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Abstract: Poor aqueous solubility and bioavailability limit the translation of new drug candidates into clinical applications.
Nanocrystal formulations offer a promising approach for improving the dissolution rate and saturation solubility. These formulations
are applicable for various routes of administration, with each presenting unique opportunities and challenges posed by the physiolo-
gical barriers. The development of nanocrystal formulation requires comprehensive understanding of these barriers and the biological
environment, along with strategic modulation of particle size, surface properties, and charge to facilitate improved bioavailability to
the target site. This review focuses on applications of nanocrystals for diverse administration routes and strategies in overcoming
anatomical and physiological delivery barriers. The orally administered nanocrystals benefit from increased solubility, prolonged
gastrointestinal retention, and enhanced permeation. However, the nanocrystals, due to their small size and high surface area, are
susceptible to aggregation in the presence of gastric fluids and are more prone to enzymatic degradation compared to the macrocrystal-
line form. Although nanocrystal formulations are composed of pure API, the application of excipients like stabilizers reduces the
aggregation and improves formulation stability, solubility, and bioavailability. Some excipients can facilitate sustained drug release.
Emerging research in nanocrystals include their application in blood-brain barrier transport, intranasal delivery, stimuli responsiveness,
multifunctionality, and diagnostic purposes. However, the challenges related to toxicity, scale-up, and clinical translation still need
further attention. Overall, nanocrystal engineering serves as a versatile platform for expanding the therapeutic potential of insoluble
drugs and enabling dose reduction for existing drugs, which can minimize toxicity and improve bioavailability at lower dosages.
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Introduction

The pharmaceutical industry has witnessed major changes over the past few decades with the discovery of new
therapeutic candidates, development of new formulation strategies, and vector molecules. Despite many advancements,
70% of new therapeutic drugs have dropped out of the clinical pipeline before reaching the formulation stage, owing to
poor aqueous solubility.! To overcome these issues, the addition of cosolvents, surfactants, inclusion compounds, solid
dispersion, amorphization, and complexation strategies have been implemented. However, these approaches come with
limitations that can drastically impact the therapeutic efficiency and possible solvent-related adverse effects.

To overcome the challenges such as solubility and formulation issues, and to achieve targeted therapy nanotechnology
offers promising strategies. Nanocrystals are nanocrystalline forms of pure active pharmaceutical ingredients (API) in the
nanometer range (1-100) that can be produced by top-down, bottom-up, or a combination of the two techniques.” The
atoms in the nanocrystals are arranged in a regular, repeating lattice structure and their small size allow them to bridge

the properties of both bulk and individual molecules. Due to the small size and high surface area, they exhibit unique
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physicochemical properties like improved bioavailability compared to the original API. According to the Noyes-Whitney
theory, smaller particles with a higher surface-to-volume ratio boost the dissolution rate of therapeutic compounds by
increasing their saturation solubility.* Reduction from the micrometer to nanometer scale through nanonization techni-
ques improves drug saturation solubility because of the increased dissolution pressure of strongly curved small
nanocrystals.®>” Nanocrystal formulations offer unique advantages compared to other nano formulations, as they
eliminate the need for carriers or excipients, reduce complexity and toxicity, and offer predictable pharmacokinetics.
These characteristics, along with their ability to interact with the biological membranes and cellular environments in
distinct ways from the micron sized drugs make them a desirable option for targeted delivery and controlled release.

Nanocrystals were initially formulated to increase the solubility of poorly soluble BCS class II drugs, which possess
poor solubility but good permeability through biological membranes. In addition to improving the solubility, they also
enhance the drug-loading capacity, adhesion to cell membranes, absorption, and stability, offering range of clinical
applications.® Nanocrystals stand out from other colloidal drug delivery methods because of their potential to offer
almost 100% API, which increases the probability of attaining an improved therapeutic concentration with desired
pharmacological action.” The versatility of nanocrystals lies in their ability to be formulated such that they can be
administered through multiple routes, including oral, parenteral, cutaneous, ophthalmic, and pulmonary (Figure 1).%

Nanocrystals also offer the feasibility of surface modification for target-specific therapies for cancer and immune
diseases.”'? Several studies have shown that modification of NCs alters the physicochemical properties of compounds to
further improve formulation stability, dispersion, pharmacokinetics, and bioavailability.'"'* The modifications of nano-
crystals can also be made in terms of the route of administration.”'* The route of administration plays a key role in
determining the fate of these particles, as interactions with different physiological barriers and conditions in the
biological environment determine the sequence of events and the therapeutic efficiency of the drug.* This review focuses
on updating the formulation and modification of nanocrystals to bypass physiological barriers based on (that are
encountered) route of administration (Figure 1).

Route of Administration

Nanocrystal Fabrication

Drug formulation depends on the solubility, stability, formulation-methods, and route of drug administration. Figure 2
highlights that influence the safety, efficacy, formulation, and absorption of the nanocrystal drugs. Crystalline solids are
self-assembled ordered structures, whereas amorphous solids pack molecules randomly. Amorphous formulations are
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Figure | Routes of nano crystalized drug administration ocular, oral, nasal, dermal, intravenous, and intramuscular routes.
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Figure 2 Factors influencing effective drug delivery of nanocrystals.

widely used in pharmaceuticals owing to their high dissolution rates. Nevertheless, they often need to be stabilised with
polymeric additives/excipients, which raises safety issues because of their intrinsic physical instability. This can be
achieved by employing nanocrystal-formulation methods.*'*

Nanocrystals can be manufactured using top-down or bottom-up approaches, or a combination of these two
approaches, commonly referred to as the nano-edge technique. Additionally, a novel approach has been suggested for
the preparation of nanocrystals by utilising the microfluidic pathway to reduce the production costs with the efficiency
and swiftness it offers.®'> Some of the techniques employed in nanocrystal production include precipitation, ball milling,
spray drying, jet milling, solvent based methods, antisolvent (supercritical antisolvent), and micronization.'®

Top-down approaches, such as high-pressure homogenisation (HPH) and media milling, involve reducing the bulk
particle size to the nanosized range using high-energy methods. Bottom-up approaches in nanocrystal formulations
involve the use of precipitation techniques to obtain nanosized drug particles, specifically via precipitation from
a supersaturated drug solution. The drug was dissolved in a suitable solvent and precipitated by adding a nonsolvent,
resulting in the formation of nanocrystals.'” Additionally, various combination strategies and supercritical fluid technol-
ogies, such as gas antisolvent recrystallisation (GAS), aerosol solvent extraction systems (ASES), atomised rapid
injection for solvent extraction (ARISE), rapid expansion of supercritical solution (RESS), and depressurisation of an
expanded liquid organic solution (DELOS), have been utilised in the formulation of nanocrystals.® Furthermore, to
achieve uniform and monodisperse nanocrystals, hot-injection or heat-up methods can be employed.'®

Although nanocrystals offer a wide range of advantages, their formulation requires the inclusion of a small volume of
excipients to improve their stability. Minimal amounts of stabilizers are commonly used to prevent Ostwald ripening
caused by supersaturation. Stabilizers are typically selected based on their versatile benefits such as reduced protein

binding, alterations in solubility, minimal drug interactions, and low toxicity.'**
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Nanocrystal Fabrication Challenges with Respect to Physiological Barriers

The formulation of nanocrystals presents various challenges, especially when addressing the physiological barriers to
drug administration (Table 1). The human body is equipped with various barriers that protect it from the external
environment while maintaining the integrity and proper functioning of the organs. These barriers include the blood-brain
barrier (BBB), gastrointestinal (GI) barrier, and cellular barriers within tissues, as well as mechanical (skin), biological
(microbiome), and chemical (enzymes) barriers. Nanocrystal are showing to be promising to cross various biological
barriers, however their capacity to cross highly selective barriers such as BBB still throws challenges.

The transportation of drugs and diagnostic probes to the brain is highly restricted by the BBB because of tight
junctions between endothelial cells. The endothelial cells that line the BBB undergo modifications to restrict the passage
of these particles into the brain, resulting in instability of nanocrystals.”! The surface modification of nanocrystals can
facilitate their transport through the BBB by exploiting specialised transportation pathways, such as receptor-mediated
transcytosis (RMT), adsorptive mediated transcytosis (AMT), and/or carrier-mediated transcytosis (CMT).**** The BBB
mostly allows permeation of positively charged lipophilic molecules with a molecular weight of less than 500 Da.**

Orally administered nanocrystals face challenges due to the harsh environment of the Gl-tract, such as enzymatic
and microbial, mechanical forces, mucosal layer, and pH changes (acid/base).”” Additionally, the GI barrier is an
epithelial barrier with tight junctions, goblet cells, and microfold cells that restrict the movement of therapeutic
molecules.”® The GI barrier serves as a limiting factor for the absorption of nanocrystals and their payload into systemic
circulation. Strategies have been developed to improve the stability of nanocrystals and prevent abrupt drug release,
including the application of protective coatings or stabilising excipients to prevent agglomeration. Furthermore, changing
the viscosity of the formulation and incorporating surfactants can further enhance drug stability and prolong the
physiological interaction time of nanocrystals, thereby improving therapeutic efficiency and facilitating sustained drug
release in the Gl-tract.'’

Nanocrystals encounter various cellular barriers, including those in the pulmonary epithelium and skin, nasal, and
ocular tissues. These barriers comprise numerous layers of cells that restrict the movement of nanocrystals, resulting in
reduced efficacy. The modification of nanocrystal surfaces can help increase their interactions with cellular entities and
promote cellular absorption and distribution. Cellular barriers exhibit significant variability depending on the cell type
and spatial distribution in specific organs. The ability of nanocrystals to efficiently transport deeper into target cells is
significantly influenced by their formulation parameters, size, and shape. Drug particles larger than 500 nm are engulfed
by phagocytic cells, limiting their ability to reach the target cells.’

The above-mentioned physiological barriers can be effectively circumvented via nanocrystal formulation, which can
be accomplished by optimising particle properties, surface modifications, and employing protective measures.
Nanocrystals have the potential to enhance the efficiency of drug administration, increase therapeutic outcomes, and
facilitate the targeted and controlled release of drugs across various tissues and organs. The subsequent sections provide
a comprehensive analysis of physiological barriers related to the route of administration.

Oral Route of Administration

The oral route of administration is widely preferred because of its safety, non-invasiveness, practicality, rapid onset of
action, and high patient tolerance. The dissolution rate of drugs plays a vital role in determining the absorption rate of
orally administered drugs.* However, poorly soluble drugs are not readily absorbed in the GI-tract, which reduces their
bioavailability.?” Furthermore, many drugs with poor solubility often require repeated dose with higher concentrations
owing to their limited bioavailability, resulting in gastric lesions.> Hence, understanding these bottlenecks and the
internal mechanism of oral delivery is important to overcome the challenges presented by this route of administration
and develop strategies to improve drug delivery and bioavailability with reduced toxicity. Nanonization of drugs is
a viable approach to overcome these challenges as it improves the dissolution rate and solubility. The increased surface
area of smaller nanocrystals can accelerate the rapid absorption and metabolism of drugs owing to their specific
interactions in the Gl-tract than parent drugs.®*° While formulating NC drugs few factors need to be considered that

include gastric environment, gastrointestinal barriers, absorption mechanisms, and drug morphology.?*-°
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Table | Comprehensive Assessment of Route of Administration for Nanocrystal Drugs: Advantages, Disadvantages, Delivery

Challenges and Potential of Nanocrystals

Route of
Administration

Considerations in Route of Administration

Potential of Nanocrystal with Route of

Administration

Quick onset of action
(prompt response)
unconscious patients
(emergency use)
Accurate dose

Direct access to systemic
circulation

Bypass harsh gastric

Irritation and
inflammation at the
site (discomfort)
Require high doses
Trained personal

required

viscosity and
pH
Acquisition in
Kupffer cells
Endothelial
reticulum
system

Mononuclear

Advantages Disadvantages Delivery Applications Limitations
challenges
Oral Non-invasive method Harsh chemical Intestinal Weakly soluble drugs Agglomeration
Self-administration environment barrier Absorb intact drug particles Stability issues
and safety First bypass Epithelial cell | Increased solubility and Potential
Patient tolerance mechanism (hepatic junctions dissolution rate Increasing the toxicity (heavy
Rapid onset of action clearance) Mucus bioavailability metals)
Ease High doses Gur bacterial | Minimal gastric irritation
High surface Absorption Food interactions population Facilitates increased retention
not suitable for gastric time to intestinal mucus layer
unconscious patients | barrier (bioadhesion to intestinal walls)
Limited permeability | Acids, Reduced local prolonged
Enzymes, pH, | concentrations
Proteases 3-5-fold increase in plasma
Gl transit concentration
time Increased supersaturation thus
increases permeability
Reduced fast and fed variability
Higher C,.x and AUC and
reduced T,
enhanced mucoadhesion
Pulmonary Non-invasive Congestion Alveolar Increased bioavailability Pulmonary
Patience compliance May require training macrophages | Prolonged drug residence time | toxicity,
Wide surface area for patients to Mucociliary in lungs Inflammation
Low enzymatic activity minimize dosing clearance Reduce systemic side effects (cite)
Circumvent hepatic portal variability Mucus Increased alveoli deposition No human
drainage entrapment prolonged half life safety data
Great molecular dispersion Macrophage- available
Avoids first pass metabolism mediated
processes
Surfactant
Airways
transport
Intravenous Rapid absorption Invasive Changes in Reduced toxicity Agglomeration

Target site accumulation
(improved selectivity)
100% bioavailability
Increased retention time
Increased permeation and
retention in tumor tissues

Less solvents (excipients)

environment phagocyte
complete absorption system
Enzymes
(proteases)
(Continued)
International Journal of Nanomedicine 2025:20 https: 371



Yanamadala et al

Table | (Continued).

Route of Considerations in Route of Administration Potential of Nanocrystal with Route of
Administration Administration
Advantages Disadvantages Delivery Applications Limitations
challenges
Topical Non-Invasive Slow absorption Stratus Penetrate deeper layers Aggregation
Localized effect Major transport corneum Metabolic stability Solid state and
Ease of application (patient barriers Lipid bilayers | Increased deposition and chemical
compliance) Sweat glands permeation into the skin degradation
By-pass (overcome) first pass Enzymes Enhanced absorption Microbial
metabolism Constant cell | Improved diffusion contamination
Reduce repeated dosing shedding
Reduced systemic toxicity
Brain Intracerebral routes allow Decreased Blood brain Improved permeation, Not enough
for direct delivery to brain bioavailability barrier distribution and retention reports available
and reduce systemic toxicity | Reduced half-life Tight Bypass blood brain barrier
(rapid clearance) junctions (BBB)
Poor drug CNS
distribution Vascular
Invasive barrier
require trained
professional
Discomfort
Intranasal Access to brain through Ingestion into Mucociliary Increased bioavailability Requires careful
Ollfactory nerves pharynx clearance Improved mucosal adhesion, selection of
Ease of administration (unconscious Nasal permeation, and retention time | bioactive
Bypass hepatic metabolism patients) epithelial Reduced side effects excipients
Quick effect of fast acting Dose volume conditions High pay load and increased Self-aggregation
drugs limitations Lamina propia | bioavailability Impact brain
Minimized side effects Limited drug passage | Local cellular delivery
Highly vascularized (for May require repeated | mechanisms
systemic circulation) administration
Irritation
Congestion

Absorption: Barriers and Mechanisms

Luminal environment:. The pH of the digestive system varies from 1 to 8, with stomach pH 1.2-3, duodenal pH 5.5,
jejunal pH 6, ileal pH 7.2-8, and colon pH 6.4-7.2° Gradient changes in pH as the drug moves along the GI-tract may
cause spatial conformational modifications that affect ionisation and chemical structure, resulting in decreased bioactiv-
ity. These pH gradient changes have been shown to significantly impacts proteins and peptide drugs, which also cause
deamination/oxidation of drugs by disrupting chemical bonds, result changes in charge distribution and
local hydrophilicity.>' GI-tract enzymes are involved in the absorption process, including salivary enzymes stomach
enzymes, intestinal enzymes, brush border enzymes, membrane-bound enzymes, pancreatic enzymes, cytosolic enzymes,
and exopeptidases. Some enzymes may cause enzymatic degradation by cleaving peptide bonds and affecting structural
stability that include elastase, trypsin, and chymotrypsin.

Gastric barriers: The Gl-tract also poses physical barriers such as mucus and epithelial barriers. Mucus primarily
comprises 95% water with the remaining constituents being proteins, lipids, and electrolytes. Mucus is continuously

secreted by the foveolar and goblet cells, and its thickness varies along the digestive tract. Mucus is glycoprotein with
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overall negative charge that traps the positively charged molecules. Additionally, the mucus layer enhances viscosity and
gelation of the surrounding environment, thereby reducing drug absorption.>? The drug molecules bind to mucin,
resulting in increased viscoelasticity. Second, the steric barrier prevents the entry of larger particles into the mucin
mesh, which is formed by a mucin nonglycosylated network. Nanocrystals with < 200 nm size coated with mucus inert
materials such as PEG or zwitterions have demonstrated increased penetration through mucus.>* Epithelial cells that are
essential for the absorption of drugs from the Gl-tract to the systemic circulation restrict their uptake by tight junctions or
trigger lysosomal degradation or basolateral exocytosis. Muco-inert lipid-based nanocarriers, pegylation have demon-
strated improved mucus permeability and potential to overcome the epithelial barrier.?*-

Morphology and size: The size and morphology of a drug are the two major factors that primarily affect the
bioavailability of orally administered drugs. For example, rod-shaped nanocrystals have shown significant advantages
over spherical ones, because of larger surface area, which enabled enhanced cellular exposure (Figure 3A).*?° The rod-
shaped nanocrystals are shown to overcome the mucus entrapment compared to the spherical molecules. In addition to
the size and shape/structure is also plays an essential role in enhancing permeability. Studies have shown that
biodegradable and tuneable nanoneedle structure showed high efficacy in achieving nano-therapeutics with limited
toxicity.***> Consequently, increased cellular exposure promoted enhanced cellular absorption and facilitated epithelial
transport. Similarly, reducing the particle size can enhance the efficacy of oral drug delivery. Nanocrystal drug
formulations exhibit a twenty-fold increase in bioavailability than pure API, as well as a five-fold increase than micron-
sized drug formulations.’ Oral administration of Zileuton nanocrystals with a size range of 700 nm has shown a greater
maximum concentration (Cp,,y) in the plasma of rats than pure API or micron-sized drug formulations.*®

Absorption mechanisms: Several studies have shown that most nanocrystals are primarily absorbed in the jejunum
compared with the ileum, indicating that a unique absorption mechanism is involved in drug molecule translocation.’”
Additionally, most of these nanocrystals are entrapped in mucus, allowing for the sustained release of drug molecules.
The paracellular pathway is a potential route for nanocrystal uptake, but the strict diametric constriction of openings
between cells by glycocalyx filaments makes it difficult for larger nanocrystals to pass through, even after mucus mesh
permeation.” Studies have suggested using permeation enhancers or surfactants enable the opening of these junctions by
shortening the glycocalyx filaments; however, there is little evidence to support this claim.*® Currently various nano
based technology has been developed for drug delivery for numerous cancer therapy, which has several advantages than
traditional drug formulation. Micro and nanomotor is one among them, which is a small device that effectively increases
the therapeutic efficiency. This device efficiently changes different form of energy into mechanical motion that empowers
the PK properties, biodistribution, stability, solubility of poorly soluble drugs with controlled release mechanism that
subsequently decreases the cellular cytotoxicity.” Additionally, this mechanical movement capable of increasing tissue
permeability, result increased cellular uptake that facilitates the accumulation of drug in the target site. Nanocrystals can
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Figure 3 (A and B) lllustrates strategies to reduce Corona formation due to mucosal entrapment or pH changes by using rod shaped nanocrystals, surface modifications or
liposome encapsulation. 3B) Impact of fasting and fed state on absorption of nanocrystals.
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be directly taken up by cells via the clathrin-mediated, caveolin-mediated, pinocytosis (actin-dependent), phagocytosis
(actin-dependent), and non-caveolin and clathrin-mediated pathways.4’39 Earlier, Khun et al showed that nanoparticles
were taken up by a combination of mechanisms, rather than relying on a single mechanism.** Owing to the small pore
size of the vascular epithelium, nanocrystals may be available for lymphatic transport rather than venous transport after
endocytosis. It has also been reported that M cells transport nanocrystals via an active transepithelial vesicular transport

system; however, the efficacy of this process remains debatable.**

Strategies to Overcome Limitations of Orally Administered Nanocrystals

Although nanocrystal formulation of drugs seems promising, there are still a few limitations that need to be addressed
with the oral route of administration. The major challenge is the instability of nanocrystals in the Gl-tract environment.
Numerous approaches have been used to address this issue, including coating nanocrystals with a protective layer, carrier
system to improve stability and prevent aggregation, production procedures and techniques can also improve drug
efficacy.*! Vitamin K antagonists are commonly used as pharmaceutical agents owing to their affordability and
effectiveness. In one study, the use of wet media milling followed by spray drying and lyophilisation increased the
solubility, stability, and dissolution of the ziprasidone nanocrystal oral formulation*> The vitamin K antagonist (VKA)
can inhibit the activity of vitamin K epoxide reductase and blocks the recycling of vitamin k epoxide (VKO).*

Stabilizers

The stabilizers employed in nanocrystal formulations can help to overcome the barriers, preventing Ostwald ripening and
agglomeration in mucosal layers. The optimal concentration of stabilizer is crucial to improve the bioavailability of the
nanocrystals. Crptotanshinone nanocrystals showed 2.87-fold improved pharmacokinetics compared to coarse drug when
ideal concentration of stabilizer poloxamer 407 was used.** Figure 3A illustrates corona formation around pure
nanocrystals, and reduced aggregation and improved permeability with surface modification with stabilizers, surfactants,
and encapsulation. The stabilizers, permeation enhancers and cryoprotectant play an important role in stabilizing the
nanoformulation during the freeze drying. Specifically, due to the steric hindrance the nanoparticles were prevented the
formation of aggregates. The stabilizers also involved in opening of tight junctions by reversibly, which in turn increase
the permeability and bioavailability through paracellular transport. The incorporation of stabilizers and permeation
enhancers increases the bioavailability and efficacy in the nanocrystal therapeutics. Additionally, it requires low dose
of therapeutics which can be correlated less toxicity in liver, kidney, and other organelles.>**** If the nanoparticles are
larger in size and more chances of detecting nanoparticles in the kidney. If the nanoparticle size and pore of glomerular
filtration unit pore sizes are same the chance of nanoparticles clearance rate is approximately 50%.*” In vivo study
revealed that nanotherapeutics treated mice showed significantly decreased level of ALT and AST enzyme than micron
sized treated animals. The immunohistochemistry result further supported less hepatotoxicity than non-nano formulated
drug stabilizers have been recognised for their impact on the absorption mechanism of nanocrystals, such as endocytosis,
as well as on transport mechanisms like intracellular and transmembrane transport.>*® When used alone, charged
stabilizers, such as sodium deoxycholate, have been found to exacerbate agglomeration and hinder the onset of
absorption.” Agglomeration can have either positive or negative effects, depending on the therapeutic effect of the
drug and the location of deposition. In the stomach, agglomerated particles are most likely entrapped in the mucus tissue.
Failure to expel these particles, which occurs because of hourly renewal of gastric mucus, may lead to an extended
duration of drug retention within the physiological system. The incorporation of stabilizers such as polyvinylpyrrolidone
(PVP) or a combination of hydroxypropyl methylcellulose (HPMC), polyvinyl alcohol (PVA), and ethyl cellulose in
nanocrystal formulations has shown enhanced oral bioavailability.

Permeation enhancers in nanocrystal formulations are another strategy for improving the bioavailability of drugs,
which reversibly modify the intestinal cells to improve drug permeability.*” Several permeation enhancers can be
employed in nanocrystal formulations including surfactants, fatty acids, chelating agents, and bile salts.’® Surfactants
are common permeation enhancers that reduce the surface tension between the drug and intestinal epithelium.”' Studies
have shown that sodium lauryl sulphate (SLS) significantly improves the solubility of poorly soluble drugs. The
incorporation of the surfactant and vitamin E, TPGS, and Pluronic F-68 in the nanocrystal formulation increased the
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drug load, disintegration, and dissolution rate. These factors are also influenced by the type of surfactant, concentration
employed, and inter- and intra-molecular drug interactions.’” Bile salts are naturally occurring organic surfactants
secreted by the liver and it can also be used as precursors in the synthesis of steroids and amphiphilic molecules with
specific functionalities.>® These compounds interact with phospholipids in various cells to increase permeation.

The fatty acid derived permeation enhancers, such as oleic and linoleic acids, permeate by modifying the intestinal
epithelium and increasing drug bioavailability.* The incorporation of oleic acid along with other co-surfactants improves
the oral bioavailability of poorly soluble tetrandrine drug.’>>® Similarly, chelating agents, such as ethylenediaminete-
traacetic acid (EDTA), are also used in nanocrystal formulations as permeation enhancers. They increase permeability by
chelating divalent cations present in the intestinal epithelium. A previous study showed a 4.8-fold increase in oral
bioavailability with the addition of EDTA to a nanocrystal formulation.>’

Other techniques, such as pH modification, enzyme inhibition, and nanoparticle coating, can also alter the bioavail-
ability of nanocrystal drugs.”® Addition of compatible acids or bases is a common technique for pH adjustment. Enzyme
inhibitors help drugs to prevent degradation by digestive enzymes. Coating nanocrystals with a polymer or lipid layer
also protects against enzymatic degradation and increases intestinal absorption by enhancing the epithelial cell uptake.
Furthermore, oral nanocrystal films are ideal for patients with oral pathologies, swallowing difficulties and for children.>”

Application of Nanocrystals in Oral Drug Delivery

Nanocrystal formulations for the oral administration of several drugs, including fenofibrate, itraconazole, and curcumin,
have shown improved bioavailability compared with APL.®'® The FDA approved oral nanocrystal drugs and their
formulations are included in Table 2. Fenofibrate, a medication that exhibits low solubility in water, has demonstrated
enhanced solubility in both fasted and fed conditions following nanocrystal formulation (Figure 3B).*® Fast and fed
states significantly influence the drug absorption and stability. Figure 3B shows that compared to coarse drug formulation
nanocrystals are less affected by these states. The fenofibrate nanocrystals into oral strip films resulted in a 1.4-fold
enhancement in bioavailability and sustained presence within the system for approximately 24 hours.’® Rapamune, the
first oral nanocrystal approved by the US Food and Drug Administration (FDA), consists of sirolimus nanocrystals
combined with an excipient mixture suitable for compression into readily consumable tablets. Compared to the API
sirolimus solution, the bioavailability of sirolimus nanocrystal tablets increased by 21%.*°° Saquinavir, a protease
inhibitor used for treatment of HIV exhibits poor solubility; however, nanocrystal formulation of approximately 200
nm in rod shape has shown significant improved dissolution and cellular uptake compared to the coarse crystals. Despite
their rod shape, the enhanced cellular uptake and transport across membranes was attributed to the size of the
nanocrystals as particles smaller than 200 nm are preferentially internalized through the clathrin-coated pits.®’
Similarly, nanocrystal formulation of Olmesartan medoxomil stabilized with TPGS and Pluronic F-68 showed increased
shelf life and improved solubility. These nanocrystals have irregular shape, and this could have contributed to the rapid
dissolution.®> Numerous studies have demonstrated the efficacy of nanocrystal formulations in enhancing oral bioavail-
ability. In addition, nanocrystal formulations have other advantages such as enhanced drug-targeting ability, reduced
toxicity, and prolonged retention time. According to one study, camptothecin nanocrystal formulations showed reduced
toxicity in animal models and enhanced drug accumulation in tumour tissues.®® Similarly, cyclosporine nanocrystal
formulations improved drug targeting to the liver and reduced systemic toxicity in rats.®*

Parenteral Route of Administration

Parental administration is the practice of injecting therapeutic doses directly into the vein (intravenous [IV]), muscle
(intramuscular [IM]), or subcutaneously, as opposed to the most common oral route. This method of delivery is
especially helpful in situations where oral administration is impractical or ineffective, such as during emergencies,
when treating drugs with low oral bioavailability, or compounds that can quickly metabolise in the digestive system, as it
enables a steady flow of the medication into the bloodstream under regulated conditions.®'*** Furthermore, drugs
administered via the parental route can bypass first-pass metabolism in Gl-tract and interactions with ingested foods.
Moreover, parental administration, such as IV injection, provides a prompt response, lowers dosage requirements, and
ensures complete absorption.*
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Table 2 FDA Approved Nanocrystal Formulated Drugs and It is Ingredients and Route of Administration

Nanocrystal Drug trade
Name

Active
Pharmaceutical

Ingredient

Inactive Gradient/Excipients/surfactant/ Salts/
Stabilizers/Polymers/Sugars

Route of
Administration

Ref

Gris-PEG® (griseofulvin
antibiotics derived from

Penicillin)

Griseofulvin

Colloidal silicon dioxide, Magnesium stearate, Methylcellulose,
Methylparaben, Polyethylene glycol 400 and 8000, Povidone,
Sodium lauryl sulfate, and Titanium dioxide.

Oral

[65]

Rapamune® Contains

sirolimus (SRL, rapamycin)

Rapamycin/

sirolimus

Phosal 50 PG® (phosphatidylcholine, Propylene glycol, Mono-
and di-glycerides, ethanol, Soy fatty acids, and ascorbyl
palmitate) and Polysorbate 80, Ethanol

Sucrose, Lactose, Polyethylene glycol 8000, Calcium

sulfate, Microcrystalline cellulose, Pharmaceutical glaze, Talc,
Titanium dioxide, Magnesium stearate, Povidone, poloxamer
188, Polyethylene glycol 20,000, Glyceryl monooleate,
Carnauba wax, Dl-alpha tocopherol

Oral

[66]

Avinza®(morphine sulfate)

Morphine sulfate

Ammonio-methacrylate copolymers, Fumaric acid, Povidone,

Sodium lauryl sulfate, Sugar starch spheres

Oral

[67]

Ritalin LA®

Methylphenidate
hydrochloride

Lactose, Magnesium stearate, Polyethylene glycol
Starch (5-mg and 10-mg tablets), Sucrose, Talc, and Tragacanth
(20 mg tablet)

Oral

[e8]

Emend®

Aprepitant

Sucrose, Microcrystalline cellulose, Hydroxypropyl cellulose

and Sodium lauryl sulfate

Oral

[69]

Tricor®

Fenofibrate

Colloidal silicon dioxide, Croscarmellose sodium,
Crospovidone, Lactose monohydrate, Microcrystalline
cellulose, Polyvinyl alcohol, povidone, Sodium lauryl sulfate,
Sodium starch glycolate, Sodium stearyl fumarate, talc,

Titanium dioxide,

Oral

[70]

Triglide®

Fenofibrate

Crospovidone, Lactose monohydrate, mannitol, Maltodextrin,
carboxymethylcellulose sodium, Egg lecithin, Croscarmellose
sodium, Sodium lauryl sulfate, Colloidal silicon dioxide,

Magnesium stearate, and monobasic sodium phosphate

Oral

[71]

Megace®ES

Megestrol acetate

Microcrystalline cellulose, Lactose monohydrate, Magnesium
stearate, Povidone, colloidal anhydrous silica, Sodium starch

glycolate

Oral

[72]

Naprelan®

Naproxen sodium

Ammoniomethacrylate copolymer Type A,
Ammoniomethacrylate copolymer Type B, Citric acid,
Crospovidone, Magnesium stearate, Methacrylic acid
copolymer Type A, Microcrystalline cellulose, Povidone, and
Talc

Oral

[73]

Cesamet®

Nabilone

Povidone and corn starch

Oral

[74]

Invega Sustenna®

Paliperidone
palmitate

Polysorbate 20, macrogol 4000, Citric acid monohydrate,
Dibasic sodium phosphate, Monobasic sodium phosphate
monohydrate, sodium hydroxide

Intramuscular

[73]

Invega Trinza®

Paliperidone
palmitate

Polysorbate 20 (10 mg/mL), Polyethylene glycol 4000 (75 mg/
mL), Citric acid monohydrate (7.5 mg/mL), Sodium dihydrogen
phosphate

Intramuscular

[7€]

(Continued)
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Table 2 (Continued).

Nanocrystal Drug trade Active Inactive Gradient/Excipients/surfactant/ Salts/ Route of Ref
Name Pharmaceutical | Stabilizers/Polymers/Sugars Administration

Ingredient
Aristada Initio®(Aripiprazole Aripiprazole Sorbitan monolaurate, Polysorbate 20, Sodium chloride, Intramuscular [77]
lauroxil for the treatment of lauroxil Sodium phosphate dibasic anhydrous, Sodium phosphate
schizophrenia) monobasic
Invega Hafyera® (paliperidone | Paliperidone Polysorbate 20, Macrogol 4000, Citric acid monohydrate, Intramuscular [78]
palmitate) palmitate Dibasic sodium phosphate, Monobasic sodium phosphate

monohydrate, Sodium hydroxide

Cabenuva® (Cabotegravir/ Cabotegravir Hypromellose, lactose monohydrate magnesium stearate, Intramuscular [79]
rilpivirine) anti-retroviral microcrystalline cellulose, and sodium starch glycolate
medication
Apretude® Cabotegravir Mannitol, Polyethylene glycol (PEG) 3350, Polysorbate 20 Intramuscular [80]

In recent years, there has been growing interest in the use of parenteral delivery for nanocrystal compositions, because
of its ability to handle the toxicity and quickly to reach target sites. Nanocrystal formulations require minimal utilisation
of excipients and solvents that are employed in insoluble pharmaceutical compounds. Additionally, owing to their small
size and large surface area, nanocrystals are especially suited for this mode of delivery. Nanosuspensions can be
manufactured as a viable option for parenteral delivery of nanocrystals. It has the potential to enhance drug retention
time and absorption, and reduce the dosage required to achieve a therapeutic outcome. The enhanced therapeutic
outcomes can be attributed to the rapid dissolution and absorption of the drug facilitated by the small particle size of
the nanocrystals. Compared to other administration methods, IV administration of nanosuspensions demonstrated 100%
bioavailability. Danazol microemulsion had 5.1% bioavailability, but when formulated as a nanosuspension, the bioavail-
ability was 82.3%. However, it showed 100% bioavailability when given intravenously.*> Most water-insoluble drugs are
found in the CNS and oncology domains, and with the increased incidence of these diseases, there is a great need to
develop nanosuspensions to increase the therapeutic profile for such conditions.®

Absorption: Barriers and Mechanisms

The IV route of administration bypassed by intestinal absorption and metabolic enzymes. However, several factors
should be considered when formulating nanocrystals for parenteral administration. Upon administration, nanocrystals
infiltrate the bloodstream, where they may not experience harsh environments during oral administration but are
subjected to changes in viscosity and pH. The viscosity is an essential parameter for drug permeability, bioavailability,
and efficacy. For an oral drug dissolution gastric content also plays an essential role that is greatly influenced by intake of
food. The intestinal gastric contents exhibit viscosity between 1.4 to 6.4 mPa.S (with a shear rate of 100s-1) at the fasting
state, which is several lower than after consuming meals.®” In majority of the nano formulation the drug concentration
ranges vary between 2% to 30%. If the drug concentration exceeds above 30%, result aggregation and forming a larger
crystal. For example, azelaic acid is used as a topical to treat acne. Azelaic parent drug, and nanocrystal formulated drug
Poloxamer used up to between 10 to 20% to prepare the hydrogel and no impact on viscosity. If the Poloxamer increased
above 20% that resulted in increased viscosity.*® Additionally, nanocrystal formulations must be meticulously designed
to avoid acquisition by Kupffer cells in the liver and the endothelial reticulum system (RES) for rapid absorption.
Intravenously injected nanocrystals undergo molecular dispersion because of their high dissolution rate and solubility.
Alternatively, they may remain intact and form colloidal particles in circulation, which are largely disseminated by
mononuclear phagocyte system (MPS) cells.*” MPS cells later phagocytose these colloidal particles which may be
degraded by phagolysosomes or deposited in the liver, lungs, or spleen. The deposition or dissolution of nanocrystals is
affected by their size, with nanocrystals larger than 500 nm accumulating in the liver and those smaller than 100 nm
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poorly captured by immune cells.>* Larger particles are often bound or surface-deposited on plasma proteins, resulting in
aggregation or opsonisation by macrophages. Macrophages to reduce the toxicity act along with Kupffer cells by
depositing these particles in the liver.*® The nanocrystals deposited in the liver and spleen slowly released the contrast
mechanism exhibited by the nanocrystals.*

Smaller nanocrystals (<100 nm) dissolved in the bloodstream behaved more like a solution. They may enter cells via
paracellular transport, clathrin-mediated, non-clathrin-mediated endocytosis, and pinocytosis.*® Despite the advantages of
NCs, the use of these formulations for parenteral delivery is difficult. One of the main difficulties is the possibility of
particle aggregation owing to viscosity changes or enzymes (proteases), which can result in the formation of larger
particles that are less effective in targeting tissues or cells.*® There are insufficient studies to determine the in vivo fate of
smaller nanocrystals after they enter the bloodstream.

Strategies to Overcome Limitations of Parentally Administered Nanocrystals

In addition to these barriers, various other factors require careful consideration to improve drug stability and bioavail-
ability, while minimising the adverse effects of the formulation. It is important to consider parameters such as viscosity,
pH, osmolality, and sterility when formulating nanocrystal drugs. Hypertonic formulations can induce erythrocyte
shrinkage resulting in pain. Administering smaller volumes of hypertonic solutions or using tonic agents can help
overcome this limitation.”® Similarly, maintaining a narrow pH range within the physiological conditions can prevent
aggregation in biological fluids. Buffering agents are used to maintain the optimal pH of the formulation, which is crucial
for preserving the drug stability. Numerous drugs require the use of cyclodextrin complexes, salt forms, pH modifica-
tions, and cosolvents to improve their solubility.*® However, the use of a salt form that is only compatible with ionizable
drugs may lead to precipitation owing to pH fluctuations. Additionally, larger quantities of cyclodextrins for IV
administration can increase viscosity and potentially cause nephrotoxicity.”® Ethanol cosolvents can induce haemotoxi-
city, whereas PEG can trigger hypersensitivity responses.”’ To overcome these limitations, suitable processing techniques
can be employed by carefully formulating nanocrystals with ideal excipients or incorporating surface modifications.

Stabilizers: The development of parenteral nanocrystal formulations can be challenging because the number of
approved excipients for this route is limited. Some excipients that may be incorporated into formulations include
stabilizers, tonicity adjusters, and buffering agents. The amount and type of stabilizer and surfactant play a crucial
role in nanosuspension formulation, as they affect not only the stability of the formulation but also the in vivo efficacy.
Irrespective of method employed in formulations, an ideal stabilizer is essential for maintaining the stability and particle-
size of nanocrystal formulations.”> Few nanocrystal drugs can be formulated without stabilizers; however, they require
vigorous mixing, and these formulations are available in powder form.”® The stabilizer concentrations of IV drugs can
vary between 1:20 and 20:1. However, the concentration of excipients should not exceed the critical micelle concentra-
tion, at higher concentrations micelle can cause toxicity in IV.”® Some surfactants have been reported to affect viability
and stimulate cytokine production by macrophages, whereas neither the drug nor the size of the drug had any effect.”* To
prevent aggregation, sedimentation, and crystalline transformation, an appropriate stabilizer with an ideal interaction with
the drug can be used.

Particles >500 nm when delivered intravenously are not easily internalized by cells, resulting in 90% of the drug
being removed by macrophages within 5 min. When 480 nm nevirapine nanocrystals were administered IV, they
showed 40% deposition in the liver and 37% in the spleen, which can be attributed to the particle size of the drug.”
Opsonization by macrophages is a common occurrence following the IV delivery of nanocrystal drugs. However, this
could be prevented by modifying the drug surface with PEG. Another constraint of nanocrystal IV formulations is their
circulation and retention times, which can also be addressed by PEG modifications. These modifications not only
enhance the stability of the formulation, but also overcome the previously mentioned limitations. Furthermore, vita-
min-E TPGS surface changes could be used to decrease P-gp efflux inhibition and target ligand shedding. Similarly,

sodium deoxycholate surfactants can be incorporated into IV nanocrystal formulations to enhance paracellular transport.

378 https: International Journal of Nanomedicine 2025:20



Yanamadala et al

Application of Nanocrystals in Parental Drug Delivery

Parenteral nanocrystals have been formulated for several drugs, including paclitaxel, danazol, and celecoxib, parenteral
nanocrystals have been formulated (Table 2 outlines some of FDA approved parental formulations).”®® For instance,
a paclitaxel nanocrystal formulation demonstrated a four-fold increase in anticancer activity and a two-fold increase in
tumour size deposition than the API formulation.”® Similar results were observed with danazol nanocrystals, which
showed an improved half-life and three-fold increase in bioavailability.'® In another study, an itraconazole parenteral
nanocrystal formulation showed superior bioavailability compared with the marketed oral formulation.'”" Similarly,
paclitaxel parenteral nanocrystals showed greater antitumour activity than micron-sized formulation, which could be
attributed to their superior solubility and improved pharmacokinetic properties.' %

Targeted delivery through parenteral nanocrystal formulation: A study on parenteral administration of curcumin
nanocrystals formulation caused less toxicity than a commercial formulation, specifically, due to the enhanced pharma-
cokinetic properties and targeted distribution of nanocrystals.® Nanocrystals have demonstrated an extended residence
time inside the liver and lungs, leading to extended therapeutic benefits, while requiring minimal dosage.” In cancer cell-
targeted therapy, nanocrystals can be subjected to modifications involving the application of cationic lipid coatings such
as DOTAP, Immunoglobulin G, and protamine.'® These coatings enable immune cell identification and facilitate the
deposition of the nanocrystals on cancer cells. Moreover, most cancer cells express folate receptors. Consequently, these
nanocrystals can be altered by incorporating folic acid or Pluronic F68 adsorption, thereby enabling targeted
therapy.'**'*® Specifically, docetaxel nanocrystals modified for folate receptor targeting have demonstrated a three-
fold increase in tumour accumulation and a longer half-life. However, it is important to note that these modified

nanocrystals have also exhibited increased cytotoxicity.**"%!*>

Topical Administration

The application of a drug/formulation directly onto skin surfaces is known as topical administration. It is a non-invasive
route of administration and is preferred for drugs that require localised effects. The topical distribution offers the
advantage of reducing potential systemic side effects commonly associated with alternative administration; specifically,
to protein, peptide, and hormone administration. The oral administration of these compounds is highly limited by their
reduced bioavailability, metabolic stability, and inadequate membrane permeability. In addition, drugs are easily broken
down by proteolytic enzymes in the stomach.'” In such instances, topical administration is considered advantageous
because it overcomes the first-pass mechanisms. Moreover, the topical administration can minimise the need for
repeated-dose and improve patient compliance. Although topical administration offers several benefits, the skin primarily
allows the permeation of drugs that are non-polar, lipophilic, and have a molecular weight below 500 Da.'””'%° These
limitations can be overcome by nanocrystal formulations, which have shown promising results for topical distribution
because of their ability to penetrate the protective layer of the skin and reach the desired site of action.''® However, it is
crucial to understand the morphology and process of drug absorption through the epidermal barrier. Water-insoluble
pharmaceutical compounds have distinct advantages in terms of their ability to permeate the epidermal layer of skin.

Absorption: Barriers and Mechanisms

Most pharmaceutical substances can permeate the skin by utilising either the trans-epidermal or intercellular pathways.
The skin epidermis contains two layers: stratum corneum, and horny hydrophobic layer formed by dead cells.''" The
stratum corneum is allows the permeation of hydrophobic molecules and regresses hydrophilic moieties. The drug that
accumulates in the stratum corneum can enter the epidermis through passive diffusion or penetrate the dermis or
subcutaneous layer through resorption, depending on the drug interactions and formulation.'*®"'%!'"3 Drug molecules
that permeate the dermis can easily enter the systemic circulation because of their extensive vascularisation.
Alternatively, drugs can enter the skin via the appendageal pathway, which involves hydrophilic microchannels that
facilitate passive permeation. In contrast, lipophilic molecules penetrate the skin by traversing the lipid matrix located
between the intercellular spaces surrounding corneocytes.''* Topically administered nanocrystals can penetrate skin
structures, including sebaceous and sweat glands, through hair follicles. The epidermis is the most viable pathway for
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penetration, allowing access to Langerhans cells, keratinocytes, and melanocytes.''®> Nanocrystalline drugs have greater
surface areas than parent drugs, thereby facilitating increased contact with biological membranes and conferring
mucoadhesive characteristics. They also improve transdermal delivery through various mechanisms, resulting in an
increased concentration gradient across the epidermis and passive diffusion to the deeper layers. In addition, nanocrystals
can precisely target hair follicles, facilitate the formation of a diffusional corona, and adhere to the epidermis, thereby
enhancing their delivery capabilities.''' The mechanism of absorption of nanocrystals of the same drug may differ from
that of the API form. In contrast to API drugs, dexamethasone nanocrystals are absorbed through the stratum corneum.'"”

Nanocrystals <100 nm are absorbed through energy-independent mechanisms or endocytosis, whereas the remaining
nanocrystals interact with or translocate through the cells. Some cells are phagocytosed by macrophages, Peyer’s patch
cells, and Langerhans cells. Within Langerhans cells, if not broken down by phagolysosomes, smaller particles are

transported to cellular compartments or diffuse into surrounding tissues.'"'

Strategies to Overcome Limitations of Parenteral Nanocrystal Formulations

The enhanced solubility of drug nanocrystals contributes to the preservation of the concentration gradient between the
supersaturated suspension of drug nanocrystals and the intended cellular target.''® Smaller nanocrystals permeate deeper
layers of the skin than larger nanocrystals.''""''” Furthermore, an increased concentration of nanoparticles increases the
rate of permeation of the skin. Maintaining the pH of the formulation is another crucial factor in the nanocrystal
formulation for topical use. To prevent skin irritation, it is advisable to formulate the formulation within the pH range of
5-10. Similarly, wounds, cuts, scars, psoriasis, and acne on the skin also limit the use of topical drugs as they cause
irritation at the site. In addition, the structure of the skin in these areas was distinct from that of regular skin. Hence, it is
important to consider dermatological conditions when developing formulations for affected areas of the skin. These
regions exhibit ready access to the systemic circulation or an increased presence of enzymes that can metabolise the drug,
thereby reducing its half-life. Surface coating of a drug can help in enzymatic degradation and increase its half-life.

The application of nanocrystal drugs to the skin allows bypassing of liver metabolism. However, the skin also
contains enzymes such as p450 enzymes, sulfatases, N-acetyl transferases, epoxide hydrolase, and glucuronyl trans-
ferases, which account for approximately 5-10% of hepatic activity. To overcome this problem, increasing the drug
concentration or residence time in the skin can help maintain a concentration gradient at the site of action. Therefore,
dermal strips containing nanocrystals have demonstrated advantages over conventional drug formulations.'®® Anti-
microbial dermal patches of resveratrol nanocrystals have shown a five-fold increase in efficacy compared with coarse
drug formulations.''® Research is being conducted on the controlled-release properties of nanocrystal dermal patches.
Additionally, the skin contains sex hormone receptors. Therefore, modifying the surface of nanocrystal formulations and
using receptor-specific drugs can potentially enhance their efficacy.'®®

Stabilizers: Similar to other drug administration methods, dermal formulations require the inclusion of stabilizers,
surfactants, and polymers. These excipients serve to avoid drug aggregation, which may occur due to temperature
fluctuations and mechanical forces employed during the application. Stabilizers play a crucial role in diminishing the
surface tension at the interface, hence facilitating electrostatic repulsions or steric repulsions by adsorbed polymers on to
the surface.''”!'*'2% Curcumin nanocrystals administered with the stabilizers glycerol, urea, and polyglycol enhanced
passive diffusion, whereas curcumin administered with ethanol decreased passive diffusion but prevented stratum
corneum swelling.*® Diosmin is a flavonoid with limited solubility that is used to treat diabetic ulcers. It also has
anticancer, anti-ulcer, and anti-inflammatory properties. For the treatment of diabetic ulcers, diosmin nanocrystals can be
formulated with stabilizers, such as hydroxypropyl methylcellulose or microcrystalline cellulose, as transdermal patches,
resulting in enhanced therapeutic efficacy and sustained release of diosmin.'?!'??

Permeation enhancers: The common limitation of topical administration is the permeation of drug moieties into the
deeper tissues. However, permeation enhancers can be employed in formulations that reversibly alter the epidermal lipid
matrix and modify the corneocyte proteins. Depending on the type of permeation enhancer employed, a drug is either
pulled by increasing its solubility or drawn into the skin by increasing its thermodynamic activity. Alternatively,
intracellular keratin modifications may alter the solvent properties of the stratum corneum to increase permeability.''"
These modifications aid in the permeation of drugs into deeper tissues, and these excipients can also enhance the
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dissociation and partition coefficients of the drug.'”*''* Some surfactants used in nanocrystal formulations can also help
permeate drugs through the transdermal route by disrupting the protein and lipid domains.'** The selection of permeation
enhancers must be carefully considered to prevent toxic reaction.''' Nanocrystals measuring approximately 160 nm
demonstrated increased permeation into deeper skin layers, whereas medium-sized nanocrystals showed an enhanced
retention time. Consequently, formulations can be tailored by combining these two nanocrystals according to specific
requirements.'**

Formulation techniques: The nanocrystals can be formulated as creams, ointments, gels, sprays and lotions based on
the drug, area of application, viscosity, solubility and skin permeability of the drug.'*> To increase stability and skin
penetration, nanocrystals can also be coated with polymers.'?® The ideal attributes for a compound are as follows: (i)
a log P value (octanol-water partition coefficient) between 1 and 3, (ii) an aqueous solubility exceeding 1 mg/mL, (iii)
a low melting point below 200 °C, (iv) a molecular weight below 500 Da, and (v) fewer than five hydrogen bond donors
and 10 hydrogen bond acceptors.''' Employing optimised fabrication techniques involving protective coatings or
encapsulation methods can minimise these challenges.

Applications of Nanocrystals in Topical Administration

Dermal administration is a viable alternative to the oral administration of cortisone and dexamethasone nanocrystals.
Apremilast, an oral drug used to treat psoriasis, has low solubility and lipophilicity, resulting in reduced bioavailability
and increased systemic toxicity. Nanocrystal formulation of the apremilast drug was exhibited a 2.5-fold increase in
diffusion into the stratum corneum than traditional drug.'?® The topical administration has also been explored for the
treatment of various medical disorders, including rheumatoid arthritis and diabetes. Furthermore, the topical application
of nitro-glycerine ointment has demonstrated efficacy in mitigating the occurrence of angina.'*’

Nanocrystal formulations have been widely studied for transdermal drug delivery applications. Li et al investigated
transdermal delivery of curcumin using nanocrystals. Compared to traditional formulations, nanocrystals showed
improved skin permeability and prolonged drug release.'*® Nanocrystal formulations for topical administration have
been developed for various drugs including tretinoin, ketoprofen, and ibuprofen. The ketoprofen formulation in
nanocrystals demonstrated a five-fold boost in anti-inflammatory action and a two-fold increase in penetration compared
with coarse drug formulation.'*'*? In another study, topical administration of ketoprofen showed a ten-fold increase in
bioavailability; however, when the same drug was formulated as a controlled-release nanocrystal colloidal dispersion, it
showed further enhanced bioavailability.'**'** These results highlight the potential of nanocrystal formulations for
topical administration. Another crucial use of topical administration is in the investigation of nanocrystals for mucosal
delivery. Additionally, investigations are underway to explore the potential of nanocrystal colour dyes for extended
colour retention when topically applied to hair.*'3*

In conclusion, owing to their capacity to permeate the epidermal barrier and mucosal surfaces, nanocrystal formula-
tions have demonstrated tremendous potential for topical drug delivery. Dermal administration is an appealing alternative
for various applications because of its multiple benefits, including localised drug administration and prolonged release.
However, more research is required to assess the safety and effectiveness of topical nanocrystal compositions in clinical
settings. Furthermore, new approaches to nanocrystal formulations can increase the permeability of hormones and

lipophilic molecules to the skin.

Ocular Administration

Ocular drug administration is the preferred route for the treatment of various eye disease. The administration of drugs via
this route can be invasive, (ocular injections and implants), or non-invasive (eye drops). Most ocular drug formulations
that are applied topically encounter challenges in achieving optimal dosages because of the intricate barriers present in
the eye. Nanocrystal formulations for ocular administration can overcome this problem by enhancing the permeability,
bioavailability, retention time, and safety of ocular drugs.
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Absorption: Barriers and Mechanism
The ocular route of administration is a non-invasive approach that, despite its ease of application, presents substantial
hurdles owing to the unique anatomical and physiological properties of the ocular system. Approximately 5% of the
supplied dose permeated into the anterior chamber. The obstacles of ocular route are, including the limited volume that
can be administered owing to the capacity of the conjunctival sac (approximately 7 uL); nasolacrimal drainage (rapid
clearance); tonicity; pH; ocular barriers; blinking and lacrimal reflexes; irritation; and the tolerability of a formulation
instilled into the eye.'”' The cornea, which serves as a protective barrier that limits drug penetration into the eye, is
a primary physiological barrier to ocular drug delivery. There is an exterior hydrophobic coating on the cornea, also
called tear film, which makes it difficult for hydrophilic drugs to penetrate. The tear film is composed of various
molecules, such as albumin, globulin, lysozymes, and tear fluid. Tear fluid constantly cleanses and replenishes the eye,
resulting in the limited bioavailability of drugs.'*®

Additionally, this route also poses anatomical barriers that includes corneal barrier, conjunctival barrier, blood-ocular
barrier, and drug efflux transporters, as illustrated in Figure 4. The corneal epithelium contains tight junctions formed by
adhesion proteins, which restrict the movement of large particles. Mucin on the corneal epithelium helps maintain
a lower surface tension between the tear film and epithelium.'*” Anterior infections are treated with drugs that can pass
only through the corneal barrier that subsequently reach the aqueous humour and then enter the anterior uvea, where they
confront the conjunctival barrier, which is characterised by a dense network of vasculature. The blood-aqueous and
blood-retinal barriers restrict the passage of most drug molecules into systemic circulation (Figure 4). Subsequently, these
molecules penetrate the sclera, which exhibits a higher permeability to macromolecules than the cornea; however, they
have a lower permeability than the conjunctiva. Furthermore, efflux transporters present in the cornea and blood-retinal
barrier restrict the movement of drugs in ocular spaces. Corneal permeability is influenced by pH, lipophilicity, charge,
and the degree of ionisation.'*® Desmosomes are leaky junctions that allow the penetration of hydrophilic substances into
the cornea.'*® These issues can be addressed by nanocrystals that offer a greater concentration gradient, solubility, and
bioavailability at lower dosages.’ Drug absorption is facilitated by the ability of nanocrystal formulations to improve
drug solubility and increase the drug concentration at the corneal surface.

Strategies to Overcome the Limitation of Ocular Delivery

Nanocrystal formulations for ocular delivery also encounter challenges concerning of stability, biocompatibility, targeted
delivery, and overcoming of ocular barriers. It can be solved by incorporating excipients that do not cause eye irritation.
Furthermore, the blood-aqueous and blood-retinal barriers, along with the cornea and tear film, impair the efficient
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Figure 4 Anatomical structure of the eye and ocular administration routes for nanocrystal delivery.
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delivery of medicines to ocular tissues. However, by applying a variety of targeting techniques, nanocrystal formulations
can help drugs to pass through these barriers more easily. Additionally, enhancing drug accumulation at the target site
through surface modification of nanocrystals with ligands or antibodies tailored to ocular tissues can improve therapeutic
results. Nanocrystalline delivery systems with specific moieties have been researched for the treatment of retinal diseases
such as age-related macular degeneration.'*%'%

Stabilizer: The stability of nanocrystal ocular formulations is a major concern because of aggregation caused by
changes in pH and osmolality upon entering the eye. This can be minimized by employing appropriate stabilizers for
ocular formulations. Hydroxypropyl methylcellulose is a commonly used stabilizer in ocular nanocrystal formulations
because of its chemical (non-irritant) and physical (size) properties. Tuomela et al showed that the use of hydroxypropyl
methylcellulose in brinzolamide nanocrystal formulations to treat glaucoma retained the nanoparticle size and reduced
aggregation of the drug, as compared to without a stabilizer.'*'** Some non-irritant polymers commonly employed in
ocular nanocrystal formulations include PVP, Poloxamers, and PVA.?

Permeation enhancers: 1deally, enhancers for ocular delivery would offer rapid and reversible effects. Although a few
options are available, such as cyclodextrins, cell-penetrating peptides, and surfactants, they often induce irritation and
damage, even at lower concentrations. However, substances like oleic acid, medium-chain triglycerides, and mono- and
diglycerides have demonstrated enhanced permeability, safety, and stability in formulations.'*!

Triamcinolone acetonide is an anti-inflammatory corticosteroid that shows potential as a first-line therapy for ocular
pathologies, due to low solubility it has been precluded. Administration of a nanocrystal formulation of triamcinolone
acetonide resulted in a reduction in inflammation with no harmful effects on the ocular tissues.'** Nevertheless, the
stability of the formulation was limited to 120 days, which can be extended through the utilisation of previously
illustrated stabilizers. The incorporation of mannitol during the antisolvent precipitation method in the production of
tedizolid phosphate nanocrystals effectively prevents crystal growth and enhances stability during freeze-drying.'**

Acetazolamide, a BCS class IV medicine, is commonly used to treat glaucoma. However, systemic administration is
preferred because of its limited absorption, which causes numerous adverse effects. Marwa et al, demonstrated that
antisolvent precipitation using sonication technology, together with stabilizers (PVA and lecithin), resulted in the
preparation of a 200 nm acetazolamide nanocrystal nanosuspension.'** This formulation exhibited improved drug-
loading ability. The surfaces of the nanocrystals were modified using hyaluronic acid salt and poly d-glutamic acid to
specifically target CD44 receptors, which are abundant in the ocular tissue and enhance the stability of the nanocrystals.
This formulation demonstrated enhanced dispersion properties, increased saturation solubility, sustained drug release, and
improved tolerance for ocular applications. To enhance the stability of acetazolamide nanocrystals in the solid state, it is

necessary to employ a spray-drying process using leucine and mannitol stabilizers.'**

Applications of Nanocrystals in Ocular Administration

Nanocrystals offer numerous advantages for drug delivery to the eye, including improved ocular safety, increased
retention, corneal permeability, bioavailability, dual drug release profiles, and increased tolerability.'** Table 3 outlines
some of ocular nanocrystal formulations, their role in overcoming physiological and formulation challenges and observed
therapeutic benefits. Earlier research has demonstrated that poorly water-soluble cyclosporine can be formulated using
nanocrystals to increase corneal penetration and therapeutic efficacy.'*® Formulated nanocrystals exhibited both immedi-
ate and sustained drug release profiles, with immediate release owing to increased saturation solubility and dissolution.
Prolonged drug release is possible owing to their high surface area, which facilitates their interaction with biological
membranes. The mucoadhesive properties of NCs increase their retention time in the cul-de-sac region, resulting in
a prolonged drug action. Administration of acetazolamide nanocrystal drugs in combination with sodium hyaluronate
resulted in enhanced corneal penetration and prolonged release for up to eight hours. This effect can be attributed to the
abundance of hyaluronan receptors within the cornea.'** Similarly, the poorly water-soluble itraconazole, when for-
mulated as nanocrystals, showed an improved inhibitory zone. When formulated with hydroxypropyl methylcellulose,
Pluronic F68, and F127 to produce a thermosensitive ocular gel, itraconazole nanocrystals exhibit an increase in
residence time.'*® Increasing the viscosity of nanosuspensions or incorporating nanocrystals into in situ gelling systems

can further prolong the drug release profile.'*’
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Table 3 Nanocrystal Drug Formulation Classified by Route of Administration with Challenges Addressed and Observed Bioavailability

Changes
Route of Nanocrystal Challenges Observations Changes in References
Administration Formulation Addressed Bioavailability or
Pharmacokinetics vs
Coarse/Commercial
Drug
Oral Cyclosporin Solubility, Prolonged muco-adhesion time in 1.51-fold increase in AUC [148]
A (280nm), TPGS | dissolution velocity git
and SDS in digestive juices
Oral Curcumin Instability in Increased mucus penetration 5.4-fold increase of [149]
(29.42nm) in digestive juices, bioavailability
liposomes, 0.25% enzyme barriers,
PVP K30 solution mucosal barriers
Oral Coenzyme Q10 Ostwald ripening Change in size and uniformity of 7.3-fold increase in [150]
(80nm) no (aggregation) nanocrystal’s role in stability bioavailability, Cmax-
additives increase by 10.8-fold
Oral Coenzyme Q10 - - 4.4-fold increase in [150]
(700nm) no bioavailability, Cmax
additives increase 4.7-fold
Oral Isoliquiritigenin Stability, low Sustained release, dissolution 5.83-fold increase in [I51]
(290), mPEG- solubility, drug velocity Cmax,
PCL permeation
Oral Dolutegravir Solubility, mucosal Increased mucus diffusion, epithelial 9.3-fold increase in [152]
(337nm), tween | permeability barrier contact, taken by the lymphoid solubility, 4-fold increase
80, tween 20, tissue in gut in Cmax
Soluplus
Oral Simvastatin Microsomal enzyme Mucoadhesive nanocrystals, 17.16% and 21.82% [153]
(130-315nm), metabolism, incorporation of stabilizers increase in bioavailability
thiolated CYP3A4 reduced improves cohesive nature and by Xanthium gum and
xanthium gum absorption bioavailability thiolated xanthium gum,
Increased cytotoxicity
Parental Paclitaxel (40nm | Solubility, multi drug Rod shape nanocrystals used 4-fold decrease in the size [154]
width, length 150 resistance of the tumor
nm)), TPGS
Parental Docetaxel Solubility, stability, Rapid release of the drug 4.3 times higher efficiency [155]
(300—450nm), toxicity, uptake
apo-transferrin
human
Parental Fenofibrate Physicochemical Controlled drug release 5-fold increase in the [156]
(173nm), HPMC parameters-low viscosity
viscosity
Parental Clofazimine Hepatic clearance, Targeted delivery, stability, 0.8-fold increase in [157]
(150-385nm), RES nanocrystals highly accumulated in bioavailability, no
pluronic F68 (reticuloendothelial liver differences in organ
system) distribution
sequestration
(Continued)
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Table 3 (Continued).

Route of Nanocrystal Challenges Observations Changes in References
Administration Formulation Addressed Bioavailability or
Pharmacokinetics vs
Coarse/Commercial
Drug
Parental Compound Precipitation, Reduced liver uptake and more Doubled circulation time [158]
P (150nm), PVP, dilution, clearance distribution in hepatocytes with
AOT (PEG- by scavenger cells, time
ylated) dissolution
Parental Peurarin (430nm) Rapid elimination Spherical shape, increased Reduced Cmax [159]
dissolution velocity, saturation (significant)
solubility, mean residence time
Topical Itraconazole Toxicity, Dissolving microneedles were used, 3-fold increase in [160]
(320-780nm), hepatocellular rapid delivery, enhanced dermo dissolution rate, 4-fold
tween 80, p127 damage kinetic profiles increase in drug release
or PVA
Topical Curcumin Low permeability, Skin irritation reduced, 93.86% drug content, [l61]
(180nm), PVP degradation at increased percent cumulative drug significantly improved
alkaline ph release efficiency
Topical Meloxicam Gastrointestinal Hair follicular penetration, 4.4-fold increase in AUC [162]
(175nm), tween side effects, low prolonged plasma concentration
80, tween 20, permeability
poloxamer 407
Topical Ketoconazole Low permeability Increased % drug diffusion, 2.4-fold increase in [163]
(200-800nm) and high molecular increased cumulative percent drug absorption
Carbopol-934P weight release
gel, poloxamer
407, HPMC
Topical Tacrolimus Limited permeation | Microneedles were used, improved 6 times increase in [164]
(260nm), PVP due to thickening of therapeutic efficiency retention time
K-17 epidermis (psoriasis
treatment)
Ocular Sulfacetamide Swelling properties, Larger particles size showed 100% drug release in [165]
(112—400nm), insoluble at ocular prolonged release than smaller 2 hours
Eudragit RL100, physiological ph, particles, polymethylmethacrylate
Pluronic F 108 inert resin increased ph and drug entrapment
efficacy
Ocular Cloricromen Stability, drug 150nm size particles showed |.7-fold increase of Cmax [166]
(45-233nm), availability increased drug release
tween 80,
benzalkonium
chloride
Ocular Itraconazole Absorption, Sustained release 94.5% drug permeation [167]
(1'14-164nm), bioavailability rate
Poloxamer F-127
(Continued)
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Table 3 (Continued).

Route of Nanocrystal Challenges Observations Changes in References
Administration Formulation Addressed Bioavailability or
Pharmacokinetics vs
Coarse/Commercial
Drug
Ocular Dexamethasone Bioavailability, Positive charged nanocrystals, burst Exponential increase in [168]
acetate nasolacrimal duct release and increased residence saturation solubility,
(200-250nm), elimination, time prolonged retention time
polymyxin electrostatic
interactions
Ocular Lutein (230nm), Solubility, retinal Improved dissolution/dispersion and Marked enhancement in [169]
tween 80 distribution oral bioavailability pharmacokinetics
Pulmonary Curcumin and Solubility, deeper 5% deposited un throat, most of the Only 6-7% of areoles [170]
beclomethasone lung penetration drug reached the middle regions reached the MOC
dipropionate
(200-240nm),
poloxamer 188
Pulmonary Budesonide, Solubility Microparticles showed to be more 25% reduced deposited [171]
tween 80 effective drug fraction, reduced
pharmacological effect and
mucoadhesive properties
Pulmonary Baicalin SOLUBILITY, Improved bioavailability and onset 2-fold and 1.6-fold [172]
(330-350), SLS, ABSORPTION, time with pulmonary administration increase in Cmax and
poloxamer 188 LIVER AND compared to oral and intravenous | AUC,2.5% increase in the
or polysorbate INTESTINAL FIRST administration bioavailability
PASS METABOLISM
Pulmonary Nintedanib AGGREGATION, P80 showed optimal nebulization, 2-fold and 3-fold increase [173]
(600nm), P20 or ALVEOLAR P60 could be an irritant to activate | in nintedanib penetration
P60 or P80 MACROPHAGE fibroblast compared to nanocrystal
EVASION alone
Pulmonary Paclitaxel DEEP LUNG Deep lung distribution, targeted 10-fold increase in [174]
(350nm), lipid PENETRATION, delivery with minimal systemic effective surface area,
coated, SYSTEMIC distribution
biopolymer DISTRIBUTION
fucoidan
Brain Atovaquonone PERMEATION OF Therapeutic efficacy Increase in bioavailability [175]
(280nm), tween BBB, GASTRIC
80, Poloxamer BARRIER
188
Brain Schisantherin PERMEATION OF Rod shape, enhanced cellular 33.3% drug loading, [176]
A (160 nm), BBB, CELLULAR uptake, rapid dissolution, and significant increase in drug
BARRIER, basolateral directional transport concentration in brain
SOLUBILITY
Brain Magnolol (82nm), SUSTAINED Increased solubility and residence 3-fold increase in drug [177]
PNIPAM gel RELEASE, BBB time, hydrogel platform was used permeation ex vivo
PERMEABILITY
(Continued)
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Table 3 (Continued).

Route of Nanocrystal Challenges Observations Changes in References
Administration Formulation Addressed Bioavailability or
Pharmacokinetics vs
Coarse/Commercial
Drug
Brain Rufinamide REDUCE DOSAGE, Deposition of drug at olfactory 4.5-fold higher brain [178]
(261nm), HPMC, | LOW SOLUBILITY, region, importance of amount of delivery
poloxamer 407 BIOAVAILABILITY, stabilizer used, improved uptake
SIDE EFFECTS through pinocytosis,
thermoresponsive gel was used
Brain 20 (S)- STABILITY, Drug targeting efficiency not Almost double AUC and [179]
protopanaxadiol AGGREGATION, altered, showed increased drug Cmax in plasma, Tmax
(91nm), TPGS absorption in plasma not altered in brain, but
(variety of AUC significantly
stabilizers enhanced
compared)
Brain Paeoniflorin TARGETING, Rod shape, solubility not increased 3.6-fold increased [180]
(150nm), TPGS BIOAVAILABILITY with HPMC, F68, PVP K30 or SDS, solubility
high brain deposition with intranasal
Brain Puerarin (83nm), Bioavailability, BBB Oral nanocrystal drug to brain, 7.14-fold and 4.8-fold [181]
HPMC permeability improved brain accumulation, increase in Cmax and
significant increase in locomotor AUC
skills and therapeutic efficacy

The obstacles caused by the tear film, which can quickly dilute and eliminate topically administered drugs, can also
be overcome by nanocrystals. Owing to the small size of nanocrystals, drugs are more stable, remain on the ocular
surface for longer periods of time, and absorb more quickly. This has been proven in experiments where voriconazole and
other ophthalmic drugs in nanocrystal formulations showed enhanced ocular bioavailability than traditional
formulations.'®* Moreover, an even smaller fraction of these treatments successfully reaches the posterior parts of the
eye, where chronic disorders typically emerge. Therefore, administration of frequent and higher drug concentrations,
intravitreal delivery, or systemic administration are typically favoured, all of which present their own limitations. Low
concentrations of NCs have been shown to effectively penetrate and reach deeper tissue regions. The controlled-release
properties of nanocrystal formulations offer additional benefits for ocular administration. Nanocrystal-based intraocular
implants for the treatment of chronic diseases such as glaucoma have been developed using controlled release
capabilities.'®?

In general, nanocrystal formulations have great potential for overcoming physiological obstacles in ocular drug
delivery than conventional methods. Their ability to increase drug solubility, bioavailability, targeted administration, and
controlled release is an important strategy for improving the therapeutic outcomes in ocular diseases. Additional studies
are required to optimise the formulation characteristics, comprehend the long-term safety profile, and assess the
therapeutic efficacy of nanocrystal-based ocular treatment.

Pulmonary Administration
The administration of nanocrystals drugs via the pulmonary route offers several advantages that include a wide surface
area, low enzymatic activity, thin barriers, high vascularisation, and capacity to circumvent hepatic portal drainage.'®*

Additionally, it allows for great molecular dispersion as drugs are rapidly transported to the systemic circulation.

International Journal of Nanomedicine 2025:20 hetps: 387



Yanamadala et al

Pulmonary administration of therapeutics has been investigated as a non-invasive mode of administration for systemic
drug distribution. This route has direct access to the external environment, and the risk of infection, especially in
immunocompromised individuals, is very common. Hence, nanocrystal formulations must withstand the conditions
offered by pulmonary passages.

Absorption: Barriers and Mechanisms

During the formulation of drugs for pulmonary administration, it is important to consider many parameters, such as the
clearance mechanisms of the lungs (mucociliary elimination and alveolar macrophages that clear larger molecules),
mucus entrapment, and the rate at which the drug dissolves. Drug disposition is influenced by the competitive interplay
between mucociliary clearance systems and drug absorption.® Insoluble pharmaceutical compounds that adhere to the
mucus layer prior to absorption are sequestered within the mucus and subsequently removed by macrophage-mediated or
ciliary clearance mechanisms.'*” These concerns can be effectively modified by nanocrystal formulations that facilitate
the rapid absorption of many therapeutic substances, particularly those that are insoluble in nature.

Nanocrystal formulations have demonstrated improved mucus penetration and decreased macrophage clearance than
micron-sized drug formulations. This mesh-like structure is formed by mucin monomers and cysteine bridges, across
which drugs must traverse to access the bloodstream. Failure to do so results in the deposition of drugs in the pharynx,
which are subsequently expelled by coughing or ingested by the stomach. The aerodynamics of the lungs plays an
important role in drug inhalation. For effective deposition within deep lung tissues, it is crucial for particles to possess an
optimal size to prevent deposition in the upper respiratory tract by inertial contact. Small particles are deposited within
the airways through Brownian diffusion. Alternatively, these particles should be sufficiently large enough to prevent their
expulsion during the process of exhalation. Rod-shaped nanocrystals have demonstrated superior mucus penetration and
enhanced contact with alveoli compared with spherical nanocrystals.'®> In artificial cystic fibrosis models, rod-shaped
PEG-coated C109 nanocrystals demonstrated effective mucus penetration, which facilitated diffusion and enhanced the

therapeutic efficacy.'®¢

Strategies to Overcome Limitations of Pulmonary Nanocrystals
The formulation of nanocrystals for pulmonary administration has effectively addressed the challenges encountered with
traditional pulmonary drugs, particularly in achieving adequate bioavailability. However, issues related to the stability
and retention time of nanocrystals within the pulmonary system persist owing to the innate pulmonary defence
mechanisms. The implementation of surface modifications, ideal engineering techniques, mucus penetration strategies,
and controlled-release formulations can help to overcome the above stated limitations. Selecting the ideal form of the
formulation can also increase the stability of the nanocrystals. The pulmonary route of administration offers the
advantage of delivering drugs in dry powder form. Ciprofloxacin nanocrystals administered as a dried powder showed
bioavailability similar to that of aerosol formulations and spray-dried ciprofloxacin nanocrystals had a more uniform
particle size distribution than freeze-dried nanocrystals.”?

The risk of pulmonary toxicity and inflammation caused by exposure to foreign particles, particularly nanocrystals, is
a major obstacle. It has been used in various formulations for numerous years, and a recent study showed that exposure to
cellulose nanocrystals through the pulmonary route is detrimental and comparable to that of carbon nanotubes. The
results showed variability between the sexes.'®”'®® Additionally, drug deposition and dispersion in the lungs are
influenced by many variables including individual lung features, disease conditions, and variations in inhalation
procedures. All these factors influence therapeutic outcomes. Therefore, for successful translation to clinical applications,
it is essential to carefully analyse and evaluate the safety and effectiveness of nanocrystal formulations for pulmonary
delivery, 154189190

Stabilizers: The incorporation of stabilizers may enhance the stability of the formulation and prevent the aggregation
of nanocrystals, a phenomenon frequently observed in the pulmonary environment because of mucus and lung secretion.
Nanocrystals can also be combined with surfactants to improve drug deposition and retention in lungs. However, the
concentration and type of stabilizer used in the formulation should be carefully chosen, considering that the lungs contain
a pulmonary surfactant consisting of 10% protein and 90% lipids.'®> The use of Tween 80 stabilizers in wet media
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milling and spray drying resulted in the production of curcumin nanocrystals. When administered as an aerosol, these
nanocrystals demonstrate enhanced deposition in the lungs, improved bioavailability, and prolonged half-life.'"!
Similarly, paclitaxel nanocrystals formulated with the sole excipient TPGS surfactant demonstrated a greater therapeutic
effect in Taxol-resistant pulmonary cancers, reversing drug resistance. Administration of dried powder, which offers
bioavailability like that of aerosols, is a distinct advantage over the pulmonary route. Furthermore, some powder

formulations have been developed without the need for stabilizers.”

Applications of Nanocrystals in Pulmonary Administration

Nanocrystal formulations have demonstrated the ability for extended release following pulmonary treatment, which
represents a significant benefit of nanocrystals compared with other nanotechnologies.'®> Additionally, nanocrystal
medicines may be promising alternatives to combat multidrug resistance.'®® Reducing particle size improves the ability
of drug particles to reach the alveoli of lungs.'? Deep lung penetration made possible by nanocrystals can enhance the
absorption and bioavailability of the drug. Furthermore, they enhance drug distribution to the lungs and reduce systemic
side effects when administered either as aerosols or dry powders. Budesonide, salmeterol, and rifampicin, among other
pharmaceutical compounds are some nanocrystal formulations for pulmonary delivery (Table 3 for details).'**'** For
instance, a budesonide nanocrystal formulation demonstrated a two-fold increase in anti-inflammatory action and a six-
fold increase in lung deposition compared to a standard formulation.'®* Similar results were observed when comparing
a salmeterol nanocrystal formulation to an API formulation, which showed a two-fold increase in lung deposition and
longer bronchodilation.'”* Rifampicin’s lung deposition and antibacterial activity were improved in a study by Beck-
Broichsitter et al compared to microparticle formulations.'® Several nanocrystal formulations have been developed for
use in inhalation devices. For example, the paclitaxel nanocrystal-nebulised formulation showed better antitumour

activity and decreased systemic toxicity than the API drug formulation.'®’

Brain Delivery

Nanocrystals represent a promising approach for drug delivery to the brain by overcoming the complex BBB. They have
the potential to reach the brain parenchyma owing to their small size and surface properties. Although oral and systemic
nanocrystals have been developed to target the brain, nonspecific binding limits drug availability. Recent advancements
in nanocrystal formulations for targeted delivery have led to significant advancements in therapeutic strategies.

Absorption: Barriers and Mechanisms
The BBB is a physiological barrier comprised primarily of endothelial cells, glial cells, and pericytes, along with
cerebrospinal fluid, and arachnoid epithelium to protect the brain. Specialised endothelial cells that line the BBB can
modify most drugs and are selectively permeable. This prevents most therapeutics, including nanoparticles from entering
the brain.?*'”° Tight junctions, transendothelial transport systems, enzymes, and leukocyte permeation regulate physical,
transport, enzymatic, and immune functions of the BBB. The presence of ATP-binding transmembrane ABC proteins
influences drug delivery. Lipophilic molecules with low molecular weights (MW) typically pass through the BBB, with
permeation decreasing 100-fold when the drug MW increases from 300 Da to 450 Da.? The ability of NCs to traverse the
BBB depends significantly on their size, however, only 2-3% of the small molecules can effectively permeate the brain.
Studies have shown that smaller nanocrystals cross the BBB faster than larger nanocrystals, because the paracellular
transport channels that exist between the BBB’s endothelial cells'®” (Figure 5). Additionally, the surface area-to-volume
ratio of smaller nanocrystals is higher, which improves their interaction with the BBB and their absorption by the
brain, 100:198
Another significant aspect that may affects the transport of nanocrystals to the brain is the surface charge. Negatively
charged endothelial cells make up the BBB, which can resist negatively charged nanocrystals and prevent them from
entering the brain.®' Theoretically, it is suggested that positively charged nanocrystals may cross the BBB faster than
negatively charged nanocrystals, due to the electrostatic interactions between positively charged nanocrystals and
negatively charged endothelial cells of the BBB, which promote their absorption by the brain.'”" Positively charged

nanocrystals can be used in the clinical setting; however, this can potentially result in toxicity and inflammation.'*'%’
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Despite advancements in imaging techniques and tools, the exact mechanism of nanocrystal transport into the brain
remains unclear. However, nanocrystals are believed to be transported via either endocytosis or passive diffusion. Despite
the potential use of nanocrystal formulations for other delivery routes, bypassing the BBB and accessing the brain
remains a challenge for several drugs. Nanocrystals improve the solubility, dissolution rate and pharmacokinetics of most
of the drugs, however these advantageous are often insufficient to achieve BBB permeation. Parental or orally
administered brain targeting drugs may aggregate and loose effectiveness at the BBB interface. The optimal formulation
necessitates ideal surface modifications, additives or targeting ligands to facilitate transport. However, various alternative
invasive and non-invasive methods are available for bypassing the BBB.

Invasive methods: Invasive methods, including intracerebral injection and implantation of drug-eluting devices, can
be used to deliver NCs to the brain to improve the permeability of drug compared to macromolecules. Although these
methods circumvent the blood-brain barrier (BBB) and provide direct access to the brain they carry a high risk of
infection and tissue damage, and may not be appropriate for all individuals, they may be useful in some circumstances.
However, nanocrystals showed better permeability in the brain after intraperitoneal and tail vein injections (in vivo
studies). Intraperitoneal administration of Px-18 nanocrystals after cerebral ischemia/reperfusion showed the ability to
alleviate delayed neuronal death caused by ischemia. Px-18 nanocrystals were formulated as nanosuspensions by high-
pressure homogenisation.””® However, these trials should be expanded to the clinical setting.

Intranasal administration (Non-invasive method): The BBB can be bypassed by intracarotid infusion, hyperthermia
techniques, transmucosal drug delivery, and intranasal administration.’°" The intranasal administration of nanocrystals
provides a non-invasive method for direct access to the brain from the external environment (Figure 5). Figure 5
illustrates brain accessibility achieved through olfactory administration of nanocrystals which otherwise would be limited
by BBB. The nose-to-brain route offers quick and easy administration, reduced side effects, overcomes first-pass hepatic
metabolism issues, BBB passage, and quick effects of fast-acting drugs.>® Drugs can travel directly to the brain from the
olfactory area of the nasal cavity.>°" This route also provides access to the spinal cord, lymphatic system, and
cerebrospinal fluid.?*? Nanocrystal formulations offer notable benefits when administered intranasally, as they enable
the deposition of higher drug concentrations and enhance drug absorption, which facilitates rapid deposition in the brain
parenchyma, prior to elimination through mucosal clearance or ingestion into the pharynx.?’**** Thus, increasing
therapeutic efficiency effectively treats diseases such as Alzheimer’s disease, Parkinson’s disease, and brain tumours.
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Although intranasally administered nanocrystals hold promise for the treatment of various neurological conditions, there
are considerable challenges in getting these formulations into systemic circulation and the human brain.

Intranasal administration often requires the administration of lower doses and offers a rapid onset of action. However,
mucociliary clearance is a crucial factor to consider for intranasal drug administration, as it limits drug passage and
absorption and decreases the bioavailability of the drug. Innovative strategies, such as using absorption promoters,
increasing formulation viscosity, and designing in situ gelling systems, aim to increase drug residence time in the nasal
cavity. Incorporating NCs into in situ gelling systems composed of deacetylated gelling gum (DGG) has shown
a promising targeting efficiency of 400%.>'®° Viscosity also plays a key role in improving the stability and bioavail-
ability of the formulations. Paeoniflorin NCs, used in the treatment of Parkinson’s disease, have shown enhanced
neuroprotection and bioavailability than parent drugs. In-situ gelling systems are widely used because of their ease of
administration and drug residence time. Various stabilizers such as TPGS have been utilised in these systems.?’>

Strategies to Overcome the Limitations of Nanocrystals to Brain

Despite the great potential of nanotechnology and nanocrystals for drug delivery to the brain, toxicity and targeted
delivery remain major limitations. Optimising the size and morphology of nanocrystals improves BBB permeability.
Rod-shaped nanoparticles have shown higher specificity and seven-fold increase in deposition in the brain.'®* Controlled-
release strategies can also minimise the off-target effects of the nanocrystals. However, not all nanocrystals have
demonstrated effective BBB permeability and bioavailability. For instance, 20 (S) protopanaxadiol even at 91nm particle
size has not shown nanocrystals showed enhanced solubility but not significant brain targeting. Incorporation of TPGS
stabilizer (physical mixture) enhanced Cmax and AUC to 4.75 and 1.81 times while other additives have not shown any
significant changes.””® Hence, modification of the nanocrystals is essential for stabilizing and improving the
bioavailability.

Surface modifications: The toxicity of nanocrystals to the brain is a significant concern and requires careful
consideration. Surface-modified nanocrystals are a viable strategy for delivering drugs to the brain more effectively,
while reducing their toxicity. PEGylation of nanocrystals has been shown to improve circulation time and deposition in
the brain owing to their cationic nature.*” They also minimise immune response and reticuloendothelial clearance,
thereby reducing the immunogenicity and toxicity of nanocrystal drugs.'”® Similarly, nevirapine nanocrystals modified
with serum albumin were able to cross the BBB in less than 30 min and maintain adequate levels for up to 24 hours.”®
Additionally, surface modification with stabilizers such as polysorbate 20, 40, 60, and 80 has been shown to improve the
transport of dalargin to the brain; however, polysorbate 80 shows enhanced delivery to the brain.”®’ Similarly, another
surfactant, SDS, increases the brain uptake of atovaquone nanocrystals when administered orally.’°® Studies have shown
that SDS and Tween80 coated polymorphic poly L-Lactide (PLLA) and perfluorodecyl acrylate (PFDL) nanoparticles
was detected significant amount in brain parenchymal tissue and did not induce glial cell activation nor neuroinflamma-
tory changes.”’” Given the challenges of BBB permeation, employing these strategies could improve the bioavailability
and drug efficacy.

Targeted delivery: Targeted delivery is a major limitation of nanocrystals in brain delivery which can be attributed to
the distribution of drugs to and within the brain. It can be stated that less than 1% of the systemic drug reaches the brain.
This could be addressed using targeting ligands that specifically bind to receptors expressed in the BBB and the brain.
Targeted ligands utilise receptor-mediated transcytosis to permeate the BBB.>'>*'! For instance, transferrin receptors
overexpressed in BBB endothelial cells can be targeted by transferrin.'®?'> Therefore, transferrin conjugation to
nanocrystal surfaces can increase its accumulation in the brain and enhance therapeutic potency. Similarly, L57 receptors
are abundantly expressed in endothelial cells, and the surface modification of nanocrystals with ligands can help bind
these receptors. Various peptide and nanocarriers have been engineered to incorporate these ligands, resulting in
improved permeability and targeted penetration across the BBB.*? Modifications of nanocrystals or conjugation with
peptides or proteins that can bind to receptors on endothelial cells and encourage internalisation can also be considered
viable alternatives to improve permeability and targeted approaches.'®® The implementation of nanocrystal modification
techniques helps mitigate the non-specific dispersion of nanocrystals, while facilitating enhanced specific delivery to the
intended target.'* Several nanocrystal formulations including antipsychotic, anticancer, and neuroprotective agents have
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been developed to enhance drug delivery to the brain.'”® A study showed that folic acid-conjugated cellulose nanocrys-
tals showed target-specific binding to brain tumour cells.'®*

To enhance specificity, targeted delivery, sustained release, and stability of nanocrystal polymers or liposome
encapsulation have also been explored. Paclitaxel-loaded nanocrystals encapsulated in liposomes have shown better
outcomes in glioma models in vivo.>'**'> In a similar study, paclitaxel nanocrystals were modified with apo-transferrin
and hyaluronic acid for targeted delivery.'”® It has also been demonstrated that polymeric nanoparticles improve brain
transport and distribution of nanocrystals. For instance, siRNA-loaded nanocrystals were delivered to the brain via
chitosan nanoparticles, which suppressed target genes in a mouse model of Alzheimer’s disease.'”® Several other non-
toxic carriers, such as cell-penetrating peptides (CPP), receptor-mediated peptides (RMT), and cell-mediated delivery,

have been investigated for nanocrystal conjugation and brain administration.”**°'

Applications of Nanocrystals in Brain Delivery

Nanocrystals in brain delivery have shown potential for effectively crossing the BBB and have many applications.
However, the full potential of the applicability of nanocrystals remains largely unexplored, highlighting the need for
further research on a range of drugs, especially to optimize targeting strategies. Oral administration of nanocrystal drugs
like schisantherin, 20 (S)-protopanaxadiol, puerarin has shown improved oral bioavailability and enhanced brain
delivery.2°®?'%217 Similarly, Oral or IV administration of atovaquone coated with apoE peptides enhanced the BBB

permeability in murine models.*'®

IV administration of curcumin nanosuspension coated with tween 80 enhanced brain
tissue availability and distribution.”'® A simple approach of stabilizing with Tween 80 enhanced the formulation stability
and bioactivity. Another study showed combination of TPGS and tween 80 with apoE adsorption on the baicalin
nanocrystals resulted in 6.67 times higher deposition in the brain when administered IV, compared to coarse drug
formulation.'”” Oral and systemically administered nanocrystals overcome size exclusion, with gradual dissolution along
their path to the brain.?'* The size exclusion phenomenon of nanocrystals helps them overcome biological barriers and
reach their intended target. The development of novel nanocrystals with improved pharmacokinetics, safety profiles, and
targeting abilities for nanocrystal-based brain drug delivery may be an ideal strategy for the treatment of neuronal
disorders. One area of research that is gaining interest is the stimuli-responsive nanocrystals, that deliver the drugs in
response to stimuli like changes in temperature, pH and osmolality. Hydrogels are viable option for achieving sustained
drug release, improving solubility, and enhancing bioavailability. Magnolol nanocrystals incorporated into thermosensi-
tive PNIPAM gel upon intranasal administration showed improved solubility, prolonged residence time and brain
targeting in Parkinson disease models (Table 3).**° Intranasal administration of armodafinil nanocrystal hydrogels
showed improved solubility, bioavailability and efficient brain targeting.”*' Buccoadhesive chitosan films of aripiprazole
nanocrystals were developed to provide rapid drug delivery in schizophrenia patients.”’? Several CNS targeting
nanocrystal formulations were formulated including risperidone, ziprasidone, donepezil, secretory phospholipase A2
inhibitor, and calpain inhibitor nanocrystals.”?*>*?* Another area of study is the development of targeted nanocrystal
formulations for precise delivery of drugs to specific tissues or cells. These nanocrystals improve the efficiency and
safety of drug administration by localising to the targeted site of action. For example, targeted nanocrystals have been
used for the delivery of diagnostic compounds and anticancer drugs to tumour cells. This method improves the
visualization of the brain and tumour vasculature, resulting in better treatment efficacy and reduced toxicity.'****
Nanocrystals show great potential for imaging applications owing to their unique features. Recent developments in
imaging technology have facilitated the real-time monitoring of drug delivery and pharmacokinetics through the
utilisation of nanocrystal formulations, enabling their visualization in vivo. Gold nanocrystals have been employed as
contrast agents in computed tomography (CT) imaging to facilitate visualization of drug distribution and accumulation
in vivo.??*??7 The fluorescent amplification of thulium-based cubic-phase downshifting nanocrystals (a-TmNPs) facil-
itates non-invasive real-time multifunctional imaging of cerebrovascular vasomotion and neutrophil behaviour in
ischaemic stroke models.*® Similarly, rare-earth Er-based nanocrystals were engineered to enhance 1550 nm lumines-
cence by down-conversion through Ce3+ doping and inert shell coating optimisation. Non-invasive NIR-IIb imaging can
help monitor and visualize cerebrovascular abnormalities for the diagnosis and treatment of cerebral diseases. The
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surface of Er-based nanocrystals was modified with PMH and PEG for biocompatibility and to diminish fluorescence
quenching by water.**’

Another exciting area of research with the potential for nanocrystals is targeting nanocrystals for gene therapy.
Nanocrystals have been conjugated to minicircle DNA to knock down genes in the liver and for MRI visualization. These
multifunctional nanocrystals have shown promising results, with improved transfection ability and sensitivity for
visualization.”*® Similarly, in another study siRNA-conjugated nanocrystals have shown targeted delivery for the

treatment of cancer and infections.?*!

Surface Modification and Stabilization

Surface modification and stabilisation play a significant role in the development of nanocrystal formulations. The
addition of functional groups or polymers to the surface of the particles can enhance the physicochemical features of
nanocrystals, including solubility, stability, and specificity.”** For instance, adding PEG to the surface of nanocrystals can
increase their biocompatibility and decrease their clearance by the RES.>*® The specificity of nanocrystals to targeted
regions can also be improved by surface modification with targeted ligands such as antibodies or peptides.?****

Surfactants attach to the nanocrystal surface and alter the chemistry and characteristics of the surface to increase
solubility, bioavailability, and stability and prevent aggregation.'® Furthermore, some surfactants have enhanced drug-
carrier interactions and drug-loading ability as well as improved dissolution rate and stability. The incorporation of
a small concentration of TPGS surfactant in paclitaxel nanocrystals for lung cancer treatment improved the stability,
drug-loading capacity, sustained release, and inhibited P-gp function.'”® Hence, the selection of an ideal stabilizer is
crucial for nanocrystal formulation. TPGS, polysorbate, and poloxamer stabilizers can also open the tight junctions in the
intestine by acting as P-gp inhibitors."’

To protect nanocrystals and avoid aggregation, polymers, such as polyvinylpyrrolidone (PVP) and hydroxypropyl
methylcellulose (HPMC), are frequently used as surface stabilizers. The incorporation of surfactants into the formulation
can alter the charge of the nanocrystals, depending on the surfactant charge and structure. The addition of non-ionic,
anionic, and cationic surfactants to the CNCs did not alter the size or structure of the nanocrystals. However, it
improved the drug-loading capacity of the hydrophobic drug paclitaxel to the CNCs.?* The selection of surfactants
also depends on their method of administration. Topical administration of hydrophobic surfactants such as oleic acid is
known to induce skin irritation, whereas hydrophilic surfactants such as sodium lauryl sulphate show minimal
irritation.'”'% Higher concentrations of ionic surfactants improve the loading capacity of insoluble drugs, whereas
increasing the concentration of non-ionic solvents decreases the loading capacity. Non-ionic surfactants are preferable in
nanocrystal formulations for drug loading because of their lower critical micelle concentrations.”*® These surfactants can
attach to the nanocrystal surface and lower the surface tension, which enhances stability and solubility.>>*” The
stabilizers used in the formulation must meet three basic requirements: i) stable attachment to the surface of the drug,
ii) a high percentage of surface coverage on the nanocrystals, and iii) hydrophilic/lipophilic balance of the structure.'

The choice and concentration of an ideal surface modifier are critical in nanocrystal formulations. Inorganic coatings
such as silica or gold can help improve drug loading and release, and provide a stable surface for nanocrystals.”*®
Similarly, organic coatings such as lipids or polymers can provide nanocrystals with a more biocompatible surface and
promote cellular uptake.?’ The incorporation of chelating agents and stabilizers prevents the oxidisation and reduction of
drug molecules.”® Cryoprotectants can also be used as stabilizers in the production process, which shields nanocrystals
during freezing and storage and prevents aggregation and loss of therapeutic action.”*” Surfactants alter the surface of
nanocrystals to ensure their stability and facilitate efficient delivery of drugs to target organs. The choice of stabilizer
depends on several factors, including the route of administration and scaled-up production procedures. The stabilizers
incorporated in the formulation must sustain shear forces and temperature fluctuations in the production process while
protecting the drug from harsh environments. A combination of stabilizers can be used in nanocrystal formulations, and
the periodic addition of these stabilizers helps achieve the desired particle size and reduce the viscosity of the
formulation.'” Additional care should be taken when selecting stabilizers to minimise interference with the crystalline
structure of the drug. The successful selection of a stabilizer or excipient depends on the choice of drug, production
procedure, route of administration, etc., and no single excipient works for all pharmaceutical formulations.
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Future Directions and Challenges

Nanocrystal formulations are emerging as promising solutions for the delivery and formulation of poorly soluble drugs,
specifically BCS Class-II and IV drugs. However, the full potential of the nanocrystals has not been fully established
because of the paucity of clinical studies, regulatory guidelines, and safety profiles of these drugs. Experimental evidence
is required to primarily focus on determining the safety, effectiveness, and conducting clinical studies. Nanocrystals may
exhibit increased toxicity and immunogenicity compared with conventional API owing to their altered physicochemical
properties and reduced size.*** Owing to their distinct behaviour and course of action, nanocrystal formulations require
FDA approval, even if the same drug is commercially available.

Regulatory standards can vary depending on the route of administration and intended application. Several challenges
with respect to nanocrystals for the desired administrative routes and pathological conditions are discussed in this paper.
Hence, optimising nanocrystals to the desired route and addressing the challenges associated with the production and
scale-up processes are required. In addition to toxicity, the biocompatibility and stability of nanocrystals have also
challenged the development of nanocrystal formulations. As discussed in the previous sections, the incorporation of
biocompatible excipients and surface modifications tailored to specific routes and conditions can improve the stability,
toxicity, and biocompatibility of biological fluids.'® However, for nanocrystal formulations to be successful in pharma-
ceutical settings, standard production stability, optimal particle size, cost-effectiveness, and scalable production techni-
ques are ideal. Despite these challenges, researchers and manufacturers have focused on the potential benefits of the
nanocrystal formulations.

Furthermore, nanocrystal research has primarily focused on achieving the target specificity and deposition. Several
studies have demonstrated the ability of nanocrystals to reach the target site with minimal surface modifications and
changes in morphology and size. Multifunctional nanocrystals that exhibit both therapeutic efficiency and target
specificity have also been developed.?*' Similarly, ongoing research is exploring the conjugation abilities of nanocrystals
with other drugs and carrier molecules to improve therapeutic efficiency.®> To demonstrate the efficiency of nanocrystal
formulation, safety in diverse disease conditions and novel combination techniques must be developed and evaluated in

clinical studies.

Conclusion

Nanocrystal formulations have shown promise in overcoming the physiological barriers encountered while administrat-
ing traditional (non-nanocrystalline) drug delivery, which restrict the optimal bioavailability and efficacy. Owing to their
unique physicochemical characteristics, nanocrystals are well-suited for enhancing drug solubility, improving bioavail-
ability, and enabling sustained release. Furthermore, extensive research is being conducted to confirm the biocompat-
ibility and reduce toxicity of nanocrystals. Nanocrystal-based formulations have been developed and assessed for various
delivery methods and under various disease conditions. However, the efficacy and safety of these formulations rely on
various factors, including the physicochemical properties of the nanocrystals and the formulation ingredients, excipients,
and surfactants. A major challenge of nanocrystals comes from aggregation and non-specificity. While solutions have
been proposed in this review to address these issues, further research is necessary to optimize their clinical potential.
Future studies should focus on integrating advanced targeting strategies and long-term safety of nanocrystal formulations.
In conclusion, nanocrystal formulations enable the administration of drugs that were previously insoluble or moderately
soluble. Specifically, drugs belong to BCS-II and IV drugs suitable candidates for nanocrystal formulations for various

routes of administration.

Disclaimer
This review reflects the views of the authors and does not necessarily reflect those of the US Food and Drug
Administration. Any mention of a commercial product is for clarification only, it is not an endorsement for the use of it.
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