159/
IJCPR.2017.V913.19584

Ahire, E., Thakkar, S., Darshanwad, M., & Misra,
M. (2018). Parenteral nanosuspensions: a brief
review from solubility enhancement to more
novel and specific applications. Acta Pharma-
ceutica Sinica B, 8(5), 733-755. https://doi.
org/10.1016/J.APSB.2018.07.011

Ahmadi Tehrani, A., Omranpoor, M. M., Vatanara,
A., Seyedabadi, M., & Ramezani, V. (2019).
Formation of nanosuspensions in bottom-up
approach: theories and optimization. DARU,
Journal of Pharmaceutical Sciences, 27(1),
451-473. https://doi.org/10.1007/S40199-018-
00235-2

Aldeeb, M. M. E., Wilar, G., Suhandi, C., Elamin,
K. M., & Wathoni, N. (2024). Nanosuspension-

https://doi.org/10.37819/nanofab.10.2085


https://doi.org/10.37819/nanofab.10.2085
https://doi.org/10.1208/S12249-025-03117-4
https://doi.org/10.1208/S12249-025-03117-4
https://doi.org/10.1016/J.JDDST.2020.102165
https://doi.org/10.1016/J.JDDST.2020.102165
https://doi.org/10.22159/IJCPR.2017.V9I3.19584
https://doi.org/10.22159/IJCPR.2017.V9I3.19584
https://doi.org/10.1016/J.APSB.2018.07.011
https://doi.org/10.1016/J.APSB.2018.07.011
https://doi.org/10.1007/S40199-018-00235-2
https://doi.org/10.1007/S40199-018-00235-2

ORIGINAL RESEARCH

Based Drug Delivery Systems for Topical Ap-
plications. International Journal of Nanomedi-
cine, 19, 825-844. https://doi.org/10.2147/1JN.
S447429;JOURNAL:JOURNAL:DIJN20;W-
GROUP:STRING:PUBLICATION

Aldeeb, M. M. E., Wilar, G., Suhandi, C., Moham-
med, A. F. A, El-Rayyes, A., Elamin, K. M., &
Wathoni, N. (2025). Formulation and Character-
ization of Sonchus arvensis L. Nanosuspension
for Enhanced Antioxidant and Lipid-Lowering
Activities. International Journal of Nanomed-
icine, 20, 5457-5473. https://doi.org/10.2147/
IJN.S511602

Arora, K., Vats, V., & Verma, P. K. (2022). A review
on pharmaceutical suspension and its advance-
ment. Ann Clin Case Rep.

Attari, Z., Kalvakuntla, S., Reddy, M. S., Desh-
pande, M., Rao, C. M., & Koteshwara, K. B.
(2016). Formulation and characterisation of na-
nosuspensions of BCS class II and IV drugs by
combinative method. Journal of Experimental
Nanoscience, 11(4), 276-288. https://doi.org/1
0.1080/17458080.2015.1055841

Bartos, C., Motzwickler-Németh, A., Kovacs, D.,
Buridn, K., & Ambrus, R. (2024). Study on
the Scale-Up Possibility of a Combined Wet
Grinding Technique Intended for Oral Admin-
istration of Meloxicam Nanosuspension. Phar-
maceutics 2024, Vol. 16, Page 1512, 16(12),
1512. https://doi.org/10.3390/PHARMACEU-
TICS16121512

Baumgartner, R., Teubl, B. J., Tetyczka, C., & Ro-
blegg, E. (2016). Rational Design and Char-
acterization of a Nanosuspension for Intraoral
Administration Considering Physiological Con-
ditions. Journal of Pharmaceutical Sciences,
105(1), 257-267. https://doi.org/10.1016/J.
XPHS.2015.10.021

Bhattacharjee, S. (2016). DLS and zeta potential —
What they are and what they are not? Journal of
Controlled Release, 235, 337-351. https://doi.
org/10.1016/J.JCONREL.2016.06.017

Campardelli, R., & Reverchon, E. (2015). a-To-
copherol nanosuspensions produced using
a supercritical assisted process. Journal of
Food Engineering, 149, 131-136. https://doi.
org/10.1016/J.JFOODENG.2014.10.015

Chary, S. S., Bhikshapathi, D. V. R. N., Vamsi, N.
M., & Kumar, J. P. (2024). Optimizing En-
trectinib Nanosuspension: Quality by Design
for Enhanced Oral Bioavailability and Mini-
mized Fast-Fed Variability. BioNanoScience,

https://doi.org/10.37819/nanofab.10.2085

Nanosuspensions for Enhancing Drug Solubility ...

14(4), 4551-4569. https://doi.org/10.1007/
S12668-024-01462-5/METRICS

Coltescu, A. R., Butnariu, M., & Sarac, 1. (2020).
The importance of solubility for new drug mol-
ecules. Biomedical and Pharmacology Jour-
nal, 13(2), 577-583. https://doi.org/10.13005/
BPJ/1920

Das, B., Baidya, A. T. K., Mathew, A. T., Yadav,
A. K., & Kumar, R. (2022). Structural modi-
fication aimed for improving solubility of lead
compounds in early phase drug discovery. Bi-
oorganic & Medicinal Chemistry, 56, 116614.
https://doi.org/10.1016/J.BMC.2022.116614

Dong, 7., Wang, R., Wang, M., Meng, Z., Wang, X.,
Han, M., Guo, Y., & Wang, X. (2022). Prepa-
ration of Naringenin Nanosuspension and Its
Antitussive and Expectorant Effects. Molecules
2022, Vol. 27, Page 741, 27(3), 741. https://doi.
org/10.3390/MOLECULES27030741

Elmowafy, M., Shalaby, K., Al-Sanea, M. M., Hen-
dawy, O. M., Salama, A., Ibrahim, M. F., &
Ghoneim, M. M. (2021a). Influence of Stabi-
lizer on the Development of Luteolin Nanosus-
pension for Cutaneous Delivery: An In Vitro
and In Vivo Evaluation. Pharmaceutics 2021,
Vol. 13, Page 1812, 13(11), 1812. https://doi.
org/10.3390/PHARMACEUTICS13111812

Elmowafy, M., Shalaby, K., Al-Sanea, M. M., Hen-
dawy, O. M., Salama, A., Ibrahim, M. F., &
Ghoneim, M. M. (2021b). Influence of Stabi-
lizer on the Development of Luteolin Nanosus-
pension for Cutaneous Delivery: An In Vitro
and In Vivo Evaluation. Pharmaceutics 2021,
Vol. 13, Page 1812, 13(11), 1812. https://doi.
org/10.3390/PHARMACEUTICS13111812

Elsebay, M. T., Eissa, N. G., Balata, G. F., Kamal, M.
A., & Elnahas, H. M. (2023). Nanosuspension:
A Formulation Technology for Tackling the
Poor Aqueous Solubility and Bioavailability of
Poorly Soluble Drugs. Current Pharmaceutical
Design, 29(29), 2297-2312. https://doi.org/1
0.2174/1381612829666230911105922/CITE/
REFWORKS

Esfandiari, N., & Sajadian, S. A. (2022). CO2 uti-
lization as gas antisolvent for the pharma-
ceutical micro and nanoparticle production:
A review. Arabian Journal of Chemistry,
15(10), 104164. https://doi.org/10.1016/J.
ARABJC.2022.104164

Fan, Y., Cui, Y., Hao, W., Chen, M., Liu, Q., Wang, Y.,
Yang, M., Li, Z., Gong, W., Song, S., Yang, Y., &
Gao, C. (2021). Carrier-free highly drug-loaded

Nanofabrication (2025) 10 | 15


https://doi.org/10.37819/nanofab.10.2085
https://doi.org/10.2147/IJN.S447429;JOURNAL:JOURNAL:DIJN20;WGROUP:STRING:PUBLICATION
https://doi.org/10.2147/IJN.S447429;JOURNAL:JOURNAL:DIJN20;WGROUP:STRING:PUBLICATION
https://doi.org/10.2147/IJN.S447429;JOURNAL:JOURNAL:DIJN20;WGROUP:STRING:PUBLICATION
https://doi.org/10.2147/IJN.S511602
https://doi.org/10.2147/IJN.S511602
https://doi.org/10.1080/17458080.2015.1055841
https://doi.org/10.1080/17458080.2015.1055841
https://doi.org/10.3390/PHARMACEUTICS16121512
https://doi.org/10.3390/PHARMACEUTICS16121512
https://doi.org/10.1016/J.XPHS.2015.10.021
https://doi.org/10.1016/J.XPHS.2015.10.021
https://doi.org/10.1016/J.JCONREL.2016.06.017
https://doi.org/10.1016/J.JCONREL.2016.06.017
https://doi.org/10.1016/J.JFOODENG.2014.10.015
https://doi.org/10.1016/J.JFOODENG.2014.10.015
https://doi.org/10.1007/S12668-024-01462-5/METRICS
https://doi.org/10.1007/S12668-024-01462-5/METRICS
https://doi.org/10.13005/BPJ/1920
https://doi.org/10.13005/BPJ/1920
https://doi.org/10.1016/J.BMC.2022.116614
https://doi.org/10.3390/MOLECULES27030741
https://doi.org/10.3390/MOLECULES27030741
https://doi.org/10.3390/PHARMACEUTICS13111812
https://doi.org/10.3390/PHARMACEUTICS13111812
https://doi.org/10.3390/PHARMACEUTICS13111812
https://doi.org/10.3390/PHARMACEUTICS13111812
https://doi.org/10.2174/1381612829666230911105922/CITE/REFWORKS
https://doi.org/10.2174/1381612829666230911105922/CITE/REFWORKS
https://doi.org/10.2174/1381612829666230911105922/CITE/REFWORKS
https://doi.org/10.1016/J.ARABJC.2022.104164
https://doi.org/10.1016/J.ARABJC.2022.104164

ORIGINAL RESEARCH

biomimetic nanosuspensions encapsulated by
cancer cell membrane based on homology and
active targeting for the treatment of glioma. Bio-
active Materials, 6(12), 4402—4414. https://doi.
org/10.1016/J.BIOACTMAT.2021.04.027

Fathi-Karkan, S., Amiri Ramsheh, N., Arkaban, H.,
Narooie-Noori, F., Sargazi, S., Mirinejad, S.,
Roostaee, M., Sargazi, S., Barani, M., Malahat
Shadman, S., Althomali, R. H., & Rahman, M.
M. (2024). Nanosuspensions in ophthalmology:
Overcoming challenges and enhancing drug
delivery for eye diseases. International Jour-
nal of Pharmaceutics, 658, 124226. https://doi.
org/10.1016/J.1IJPHARM.2024.124226

Gajera, B., Shah, H., Parekh, B., Rathod, V., Tilala,
M., & Dave, R. H. (2024). Design of Experi-
ments-Driven Optimization of Spray Drying
for Amorphous Clotrimazole Nanosuspension.
AAPS PharmSciTech, 25(6), 1-11. https://doi.
org/10.1208/512249-024-02871-1/METRICS

Geetha, G., Poojitha, U., & Khan KAA. (2014). Var-
ious techniques for preparation of nanosuspen-
sion-a review. International Journal of Pharma
Research & Review, 3(9), 30-37.

Gong, X., Liu, T., Zhang, H., Liu, Y., & Boluk, Y.
(2021). Release of Cellulose Nanocrystal Par-
ticles from Natural Rubber Latex Composites
into Immersed Aqueous Media. ACS Applied
Bio Materials, 4(2), 1413-1423. https://doi.
org/10.1021/ACSABM.0C01310

Guan, J., Zhang, Y., Liu, Q., Zhang, X., Chokshi, R.,
& Mao, S. (2017). Exploration of alginates as
potential stabilizers of nanosuspension. AAPS
PharmSciTech, 18(8), 3172-3181. https://doi.
org/10.1208/512249-017-0801-6

Guan, W,, Ma, Y., Ding, S., Liu, Y., Song, Z., Liu,
X., Tang, L., & Wang, Y. (2022a). The tech-
nology for improving stability of nanosuspen-
sions in drug delivery. Journal of Nanoparticle
Research 2022 24:1, 24(1), 1-38. https://doi.
org/10.1007/511051-022-05403-9

Guan, W,, Ma, Y., Ding, S., Liu, Y., Song, Z., Liu,
X., Tang, L., & Wang, Y. (2022b). The tech-
nology for improving stability of nanosuspen-
sions in drug delivery. Journal of Nanoparticle
Research 2022 24:1, 24(1), 1-38. https://doi.
org/10.1007/511051-022-05403-9

Giilbag Pinar, S., Pezik, E., Mutlu Agardan, B.,
& Celebi, N. (2022). Development of cyclo-
sporine A nanosuspension: cytotoxicity and
permeability on Caco-2 cell lines. Pharma-
ceutical Development and Technology, 27(1),

16 | Nanofabrication (2025) 10

Ankit Mishra, et al.

52-62. https://doi.org/10.1080/10837450.202
1.2020817

Haghighi, D. M., Faghihi, H., Darabi, M., Mirmoe-
ini, M. S., & Vatanara, A. (2022). Spray freeze
drying to solidify Nanosuspension of Cefixime
into inhalable microparticles. DARU, Jour-
nal of Pharmaceutical Sciences, 30(1), 17-27.
https://doi.org/10.1007/S40199-021-00426-4/
METRICS

Hang, L., Shen, C., Shen, B., & Yuan, H. (2022).
Insight into the in vivo fate of intravenous her-
petrione amorphous nanosuspensions by ag-
gregation-caused quenching probes. Chinese
Chemical Letters, 33(11), 4948-4951. https://
doi.org/10.1016/J.CCLET.2022.03.108

Hiemenz, P. C., & Rajagopalan, R. (2016). Prin-
ciples of Colloid and Surface Chemistry:
Third Edition, Revised and Expanded. Prin-
ciples of Colloid and Surface Chemistry,
1-650. https://doi.org/10.1201/9781315274287/
PRINCIPLES-COLLOID-SURFACE-CHEM-
ISTRY-REVISED-EXPANDED-PAUL-HIE-
MENZ-RAJ-RAJAGOPALAN/ACCESSIBILI-
TY-INFORMATION

Ibrahim, A. H., Rosqvist, E., Smatt, J. H., Ibrahim,
H. M., Ismael, H. R., Afouna, M. 1., Samy, A.
M., & Rosenholm, J. M. (2019). Formulation
and optimization of lyophilized nanosuspen-
sion tablets to improve the physicochemical
properties and provide immediate release of si-
lymarin. International Journal of Pharmaceu-
tics, 563, 217-227. https://doi.org/10.1016/J.
IJPHARM.2019.03.064

Ikeda, K., Shimoyama, Y., & Orita, Y. (2023). Ef-
ficient purification of surface modified nan-
oparticles from its nanosuspension by using
supercritical CO2 technology. The Journal of
Supercritical Fluids, 199, 105966. https://doi.
org/10.1016/J.SUPFLU.2023.105966

Jacob, S., Kather, F. S., Boddu, S. H. S., Attimarad,
M., & Nair, A. B. (2025). Nanosuspension In-
novations: Expanding Horizons in Drug Deliv-
ery Techniques. Pharmaceutics 2025, Vol. 17,
Page 136, 17(1), 136. https://doi.org/10.3390/
PHARMACEUTICS17010136

Jadhav, S. P., Dhakad, P. K., Gupta, T., & Gilhotra, R.
(2024). Effect of Lyophilization on Characteristics
of Iloperidone Nanosuspension. International
Journal of Drug Delivery Technology, 14(2),
1039-1043. https://doi.org/10.25258/ijddt.14.2.65

Jadhav, S. P, Singh, S. K., & Chawra, H. S. (2023a).
Review on Nanosuspension as a Novel Method

https://doi.org/10.37819/nanofab.10.2085


https://doi.org/10.37819/nanofab.10.2085
https://doi.org/10.1016/J.BIOACTMAT.2021.04.027
https://doi.org/10.1016/J.BIOACTMAT.2021.04.027
https://doi.org/10.1016/J.IJPHARM.2024.124226
https://doi.org/10.1016/J.IJPHARM.2024.124226
https://doi.org/10.1208/S12249-024-02871-1/METRICS
https://doi.org/10.1208/S12249-024-02871-1/METRICS
https://doi.org/10.1021/ACSABM.0C01310
https://doi.org/10.1021/ACSABM.0C01310
https://doi.org/10.1208/S12249-017-0801-6
https://doi.org/10.1208/S12249-017-0801-6
https://doi.org/10.1007/S11051-022-05403-9
https://doi.org/10.1007/S11051-022-05403-9
https://doi.org/10.1007/S11051-022-05403-9
https://doi.org/10.1007/S11051-022-05403-9
https://doi.org/10.1080/10837450.2021.2020817
https://doi.org/10.1080/10837450.2021.2020817
https://doi.org/10.1007/S40199-021-00426-4/METRICS
https://doi.org/10.1007/S40199-021-00426-4/METRICS
https://doi.org/10.1016/J.CCLET.2022.03.108
https://doi.org/10.1016/J.CCLET.2022.03.108
https://doi.org/10.1201/9781315274287/PRINCIPLES-COLLOID-SURFACE-CHEMISTRY-REVISED-EXPANDED-PAUL-HIEMENZ-RAJ-RAJAGOPALAN/ACCESSIBILITY-INFORMATION
https://doi.org/10.1201/9781315274287/PRINCIPLES-COLLOID-SURFACE-CHEMISTRY-REVISED-EXPANDED-PAUL-HIEMENZ-RAJ-RAJAGOPALAN/ACCESSIBILITY-INFORMATION
https://doi.org/10.1201/9781315274287/PRINCIPLES-COLLOID-SURFACE-CHEMISTRY-REVISED-EXPANDED-PAUL-HIEMENZ-RAJ-RAJAGOPALAN/ACCESSIBILITY-INFORMATION
https://doi.org/10.1201/9781315274287/PRINCIPLES-COLLOID-SURFACE-CHEMISTRY-REVISED-EXPANDED-PAUL-HIEMENZ-RAJ-RAJAGOPALAN/ACCESSIBILITY-INFORMATION
https://doi.org/10.1201/9781315274287/PRINCIPLES-COLLOID-SURFACE-CHEMISTRY-REVISED-EXPANDED-PAUL-HIEMENZ-RAJ-RAJAGOPALAN/ACCESSIBILITY-INFORMATION
https://doi.org/10.1016/J.IJPHARM.2019.03.064
https://doi.org/10.1016/J.IJPHARM.2019.03.064
https://doi.org/10.1016/J.SUPFLU.2023.105966
https://doi.org/10.1016/J.SUPFLU.2023.105966
https://doi.org/10.3390/PHARMACEUTICS17010136
https://doi.org/10.3390/PHARMACEUTICS17010136
https://doi.org/10.25258/ijddt.14.2.65

ORIGINAL RESEARCH

for Solubility and Bioavailability Enhancement
of Poorly Soluble Drugs. Advances in Pharma-
cology and Pharmacy, 11(2), 117-130. https://
doi.org/10.13189/app.2023.110204

Jadhav, S. P, Singh, S. K., & Chawra, H. S. (2023b).
Review on Nanosuspension as a Novel Method
for Solubility and Bioavailability Enhancement
of Poorly Soluble Drugs. Advances in Pharma-
cology and Pharmacy, 11(2), 117-130. https://
doi.org/10.13189/app.2023.110204

Jahan, N., Kousar, F., Rahman, K. U., Tougeer, S.
I., & Abbas, N. (2023). Development of Na-
nosuspension of Artemisia absinthium Extract
as Novel Drug Delivery System to Enhance
Its Bioavailability and Hepatoprotective Po-
tential. Journal of Functional Biomaterials
2023, Vol. 14, Page 433, 14(8), 433. https://doi.
org/10.3390/JFB14080433

Jain, N. (n.d.). Formulation and Evaluation of
Nano Suspension Based Oro Disoersible Film
of Aripiprazole. Retrieved July 1, 2025, from
www.ijfmr.com

Jakubowska, E., Bielejewski, M., Milanowski, B., &
Lulek, J. (2022). Freeze-drying of drug nano-
suspension— study of formulation and process-
ing factors for the optimization and characteri-
zation of redispersible cilostazol nanocrystals.
Journal of Drug Delivery Science and Tech-
nology, 74, 103528. https://doi.org/10.1016/J.
JDDST.2022.103528

Jakubowska, E., & Lulek J. (2021). The application
of freeze-drying as a production method of drug
nanocrystals and solid dispersions—a review.
Journal of Drug Delivery Science and Technol-
ogy, 62, 102357.

Jawahar, N. Meyyanathan, S. N., Senthil, V,
Gowthamarajan, K., & Elango, K. (n.d.). Studies
on Physico-Chemical and Pharmacokinetic Prop-
erties of Olanzapine through Nanosuspension.

Joshi, S., Jindal, P., Gautam, S., Singh, C., Patel,
P., Gupta, G. Das, & Kurmi, B. Das. (2025).
Mini Review on the Lyophilization: A Basic
Requirement for Formulation Development
and Stability Modifier. ASSAY and Drug Devel-
opment Technologies. https://doi.org/10.1089/
ADT.2024.122

Karakucuk, A., Tort, S., Han, S., Oktay, A. N., &
Celebi, N. (2021). Etodolac nanosuspension
based gel for enhanced dermal delivery: in vitro
and in vivo evaluation. Journal of Microencap-
sulation, 38(4), 218-232. https://doi.org/10.108
0/02652048.2021.1895344

https://doi.org/10.37819/nanofab.10.2085

Nanosuspensions for Enhancing Drug Solubility ...

Khan, K. U., Minhas, M. U., Badshah, S. F., Suhail,
M., Ahmad, A., & Jjaz, S. (2022). Overview
of nanoparticulate strategies for solubility
enhancement of poorly soluble drugs. Life
Sciences, 291, 120301. https://doi.org/10.1016/J.
LFS.2022.120301

Kodipyaka, R., & Govindu, S. (2025). Recent Trends
in Top-Down Technologies for the Prepara-
tion of Nanosuspensions. Indian Journal of
Pharmaceutical Education and Research,
59(2), 493-503.  https://doi.org/10.5530/
ijper.20256434

Kolipaka, T., Sen, S., Mane, S. S., Bajad, G. D.,
Dengale, S. J., & Ranjan, O. P. (2023a). De-
velopment of posaconazole nanosuspension for
bioavailability enhancement: Formulation opti-
mization, in vitro characterization, and pharma-
cokinetic study. Journal of Drug Delivery Sci-
ence and Technology, 83, 104434. https://doi.
org/10.1016/J.JDDST.2023.104434

Kolipaka, T., Sen, S., Mane, S. S., Bajad, G. D.,
Dengale, S. J., & Ranjan, O. P. (2023b). De-
velopment of posaconazole nanosuspension for
bioavailability enhancement: Formulation opti-
mization, in vitro characterization, and pharma-
cokinetic study. Journal of Drug Delivery Sci-
ence and Technology, 83, 104434. https://doi.
org/10.1016/J.JDDST.2023.104434

Kovalchuk, N. M., Johnson, D., Sobolev, V., Hilal,
N., & Starov, V. (2019). Interactions between
nanoparticles in nanosuspension. Advances in
Colloid and Interface Science, 272, 102020.
https://doi.org/10.1016/J.CIS.2019.102020

Li, M., Alvarez, P., Orbe, P., & Bilgili, E. (2018).
Multi-faceted Characterization of Wet-milled
Griseofulvin Nanosuspensions for Elucidation
of Aggregation State and Stabilization Mecha-
nisms. AAPS PharmSciTech, 19(4), 1789-1801.
https://doi.org/10.1208/S12249-018-0993-4/
METRICS

Li, Q., Chen, F., Liu, Y,, Yu, S., Gai, X,, Ye, M.,
Yang, X., & Pan, W. (2018). A novel albumin
wrapped nanosuspension of meloxicam to im-
prove inflammation-targeting effects. Inter-
national Journal of Nanomedicine, 13, 4711—
4725. https://doi.org/10.2147/1JN.S160714

Li, Y., Zhao, X., Zu, Y., & Zhang Y. (2015). Prepa-
ration and characterization of paclitaxel nano-
suspension using novel emulsification method
by combining high speed homogenizer and high
pressure. International Journal of Pharmaceu-
tics, 490(1-2), 324-333.

Nanofabrication (2025) 10 | 17


https://doi.org/10.37819/nanofab.10.2085
https://doi.org/10.13189/app.2023.110204
https://doi.org/10.13189/app.2023.110204
https://doi.org/10.13189/app.2023.110204
https://doi.org/10.13189/app.2023.110204
https://doi.org/10.3390/JFB14080433
https://doi.org/10.3390/JFB14080433
http://www.ijfmr.com
https://doi.org/10.1016/J.JDDST.2022.103528
https://doi.org/10.1016/J.JDDST.2022.103528
https://doi.org/10.1089/ADT.2024.122
https://doi.org/10.1089/ADT.2024.122
https://doi.org/10.1080/02652048.2021.1895344
https://doi.org/10.1080/02652048.2021.1895344
https://doi.org/10.1016/J.LFS.2022.120301
https://doi.org/10.1016/J.LFS.2022.120301
https://doi.org/10.5530/ijper.20256434
https://doi.org/10.5530/ijper.20256434
https://doi.org/10.1016/J.JDDST.2023.104434
https://doi.org/10.1016/J.JDDST.2023.104434
https://doi.org/10.1016/J.JDDST.2023.104434
https://doi.org/10.1016/J.JDDST.2023.104434
https://doi.org/10.1016/J.CIS.2019.102020
https://doi.org/10.1208/S12249-018-0993-4/METRICS
https://doi.org/10.1208/S12249-018-0993-4/METRICS
https://doi.org/10.2147/IJN.S160714

ORIGINAL RESEARCH

Lokare, S. H., Gavhane, Y. N., Sutar, B., & Gurav,
0. (2207). A review on problems related with
nanosuspensions with its solutions. Interna-
tional Journal of Scientific Development and
Research, 7(7), 268.

Machamasi, R., Hwang, S.-J., & Dinh, L. (2024).
The Formulation, Preparation, and Evaluation
of Celecoxib Nanosuspensions: Nanosizing via
High-Pressure Homogenization and Conver-
sion of the Nanosuspensions into Dry Powders
by Spray Drying and Freeze Drying. Journal
of Pharmaceutical and BioTech Industry 2024,
Vol. 1, Pages 20-37, 1(1), 20-37. https://doi.
org/10.3390/JPB11010004

Md, S., Ali, M., Ali, R., Bhatnagar, A., & Baboota
S. (2014). Donepezil nanosuspension intended
for nose to brain targeting: in vitro and in vivo
safety evaluation. International Journal of Bio-
logical Macromolecules, 67, 418-425.

Mehanna, M. M., & Abla, K. K. (2022). Recent ad-
vances in freeze-drying: variables, cycle opti-
mization, and innovative techniques. Pharma-
ceutical Development and Technology, 27(8),
904-923. https://doi.org/10.1080/10837450.20
22.2129385

Meng, T., Qiao, F., Ma, S., Gao, T., Li, L., Hou, Y., &
Yang, J. (2021). Exploring the influence factors
and improvement strategies of drug polymor-
phic transformation combined kinetic and ther-
modynamic perspectives during the formation
of nanosuspensions. Drug Development and In-
dustrial Pharmacy, 47(12), 1867-1880. https://
doi.org/10.1080/03639045.2022.2061988;PAG
E:STRING:ARTICLE/CHAPTER

Okada, K., Hayashi, Y., Kumada, S., of, Y. O.-E.
J., & 2021, undefined. (2021). Nondestructive
investigation of the agglomeration process for
nanosuspensions via NMR relaxation of water
molecules. European Journal of Pharmaceuti-
cal Sciences, 164, 105908.

Okada, K., Hayashi, Y., Kumada, S., & Onuki, Y.
(2021). Nondestructive Investigation of the Ag-
glomeration Process for Nanosuspensions via
NMR Relaxation of Water Molecules. European
Journal of Pharmaceutical Sciences, 164,105908.
https://doi.org/10.1016/J.EJPS.2021.105908

Pan, Z., Cui, B., Zeng, Z., Feng, L., Liu, G., Cui, H.,
& Pan, H. (2015). Lambda-Cyhalothrin Nano-
suspension Prepared by the Melt Emulsification-
High Pressure Homogenization Method. Jour-
nal of Nanomaterials, 2015(1), 123496. https://
doi.org/10.1155/2015/123496

18 | Nanofabrication (2025) 10

Ankit Mishra, et al.

Papdiwal, A., Pande, V., Chemica, K. S.-D. P,, &
undefined. (2014). Design and characteriza-
tion of zaltoprofen nanosuspension by precip-
itation method. Der Pharma Chemica, 6(3),
161-168.

Patel, H. M., Patel, B. B., Shah, C. N., & Shah, D.
P. (2016). Nanosuspension technologies for de-
livery of poorly soluble drugs - A review. Re-
search Journal of Pharmacy and Technology,
9(5), 625-632. https://doi.org/10.5958/0974-
360X.2016.00120.7

Patel, P. J., Gajera, B. Y., & Dave, R. H. (2018). A
quality-by-design study to develop Nifedipine
nanosuspension: examining the relative impact
of formulation variables, wet media milling
process parameters and excipient variability on
drug product quality attributes. Drug Develop-
ment and Industrial Pharmacy, 44(12), 1942—
1952. https://doi.org/10.1080/03639045.2018.1
503296

Patel, R. K. (2022). A Study to Investigate the Ther-
modynamic and Surface Properties of Drugs
and Stabilizers to Understand the Stabilization
Requirements for Liquid and Solid Nanosus-
pension Stability.

Pawar, S. S., Dahifale, B. R., Nagargoje, S. P., &
Shendge, R. S. (2017). Nanosuspension Tech-
nologies for Delivery of Drugs. Nanoscience
and Nanotechnology Research, 4(2), 59-66.
https://doi.org/10.12691/nnr-4-2-4

Pmar, S. G., Oktay, A. N., Karakiiciik, A. E., &
Celebi, N. (2023a). Formulation Strategies of
Nanosuspensions for Various Administration
Routes. Pharmaceutics 2023, Vol. 15, Page
1520, 15(5), 1520. https://doi.org/10.3390/
PHARMACEUTICS15051520

Pmar, S. G., Oktay, A. N., Karakiiciik, A. E., &
Celebi, N. (2023b). Formulation Strategies of
Nanosuspensions for Various Administration
Routes. Pharmaceutics, 15(5), 1520. https://doi.
org/10.3390/PHARMACEUTICS15051520

Prajapati, B. G., Vasava, J., Kapoor, D. U., Paliwal,
H., & Khunt, D. (2025). Enhancing solubility
of exemestane through nanosuspension for-
mulation and characterization. Next Research,
2(2), 100347. https://doi.org/10.1016/J.NEX-
RES.2025.100347

Pryazhnikov, A. 1., Pryazhnikov, M. 1., Zhigarev,
V. A, & Minakov, A. V. (2025). Comparative
analysis of the effectiveness of using surfactant
solutions and nanosuspensions to enhance
oil recovery. Journal of Molecular Liquids,

https://doi.org/10.37819/nanofab.10.2085


https://doi.org/10.37819/nanofab.10.2085
https://doi.org/10.3390/JPBI1010004
https://doi.org/10.3390/JPBI1010004
https://doi.org/10.1080/10837450.2022.2129385
https://doi.org/10.1080/10837450.2022.2129385
https://doi.org/10.1080/03639045.2022.2061988;PAGE:STRING:ARTICLE/CHAPTER
https://doi.org/10.1080/03639045.2022.2061988;PAGE:STRING:ARTICLE/CHAPTER
https://doi.org/10.1080/03639045.2022.2061988;PAGE:STRING:ARTICLE/CHAPTER
https://doi.org/10.1016/J.EJPS.2021.105908
https://doi.org/10.1155/2015/123496
https://doi.org/10.1155/2015/123496
https://doi.org/10.5958/0974-360X.2016.00120.7
https://doi.org/10.5958/0974-360X.2016.00120.7
https://doi.org/10.1080/03639045.2018.1503296
https://doi.org/10.1080/03639045.2018.1503296
https://doi.org/10.12691/nnr-4-2-4
https://doi.org/10.3390/PHARMACEUTICS15051520
https://doi.org/10.3390/PHARMACEUTICS15051520
https://doi.org/10.3390/PHARMACEUTICS15051520
https://doi.org/10.3390/PHARMACEUTICS15051520
https://doi.org/10.1016/J.NEXRES.2025.100347
https://doi.org/10.1016/J.NEXRES.2025.100347

ORIGINAL RESEARCH

419, 126773. https://doi.org/10.1016/J.MOL-
L1Q.2024.126773

Purkayastha, H., & Hossian SKI. (2019). Nanosus-
pension: A modern technology used in drug de-
livery system. Int J Curr Pharm Res, 11(3), 1-3.
https://doi.org/10.22159/ijcpr.2019v11i3.34098

Qin, T, Dai, Z., Xu, X., Zhang, Z., You, X., Sun, H.,
Liu, M., & Zhu, H. (2020). Nanosuspension as
an Efficient Carrier for Improved Ocular Per-
meation of Voriconazole. Current Pharmaceuti-
cal Biotechnology, 22(2), 245-253. https://doi.
0rg/10.2174/1389201021999200820154918

Rahman, A., & Haider, Md. F. (2023). Solubility of
Drugs, Their Enhancement, Factors Affecting
and Their Limitations: A Review. International
Journal of Pharmaceutical Sciences Review
and Research, 79(2). https://doi.org/10.47583/
IJPSRR.2023.V79102.014

Rani, A., Verma, R., Kumar, M., Tiwari, A., Tiwari,
V., Bhatt, S., Mittal, V., & Kaushik, D. (2023a).
Nanosuspension as a Novel Nanovehicle for
Drug Delivery: A Recent Update on Patents and
Therapeutic Applications. Current Nanomed-
icine, 14(2), 88-98. https://doi.org/10.2174/0
124681873270131231023082115/CITE/REF-
WORKS

Rani, A., Verma, R., Kumar, M., Tiwari, A., Tiwari,
V., Bhatt, S., Mittal, V., & Kaushik, D. (2023b).
Nanosuspension as a Novel Nanovehicle for
Drug Delivery: A Recent Update on Patents and
Therapeutic Applications. Current Nanomed-
icine, 14(2), 88-98. https://doi.org/10.2174/0
124681873270131231023082115/CITE/REF-
WORKS

Ravi, M., July, T, Kim, N. A., Park, K. E., & Jeong,
S. H. (2021). Solubility Determination of c-Met
Inhibitor in Solvent Mixtures and Mathemati-
cal Modeling to Develop Nanosuspension For-
mulation. Molecules 2021, Vol. 26, Page 390,
26(2), 390. https://doi.org/10.3390/MOLE-
CULES26020390

Rezvankhah, A., Emam-Djomeh, Z., & Askari, G.
(2020). Encapsulation and delivery of bioactive
compounds using spray and freeze-drying tech-
niques: A review. Drying Technology, 38(1-2),
235-258. https://doi.org/10.1080/07373937.20
19.1653906

Serrano-Lotina, A., Portela, R., Baeza, P., Alcolea-Rod-
riguez, V., Villarroel, M., & Avila, P. (2023). Zeta
potential as a tool for functional materials devel-
opment. Catalysis Today, 423, 113862. https://
doi.org/10.1016/J.CATTOD.2022.08.004

https://doi.org/10.37819/nanofab.10.2085

Nanosuspensions for Enhancing Drug Solubility ...

Shaikh, F., Patel, M., Patel, V., Patel, A., Shinde, G.,
Shelke, S., & Pathan, I. (2022). Formulation
and optimization of cilnidipine loaded nano-
suspension for the enhancement of solubility,
dissolution and bioavailability. Journal of Drug
Delivery Science and Technology, 69, 103066.
https://doi.org/10.1016/J.JDDST.2021.103066

Sharma, S., Hafeez, A., & Usmani, S. A. (2022).
Nanoformulation approaches of naringenin- an
updated review on leveraging pharmaceutical
and preclinical attributes from the bioactive.
Journal of Drug Delivery Science and Tech-
nology, 76, 103724. https://doi.org/10.1016/J.
JDDST.2022.103724

Shete, G., Jain, H., Punj, D., Prajapat, H., Akotiya,
P., & Kumar Bansal, A. (2016). Stabilizers used
in nano-crystal based drug delivery systems. In-
ternational Journal of Pharmaceutical Excipi-
ents, 5(4), 184-209.

Shinkar, D. M., Jadhav, S. S., Pingale, P. L., Boraste,
S. S., & VishvnathAmrutkar, S. (2022). Formula-
tion, Evaluation, and Optimization of Glimepiride
Nanosuspension by Using Antisolvent Evapo-
ration Technique. Pharmacophore, 13(4-2022),
49-58. https://doi.org/10.51847/1Y GT4ASLM1W

Silambarasan, I., of, A. R.-R. J., & 2022, undefined.
(2022). A review on freeze-drying: A stability
enhancement technique. Research Journal of
Pharmacy and Technology, 15(10), 4841-4846.

Smith, W. C., Bae, J., Zhang, Y., Qin, B., Wang,
Y., Kozak, D., Ashraf, M., & Xu, X. (2021).
Impact of particle flocculation on the dissolu-
tion and bioavailability of injectable suspen-
sions. International Journal of Pharmaceu-
tics, 604, 120767. https://doi.org/10.1016/J.
[JPHARM.2021.120767

Soroushnia, A., Ganji, F., Vasheghani-Farahani, E.,
& Mobedi, H. (2022). Effect of combined sta-
bilizers on midazolam nanosuspension prop-
erties. Iranian Polymer Journal (English Edi-
tion), 31(2), 215-222. https://doi.org/10.1007/
S$13726-021-00981-2/METRICS

Sun, W,, Gao, J., Fan, R., Zhang, T., Tian, Y., Wang,
Z., Zhang, H., & Zheng, A. (2022). The Effect
of Particle Size on the Absorption of Cyclo-
sporin A Nanosuspensions. International Jour-
nal of Nanomedicine, 17, 1741-1755. https://
doi.org/10.2147/1JN.S357541

Sutradhar, K. B., Khatun, S., & Luna, I. P. (2013).
Increasing Possibilities of Nanosuspension.
Journal of Nanotechnology, 2013(1), 346581.
https://doi.org/10.1155/2013/346581

Nanofabrication (2025) 10 | 19


https://doi.org/10.37819/nanofab.10.2085
https://doi.org/10.1016/J.MOLLIQ.2024.126773
https://doi.org/10.1016/J.MOLLIQ.2024.126773
https://doi.org/10.22159/ijcpr.2019v11i3.34098
https://doi.org/10.2174/1389201021999200820154918
https://doi.org/10.2174/1389201021999200820154918
https://doi.org/10.47583/IJPSRR.2023.V79I02.014
https://doi.org/10.47583/IJPSRR.2023.V79I02.014
https://doi.org/10.2174/0124681873270131231023082115/CITE/REFWORKS
https://doi.org/10.2174/0124681873270131231023082115/CITE/REFWORKS
https://doi.org/10.2174/0124681873270131231023082115/CITE/REFWORKS
https://doi.org/10.2174/0124681873270131231023082115/CITE/REFWORKS
https://doi.org/10.2174/0124681873270131231023082115/CITE/REFWORKS
https://doi.org/10.2174/0124681873270131231023082115/CITE/REFWORKS
https://doi.org/10.3390/MOLECULES26020390
https://doi.org/10.3390/MOLECULES26020390
https://doi.org/10.1080/07373937.2019.1653906
https://doi.org/10.1080/07373937.2019.1653906
https://doi.org/10.1016/J.CATTOD.2022.08.004
https://doi.org/10.1016/J.CATTOD.2022.08.004
https://doi.org/10.1016/J.JDDST.2021.103066
https://doi.org/10.1016/J.JDDST.2022.103724
https://doi.org/10.1016/J.JDDST.2022.103724
https://doi.org/10.51847/1YGT4SLM1W
https://doi.org/10.1016/J.IJPHARM.2021.120767
https://doi.org/10.1016/J.IJPHARM.2021.120767
https://doi.org/10.1007/S13726-021-00981-2/METRICS
https://doi.org/10.1007/S13726-021-00981-2/METRICS
https://doi.org/10.2147/IJN.S357541
https://doi.org/10.2147/IJN.S357541
https://doi.org/10.1155/2013/346581

ORIGINAL RESEARCH

Tashan, E., Karakucuk, A., & Celebi, N. (2019).
Optimization and in vitro evaluation of ziprasi-
done nanosuspensions produced by a top-
down approach. Journal of Drug Delivery Sci-
ence and Technology, 52, 37-45. https://doi.
org/10.1016/J.JDDST.2019.04.024

The Innovation Makers: First-in-Class New Drug
Approvals - DCAT Value Chain Insights. (2022).

Tian, Y., Wang, S., Yu, Y., Sun, W., Fan, R., Shi,
J., Gu, W., Wang, Z., Zhang, H., & Zheng, A.
(2022). Review of nanosuspension formulation
and process analysis in wet media milling us-
ing microhydrodynamic model and emerging
characterization methods. International Jour-
nal of Pharmaceutics, 623, 121862. https://doi.
org/10.1016/J.1IJPHARM.2022.121862

Tok, Y. P., Mesut, B., Giingér, S., Bioengineering,
A. S.-, & 2023, undefined. (2023). Systematic
screening study for the selection of proper sta-
bilizers to produce physically stable canagli-
flozin nanosuspension by wet milling method.
Bioengineering, 10(8), 927.

Vehring, R., Snyder, H., & Lechuga-Ballesteros,
D. (2020). Spray Drying. Drying Technol-
ogies for Biotechnology and Pharmaceu-
tical ~Applications, 179-216. https://doi.
org/10.1002/9783527802104.CH7

=

)

Ankit Mishra, et al.

Wanning, S., Siiverkriip, R., & Lamprecht, A.
(2015). Pharmaceutical spray freeze dry-
ing. International Journal of Pharmaceutics,
488(1-2), 136-153. https://doi.org/10.1016/J.
[JPHARM.2015.04.053

Willmann, A., Berkenfeld, K., Faber, T., Pharma-
ceutics, H. W.-, & 2022, undefined. (n.d.).
Itraconazole nanosuspensions via dual centrif-
ugation media milling: Impact of formulation
and process parameters on particle size and sol-
id-state conversion. Mdpi.ComAC Willmann, K
Berkenfeld, T Faber, H Wachtel, G Boeck, KG
WagnerPharmaceutics, 2022*mdpi.Com. Re-
trieved July 1, 2025, from https://www.mdpi.
com/1999-4923/14/8/1528

Yadollahi, R., Vasilev, K., & Simovic, S. (2015).
Nanosuspension Technologies for Deliv-
ery of Poorly Soluble Drugs. Journal of Na-
nomaterials, 2015(1), 216375. https://doi.
org/10.1155/2015/216375

Zhang, X., Wang, L., Zhang, Y., Wu, S., Sha, X., Wu,
W., & Li, W. (2024). High-throughput prepara-
tion, scale up and solidification of andrograph-
olide nanosuspension using hummer acoustic
resonance technology. International Journal
of Pharmaceutics, 661, 124474. https://doi.
org/10.1016/J.1IJPHARM.2024.124474

=

® @ Publisher’s note: Eurasia Academic Publishing Group (EAPG) remains neutral with regard to ju-
@ S risdictional claims in published maps and institutional affiliations.

Open Access. This article is licensed under a Creative Commons Attribution-NoDerivatives 4.0 International (CC
BY-ND 4.0) licence, which permits copy and redistribute the material in any me-dium or format for any purpose, even
commercially. The licensor cannot revoke these freedoms as long as you follow the licence terms. Under the following
terms you must give appropriate credit, provide a link to the license, and indicate if changes were made. You may do
so in any reasonable manner, but not in any way that suggests the licensor endorsed you or your use. If you remix,
transform, or build upon the material, you may not distribute the modified material. To view a copy of this license, visit

https://creativecommons.org/licenses/by-nd/4.0/.

20 | Nanofabrication (2025) 10

https://doi.org/10.37819/nanofab.10.2085


https://doi.org/10.37819/nanofab.10.2085
https://doi.org/10.1016/J.JDDST.2019.04.024
https://doi.org/10.1016/J.JDDST.2019.04.024
https://doi.org/10.1016/J.IJPHARM.2022.121862
https://doi.org/10.1016/J.IJPHARM.2022.121862
https://doi.org/10.1002/9783527802104.CH7
https://doi.org/10.1002/9783527802104.CH7
https://doi.org/10.1016/J.IJPHARM.2015.04.053
https://doi.org/10.1016/J.IJPHARM.2015.04.053
https://www.mdpi.com/1999-4923/14/8/1528
https://www.mdpi.com/1999-4923/14/8/1528
https://doi.org/10.1155/2015/216375
https://doi.org/10.1155/2015/216375
https://doi.org/10.1016/J.IJPHARM.2024.124474
https://doi.org/10.1016/J.IJPHARM.2024.124474

