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Abstract 
Nanocrystal formulation key elements of consideration; stabilizers; the importance of key processing parameters 
will be outlined. The physicochemical characteristics of nanoparticles (e.g., size and polydispersity index (PDI), 
Zeta potential (ZP), morphology, crystalline structure, drug release profiles, and stability) and their absorption 
and lymph uptake mechanism in the gastrointestinal (GI) tract are tabulated in Table1. About 40-70% of new drug 
candidates exhibit poor solubility in aqueous media, resulting in slow dissolution and absorption from the GI tract 
and lower bioavailability; thus, nanocrystal technology provides a solution to this problem. Thus, it can be 
concluded that pharmaceutical nanocrystals are an interesting technology that has many applications and has 
shown success in the clinic to achieve successful delivery of water-insoluble drug substances. The review 
elaborates scientific principles behind nanocrystal technology, including size reduction, surface energy, 
dissolution kinetics, and formation of nanocrystals by top-down approach (milling and grinding), bottom-up 
approach (precipitation, anti-solvent crystallization, and emulsion-based methods), and hybrid or combination 
approach (SmartCrystal). Nanocrystal formulation considerations, importance of stabilizers, and critical 
processing parameters are discussed in brief, and the applicability of Quality by Design (QbD) to develop robust 
and reproducible nanocrystal formulation. Physicochemical characterization of nanocrystals, like Particle size 
(PS) and polydispersity index, ZP, morphology, crystalline state, dissolution performance, and stability, as well 
as mechanisms of absorption and lymphatic uptake from the GI tract, are summarized. Commercial examples, 
recent advances in oral nanocrystal dosage forms, scale-up and manufacturing challenges, regulatory issues, and 
new approaches in nanocrystal drug delivery systems are reviewed. In conclusion, pharmaceutical nanocrystals 
are an attractive drug delivery technology with broad applicability and clinical success in achieving successful 
delivery of water-insoluble drug substances. 
Keywords: Nanocrystals, Poorly water soluble drugs, dissolution enhancement, oral bioavailability, Quality by 
Design 
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1. Introduction 
Poor aqueous solubility remains one of the most 
prominent issues facing today's drug development, 
accounting for as much as 40% of all marketed drugs 
and around 70-90% of newly discovered drugs being 
poorly water soluble. The Oral absorption of most 
drugs is dependent upon their solubility and 
dissolution rate in GI fluids. Thus, poor solubility 
can often lead to slow dissolution, incomplete 
absorption, significant patient-to-patient variability, 
and diminished efficacy[1]. The dimensions of such 
particles are on the scale of 100-1000 nm, and these 
are made solely from the active pharmaceutical 
ingredients (APIs) in a crystalline, free-flowing 
form, kept from agglomerating by the addition of 
other agents. Various techniques for enhancing the 
solubility and dissolution rate of poorly soluble 
drugs have been reported, e.g., size reduction, solid 
dispersion, formation of salts, cyclodextrin 
inclusion complexes, co-crystals, SEDDS, micellar 
solutions, co-solvents and surfactants, etc. Most of 

these methods suffer from various disadvantages 
like very poor encapsulation efficiency, poor 
physicochemical properties, and limitations of 
scale-up and suitable drug loading range.  
Poor aqueous solubility reduces the quantity of 
dissolved drug present in gastrointestinal contents, 
consequently impairing absorption of drugs; other 
causes for this problem are possible: the wettability 
of the drug, the dissolution rate; poor stability of the 
drug; effect of food; metabolism during first-pass 
hepatic; transporters mediating efflux of the drugs 
from cells[2].  
High dosages therefore become necessary to attain a 
therapeutic level of a drug, thus increasing potential 
for toxicity and patient compliance problems. 
Several methods for improving the solubility and 
dissolution rate of poorly soluble drugs have been 
reported, for example, particle size (PS) reduction, 
solid dispersion, formation of salts, cyclodextrin 
inclusion complexes, co-crystals, self-emulsifying 
drug delivery systems (SEDDS), micellar solutions, 
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and co-solvents and surfactants, etc. Many such 
methods pose challenges like very poor drug loading 
capacity, instability of physicochemical nature, and 
difficulty during scale-up, and a restricted range of 
suitable drugs. It has inspired an evolution towards 
better, faster methods.  
Pharmaceutical nanocrystals have arisen as an 
encouraging means for tackling difficulties faced in 
the dissolution of these poorly soluble drugs, along 
with increasing gastrointestinal absorption and oral 
availability. The size of such particles ranges from 
100 nm to 1000 nm, and they are entirely comprised 
of the APIs in a crystalline state, but are prevented 
from clumping through the use of stabilisers. 
Because the surface area is much greater and 
wettability and solubility are improved, they 
disperse and dissolve faster according to the Noyes-
Whitney equation. In this review, this review 
discusses pharmaceutical nanocrystal technology as 
a modern approach to overcome these shortcomings 
and achieve enhanced dissolution and absorption of 
poor water-soluble drugs[3]. The review covers the 
fundamental aspects of nanocrystal technology, 
choice of excipients for their formulation, 
preparation methods, Quality by Design (QbD) 
based process optimization, and characterization. 
This study also discusses the mechanism of 
increased drug dissolution and gastrointestinal 
absorption, their therapeutic applications, current 
marketed products, and considerations for 
manufacturing and regulatory requirements, along 
with prospects. Our purpose is to summarize the 
state-of-the-art and provide a valuable reference to 
researchers and formulation scientists for the 
successful design and commercialization of 
nanocrystal-based oral drug delivery. 
 
2. Poorly Soluble Drugs: Challenges in Oral Drug 
Delivery 
Poor aqueous solubility is considered to be the main 
problem for successful oral delivery of a lot of drug 
products. Oral drug delivery success depends on the 
rate at which a drug dissolves in GI fluid, followed 
by permeability through the intestinal barrier. 
Consequently, the poor solubility of the drugs leads 
to inadequate or inconsistent absorption in the GI 
tract.  
For drugs in BCS class II and class IV, poor aqueous 
solubility often leads to slow dissolution as the rate-
limiting process of bioavailability. Other than 
solubility-related parameters, other formulation and 
physiological variables also hinder effective oral 
drug delivery, including slow dissolution, extensive 
first-pass metabolism, food-dependent absorption, 
and variability among individuals, etc. For many 
orally administered drugs, improvement of their 
dissolution rate remains the main goal in 
pharmaceutical formulation development[4]. 
 
2.1 Solubility-Limited Absorption 

After oral administration, poorly soluble drugs will 
first dissolve in GI fluids before getting into the 
bloodstream. The slower dissolution rates of poorly 
soluble drugs mean a smaller amount of dissolved 
drug concentration for absorption through the 
intestine. The drug with higher permeability might 
still suffer poor absorption due to poor dissolution. 
Due to this, poor bioavailability of the drug, slow 
onset of action, increased interindividual variability, 
and poor therapeutic effects might occur with the 
oral administration of poorly soluble drugs[5]. 
 
2.2 Dissolution Rate Limitations 
Dissolution rate limits overall drug absorption via 
the oral route. As depicted by the Noyes-Whitney 
equation, the dissolution rate depends on the surface 
area of particles and the concentration gradient 
between the surface and solution[6].  
 
2.3 First-Pass Metabolism 
Most orally absorbed drugs pass first the intestinal 
wall and the liver, where they may be metabolized 
into inert products or active metabolites before they 
are introduced into the systemic circulation. This so-
called “first pass metabolism” might drastically 
decrease the total amount of drug reaching the 
systemic circulation, particularly in the case of those 
compounds with a high extraction ratio from the 
liver. The enhanced dissolution rate itself is unlikely 
to reduce first-pass metabolism, but, in the case of 
rapid and complete dissolution and subsequent 
quick absorption of the drug from the GI tract, a 
greater fraction of the dose will reach the systemic 
circulation before undergoing extensive 
metabolism. Additionally, the formulated 
nanocrystal can also facilitate some alternate 
absorptive pathways such as absorption via the 
lymphatic system, thus decreasing the overall first-
pass effect to a certain extent[7]. 
 
2.4 Food Effects 
Gastrointestinal contents in the form of food can 
influence the oral absorption and hence 
bioavailability of poorly soluble drugs significantly. 
Administration of food affects the time taken to 
empty gastric contents, motility of intestinal fluids, 
secretion of bile, and pH of GI fluid, and 
composition of the luminal contents, which affect 
solubility and absorption of the drug. A fat-rich diet 
tends to improve absorption of lipophilic poorly 
soluble drugs by stimulation of bile salt secretion, 
whereas drugs given under fasted state are much less 
absorbed[8]. Food interaction leading to poor 
bioavailability also dictates poor therapy for these 
drugs, and complicates their dosing schedule, thus 
necessitating the design of food-neutral 
formulations. 
 
2.5 Variability in Oral Bioavailability 
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The amount of an orally administered drug that 
gains access to the systemic circulation without 
metabolic alteration is referred to as oral 
bioavailability. A higher intra-individual variability 
in poorly soluble drugs is found because of 
differences in gastro- intestinalphysiological 
conditions, stomach pH, transit time in the 
gastrointestinal tract, release of bile secretion, 
activity of enzymes and transporters, age of 
individuals, disease conditions, food pattern, etc. 
Apart from the formulation-related factors such as 
PS, shape of crystals, presence of multiple 
polymorphic forms, and excipients used for 
formulation, these factors significantly influence the 
process of oral absorption of the drug, which may 
ultimately lead to a greater variation in oral 
bioavailability[9]. 
 
3. Pharmaceutical Nanocrystals: Fundamentals 
and Classification 
Pharmaceutical nanocrystals consist of 100-1000 
nm crystalline particles of APIs without any 
significant formulation components or carriers to 
prevent aggregation by means of a minimal amount 
of stabilizers, such as polymers or surfactants, at the 
particle surface. They represent the drug carrier-free 
system where no carriers have been introduced, and 
the crystalline nature of the drug molecule has been 
maintained at the same time, enhancing its 
dissolution by means of a dramatically enhanced 
surface area of the drug. Consequently, reduction in 
PS not only improves saturation solubility, 
dissolution velocity, and interaction with biological 
fluid, which in turn increases the oral absorption and 
oral bioavailability of poor water-soluble drugs. Due 
to these benefits, the use of nanocrystal technology 
as a formulation strategy for BCS class II and class 
IV drugs has gained widespread popularity[10]. 
 
3.1 Characteristics 
Pharmaceutical nanocrystals are particles within a 
range of about 100-1000 nm having various 
desirable physicochemical characteristics that 
contribute to enhanced performance of drugs in oral 
delivery. They have the advantage of sub-micron 
dimensions, which lead to a substantially high 
specific surface area, rapid dissolution rate, 
improved dissolution, and thus significantly 
enhance the solubility. Because they consist of a 
crystalline form of the drug, they provide high 
loading capacities while having a limited need for 
stabilizers.  
They provide wetting and improve saturation 
solubility and further help the attachment with the 
gastrointestinal tract, hence resulting in greater 
dissolution. Depending on the dosage form 
requirements, nanocrystals are usually developed as 
suspensions, tablets, capsules, pellets, or orally 
disintegrating tablets. Due to versatility, ease of 
manufacturing scale-up, scalability of production 

process, compatibility with most excipients, and 
their applicability to both new drug molecules and 
reformulation of existing molecules, these have 
gained significant attention[11]. 
 
3.2 Nanoparticles vs. Nanocrystals 
Though these nanoparticles and nanocrystals have 
been used as one. But there are many differences 
both structurally as well as functionality aspects. 
The term nanoparticles usually refers to systems 
based on a carrier wherein the drug gets loaded, 
encapsulated, embedded, dispersed, or encapsulated 
within the matrix of the carrier, which is usually a 
polymer, lipid, or organic material. On the other 
hand, nanocrystals are formed of a solid drug that 
has a fine layer of stabilizers such as surfactants or 
polymer adsorbed on the surface, and no carrier 
matrix has been introduced in such cases. Therefore, 
the formulation of drug nanoparticles possesses 
good drug loading, limited chemical components, 
and minimal risk of toxicity of carriers and, most 
importantly, increased bioavailability in comparison 
to other known nanocarrier formulations. 
Nanoparticles are used for targeted drug delivery, 
controlled drug delivery systems, and to prevent 
drug degradation[12]. 
 
3.3 Types of Nanocrystals 
Pharmaceutical nanocrystals can be classified 
broadly depending on its content, size range, 
manufacturing process, and application into pure 
drug nanocrystals and surface modified nanocrystals 
depending upon their content whereas classified into 
different based on the methods of preparation such 
as down-top (media milling), up-
down(precipitation) and combination (SmartCrystal 
technology); Also depending on the dose form, 
nanocrystals are formulated as capsules, tablets, 
suspension, pellets etc[13]. 
 
3.4 Advantages and Disadvantages of 
Nanocrystals 
Nanocrystals provide numerous advantages over the 
existing conventional approaches to increase 
solubility. Nanocrystals, having a high specific 
surface area and low PS, exhibit drastically 
increased solubility and faster dissolution rate, 
leading to improved absorption and oral 
bioavailability. Also, they ensure high drug loading 
capacity because of free from carriers; the 
formulations contain simplified composition and 
can be produced with ease, with scale-up of 
production using common and scalable equipment, 
has been approved clinically for several drugs. 
However, because of the high surface energy of 
these nanomaterials, they tend to aggregate and 
crystallize, particularly during processing and 
storage. Therefore, the selection of a proper 
stabilization system is a must. Other issues like 
Ostwald ripening, polymorphism, and growth also 
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need to be considered in the long-term stability of 
nanocrystals[14]. Scale-up, drying process, 
regulatory considerations, and QC are other 
challenges for nanocrystal formulation 
development[15]. 
 
4. Scientific Basis of Nanocrystal Technology 
4.1 Noyes–Whitney Equation 
It can be largely attributed to the increased 
dissolution performance for drug nanocrystals from 
the Noyes-Whitney equation that correlates the 
dissolution rate of a drug to drug properties. This 
relationship has demonstrated the dependence of 
dissolution rate on the surface area and the 
concentration difference. DC/dt is the dissolution 
rate, D is the diffusion coefficient, A is the surface 
area of the drug particle, Cs is the saturation 
solubility, C is the drug concentration in the 
solution, h is the thickness of the diffusion layer, and 
V is the volume in which dissolution occurs (Eq. 
1)[16].  
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In particular, PS reduction to the nanoscale greatly 
increases the available surface area of the particles, 
and thus greatly improves the rate of drug 
dissolution as well as the absorption after oral 
administration. As a result, nanocrystal technology 
could efficiently address dissolution-limited 
absorption associated with poorly soluble drugs. 
 
4.2 Ostwald–Freundlich Equation 
The Ostwald-Freundlich equation was used to 
describe the increase in saturation solubility with the 
decrease in PS. When the PS falls in the nanoscale 
range, with a decrease in size, an increase in surface 
curvature leads to increased surface free energy, 
thus leading to increased molecular motion on 
particle surfaces. Due to increased surface energy, 
the saturation solubility value is higher in the case of 
larger crystals; for instance, where S is saturation 
solubility of nanoparticles, S is the saturation 
solubility of bulk, is surface tension, M is molecular 
weight, V is molar volume, r is particle radius, R is 
the gas constant, and T is absolute temperature[17]. 
Decreasing the radius causes an increase in 
saturation solubility, which is reflected as a stronger 
concentration gradient, resulting in a faster 
dissolution rate and an increase in absorption (Eq.2). 
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4.3 Kelvin Equation 
Particle curvature effects on surface energy and 
vapor pressure were explained in more detail by the 
Kelvin equation. Because nanocrystals are 

characterized by surfaces of very high curvature, the 
particles will have a higher thermodynamic energy 
as compared to larger particles[18]. This high 
surface energy increases the apparent solubility of 
drugs and allows quick dissolution in the 
gastrointestinal environment (Eq.3).  
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Where P is the vapor pressure of the curved particle, 
Po is the vapor pressure of a flat surface, γ is the 
surface tension, Vm is the molar volume, r is the 
radius of the particle, R is the universal gas constant, 
and T is the absolute temperature. Originally, it was 
used to explain vapor pressure, but it can be used 
theoretically to explain increases in thermodynamic 
activity and improved dissolution of nanodrug 
crystals. 
 
4.4 High Saturation Solubility 
A primary advantage of nanocrystal technology is to 
enhance the apparent saturation solubility of poor 
water-soluble drugs. Nanocrystal particles, on a 
nanometer-scale, present a larger surface curvature 
and higher surface free energy, thereby increasing 
interaction with the dissolution medium. This 
elevated thermodynamic activity causes an increase 
in the local dissolved drug concentration at the 
particle surface, creating a larger concentration 
gradient that drives dissolution diffusion across the 
GI membrane. Increased saturation solubility is 
particularly significant for the absorption of poorly 
water-soluble drugs of BCS Class II and Class IV, 
where dissolution is a rate-limiting factor[19]. 
 
4.5 Increased Dissolution Rate 
Compared to conventional microcrystals, 
nanocrystals exhibit rapid dissolution of the drug 
because of their high surface area and improved 
wettability. According to the Noyes-Whitney 
equation, decreasing PS results in increased 
available surface area for contact with the solvent, 
leading to an accelerated rate of dissolution. 
Furthermore, increased saturation solubility 
generated due to nanosized particles can also be 
regarded as a contribution to increasing the driving 
force for absorption. A combination of large surface 
area and improved saturation solubility can produce 
very rapid drug dissolution[20].  
 
4.6 Enhanced Adhesiveness 
The extremely small PS of nanocrystals with high 
surface energy causes their enhanced adhesion on 
gastrointestinal mucosa. This prolonged interaction 
with the gastrointestinal epithelium surface provides 
sufficient residence time for the nanoparticles on the 
mucosal lining and enhances drug dissolution and 
absorption. Stabilizers used to prepare nanocrystals, 
like hydrophilic polymers and surfactants, enhance 
the wettability of the particle and help closer contact 
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with the mucus layer, thus increasing surface-to-
mucus interaction, leading to an improvement in 
drug permeability, and thereby preventing loss of 
undissolved drug during passage in the GI tract[21]. 
 
4.7 Improved Gastrointestinal Residence 
Pharmaceutical nanocrystals also possess the 
characteristic property of enhanced gastrointestinal 
residence due to their nanosized dimensions and 
good mucoadhesion characteristics, thus increasing 
time and opportunity for drug dissolution and 
absorption in the GI tract. Interaction of 
nanoparticles with the intestinal mucus prolongs the 
clearance of nanoparticles from the intestinal 
surface and ensures prolonged local drug 
concentration on absorptive epithelium. Rapid 
dissolution of drug from nanocrystals creates a 
supersaturated microenvironment that promotes 
prolonged absorption of dissolved drug before 
precipitation in the GI tract[22]. 
 
5. Materials Used in Nanocrystal Formulation 
To optimize nanocrystal formulation, several factors 
need to be considered. These include selection of the 
correct formulation materials for PS reduction, 
physical stability, and dissolution rate. Despite most 
being formed primarily with the APIs, they require 
other components called excipients (stabilisers, 
cryoprotectants, surface modifiers) which perform 
critical roles: preventing particles from clumping 
together to remain nano-sized, enabling 
redispersibility, aiding with passage through the 
stomach and into the intestine. The drug’s own 
properties such as solubility, crystallinity, melting 
point, hydrophobic or hydrophilic properties and 
structure all play a role in whether the formulation 
strategy is viable, so the proper choice of 
formulation materials can ultimately decide the 
success of an oral, injected or even topically 
administered formulation. 
 
5.1 Drug Candidates 
Designing the best nanocrystal requires selecting the 
best possible drug. Generally, the best drugs are very 
poorly water-soluble (BCS class II), yet they still 
manage to pass through the membranes of the 
intestines (high membrane permeability) and/or they 
are BCS Class IV drugs. Only small amounts of the 
drug are required for activity; High oral 
bioavailability (dose dependent and absorption 
process dependent; dissolution dependent oral 
absorption – systemic absorption is determined by 
the rate of dissolution of the drug); Drugs which are 
high lipophilicity, intrinsically low aqueous 
solubility and reasonable chemical stability can 
benefit greatly from nanonisation since size 
reduction greatly increases surface area and 
consequently, surface phenomena like dissolution 
rate and saturation solubility increase without 
modification of the molecule structure which 

contributes to oral bioavailable drug. There have 
been many successful nanocrystal drugs already, 
e.g., cancer, antifungal, inflammation, anti-diabetes, 
anti-viral, cardiovascular[23]. 
 
5.2 Stabilizers 
Since particles of nano-size have a very high surface 
area to volume ratio and are inherently unstable, 
several materials are added to prevent them from 
clumping or ‘growing’ while they are stored. This 
process, referred to as stabilisation, depends on a 
variety of factors such as the drug being used, how 
it’s processed and what form it will take after 
manufacturing. Ideally, a stabilizer should be 
biocompatible, form a tight bond with the drug’s 
surface, not be toxic and be compatible with 
standard pharmaceutical production methods[24]. 
 
5.2.1 Poloxamers 
Poloxamers (Pluronic F68 and F127) are non-ionic 
polymers widely used as stabilisers in both oral, 
injected and topical nanocrystal applications. This 
type of polymer, which has both polyethylene oxide 
(PEO) and polypropylene oxide (PPO) components, 
can form an outer layer of steric protection around 
particles. Poloxamers also help reduce interfacial 
tension, the ‘energy’ at the surface of two different 
materials (e.g., the drug and the liquid medium), 
assist with PS reduction, improve solubility and help 
to maintain a stable physical dispersion over 
time[25].  
 
5.2.2 Polyvinylpyrrolidone (PVP) 
This polymer readily attaches to the crystal surface, 
often via hydrogen bonds. PVP can prevent Ostwald 
ripening – the growth of large crystals at the expense 
of small ones – and can improve the ability of the 
nanoparticles to wet easily in water and disperse 
rapidly. There are different grades of PVP, such as 
PVP K30 and K90, available to tailor formulation to 
a patient's needs[26]. 
 
5.2.3 Hydroxypropyl Methylcellulose (HPMC) 
As a cellulosic derivative, HPMC creates a barrier 
of hydration or hydrophilicity around the 
nanoparticle to stop them from aggregating. It is also 
useful for suspending particles and reducing settling. 
Because of its capacity to form gels or films, and for 
being readily ‘sticky’ to mucous membranes, it’s 
useful in a wide range of formulation types, 
including oral solids and films. Different forms and 
weights of HPMC exist for different applications. 
 
5.2.4 Soluplus 
The nature of soluplus being an amphiphilic 
copolymer; it has two different parts: hydrophobic 
and hydrophilic ones. This double action enables it 
not only to deliver solid stabilization for poorly 
soluble drugs, but also to facilitate solubility. 
Soluplus can also help to inhibit Ostwald ripening, 
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improve drug wetting, promote release after 
dissolution, and increase oral uptake by maintaining 
supersaturation in the intestinal environment. It has 
become increasingly popular in recent years as a 
combined stabilising and solubilising system. 
 
5.2.5 Polyethylene Glycol (PEG) 
The PEG molecules adsorb onto the particle surface, 
creating steric hindrance to aggregation, and 
improving wettability and dispersibility. Being a 
polymer, the length of its chains (molecular weight) 
can be varied to adjust the properties of the 
suspension or formulation. It also shows very good 
tolerability for use in humans and has been used in 
many applications, including drug delivery. 
 
5.2.6 Tween (Polysorbates) 
Tween compounds, particularly Tween 20 and 80 
(which are non-ionic surfactants), are common 
stabilisers in many different types of formulations. 
For nanocrystals, their primary role is to reduce the 
surface tension between the drug particles and the 
dispersion liquid, thus aiding their breakdown into 
nanoparticles and helping to prevent re-aggregation. 
They can also improve the solubility, wettability and 
overall physical stability of nanosuspensions, and 
are commonly employed in orally administered and 
injectable drug products. 
 
5.2.7 Lecithin 
Lecithin is a natural compound (a phospholipid) and 
an increasingly popular choice for oral, injectable 
and even nutraceutical nanocrystal formulations. Its 
strong binding to hydrophobic drug surfaces, 
combined with its amphiphilic nature, leads to both 
physical steric stabilisation and improved wetting. 
Lecithin also aids in interaction with biological 
interfaces and can potentially influence the passage 
of nanocrystals across membranes to increase 
absorption. 
 
5.3 Cryoprotectants 
Cryoprotectants are important in the process of 
lyophilization of nanocrystal suspensions, during 
which they avoid size changes and permanent 
aggregations of particles. When frozen, ice crystal 
formation exerts high pressure on the particles that 
causes particle swelling and melting with the 
consequent change in size and growth. Mannitol, 
trehalose, sucrose, glucose, lactose, and sorbitol can 
form a solid and non-crystalline, amorphous barrier 
around nanoparticles when frozen, so that they are 
protected against mechanical forces exerted by ice 
crystals, thus preserving original physical and 
chemical properties. Besides this improved re-
dispersibility of nanoparticles following the re-
hydration and stabilization during storage, the 
formulation with these cryoprotectants also helps in 
the formation of the lyophilized powder form, which 

may be directly formulated in tablets, capsules, and 
sachets[27]. 
 
5.4 Surface Modifiers 
These compounds not only stabilize the 
nanoparticles, but also alter physicochemical and 
biological characteristics, i.e., improve their 
wettability, mucoadhesion, permeation through the 
mucus layer and/or cellular uptake and 
gastrointestinal residency, and can even provide the 
basis of targeted drug delivery systems. PEG works 
to prolong circulation time in the bloodstream 
through both steric stabilization and engagement of 
phagocytes. Chitosan will increase the 
mucoadhesion and the permeability through 
intestinal epithelia. The addition of HA facilitated 
cellular uptake through receptor-mediated targeting 
(RHAMM receptor on HA); albumin helped in 
biocompatibility and in further targeting towards 
specific cell types such as cancer cells, and various 
targeting ligands (e.g., peptides, polysaccharides, 
and antibodies) are also used to increase the 
targeting specificity[28].  
 
6. Preparation Methods of Pharmaceutical 
Nanocrystals 
The primary processes of pharmaceutical 
nanocrystallization are a top-down approach, a 
bottom-up approach, and a combinatorial 
(SmartCrystal) approach that may be used 
individually or in combination depending upon the 
physicochemical properties of the drug and desired 
product characteristics. In top-down technology, the 
overall concept is the breakdown of micrometer-
sized drug crystals to the nanometer range with any 
method like media milling, high-pressure 
homogenization, wet bead milling, 
microfluidization, etc without loss of crystallinity. 
However, in the bottom-up method, the 
crystallisation process is modified by molecules or 
solutions such as anti-solvent crystallisation, solvent 
evaporation, controlled crystallisation, and 
supercritical fluids. It gives more control over size 
parameters. The advantage of combining the two 
techniques via Combination (SmartCrystal) 
Technology results in an increase in process 
efficiency, improvement of PSD, saving of time and 
energy, as well as enhanced drug loading and 
excellent stability (Figure 1). For this reason, it is the 
most commonly used method in large-scale 
production of nanocrystalline drugs[29].  
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Fig.1. various techniques in the preparation of 
pharmaceutical nanocrystals 
 
7. Quality by Design (QbD) Approach for 
Nanocrystal Development 
Processes shall continue to be monitored and 
improved during the product lifecycle. The 
knowledge obtained from such studies is applied to 
find optimum formulations and process parameters 
to determine the design space wherein the 
nanocrystals of consistent quality can be 
manufactured. All have been investigated with 
respect to their potential effects on the CQA. The 
QTPP of the nanocrystal formulation is defined at 
first stage. It determines the final quality and 
functionality of the nanocrystal based on different 
characteristics (PS, solubility, bioavailibility, 
stability, therapeutic response etc.). From the QTPP, 
the Critical CQAs, or the measurable parameters of 
product quality, are identified.  
Next, potential Critical Material Attributes (CMAs) 
(i.e., attributes of drug substance and excipients like 
polymorphism, excipient grade, surfactant used) and 
Critical Process Parameters (CPPs) (i.e., processing 
variables that can influence the CQAs like milling 
time, homogenization pressure, processing speed, 
temperature and concentration of stabilizing agents) 
are identified and risk-assessed for their potential 
impact on CQAs. A comprehensive risk assessment 
is performed to determine factors that present the 
most significant risks to product quality and process 
consistency. Finally, relationships between CMAs, 
CPPs and CQAs are explored through statistically 
based experiments, such as design of experiments 
(DoE) – including fractional factorials, BBD and 
CCD. The knowledge generated through these 
studies is used to optimize formulation and process 
parameters to identify a design space where 
consistent production of nanocrystals with desired 
quality attributes is achievable (Figure 2). Results in 
a well-defined nanocrystal product demonstrating 
high, consistent quality with enhanced solubility, 
improved bioavailability, and reliable performance 
and manufacturability. Continued process 
monitoring and continuous improvement will be 
maintained throughout the product lifecycle[30]. 
 

 
Fig.2. Quality by Design for Robust 
Pharmaceutical Nanocrystal Products 
 
8. Formulation Optimization Strategies 
A rational design of the formulation and the process 
parameters can be utilized to prepare stable, well-
crystallized nanoparticles with tailor-made size, 
solubility, and oral absorption. Many parameters 
have a great impact on the quality characteristics of 
nanocrystal formulations; these are PS, type and 
concentration of stabilizers; drug: stabilizer ratio, 
Milling parameters, Number of cycles, 
homogenization, scale-up parameters, etc. The 
actual elaboration of drug formulations nowadays 
utilizes the QbD approach, where DoE (Design of 
Experiments) can be a tool to identify key variables 
(formulation), interactions, and define conditions 
providing the right control, scalability, and readiness 
for the regulatory file[31].  
 
8.1 PS Optimization 
Among various physical properties of 
pharmaceutical nanocrystals, PS is the most 
important factor as it determines the oral absorption, 
saturation solubility, dissolution rate, and physical 
stability of drugs. The smaller the PS in the range of 
100-500 nm, the larger will be the surface area, and 
as per the Noyes-Whitney equation, dissolution rate 
will be enhanced due to increased specific surface 
area of the drug. Conversely, particles of extremely 
small size, due to higher surface free energy, exhibit 
a greater tendency to aggregation and Ostwald 
ripening. Thus, an ideal PS range needs to be found 
that has a beneficial effect on dissolution and 
ensures physical stability over the long term. Factors 
like milling time, homogenization pressure, 
processing temperature, and concentration of 
stabilizer need to be optimized for the desirable 
PS[32]. 
 
8.2 Stabilizer Selection 
The stabilizer plays an important role in ensuring the 
physical stability of the nanoparticles during 
processing, storage, and administration. A good 
stabilizer should be able to effectively adsorb onto 
the particle surface, provide electrostatic and/or 
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steric repulsions to inhibit aggregation, and maintain 
adequate Zeta potential (ZP) to achieve good 
colloidal stability. Stabilizer choice is governed by 
the physicochemical properties of the drug, method 
of preparation, surface characteristics of the 
particles, and the intended formulation. Common 
stabilizers used include poloxamers, PVP, HPMC, 
PEG, Soluplus, Tween 80, SDS, and lecithin. In 
most cases, combinations of polymers and 
surfactants demonstrate enhanced performance over 
individual stabilizers, improving PS distribution, 
dissolution properties, and storage stability[33]. 
 
8.3 Drug-to-Stabilizer Ratio 
It is a significant formulation parameter that affects 
PS reduction, dispersion stability, and dissolution 
performance. Inadequate amounts of stabilizer may 
not provide adequate coverage on the drug surface, 
resulting in aggregation and crystal growth. 
Excessive use of stabilizer may increase viscosity, 
hinder the process of milling, cause issues in further 
downstream processes, and add unnecessary cost. 
Therefore, optimization of the drug-to-stabilizer 
ratio is crucial for proper coverage on the drug 
particle surface and for optimal size reduction and 
dissolution. Statistical experimental designs like 
factorial designs, BBD, or CCD are used for this 
purpose. 
 
8.4 Milling Parameters 
In the case of top-down methods, parameters during 
milling such as time, speed of milling, size of bead, 
material of bead, load of bead, drug concentration, 
and process temperature are crucial for reducing PS. 
Increased milling intensity can promote PS 
reduction. On the other hand, longer milling time 
may cause heat generation, crystal defects, 
polymorphism transition, and contamination from 
milling materials. By optimization, size reduction 
can be obtained effectively with the original 
crystalline nature and physical character of drugs 
preserved[34]. 
 
8.5 Homogenization Cycles 
In high-pressure homogenization, the best-known 
and often the most widely applied technique of 
obtaining nanodrugs or nanoparticles that have a 
high dissolution rate and low solubility is used. The 
drug suspension is fed into the gap under enormous 
pressure at high speed and is sheared, cavitated, and 
impacted to reduce the PS. The pressure of 
homogenization, number of cycles, temperature, and 
the initial PS affect the characteristics of 
nanocrystals. Although more homogenization 
cycles result in further PS reduction and improved 
uniformity, excess cycles can increase the energy 
expenditure, time of processing, and possibly affect 
the stability of the drug. Hence, the objective of 
process optimization is to achieve the desired PS 
within the minimum number of cycles. 

 
8.6 Scale-Up Considerations 
Successful industrialization and commercialization 
of pharmaceutical nanocrystals depend on 
developing scalable and reproducible processes that 
produce products of consistent quality. Scale-up is 
critical and requires maintenance of similar 
equipment characteristics, milling or 
homogenization intensity, batch size, energy input, 
process temperature, and time in larger batches to 
achieve comparable PS distribution and drug 
performance across different scales. It is essential to 
establish an understanding of the process parameters 
through process modeling and PAT tools to 
implement QbD principles and ensure robustness 
and compliance. The challenges during scale-up 
include proper equipment selection, wear and tear of 
the equipment, process contamination, aggregation 
during drying, and batch-to-batch consistency[35]. 
 
9. Characterization of Pharmaceutical 
Nanocrystals 
Ensuring Quality, Stability and Performance of 
Pharmaceutical Nanocrystals. Since the technology 
for drug delivery using nanocrystals involves 
reducing the PS of the API while retaining its 
crystalline form, a variety of analytical techniques 
are applied to evaluate PS, surface charge, 
morphology, crystallinity, dissolution 
characteristics, and storage stability of the 
formulation. This technique provides an invaluable 
source of information regarding formulation quality, 
consistency of manufacturing, and drug product 
performance, and its one essential condition for 
translation and approval for commercialisation of a 
product[36].  
 
9.1 PS and Polydispersity Index (PDI) 
For pharmaceutical nanocrystals, PS is the key 
factor influencing solubility, oral absorption rate, 
and physicochemical stability. The size of oral 
formulations is typically below 500nm (100-
1000nm). In addition, PS can be easily assessed 
using dynamic light scattering (DLS) or Photon 
Correlation Spectroscopy (PCS). Apart from PS, 
PDI assesses the uniformity of PS distribution and is 
defined as the ratio of the width of the size 
distribution to the mean size. Typically, PDI below 
0.30 reflects a narrow and homogeneous 
distribution, whereas higher PDI values can be 
indicative of potential stability issues[37]. 
 
9.2 ZP 
ZP can be utilized as an indicator of the surface 
charge of nanocrystal suspensions and hence the 
electrostatic stabilization mechanism. Electrostatic 
stabilization in formulations of nanocrystals, as 
explained previously, can provide effective stability 
only if particles possess a high magnitude of ZP. ZP 
can be evaluated via electrophoretic light scattering 
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(ELS). In general, formulations solely dependent on 
electrostatic stabilization possess greater stability if 
ZP > 30 mV, whereas sterically stabilized 
formulations can be stable at lower values of ZP. 
The high magnitude of ZP leads to maximum 
repulsive forces between dispersed particles, 
thereby preventing them from aggregating, 
sedimenting, or ripening[38]. 
 
9.3 Morphology (SEM, TEM and AFM) 
The morphology, general shape, and size of the 
nanoparticles can be examined by TEM or SEM, 
which gives qualitative validation for their 
production. Surface topographic information of 
individual nanocrystals can be found using Atomic 
Force Microscopy (AFM). The combination of the 
above mentioned methods allowed confirmation of 
the presence of nanocrystals in the sample, 
examination of their shape, the quality of their 
surface, and estimation of the degree of 
agglomeration[39].  
 
9.4 Crystal Structure 
This spectrum is so sensitive to chemical structure 
that from an analysis of the FTIR spectrum of the 
final formulation and also their raw materials, it may 
allow a possible confirmation of the chemical 
interaction or no chemical modification to the active 
ingredient. Because this method responds to 
vibrations, requires very little sample preparation, 
and has very high detection sensitivity, this 
technique offers a powerful new route to exploring 
the solid-state properties of nanocrystals. It can also 
be utilized to evaluate the stability of the 
polymorphs, whether there is an alteration of the 
melting point for the original drug, vanishing of the 
melting point, or the depression of the melting point 
suggestive of a mixture of polymorphs, and the 
absence of a melting point showing amorphization. 
XRD data is useful for information on the crystal 
lattice, symmetry, and atom arrangement. It has 
been employed for the investigation of the 
preservation of the original crystalline form of 
nanocrystals or amorphization during 
production[40].  
DSC can be used for evaluation of the melting point, 
glass transition temperature, and other thermal 
events and thus can provide a distinction between 
amorphous and crystalline forms of formulation. 
DSC is a measure of total heat of melting, thus 
enabling calculation of crystallinity. It may also be 
used to assess the stability of polymorphs by 
evaluating if there is any change in the melting point 
of the original substance, disappearance of the 
melting point, or melting point depression, 
indicating the presence of a mixture of polymorphs 
or amorphization. The FTIR spectroscopic 
technique can provide insight into intermolecular 
interactions between drug and excipients, 
particularly hydrogen bonding.  

Since it is very sensitive to chemical structure, 
analysis of the FTIR spectrum of the final 
formulation in conjunction with its constituents can 
provide confirmation of the presence of chemical 
interactions or absence of chemical modifications of 
the APIs.  
Raman spectroscopy technique can also be used for 
identifying the polymorphism, various crystalline 
forms, and amorphous contents. High sensitivity to 
vibrational modes and low requirement for sample 
preparation make this technique a promising 
technique to study the solid-state properties of 
nanocrystals. 
 
9.5 Saturation Solubility 
It is expected that reduction of the drug PS down to 
the nano-meter range would enhance solubility. This 
phenomenon has been described by the Ostwald-
Freundlich equation, where increased surface area 
due to nano-sizing results in higher surface free 
energy, which increases the apparent saturation 
solubility. The equilibrium solubility is measured by 
incubating an excess amount of nanocrystals in a 
given medium and then quantifying the dissolved 
drug concentration using HPLC or UV 
spectroscopy[41]. 
 
9.6 Dissolution Studies  
It is often believed that improving drug solubility 
and increasing surface area by manufacturing 
nanocrystals leads to a significant increase in 
dissolution rate. Dissolution behavior is typically 
evaluated using an in vitro release test using one of 
the pharmacopeial dissolution apparatuses under 
specified conditions. The drug dissolution profiles 
are frequently described using various kinetic 
models. 
 
9.7 Wettability 
Wettability of poorly soluble drugs usually affects 
their dissolution rate in the gastrointestinal 
environment as the hydrophobic surface of such 
particles resists wetting by water-based GI fluids. 
Improving the wettability of drug particles can 
enhance their dissolution and improve absorption by 
increasing the rate of wetting. The wettability of 
nanocrystals could be enhanced by their nanoscale 
size and their coating with hydrophilic polymers. 
Contact angle measurement is one of the ways to 
determine the wettability of particles[42]. 
 
9.8 Stability Studies 
It's another parameter required for a safe and 
repeatable pharmacological profile of the drug. 
Chemical & mechanical & physical stability tests of 
nanocrystal formulation under storage conditions. It 
involves measuring PS, PDI, ZP, crystal form of the 
formulation, drug concentration, and rate of drug 
release. 
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9.9 Drug Content  
Accurate measurement of drug content is important 
to ensure the consistency of dosage units.  
It is usually achieved by using UV spectroscopy or 
High-Performance Liquid Chromatography (HPLC) 
following dissolution of a weighed amount of 
nanocrystal product[43]. 
 
9.10 Redispersibility 
For dried formulation (e.g., spray-dried, freeze-
dried), rapid redispersibility of nanocrystals without 
irreversible aggregation and recovering the original 
PS distribution is vital for subsequent formulation 
and administration. 
 
10. Mechanisms of Improved Dissolution and 
Oral Absorption 
These DOE methods, such as factorial, Box-
Behnken Design (BBD), and Central Composite 
Design (CCD), may be applied to examine 
consistent factors and their relationship with 
responses, develop a predictive model, and find an 
appropriate design space. Hence, optimization 
techniques are being used to achieve desired quality 
attributes in the given design space, thereby 
enabling efficient nanoformulations of enhanced 
solubility, improved oral bioavailability, and 
repeatable manufacturing processes. In essence, 
QbD results in continued process improvements, 
reduction of development time and process and 
manufacturing variability, and facilitates efficient 
scaling and regulatory approval of nano-drug 
products. A comprehensive risk assessment is 
performed by identifying the critical influence of 
CMAs and CPPs on CQAs, whereby high-risk 
parameters are designated for careful control. DoE 
approaches such as factorial, BBD, and CCD are 
used to evaluate systematic relationships between 
factors and responses, develop predictive models, 
and determine a suitable design space. Based on this, 
optimization methods are applied to realize the 
specified quality characteristics within the 
determined design space, thus leading to robust 
nanocrystal formulations with higher dissolution 
rates, better oral bioavailability, and a reproducible 
manufacturing process. QbD leads to ongoing 
process improvement, decreased development time 
and manufacturing variability, and supports the 
successful scale-up and approval of nanocrystal-
based pharmaceutical products[44]. 
 
11. Oral Bioavailability of Nanocrystals 
Hence, the success of drug nanocrystal-based 
formulation hinges on tailoring and optimizing these 
parameters that correlate to both the formulation and 
Physiology of the gastrointestinal tract so as to 
enhance drug dissolution and absorption of the drug 
from the GI tract, which finally results in increased 
oral bioavailability and homogeneous action in vivo. 
PS plays the main and most important part; making 

size of particle of nano-scale range improves the rate 
of dissolution, saturates solubility, and very 
significantly increases the surface area of drug 
particles. Certain innate attributes of the medicine, 
like its inherent water solubility, lipophilicity, 
absorption, passage from one site to another 
(permeability), and the total dosage, are going to 
cause impacts on absorption of medicine in the 
alimentary system. ZP (surface charge) has a 
significant impact on sustaining the colloidal 
dispersion and also in preventing aggregation, which 
aids in the interaction with intestinal mucosal cells 
and the mucus layer, thereby affecting absorption. 
Stabilizers of both type and concentration are critical 
for protecting the stability of the nanocrystals, 
avoiding Ostwald ripening and aggregation, thereby 
increasing wetting efficiency. Crystalline 
morphology of the drug, or crystal habit, or crystal 
form, is important to affect surface energy, 
solubility, dissolution rate, and also stability; 
appropriate crystal form selection is therefore a 
requirement for desirable performance. Some 
intrinsic properties of the drug, such as its intrinsic 
aqueous solubility, lipophilicity, permeability, and 
the dose of the drug, will affect absorption from the 
gastrointestinal tract. Finally, physiological 
conditions such as varying pH, the pattern of gastric 
emptying, intestinal propulsion, and presence of 
intestinal fluid, the amount of mucus, enzymes, bile 
salts, and the presence of food will certainly affect 
the behavior of the drug in the stomach and 
intestines. Thus, the success of formulation based on 
drug nanocrystals involves optimizing these 
parameters related to the formulation and 
Physiology of the gastrointestinal tract to achieve 
enhanced dissolution and improved absorption from 
the gastrointestinal tract, thereby enhancing the 
overall oral bioavailability and uniform therapeutic 
action[45]. 
12. In vitro, Ex vivo and In vivo Evaluation 
In vitro studies form the initial stage for evaluation 
of pharmaceutical nanocrystals. The major focus in 
this section includes determination of dissolution 
rates, membrane permeability, and physicochemical 
stability under simulated physiological conditions. 
These tests offer a fast, relatively inexpensive, and 
highly reproducible method for obtaining initial 
information about the performance of formulations 
before proceeding to biological studies. 
 
12.1 Dissolution Studies 
The most significant performance characteristic for 
in vitro evaluation of nanocrystals is their 
dissolution rate since the absorption rate for poorly 
water-soluble drug products is typically rate-limited 
by the dissolution process. The test typically uses 
United States Pharmacopeia (USP) Dissolution 
Apparatus I (Basket) or Apparatus II (Paddle) with 
set parameters, i.e., at 37±0.5oC, and aqueous media 
resembling gastric (simulated gastric fluid, SGF) or 
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intestinal fluids (simulated intestinal fluid, SIF). 
Because nanocrystals are much more energetic due 
to high surface area and have increased surface 
energy to overcome repulsive forces and the 
interface energy of interaction with biological fluids, 
these formulations exhibit faster and more extensive 
dissolution rates compared with conventionally 
micronized drug particles. To study the release 
kinetics of drugs from nanocrystals, data from 
dissolution profiles are fitted to various kinetic 
equations, such as zero-order, first-order, Higuchi, 
Hixson-Crowell, and Korsmeyer-Peppas 
equations[45]. 
 
12.2 Permeation Studies 
Nanocrystals' primary effect is to enhance drug 
dissolution; however, they could also enhance drug 
permeation due to maintaining a high concentration 
gradient between the luminal compartment and the 
intestinal tissue. In vitro permeability studies [either 
cell cultures like Caco-2 cell monolayers or MDCK 
cell monolayers or PAMPA model, etc.] will predict 
the permeability of the drug, the rate of absorption, 
and the amount of drug absorption. Thus, they may 
indirectly hint at which underlying permeation 
mechanism (simple passive diffusion, carrier-
mediated transport, or intracellular uptake) may be 
responsible for nanoparticle uptake. Enhanced 
permeability usually relies on improved dissolution 
and prolonged supersaturation[46]. 
 
12.3 Stability Studies 
In vitro stability studies address the capacity of a 
nanocrystal formulation to remain 
physicochemically stable over time during storage 
and under simulated physiological conditions, such 
as in simulated gastric or intestinal fluids. 
Characterization of parameters like PS, PDI, ZP, 
drug loading, crystallinity, and dissolution rate over 
a time period can be carried out to assess the stability 
of the formulations. Studies on the aggregation or 
crystal growth properties in simulated physiological 
fluids predict how the formulations would perform 
after oral administration in a biological system. 
Stability evaluation is also performed at accelerated 
conditions to establish the shelf life of the 
formulations. 
 
12.4 Ex vivo Evaluation 
Ex vivo models employ freshly excised animal 
tissues, bridging the gap between simplified in vitro 
systems and the complexity of in vivo environments. 
These systems provide valuable information about 
drug permeability and intestinal absorption without 
the inconvenience of in vivo administration in 
animals or humans. 
In vitro permeability studies across isolated animal 
intestinal segments (from rats, rabbits, pigs, etc.) 
represent classic ex vivo models for assessing 
intestinal absorption of various drug formulations, 

including nanocrystals. Intestinal segments are 
mounted on Ussing chambers filled with a 
physiological buffer. After incubation with the drug 
solution, samples from the basolateral side of the 
epithelium are periodically collected to determine 
the quantity of the drug permeated. This approach 
can effectively reveal the ability of nanocrystals to 
enhance permeability through factors such as 
increased surface area available for dissolution, 
improved wettability, and formulation of a sustained 
supersaturated drug solution close to the absorptive 
surfaces of the intestine[46]. 
 
12.4.1 Everted Sac Studies 
One of the most extensively used ex vivo models for 
the study of gastrointestinal drug absorption is the 
everted intestinal sac technique. A segment of small 
intestine is inverted and filled with a physiological 
buffer, and then it is incubated in an aqueous 
solution of the nanocrystal formulation under 
controlled conditions (37 C, 30 minutes to several 
hours). Drug transport into the serosal fluid is 
quantitatively determined over time. This ex vivo 
model has been useful for investigating intestinal 
drug absorption, permeability, and regional 
variation of absorption, carrier-mediated transport, 
and influence of formulation components on drug 
uptake and, thus, is valuable for preliminary 
evaluation of nanocrystal-based orally administrable 
formulations[46]. 
 
12.4.2 Franz Diffusion Studies 
The Franz diffusion cell was developed as a model 
for studying skin permeation but has also been 
widely applied for evaluating drug permeation 
across excised intestinal segments. A biological 
membrane separates two compartments: the donor 
compartment is filled with a nanocrystal 
formulation, whereas the receptor compartment 
contains a physiological buffer solution. 
Periodically, samples from the receptor 
compartment are removed and analyzed for the 
concentration of permeated drug to calculate 
permeation rates and diffusion coefficients. The 
method allows for rapid evaluation of permeation 
and estimation of a drug's permeability through an 
intestinal wall[47]. 
 
12.5 In vivo Evaluation 
These three methodologies (In vitro, ex vivo, and in 
vivo assessment) were complementary to 
characterize the behaviour of nanocrystal drug 
delivery systems and are therefore crucial for an 
appropriate and predictable therapeutic result of 
drug product development on the basis of 
nanocrystal technology. Commonly, one would 
compare the AUC from a nanocrystal drug product 
versus the AUC from a non-nanocrystal form of that 
drug. These measures give an idea of the rate of 
distribution of the drug into the body, its delivery to 
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target tissues, and its distribution and accumulation 
at the target tissues. This is really significant for 
developing oral bioavailability nanocrystal dosage 
forms. This data is then used to derive several 
pharmacokinetic parameters to define the 
pharmacokinetic profile. Cmax is the maximum 
plasma concentration, Tmax is the time to peak 
plasma concentration, AUC is the area under the 
plasma concentration-time curve, t½ is the 
elimination half-life, and MRT is the mean 
residence time. These are all utilised in the 
description of the pharmacokinetic profile. 
Rodents, rabbits, dogs, or non-human primates are 
usually used for conducting pharmacokinetic studies 
using oral administration of nanocrystal 
formulations. Plasma levels are measured after the 
orally dose administrations at various time intervals 
and using appropriate analytical methods (e.g., 
HPLC or LC-MS/MS) that measure the drug 
concentration in the plasma. Calculation of several 
pharmacokinetic parameters, such as the peak 
plasma concentration (Cmax), time to peak plasma 
concentration (Tmax), the area under the plasma 
concentration-time curve (AUC), the elimination 
half-life (t½), and the mean residence time (MRT), 
is made from this data and used to characterize the 
pharmacokinetic profile. In this comparison of 
pharmacokinetic profiles, the enhanced parameters 
should result in higher AUC, Cmax, and faster Tmax 
compared to the respective conventional dosage 
form of the same drug. Oral bioavailability is usually 
demonstrated by comparing the AUC of a drug 
administered in nanocrystal formulation with the 
AUC of the same drug administered from 
conventional formulations. Absolute bioavailability 
of the drug is obtained by comparing the AUC of the 
orally administered nanocrystal formulation with 
the AUC of the intravenously administered dose of 
the same drug. Normally, higher AUC, Cmax, and 
relatively higher absolute bioavailability values of 
the drug from nanocrystal dosage forms are obtained 
compared to comparable formulations, which may 
be explained by fast dissolution, increased saturation 
solubility, enhanced residence time in the 
gastrointestinal tract, and greater absorption through 
the intestinal wall. This is very important to establish 
the clinical significance of nanocrystal dosage forms 
in orally available forms. Tissue distribution of the 
orally administered nanocrystal formulation can 
provide evidence about drug fate in different tissues 
after oral administration in an animal model at 
specified time points after sacrifice of animals. Drug 
levels are determined in important organs, such as 
liver, spleen, lungs, kidney, heart, and contents of 
the gastrointestinal tract, as well as blood plasma 
and tissue. These findings provide a measure of the 
extent and rate at which drugs are distributed into 
the body, reach target tissues, and accumulate at 
those tissues. Tissue distribution at the site of action 
is especially important for drugs that target specific 

tissues (e.g., for cancer therapies) and can explain 
the improvement in efficacy without increased dose 
and may explain the reduced risk of systemic 
exposure of the organs. These three approaches, 
namely in vitro, ex vivo, and in vivo evaluations, are 
complementary in the characterization of the 
behaviour of nanocrystal drug delivery systems and 
are essential to ensure adequate and predictable 
therapeutic outcomes with respect to the 
development of drug products based on the 
nanocrystal technology[48]. 
 
13. Dosage Forms Based on Nanocrystals 
Nanoparticle technology allows nanocrystals to be 
formulated into various oral dosage forms. These 
include oral suspensions, tablets, capsules, films, 
pellets, granules, and sachets. 
 
14. Therapeutic Applications 
Use of pharmaceutical nanocrystals for formulation 
into nutraceuticals has also been widely studied, as 
the nanocrystal approach provides a viable solution 
to circumvent poor water solubility and bio-
limitation (natural) of absorption of many popular 
nutraceuticals, namely curcumin, resveratrol, 
quercetin, Coenzyme Q10 and a host of other 
bioactive phytochemicals, thus enabling potent oral 
absorption and ensuing biological effects. Hence, as 
a result of the above-mentioned advantages of the 
formulation of pharmaceutical nanocrystals, one of 
the most important and worthwhile formulation 
techniques for developing oral delivery systems for 
a variety of diseases and enhancing patient 
compliance was found. In the preparation of 
antiviral agents, nanocrystals increased the 
solubility and dissolution rate of poorly water-
soluble drugs, resulting in increased antiviral 
efficacy at low doses; they improved the 
bioavailability and antiviral action of the drugs. 
Application in antiviral drug formulation of drugs In 
designing antiviral drugs nanocrystals not only 
improved solubility and dissolution of insoluble 
drugs, and thus potentially increased the therapeutic 
effects at reduced doses, but could increase the 
bioavailability of antivirals as well.  
Nanocrystals improve the poor water solubility of 
azoles like fluconazole and itraconazole to enhance 
drug dissolution of the drugs; increase the oral 
absorption of the drugs; and remarkably increase the 
therapeutic activity against deep systemic fungal 
infection and skin fungal infection. Antidiabetic 
drugs formulated as nanocrystals improve intestinal 
absorption and minimal interpatient variability and 
exhibit better glucose-lowering effects. NSAID 
formulation nanocrystals enhanced the drug 
dissolution and increased the rate of pain relief. 
Systemic and gastrointestinal toxicity might also be 
enhanced. Poorly water-soluble antihypertensive 
drugs available in the market are formulated as 
nanocrystals to improve their oral bioavailability, 
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constancy of plasma drug concentration, and their 
therapeutic activity. Poorly water-soluble CNS 
drugs are formulated into nanocrystal formulations 
to enhance their oral absorption. In some cases, it 
can be even better penetrating blood-brain barrier by 
enhanced solubility and bioavailability, leading to 
enhanced therapeutic activity. In antiviral drug 
formulation, nanocrystals enhance solubility and 
dissolution of poorly soluble drugs, which may 
increase the therapeutic activity with reduced dose; 
for example, nanocrystals can improve the 
bioavailability and antiviral activity of drugs.  
The application of pharmaceutical nanocrystals in 
nutraceuticals has been explored widely, as they can 
overcome poor water solubility and the inherent bio-
limitation of absorption of nutraceuticals such as 
curcumin, resveratrol, quercetin, Co-enzyme Q10, 
and many other bioactive phytochemicals to 
enhance their oral bioavailability and the following 
pharmacological response. Due to these above-
mentioned benefits of the pharmaceutical 
nanocrystals technology, it is one of the important 
formulation strategies to design oral formulations 
for the treatment of a variety of diseases, and patient 
compliance was also increased[49]. 
 
15. Commercially Available Nanocrystal 
Products 
Clinical approval and market acceptance of the 
pharmaceutical nanocrystal technology have already 
demonstrated that the problem of the low solubility 
and low oral bioavailability of the poorly water-
soluble drugs could be effectively solved by using 
the technology. There are also a few nanocrystal 
formulations already available that can be taken 
orally or injected, or put into the eyes. The approval 
and commercial success of other drugs such as 
Rapamune (sirolimus), Emend (aprepitant), Tricor 
(fenofibrate), Megace ES (megestrol acetate), and 
Invega Sustenna (paliperidone palmitate), and many 
others based on nanocrystal-based technologies 
serve as a validation and the embodiment of clinical 
success for this technology[50]. These formulations 
are aimed at achieving increased rate of dissolution, 
better absorption, and enhanced therapeutic efficacy 
along with reduced patient variation. These 
formulations are produced primarily using top-down 
approaches, specifically wet media milling and 
high-pressure homogenization. These processes are 
well established for producing stable nanocrystalline 
suspensions at a manufacturing scale. Through these 
efforts, drug development has moved forward 
significantly; drug performance enhancement and 
oral delivery through nanocrystals have proved to be 
successful for BCS Class II and IV drugs. Further 
innovation in the manufacturing processes, 
stabilization of drug nanosuspensions, and 
regulatory guidelines for their development will 
continue to expand the global market for the 

development and marketing of nanocrystal-based 
products. 
 
16. Scale-Up and Manufacturing Challenges 
Consistency in product attributes, including PS, PS 
distribution, crystal habit, and physicochemical 
stability, is critically important when the production 
scale is increased from bench to pilot and 
commercial. This requires strict process 
reproducibility where variations in processing 
parameters such as milling/homogenization times 
and pressure, temperatures, the presence of 
stabilizing agents, and processing conditions 
(solvents, temperature) have the potential to 
adversely affect nanocrystal quality. The equipment 
used to manufacture the nanocrystal needs to be 
appropriately selected with appropriate process 
control and scaled appropriately with process 
design, but not at the cost of quality and consistency. 
It also needs to be robust and energy efficient to 
consistently produce the required characteristics, 
minimizing contamination, heating, and wear. The 
formulation type will determine if sterility is a 
necessary part of the manufacturing process[51]. If 
used for injection (parenteral, intravenous), 
ophthalmic, or other sterile applications, 
nanocrystals should be produced via aseptic process 
technology. Alternatively, sterile filters can be used 
for sterilisation, where the nanocrystal formulation 
can be sterilised after processing using steam or 
gamma radiation, while trying to prevent 
aggregation or growth of the crystal structure. After 
producing the nanosuspension, the particles will 
need to be dried if they are to be presented as a solid 
product, a form that is easier to handle and package 
for distribution and long-term storage, using 
methods such as spray drying, freeze drying, 
fluidized-bed drying or vacuum drying with the 
incorporation of the appropriate cryo/drying agent. 
However, these processes can induce aggregation 
and require careful selection and optimisation to 
prevent irreversible loss of redispersibility. Process 
scale-up with Process Analytical Technology (PAT) 
and QbD for continuous manufacturing of 
pharmaceutical nanoparticles. This has attracted 
considerable interest due to improved process 
control, real-time monitoring, efficiency gains 
(reduced time and costs) and better predictability in 
scale-up than conventional batch processes. 
Managing and controlling critical parameters 
(CPPs) and attributes (CQAs) are improved with 
such integrated approaches. 
 
17. Stability Considerations 
17.1 Pharmaceutical Nanocrystals – Stability 
Considerations 
Long-term stability is arguably the single most 
important aspect determining successful 
development, commercialization, and clinical use of 
pharmaceutical nanocrystals. Due to their very small 
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size and extremely high surface area, nanocrystals 
are characterized by high surface free energy and, 
consequently, are more unstable in a thermodynamic 
sense as compared to the macro-crystals. Various 
physicochemical stability challenges, such as 
aggregation, Ostwald ripening, crystal growth, and 
polymorphic transformations, may occur in 
nanocrystals during production, handling, 
packaging, and storage of the nanocrystal product, 
potentially altering the dissolution performance, oral 
absorption, and quality of the formulation. 
Therefore, suitable formulation strategies (e.g., 
choice of stabilizer, drying method, storage 
condition, etc.) should be adopted to address all 
these physical instabilities of drug nanocrystals[52]. 
 
17.2 Aggregation 
Aggregation is one of the most common issues faced 
while formulating pharmaceutical nanocrystal 
formulations. As they have a high surface energy 
and a tendency to associate with each other, it is 
understandable why aggregations are formed by van 
der Waals forces. This, in effect, increases the size 
of the nanocrystals. An increase in the PS (which 
occurs as a consequence of the agglomeration of fine 
drug particles) brought about a reduction in the 
effective surface area of drug particles, which, in 
turn, led to a reduction in dissolution rate, solubility 
in saturated media, and consequently also led to a 
reduction in oral bioavailability. It also causes 
sedimentation of nanosuspensions and difficulty 
redispersion of dried nanocrystals after drying. 
Stabilizers such as poloxamers, PVP, HPMC, PEG, 
Tween surfactants, SDS, and lecithin are commonly 
added to provide steric or electrostatic (or 
electrosteric) stabilization against aggregation. The 
concentration of stabiliser and processing 
parameters need to be optimized to provide long-
term colloidal stability to the suspension[53]. 
 
17.3 Ostwald ripening 
Ostwald ripening is a thermodynamically driven 
phenomenon of increase in the PS as the smaller 
nanocrystals dissolve and redeposit on larger ones 
due to their different surface free energies. Small 
particles are thermodynamically less stable, and 
their saturation solubility is higher compared to 
large particles. Consequently, molecules diffuse 
from small crystals to larger crystals, thereby 
reducing their size while increasing the size of larger 
crystals. In due course of time, the average PS 
increases, thus leading to an increase in PS 
distribution, a decrease in dissolution rate, and 
reduced bioavailability. Ostwald ripening is best 
retarded by selection of suitable stabilisers, use of 
drugs with lower solubility, optimal PS distribution 
of the initially formulated nanoparticles, and by 
proper storage conditions (temperature). A 
combination of polymer and surfactants has also 
been used to prevent Ostwald ripening effectively. 

 
17.4 Crystal growth 
Crystal growth (also known as Ostwald ripening; 
sometimes, crystal growth is used interchangeably 
for any process which leads to the growth of 
nanocrystals) refers to the increase in size of 
nanocrystals by deposition of molecules on the 
crystal surface during storage or processing. While 
aggregation results in adherence of particles without 
altering their structure, crystal growth leads to the 
growth of an individual crystal. Crystal growth can 
occur if there is a slight residual supersaturation, 
temperature fluctuations, or prolonged storage, even 
with adequate stabilisers. Increased PS of 
nanocrystals can also reduce their specific surface 
area available for dissolution, thereby minimizing 
the enhanced dissolution property achieved with 
nanocrystal technology[54].  
 
17.5 Storage conditions 
Appropriate storage conditions play a significant 
role in maintaining physical and chemical stability 
of pharmaceutical nanocrystal formulations 
throughout their intended shelf-life. Temperature, 
humidity, light, oxygen, and physical stress can 
impact physical and chemical characteristics of drug 
nanocrystals. For instance, higher temperatures can 
enhance the rate of Ostwald ripening and crystal 
growth, whereas high humidity can lead to particle 
aggregation. Drugs susceptible to light or oxidation 
should be protected accordingly[55]. 
Pharmaceutical nanocrystal formulations are 
generally stored in tight, light-resistant containers 
under conditions of controlled temperature and 
humidity in accordance with regulatory guidelines, 
such as International Council for Harmonisation 
(ICH) stability guidelines. For solid formulations, 
protective agents such as cryo- or lyoprotectants can 
be added to maintain redispersibility. Various 
quality tests such as PS and distribution, PDI, ZP, 
drug content, crystallinity, dissolution profile, and 
redispersibility can be performed to confirm the 
long-term stability and quality of nanocrystal 
products[56]. 
 
18. Regulatory Aspects 
The regulatory approval process for pharmaceutical 
nanocrystal formulations is extremely strict. To 
guarantee reliable quality, safety, and performance 
for drug nanocrystal formulations, the formulation 
process needs to conform to the strict requirements 
of regulatory agencies around the world. For 
example, the US FDA considers that 
nanotechnology offers opportunities to develop 
superior formulations for drugs of low water 
solubility, but demands extensive particle 
characterisation for size, size distribution, crystal 
morphology, polymorphic form, surface properties, 
dissolution behaviour, stability and batch-to-batch 
reproducibility.  
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Similarly, the European Medicines Agency requires 
the thorough assessment of medicinal products 
based on nanomaterials, considering 
physicochemical properties, the manufacturing 
process, storage and stability conditions, 
pharmacokinetics, safety aspects and clinical 
efficacy to provide a guarantee of quality and 
therapeutic equivalence. Additionally, globally 
harmonised International Council for 
Harmonisation (ICH) guidelines provide the 
regulatory backbone for product development and 
approval; particularly ICH Q8, Q9, Q10, Q11, Q12, 
Q1, and Q2 offer clear regulatory guidance 
regarding product development and manufacture, 
quality risk management, pharmaceutical quality 
systems, and stability testing. Nanocrystal-based 
product development adheres to these general 
guidelines, although not yet exclusively addressed in 
a specific document. Key product attributes required 
for routine control of nanocrystal-based drug 
product development include regular 
characterisation of PS and size distribution, 
polydispersity index, ZP, crystalline status, crystal 
form, morphology, drug content, assay, dissolution 
profile, saturation solubility, residual solvents, 
microbiological properties,redispersibility, 
stability(physical and chemical), and batch-to-batch 
variability. Generic products necessitate 
demonstrating therapeutic equivalence and thus 
require comprehensive bioequivalence data that can 
either consist of in vitro dissolution profiles 
compared with those of the reference product, or a 
pharmacokinetics study, or, when needed, in-vivo 
clinical bioequivalence studies[57]. The utilisation 
of QbD, PAT and the latest regulatory risk-based 
approval principles ensures the robustness and the 
reproducibility of nanocrystal-based drug product 
manufacturing processes and facilitates smoother 
regulatory approval[58]. 
 
19. Recent Advances and Emerging Trends 
Over the last decade, pharmaceutical nanocrystal 
technology has witnessed immense development. It 
has evolved from being just PS reduction to the 
development of highly performant multifunctional 
drug delivery platforms. A synergistic advancement 
in material science, nanotechnology, computational 
modelling, and pharmaceutical engineering has 
helped design nanocrystals with higher stability, 
target-site delivery, sustained release profile, and 
better patient compliance[59]. Modern strategies, 
including surface functionalization, mucoadhesive 
systems, targeted nanocrystals, hybrid nanocarriers, 
Artificial Intelligence (AI)-driven formulation 
optimization, 3D printing, continuous 
manufacturing, and personalised medicine, are 
shaping the future of nanocrystals into versatile drug 
delivery systems for next-generation oral 
delivery[60]. 
 

Table 1: Representative patents related to 
pharmaceutical nanocrystal technology 

Patent No. 
and year 

Assign
ee 

Novelty  Importa
nce 

US5846550; 
1998 

 
 
 
 
 
 
 
 
Elan 
Corpor
ation 

Wet 
milling 

Enhancin
g 
dissolutio
n and 
bioavaila
bility 

US6015543; 
2000 

Surface-
modified 
nanocrys
tals 

more 
bioavaila
bility 

US6187326; 
2001 

Nanocry
stals 

Enhancin
g 
dissolutio
n and 
bioavaila
bility 

US6410019; 
2002 

Nanopart
icles  

For poor 
water-
soluble 
drugs 

US6582716; 
2003 

Nanopart
icles 

Stability 
with less 
particle 
aggregati
on 

US7083795; 
2006 

Nanocry
stals 

Enhancin
g 
dissolutio
n and 
bioavaila
bility 

WO2015070
214A1; 
2015 

AbbVie 
Inc. 

Nanocry
stals 

Enhancin
g 
dissolutio
n and 
bioavaila
bility 

WO2021176
427A1; 
2021 

Various 
innovat
ors 

Nanocry
stals  

Enhancin
g 
dissolutio
n and 
stability 

 
Table 2: Commercially marketed nanocrystal-based 
pharmaceutical products 

Bra
nd 

Main 
compon
ent 

Comp
any 

Therape
utic 
Indicatio
n 

Benef
it of 
Nano
crysta
l 
Form
ulatio
n 

Eme
nd® 

Aprepita
nt 

Merck Nausea 
and 
vomiting 

Good 
dissol
ution 



Formulation and Evaluation of Nanocrystals for improvement dissolution and oral absorption of 
poorly soluble drugs 

 IJDDT Volume 16 Issue 72s 2026 Page: 1329 

during 
cancer 
therapy 

and 
absor
ption 

Foca
lin 
XR 

Dexmeth
ylphenid
ate  

Novart
is 

hyperacti
vity 
disorder  

Impro
ved 
dissol
ution 
with 
sustai
ned 
therap
eutic 
perfor
mance
.  

Meg
ace 
ES 

Megestro
l 

Par 
Pharm
aceutic
al 

Anorexia
/cachexia 
in cancer 
patients 

More  
bioav
ailabil
ity 

Rap
amu
ne 

Sirolimu
s 

Pfizer Prevents 
body 
immune 
response 
when an 
organ 
transplan
t is done 

More 
bioav
ailabil
ity 

Tric
or 

Fenofibr
ate 

AbbVi
e 

Hypertrig
lyceride
mia 

Unint
errupt
ed 
bioav
ailabil
ity 
even 
in the 
presen
ce of  
food 

Zan
afle
x 
Cap
sule
s 

Tizanidi
ne HCl 

Acorda 
Pharm
aceutic
als 

Muscle 
spasticity 

More 
dissol
ution 

Inve
ga 
Sust
enna 

Paliperid
one 
palmitate 

Jansse
n 

Schizoph
renia 

Contr
olled 
releas
e  

TriC
or 

Fenofibr
ate 

AbbVi
e 

Dyslipide
mia 

Good 
bioav
ailabil
ity 

 
 
19.1 Surface Functionalized Nanocrystals 
The technique of surface functionalization of 
pharmaceutical nanocrystals has become a major 
tool in augmenting biological performance. The 
nanocrystal surface is chemically modified using 
polymers, surfactants, polysaccharides, peptides, 

antibodies, or other ligand moieties. Such 
modification increases stability, provides site-
specific targeting, improves wettability of particles, 
enhances mucus penetration, promotes greater 
uptake into cells, and sustains residence of the drug 
at the desired location to increase overall therapeutic 
effect. This approach enhances the efficacy of 
nanocrystal drugs by targeting the site-specific cells 
or receptors and thereby reducing the off-site 
toxicity[61]. Commonly used coating materials for 
nanocrystals include polyethylene glycol (PEG), 
chitosan, hyaluronic acid, albumin, folic acid, etc. 
 
19.2 Mucoadhesive Nanocrystals 
Mucoadhesive nanocrystals are designed to retain 
drug particles within the gastrointestinal system for 
prolonged periods. To enhance mucin affinity, the 
nanocrystals are coated or incorporated with 
mucoadhesive polymers like chitosan, carbopol, 
sodium alginate, HPMC, or polycarbophil. The 
increased contact of nanocrystals with the mucosal 
surface causes slower transit time in the GI tract and 
thereby maintains higher local drug concentration. 
Such prolonged residence in the stomach can 
promote enhanced drug dissolution, improved 
absorption, and consequently increased 
bioavailability, especially for those drugs having a 
narrow absorption window and poor solubility. 
These formulations find applications in cancer, 
antiviral, and peptide-based drug delivery[62]. 
 
19.3 Targeted Nanocrystals 
A drug that delivers to the organ, tissue, or cell of 
the body specifically. The strategy of targeting can 
be divided into[63]:  
Passive targeting 
Passive accumulation of nanodrug at specific sites 
by the enhanced permeability and retention (EPR 
effect) phenomenon, especially at tumors.  
Active targeting 
Nanocrystals are conjugated to the targeting ligand 
(antibody, peptide, folic acid, transferrin, aptamer, 
carbohydrates, etc.) which have affinity towards the 
receptors of specific cells and lead to the enhanced 
uptake of nanocrystals into cells by endocytosis; 
resulting in increased local concentration of the drug 
at target site with decreased side effects. Many 
targeting nanocarriers have undergone clinical 
studies in different diseases like cancer, infectious & 
inflammatory diseases. 
 
19.4 Hybrid Nanocrystals 
Having two or more nanocarriers associated in 
tandem results in hybrid nanocrystals that harness 
the benefits of both systems together and synergize 
the merits thereof. Such nanocrystals can be linked 
with liposomes, polymeric nanoparticles, solid lipid 
nanoparticles, nanostructured lipid carriers, 
hydrogels, and self-emulsifying systems to stabilize 
the drug and modify the release rate of the drug. This 
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has increased the total therapy efficacy due to 
improved drug solubility from the nanoparticle 
nature of nanocarriers and sustained drug release 
from the shell coating of other nanocarriers[64]. 
This approach finds promising application for 
poorly soluble anti-cancer agents, anti-
inflammatory drugs, and delivery of central nervous 
system agents. 
 
19.5 AI-Assisted Formulation Design 
AI and ML have been adopted in several research 
areas, with pharmaceutical formulation 
development being one of them. By harnessing huge 
amounts of formulation data, AI and ML can predict 
how the various parameters in formulation affect 
multiple nanocrystal parameters, including PS, size 
distribution, ZP, and drug release[65].  
 
19.6 3D Printing 
3D printing, or to give it its correct term, additive 
manufacturing, is a rapidly developing novel 
technology and can serve as a viable means of 
developing future patient-tailored, drug-loaded, 
orally active nanocrystal medicines. Such 
nanocrystal drug ink or filament can be 
manufactured by a 3D printing method with 
specified geometric and size dimensions, with 
specific drug concentrations capable of yielding a 
correct dosage, a distinct dissolution profile, and a 
satisfactory mechanical property for the drug in the 
combinational product or other desired dosage 
forms[66].  
 
19.7 Personalized Medicine 
A long-awaited future in pharmaceutical drug 
delivery has long been described in the realm of 
“personalized medicine.” Personalized medicine 
would be a kind of new wave of medicine based on 
individual patient differences, their genetic profile, 
stage of illness, and expected drug response. And 
perhaps most importantly for a new wave of 
delivery, 3D printable nanocrystal technologies 
could, with assistance of someAI driven approaches 
to formulate nanocrystals with specific drug(s) and 
to fabricate tailored 3D printed oral dosage forms, 
allow one to customize the doses of an orally 
administered therapy for an individual, and even for 
specific patient populations that have been profiled, 
thereby opening new avenues for better and safer 
individual drug therapies via the oral route[67-74]. 
 
20. Conclusion 
Pharmaceutical Nanocrystal technology is one of the 
established successful techniques over the past 2 
decades to improve oral administration of poorly 
water-soluble drugs. Formation of drug 
nanoparticles in the range of nano size (10-1000 nm) 
in their crystalline state (nanocrystals), in which 
there would be increased surface area, increased 
saturation solubility, increased dissolution velocity, 

increased wetting property, and improved oral 
bioavailability of the drug without affecting the 
drug's identity. Nanocrystals can achieve high drug 
loading, have less need for carriers, offer design 
flexibility, and can be applied to various dose forms; 
hence, they represent an alternative to many 
established methods of solubility enhancement. 
Improvements in the design of manufacturing 
processes like wet media milling, high-pressure 
homogenization, antisolvent precipitation, and 
hybrid technologies associated with the QbD 
approach have led to a significant advance in their 
process robustness, scale-up capabilities, and 
reproducibility of quality. Physicochemical 
characterization and stability of nanocrystals remain 
vital for consistent quality and therapeutic 
performance. Challenges, namely particle 
aggregation, Ostwald ripening, polymorphism, and 
issues of drying-induced instability, scale-up, and 
the regulatory landscape, are some of the issues that 
can affect their commercial success. Novel 
approaches such as surface functionalization, AI-
guided formulation design, continuous 
manufacturing processes, and personalized 
medicine offer new opportunities. In the future, 
nanocrystals in conjunction with pharmaceutical 
science, materials engineering, and regulation are 
believed to further pave the way for a promising 
route to safely and effectively treat with the help of 
less soluble drug molecules. 
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