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Preface

The continuous therapeutic advancement in pharmaceutical science has led to the
exploration of novel delivery systems and dosage forms. Drug formulation design

is pivotal in efficient targeting and safer drug delivery methods. Innovative drug
delivery systems address the demand for improved bioavailability, controlled drug
release, minimized off-target effects, precise delivery, and reduced toxicity. The book
“Emerging Frontiers in the Drug Formulation Design” has been edited to provide a
detailed discussion on the landscape of drug formulation design.

The book is designed by subject experts, with each chapter explaining the most sig-
nificant breakthroughs in modern drug formulation technologies. Delivery systems,
such as liposomes, nanocrystals, and other nano-delivery systems, along with their
smart features in targeted accumulation and release, are highlighted. Furthermore,
the role of these nano-delivery systems in modifying bioavailability and the therapeu-
tic fate of the drug is explained. The advanced therapeutic administration concepts of
microneedles and stimuli-responsive systems are also discussed. Apart from delivery
systems, optimization and drug release mechanisms are detailed, offering a deeper
understanding of the behaviors of drug delivery systems and their anticipated thera-
peutic outcomes. Upon exploring the content of this book, researchers and students
will gain insights into emerging technologies and revolutionary designs for improving
patient compliance and enhancing the therapeutic potential of drugs.

Dr. Rahul Shukla

Department of Pharmaceutics,

National Institute of Pharmaceutical Education and Research-Raebareli,
Lucknow, India

Prof. Shubhini A. Saraf

Director,

National Institute of Pharmaceutical Education and Research-Raebareli,
Lucknow, India






Section 1

Nanoengineering in Drug
Delivery







Chapter1

Introductory Chapter: Redefining
the Therapeutic Landscape of the
Smart Drug Delivery System

Rahul Shukla and Shubhini A. Saraf

1. Introduction

The evaluation of therapeutic strategies made a notable advancement in the
segment of drug delivery. The conventional dosage form has major drawbacks like
poor bioavailability and nonspecific drug distribution leading to suboptimal therapeutic
concentration at the site of action and repeated dosing results in exposure to systemic
toxicity, non-compliance, repeated dosing, development of resistance, etc. [1]. These
challenges developed an interest in the innovative approach that improves therapeutic
efficacy through controlled and targeted delivery. The smart drug delivery strategy
aims to deliver the therapeutic moieties to specific sites, to have control over the drug
release, and to modify the physiochemical and pharmacodynamic properties of drugs
[2]. Smart drug delivery is a group of concepts with a primary focus on stimuli-respon-
sive systems, nanocarrier delivery systems, and targeted delivery systems [3]. The
stimuli-responsive delivery system offers precise drug release at the site based on vari-
ous external and internal stimuli such as pH, temperature, magnetic field, and enzyme
activity [4]. The concept of targeted delivery or targeted distribution is majorly based
on the delivery system characteristics and the expression of unique receptors or over-
expression of specific receptors under particular disease conditions or at the organ site
[5, 6]. Extensive research has also been conducted on nanoparticles and nanoparticles
for targeted delivery or targeted release systems [7]. The unique size of the carrier
will enhance the bioavailability of the therapeutic agents [8] and the addition of the
concept of targeted delivery and a stimuli-responsive delivery system is anticipated to
meet the current need in the management of diseases like cancer, neurological disor-
ders, pain management, infectious diseases, and other chronic diseases [9, 10].

2. Materials and technologies in smart drug delivery

To validate the hypothesis of a smart drug delivery system, it is essential to syn-
thesize a novel material that can meet the predetermined specifications required for
the delivery system. A few examples of specific materials available for the designing
of nanomaterials are different types of phospholipids (egg/soybean phosphatidyl-
choline, phosphatidylserine, phosphatidylglycerol, etc.) for liposomes [11]; poly-
mers like polyamidoamine, polypropyleneimine for dendrimer [12]; polylactic acid,
polycaprolactone, chitosan, dextran, etc., for polymeric nanoparticles [13]; amphi-
philic polymers [poly(ethylene oxide)-b-poly (propylene oxide), poly(ethylene
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glycol)-grafted-poly (lactic acid), etc.] for micelles [14]. As these materials are
administered systemically, they essentially degrade in the system to form non-toxic
byproduct that reflects on the lower risk of accumulation and toxicity [15]. Apart
from the materials required for the preparation of nanocarriers, materials capable
of showing a response to stimuli have also been developed [16]. Polyphosphazene,
pluronic-127 and F68, poly (N-isopropyl acrylamide) (PNIPAAM), and poly (oligo
ethylene glycol methacrylate) (POEGMA) are some examples of thermosensitive
polymers utilized in the development of thermal responsive drug delivery system
[17]. Chemical bonds like imine bonds, amide bonds, hydrazone bones, and ester
bonds are commonly present in pH-responsive polymers, which show greater drug
release in acidic pH than in comparison to the normal physiological pH (7.4) [18].
Enzyme-responsive delivery systems are developed where the drug release is based on
enzymes like lipase, hyaluronidase, protease, etc., which assist in the targeted release
in bacterial infection conditions [19]. Further, researchers have developed a dual-
functional delivery system that can achieve targeted distribution with the assistance
of a functional group on the surface and targeted release with the assistance of the
stimuli-responsive carrier material [20]. With the aid of a controlled release delivery
system, control over drug release kinetics includes prolonged therapeutic effects,
reduced dosing frequency, and fewer plasma level fluctuations have been achieved
[21]. With the adaptation of these technologies, various nano-delivery systems have
been developed for the management of various diseases (Table 1 and Figure 1).

Sr. no. Delivery system Category Drug Outcome Reference
1 Injectable liposomes ~ Pain Opiorphin Reduced rapid [22]
management elimination and show
prolonged pain killing
effect
2 Solid lipid Pain Nalbuphine Safe and effective in [23]
nanoparticles management producing an analgesic

effect in the brain

3 Copper Infection Atovaquone Prophylactic effects of [24]
nanoparticles copper nanoparticles
against chronic
toxoplasmosis
4 Micelles Infection Efavirenz Efficiently targeted [25]
the brain to treat HIV

infection in the brain

5 Silica nanoparticles Cancer Doxorubicin Excellent photothermal [26]
conversion capability
and enhanced anti-
cancerous activity

6 Iron oxide Colon cancer Epirubicin Efficiently detect [27]
nanoparticle- tumors using MRI and
aptamer reduce cardiotoxicity

bioconjugate

7 Nanostructured Diabetes Pioglitazone Showed significantly [28]
lipid carriers extended release in
comparison to free form
of drug
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Sr. no. Delivery system Category Drug Outcome Reference
8 Transdermal patch Diabetes Glibenclamide Better control of [29]
hyperglycemia with
prolonged plasma
half-life
9 Transniosomes Parkinson’s Thymoquinone Enhance brain [30]
disease penetration and

neuroprotective activity

10 Niosomes Parkinson’s Bromocriptine Displaying manifold [31]
disease enhancement in brain
distribution and dose
reduction upto 10 times

1 Nanostructured Epilepsy Diazepam Achieved nose-to-brain [32]
lipid carriers (NLC) delivery with reduced
cytotoxicity
Table 1.

Examples of smart delivery system.

Nanocarrier based drug delivery system Endogenous and Exogenous Stimuli
Pnlym:l:ic Mesoporous : E '
Nanoparticles nanoparticles Temperature Sonndwave
Magretic
Exosomes

Stimulation

Drug loaded Functionalized
nanoparticle nanoparticle
Enhanced permeation and retention effect
Figure 1.

Different types of stimuli and nanoparticles for the disease management.

3. Future trends and innovations
3.1 Artificial intelligence (AI) and machine learning in drug delivery optimization
Artificial intelligence (AI) and machine learning (ML) have enormous potential

in drug discovery, accelerating progress across multiple research disciplines. These
tools help to identify new therapeutic targets, better understand disease-target
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Figure 2.
Future of medicine for the management of diseases like cancer, pain velief, diabetes, and neurological disorders.

relationships, select drug candidates, and predict protein structure (Figure 2).
Furthermore, Al and machine learning help drug development, a deeper understand-
ing of disease causes, and the identification of prognostic and predictive biomarkers.
Moreover, Al and ML are vital in analyzing biometric data via wearable devices,
precise medicine, and the optimization of clinical trial data. This is especially useful
in the global epidemic era when effective data collecting and monitoring at the site are
critical to enhancing experimental results [33].

3.2 Gene and mRNA-based therapies

Gene expression regulates protein which is the primary requirement of cellular
function. Many diseases are caused by genetic flaws, making gene therapy a viable
way of correcting mutations rather than treating symptoms. However, transfer-
ring genetic material to specific cells remains difficult because of its degradation
and off-target consequences. To improve stability, extend circulation, and enhance
targeted distribution, researchers designed specialized DNA delivery and release
systems, specifically stimulus-responsive versions. RNA-based medicines, such as
siRNA and mRNA, have the potential to treat a variety of conditions when com-
bined with other treatments. Nanocarriers that respond to stimuli improve RNA
transport by increasing stability, tissue targeting, and endosomal escape. However,
biological variability, undesired off-target effects, complex formulations, and the
requirement for specialized activating devices in externally triggered systems all
present obstacles [34-36].

3.3 Micro and nanorobots

Micro- and nanorobotic devices are currently being investigated as novel tech-
niques for medicinal delivery in biomedical fields. These devices often pass through
and function within a living organism, powered by chemical or bio-hybrid sources
[37]. PLA (polylactic acid) and TPU (thermoplastic polyurethane) are biocompat-
ible polymers that are utilized to develop nanorobots and microrobots in medication
delivery. These microrobots can navigate complex biological settings by performing
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controlled motions such as swimming, crawling, or morphing to reach their destina-
tions [38]. They increase drug efficacy by allowing for accurate, immediate release

in response to stimuli such as temperature, pH, and magnetic fields. Furthermore,
multifunctional designs combine medication administration with sensing or imaging
capabilities, which enhances diagnostics and therapy [39].

3.4 Personalized medicine and patient-specific formulation

Personalized medicine is a possible future of healthcare, and smart drug deliv-
ery systems (SDDS) will play an important role in its development. Personalized
medicine improves treatment efficacy while reducing side effects by modifying
drug formulations and optimizing administration based on patient-specific genetic
profiles, biomarkers, and factors related to lifestyle. SDDS will eventually combine
diagnostic and targeted therapy into a single treatment method. This unique ther-
anostic technique has the potential to offer extremely specific, effective, and accurate
treatments for cancer and other persistent diseases, opening the door to personalized
chemotherapy with better patient outcomes. Despite their various designs, all smart
drug delivery systems goal is to improve patient care [40, 41].

4, Conclusion

The smart delivery system includes stimuli-sensitive delivery systems, controlled
drug delivery systems, nanoparticles, and targeted drug delivery systems that are
capable of enhancing the therapeutic efficacy of the existing therapeutic moieties.
Each of the delivery systems has a defined mechanism to improve the therapeutic effi-
cacy including the targeted release due to internal and external stimuli that increase
the drug concentration at the site of action; targeted distribution due to the unique
size, ligand-receptor interaction, and abnormal anatomical condition, increase the
drug concentration at the site of action; prolong the release of the drug from the
delivery system that sustaining minimum therapeutic concentration in the plasma
results in the effective management of diseases condition for an extended period
of time with reduced toxicity. Overall, the smart drug delivery system effectively
manages disease and disorders like cancer, neurological disorders, pain management,
infectious diseases, and other chronic disease with their unique mechanism.

Conflict of interest
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Abstract

Drug nanocrystal (NC) is a formulation approach, which has been extensively
exploited to enhance drug delivery for application in both dissolution rate improve-
ment and sustained release of poorly water-soluble drugs by size reduction and
stabilization of the drug particles. Due to the unique physicochemical and pharma-
cokinetic properties NCs entail, the versatility to be incorporated into various dosage
forms for different disease treatments, and the ease of scalability from laboratory
development and optimization setting to commercial production by well-developed
manufacturing technologies, NCs have attracted tremendous industrial interest,
which is reflected by the increasing financial and research and development effort
over the last decade. This chapter intends to overview NCs as a viable drug develop-
ment approach with the introduction on the important aspects of formulation prin-
ciples and analytical characterizations. The conventional and novel manufacturing
methods are highlighted with an emphasis on scalability of widely used wet milling
and high-pressure homogenization technologies. The recent application trends of
NCs utilized in the pre-clinical studies and clinical trials are discussed further. In
addition, the currently marketed products and the future prospective of NCs are
elaborated.

Keywords: nanocrystal, nanosuspension, nanoparticles, solubility, bioavailability

1. Introduction

One of the major challenges for the drug development in pharmaceutical industry
is the poor solubility of a vast majority of active pharmaceutical ingredients (APIs).
Based on the definition of Biopharmaceutical Classification System (BCS), approxi-
mately 40% of the currently marketed drugs [1] and as high as 90% of those in the
development pipeline [2] are classified as aqueous poorly soluble drugs. The poor
solubility generally leads to limited dissolution rate, erratic absorption, and poor bio-
availability, which substantially impede the development of new drug products. Many
formulation technologies have been exploited to address the solubility issue, which
can be classified into two major approaches: (1) to improve the surface area to volume
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ratio, either by raw drug particles’ size reduction or by promoting the porosity, and
(2) to modify physicochemical and structural properties by salt formation, cocrystal,
solid dispersion, complexation, cyclodextrin inclusion, etc. [3-6], or by a carrier
system, such as liposome, nanoemulsion, polymeric or lipid-based nanoparticles, etc
[7-10]. However, the second approach usually involves large screening efforts and
more complicated preparation methods.

Nanocrystals (NCs) are referred to as carrier-free solid particles of drug sub-
stances with a crystalline character in the submicron range, which utilizes the higher
surface to volume ratio principle to enhance the dissolution rate and bioavailability.
The size reduction is usually achieved by direct crystallization (bottom-up approach)
or milling of bulk material (top-down method) [11, 12]. During the manufacturing
processes, the microcrystals can also be transformed to amorphous form. As such, in
abroad sense, NCs may not be strictly limited to nanoparticles in crystalline form,
but sometimes designated as “nanocrystals in the amorphous state”. In many cases,
NCs are presented as a colloidal dispersion in a media (mostly aqueous) with the help
of a stabilizer to prevent/minimize the agglomerations, and therefore they are often
regarded as “nanosuspensions” [11, 13, 14]. In this chapter, if not specified, the terms
NCs and nanosuspensions are interchangeable.

Besides the common advantages nanosized formulations usually provide, such as
increased exposure [15], altered pharmacokinetics (PK) and biodistribution [16],
NCs offer unique properties as compared to other feasible formulation approaches,
the most eminent being the high drug loading and versatility in terms of administra-
tion. Theoretically, NCs can achieve as high as 100% drug loading [17], which tre-
mendously improves efficient drug delivery to target tissue or cellular site at desirable
therapeutic concentration. The extremely high drug loading capacity also opens up
the possibility of the development of a long-acting drug product [18], which helps to
improve patient compliance. In addition, NCs can be delivered by various administra-
tion routes, including oral, parenteral, pulmonary, ocular, and topical, which broaden
its potential applications.

This chapter overviews NCs as a viable formulation approach outlining the formu-
lation principle and dosage form characterization, the manufacturing methods with
recent technology advancement with an emphasis on the scalability, and the recent
trends in pre-clinical studies, clinical trials, and marketed products to showcase the
broad applications of NCs.

2. Formulation considerations
2.1 Physical stability

Due to the nature of NC, which is composed of an insoluble dispersed phase
uniformly distributed throughout a continuous phase, it is classified as a lyophobic
colloidal system, which is thermodynamically unstable and tends to aggregate. When
larger particles are broken down to smaller ones, work is required to separate the
pieces against the forces of attraction between them (AW). Hence, the resultant
system’s Gibbs free energy (AG) increases proportionally to the total newly exposed
surface area (A), as presented in Eq. (1), wherein y is the interfacial tension.

AG =AW =2yA )
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The instability of nanosuspensions is commonly manifested as: (1) sedimenta-
tion due to an external force, such as gravitation, centrifugation, and electricity; (2)
flocculation where the aggregates (flocs) are built up because of the close proximity
of the particles and the increasing weak attractive forces, but yet re-dispersible upon
shaking to retain the individual particle size or size distribution; (3) caking where the
thin liquid film of continuous phase is eliminated from adjacent particles, causing the
irreversible formation of larger particles/aggregates; (4) Ostwald ripening, which is
a phenomenon associated with polydispersed system of the tendency to one size and
ultimately the formation of one large particle, because of the chemical potential and
solubility differences between larger and smaller particles.

Successful NC drug product generally depends on the scientist’s appreciation for
the importance of surface properties of the system. Although NCs are thermody-
namically unstable, the interface between the dispersed and continuous phases can be
properly treated with stabilizers to generate a repulsive force strong enough to render
a kinetically stable system free from aggregation for a sufficient shelf-life. Such inter-
face treatment can be achieved by electrostatic and polymeric methods. Electrostatic
stabilization results from charge—charge repulsion, which can be generated by the
adsorption of ions from the electrolyte solution, by ionization of the ionizable group,
or by selective ion dissolution from particle surface [19, 20]. Polymeric stabilization
is achieved by steric stabilization upon adsorption of lyophilic macromolecules at the
surface of a lyophobic colloid [21]. In this case, the stabilizing macromolecule needs
to be at least a few kilodaltons (kDa) to extend from the surface of the particles over a
distance comparable to, or greater than, the distance over which van der Waals attrac-
tion is effective. As a result, the colloidal particles will then repel one another because
of the volume restriction and osmotic pressure effects. In addition, at low polymer
concentrations, and hence low particle surface coverage, lyophilic colloids tend to
have multiple points of contact on the lyophobic particle surface and lie along the
surface rather than extend from it. This could cause particles to aggregate rather than
to repel as the macromolecules adversely adsorb onto multiple particles and thereby
bridging flocculation may occur [22].

Nanosuspension stabilizing agents are usually classified into four types: inorganic
electrolytes, surfactants, macromolecules, and solid particles [23]. Inorganic electro-
lytes such as potassium thiocyanate impart a charge at the interface, resulting in elec-
trostatic repulsion between the particles. Surfactants are amphiphilic molecules that
reduce the interfacial tension, decrease the contact angle between the particles and
the continuous phase, and impart steric stabilization (or charge stabilization in the
case of ionic surfactants). Macromolecules, such as synthetic polymers and proteins,
function similarly as compared to surfactants, helping to reduce the interfacial ten-
sion, and also to form mechanical interfacial barriers. Copolymers with hydrophilic
and lipophilic moieties are best with respect to anchoring onto the NC particles. On
the other hand, the continuous phase should provide a good solvent environment for
the polymer to optimize the stabilization effects.

2.2 Excipients’ choice

Besides the stabilizer, other excipients are usually used in NC formulation, includ-
ing buffering agents, tonicity adjusting agents, antimicrobial preservatives, cryopro-
tectants, etc. A list of commonly used excipients in an NC drug product is presented
in Table 1.
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Category Excipient Common Example drug product
concentration
Stabilizing agent
Surfactant Polyoxyethylene sorbitan monooleate 0.02-2% w/v Fosaprepitant, Kenalog®,
(Polysorbate 80) Rapamune®, Ryanodex®
Polyoxyethylene sorbitan monolaurate 0.05-1.6% w/v Invega Sustenna®,
(Polysorbate 20) Invega Trinza®, Invega
Hafyera®, Aristada Initio,
Cabenuva, Apretude
Polyoxyethylene-polyoxypropylene 0.1-1% w/v Rapamune®,
copolymers (Pluronics): Poloxamers Griseofulvin
188, 338, and 407 Cabenuva
Polyoxyl 35 castor oil (Kolliphor EL) 0.4-5% wiv
PEG-40 Hydrogenated Castor Oil 0.2-2% w/v
(Kolliphor RH40)
Polyethylene glycol 15-hydroxystearate 0.25-4% w/v
(Kolliphor HS 15)
Docusate sodium (SD) 0.25-5% w/v Megace® ES, Tricor®
Sodium lauryl sulfate (SLS) 0.02-2% w/v Emend® (aprepitant),
Gris-PEG®, Tricor®,
Avinza®, Celebrex®,
Griseofulvin
D-a-tocopheryl polyethylene glycol 0.8-1.5% w/v
succinate (TPGS)
Polymer Polyvinyl alcohol (PVA) 0.05-1.4% w/v Tricor®, Rapamune®
Povidone (PVP) 0.08-1.8% w/v Tricor®, Rapamune®,
Avinza®, Ryanodex®,
Celebrex®
Hypromellose (HPMC) 0.12-1.5% w/v Megace® ES, Tricor®
Hydroxyethyl cellulose (HEC) 0.05-0.69% w/v
Hydroxypropyl cellulose (HPC) 0.1-0.2% w/v Emend® (aprepitant)
Carboxymethylcellulose sodium 0.1-0.7% w/v Kenalog®, Gris-PEG®,
(CMC-Na) llevro®
Polyethylene glycol (PEG) 3350, 4000, 0.5-3.0% w/v Cabenuva, Apretude,
and 8000 Invega Sustenna®,
Invega Trinza®, Invega
Hafyera®, Rapamune®,
Focalin XR®
Microcrystalline cellulose 170-800 mg Gris-PEG®, Tricor®,
Rapamune®, Zanaflex®
Buffering agent Acetate, Citrate, Tartrate, Phosphate Megace® ES, Cabenuva
Aristada Initio
Tonicity agent Sodium chloride 0.9% w/v Aristada Initio, Ilevro®,
Glucose 5% w/v Nevanac®
Mannitol 5% w/v Cabenuva
Dextrose 5% wiv Apretude, Ryanodex®,
Nevanac®
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Category Excipient Common Example drug product
concentration
Preservative Phenol 0.01-0.75% w/v Kenalog®
Metacresol 0.1-0.3% w/v Gris-PEG®, Griseofulvin
Benzyl alcohol 0.1-1.0% w/v Ilevro®, Nevanac®
Parabens (methyl, propyl, butyl) 0.02-2.0% w/v Ilevro®
Benzalkonium chloride 0.01-2.0% w/v Megace® ES
Chlorobutanol 0.3-1.1% w/v
Thimerosal 0.01-1.0% w/v
Phenylmercuric salts (acetate, borate, 0.05-2.0% w/v
nitrate) 0.08-5.0% w/v
Sodium benzoate
Cryoprotectant Sucrose 1.0-10% w/v Tricor®, Rapamune®,
and Bulking Agent Mannitol 2.5-7.5% wiv Griseofulvin
Trehalose 4-11mg Ryanodex®, Somavert®
Glycine 0.5-200 mg Somavert®
Lactose 25-750 mg Tricor®, Rapamune®,
Povidone 20-200 mg Celebrex®
Sorbitol 1-10% w/v Colesevelam
Maltodextrin 3.2-292 mg hydrochloride
Flavoring agent Acacia, ginger, anise oil, glucose, 0.0001-0.1%
benzaldehyde, glycerin, tolu balsam, wiw

honey, vanilla, vanilla tincture, lemon
oil, clove oil, orange oil, rose oil, fennel
oil, coriander oil

Coloring agents Titanium dioxide (white), indigo 0.0005-0.001%
carmine (blue), tetrazine (yellow), w/w
caramel (brown).

Table 1.
Commonly used excipients in NC formulation.

2.3 Biopharmaceutical considerations

For nanosuspension absorption from depot sites if by parenteral route, or from
intestine if by oral administration, the bioavailability is usually dissolution limited.
The rate of dissolution of the drug is governed by the well-known Noyes-Whitney
equation:

dm | dt = DSk™ (C, -C) )

where dm/dt is the rate of dissolution, D is the diffusion coefficient of drug in the
physiological fluid, S is the surface area of drug exposed to the medium, h represents
the thickness of the dissolution layer, C; is the equilibrium solubility of drug in the
physiological fluid, and C is the concentration of drug in that fluid at a given time.
Presented by the equation, the dissolution rate can be significantly increased when
drug particles are micronized or nanosized. Increased viscosity of the vehicle, for
example using oil, could retard drug release because the diffusion coefficient would
be expected to decrease in a more viscous medium.

In addition, solubility and bioavailability may also be influenced by the physical
state of a drug. When multiple polymorphs exist for NCs, the choice of a crystal form
may involve a trade-off between stability and solubility. The choice of a less stable
polymorph would be expected to result in higher solubility of the drug, and better
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bioavailability, but this approach risks conversion of the less stable form to the more
stable (less soluble) form during storage.

Furthermore, the bioavailability of NCs can also be impacted by the route of
administration (oral, intramuscular, subcutaneous, topical, etc.), the blood flow and/
or lymphatic drainage of the administration site, gender, etc. To date, the biofate of
NCs remains not fully understood, hence the nanotoxicity has been a major concern.
Numerous studies have revealed that there is a relationship between the NCs’ route of
administration and the downstream cascade of events in order for the specific trans-
porters to carry the NCs to their active sites [11, 24]. In addition, the shape of NCs
also plays an important role in dictating the biofate. Generally, the rod-like morphol-
ogy appeared to penetrate through cells more efficiently as compared to spherically
shaped [25, 26]. Alternatively, NCs may undergo transportation via the paracellular
pathway, especially when the formulation includes a surfactant such as sodium deoxy-
cholate that is able to open the tight junctions and may facilitate the NCs’ penetration,
although no tentative evidence is present [27].

3. Manufacturing of NC formulations
3.1 Top-down (Nanonization)
3.1.1 Wet milling

Wet milling, also called media milling, is one of the most commonly used meth-
ods to manufacture NC formulations. It decreases the particle size of the active
pharmaceutical ingredient (API), which is dispersed in a liquid, via the milling of
beads. There are normally four different forces involved in a wet milling process,
namely shearing (tearing), impact (crushing), pressure (compression), and attrition
(particles tearing and crushing each other) [28]. Different materials of beads, such
as glass, steel, zirconium oxide, and polymer resins, have been used as the grinding
media. The selection of bead type and bead size depends on the desired product
specifications [29]. Wet milling not only reduces the size but also alters the size
distribution of the drug particles. Compared to the bulk API, milled drug particles
present significantly higher specific surface area. Based on the Noyes-Whitney
equation, it will increase the dissolution rate of the milled drug particles [30, 31]. In
addition to the size reduction, wet milling also modifies the shape and surface rough-
ness of particles, which is beneficial to the development of inhalable dry powder
formulations [32].

Wet milling has many advantages over other nanocrystal formulation fabrication
methods, including ease of scale-up, little-to-no yield loss, good versatility, and no
involvement of an organic solvent [33]. The major concern of wet milling is the gen-
eration of residues from the grinding media that may result in contamination of the
final product. However, this issue could be minimized by utilizing highly crosslinked
polystyrene resin milling beads [13, 33].

The milling process usually generates lots of heat, affecting further size reduction
and crystal formation [34]. In addition, the milled NCs possess a large specific surface
area, resulting in increased free energy and decreased thermodynamic stability. Thus,
APIs are typically milled together with certain polymers and/or surfactants to prevent
agglomeration and to enhance their physical stability, as described in the previous
sections [35].
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The scalability of a manufacturing process is essential and critical to the success of
the development of NC formulations. Wet milling, in this regard, offers full scale-up
options from laboratory benchtop instrument for small research and optimization
purposes, to commercial production scale equipment (Table 2). Hagerdorn et al.
investigated the scalability of these milling equipment and they found that DeltaVita
15-300, DeltaVita 600, and DeltaVita 2000-60,000 could generate fully comparable
nanoparticles among different batch sizes [35].

3.1.2 High-pressure homogenization

High-pressure homogenization (HPH) applies high pressure when the liquid sus-
pension is passed through a nozzle at high velocity, and the sudden drop of pressure
combined with the collision force against the seat valve and impact ring brings about
mechanical disruption of the particles [36]. The high-pressure homogenizer could be
either a microfluidizer or a piston-gap homogenizer. Microfluidizer employs a Z-type
reaction chamber or a Y-type reaction chamber. The Z-type reaction chamber allows
the liquid suspension to flow into a Z-shaped channel, generating particle collision
and shear forces. While the Y-type reaction chamber separates the drug suspension
into two streams, which then collide frontally. The particle size of NCs gets reduced
by collision under high pressure and velocity. The piston-gap homogenizers reduce
the particle size by shear and collision forces produced during repeat homogeniza-
tion cycles when the formulation passes through a thin gap [37]. The HPH process is
robust and could be easily adapted for aseptic production of parenteral drug formula-
tions. However, metal contamination due to the long duration of homogenization
and high-energy production are the main disadvantages associated with HPH [38].
The particle size is unlikely to be reduced to 100 nm by the top-down method. Hence,
other methods have been developed to address this issue [39].

Similar to wet milling, high-pressure homogenization is a robust manufacturing
method offering equipment for the full range of scales. For example, Microfluidizer®
technology-based high-pressure homogenizers not only provide excellent batch-
to-batch reproducibility, but also the capability to duplicate results from lab scale
to production scale (Table 3), thanks to the alignment of microchannels in parallel
within the interaction chambers, which ensures that the entire product stream experi-
ences identical shear, regardless of the volume.

Equipment DeltaVita 1 DeltaVita DeltaVita DeltaVita 2000-60,000
15-300 600

Batch Size 1-100 mL 35-2000 mL 1-6L 4-4000L
Grinding Chamber 2,15,50 15, 50, 150, 300 600 1600, 4000, 10,000, 25,000,
Volume (mL) 62,000
Grinding Media Diameter 0.05-2.5 0.05-0.8 0.05-2 0.1-2.0
(mm)
Drive Power (kW) 2.2 2.2 3 5.5, 15, 18/22, 37/45, 75/90
Speed Range (min™) — 1000-4200 1000-4500 350-2500
Scale-up Similar results on all sizes of the DeltaVita series

Table 2.

Netzsch DeltaVita® grinding technology-based equipment.
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Equipment Benchtop scale Pilotscale Production
scale

Lvi LM10 M110P M110EH M815 M700 series

Batch Size 1-10 mL 30-300 mL >50 mL 120 mL-100 L 1.5-300 L >12L

Operation Upto Up to0 23,000 Upto Up t0 30,000 Upto Up to 30,000

Pressure (psi) 30,000 30,000 30,000

Flow Rate — — <120 mL/ 295-450 mL/ 1-12L/ 5-15 L/min

min min min
Scale-up Produce fully comparable results at different scales
Table 3.

Microfluidizer® technology-based high-pressure homogenizers.

3.2 Bottom-up (Nucleation)
3.2.1 Antisolvent precipitation

The antisolvent precipitation method is a commonly used bottom-up method to
generate NCs. In this method, NCs are prepared by mixing a drug solution and an
antisolvent to generate high supersaturation, followed by drug precipitation [40, 41].
Typically, stabilizers are used, and they are dissolved in water or antisolvent. The API
is dissolved in an organic solvent or solvents. Stabilizers are selected on the basis of
their hydrophobic-lipophilic balance (HLB) [42]. Numerous factors, such as the ratio
of solvent to antisolvent, stirring speed, stirring time, and stabilizers, could affect
the final formulations [43]. This method contains only nucleation and growth steps,
so it is simple and cost-effective [44]. However, unstable crystal particles could also
be recrystallized in this process, leading to potential aggregation and precipitation
of nanocrystals. The other potential issue is solvent residues due to the use of organic
solvents in the preparation process. In addition, it is unsuitable for drugs that are
neither soluble in aqueous nor insoluble in solvents.

Precipitation assisted by acid-base method is a similar bottom-up method. This
method usually involves a weak acid solution dissolving the API as the acid phase,
and a weak base solution containing stabilizers as the base phase. The acid phase is
slowly added to the base phase to produce carbon dioxide, and then the drug nano-
crystals are precipitated by vapor effervescence [45]. This method is applicable only
to insoluble drugs with a solubility related to pH and is stable under acid or base. One
advantage of this method is that it avoids the usage of organic solvents, which is much
more environment-friendly.

3.2.2 Supercritical fluid technology

The supercritical fluid technology utilizes a supercritical fluid (e.g., supercritical
carbon dioxide) to dissolve the drug and precipitate NCs with the rapid vaporization
of the supercritical fluid as the fluid is atomized under reduced pressure through a
nozzle with a tiny aperture [46]. Due to the low polarity of the supercritical fluid, the
hydrophobic drug could be easily dissolved and form a solution [47]. Supercritical
fluid technology includes rapid expansion of supercritical solution and supercritical
antisolvent based on the function of supercritical fluid in the crystallization process.
Several parameters contribute to the final particle size of the NCs, including the
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state of the supercritical fluid in the process, the concentration of the drug, and the
morphology of the nozzle. This method does not need organic solvents. However, it
consumes large amount of supercritical fluid(s), and it is only suitable for drugs that
can be dissolved in supercritical fluids.

4. Recent NCs’ technology advancement
4.1 Non-traditional methods

In addition to the well-established and commercially used nanocrystal synthesis
methods, there are several innovative and combination technologies by which nano-
crystals are prepared in various research laboratories. Herein, we have discussed some
of those innovative methods.

Laser ablation is a top-down manufacturing technique commonly used to
produce metallic and organic nanoparticles. It involves size reduction by irradiat-
ing solids or particles in suspension for nano- or femtoseconds using a laser. A
major advantage of laser ablation is the production of stable, contamination-free
nanoparticles compared to other commonly utilized technologies [48, 49]. This
technique has been successfully applied in synthesizing NCs and holds great poten-
tial. Singh et al. [49] used laser ablation to prepare nanocrystals containing three
drugs from a pre-formed drug cast on a glass slide. NCs were produced by focusing
a femtosecond laser on the cast in liquid. The resulting NCs were stable, free of
organic residue, exhibited minimal cytotoxicity, and demonstrated enhanced in
vitro blood-brain barrier crossing. Similarly, Kenth et al. [48] used femtosecond
laser ablation to prepare NCs of poorly soluble paclitaxel. This study explored both
ablation and fragmentation aspects of laser technology, as well as the impact of
laser power, duration, and focus location on nanocrystal size, drug content, and
degradation. Optimal laser power yielded nanocrystals with narrow polydispersity
and low degradation. These findings suggest that laser ablation can be used to
produce NCs with small drug amounts, providing a valuable tool for preclinical
research on new drug entities [48].

Microwave hydrothermal synthesis is a bottom-up manufacturing technique used to
produce inorganic NCs for various applications. Recently, this technology has been
employed to prepare stable nanocrystals for radiation therapies in cancer treatment.
Yi et al. [50] used the microwave hydrothermal technique to prepare hafnium oxide
nanocrystals. In their method, hafnium chloride was first heated to 80°C for 1 hour,
followed by the addition of sodium hydroxide at room temperature, which was stirred
for 30 minutes. The resulting solution was then sealed and placed in a microwave
hydrothermal system, where it was heated at a rate of 10°C per minute to 160°C for
1 hour. Afterward, the solution was centrifuged and washed with deionized water,
and the precipitate was further modified with polyethylene glycol (PEG) to enhance
circulation time and biocompatibility. The synthesized hafnium oxide nano-assembly
demonstrated stability in various physiological solutions, making it suitable for
parenteral applications. Additionally, the nano-assembly exhibited excellent in vitro
and iz vivo antitumor activity in a mouse model [50].

Modified microfluidics has been developed to overcome the limitation of conven-
tional microfluidics method as the conventional T-shaped and Y-shaped microfluidic
chips used in this process have limitations in mixing efficiency and require a high
percentage of aqueous media for rapid mixing [51]. To address this, Zheng et al. [51]
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utilized a split-and-recombine (SAR) chip to improve mixing efficiency and prepare
curcumin NCs. In their method, curcumin was dissolved in acetone, while the
appropriate stabilizer was dissolved in the aqueous phase. The two solutions were
passed through SAR chips to produce a curcumin nanosuspension, which was then
centrifuged and washed with deionized water. The resulting curcumin NCs (~60 nm)
demonstrated better in vitro dissolution and improved oral bioavailability in rats
compared to curcumin solution. Given its scalability, microfluidics with SAR chips
holds significant potential for the commercial development of drug NCs.
Ultrasonication, either through an ultrasonic bath or through a probe sonicator, is
an effective method for reducing particle size and controlling nucleation and crystal-
lization. Ultrasound waves generate cavitation, which enhances heat and mass trans-
fer, resulting in better mixing, creating supersaturation levels, and more controlled
nucleation [52]. The factors that influence NC particle size include ultrasound power,
sonication time, solution volume, and the probe’s diameter and position [53].
Sonication is typically combined with precipitation techniques to achieve the
desired NCs. For example, Rahim et al. [54] prepared aceclofenac NCs using a pre-
cipitation and sonication method. Aceclofenac was dissolved in ethanol and precipi-
tated into an antisolvent, followed by ultrasonication for varying durations (5, 10, 15,
and 20 minutes) and ultrasound power levels (50, 100, 150, 200, 250, and 300 W).
The optimal conditions—200 W for 15 minutes—produced stable nanocrystals with
the lowest particle size and polydispersity index (PDI). Increasing both the power
and sonication time led to an increase in particle size. The batch size was successfully
scaled up from 5 mL to 400 mL, addressing one of the common limitations of this
technology [54]. Similarly, Xia et al. [55] demonstrated that increasing ultrasonic
power and time reduced nanocrystal particle size. However, raising the power beyond
400 W and extending the time beyond 15 minutes did not result in further particle
size reduction. Ige et al. [56] successfully utilized probe sonication to prepare stable
fenofibrate NCs. Fenofibrate was added to an aqueous solution containing poloxamer
188, and the suspension was stirred at 1000 rpm for 5 minutes to create a homoge-
neous mixture. The suspension was then subjected to probe sonication at 20-23 kHz
for 10 minutes, resulting in stable nanocrystals with a particle size of 420 + 50 nm
and a PDI of 0.458 + 0.05. Stability studies conducted at 5°C and room temperature
over 90 and 180 days showed that the NCs remained stable at both temperatures
for 90 days. However, a significant increase in particle size was observed in samples
stored at room temperature beyond 90 days, highlighting the need for refrigerated
storage.

4.2 Combination technology

Due to the diverse properties of different drugs, there are always limitations of
top-down method or bottom-up method. The combination technology selectively
unites the top-down technology and the bottom-up technology in a particular
sequence, [52, 57] so it overcomes the disadvantages of a single preparation method,
and it increases the particle size reduction efficiency. This technology combines a
pre-treatment step and a particle size reduction step. It eliminates the drawbacks of
instrument clogging and improves the stability of NCs, and it is suitable for a wider
range of insoluble drugs. The disadvantages of this technology include high cost and
process complexity, thereby using it only when necessary [52]. So far, combinative
technology could be divided into the NanoEdge® technology and the SmartCrystal®
technology [58, 59].
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4.3 NCs surface modification

Recently, PEGylation of nanocrystals has been used to enhance circulation half-
life, improve efficacy, and evade the mononuclear phagocytic system. Zhang et al.
[60] reported that PEGylation of paclitaxel nanocrystals not only improved the stabil-
ity of the nanocrystals during storage and under physiological conditions but also
demonstrated superior antitumor activity in breast cancer xenografted mice and lung
tumor metastasis models compared to non-PEGylated paclitaxel nanocrystals. These
findings highlight the potential significance of PEGylation in future NC research.

NCs are currently used primarily for intravenous administration, with a focus on
passive targeting based on their size. However, passive targeting in cancer treatment
has limited effectiveness due to the reduced and irregular enhanced permeation
and retention (EPR) effect observed in human tumors. The improved efficacy and
reduced toxicity seen with active targeting in other nanoparticle technologies, such as
liposomes, micelles, and lipid nanoparticles, has driven a recent trend toward surface
modification for active targeting in NCs. Active targeting is achieved by attaching a
targeting moiety to the nanoparticle surface [59, 61].

For example, Wang et al. demonstrated that hyaluronic acid-coated camptothecin
NCs exhibited enhanced anticancer activity in cluster of differentiation 44 (CD44)-
overexpressing cell lines and lower toxicity to normal cells compared to free camp-
tothecin and uncoated camptothecin NCs [62]. Gad et al. synthesized docetaxel NCs
using pluronic F127 as a stabilizer and albumin as a functional surface modifier. The
albumin-coated docetaxel NCs showed improved delivery to multidrug-resistant cell
lines compared to free docetaxel [63]. Similarly, Park et al. reported that paclitaxel
NCs coated with albumin had an increased plasma half-life, improved tumor deposi-
tion, and enhanced anticancer activity compared to Abraxane in a melanoma mouse
model [64].

Other surface molecules used for NC targeting include dextran [65], folic acid
[66, 67], tocopherol polyethylene glycol 1000 succinate [68], peptides [69], cell
membranes [70, 71], and Herceptin [72]. These findings demonstrate the significant
potential of surface modification for the targeted delivery of NCs in cancer treatment.

5. NCs characterizations
5.1 Particle size distribution

Particle size distribution (PSD) is a major attribute for NC formulations, therefore
particle size measurement is presented to be a critical characterization. The most
widely used techniques are elaborated as follows.

Sieve analysis is the traditional method to determine the particle size by stacking
several sieves with increasing aperture size. When the material is passed through
the stack of sieves, the weight of the material retained by each sieve is recorded as a
fraction of the whole mass, and the PSD or gradation is assessed. Static Image Analysis
(SIA) is predominantly used for measuring narrow size distributions with a focus on
the characterization of very fine particles. This method provides high-resolution par-
ticle images, which allow for size and shape description with utmost accuracy and are
mainly used in research and development applications [73]. Dynamic Image Analysis
(DIA) describes the particle shape that includes sphericity, symmetry, convexity, and
aspect ratio. This method is ideally suited for routine measurements of bulk goods,
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powders, granules, and suspensions. It is characterized by high sample throughput,
reliability, and excellent reproducibility [73]. Static Laser Light Scattering (SLS)
analysis, also called laser diffraction, is a fast technique providing good flexibility. It
could be used to determine whether the native state of a particle is simple or complex
and measure the masses of aggregates or other non-native species [74]. Dynamic Light
Scattering (DLS) is the most versatile and useful set of techniques for measuring the
in situ size, size distributions, and the shapes of nanoparticles in liquids, which can
obtain accurate and statistical particle size distributions (Table 4) [75, 76].

5.2 Structural and morphological characterization

The structural characterizations of NCs are critical as they provide important
information on the physiochemical properties and stability. X-ray diffraction (XRD)
is used to determine the structural parameters and crystal structure of crystalline or
amorphous substances [77]. Differential scanning calorimetry (DSC) is a valuable
tool to evaluate the thermal behavior of the NCs, such as glass transition temperature,
melting point, and associate enthalpy. It could also be used to characterize the inter-
actions between the drug crystals and the excipients [78]. This method is especially
useful for the drug product obtained from high-strength top-down processing meth-
ods. Fourier transform infrared spectroscopy (FT-IR) method is used to measure the
chemical property of the drug crystals and its interaction with different excipients at
the molecular level. The change in vibrational frequency of the molecules can exhibit
the interaction between different compounds [79]. Thermogravimetric measure-
ments and differential thermal analysis (DTA) are widely applied for NCs thermal
analysis. Thermogravimetric analysis is a technique to study the thermal stability,
heat flow, and structural deformation of NCs in the inert environment, whereas DTA
is used to determine the phase changes and related thermal processes [80].

To characterize the morphological appearance of the drug NCs, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and atomic force
microscopy (AFM) are widely applied. SEM and TEM both provide high resolution,
being aslow as 1 and 0.2 nm, respectively. TEM is usually applied for wet samples and
SEM analysis is crucial to monitor the particle shape and size after the process of the
water removal. AFM, as a new generation of scanning probe microscopy, is employed
to investigate the morphology and surface properties of nanoparticles including
height, friction, and magnetism using the scanning probe. A three-dimensional (3D)
sample surface image can be obtained by collecting feedback signals from the force

Particle size analysis methods Size range
Sieve Analysis 40-125 mm
Dry sieving 20-20 mm
Wet sieving 10-0.2 mm
Air jet sieving

Static Image Analysis (SIA) 0.5-1.5mm
Dynamic Image Analysis (DIA) 1-30 mm
Static Light Scattering (SLS) or Laser Diffraction (LD) 10-4 mm
Dynamic Light Scattering (DLS) 1-10 pm

Table 4.

Suitable size range for different particle size analysis methods.
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applied by the probe. More importantly, the shape and structure of NCs is accessible
by AFM but not by other methods. A study has revealed that non-spherical shapes
significantly outperform their spherical counterparts regarding escaping from phago-
cytosis and firm binding to the target cells or tissues [81].

5.3 In vitro dissolution

In vitro dissolution is employed for drug product quality control and is considered
to be a critical tool to predict the in vivo performance. It is crucial to select the appro-
priate dissolution methodology, dissolution conditions, and acceptance criteria not
only to assure the product quality but also to evaluate the iz vivo performance of the
drug products.

US Pharmacopeia (USP) methods including paddle or basket apparatus are
employed for both orally administered and injectable NC drug products. The dissolu-
tion conditions and acceptable criteria can be product specific with different buffers/
surfactants to facilitate the NC dissolution. Most of the methods are utilized for qual-
ity control purposes, and it is challenging to predict the product’s in vivo performance.
It is difficult to mimic the physiological conditions, which result in the lack of correla-
tion between the iz vitro dissolution results and iz vivo bioavailability performance. It
is essential to develop an in vitro-in vivo correlation (IVIVC), which could be used to
surrogate the bioequivalence studies in humans.

Another challenge comes from the separation of undissolved particles from the
dissolution medium, which makes it difficult to determine the dissolved drug con-
centration. In current USP dissolution tests, the different pore size syringe filters are
applied to remove the undissolved particles, and it is determined that larger filter
sizes could potentially transport smaller sized nanoparticles through the filter mem-
brane, which leads to the dissolution profiles with an apparent supersaturation and
large standard deviation. To resolve this problem, the flow cell method is considered
to be the most robust dissolution method for NCs and widely employed to evaluate
the NC quality attribute and the release of drug in vitro. With a constant flow pump,
the medium contacts the sample at the lower end of the flow cell at desired tempera-
ture and suitable flow rate, the release medium is then filtered through the upper end
of the flow cell for dissolved drug measurement [82].

In most cases, the dissolution rate depends on the size and surface area of the NCs.
Other parameters including dissolution rate and saturation solubility are also infor-
mative to predict the in vivo performance of the NCs. To better evaluate the function,
metabolism, efficacy, and bioavailability of the drug product, it is still crucial to
administer the NC formulations to animals for iz vivo pharmacokinetic and pharma-
codynamic investigations and evaluation.

6. Dosage forms and applications of NCs
6.1 Dosage forms of NCs

NCs present versatility as a formulation approach as they can be formulated into
numerous dosage forms, such as tablet and capsules, nanosuspension, dry powder for
reconstitution or direct inhalation, etc., and can suit the needs for various routes of
administration including oral, parenteral (intravenous, subcutaneous, and intramus-
cular), pulmonary, ocular, dermal, etc.
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Oral administration among all feasible routes is the most compliant and safest
route. NCs help to enhance the drug saturation solubility and dissolution rate for
absorption. For example, Sirolimus NC formulation developed by Wyeth, the first
FDA approved oral NCs, showed 21% higher oral bioavailability than sirolimus solu-
tion [83]. Taking another instance, EMEND (Aprepitant oral capsule or suspension)
not only enhances oral bioavailability, but also eliminates the food effect, thereby
causing no erroneous absorption [84].

Parenteral routes, although require injection thus not as compliable as the oral
route, offer irreplaceable advantages regardless. The intravenous (iv.) route pro-
vides 100% bioavailability, hence making it a favorable route for challenging APIs,
especially those belonging to class IV drugs of the Biopharmaceutical Classification
System (BCS). Research efforts have been made to develop intravenous NC formula-
tions for curcumin [85], ascularine [86], itraconazole [87], and melarsoprol [88].
Subcutaneous (s.c.) and intramuscular (i.m.) routes can be utilized as the depot site
for long-acting NCs formulations [89], offering extended drug release, enhanced
patient compliance, and cost-effective alternatives for treatment of life-threatening
diseases like HIV, as compared to long-term implants [90].

Furthermore, pulmonary [91], ocular [92, 93], and dermal [94] routes have all
been studied for local and/or systemic drug delivery by NC formulations.

6.2 Application trends in preclinical and clinical studies

Nanocrystal technology has been widely applied in the development of formula-
tions for poorly soluble drugs, demonstrating its utility across a range of diseases
in both preclinical and clinical studies. The application of nanocrystals for various
diseases and routes of administration is outlined in Table 5. In preclinical trials,
parenteral nanocrystals have been explored for treating diseases, such as cancer [64],
inflammatory conditions [97], pain management [95], and HIV [99]. Nanocrystals
are particularly valuable for improving the solubility of poorly soluble drugs and
developing sustained-release formulations, which are advantageous for treating
chronic conditions. These sustained-release systems provide a consistent drug dose
over an extended period, helping to control the release rate and reduce adverse effects
from high drug concentrations.

Several strategies have been employed to overcome challenges related to drug
product stability, release kinetics, and in vivo behavior. For example, camptothecin
nanocrystals, when incorporated into hydrogels and delivered via intra-articular
injection for rheumatoid arthritis, showed improved drug residence time and efficacy
compared to camptothecin nanocrystals alone [97]. Additionally, Park et al. reported
that albumin-coated paclitaxel nanocrystals exhibited an extended plasma half-life,
improved tumor deposition, and enhanced anticancer activity compared to Abraxane
in a melanoma mouse model [64]. Another promising approach was demonstrated
by Liang et al., who incorporated nanocrystals into liposomes. By functionalizing the
liposomes with folic acid, they combined the benefits of both technologies, resulting
in improved pharmacokinetics, enhanced tumor targeting, and a higher tumor inhibi-
tion rate [96].

A search for the term “nanocrystals” on ClinicalTrials.gov identified 24 clinical
studies in the past ten years with different routes of administration (Table 6). Among
those, two were registered for the parenteral route of nanocrystal administration. One
study evaluated the safety and efficacy of a 30 mg meloxicam nanocrystal formula-
tion administered through intravenous infusion for the treatment of moderate to
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severe pain (NCT06379165). Another studycompared the efficacy of a long-acting
injectable antipsychotic drug in a nanocrystal formulation with an oral antipsychotic
drug to prevent relapse following an initial episode of schizophrenia (NCT04203056).
The low number of clinical trials underscores the need for further research to address
challenges related to parenteral product stability and iz vive efficacy. To overcome
these challenges during drug development and improve clinical outcomes, nano-
crystals can be combined with other technologies, such as liposomes, iz situ gels, and
polymeric surface coatings [105].

6.3 Commercial products

A list of selected NC-based commercial products is presented in Table 7. It is clear
that the currently successful NC-based products are mainly indicated for anti-infec-
tions and antipsychotic. They focus on addressing the poor drug bioavailability of the
existing drug or aiming to provide extended release profile for drugs of frequent and
chronic use.

7. Conclusion and perspectives

As compared to other nanotechnology-based formulation approaches, such as
liposome, polymeric or lipid-based solid nanoparticles, nanoemulsions, NC offers
unique advantages, particularly the ease of scale-up, extremely high drug load-
ing (up to 100%), the versatility for different dosage forms, and the capability of
being tailored into a long-acting drug product. Since the first new drug application
(NDA) of Gris-PEG (griseofulvin ultramicrosize) back in 1973, a rising trend can
be seen for the development and use of NCs [13]. The submissions for NCs drug
products comprise approximately 30% of all the applications in the recent two
decades, implying the explosive blossoming of NCs development. These submis-
sions cover a wide range of treatment indications and route of administration/dos-
age forms of NCs drug products. Currently, over 20 products are being marketed
and many more will enter the market in the foreseeable future.

To fully utilize the potential of NCs, a few aspects have been suggested [17]: (1)
To use NCs not only beyond the predominantly studied solubility enhancer, but also
as a drug delivery system for other small molecular drugs or macromolecules to be
anchored onto the crystals; (2) to understand in depth the underlying mechanism of
NCs cellular uptake and in vivo fate; (3) to develop hybrid NCs with environment-
sensitive dyes for bio-imaging purpose; and (4) to systematically assess NCs phar-
macokinetics, biodistribution, targeting effect, biocompatibility, immunogenicity,
therapeutic efficacy, and toxicity in vivo.

Acknowledgements

The authors acknowledge Dr. Shaukat Ali for his valuable suggestions.

Conflict of interest

The authors declare no conflict of interest.

31



Emerging Frontiers in the Dyug Formulation Design

Author details

Jiayi Chen*, Zhifeng Zhao, Bhuvanesh Yathavan, Abdur Mirajkar, Dongwei Guo
and Jingjun Huang

Ascendia Pharmaceuticals, Inc., North Brunswick, New Jersey, United States

*Address all correspondence to: jiayi.chen@ascendiapharma.com

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

32



Recent Advancement of Nanocrystal Dosage Forms
DOI: http://dx.doi.org/10.5772/intechopen.1007776

References

[1] Chogale MM, Ghodake VN,
Patravale VB. Performance parameters
and characterizations of nanocrystals: A
brief review. Pharmaceutics. 2016;8(3)

[2] Price DJ, Nair A, Kuentz M, Dressman J,
Saal C. Calculation of drug-polymer
mixing enthalpy as a new screening
method of precipitation inhibitors

for supersaturating pharmaceutical
formulations. European Journal of
Pharmaceutical Sciences. 2019;132:142-156

(3] Kumar S, Bhargava D, Thakkar A,
Arora S. Drug carrier systems for
solubility enhancement of BCS class II
drugs: A critical review. Critical Reviews

in Therapeutic Drug Carrier Systems.
2013;30(3):217-256

[4] Kalepu S, Nekkanti V. Insoluble
drug delivery strategies: Review
of recent advances and business

prospects. Acta Pharmaceutica Sinica B.
2015;5(5):442-453

[5] Sanghvi R, Evans D, Yalkowsky SH.
Stacking complexation by nicotinamide:
A useful way of enhancing drug
solubility. International Journal of
Pharmaceutics. 2007;336(1):35-41

[6] Janssens S, Van den Mooter G. Review:
Physical chemistry of solid dispersions.
The Journal of Pharmacy and
Pharmacology. 2009;61(12):1571-1586

[7]1 Couvreur P, Tulkens P, Roland M,
Trouet A, Speiser P. Nanocapsules: A

new type of lysosomotropic carrier. FEBS
Letters. 1977;84(2):323-326

[8] Crommelin DJ, Storm G. Liposomes:
From the bench to the bed. Journal of
Liposome Research. 2003;13(1):33-36

[9] Singh Y, Meher ]G, Raval K,
Khan FA, Chaurasia M, Jain NK, et al.
Nanoemulsion: Concepts, development

33

and applications in drug delivery. Journal
of Controlled Release. 2017;252:28-49

[10] Muller RH, Shegokar R, Keck CM.
20 years of lipid nanoparticles (SLN
and NLC): Present state of development
and industrial applications. Current

Drug Discovery Technologies.
2011;8(3):207-227

[11] Muller RH, Gohla S, Keck CM.
State of the art of nanocrystals--special
features, production, nanotoxicology
aspects and intracellular delivery.
European Journal of Pharmaceutics and
Biopharmaceutics. 2011;78(1):1-9

[12] Shegokar R, Muller RH.
Nanocrystals: Industrially feasible
multifunctional formulation
technology for poorly soluble actives.

International Journal of Pharmaceutics.
2010;399(1-2):129-139

[13] Chen ML, John M, Lee SL,

Tyner KM. Development considerations
for nanocrystal drug products. The AAPS
Journal. 2017;19(3):642-651

[14] Moschwitzer JP. Drug nanocrystals
in the commercial pharmaceutical
development process. International
Journal of Pharmaceutics.
2013;453(1):142-156

[15] Patel VR, Agrawal YK.
Nanosuspension: An approach to
enhance solubility of drugs. Journal of
Advanced Pharmaceutical Technology &
Research. 2011;2(2):81-87

[16] Lu Y, QiJ, Dong X, Zhao W, Wu W.
The in vivo fate of nanocrystals. Drug
Discovery Today. 2017;22(4):744-750

[171 Mohammad IS, Hu H, Yin L, He W.
Drug nanocrystals: Fabrication methods
and promising therapeutic applications.
International Journal of Pharmaceutics.
2019;562:187-202



Emerging Frontiers in the Dyug Formulation Design

[18] Surve DH, Jindal AB.
Recent advances in long-acting
nanoformulations for delivery of

antiretroviral drugs. Journal of
Controlled Release. 2020;324:379-404

[19] Sun B, Yeo Y. Nanocrystals for
the parenteral delivery of poorly
water-soluble drugs. Current Opinion
in Solid State & Materials Science.
2012;16(6):295-301

[20] Du], Li X, Zhao H, Zhou Y,

Wang L, Tian S, et al. Nanosuspensions
of poorly water-soluble drugs

prepared by bottom-up technologies.
International Journal of Pharmaceutics.
2015;495(2):738-749

[21] Morozova TI, Lee VE,
Panagiotopoulos AZ, Prudhomme RK,
Priestley RD, Nikoubashman A. On the
stability of polymeric nanoparticles
fabricated through rapid solvent mixing.

Langmuir. 2019;35(3):709-717

[22] Burgess DJ. Physical stability of
dispersed systems. In: Burgess D], editor.
Injectable Dispersed Systems. Boca
Raton, FL: CRC Press; 2019. pp. 1-37

[23] Tadros TF, B. V. Emulsion stability.
In: PB, editor. Encyclopedia of Emulsion
Technology. 1. New York: Dekker;

1983. pp. 130-278

[24] Rejman ], Oberle V, Zuhorn IS,
Hoekstra D. Size-dependent
internalization of particles via the
pathways of clathrin- and caveolae-
mediated endocytosis. The Biochemical
Journal. 2004;377 (Pt 1):159-169

[25] Chaurasiya B, Huang L, Du Y,

Tang B, Qiu Z, Zhou L, et al. Size-based
anti-tumoral effect of paclitaxel loaded
albumin microparticle dry powders for
inhalation to treat metastatic lung cancer
in a mouse model. International Journal
of Pharmaceutics. 2018;542(1-2):90-99

34

[26] Oh N, Park JH. Endocytosis

and exocytosis of nanoparticles in
mammalian cells. International Journal
of Nanomedicine. 2014;9(Suppl 1):51-63

[27] Sakai M, Imai T, Ohtake H,
Azuma H, Otagiri M. Effects of
absorption enhancers on the transport
of model compounds in caco-2

cell monolayers: Assessment by
confocal laser scanning microscopy.
Journal of Pharmaceutical Sciences.
1997;86(7):779-785

[28] Merisko-Liversidge E,

Liversidge GG, Cooper ER. Nanosizing:
A formulation approach for poorly-
water-soluble compounds. European
Journal of Pharmaceutical Sciences.
2003;18(2):113-120

[29] Juhnke M, Martin D, John E.
Generation of wear during the
production of drug nanosuspensions by
wet media milling. European Journal of

Pharmaceutics and Biopharmaceutics.
2012;81(1):214-222

[30]LiF,LiL, Wang S, Yang Y, Li ],

Liu D, et al. Improved dissolution and
oral absorption by co-grinding active
drug probucol and ternary stabilizers
mixtures with planetary beads-milling
method. Asian Journal of Pharmaceutical
Sciences. 2019;14(6):649-657

[31] Hattori Y, Haruna Y, Otsuka M.
Dissolution process analysis using model-
free Noyes-Whitney integral equation.
Colloids and Surfaces. B, Biointerfaces.
2013;102:227-231

[32] Chaurasiya B, Zhao YY. Dry
powder for pulmonary delivery: A
comprehensive review. Pharmaceutics.
2020;13(1)

[33] Jacob S, Nair AB, Shah J. Emerging
role of nanosuspensions in drug
delivery systems. Biomaterials Research.
2020;24:3



Recent Advancement of Nanocrystal Dosage Forms
DOI: http://dx.doi.org/10.5772/intechopen.1007776

[34] Ho R, Naderi M, Heng JY,
Williams DR, Thielmann F, Bouza P,

et al. Effect of milling on particle shape
and surface energy heterogeneity of

needle-shaped crystals. Pharmaceutical
Research. 2012;29(10):2806-2816

[35] Hagedorn M, Liebich L,
Bogershausen A, Massing U,

Hoffmann S, Mende S, et al. Rapid
development of API nano-formulations
from screening to production combining
dual centrifugation and wet agitator
bead milling. International Journal of
Pharmaceutics. 2019;565:187-198

[36] Ferreira A, Figueiredo D, Ferreira F,
Ribeiro B, Reis A, da Silva TL, et al.
Impact of high-pressure homogenization
on the cell integrity of tetradesmus
obliquus and seed germination.
Molecules. 2022;27(7)

[37] Pinar SG, Oktay AN, Karakucuk AE,
Celebi N. Formulation strategies

of nanosuspensions for various
administration routes. Pharmaceutics.

2023;15(5)

[38] Krause KP, Kayser O, Mader K,

Gust R, Muller RH. Heavy metal
contamination of nanosuspensions
produced by high-pressure
homogenisation. International Journal of
Pharmaceutics. 2000;196(2):169-172

[39] Salazar J, Ghanem A, Muller RH,
Moschwitzer JP. Nanocrystals:
Comparison of the size reduction
effectiveness of a novel combinative
method with conventional top-down
approaches. European Journal of

Pharmaceutics and Biopharmaceutics.
2012;81(1):82-90

[40] Ahmadi Tehrani A, Omranpoor MM,
Vatanara A, Seyedabadi M, Ramezani V.
Formation of nanosuspensions in
bottom-up approach: Theories and
optimization. Daru. 2019;27(1):451-473

35

[41] Wu CY, Wang W. Application of
antisolvent precipitation method for
formulating excipient-free nanoparticles

of psychotropic drugs. Pharmaceutics.
2022;14(4)

[42] Elmowafy M, Shalaby K,

Al-Sanea MM, Hendawy OM, Salama A,
Ibrahim MF, et al. Influence of stabilizer
on the development of luteolin
nanosuspension for cutaneous delivery:
An In vitro and In vivo evaluation.
Pharmaceutics. 2021;13(11)

[43] Awan AM, Farid A, Shah SU,

Khan D, Ur Rehman F, Dar M]J, et al.
Nanocrytals-mediated oral drug delivery:
Enhanced bioavailability of amiodarone.
Pharmaceutics. 2022;14(6)

[44] Thanh NT, Maclean N, Mahiddine S.
Mechanisms of nucleation and growth
of nanoparticles in solution. Chemical
Reviews. 2014;114(15):7610-7630

[45] Han X, Wang M, Ma Z, Xue P,
Wang Y. A new approach to produce
drug nanosuspensions CO,-assisted
effervescence to produce drug
nanosuspensions. Colloids and Surfaces.
B, Biointerfaces. 2016;143:107-110

[46] Misra SK, Pathak K. Supercritical
fluid technology for solubilization of
poorly water soluble drugs via micro-
and naonosized particle generation.
ADMET DMPK. 2020;8(4):355-374

[47] Park H, Kim JS, Kim S, Ha ES,

Kim MS, Hwang SJ. Pharmaceutical
applications of supercritical fluid
extraction of emulsions for micro-/
nanoparticle formation. Pharmaceutics.
2021;13(11)

(48] Kenth S, Sylvestre JP, Fuhrmann K,
Meunier M, Leroux JC. Fabrication of
paclitaxel nanocrystals by femtosecond
laser ablation and fragmentation.
Journal of Pharmaceutical Sciences.
2011;100(3):1022-1030



Emerging Frontiers in the Dyug Formulation Design

[49] Singh A, Kutscher HL, Bulmahn JC,
Mahajan SD, He GS, Prasad PN.

Laser ablation for pharmaceutical
nanoformulations: Multi-drug

nanoencapsulation and theranostics for
HIV. Nanomedicine. 2020;25:102172

[50]1LiY, Qi Y, Zhang H, Xia Z, Xie T,
Li W, et al. Gram-scale synthesis of
highly biocompatible and intravenous
injectable hafnium oxide nanocrystal
with enhanced radiotherapy efficacy
for cancer theranostic. Biomaterials.
2020;226:119538

[51] Zheng X, Zhang J, Zhang L,
Huangfu X, Li Y, Chen J. Controlled
preparation of curcumin nanocrystals
by detachable stainless steel microfluidic
chip. International Journal of
Pharmaceutics. 2024;663:124574

[52] Fontana F, Figueiredo P, Zhang P,
Hirvonen JT, Liu D, Santos HA.
Production of pure drug nanocrystals
and nano co-crystals by confinement
methods. Advanced Drug Delivery
Reviews. 2018;131:3-21

[53] Chan HK, Kwok PC. Production
methods for nanodrug particles using the
bottom-up approach. Advanced Drug
Delivery Reviews. 2011;63(6):406-416

[54] Rahim H, Sadiq A, Khan S, Khan MA,
Shah SMH, Hussain Z, et al. Aceclofenac
nanocrystals with enhanced in vitro,

in vivo performance: Formulation
optimization, characterization, analgesic
and acute toxicity studies. Drug

Design, Development and Therapy.
2017;11:2443-2452

[55] Xia D, Quan P, Piao H, Piao H,

Sun S, Yin Y, et al. Preparation of

stable nitrendipine nanosuspensions
using the precipitation-ultrasonication
method for enhancement of dissolution
and oral bioavailability. European

Journal of Pharmaceutical Sciences.
2010;40(4):325-334

36

[56] Ige PP, Baria RK, Gattani SG.
Fabrication of fenofibrate nanocrystals
by probe sonication method for
enhancement of dissolution rate and oral
bioavailability. Colloids and Surfaces. B,
Biointerfaces. 2013;108:366-373

[57] Pardhi E, Vasave R, Srivastava V,
Yadav R, Mehra NK. Nanocrystal
technologies in biomedical science: From
the bench to the clinic. Drug Discovery
Today. 2024;29(3):103913

[58] Soliman KA, Ibrahim HK,

Ghorab MM. Effects of different
combinations of nanocrystallization
technologies on avanafil nanoparticles:
In vitro, in vivo and stability evaluation.
International Journal of Pharmaceutics.
2017;517(1-2):148-156

[59] Ahire E, Thakkar S, Darshanwad M,
Misra M. Parenteral nanosuspensions:
A brief review from solubility
enhancement to more novel and specific
applications. Acta Pharmaceutica

Sinica B. 2018;8(5):733-755

[60] Zhang H, Hu H, Zhang H, Dai W,
Wang X, Wang X, et al. Effects of
PEGylated paclitaxel nanocrystals on
breast cancer and its lung metastasis.
Nanoscale. 2015;7(24):10790-10800

[61] Lu L, Xu Q, Wang J, Wu S,

Luo Z, Lu W. Drug nanocrystals for
active tumor-targeted drug delivery.
Pharmaceutics. 2022;14(4)

[62] Wang J, Muhammad N, Li T,
Wang H, Liu Y, Liu B, et al. Hyaluronic
acid-coated camptothecin nanocrystals
for targeted drug delivery to enhance
anticancer efficacy. Molecular
Pharmaceutics. 2020;17(7):2411-2425

[63] Gad SF, Park ], Park JE, Fetih GN,
Tous SS, Lee W, et al. Enhancing
docetaxel delivery to multidrug-resistant
cancer cells with albumin-coated
nanocrystals. Molecular Pharmaceutics.
2018;15:871-881



Recent Advancement of Nanocrystal Dosage Forms
DOI: http://dx.doi.org/10.5772/intechopen.1007776

[64] Park ], Park JE, Hedrick VE,
Wood KV, Bonham C, Lee W, etal. A
comparative In vivo study of albumin-

coated paclitaxel nanocrystals and
abraxane. Small. 2018;14(16):e1703670

[65] Shegokar R, Singh KK. Surface
modified nevirapine nanosuspensions for
viral reservoir targeting: In vitro and in
vivo evaluation. International Journal of
Pharmaceutics. 2011;421(2):341-352

[66] Talekar M, Ganta S, Amiji M,
Jamieson S, Kendall ], Denny WA, et al.
Development of PIK-75 nanosuspension
formulation with enhanced delivery
efficiency and cytotoxicity for targeted
anti-cancer therapy. International Journal
of Pharmaceutics. 2013;450(1-2):278-289

[67]1 Liu F, Park JY, Zhang Y, Conwell C,
Liu Y, Bathula SR, et al. Targeted cancer
therapy with novel high drug-loading
nanocrystals. Journal of Pharmaceutical
Sciences. 2010;99(8):3542-3551

[68] Choudhury H, Gorain B, Pandey M,
Kumbhar SA, Tekade RK, Iyer AK,

et al. Recent advances in TPGS-based
nanoparticles of docetaxel for improved
chemotherapy. International Journal of
Pharmaceutics. 2017;529(1-2):506-522

[69] Shubar HM, Dunay IR,

Lachenmaier S, Dathe M, Bushrab FN,
Mauludin R, et al. The role of
apolipoprotein E in uptake of atovaquone
into the brain in murine acute and
reactivated toxoplasmosis. Journal of
Drug Targeting. 2009;17(4):257-267

[70] Fan Y, Hao W, Cui Y, Chen M,
Chu X, Yang Y, et al. Cancer cell
membrane-coated nanosuspensions for

enhanced chemotherapeutic treatment of
glioma. Molecules. 2021;26(16)

[71] Fan Y, Cui Y, Hao W, Chen M, Liu Q,
Wang Y, et al. Carrier-free highly drug-
loaded biomimetic nanosuspensions
encapsulated by cancer cell membrane
based on homology and active targeting

37

for the treatment of glioma. Bioactive
Materials. 2021;6(12):4402-4414

[72] Noh JK, Naeem M, Cao J, Lee EH,
Kim MS, Jung Y, et al. Herceptin-
functionalized pure paclitaxel
nanocrystals for enhanced delivery

to HER2-postive breast cancer cells.
International Journal of Pharmaceutics.

2016;513(1-2):543-553

[73] Fernandez-Caballero A, Gémez FJ,
Lépez-Lépez J. Road-traffic monitoring
by knowledge-driven static and dynamic
image analysis. Expert Systems with
Applications. 2008;35(3):701-719

[74] Kaasalainen M, Aseyev V, von
Haartman E, Karaman DS, Makila E,
Tenhu H, et al. Size, stability, and
porosity of mesoporous nanoparticles
characterized with light scattering.
Nanoscale Research Letters.
2017;12(1):74

[75] Brar SK, Verma M. Measurement
of nanoparticles by light-scattering
techniques. TrAC Trends in Analytical
Chemistry. 2011;30(1):4-17

[76] Lim J, Yeap SP, Che HX, Low SC.
Characterization of magnetic
nanoparticle by dynamic light

scattering. Nanoscale Research Letters.
2013;8(1):381

[77]1 Young TJ, Mawson S, Johnston KP,
Henriksen IB, Pace GW, Mishra AK.
Rapid expansion from supercritical to
aqueous solution to produce submicron
suspensions of water-insoluble

drugs. Biotechnology Progress.
2000;16(3):402-407

(78] Danley RL. New heat flux DSC
measurement technique. Thermochimica
Acta. 2002;395(1-2):201-208

[79] Hu L, Kong D, Hu Q, Gao N, Pang S.
Evaluation of high-performance curcumin
nanocrystals for pulmonary drug delivery



Emerging Frontiers in the Dyug Formulation Design

both in vitro and in vivo. Nanoscale
Research Letters. 2015;10(1):381

[80] Jahangir MA, Imam SS, Muheem A,
Chettupalli A, Al-Abbasi FA,

Nadeem MS, et al. Nanocrystals:
Characterization overview, applications
in drug delivery, and their toxicity
concerns. Journal of Pharmaceutical
Innovation. 2020;17:237-248

(81] Daum N, Tscheka C, Neumeyer A,
Schneider M. Novel approaches for drug
delivery systems in nanomedicine: Effects
of particle design and shape. Wiley
Interdisciplinary Reviews. Nanomedicine
and Nanobiotechnology. 2012;4(1):52-65

[82] Yuan-biao X, Peng-fei Y, Ji-xiu D,
Jun-nan X, Qin Z, Ming Y. Research
progress of in vitro release evaluation
methods for nano preparation.
Chinese Pharmaceutical Journal.
2016;51(11):861-866

[83] Kesisoglou F, Panmai S, Wu Y.
Nanosizing--oral formulation
development and biopharmaceutical
evaluation. Advanced Drug Delivery
Reviews. 2007;59(7):631-644

[84] Wu Y, Loper A, Landis E, Hettrick L,
Novak L, Lynn K, et al. The role of
biopharmaceutics in the development

of a clinical nanoparticle formulation of
MK-0869: A beagle dog model predicts
improved bioavailability and diminished
food effect on absorption in human.
International Journal of Pharmaceutics.
2004;285(1-2):135-146

[85] Gao Y, Li Z, Sun M, Guo C,

Yu A, XiY, et al. Preparation and
characterization of intravenously
injectable curcumin nanosuspension.
Drug Delivery. 2011;18(2):131-142

[86] Ganta S, Paxton JW,

Baguley BC, Garg S. Formulation
and pharmacokinetic evaluation

of an asulacrine nanocrystalline
suspension for intravenous delivery.

38

International Journal of Pharmaceutics.
2009;367(1-2):179-186

[87] Rabinow B, Kipp J, Papadopoulos P,
Wong ], Glosson ], Gass J, et al.
Itraconazole IV nanosuspension
enhances efficacy through altered
pharmacokinetics in the rat.
International Journal of Pharmaceutics.
2007;339(1-2):251-260

[88] Ben Zirar S, Astier A, Muchow M,
Gibaud S. Comparison of nanosuspensions
and hydroxypropyl-beta-cyclodextrin
complex of melarsoprol: Pharmacokinetics
and tissue distribution in mice.

European Journal of Pharmaceutics and
Biopharmaceutics. 2008;70(2):649-656

(891 Shi Y, Lu A, Wang X, Belhadj Z,
Wang J, Zhang Q. A review of existing
strategies for designing long-acting
parenteral formulations: Focus on
underlying mechanisms, and future

perspectives. Acta Pharmaceutica
Sinica B. 2021;11(8):2396-2415

[90] Kirby T. Long-acting injectable for
HIV approved for use in the UK. The
Lancet Infectious Diseases. 2022;22(1):26

[91] Britland S, Finter W, Chrystyn H,
Eagland D, Abdelrahim ME. Droplet
aerodynamics, cellular uptake, and
efficacy of a nebulizable corticosteroid
nanosuspension are superior to a
micronized dosage form. Biotechnology
Progress. 2012;28(5):1152-1159

[92] Ali HS, York P, Ali AM, Blagden N.
Hydrocortisone nanosuspensions for
ophthalmic delivery: A comparative
study between microfluidic
nanoprecipitation and wet milling.
Journal of Controlled Release.
2011;149(2):175-181

[93] Gupta S, Samanta MK, Raichur AM.
Dual-drug delivery system based on

in situ gel-forming nanosuspension

of forskolin to enhance antiglaucoma



Recent Advancement of Nanocrystal Dosage Forms
DOI: http://dx.doi.org/10.5772/intechopen.1007776

efficacy. AAPS PharmSciTech.
2010;11(1):322-335

[94] Yu Q, Wu X, Zhu Q, Wu W,
Chen Z, LiY, et al. Enhanced
transdermal delivery of meloxicam
by nanocrystals: Preparation, in
vitro and in vivo evaluation. Asian
Journal of Pharmaceutical Sciences.
2018;13(6):518-526

[95]MaL,HeY, BaiL, LiM, Sui X, Liu B,

et al. Preclinical studies of a high drug-

loaded meloxicam nanocrystals injection

for analgesia. Colloids and Surfaces. B,
Biointerfaces. 2022;218:112777

[96] Liang H, Zou F, Liu Q, Wang B,
FuL, Liang X, et al. Nanocrystal-loaded
liposome for targeted delivery of
poorly water-soluble antitumor drugs
with high drug loading and stability
towards efficient cancer therapy.

International Journal of Pharmaceutics.
2021;599:120418

[97] Gao Y, Vogus D, Zhao Z, He W,
Krishnan V, Kim J, et al. Injectable
hyaluronic acid hydrogels encapsulating
drug nanocrystals for long-term
treatment of inflammatory arthritis.
Bioengineering & Translational
Medicine. 2022;7(1):€10245

[98] Jucker BM, Alsaid H, Rambo M,
Lenhard SC, Hoang B, Xie F, etal.
Multimodal imaging approach to
examine biodistribution kinetics of
cabotegravir (GSK1265744) long acting
parenteral formulation in rat. Journal of
Controlled Release. 2017;268:102-112

[99] Puligujja P, Balkundi SS,

Kendrick LM, Baldridge HM, Hilaire JR,

Bade AN, et al. Pharmacodynamics
of long-acting folic acid-receptor
targeted ritonavir-boosted atazanavir
nanoformulations. Biomaterials.
2015;41:141-150

39

[100] Zhu Y, Fu'Y, Zhang A, Wang X,
Zhao Z, Zhang Y, et al. Rod-shaped
nintedanib nanocrystals improved
oral bioavailability through multiple

intestinal absorption pathways. European

Journal of Pharmaceutical Sciences.
2022;168:106047

[101] Donia M, Osman R, Awad GAS,
Mortada N. Polypeptide and
glycosaminoglycan polysaccharide as
stabilizing polymers in nanocrystals
for a safe ocular hypotensive effect.
International Journal of Biological
Macromolecules. 2020;162:1699-1710

[102] Masuda S, Deguchi S, Ogata F,
Yoshitomi J, Otake H, Kanai K, et al.
Nasal absorption enhancement of
mometasone furoate nanocrystal
dispersions. International Journal of
Nanomedicine. 2023;18:5685-5699

[103] Ahmed IS, Elnahas OS, Assar NH,
Gad AM, El Hosary R. Nanocrystals

of fusidic acid for dual enhancement
of dermal delivery and antibacterial
activity: In vitro, ex vivo and In vivo
evaluation. Pharmaceutics. 2020;12(3)

[104] Alotaibi MR, Fatani AJ,
Almnaizel AT, Ahmed MM,
Abuohashish HM, Al-Rejaie SS. In
vivo assessment of combined effects of
glibenclamide and losartan in diabetic
rats. Medical Principles and Practice.
2019;28(2):178-185

[105] Rossier B, Jordan O, Allemann E,
Rodriguez-Nogales C. Nanocrystals
and nanosuspensions: An exploration
from classic formulations to advanced
drug delivery systems. Drug

Delivery and Translational Research.
2024;14:3438-3451






Chapter 3

Nanoengineered Microneedles: A
Versatile Targeted Delivery System
for Theragnostic Applications

Mansi Singh and Rahul Shukla

Abstract

Microneedles (MNs) have been used as active drug delivery carriers by precisely
delivering drugs to the targeted site along with minimal tissue destruction. Earlier,
MNs were used for the delivery of drugs to the transdermal site; now they are used as
drug delivery carriers to the solid tumor site, mucosal, ophthalmic, and other organ
site-specific drug delivery. MNs are considered a boon for trans-barrier delivery
because other drug delivery routes, such as systemic and parenteral, face challenges
by limiting the optimum amount of drug reaching the skin or other barrier-contain-
ing organs. Hence, MN-mediated drug delivery enhances permeation and improves
brain and transdermal delivery of drugs by ciliary nasal clearance and crossing the
nasal barrier. The current book chapter mainly focuses on the recent advancements
in the area of MN-based drug delivery carriers into various parts of the body, their
theragnostic applications, mainly the organs containing barriers, and encounters with
delivery challenges has been discussed. Also, the comprehensive overview of MN
types, fabrication polymers, mechanisms of drug release, effectiveness, and advan-
tages over conventional delivery systems have been summarized.

Keywords: MNs, nanoformulations, therapeutics, diagnostics, MN types, drug delivery

1. Introduction

Nanoengineered MNs are an innovative approach in the field of theragnostic,
which blends therapeutic and diagnostic features on a single platform. These sophis-
ticated MNs include nanotechnology to boost their efficiency, providing a diverse
and successful way for targeted medication delivery and application in diagnosis
[1]. MNs are tiny threads that range in length from 50 to 950 mm and are meant to
penetrate the skin’s outermost layer, the corneal layer, without reaching nerve end-
ings. This enables medicine delivery with the least discomfort and minimal suffering.
Nanoengineering upgrades this technology by adding nanomaterials (NMs) and
precision manufacturing methods, resulting in increased performance and versatil-
ity [2]. Arguably the most notable benefit of nanoengineered MNss is their ability to
deliver medication with pinpoint accuracy. Traditional medication delivery strategies,
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such as oral or intravenous ingestion, frequently encounter problems such as vari-
able absorption rates, systemic adverse effects, and compliance from patient issues.
MNs, on the other hand, can avoid these issues by dispensing drugs in a limited and
regulated manner [3]. MNs can be constructed to transport a variety of therapeutic
agents, including small-molecule medicines and biologics like vaccines and monoclo-
nal antibodies [4]. The use of MNs facilitates the development of MNs with superior
mechanical properties, drug-encapsulating information, and controlled release
profiles. For example, biodegradable polymer MNs can release therapeutic payloads
over time, eliminating the requirement for frequent administration [5]. Alongside
medication administration, nanoengineered MNs are making great progress in diag-
nostic applications. These MNs can be equipped with nanosensors or functionalized
with specific molecules to detect biomarkers linked to certain diseases. This integra-
tion allows for real-time monitoring of physiological parameters and early diagnosis
of illnesses, including diabetes, infection, and cancer [6]. MNs fitted with glucose
sensors, for example, can provide diabetic patients with continuous glucose monitor-
ing, giving them real-time input on their blood sugar levels and eliminating the need
for repeated finger pricking [7]. Similarly, MNs loaded with antibodies can identify
specific bacteria or cancer signals in interstitial fluid, which may offer a less intrusive
and more accessible way of detection than traditional blood testing [8].

2. The versatility of nanoengineered MNs

i.Multimodal delivery systems - Nanoengineered MNs have been constructed to
perform numerous functions concurrently, making them extremely versatile;
for example, MNs can be designed to deliver a combination of pharmaceuticals
and diagnostic chemicals [9]. This dual capacity is especially valuable in situ-
ations when monitoring and therapy must be synchronized. MNs array might
administer a drug while collecting samples for diagnostic tests, such as measur-
ing glucose levels in diabetic patients or tracking blood biomarkers for chronic
conditions [7].

—-

ii. Tailored drug release -The architecture of nanoengineered MNs permits highly
adjustable medication release characteristics. Researchers can construct con-
trolled mechanisms for drug delivery by altering the material and structure of
MNs—either slowly over time or in response to specific physiological cues [10].
This adaptability is useful for treating chronic illnesses that require sustained
release, such as hormone therapies or anticancer medication. In contrast, MNs
can be developed for quick release in emergency conditions, providing custom-

ized therapeutic responses [11].

—-

iii. Difficult but hands-off solution - MNs provide a noninvasive complement
to typical injection procedures, which reduces patient discomfort and boosts
compliance. The precision of MNs ensures that just the outer layer of skin is
penetrated, avoiding nerve endings and reducing pain. This noninvasive prop-
erty qualifies MNs for use in immunization, cosmetic treatment, and continuous

health monitoring, all of which prioritize patient comfort [12].

iv. Customized medicine - MNs may be tailored to suit each patient’s specific needs,
which is a key component of personalized treatment. MNs, for example, can be
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programmed to give drug doses tailored to each person’s genetic or metabolic
profile. This technique improves treatment efficacy while avoiding side effects
by tailoring the drug delivery mechanism to each patient’s specific needs [13].

3. Manufacturing methods for creating MN-based thermosensors

Micro-Electro-Mechanical Systems (MEMS) are the most promising technology
for creating perfect MN designs since it allows MNs to be manufactured accurately
and uniformly to make precision devices. Originally, MNs were created by etching
arrays of micron-sized needles into silicon using standard microfabrication tech-
niques [14]. They were then developed using a range of materials, including metals
like titanium and stainless steel as well as ceramic, glass, polydimethylsiloxane
(PDMS), dextrin, and polymers [15]. Other techniques utilized in the production of
MNs include laser cutting, micro-molding, 3D printing, lithography, photolithog-
raphy, and cutting [16]. MN types in various therapeutic applications are explained
graphically in Figure 1.

3.13D printing

MNs’ commercialization and clinical applications have been delayed because of
the high cost and intricate synthesis processes [17]. As a result, not only can MNs
be fabricated using the 3D printing technology in a single step (print and fill), but
personal customization is also feasible [15]. This method, which creates MNs with a
variety of forms and geometries, is based on a computer-aided drug creation model
that puts the material selectively layer by layer [18]. A range of 3D printing tech-
niques, including sheet lamination, photopolymerization, material extrusion, powder
bed fusion, and binder jetting, is provided to create adaptable MNs for a variety of
uses in the medical field [19].
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Figure 1.
MN types in various therapeutic applications.

43



Emerging Frontiers in the Drug Formulation Design

3.2 Photolithography

Photolithographic processes in microelectronic technology require spin-coating
a liquid photosensitive polymer, called photographs resist, onto a substrate, which is
subsequently heated to a solid state. After that, the photoresist is exposed to UV light
through a mask, simulating the structure’s design [20]. Typically, a design is made
(known for the main pattern) and is utilized to build a pattern of holes by replicating
it onto a thin substrate, usually a silicon wafer [21]. It uses a UV-visible light radiation
source to transfer a predetermined shape from the photomask to the substrate, which
is often coated beforehand with a photosensitive substance, in order to create hollow
MNs [22].

3.3 Etching

This technique involves slicing exposed portions of solid material with a strong
liquid (acid) or by hand in order to create a pattern [23]. Dry and wet etching are
two of the various etching procedures; the use depends on the building material and
the kind of MNs to be produced [24]. While gas is used in dry etching, which is more
costly and necessitates techniques like vapor phase or plasma etching, the wet etch-
ing technique uses a liquid to remove the layers from the MN’s surface to create the
desired shape [25]. MNs were created in a study by utilizing a dry reactive ion etching
method with a chromium masking substance [26].

3.4 Cutting

Using CAD software, solid MNs are laser-cut to the required size and shape for
the fabrication of stainless steel sheets. This hard material (silicon) MN production
process is rarely widely employed since the product deteriorates due to the equip-
ment’s metal blades [27]. MNs are created by electropolishing, which speeds up
drug permeation and minimizes the amount of time needed for MN insertion, or by
manually bending the MN structure after metal has been cut with an infrared laser
[28]. The beam adopts the shape of a needle, cleaning the needle with hot water and
bending it at a 90-degree angle before electropolishing it with compressed air to
reduce its breadth or sharpen its tips. Consequently, this method—known as 3D laser
cutting—uses a laser to cut [19].

4. Utilization of MNs in theragnostic

The incorporation of MNs into wearable devices marks a significant development
in continuous health monitoring. Smart patches or wearable devices with MNs can
measure a variety of health parameters in real time. For example, a wearable patch
with glucose-sensing MNs can continually monitor blood sugar levels and automati-
cally alter insulin supply. Similarly, MN patches can monitor hydration, electrolyte
balance, and even detect early signs of infection or inflammation. MNs can be incor-
porated into intelligent medication delivery devices that respond to changing physi-
ological parameters. MNs embedded with sensors might detect specific biomarkers
and release medication only when necessary [29].

This clever strategy guarantees that medication is administered precisely when
needed, optimizing therapeutic outcomes and reducing unnecessary drug exposure.
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MNs can perform both diagnostic and therapeutic activities in a single device, result-
ing in a comprehensive theragnostic tool. The device could be built to detect cancer
biomarkers while also administering targeted treatment. This integration enables
real-time monitoring of disease progression and quick therapeutic action, which
improves treatment efficacy and patient outcomes. The use of MNs in remote health
monitoring systems contributes to the emerging field of telemedicine. MN-based
devices can collect health information and send it to healthcare specialists for remote
analysis. This capacity is especially useful for controlling chronic disease or for remote
and underserved locations where access to healthcare institutions may be restricted
[30]. In an emergency, MNs can provide quick, on-demand remedies. MNs developed
for administering emergency drugs, epinephrine for anaphylaxis, or naloxone for
opioid overdose, can be delivered swiftly. MNs are perfect for integrating into first-
aid kits or emergency response equipment due to their small size and ease of use.
Snakebite infestation is a WHO priority neglected disease that causes numerous local
and systemic harmful consequences. Recent research has found certain pharmaco-
logical targets that, when administered parentally. Based on the information that is at
present accessible, it is hypothesized that a formulation of treatments applied inter-
nally through convenient, self-administered MNs will either hinder the lymphatic
drainage transit and absorption of HMw venom toxins into the bloodstreams or
inhibit the mechanistic pathway of LMw toxins. This formulation might thus be more
beneficial for pre-hospital management shortly after a snakebite than PBI alone [31].

5. Advanced design and functionality

i.NM integration - The use of NM with MN technology has greatly improved its
performance. Material including gold NPs, carbon nanotubes, and silica NPs are
used to change the physical and chemical properties of MNs. These materials
lead to several significant improvements [32]. NPs can encapsulate medications
more effectively than traditional approaches. They enable regulated release
profiles, which involve delivering medication at a consistent pace over time or in
response to specified stimuli. This is especially useful for treatments that require
prolonged release, such as hormone therapy or vaccinations. NM can increase
MN’s mechanical strength and flexibility, making them less likely to break or
bend during insertion. Silicon-based MNs can be coated with tiny layers of NMs
to improve endurance while retaining sharpness for efficient penetration. The
functionalization of nanoparticles enables tailored medication delivery. Drugs
can be precisely delivered to the cells or tissues of interest by attaching specific
ligands or antibodies to MNs. This targeting lowers off-target effects while
increasing treatment efficacy [33].

ii. MN array - MNs can be assembled in a variety of arrangements, such as arrays
or patches, to increase their functionality. Arrays are made up of several MNs
placed in a grid pattern, allowing for the delivery of multiple drugs at the same
time or complete interstitial fluid sampling [34]. Advanced MN arrays are
designed to penetrate various skin levels, enabling both superficial and deeper
drug administration [35].

iii. Self-dissolving MNs - They are a novel approach to MN technology. These are
constructed of biocompatible materials that disintegrate after being inserted
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into the skin, releasing the drug payload. This removes the need for needle
removal, lowers the danger of infection or discomfort, and makes the procedure
more convenient for patients. Researchers created sdMN and found that this
approach has great immunization effectiveness in both mice and humans. To
understand the process of immune response induction, which is the basis for the
efficiency and safety [36].

6. Current advancements in nanoengineered MNs

Nanoengineered MNs represent an evolutionary shift in biomedical technology,

providing novel options for therapeutic and diagnostic purposes. These innovative
technologies, distinguished by their small size and exquisite engineering, are on the
verge of changing healthcare by combining minimal invasiveness with high efficiency
[27]. This thorough examination dives into current breakthroughs in nanoengineered
MNs, emphasizing their diverse roles in modern medicine and their potential to
influence the future of healthcare. Diagnostic-therapeutic potential of MNs is given
in Table 1.

6.1 Therapeutic approach

46

i. Vaccine delivery - The development of nanoengineered MNs has transformed
vaccine delivery, overcoming various constraints associated with traditional
vaccination methods [52]. Traditional vaccine administration, often by intra-
muscular injections, is often uncomfortable and needs competent staff. MNs
represent a promising option that is both less intrusive and maybe more effec-
tive. MNs improve vaccine administration by forming microchannels in the
skin’s outer layer, allowing antigens to interact directly with immune cells in the
epidermis and dermis. This interaction may result in a stronger immunological
response than typical injection approaches. Studies have shown that MN-based
vaccine delivery can dramatically improve vaccine immunogenicity, as seen by
better immune responses to influenza and hepatitis B vaccines. One of the most
distinguishing qualities of MNs is their ease of use. MN patches can be self-
administered, decreasing the requirement for healthcare personnel and increas-
ing vaccine availability. This trait is especially useful in mass immunization efforts
and remote places where healthcare services are limited [53]. MN patches have
been demonstrated to improve vaccination coverage and compliance due to their
ease of usage. Recent advancements include MNs intended for COVID-19 vacci-
nations, which have demonstrated encouraging effects in preclinical trials. These
MNs not only administer the vaccine effectively, but they also stimulate a power-
ful immune response while minimizing pain and suffering. Current clinical trials
are evaluating the effectiveness of MN-based vaccines in real-world conditions.

ii. Drug delivery - The creation of nanoengineered MNs had a significant impact on

drug delivery, opening up new opportunities for precise and regulated admin-
istration of medicinal substances [54]. MNs can be designed to release medica-
tions at a controlled rate, which is critical for therapies that require continuous
or scheduled release. For example, MNs constructed of biodegradable polymers
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S.No. MNs

Material/ Disease

Therapeutics

Outcome

Reference

1 5- amino
levulinate-
dissolving MN
patches

Sodium Cancer

hyaluronate

Tips loaded with
5-aminolevulinic MNs
demonstrated a higher
melanoma inhibitory rate
(97%) than parenteral
formulation (66%) when
compared to injectable
formulation. This is because
of the unique properties
of MNs, which allow

the drug to be delivered
at the appropriate time
and amount by creating
microchannels in the
skin, increasing the drug’s
bioavailability.

[37]

2 Hydrogel MN
patch

HA Diabetes

Showed regulated release
throughout a 24-hour
period, while the oral
dosage only produced a
4-hour therapeutic effect.

3 Dissolvable MN

HA Rheumatoid
arthritis

Transepidermal drug
delivery, which enhances
biocompatibility and has
strong anti-inflammatory
efficacy in mice

4 MN patch

HA Obesity

More effective than the
traditional technique, the
delivery of caffeine along
with HA in the form of an
MN patch enhances the
solubility of caffeine in the
formulation and inhibits
crystal formation.

[40]

5 Hydrogel MN

HA Rheumatoid
arthritis

In 90% of mice, the creation
of hydrogel MN for DTA6
administration showed an
improvement in aptamer
stability for up to 72 hours,
protecting the joints and
bones from erosion in
collagen-induced arthritis.

(41]

6 DissolvingMN

Obesity

A research study created
MN of rosiglitazone, a
browning agent that,
because of the presence of a
f-3 adrenoreceptor agonist
that releases the medication
gradually, changes WAT
into BAT for the treatment
of obesity.

(42]
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S.No. MNs

Material/
Therapeutics

Disease

Outcome

Reference

7 Solid MNs

Neurological
disorder

In one study, topical

4% lidocaine cream
displayed its therapeutic
effect after 60 minutes,

but pretreatment of the
skin with solid MNs

loaded with lidocaine
generated anesthesia in just
30 minutes.

(43]

8 Dissolving MNs

Neurological
disorder

Some transdermal local
anesthetics (bupivacaine,
lidocaine, etc.] blocked
sodium channels and
resulted in numbness in
the skeletal muscles when
applied repeatedly. By
releasing MNs patches
into the affected area,
CGRP8-37, an anti-CGRP
peptide, was administered
without systemic exposure
or negative effects.

[44]

9 Stainless steel
MN

Pilocarpine

Ophthalmic

According to a study,
injecting stainless steel
MN laden with pilocarpine
intrasclerally increased
the absorption rate by 45
times.

(45]

10 Hollow MNs

Sulforhodamine

Ophthalmic

Hollow MNs combined
with sulforhodamine;

the MN array was

created using borosilicate
micropipette tubes, which
have a 10-35 pL drug
administration limit.

11 Dissolvable MNs

Artemether and
lumefantrine

Malaria

The preferred treatments
for malaria are
lumefantrine (LUM) and
artemether (ART), yet they
have drawbacks such as
hydrophobicity and poor
oral absorption. In order
to improve bioavailability,
dissolvable MNs
containing the medication
in micro-suspension were
created, and MN-LUM was
shown to be more effective
in controlling transdermal
administration than oral
therapy.

[47]
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S.No. MNs Material/ Disease Outcome Reference
Therapeutics

12 MNs array Artemether Malaria The MNs array was [48]
co-loaded created by the solvent
lumefantrine casting process with
nanoparticles co-loaded lumefantrine

nanoparticles loaded
with artemether. The
study showed that the
array was completely
permeated, showing drug
release up to 60-70%
with a 6-month stability
period that extended

the release to 24 hours.
Therefore, when it

came to transepidermal
distribution of BCS class
IT and IV medicines,

MNs outperformed oral
administration in terms of
efficiency and safety.

13 Swellable MNs HA Ophthalmic Swellable MNs aided [37]
by methacrylate HA
(MEHA) were created
to quickly extract almost
1.4 mg of ISF for the
detection of metabolites
like hyperglycemia and
cholesterol.

14 Hydrogel MNs Poly-1-lysine Malaria The skin’s immunological [49]
cells are tracked by
multifunctional antibodies
(MNs). For example,
the skin was treated
with Poly-l-lysine MNs,
which have an alginate
hydrogel surface coated
in immunological
adjuvants and antigens.
Leukocytes penetrate the
hydrogel layer, activate
the adjuvants present in
the MN, and attract T-cells
for additional analysis.
Another study used
hydrophilic hollow MNs
(MNs) to rapidly identify
protein biomarkers
in interstitial fluid,
particularly Plasmodium
falciparum histidine-rich
protein 2, a biomarker for
malaria.
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S.No. MNs Material/ Disease Outcome Reference
Therapeutics
15 MN-based Iridium oxide layer  Infection To detect in vivo [50]
Sensors concentrations of p-lactam

antibiotics, MN-based
biosensors are coated with
a pH-sensitive iridium
oxide layer on the electrode
surface. These biosensors
are stable and sterilizable
for up to two weeks at 20°C.
The lactamase enzyme
mounted on the electrode
surface hydrolyzes the
lactam ring, causing a
change in local pH that the
biosensor measures.

16 Coated MNs PDMS Ophthalmic Showed that traditional [51]
MNs placed in people for
extended periods of time
have a danger of breaking
due to stress or motion; as a
result, researchers created
and assessed porous,
PDMS matrix MN with an
HA coating. Additionally,
they demonstrated the
effectiveness of flexible
MNs in collecting ISF via
compression for ongoing
glucose monitoring both in
vitro and in vivo (mouse).

17 MN array PLGA Rheumatoid TotreatRA, a [38]
arthritis methotrexate-loaded
MN array with PLGA
microspheres of folic
acid was developed to
boost methotrexate’s
bioavailability and allow for
dosage reduction.

Table 1.
Diagnostic-therapeutic potential of MNs.

can gradually release medications over time, reducing the frequency of admin-
istration [34]. This method has been used for hormone therapy, such as insulin
delivery for diabetes control, in which maintaining consistent medication levels
is critical for optimal treatment. The detachable dissolving MNs (DDMNs) have
an array of needles that can be removed using the administration of the founda-
tion sheet. Here, researchers were established to tackle the problems of insulin
storage stability and delivery efficiency [55]. More theragnostic application of
MNs using NIR irradiation to treat tumors is explained in Figure 2.

MNs have a huge benefit in that they may deliver drugs to places within the body.
Drugs can be delivered to specific cells or tissues, such as cancer cells or inflammatory
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Figure 2.
Theragnostic application of MNs using NIR irvadiation to treat tumors.

areas, by loading MNs with targeting ligands or antibodies. This focused strategy
reduces systemic exposure and potential negative effects, which improves therapeutic
efficacy. For example, MNs coated with antibodies targeting tumor-specific antigens
have demonstrated potential in delivering chemotherapeutic drugs directly to cancer
cells [56].

MNs have been studied for localized pain relief, providing an alternative to
systemic pain medicines. MNs administer analgesics directly to the source of pain,
resulting in localized alleviation with minimal systemic effects. This method is espe-
cially useful for controlling chronic pain problems like arthritis, when traditional pain
management strategies may be ineffective or have substantial adverse effects. Castilla-
Casadiego et al. developed and tested a chitosan MN patch for transdermal delivery
of meloxicam to treat pain in cattle. Chitosan and chitosan/meloxicam MN patches
were assessed for chemical composition, physical homogeneity, skin penetration, and
thermal and thermo-mechanical reaction. MN patches were made with varied acetic
acid concentrations: 92 (v/v), 52 (v/v), and 15% (v/v). Additionally, drug release was
evaluated by modeling varying percentages of skin penetration and the number of
MNs on the patch. Scanning electron microscopy confirmed that MNs were equally
distributed on the patch surface for each proportion of acetic acid applied. The MN
patches successfully penetrated the skin in a cow’s cadaver ear. The average depth
of penetration assessed following complete dehydration of the penetrated skin was
78 + 1 pm. Higher acetic acid percentages in chitosan and chitosan/meloxicam MN
patches resulted in increased compressive force resistance at higher temperatures [57].

Recent innovations include MN patches that deliver anti-inflammatory medicines
or local anesthetics transdermally. These patches provide a noninvasive and effec-
tive solution to treat problems such as dermatitis and post-surgical discomfort. The
development of MNs for hormone replacement therapy demonstrates their usefulness
in treating a variety of chronic illnesses. Ropivacaine hydrochloride (RPL) is a local
anesthetic commonly used to alleviate pain during or after surgery. However, this
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medicine is only accessible in parenteral form and may aid in the infiltration of RPL
into the plasma, resulting in certain unwanted side effects. Intradermal delivery of
RPL using dissolving MNs could be a promising technique for delivering such medi-
cations to the epidermis. The researcher created RPL-loaded dissolving MNs (DMN-
RPLs) to demonstrate the concept of intradermal delivery of a local anesthetic. The
DMN-RPLs were created utilizing either centrifugation or air-pressurized chamber
techniques. The DMN-RPLs were made using a variety of polymers, including PVP,
PVA, and SH. Thermal characteristics, chemical bonding, mechanical strength,
insertion ability, skin-dissolving studies, and drug content were all evaluated on the
manufactured DMN-RPLs [58].

For ocular delivery - The sclera is a matrix embedded with a network of randomly
ordered collagen fibers that functions as one of the primary static barriers of the eye
and prevents drug molecules from penetrating. The choroid-Bruch’s membrane, the
sclera, and pigments like melanin all operate as strong static barriers that prevent big
molecules from entering the vitreous humor or the site of action. To improve the pen-
etration of medications through tissues, numerous permeation enhancers have been
studied. These compounds’ primary drawback is that they irritate the tissues of the
eyes, and there are still concerns about biocompatibility and ocular safety. Physical
elements like iontophoresis or sonication can improve the penetration of medications
through the sclera [25]. The principles of cavitation and vibration underlie sonica-
tion’s operation. The disintegration of polymeric MNs may be aided or accelerated by
the vibrations produced during sonication. As a result, it helps medicines penetrate
the sclera more quickly. Iontophoresis improves the electrostatic force-driven molecu-
lar diffusion in a similar manner. Enhancing and controlling the flow of molecules
across the barrier is largely dependent on the electrical charge on the molecules. In the
presence of an electric charge, iontophoresis increases the penetration of ionized sub-
stances through the sclera. These techniques in conjunction with MNs would improve
macromolecule penetration, including oligopeptides, peptides, and proteins [59].

iii. Cosmetic applications - MNs have applications beyond traditional medicine,
including dermatological and cosmetic therapies. Their capacity to improve the
delivery of skincare products has created new opportunities for boosting skin
health and beauty. MNs are utilized to administer anti-aging medicines such
as retinoids, peptides, and HA straight to the skin. This method improves the
penetration and activity of these compounds, resulting in enhanced skin texture
and fewer indications of aging. MN-based delivery devices have been shown in
studies to greatly boost anti-aging drug absorption when compared to topical
treatments. Hyaluronic acid (HA) has numerous applications in human medi-
cine and the cosmetic industry [60].

Microneedling is a process that causes controlled micro-injuries to the skin, boosts
collagen formation, and improves skin renewal. When paired with therapeutic chemi-
cals given using MNss, this approach can improve skin restoration and cure diseases,
including acne scars and stretch marks. Recent advancements include MN devices
that provide growth factors or other regeneration agents to further improve skin
results. Photoaging is extremely important for skin health and senescence. UV-vis
irradiation disrupts the extracellular matrix microenvironment, degrades collagen,
and induces oxidative stress. Traditional HA has a reduced potential to induce regen-
eration of collagen and is restricted due to its low macromolecule permeability, which
limits the therapeutic benefits of photoaging [61].
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The cosmetic industry has adopted MN technology in the creation of sophis-
ticated skincare products. Home-use MN patches provide patients with improved
delivery of moisturizing or brightening chemicals. These products are popular among
people looking for noninvasive skincare solutions since they are both convenient
and effective. Roussel et al. and colleagues found that inserting BIS-PNIPAm, a
crosslinked polymer version, with dissolving MN patches improved mechanical
qualities and resulted in a lower MN height decrease of around 10%. MNs made
from PNIPAm alone lacked mechanical strength, necessitating the addition of
polymeric excipients such as PVA to improve characteristics. The inclusion of a
thermoresponsive polymer did not significantly affect needle insertion characteristics
(p > 0.05). All formulations were inserted to a similar depth of 600 pm into ex vivo
skin. The needles were loaded with a model payload, 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine perchlorate (DID), and the cargo deposition was
tracked via multiphoton microscopy, which revealed a deposit at a depth of around
200 pm. Crosslinked-PNIPAm (Bis-PNIPAm) formulations showed significant dye
deposition in the skin after 4 hours, regardless of the excipient matrix utilized. The
absence of this phenomenon in non-crosslinked PNIPAm formulations suggests a
deposit development in the Bis-PNIPAm MN formulation. This proof-of-concept
study suggests that PNIPAm can be used to create dissolving MNs, which can then
be used to deposit nanoparticles in the dermis for prolonged drug release [62]. Many
dermatological uses of MNs are given in Table 2.

iv. Pain and localized therapy - MNs provide novel alternatives for localized therapy
and pain control by exploiting their accuracy and minimum invasiveness. MNs
can administer analgesics directly to the source of pain, giving focused relief
while avoiding systemic adverse effects. This method is useful for problems such
as chronic muscle pain or joint inflammation, where standard pain drugs may
be ineffective or create undesirable side effects. Recent research has shown that
MNs are effective in delivering local anesthetics for procedures like dental work
and small surgery. For chronic illnesses that require continuous treatment, MNs
can provide sustained-release formulations that eliminate the need for frequent
injection. MNs can be utilized to administer hormone replacement therapy or
other chronic drugs, thereby enhancing patient compliance and therapeutic
effects [77].

The capacity to tailor medication release profiles to individual demands is a
significant advantage of MN technology. One potential method to deal with chronic
wounds that reduce damage and encourage healing is early detection followed by
prompt treatment. With the recent development of several smart dressings, active
intervention, and real-time wound state monitoring are now possible. Inadequate
effectiveness of treatment arises from the current smart dressing’s shortcomings,
which include limited drug loading capacity and poor drug penetration into deeper
wound dermal and subcutaneous tissues. To accomplish simultaneous diagnosis
and in-time therapy for chronic wounds, a closed-loop smart dressing with MN
integrated has been designed. To track wound impedance and obtain early diagnoses
of chronic wounds, simple impedance-detecting electrodes are employed [78]. The
MelD drug delivery micropump is immediately activated for in-time therapy based
on the sensing data. A practical solution for feeding adequate drug fluid into deeper
wound dermal/subcutaneous tissues has been developed using micropump electrodes
when combined with a drug reservoir-coupled MN array. Compared to untreated
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Area of discussion Methods QOutcome Reference

1. Applications of MNs to An overview of using It is possible to improve [40]
enhance the look of the skin MNs to improve the the appearance of skin

appearance of the skin with MNs.
2. Needle dermabrasion investigation on The procedure of needle [41]
needle dermabrasion dermabrasion is used to
rejuvenate skin.

3. Using a derma roller for Study on derma Derma roller [42]
microneedling as a method roller-assisted microneedling isa
of collagen induction microneedling successful method of
therapy collagen induction therapy.

4. An overview of an An examination In dermatology, [45]
automated microneedling of automated automated microneedling
device—a new tool for a microneedling equipment is talked about
dermatologist’s toolbox equipment as a useful tool.

5. Skin needling as a therapy Clinical investigation An efficient treatment [46]
for acne scars on skin needling for for acne scars is skin

scarring from acne needling.

6. Microneedling: Realities Examine the Investigates the truth [63]
and myths microneedling article and fiction behind skin

care procedures using
microneedling.

7 Development under the Research on ionic Examines the possibility [64]
guidance of constant ionic currents’ ability to of employing consistent
currents regulate development ionic currents to regulate

growth.

8. A different approach An investigation A different approach to [65]
to treating wrinkles, on Percutaneous treating wrinkles, scars,
scars, and loose skin is Collagen Induction and loose skin is called
percutaneous collagen Therapy percutaneous collagen
induction therapy. induction therapy.

9. An overview of the data An overview of Demonstrates how [66]
from in vitro research, electrical stimulation electrical stimulation aids
animal experiments, and for the healing of in the healing of wounds.
clinical trials on electrical wounds
stimulation for wound
healing

10. Minimally invasive An overview of Highlights the advantages [67]
procedure to induce percutaneous of percutaneous collagen
collagen through the skin v minimally invasive induction, a minimally

collagen induction invasive method, for skin
rejuvenation.

11. Microneedling improves Investigation into The follicular [68]
liposomal sepia melani follicular dilatation infundibulum dilates,
transfollicular absorption and microneedling and transfollicular
and dilates the follicular absorption is improved by
infundibulum. microneedling.

12. Wound recovery: The skin’s Information about the Gives information about [69]
biology healing of wounds the biology of wound

healing.

13. The stimulation of skin cell Research on the MNs promote the growth [70]

growth by MNs growth of skin cells of skin cells.

using MNs
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Area of discussion Methods Outcome Reference
14. Using percutaneous Research on Considered as an alternate [71]
collagen induction burn scars and therapy for burn scars is
therapy as a substitute percutaneous collagen percutaneous collagen
for traditional burn scar induction therapy induction therapy.
therapy
15. The Series of dermarollers Details regarding the Information about [72]
dermaroller line the dermaroller
microneedling series.
16. Using a dermaroller for Article about using Describes the use of [73]
microneedling a dermal roller for aderma roller for
microneedling microneedling.
17. Scars and wrinkles Clinical investigation Subcision works well to [74]
on surgery without remove wrinkles and
subcutaneous depressed scars.
incisions
18. Dermatology in prime: The An overview of the Explains the many uses of [75]
use of microneedling in uses of microneedling microneedling in the field
treatment of dermatology.
19. Collagen induction Dermaroller For skin improvement, [76]
treatment with derma experimentation with collagen induction
rollers collagen induction therapy using
therapy dermarollers is explored.
Table 2.

Dermatological use of MNG.

diabetic mice, MelD stimulates faster wound healing in treated animals by supply-
ing sufficient growth factors to the wound and boosting medication access into deep
tissue layers. Meanwhile, MelD promotes tissue development and nascent collagen
deposition. Meld’s improved drug storage dosage, improved drug penetration, and
closed-loop operation enable the first successful attempt to ensure sufficient and
efficient drug delivery by miniaturized all-in-one smart dressing, expanding the

use of closed-loop chronic wound care from a laboratory demonstration on limited
types of superficial wounds to a broader range of wound types. A study found that
an ingestible device activated by an external magnet can effectively treat sick loca-
tions in the intestinal tract. The capsule is designed to travel through the GI system
and deliver MNs to targeted regions. This ingestible technology has the potential to
enhance drug treatment efficacy and tolerance, paving the way for more effective GI
illness management strategies [79].

6.2 Diagnostic applications

The diagnostic potential of nanoengineered MNs is equally groundbreaking,
providing novel approaches for disease detection and monitoring. Continuous
glucose monitoring (CGM) is an important part of diabetes therapy, and MNs have
considerably improved this technology using the reactive oxygen species mechanism
as described in Figure 2. Traditional glucose monitoring requires frequent blood
samples, which can be painful and inconvenient for patients. MNs provide a mini-
mally invasive option by capturing interstitial fluid for glucose readings. This strategy
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increases patient comfort and reduces the necessity for finger pricking, which is espe-
cially beneficial for diabetics. Continuous glucose monitors are essential for managing
diabetes, but their general use is limited due to intrusive sampling, signal drift, and
frequent calibrations. MN sensors provide a minimally invasive platform for real-time
monitoring of clinical parameters in interstitial fluid. This study presents a painless
and flexible MN sensing patch made of a robust MNs foundation and a thin layer of
fluorescent hydrogel sensor for accurate and continuous glucose monitoring. FRET-
based hydrogel sensors are made by photopolymerizing acryloylated FRET pairs with
glucose-specific phenylboronic acid. The improved hydrogel sensor can measure glu-
cose with reversibility, good selectivity, and signal stability against photobleaching.
The MNs base is made of poly(ethylene glycol diacrylate)-polyacrylamide hydrogel,
making it easier to pierce the skin and extract biofluid [7].

MN-based glucose sensors give real-time glucose level information, allowing
insulin therapy to be adjusted as needed. These sensors can be included in wearable
devices that constantly monitor glucose levels and notify patients of probable hypo-
glycemia or hyperglycemic situations. The real-time nature of these sensors helps to
maintain better glucose management and reduce the risk of problems. Detachable
MN sensors for continuous glucose monitoring (CGM) have a high therapeutic
impact since they enable access to enormous data sets for personalized treatment
approaches [80]. MN glucose sensors have advanced with the introduction of flexible
and biocompatible materials that improve sensor performance and durability. Sensor
technology advancements have resulted in more accurate and dependable glucose
measurements, which have improved diabetes care. Ongoing research is aimed at
improving the sensitivity and specificity of these sensors, allowing for even more pre-
cise glucose monitoring. A powerful wearable H,O, MN sensor with a Prussian blue
(PB)/carbon nanotube (CNT) composite electrode was created, as well as a glucose
MN sensor based on it [81].

MNs are making progress in the identification of illness biomarkers, providing
a less invasive way to diagnose and monitor a variety of disorders. MNs loaded with
particular antibodies or molecular probes can detect cancer indicators in interstitial
fluid. This noninvasive technique allows for early cancer identification and disease
progression tracking. MNs have been shown in studies to detect biomarkers associ-
ated with a variety of malignancies, including breast, prostate, and colorectal. This
capability enables timely intervention and individualized treatment solutions.
There are numerous ways for early tumor detection, including identifying circu-
lating tumor DNA, detecting circulating tumor cells, and imaging with tumor-
targeting contrast agents. However, these assays are time-consuming and may cause
discomfort for the patient during the biopsy collection procedure. We present a
simple approach for early tumor diagnosis that involves collecting exosomes from
interstitial fluid (ISF) with hydrogel MNs (MNs). The hydrogel MNs stretch in the
skin to absorb the ISF, and tumor exosomes in the ISF bind to glypican-1 antibodies
within the MN hydrogel. Exosomes are separated from the ISF and analyzed for
tumor-related biomarkers when the hydrogel on the MNs is removed. Finally, colon
cancer can be detected by ELISA in colorectal cancer-induced model mice. This
noninvasive hydrogel MN method for obtaining exosome samples would be very
useful in early cancer diagnosis [82]. MNs can also be employed to detect infections
by capturing microbial or viral biomarkers. For example, MNs functionalized with
probes for specific pathogens can provide rapid diagnostic results, facilitating early
treatment and containment of infectious diseases. Recent advancements include the
development of MNs for detecting biomarkers associated with emerging infectious
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Figure 3.

MNs can enhance drug delivery by penetrating the skin, creating microchannels that allow for targeted release.
This process can induce the production of Reactive oxygen species (ROS), which plays a vole in signaling and can
contribute to therapeutic effects, especially in treatments like cancer therapy.

diseases, such as COVID-19. A polymeric MNs coupled electrochemical sensor array
(MNESA) was used by the researchers to monitor kidney biomarkers in the skin
interstitial fluid (ISF) in real time, with minimal invasiveness and self-administra-
tion [83]. The combination of MNs with microfluidic technologies has improved
biomarker detection and analysis. These sophisticated systems have higher sensitiv-
ity and specificity for identifying a wide range of biomarkers, making them useful
for both research and clinical diagnosis. Innovations in NM coatings and sensor
technology are propelling this sector forward. MNs can enhance drug delivery by
penetrating the skin, creating microchannels that allow for targeted release. This
process can induce the production of Reactive oxygen species (ROS), which plays a
role in signaling and can contribute to therapeutic effects, especially in treatments
like cancer therapy, as explained in Figure 3.

7. Challenges and future directions

Scaling up the manufacturing of MNs necessitates complicated fabrication
techniques and quality control procedures. Maintaining uniformity and reproduc-
ibility in large-scale manufacturing presents a substantial challenge. Manufacturing
advancements, including roll-to-roll processing and injection molding, are being
investigated to make large-scale production more practical. Research into cost-
effective and scalable fabrication methods is vital for the broad adoption of MN
technology. A unique manufacturing procedure for creating MN arrays has been
developed and tested. The prototype can manufacture 14-14 MN arrays and can be
scaled up, making it suitable for transitioning from lab to industry and commercial-
ization. To create silicone MN molds using injection molding, metal master templates
must be custom-designed. This innovative approach was compared to centrifugation,
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a conventional method for creating aqueous hydrogel-forming MN arrays. Both
approaches produced MN arrays of equivalent quality, indicating no significant
difference in outcomes. Both types of MN arrays can be successfully placed into skin
simulants. In both cases, the insertion depth was roughly 70% of the needle length,
with a height reduction of about 3% [84].

MNs must be composed of biocompatible materials that do not cause harmful
responses in the body. The interaction of MNs with biological tissues, especially over
long periods of time, requires extensive examination. The risk of immunological
responses or local inflammation at the MN’s insertion site must be assessed. MNs’
safety and efficacy depend on ensuring that they do not elicit undesired immuno-
logical responses. The long-term effects of MNs on the skin and underlying tissues,
particularly with frequent use, should be thoroughly investigated. Chronic exposure
or recurrent use may result in skin damage or other issues [85]. Research into biode-
gradable MN materials can help to solve long-term biocompatibility and environmen-
tal problems. Biodegradable MNs dissolve or degrade harmlessly in the body, lowering
the risk of side effects. The development of improved coatings that reduce immune
reactions and increase biocompatibility would improve MN safety. Coatings that
interact with the skin in a non-inflammatory manner are critical to assuring patient
comfort and safety. Extensive preclinical and clinical experiments are required to
evaluate the long-term safety and biocompatibility of MNs. Detailed investigations on
their effects on various skin types and demographics will help us better understand
their safety profile [86].

The integration of nanotechnology into medical equipment complicates regulatory
authorization. Regulations governing the usage of NMs and their interactions with
the human body are constantly changing. Gaining regulatory approval for MN-based
devices requires extensive testing and documentation to demonstrate safety, efficacy,
and quality. The procedure can be time-consuming and expensive [25]. Engaging
with regulatory bodies early in the development phase can assist in resolving potential
issues and speeding up the approval process. Collaborative efforts can result in clearer
guidelines and faster regulatory processes. Establishing consistent testing techniques
for MN products will make regulatory assessments go more smoothly and assure
product uniformity. It is critical for worldwide deployment to navigate different coun-
tries’ regulatory constraints. Harmonizing international rules and developing a single
approach can help to accelerate the global adoption of MN technologies [85].

8. Regulatory requirements

Considering that MN systems are a relatively new technology in the pharmaceuti-
cal industry and that, as previously mentioned, there are four different types of
MN systems that are manufactured using a variety of technologies, industry, and
researchers need standardized guidelines for the use of established techniques for
production, evaluation, test criteria for approval, and quality control. Consequently,
the FDA released “Regulatory Considerations for Microneedling Devices” and
“Scientific Considerations for MN Products” in 2017 to support the development of
MNs as medical devices in accordance with Section 201 (h) of the Federal Food, Drug,
and Cosmetic Act [87].

MNs are medical devices designed to treat or track a certain ailment. MNs are
classified as class II devices under 21 CFR 878.4430 and come with a variety of sharp
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Clinical trial Disease/disorder Analyte Outcome

NCT02682056 Pediatric diabetes ~ Glucose Comparative analysis of the effectiveness of
intravenous catheters versus MN patches over
lancets for the monitoring of blood glucose in

children with diabetes.
NCT05546229 Opioid abuse Buprenorphine Use of MNs to examine the detectability of popular
disorders drugs used to treat opioid use disorders and their
metabolites in dISF.
NCT03847610 Resistance to Beta-lactam An assessment of the effectiveness of an MN
antibiotics electrochemical biosensor for benzylpenicillin level
monitoring in relation to microdialysis and blood
collection techniques.
NCT04238611 Thresholds Lactate Validation of an MN-based instrument for
for anaerobic continuous lactate monitoring during physical
metabolism activity.
NCT01908530 Type 1 diabetes Glucose An electrochemical microprobe array with

entrapped glucose oxidase for continuous
glucose monitoring is evaluated for safety and

effectiveness.
NCT05922176 Opioid abuse Methadone Detectability evaluation of popular drugs used to
disorders treat opioid use disorders and their metabolites in
dISF using MNs.
NCT05998876 Opioid abuse methadone Using differential pulse voltammetry integrated
disorder onan MN electrode array, methadone detection
in ISF and continuous monitoring of methadone
adherence.

Table 3.
Clinical trial of diagnostic MIN.

ends, similar to hypodermic needles. These goods fall into one of two categories: com-
bination products, which are overseen by the US FDAs CBER (Center for Biological
Evaluation and Research) or CDER (Center for Drug Evaluation and Research)
divisions, or medical devices, which are governed by the CDRH (Center for Devices
and Radiological Health). The labeling for these kinds of devices must contain
information on the device’s components, technical specifications (such as needle
geometry and insertion depth), recommended course of treatment, disposal guide-
lines, processing instructions for reusable items, and expiration date. Comprehensive
research on metabolism and elimination pathways is undoubtedly needed by regula-
tory bodies, which could delay commercialization. Authorities require that MN
systems be sterile since, in contrast to conventional transdermal and topical drug
delivery systems, they come into contact with live skin cells [28]. Clinical trial of
diagnostic MNs given in Table 3.

9. Future directions
Future studies could focus on creating MNs with several functions, such as

diagnostic and therapeutic capabilities. MNs that can detect biomarkers as well as
administer medications would be extremely useful in theragnostic applications. The
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use of smart technologies, such as sensors and microelectronic components, may
allow MNs to adapt to physiological changes or environmental variables. Smart MNs
could regulate medicine release rates or deliver real-time diagnostic information
dependent on the patient’s state. Expanding the use of MNs to treat chronic diseases
other than diabetes and cancer is a critical area of development. MNs could be used to
treat cardiovascular illness, neurological diseases, and respiratory ailments, provid-
ing long-term drug delivery or monitoring options. MNs can be further improved

to support personalized medicine techniques, which adjust diagnosis and treatment
based on individual genetic, metabolic, or physiological characteristics. Personalized
MN devices may increase the precision and effectiveness of healthcare interventions.
Integrating MNs with wearable technologies, such as smart patches or health moni-
toring systems, may increase their usefulness in continuous health monitoring and
illness management. Wearable devices using MNs might monitor vital signs, glucose
levels, and other health metrics in real time. MN-based diagnostic technologies could
be integrated into telemedicine platforms to provide remote health monitoring and
data collection. This connection would allow healthcare providers to better man-

age patient care and intervene quickly when needed. Creating novel biocompatible
polymers and nanocomposites for MNs will improve their performance and safety.
Research into materials with higher mechanical strength, longevity, and biocompat-
ibility will improve the overall effectiveness of MN devices. Integrating self-healing
materials into MNs may increase their durability and lifetime. Self-healing materials
could fix slight damage to MNs while in use, assuring consistent performance and
decreasing the need for frequent replacements.

10. Conclusion

Nanoengineered MNs are on the verge of transforming both therapeutic and
diagnostic uses in modern medication. Their versatility in delivering medications,
vaccines, and therapeutic agents, combined with the promise of increased diagnostic
capabilities, makes them a critical technology for the future of healthcare. Despite
manufacturing, biocompatibility, and regulatory approval hurdles, current research
and innovation show promise in overcoming these barriers and realizing MN’s full
potential. The future of MN technology is to improve functionalization, increase
clinical application, integrate with digital health technologies, and advance material
science. By addressing present obstacles and following these future paths, MNs will
help to progress the field of theragnostic, providing more effective, tailored, and
accessible healthcare options. As technology advances, nanoengineered MNs have the
potential to significantly improve patient care and shape the future of medicine.

Abbreviation

HA hyaluronic acid

MN microneedle

NM nanomaterial
sdMN self-dissolving MNs
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Chapter 4

Liposomal Technology in Drug
Formulations: Enhancing
Therapeutic Efficacy and Safety

Vaibhavi Patel and Pranav Y. Dave

Abstract

Liposomes are vesicular structures made of lipid bilayers that naturally develop
when phospholipids scatter in water. These small vesicles included an aqueous core
within a membrane made of lipid bilayers. Novel Drug Delivery Systems (NDDS)
are intended to release medications at a controlled rate dependent on the body’s
needs during therapy while targeting specific locations of action. Liposomes, which
are spherical structures made up of phospholipid bilayers, have gained popularity
in therapeutic formulations due to their ability to encapsulate both hydrophilic and
hydrophobic medicines. This dual encapsulation capability improves the therapeutic
efficacy and safety of many medicines. Liposomes are ideal for targeted drug delivery
due to their biocompatibility, biodegradability, and non-immunogenic qualities,
which reduce systemic side effects and improve bioavailability. Recent advances in
liposomal technology have resulted in formulations being employed in a variety of
sectors, including cancer therapy, infectious disorders, and vaccine administration.
This review examines the structural properties, preparation methodologies, and
therapeutic applications of liposomes, emphasising their potential to change drug
delivery systems. This chapter emphasises the crucial importance of liposomes in
modern pharmaceutical sciences and their bright future in personalised medicine by
examining current research and clinical applications.

Keywords: liposome, phospholipid structure, hydrophilic and hydrophobic drugs,
formulation, drug delivery

1. Introduction

Liposomes represent spherical vesicles, comprising one or more phospholipid
bilayers first described in the 1960s by the British haematologist Alec D. Bang
ham with the ability to encapsulate both hydrophilic and lipophilic drugs. In 1965,
researchers presented the first description of swelling phospholipid systems.
Within a few years, a variety of enclosed phospholipid bilayer structures made up
of single bilayers, dubbed ‘bangosomes’ and then ‘liposomes’, were described. Early
pioneers such as Gregoriadis and Perrie demonstrated that liposomes can entrap
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pharmaceuticals and be employed as drug delivery devices [1]. Due to this structure,
liposomes have become a really effective drug delivery system through which they
improve the therapeutic index of drugs by enhancing their bioavailability, prolong-
ing circulation time, and reducing toxicity. Since these vesicles tend to imitate cell
membranes, they are biocompatible and are, therefore, capable of delivering drugs
to the site of their target either through passive or active targeting mechanisms. This
drastically reduces side effects and increases the therapeutic value of the drugs being
used [2].

Therefore, liposomes have been employed in many fields of medical science, rang-
ing from oncology to infectious diseases and gene therapy. The ability of liposomes to
encapsulate drugs either within their aqueous core or within their lipid bilayer enables
them to protect labile drugs from degradation and allows for controlled release, hence
making them an attractive vehicle for a number of therapeutic agents [3]. More recent
advances in liposomal technology have improved circulation time in the bloodstream,
through processes such as pegylation, offering new opportunities in both precision
medicine and personalised therapies [4]. Liposomes are composed of amphiphilic
phospholipids with a hydrophilic head and a hydrophobic tail, which allows them to
seal themselves in aquatic environments. In recent years, major research has con-
centrated on the delivery of antibiotics [5, 6], genes [7, 8], antifungals [9, 10], anti-
inflammatory [11, 12], and anticancer drugs [13, 14], which are also used in many
pharmacological, biological, and medical applications.

2. Structure of liposome

The primary structural components of liposomes are phospholipids and cho-
lesterol. The lipid bilayer is made up of phospholipids with a hydrophilic head and
a hydrophobic tail group. The head attracts water, while the tail, which is formed
of along hydrocarbon chain, repels water. Phospholipids, the primary component
of liposomes, can easily merge with skin lipids, enhancing medication penetration
and localisation in the skin layers. The cholesterol absorbed into the lipid membrane
increases the stability of liposomes while also reducing membrane permeability. As
bilayer structures, liposomes in aqueous solution can encapsulate hydrophilic com-
pounds in the aqueous compartment while hydrophobic substances can be accommo-
dated in the lipid phase (Figure 1) [15].
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Figure 1.
Structure of conventional liposome encapsulating hydrophilic ¢ hydrophobic drugs.
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3. The way that liposomes work

A liposome is an aqueous solution surrounded by a hydrophobic membrane.
Both hydrophilic and hydrophobic molecules can be found in liposomes because
hydrophobic compounds are easily absorbed by lipid membranes. How far a medicine
is positioned will depend on its lipid content and other physiochemical properties.
When lipid bilayers combine with other cell bilayers (the cell membrane), liposomal
contents are released, which subsequently deliver the required medication molecules
to the site of action. The following factors contribute to the production of bilayers:

* Unfavourable interactions between the hydrophilic and hydrophobic phases can
be mitigated by folding into closed, concentric vesicles.

* The massive free energy difference between the hydrophilic and hydrophobic
environments is lessened by the formation of huge vesicles, due to the fact that
spherical shapes have the least surface tension and are the most stable. The self-
assembled structure that results in vesicles is therefore as stable as feasible.

Procedure for administering medication with liposomes:

1. Adsorption: The process of adsorption is how liposomes attach to cell mem-
branes.

2. Endocytosis: The internalisation and engulfment of liposomes within the lipo-
somes after their adsorption on the cell membrane.

3. Fusion: When liposomal lipid bilayers unite with the lipoidal cell membrane by
lateral diffusion and lipid intermingling, liposome contents are directly delivered
to the cytoplasm.

4. Lipid exchange: Because the phospholipids in the cell membrane and the liposo-
mal lipid membrane are similar, lipid transfer proteins in the cell membrane can
recognise liposomes and initiate lipid exchange.

For example, cancer cells need to consume enormous amounts of fat in order to
meet their requirements for rapid development. They also recognise liposomes, which
are filled with anticancer drugs, as a potential source of sustenance. When liposomes
target them, they are absorbed. Anticancer medications destroy cancer cells as soon as
they break free from the liposome and enter the location [16].

4. Classification of liposomes

Liposomes are categorised depending on the size and the number of bilayers.
Unilamellar vesicles come in three different varieties: large (LUV), small (SUV), and
multilamellar (MLV). Conventional liposomes (CL), pH-sensitive liposomes, cationic
liposomes, long circulating liposomes (LCL), and immuno-liposomes are the different
types of liposomes based on their composition. As illustrated in Figure 2, they are cat-
egorised as reverse phase evaporation vesicles (REV), French press vesicles (FPV), and
ether injection vesicles (EIV) in accordance with the technique of preparation [17].
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Classification of Liposomes

l
l | l

Based on Structural Based on Method of Based on Targeting Concepts
Features Liposome Preparation of Liposomes

1 | 1

PEGylated liposomes
Immunoliposomes
Cationic liposomes
Termosensitive liposomes

Single or oligolamellar made by reverse phase evaporation method
Multilamellar vesicles made by reverse phase evaporation method
Stable plurilamellar vesicles

Frozen andtawad MLV

Vesicles prepared by extrusion method

Vesicles prepared by fusion

Vesicles prepared by French press

Dehydration-rehydration vesicles

Bubblesomes

Multilamellar large vesicles
Qligolamellar vesicles

Unilamellar vesicles

Small unilamellar vesicles
Medium sized unilamellar vesicles
Large unilamellar vesicles

Giant unilamellar vesicles
Multivesicular vesicles

Figure 2.
Liposome classification.

5. Liposome stability

The stability of the liposomes throughout production, storage, and distribution
determines the therapeutic efficacy of the drug molecule. The maintenance of the
physical and chemical stability of the active molecule throughout the development
and storage phases is ensured by a stable dosage form. In design-based stability tests,
physical, chemical, and microbiological parameters are assessed, and product integ-
rity is guaranteed throughout storage [18].

5.1 Physical stability

The size of the vesicles generated throughout the liposomal manufacturing stages
varies. Vesicles assemble and enlarge to reach a thermodynamically favourable state
during storage. Drug leakage from the vesicles during storage may cause fusion and
breaking. The liposomal medicinal product’s physical stability is lowered as a result.
Therefore, vesicle size distribution and shape play a critical role in determining
physical stability [19]. A variety of methods, including light scattering and electron
microscopy, are employed to assess the morphology and size of the vesicles as well
as their visual appearance. Although its content in the liposome structure cannot go
above 50%, cholesterol reinforces the lipid membrane. Maintaining and stabilising
the bioactive molecule at the liposome’s centre is crucial. Maintaining pH levels and
preventing excessive unsaturation of phospholipids during simple peroxidation are
two ways to preserve physical stability. It is necessary to keep them chilled at 4°C to
prevent freezing and exposure to light.

5.2 Chemical stability

Chemically unsaturated fatty acids known as phospholipids are prone to oxi-
dation and hydrolysis, which could compromise the stability of the medicinal
product. The stability of a liposomal formulation is greatly influenced by pH, ionic
strength, solvent system, and buffering species. The production of hydroxy and
cyclic peroxidases as a result of free radical generation during the oxidation process
is known as oxidation degradation. To avert oxidative disintegration, liposomes
can be shielded from sunlight, supplemented with antioxidants like butylated
hydroxyl toluene (BHT) or a-tocopherol, manufactured in an inert atmosphere
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like nitrogen or argon, or treated with EDTA to remove traces of heavy metals [20].
Lyso-phosphatidylcholine is produced when the ester bond at the C-4 position of
the glycerol moiety of phospholipids is hydrolysed. The liposomal contents’ perme-
ability is increased as a result. Therefore, it is essential to regulate the lysoPC limit in
lysosomal pharmaceutical products. Phosphatidylcholine and lysoPC-free liposomes
can be combined to achieve it [21].

6. Properties of liposomes

Liposomes are spherical vesicles consisting of one or more phospholipid bilayers,
used in drug delivery and other applications due to their unique properties. Below are
the key properties of liposomes:

6.1 Biocompatibility and biodegradability

Liposomes are biocompatible and biodegradable because they are made of phos-
pholipids, which are also found in biological membranes. Their suitability for medica-
tion administration is improved and the danger of toxicity is reduced because of this
feature [3].

6.2 Amphiphilicity

Both hydrophilic and hydrophobic areas are present in liposomes. Medications
soluble in water can be encapsulated by the hydrophilic core, while medications
soluble in lipids can be included by the hydrophobic bilayer. A large variety of medi-
cations can be delivered because of this dual capability [2].

6.3 Size and charge variability

Depending on the makeup of the phospholipids, liposomes can have a size
ranging from 50 nm to several micrometres with a surface charge that is neu-
tral, positively charged (cationic), or negatively charged (anionic). Their size
and charge affect how quickly they circulate through the bloodstream and are
absorbed by cells [22].

6.4 Controlled release of encapsulated drugs

Drugs that have been encapsulated can be released gradually and under control
using liposomes. The liposomal membrane’s composition can be altered to control this
release, as can the use of stimuli-responsive components that release the medication
in response to changes in temperature or pH [23].

6.5 Low immunogenicity
When liposomes are properly formed, such as by adding polyethylene glycol
(PEGylation), they can elude the immune system and avoid being quickly cleared by

the mononuclear phagocyte system (MPS). As a result, the drug’s bioavailability is
improved and its bloodstream circulation time is prolonged [24].

75



Emerging Frontiers in the Drug Formulation Design

6.6 Encapsulation efficiency

Liposomes are highly effective at encapsulating pharmaceuticals that are hydro-

philic, hydrophobic, or amphiphilic. They can thereby deliver a variety of therapeutic
agents with greater versatility, enhancing medication solubility and stability, and
lowering toxicity [25].

6.7 Enhanced permeability and retention (EPR) effect

Liposomes’ increased permeability and retention effect allows them to accumulate

in tumour tissues. Because the vascularisation of tumours is often more permeable
than that of healthy tissues, liposomes can effectively and passively target tumour
locations and deliver anticancer medications [26].

7. Advantages of liposomes

* Biocompatibility and biodegradability: Because liposomes are formed from natural
phospholipids, the carriers themselves are biocompatible and biodegradable,
with essentially no risk of toxicity, and they are easily metabolised within the
body without causing harm to the host (Figure 3) [27].

* Improved drug delivery: Liposomes have the capacity to encapsulate both hydro-
philic and hydrophobic pharmaceuticals, increase the solubility profiles of poorly
soluble medications, and protect drugs from degradation. This increases the
bioavailability and therapeutic index of the medicines [2].

* Targeted delivery: Liposomes can be modified to have surface ligands that
allow them to target specific cells or tissues, reducing off-target effects
while increasing drug accumulation at the intended region. This is especially
advantageous in cancer therapy since targeting tumour cells can reduce
systemic toxicity [28].
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Figure 3.
Advantages of liposome [16].
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* Reduced toxicity: This reduces the exposure of normal tissues to harmful medi-
cines, lowering side effects and boosting patient tolerance [2].

* Controlled release: Liposomes can be engineered to release their components at
aregulated and predetermined time, allowing medications to be delivered in a
sustained form for a longer period of time, resulting in reduced frequency dosing
and higher patient compliance [3].

8. Disadvantages of liposomes

* Stability issues: Liposomes are therefore susceptible to instability in terms of
encapsulated drug leakage, fusion, and phospholipid oxidation, all of which
significantly impair their effectiveness and shelf life [2].

* High production costs: Liposome synthesis and purification can be complex
and expensive, which may limit their widespread application, particularly in
resource-limited situations [29].

* Rapid clearance by the reticuloendothelial system (RES): Liposomes are
quickly recognised and eliminated by the mononuclear phagocyte system
(MPS) in the liver and spleen, potentially limiting their circulation time and
efficacy [28].

* Limited drug loading capacity: The amount of pharmaceuticals that can be
incorporated into liposomes may be limited depending on the type of liposome
and the drug’s qualities. This may have an impact on the dosages that can be
administered [29].

* Immunogenicity potential: Liposomes, particularly non-PEGylated or unmodified
ones, have the potential to stimulate the immune system, resulting in hypersensi-
tivity reactions or accelerated clearance from the circulation [2].

9. Methods for preparation

The Bangham technique (thin film hydrolysis), ether/ethanol injection, reverse
phase evaporation, detergent depletion, heating, microfluidic channel, membrane
extrusion, homogenisation, and sonication are examples of conventional liposome
synthesis techniques. Researchers have been using dual asymmetric freezing and
freeze drying for almost 10 years. Supercritical fluid (SCF) and centrifugation (DAC)
for the delivery of liposomal drugs. Drug delivery techniques that are cutting edge
include lysolipid and depo-foam liposomes.

9.1 The Bangham method of thin film hydration

The Bangham technique was the first widely utilised technique to create liposomes
[30, 31]. With this technique, lipids are dissolved in an organic solvent (dichloro-
methane, ethanol, chloroform, or a mixture of methanol and chloroform). The
solvent that is organic is melted in a vacuum at 45-60°C to form a thin coating of
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lipid. After 2 hours of steady agitation in aqueous solutions at 60-70°C, the thin lipid
layer swells and forms round, closed liposomes [32].

9.2 Methods of injecting ethanol/ether

In 1973, Batzri and Korn presented the ethanol injection technique [33]. Lipids are
dissolved in an organic solvent (such as ethanol, diethyl ether, or an ether-methanol
mixture) and then injected into an aqueous phase to create liposomes. At 55-65°C or
with less pressure, encapsulate the material. Moreover, heating is necessary to extract
the organic solvent from the liposomes since ether is incompatible with aqueous
media [34]. The inkjet method was created by Hauschild et al. as a contemporary
ethanol injection technique. Using this method, a drug solution, whether hydrophilic,
lipophilic, or both, was dissolved in ethanol and converted into an inkjet device that
allowed for the large-scale production of liposomes with remarkable control over
particle size [35].

9.3 Method of reverse phase evaporation

The reverse phase evaporation method [36], developed by Szoka and
Papahadjopoulos, involves dissolving medications in aqueous media and lipids in an
organic solvent. After that, the mixture is sonicated to create inverted or emulsion-
free micelles. A rotary evaporator is used to progressively evaporate the organic
solvent, turning the micelles into a viscous or gel-like substance. The gel collapses at
a crucial stage, releasing some inverted micelles. Liposomes are produced when more
phospholipids surround the remaining micelles in a bilayer. A modified reverse-phase
evaporation approach was proposed by Handa et al. [37], with the primary benefit
being the liposome’s excellent encapsulation.

9.4 Freeze-drying method

Liu et al. discovered the lyophilisation monophasic solution method for liposome
manufacturing. This method involves dissolving the lipid and medicine in tert-butyl
alcohol at 450°C, while the lyoprotectant dissolves in water. The two resulting solu-
tions are combined to form a third identical monophasic solution, which is then
filtered and freeze dried to produce proliposomes. The freeze-drying process consists
of two steps. The substance is frozen at —40°C and dried at ambient temperature,
yielding liposomes with a mean diameter of 100-300 nm [38].

9.5 Dual asymmetric centrifugation method (DAC)

In contrast to the standard centrifugation procedure, which calls for the vials to
be rotated on their own centre axis, the DAC method involves rotating sealed vials
on the main rotational axis at a defined speed and distance in addition to rotating on
their own axis. The primary rotation forces the sample outward, and the adhesion
between the sample and the rotating vial causes the revolution around its own centre
to force the sample material in the opposite direction. Hence, mechanical turbulence
and capitations introduce energy into the sample preparation process, resulting in the
production of nano-liposomes with an optimum size distribution of approximately
60 nm [39].
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9.6 Supercritical fluid methods (SCF)

Supercritical fluid extraction, supercritical-assisted liposome formation (super
Lip) [40], depressurisation of an expanded liquid organic solution-suspension method
(DELOS), supercritical anti-solvent method (SAS), supercritical reverse phase evapora-
tion method (SCRPE), and particles from gases [41, 42] are examples of SCF methods
that have been developed as green techniques to overcome the limitations of toxicity and
degradability of conventional methods. Because it is inflammable, affordable, non-
corrosive, non-toxic, acceptable to the environment, and appropriate for thermolabile
chemicals, CO2 is the most often used supercritical gas [43].

9.7 Formation of liposomes

The following factors determine whether the liposome preparation technique is
best:

* The physicochemical properties of the liposomal components and the substance
to be entrapped;

* The imprisoned substance’ effective concentration and possible toxicity;
* Extra procedures needed for the vesicles’ application or delivery;

* The vesicles’ ideal dimensions, polydispersity, and shelf life for the planned
use; and,

* The ability to produce safe and effective liposomal products on a wide scale and
the reproducibility of batch-to-batch production.

10. Characterisation of liposomes
10.1 Size and size distribution

When it comes to regulating the in vivo release of drug-loaded liposomes, vesicle
size is crucial. Liposomes’ average size is determined by their manner of production
and phospholipid content.

Numerous methods are used to analyse size and size distribution, such as:

1. Microscopic methods include SEM, freeze-fracture TEM, negative stain TEM,
and optical microscopy. Liposomes are imaged using SEM and TEM techniques,
which are also utilised to measure the inter-bilayer distance and bilayer thickness
[44]. Atomic force microscopy (AFM), a very high-resolution scanning probe
microscopy that creates 3D micrographs with resolution of nanometres and A0
scale to analyse the liposome shape, stability, size, and dynamic process of lipid
nano-capsules, is one of the recently developed microscopic techniques [45].

2.Hydrodynamic methods include gel exclusion chromatography, analytical
centrifugation, field flow fractionation, ultracentrifugation, and others that are
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used to analyse size distribution, elution properties, and liposome homogeneity
in addition to estimating a compound’s molecular mass [46].

3.Lipid vesicle size can be determined using diffraction light scattering techniques
such quasi-elastic light scattering, laser light scattering, and photon correlation
spectroscopy.

Liposomes smaller than 1 pm in size can have their mean diameter measured
using these methods. Depending on whether a liposome formulation is intended for
parenteral, topical, or inhalation application, it is important to keep an eye on its size.
Liposomal size can be modified by a number of techniques, including homogenisa-
tion, extrusion, and sonication.

10.2 Calculating lamellarity

The quantity of lipid bilayers enclosing the lipid vesicles is known as lamellarity.
Liposome size, homogeneity, and lamellarity can all be determined by means of cryo-
electron microscopy, 31P-nuclear magnetic resonance (NMR), and small-angle X-ray
scattering (SAXS) techniques [47].

10.3 Zeta potential

The main factor influencing cellular absorption and customised drug delivery is
the zeta potential. By generating an electric field in response to incident laser scatter-
ing on moving particles, the laser Doppler electrophoresis and Zetasizer assess the
zeta potential of liposomal dispersion. The zeta potential is affected by a number of
variables, including pH, ionic strength, and particle concentration. The total surface
charge and blood circulation time of liposomes are influenced by their lipid composi-
tion, specifically the positive- and negative-charged phospholipids [48].

10.4 Efficient encapsulation/entrapment

The percentage of water-soluble medicine and aqueous phase that are encap-
sulated during liposome production is known as encapsulation efficiency. The
percentage of entrapment per milli gramme of lipid is how it should be shown. Drug
bioavailability will increase with improved entrapment efficiency [49]. Solid phase
extraction, size exclusion chromatography, hollow fibre centrifugal ultrafiltration
and centrifugation ultrafiltration, mini-column centrifugation, and protamine
aggregation are some of the techniques used to determine entrapment efficiency.
Liposomes can be purified and separated using the mini-column centrifugation
method; for negatively charged and neutral liposomes, the protamine aggregation
method is employed. An indirect method of gauging encapsulation efficiency is to
calculate the percentage of the drug’s value that remains unencapsulated after being
subtracted from the total amount to be used [50].

10.5In vitro drug release studies

An in vitro diffusion cell or a dialysis bag is used for the 370°C in vitro drug release
experiments. To replicate in vivo conditions, the cell or bag needs to be dampened
with receptor media that contains pH 7.4 buffer and continuously agitated under sink
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conditions. A fresh medium volume was added to the receptor media at regular inter-
vals, and the required amount of the medium was taken. The concentration was then
assessed using UV-visible spectrophotometry and HPLC. The release of water-soluble
drugs is influenced by the cholesterol concentration in liposomal formulations; an
increase in cholesterol concentration accelerates the release of the drug [51].

10.6 In vivo performance

The pharmacokinetic characteristics of individual vesicles can impact the in vivo
performance of liposome-containing drugs. Intravenous liposome delivery is used
to examine the in vivo effectiveness of liposomal drug delivery methods by show-
ing rapid clearance from the liver and spleen. Greater than 0.5 pm liposomes were
phagocytosed, but liver parenchymal cells absorbed liposomes smaller than 0.1 pm.
Liposomes with cholesterol increase stability by stopping drug leakage. Hyaluronic
acid was used to functionalise magnetic liposome nanocomposites loaded with the
anticancer medication imatinib. Fluorescence photos were obtained at 2, 4, and 8
hours after injecting these magnetic liposomes into a mouse model to examine their in
vivo behaviour. When the fluorescence signal is at its highest, magnetic liposomes are
absorbed and retained [52].

11. Applications of liposomes

Drug delivery systems: Liposomes are extensively employed as drug delivery
vehicles for a wide range of drugs including anticancer agents, antibiotics, antifungal,
and antiviral drugs. Drugs formulated in the form of liposomes are administered
with the aim of enhancing their stability, solubility, and bioavailability, and reducing
toxicity and side effects.

o Anticancer therapy: The wide use of liposomes is their application in the delivery
of chemotherapy drugs such as doxorubicin (e.g., Doxil) and daunorubicin (e.g.,
DaunoXome). In this application, the drug is intended to be delivered to the
target tumour cells, thus minimising systemic exposure to the drug and therefore
reducing the side effects [53].

o Antibiotic delivery: Liposomal formulations have been shown to improve antibi-
otic delivery for drugs such as amphotericin B (AmBisome) in fungal infections.
The liposomal form reduces the nephrotoxicity and some other adverse reactions
to the drug [54].

Gene delivery: Liposomes can be used for delivering genetic materials, such as
DNA, RNA, and small interfering RNA (siRNA), into cells for their use in gene
therapy. This helps shield the genetic materials from degradation; enhance cellular
uptake of the said material; and hence facilitate handling genetic disorders, cancers,
and viral infections.

* Gene therapy: Liposomal gene delivery, which is also known as lipoplex, is cur-
rently used for the delivery of genes that either serve to replace a defective gene
or suppress the expression of a harmful gene. Liposomes are under clinical trials
to treat cystic fibrosis, haemophilia, and several cancers (Table 1) [55].
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Disease Liposomal drug Clinical Outcome References
applications
Treatment of Decreased
Systemic Fungal AmBisome (Liposomal . nephrotoxicity and
. .. cryptococcosisand . K [56]
Infections Ampbhotericin B) e improved antifungal
candidiasis .
efficacy
Doxil (Liposomal Treatment of Improved tumour
Kaposi’s Sarcoma PO AIDS-related targeting and reduced ~ [53]
Doxorubicin) N . ..
Kaposi’s sarcoma systemic toxicity
Rheumatoid . . Anti-inflammatory ~ Reduced inflammation
o Liposomal Prednisolone . . [2]
Arthritis therapy with fewer side effects
Cognitive Better brain
Alzheimer’s Liposomal Curcumin enhancement penetration and (57]
Disease P in Alzheimer’s reduced amyloid
patients plaques
Mylotarg (Liposomal Treatment of Enhanced targeting of
Breast Cancer Gemtuzumab HER2-positive cancer cells, leadingto 58]
Ozogamicin) breast cancer better outcomes
. -, Preventive vaccine Enhanced immune
-, Liposomal Hepatitis A o\
Hepatitis A . for hepatitis A response and [59]
Vaccine . . ;
infection prolonged protection
Cardiovascular . . Targeted dellverg.l Redl}ced plaqu§ size
. Liposomal Statins for atherosclerosis and inflammation [60]
Disease . R
management with fewer side effects
Pancreatic Cancer  Liposomal Irinotecan Treatment Improved overall
(Onivyde) of metastatic survival and
pancreatic cancer progression-free [61]
survival compared to
standard therapy
Triple-Negative Liposomal Doxorubicin ~ Treatment of Higher pathological [62]
Breast Cancer and Cyclophosphamide  early-stage triple- complete response and
negative breast better tolerability than
cancer free drugs
Non-Small Cell Liposomal Cisplatin Treatment of Reduced
Lung Cancer advanced NSCLC nephrotoxicity and
(NSCLC) enhanced efficacy [63]
compared to free
cisplatin
Ovarian Cancer v Treatment of Reduced cardiotoxicity
Doxil (Liposomal .
.. advanced ovarian and prolonged drug [64]
Doxorubicin) . .
cancer circulation
Liposomal Paclitaxel First-line treatment  Increased tumour [65]
for ovarian cancer response rate and
reduced peripheral
neuropathy compared
to free paclitaxel
Colorectal Cancer ~ Liposomal Irinotecan Second-line Significantly improved  [66]

(Onivyde) plus
Fluorouracil and
Leucovorin

treatment for
metastatic
colorectal cancer

survival compared
to other irinotecan
formulations
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Disease Liposomal drug Clinical Outcome References
applications
Glioblastoma Liposomal Treatment Enhanced brain
Temozolomide of recurrent tumour penetration (67]
glioblastoma and improved survival
rates in clinical trials
HIV/AIDS Doxil (Liposomal Treatment of Reduced systemic [68]
(Kaposi’s Doxorubicin) Kaposissarcomain  toxicity and prolonged
Sarcoma) HIV patients drug exposure
Prostate Cancer Liposomal Docetaxel Treatment of Increased median
castration-resistant ~ survival and improved  [69]
prostate cancer quality of life
Hepatocellular Liposomal Doxorubicin ~ Advanced Higher drug
Carcinoma hepatocellular concentration in (70]
carcinoma tumours with fewer
treatment side effects
Table 1.

Recent clinical examples of liposomal drug delivery systems.

Vaccine delivery: The usage of liposomes as adjuvants in vaccine formulations
increases the immune response to antigens and allows for better vaccination.
Liposomal vaccines can deliver antigens more efficiently and give sustained release,
leading to prolonged immune stimulation.

* COVID-19 vaccines: The mRNA vaccines have used lipid nanoparticles to protect
them from any form of degradation; these have included Pfizer-BioNTech and
Moderna vaccines. These nanoparticles protect the mRNA from any form of
degradation and at the same time facilitate its delivery into cells so that it may be
used for generating the antigen that then provokes an immune response [71].

Cosmetics and dermatological applications: Liposomes are also used in cosmetic
formulations to improve the delivery of active substances into the skin. They have
been found to increase the stability and penetrability of vitamins, antioxidants, and
moisturisers, hence presenting more effective cosmetics.

o Anti-ageing creams: The liposomes in the creams can act as carriers for the deeper
penetration of retinoids, peptides, and other active molecules, thereby increas-
ing their activity to diminish wrinkles and fine lines [72].

Diagnostic imaging: Liposomes can be filled with contrast agents and applied
to various diagnostic imaging methods including MRI and nuclear imaging. Such
liposomal contrast agent increases the visibility of tumours, inflamed tissues, or other

pathological sites.

* MRI contrast agents: Gadolinium- or iron oxide nanoparticle-based liposomes are
applied as contrast agents in MRI for improved imaging of tumours and other

abnormalities in soft tissues [73].
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Pulmonary delivery: Inhalable liposomal carriers allow for the targeting of drug
delivery to the lungs and exhibit potential in treating specific respiratory diseases,
such as asthma, chronic obstructive pulmonary disease (COPD), and lung infections.

* Inhalation thevapies: Liposomes have been developed that encapsulate corticoste-
roids, antibiotics, and bronchodilators and deliver them precisely to the lungs.
Such developed formulations might be beneficial in reducing the systemic side
effects because of an increased local drug concentration [74].

12. Conclusion

Drug delivery systems are majorly advanced by liposomes, as they assure improved
bioavailability of the therapeutic agents, their selective delivery, and reduced toxicity.
In addition to encapsulating hydrophilic drugs, their ability to encapsulate hydro-
phobic drugs as well, coupled with excellent biocompatibility, makes them versatile
carriers for a wide range of pharmaceutical applications. Although key challenges
still remain on issues like stability, scalability, and cost-effectiveness, their potential
continues to be enhanced with ongoing research and technological innovations in
the field of liposomal therapies. As these continue to develop, liposomes have the
potential to be a game-changing influence in the way that personalised medicine and
treatment outcomes for many diverse medical specialties are approached.
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The Role of Percolation Theory:
Can Formulations be Considered as

In-Organic Life Administered to
Organic Life?
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Abstract

The authors propose a new compelling concept and framework for understanding
the human body as a dynamic, open thermodynamic system far from equilibrium
conditions. This concept can be called “University of Florida College of Pharmacy
Interpretation of Life-Sciences” by describing the human being as a model of a human
supercomputer. The computer hardware only can function in a thermodynamic sys-
tem with an influx of energy. Thus, the existence of life is directly related to a local
reduction of the entropy leading to an “order out of chaos.” Percolation theory allows
predicting a system of “higher order” such as a pharmaceutical formulation leading to
a specific disintegration time of tablets. The authors of this book chapter coined this
ability as “In-organic Life”, able to interact with “Organic Life”. This concept leads to
the conclusions: 1) The human body is not only sensitive to a single well defined drug,
but also to combinations with n>= 2 safe generic drugs opening new research avenues
for drug discovery and that the number of preclinical and animal studies can be
reduced, 2) the human body is sensitive to a viral infection, and 3) to “friendly viral
infections” attacking only antibiotic resistant bacteria or cancer cells as “phage” ther-
apy. It is important to replace the current research concept of “reductionism” from
complex to simple by an approach from “simple to complex”. The storage of electro-
magnetic energy by using the Anderson localization will lead to a safe treatment of
radioactive waste preventing it from being buried for thousands of years. Stauffer and
Aharoni describe the Anderson localization as a super localization event. Thus, quan-
tum percolation forms a bridge between the quantum mechanical approach describing
(living and dead) matter as a collection of harmonic oscillators. It is important to
realize that percolation theory defines coherence and coherence length.

Keywords: what is life?, digital twin, virtual patient, model-informed drug

development (MIDD), University of Florida College of pharmacy interpretation of
life-sciences, Anderson localization, reductionism
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1. Introduction and state of the art

Pharmacometrics is the major task of the Center of Pharmacometrics and Systems
Pharmacology (CPSP) and has evolved from a descriptive science to an applied sci-
ence that has been increasingly used in all phases of drug development over the last
decades. Today’s application for accelerating and streamlining drug development is
known as model-informed drug development (MIDD) or, model-informed drug dis-
covery [1]. It is important to get acquainted with the following often used and cited
abbreviations of foundational technical skills such as ADME (Absorption, Distribu-
tion, Metabolism, Excretion) principles, and NLME (Non-Linear Mixed Effects)
modeling, PK (Pharmacokinetics), PD (Pharmacodynamics), and disease progression
models. i.e. Mechanistic PK and PD models including PBPK (Physiologically Based
Pharmacokinetic Modeling), a successful pharmacometrician should be an effective
communicator, be able to think strategically, and be able to influence team-based
decisions, as outlined in Figure 1.

This CPSP approach [1-4] has a lot of advantages being described to the public in
the educational program of the University of Florida Winter School [4]. It is evident
that the goal of CPSP is to strengthen the research activities for the benefit of the
patients. The UF Winter School is an important platform for the exchange of views in
optimizing the CPSP research activities.

In this context, it must be kept in mind that the existing scientific approach is
governed by the concept of reductionism, “From Complex to Simple”, with the
disadvantage that this method may lead to a loss of information.

2. Development of a new scientific approach as a model for the human
being: The impact of percolation theory and the order of a system

In the following section, we discuss the potential of the human being described as a
supercomputer to be used as a model for a Virtual Patient. This approach is new but
far from being mature. Additional effort to optimize this model is necessary. On the
other hand, it must be mentioned that this innovative model simulates a “living
biological system”, since it represents an open physical system with influx of energy.

Influencing
Decisions

Strategic
Thinking

Effective Written and Oral
Communication

Scientific Knowledge and
Technical Skills

Figure 1.
Hierarchical skill set for pharmacometricians to successfully apply model-informed drug discovery and
Development (MIDD) approaches [1].

92



The Role of Percolation Theory: Can Formulations be Considered as In-Organic Life...
DOI: http://dx.doi.org/10.5772 /intechopen.1008913

According to the work [5, 6] of Nobel Laureate Ilya Prigogine such an open system
with influx of energy allows the creation of life, respectively, the creation of a higher
order. The latter reverses the classical “time arrow” which is defined by the second
law of thermodynamics [5, 6] that the disorder (entropy) is constantly increasing. In
other words, the model of the “human, organic supercomputer” [7] must include the
following properties of a “supercomputer”: (A) The hardware (the human body)
being subject to aging, since the second law of thermodynamics cannot be switched
off. (B) On the other hand, the cells in our body are replaced every 7 to 10 years.
Interestingly, the definition of the “time arrow” based on the concept of entropy,
leads to the conclusion that it is possible to define a system which can be coined

as “inorganic life” [7] for a limited number of degrees of freedom to describe a
“higher order”.

Unfortunately, the “number of letters of the existing alphabet of inorganic chem-
istry is limited compared to organic chemistry using the DNA as letter and building
blocks for the storage of information = code of life” [8].

However, the “replacement times” show a high variability of the different human
organs of our body. Some human blood cells last only 2 days, while the cells in the
middle of our eye lenses are not replaced at all during our life. Evidently, thanks to the
open system with influx of energy, human cells, as a basic unit of a living organ, can
be substituted. Lizards even can reconstruct lost tails. Interestingly, if the human liver
is partly removed in a surgery, the missing liver cells can be replaced. This is an
exception.

It is important to realize that the creation of a pharmaceutical formulation also can
be considered as a “system of higher order”. In this context, the highly disordered
powder system consisting of particles of the active ingredient and functional excipi-
ents such as binder, disintegrant, filler, lubricant is designed as a drug delivery system
such as a tablet showing a specific drug release. This property can be interpreted as a
higher order of the tablet system.

It is important to note that the tablet properties can be modeled using percolation
theory. Thus, percolation theory provides us with an equation by reversing the “time
arrow” [6] of the second law of thermodynamics. Stauffer and Ahorni [9] included in
their book “Introduction to Percolation Theory” a chapter on quantum percolation
which triggers the hypothesis whether we have at the percolation threshold a super-
position of two different quantum states? In principle, this could also happen at room
temperature [7, 8]. Thus, the superposition of percolation thresholds at room temper-
ature may allow us to use such a system as an analog quantum computer [8]. How-
ever, this hypothesis needs to be validated. In the optimal case, the human brain has
the potential to perform such calculations.

In the case of a formulation, such an approach should lead to new insights for
quality assurance purposes.

3. The potential of the new model to simulate the human being as
supercomputer to be used as a virtual patient

As mentioned in the introduction, the basic equation of percolation theory can be
used for the prediction of a quality assurance property of a higher-ordered system
such as the tensile strength, deformation hardness or the elastic modulus of a tablet or
its disintegration time. This feature is an intrinsic property of the basic equation of
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percolation theory such as Eq. (1) for the case of the tablet quality attribute “disinte-
gration time”. Due to the achieved higher order this result can be interpreted as a local
reduction of the entropy with the focus on local, since the product also is subject to
aging and to the second law of thermodynamics!

This local higher order can be coined to some extent by the author as “inorganic
life” [7], since this process leads to a higher order as in the case of forming a highly
ordered inorganic crystal.

Due to the lower number of degrees of freedom of inorganic chemistry compared
to organic chemistry, the order in an inorganic crystal is limited regarding the content
of information, which is defined by the crystal classes.

In other words, organic chemistry was able to create a comprehensive alphabet to
store information based on DNA (Figure 2). This information can also be interpreted
as an instruction, respectively as “software” [7], which represents the highest order of
information!

Go Kimura used the basic equation of percolation theory to predict the hardness
and the disintegration time of his tablets during his PhD thesis [10] at the University
of Basel. In this context, he used as the critical exponent the value he obtained using
non-linear regression analysis and not a universal critical exponent, which is generally
accepted.

At the same time, Go Kimura used in his PhD thesis the Formulation Compute-
Aided Design (F-CAD) by CINCAP [11]. He also successfully introduced F-CAD at his
company Shionogi in Japan. For simplicity, we will use in the following equation of
percolation theory to predict the tablet disintegration time as “order” parameter.

The application of the basic percolation equation to replace individual cells (=
microprocessors) of an organ is a challenging next step, requiring additional concepts
to complete the model of the human supercomputer as Virtual Patient.

Figure 2.

The human supercomputer as Virtual Patient [7] with the Genetic DNA Code (top left) as software and the body
(below right) as computer hardware simulating a supercomputer consisting of microprocessor (below left).
Inovganic crystals are coined as “inorganic” life (top right).
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The scientific community is invited to participate in this challenging journey. As
mentioned in the introduction, the use of an open thermodynamic model with influx
of energy locally allows the reduction of the entropy leading to a higher order of the
system [7]. This is true in the field of inorganic and organic chemistry. In the case of
inorganic chemistry this event was coined as “inorganic” life [7].

3.1 Disintegration time as a critical tablet quality attribute

A higher ordered system such as a tablet with a specific order parameter defining
as an example the tablet disintegration time TDj, can be described by the basic
equation of percolation theory [9]:

TD; = SF (p — p,)? withq* =2 1)

The variable p (= probability = relative density p,) and p. = percolation threshold,
respectively critical relative density. Please note that q* = 2 corresponds to the univer-
sal critical exponent. q* = 2 is identical with the Einstein critical exponent for conduc-
tivity in 3D, SF = scaling factor.

Hans Leuenberger’s former PhD student Rene Luginbuehl [12] did not have the
opportunity to validate this conjecture, respectively hypothesis using a tablet formu-
lation consisting of more than two ingredients. Eq. (1) describes the local reduction of
entropy, increasing the degree of order and demonstrates a reversal of the “time
arrow”. In this context, Eq. (1) impresses by its simplicity.

Thus, the following fact needs to be kept in mind. The beauty of the
deterministic classical Newtonian and the physics of Einstein is related to a
minimum number of short and elegant equations to describe the natural phenomena
such as force F = mass times acceleration, i.e. F = m(d*x/d’t); kinetic energy Ej = func-
tion of mass and velocity, i.e. E; = 1/2(m [dx/dt]?) and E = mc? that mass m is
equivalent to an energy.

The contrary of a deterministic description is the end of certainty, the relativistic
description of time, and that the mystery of the arrow of time is related to the constant
increase of entropy in a closed thermodynamic system.

Thus, we need to get acquainted with the theory of chaos, bifurcation events and
new laws in nature being difficult to describe with elegant short solutions! In the best
case, we can write some more simple approximative equations describing the complex
phenomenon or need to accept that the more elegant description is limited to a limited
number of cases such as for “inorganic” life!

At the same time, we need to realize that the basic percolation equation is very
flexible, using only four variables such as scaling factor, SF, probability p, percolation
threshold p. and the universal critical exponent q*. If we introduce in this equation a
dynamic percolation threshold, it may be possible to also describe events of organic
life such as the continuous replacement of blood cells. Is our description using as
virtual patient a “human supercomputer” as model sufficient?

Interestingly, Einstein was not convinced that the successful concept of
quantum mechanics was complete. The creation of the concept of quantum mechanics
started with the Copenhagen interpretation [13]. As an alternative, t’ Hooft [14]
proposed the cellular automaton interpretation of quantum mechanics, leading to
additional questions such as whether an absolute vacuum can be found in the universe.

On the other hand, the successful mathematical language for the description of
quantum mechanical systems leads to the question whether biological systems also
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Tablet (Loading volume of MA, % v/v) Disintegration time (sec.) (z = 3)
A (0) 550 + 23
B (12.0) 596 + 8
C (23.5) 616 +6
D (34.5) 604 + 21
E (45.0) 428 +£16
F (55.1) 266 + 8
G (64.8) 453 + 24
H (74.1) 758 + 15
Table 1.

Disintegration time of mefenamic acid (MA) tablet formulations A-H according to the publication of Go Kimura
[10].

need a different set of mathematical tools for a better understanding? (Table 1). The
Standard Model and the Theory of Everything. The Standard Model is based on two
pillars , that is, (1) Einstein’s topic of General Relativity as a theoretical framework for
understanding the universe in regions of both large scale and high mass such as
planets, stars, galaxies including the gravitational forces of Newton and of classical
physics, and (2) on the Quantum Mechanics as a theoretical framework that focuses
on three non-gravitational forces in regions of both very small scale and low mass:
subatomic particles, atoms and molecules covering the non-gravitational strong
nuclear, weak nuclear and electromagnetic forces. According to Einstein, the frame-
work of Quantum Mechanics is not complete. Thus, the Theory of Everything, an all-
encompassing, coherent theoretical framework of physics that fully explains the uni-
verse is still missing. We cannot explain dark matter, the dark energy, etc. Einstein was
right, since the work of Dr Angelo Comunetti [8] showed that the electromagnetic forces are
also valid in the subatomic vegion and should be corvectly coined as third electromagnetic
nuclear force since electromagnetic energy can be stoved in a “localized” state of the nuclear
wave function. In other words, it is important to note that the strength of this electromag-
netic nuclear force is close to the nuclear strong force but should be distinguished from the
“normal” electromagnetic interaction. For this veason, it is not possible to use neutron
activation analysis to detect Au in such a “localized” state of the nuclear wave function.
Indeed, this electromagnetic nuclear force is initiating a Bose Einstein Condensate of
photons at room temperature in bi-distilled water which can be considered as a
semiconductor [8]. In addition, we must admit that we are primarily used studying
our environment as a closed physical system without an influx of energy. Thus, the
open physical system with influx of energy leads to different solutions. In the optimal
case the Theory of Everything will include the concept “University of Florida College
of Pharmacy Interpretation of Life-Sciences”.

But let us first discuss the quality attribute “disintegration time” of a tablet in case
of mefenamic acid (MA) tablets (Figure 3).

The values for r*(= Pearson Correlation Coefficient) are 0.998 for Figure 4a,
respectively, 0.996 for Figure 4b.

According to the above results, it can be expected that the non-linear regression
analysis will lead to a percolation threshold close to p. = 0.842 (Table 2). Thus, after
linearization of Eq. (1), the following model can be applied as a rough approxima-
tion = linearization method for using a linear regression analysis:
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Figure 3.
Disintegration time of MA (mefenamic acid) tablet formulations A-H published by Dr. Go Kimura [10].

Sqr(TD;s) = 1222.8-1452.1 p, )

with p, = relative density of the compact and p, = 1-e with € = porosity, and with
pc = 1222.8/1452.1 = percolation threshold = 0.842.

TD;s = (1222.8)% (p, — 0.842) (3)

However, this approximation does not correctly predict the TD;(R) results for
pe = 0.833 of Table 3 for the tablets F, F', G, G’ and H. For this reason, it makes sense
to use for the model the percolation threshold p. = 0.842 (after linearization based on
Table 4), being close to the value of p. = 0.841 of the non-linear regression analysis.

In addition, according to percolation theory, the shape of the quadratic function
describing the minimum of the disintegration time should be symmetric. Thus, the follo-
wing TD;, values for lower relative densities of tablets D*, D*” E* and E*‘as mentioned in
Table 4 can be expected (Figure 5), assuming a slightly higher porosity after relaxation.

Please note that the rigorous application of percolation theory requests that Eq. (1)
is symmetric with respect to the relative density p,, leading to TD;, = O for
p; = 0.84144 = p..

However, Figure 6a and b shows an asymmetric behavior of the left and right-side
branch of the TDj, results, leading to two different percolation threshold values
pc = 0.833, respectively p. = 0.858.

This result does not make sense and may be due to the relaxation process of a
system far from thermodynamic equilibrium in the spirits of Nobel Laureate Ilya
Prigogine and to the lack of additional data regarding the relative densities and the use
of interpolated values for the relative densities of Tables 4 and 5.

In other words, it is important to study quantitatively relaxation processes for the
validation of Eq. (1) with the universal critical exponent q* = 2 for TDj,.

Interestingly, the asymmetric behavior of the left and right-side branches of the
quadratic Eq. (1) may also be responsible for the constant term 338 sec in the following
equation:

TDis = 7031096 (p, — 0.84144)” + 338 (4)
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Figure 4.

(a) Linear regression (left side L) based on the data from [12]. The values for v* (= Pearson correlation coefficient)
are 0.998 for Figure 4a. (b) Linear regression (vight side R) based on the data from [12]. The value for

r*(= Pearson correlation coefficient) is equal to 0.996 for Figure 4b.

of the non-linear regression analysis of Figure 5. In this context, the
value p. = 0.84144 is reasonable and was obtained by using the linear regression
analysis.

Please note that Eq. (1) with the universal critical exponent q* [15] is successfully used
for the first time for the quantitative description of the tablet quality attribute disintegra-
tion time TD;s for pharmaceutical formulations consisting of more than two ingredients [12].

According to the work of Prigogine the compression of disordered particles/gran-
ules is a thermodynamic process in an open system with influx of energy far from
equilibrium conditions. Thus, it is important that the system has time to relax and that
the quality attributes such as porosity of the final tablet, the tensile strength or the
disintegration time are measured after ca 24 h, not earlier.
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Tablet X Rel. Dens. TDj, (L) Sqr Tablet X Rel Dens. TDj, (R) Sqr
Form (L) (sec) [TD;s(L)] Form (R) (sec) [TD;(R)]
D 0.834 604 24.58 F 0.842 266 16.31
D’ 0.836 516 22.72 F 0.8435 359.5 18.96
E 0.838 428 20.69 G 0.845 453 21.28
E 0.840 347 18.63 G’ 0.8465 605.5 24.61
F 0.842 266 16.31 H 0.848 758 27.53

Eq. (1) was treated on both sides by taking the square root for using the linear regression analysis. The corresponding
results are summarized in Figure 6a and b, leading to a percolation threshold p. = 0.84144 = 884.98/1031.5 = 0.858
{left = side} respectively, p, = 0.84144 = 1560.7/1872.7 = 0.833 (right-side).

Table 2.
Data from [10], in blue = interpolated, in red = extrapolated value.

Tablet X Rel. TD; (L) Predicted Tablet X Rel TD;, (R) Predicted

Form Dens. (sec) Result (sec) Form Dens. (sec) Result (sec)
(L (R)

D 0.834 604 451 F 0.842 266 284

D’ 0.836 516 379 F 0.8435 359.5 387

E 0.838 428 313 G 0.845 453 505

E 0.840 347 254 G’ 0.8465 605.5 639

F 0.842 266 284 H 0.848 758 789

Experimental and predicted vesults based on Eq. (1). Evidently, the predicted vesults based on the calculated percolation
threshold p. = 0.833 (left side) lead to better results than in case of p, = 0.858 (right = side).

Table 3.
Data from [10], in blue = interpolated, in red = extrapolated value.

For this reason, it cannot be excluded that the porosity of the tablets, respectively,
the relative densities of D, D', E and E’ were measured before the tablets were fully
relaxed. However, this hypothesis had to be validated in future studies.

It is important to note that the basic percolation equation does not replace the
successful software F-CAD (= Formulation — Computer-Aided Design) by CINCAP
[11], which was introduced at the Pharmaceutical Company SHIONOGI by Go
Kimura [10]. In his PhD thesis [10], he used F-CAD and was able to predict the
disintegration time of MA tablets, as shown in Table 6.

3.2 The Young’s elastic modulus as a critical tablet quality attribute

Another example of “inorganic” life can also be described by the basic percolation
equation for the table quality attribute “elastic young modulus” f of the tablet,
respectively, deformation hardness or tensile strength. In the case that no capping of
tablets takes place, all three quality attributes show a proportionality [17]:

Elastic Modulus f = SF (p—pc)q* (5)

In this context, nobody was so far able to validate whether the elastic modulus of a
pharmaceutical compact can be described by Eq. (5) with the universal critical exponent
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Tablet X Rel. TD;j, (L) Predicted Tablet X Rel TD; (R) Predicted
Form Dens. (sec) Result (sec) Form Dens. (sec) Result (sec)
(L) (R)

D* 0.818 — 789 F 0.842 266 284

D* 0.820 — 593 F 0.8435 359.5 387

E* 0.824 — 284 G 0.845 453 505

E*¥ 0.836 — 31 G’ 0.8465 605.5 639

F 0.842 266 284 H 0.848 758 789

Experimental and predicted vesults based on Eq. (1). The predicted disintegration time values for the tablets D*, D* E*
and E*‘correspond to lower relative densities of the tablets D, D’, E, and E.

Table 4.
Data from [10], in blue = interpolated, in red = extrapolated value.
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Figure 5.

Non-linear regression analysis for the disintegration time (Y-axis in sec) TDis =7,031,096 (p,, —0.84144) + 338
as a function of the relative density p, (X-axis = apparent density/real density = velative density). Predicted values
of the disintegration time TDj; as a function of the relative densities p, of the tablets D, D', E, E’, D*, D* E*E* and
F, F, G, G’ and H (see Table 5).

q* = 3.75 [18] and with p = relative density of the compact, respectively, p. = critical
relative density.

Please note that this universal critical exponent consists of a fractal showing the
connection to Mandelbrot’s Fractal world [19]. The latter is related to a non-linear
relationship of the variables involved. On the other hand, according to the basic
percolation theory of Eq. (1), the compactibility [20] of a pharmaceutical powder
system is indirectly proportional to the site percolation threshold of the particles of the
substances (active pharmaceutical ingredient, excipient).

A soft, plastic material such as PVP shows a low value of the site percolation, and a
brittle material such as Emcompress (calcium hydrogen phosphate dihydrate) shows a
high value of the site percolation threshold! In the extreme case, that is, if the
compactibility is zero, the site percolation threshold corresponds to the relative
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(a) Correlation between the disintegration time (Y) of the nine nifedipine tablet formulations and the Sqr of the
tablet havdness values (X), data from [22], according to Table 7. (b) Validation of the vesults of Figure 6a by
the contract vesearch organization MOAT (X-axis: Sqr [Havdness in N] (Table 8), Y-axis: disintegration time in
sec). Table 9 shows the predicted results of the disintegration tie of the nine nifedipine tablet formulations based on
the equation. (c) Unfortunately, no correlation between the disintegration time values (Y) and the square root of
the hardness values (X) can be detected. In this context, it needs to be noticed that the addition of approximately
0.05% Magnesium Stearate (“swatch” mixed in a bag) was sufficient to destroy the observed correlation between
the critical tablet attribute “disintegration time” and the Sqr of the critical tablet attribute “Hardness”. This is a

dramatic effect.
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Tablet X Rel. TD;j, (L) Predicted Tablet X Rel TD; (R) Predicted

Form Dens. (sec) Result (sec) Form Dens. (sec) Result (sec)
(L (R)
D 0.834 604 96 F 0.842 266 0.0
D’ 0.836 516 54 F 0.8435 359.5 3.4
E 0.838 428 24 G 0.845 453 13.5
E 0.840 347 6.0 G 0.8465 605.5 30
F 0.842 266 0.0 H 0.848 758 54
Table 5.

Model showing the vesults for p, = 0.842 with the scaling factor SF = (1222.8)* according to Eq. (3).

Composition (% v/v) MS/(MS + MA) Disintegration time (sec.)
MA LA MS Experimental data F-CAD data
(n=3) (n=6)
B 12.0 61.4 26.6 0.698 596 + 8 338 £ 10
C 235 53.4 231 0.497 616 + 6 408 +7
D 34.5 45.7 19.8 0.365 604 £+ 21 448 + 14
E 45.0 38.4 16.6 0.27 428 £ 16 395+ 14
F 55.1 313 13.6 0.198 266 + 8 191 +£13
G 64.8 24.6 10.6 0.141 453 + 24 432+ 19
H 74.1 18.1 7.8 0.096 758 £ 15 785+ 24
J 34.5 51.3 14.2 0.292 535+ 12 382+10
K 74.1 12.9 13.0 0.15 413 +£8 596 +9
74.0 77 18.3 0.198 290 +2 897 8
(¢} 34.5 57.0 8.5 0.198 420+9 350 £13

The disintegration time predicted by F-CAD corvesponds to the calculated time elapsed that the water molecules reach the
center of the tablet [16].

Table 6.
Experimental and F-CAD predicted disintegration time of mefenamic acid [MA] tablets [12] consisting of MA,
lactose (LA) and maize starch (MS).

density = 1 = zero porosity. In other words, zero compactibility means that there is no
bonding between the particles. Thus, due to the lack of bonding, a disordered partic-
ulate system may show compressibility = volume reduction under pressure [20] but
does not form a stable compact.

A detailed study of an earlier work [21] on the topic of the critical tablet quality
attributes, hardness and disintegration time of nifedipine tablet formulations (see
Table 7 and Figure 6a, b) showed a correlation between the disintegration time and
the hardness of the tablets. However, this correlation only could be validated for the case
that all data (havdness and disintegration) was collected in strict compliance with prepar-
ing the tablets by using the oviginal Presster equipment [21] by lubricating the punches and
the dies with cotton swabs impregnated with magnesium stearate instead of mixing the
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Disintegration time of Nifedipine tablets at 108,000 TPH, each value represents the mean + SD
(n = 3). Runs according to Table 2

No. Weight (mg) Thickness (mm) Diameter (mm) Hardness (N) Disintegrationtime (sec)

1 402.7 £ 0.9 476 +£ 0.02 10.06 + 0.01 1314+ 13 1639 + 76
2 401.1+2.0 4.81+ 0.06 10.08 + 0.01 92 + 28 1217 £ 242
3 401.3 £ 0.7 4.76 £ 0.02 10.07 + 0.01 92+ 4 1051 + 348
4 401.0 £1.8 4.81+ 0.06 10.07 = 0.00 101 +£ 12 1300 £+ 227
5 401.7 £ 1.0 4.79 £ 0.03 10.08 £ 0.01 81+9 927 + 43
6 400.2 £ 1.0 4.83 + 0.03 10.11 £+ 0.02 34 +18 101 + 17
7 401.0 £1.3 4.85 + 0.04 10.09 £ 0.00 82+ 14 1099 + 20
8 4015+ 2.0 4.89 + 0.03 10.12 + 0.01 40+7 283 + 48
9 401.2 £+ 0.7 4.86 + 0.03 10.12 + 0.01 27+ 6 53+11
Table 7.

This table corvesponds to Table A1b of publication [21] by Duangmanee Maneerojpakdee et al. An attempt to
adopt the workflow of the automotive and aircraft industry for the design of drug delivery vehicles.

lubricant (2.0% w/w) with powder particles. In addition, the critical tablet quality
attributes need to be measured after 24-hour relaxation of the thermodynamic sys-
tem, initially far from equilibrium conditions.

Disintegration Time = 279 Sqr (Hardness)-1517 [sec] (6)

Interestingly, the correlation between the hardness or tensile strength of the
nifedipine tablet formulations of Figure 6a, b, as well as the successful validation of
Figure 6a, vanishes if the lubricant Magnesium Stearate is classically distributed in
the powder mixture before tableting, as shown in Figure 6c.

Indeed, this result corresponds to a fundamental textbook experiment showing the
importance of the bonding between the particles in the tablet. This result confirms the
interpretation of results obtained in binary powder systems regarding the tensile
strength of a tablet [15, 23]. In the case of a binary system, percolation theory was
used with a universal critical exponent q* = 2.7 instead of q* = 3.75. The interpretation
[23] showed the importance of the bonding strength distribution of local bonds
between the particles. Thus, it makes sense that the distribution of the hydrophobic
lubricant Magnesium Stearate is influencing the bonding capacity, which is mainly
based hydrophilic, van der Waals forces. Thus, the need of an external lubrication device
or a hydrophilic lubricant would be advantageous.

Interestingly, the results of Figure 6c could be confirmed in the PhD thesis of Dr.
Go Kimura [10]. He also used the Presster equipment for manufacturing the
mefenamic acid (MA) tablet formulations and added 0.5% w/w magnesium stearate
to the tableting mixture. For this reason, he might not be able to find a correlation
between the disintegration time of MA tablet formulations and the Sqr of the tensile
strength of the tablets (Figure 7), according to Table 10.

3.3 “Organic” life, and the regeneration of liver tissue

It is well known that lizards can regenerate tails being damaged. This process is
called autotomy [24]. Human beings can regenerate part of the liver after surgery. The

103



Emerging Frontiers in the Drug Formulation Design

Tablet Weight (mg) + SD Thickness + SD Hardness + SD Disint. T. + SD
form (mg) (mm) (N) (sec)
Nr1 397+ 8 40+£01 128 £11 1650 + 087
Nr2 401+ 6 40+£0.1 93 £24 1235 £ 214
Nr3 402 +5 40+01 94 + 04 1220 + 076
Nr 4 400+ 6 41+0.1 102 £+ 08 1333 + 104
Nr5 401+ 6 40+£0.1 84 + 08 0933 £ 043
Nr 6 396 £5 40+£0.1 45+ 06 0110 £+ 013
Nr7 400 +£5 40+£01 85+11 1198 + 025
Nr 8 399 +7 40+£0.1 40 £ 05 0287 £ 033
Nr9 400 £5 40+01 26 + 04 053 + 011
Table 8.

Validation vesults of the physical characterization of the nine nifedipine tablet formulations of Table 7 by CRO
MOAT.

Tablet nifedipine Rel. TDis  Predicted Result  Predicted Result  Predicted Result

formulation Dens (sec) (sec) Eq. (3) (sec) Eq. (4) (sec) Eq. (6)
1 0.73395 1650 886 926 1640

2 0.73013 1235 946 1047 1174

3 0.76114 1220 308 1188

4 0.69291 1333 1047 1300

5 0.72468 933 1034 1234 1025

6 0.76755 110 444 180 355

7 0.75917 1098 540 1055

8 0.79110 287 224 248

9 0.79001 53.0 233 4 -94.0

In the case of Eq. (3) the predicted values correspond to the following parameters Scaling Factor SF = 66925.7 and critical
relative density p. = 0.849. In the case of Eq. (4) the predicted values correspond to the following parameters Scaling Factor
SF = 256744.9 and critical velative density p. = 0.794. It is important to note that in the case of Eq. (4), only the relevant
relative density values were used, as in the case of the mefenamic acid (MA) tablet formulations [10] of the PhD thesis of Dr.
Kimura. Due to the range of relative densities studied of the nifedipine tablet formulations, only the left branch of the
quadratic function could be studied leading, as expected, to a better prediction of the critical quality attribute “disintegration
time” and of the value of the percolation threshold p, = 0.794 compared to Eq. (3), which is an approximation.

Table 9.
Measured and predicted disintegration times of the nine nifedipine tablet formulations based on Eq. (6) and on
assuming that the disintegration time can be described by the basic percolation Eq. (1).

regeneration of liver tissue is very complex and involves many steps of cellular and
chemical pathways [25].

In other words, the quality attribute “Liver” as an organ cannot be described by the
simple basic percolation Eq. (1) with an appropriate universal exponent q* and a
percolation threshold. On the other hand, the quality attribute “liver tissue” is an
ordered structure of specific liver cells like the ordered powder particles of a tablet
leading to a specific elastic modulus f in the case of “inorganic” life. Thus, in principle,
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Figure 7.
No correlation between the disintegration time in sec (Y-values) and the Sqr of tensile strength (X-values) of MA tablet
formulations could be detected, confirming the vesults of Figure 6c. This vesult prompts the idea to manufacture a second
set of MA tablet formulations by adding the lubricant externally to evaluate whether the correlation between the critical
quality attribute “disintegration time” and the square voot of the critical quality attribute “tablet hardness” or “tensile
strength” can be validated. Such a validation would be an essential contribution to the concept of quality by design.
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Composition (% v/v) MS/MA 7 kN
Porosity (% v/v) TS (N/cm?) TDis (sec.) (n = 3)
(n=6-7) (n=6-7)
MA LA  MS (n=6-7) (n=6-7) (n=3)
A 0 69.7 30.3 — 20.6 + 0.32 103 + 3.20 550 £23
B 12 61.4 26.6 2217 182+ 0.21 128 + 4.64 596 + 8
C 23.5 53.4 23.1 0.983 17.0 = 0.28 133 £+ 3.60 616 £ 6
D 34.5 45.7 19.8 0.574 16.6 + 0.28 132 £+ 3.89 604 + 21
E 45.0 38.4 16.6 0.369 16.2 +£ 0.20 134 £3.35 428 + 16
F 55.1 313 13.6 0.247 15.8 £ 0.24 143 +£7.14 266 + 8
G 64.8 24.6 10.6 0.164 155+ 0.14 142 + 4.76 453 + 24
H 74.1 18.1 7.8 0.105 16.4 + 0.37 143 £3.52 758 £ 15
I 0 84.8 15.2 — 20.6 = 0.16 97.6 £2.71 379 £7
) 345 51.3 14.2 0.412 17.0 £ 0.26 135+ 2.10 536 +12
K 74.1 12.9 13.0 0.175 16.3 + 0.32 129 £1.95 413 £8
L 0 78.8 21.2 — 19.7 £ 0.15 118 + 1.96 373 £36
M 74.0 7.7 18.3 0.247 16.2 £ 0.11 131+ 217 290 +£2
N 0 90.9 9.1 — 20.4 £ 0.47 125 + 4.07 232+ 20
o 34.5 57.0 85 0.246 17.4 £ 0.29 133 +4.58 420+ 9
Table 10.

Excerpt of Table 23 of [10] with list of disintegration time and tensile strength values of mefenamic acid (MA)
tablet formulations manufactured with the Presster equipment using a compression force of 7 kN [10].
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Figure 8.
Flocking of birds [7], Ref Wiki commons.

it can be expected that the basic percolation equation can be used for the description
of the ideal volume of the regenerated human liver:

Ideal volume of the liver Vi, = SK (p—pc)q* @)

with p = density of the human liver cells, p. = critical density of human liver cells.
Indeed, if too much of the liver is removed the liver cannot be reconstituted [25].

Eq. (6) needs to be validated.

The following additional question needs to be addressed: Do we take care of all cell-
to- cell communications, including the possibility of a non-chemical communication, which
seems to take place in case of the flocking of birds (Figure 8) [8, 26].

Interestingly, the mechanism of collective “mind change of flying birds” (Figure 8)
is like a cooperative reaction path of a crystalline phase transition, supporting the idea
that similar physical laws exist in “inorganic” and “organic life” [7].

Indeed, the result of the crystallization process leads to a higher order, which can
be interpreted as “inorganic life” [7].

The crystalline phase transition keeps a specific order of the system. It can be
assumed that the crystallization process can be described by the basic percolation
equation with an appropriate exponent.

Thus, the following question arises: Are the current models of a virtual human
being complete?

4. The University of Florida College of pharmacy interpretation
of life-sciences

Einstein was not sure whether the Copenhagen model of quantum mechanics
was complete, known as Copenhagen interpretation [13], sparking the Bohr-
Einstein debates [27]. The term Copenhagen “Interpretation” is somehow misleading. In
fact, the term “Copenhagen Agreement” between the founding members of the mathe-
matical tools used in quantum mechanics [13] which would be more appropriate.
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In this context, Herbert Frohlich [28] discusses in his chapter “Theoretical Physics
and Biology” the problem of cancer in a multicomponent biological system. Frohlich
defines cancer as a transition from an ordered to a disordered state. In other words,
Froehlich is convinced that individual cells are subject to a coherent electric vibration of
an Einstein-Debye model of cells represented by as system of harmonic oscillators.
Thus, a coherent electric vibration extends through the whole tissue (organ), and the
vibration of each individual cell responds to it, that is, each cell is held in an appropriate
phase and vibrational frequency. Now in cancer, the control exerted by the excited
mode is no longer active leading to a phase transition from order to disorder. According
to Frohlich [28] the disordered (cancer) state, order may be restored by external irradiation
with the correct frequency. Interestingly, the natural personal frequency emitted by late
Nishino-sensei was used to treat cancer patients [26]. This fact should promote an
intensive study of unresolved mysteries in the manuscript submitted [29]. Interestingly,

Frohlich’s hypothesis opens a new research avenue for the pharmaceutical indus-
try: Can a pharmaceutical active ingredient such as an anti-cancer drug be replaced by
an appropriate electromagnetic-acoustic radiation for healing the cancer, respectively
restoring the former “higher order” of the system? This idea would comply with the
model of the human supercomputer and its architecture needing a control “refresh-
ment cycle” that no important information gets lost.

In this context, the human being is considered as an Einstein-Debye model [30]
consisting of harmonic oscillators. These oscillators can be in resonance with water
explaining the successful search of talented dowsers. Some dowsers also seem to be
sensitive to deposits of silver and gold by holding a piece of silver or gold.

In other words, these findings lead to the surprising hypothesis that the placebo
effect could be interpreted as a resonance phenomenon of a specific drug structure.
This idea was proposed by Dr. Karim [31], co-chair of the Leuenberger International
Symposium on Pharmaceutical Sciences and Processes [32].

This idea prompts the question of whether the “placebo effect” of existing drugs
can be reinforced by applying the corresponding electromagnetic-acoustic frequency
of the pharmaceutical active ingredient?

Thus, the following hypothesis should be tested: Can we characterize a typical
chemical structure such as acetylsalicylic acid, a nonsteroidal anti-inflammatory drug
used as a pain killer showing a “placebo effect’ of approximately 70%? Can this
placebo effect be reinforced by irradiating the patient with drug-typical electromag-
netic harmonic and acoustic waves as part of an Einstein-Debye model of Aspirin?

In this context, is the vibrational frequency (infrared frequency) of Aspirin part of
the Debey model of the human being? Can such a resonance be detected?

This hypothesis needs to be validated. Irving Kirsch [33], Harvard Medical School,
a leading researcher in the field of placebo studies, reported that antidepressants show a
placebo effect close to 80%. Thus, a second example could be imipramine hydrochloride,
a tricyclic antidepressant [34]. The drug’s vibrational spectra are known to agree with
calculations based on density functional theory [34]. In both examples, it would be
important to identify the human Einstein-Debye electromagnetic and acoustic fre-
quencies and the expected resonance with the crystalline structures of the drugs.

5. Conclusions

The basic equation of percolation theory can describe a critical quality attribute such as
the disintegration time showing a higher order of the system, respectively, a lower
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entropy. This property was coined “Inorganic Life” [7] since formulations often also
include inorganic components. The main point is the limited number of building blocks,
respectively, and the limited degree of freedom in inorganic chemistry compared to
organic chemistry leading to a limited number of systems of higher order such as crystals.
We know 32 crystal classes, and 7 crystal systems, triclinic, monoclinic, orthorhombic,
tetragonal, trigonal, hexagonal and cubic. The “alphabet” of “organic life”, that is, the
DNA building blocks, leads to the description of the highest order and the highest degree
of freedom, respectively, to a large variability of life in our organic ecosystem.

The inorganic life of the critical quality attribute “disintegration time” can be
described by the universal critical exponent q* = 2 of Eq. (1).

It was not possible to show the exact value of the universal critical exponent q* in
case of the critical quality attribute “Hardness”, “Elastic Modulus” or “Tensile
Strength” of a pharmaceutical formulation. This fact may be because usually a hydro-
phobic lubricant is added to a pharmaceutical formulation, leading to a change in the
bonding of the particles involved and to a decrease in the order of the system,
respectively in an increase of disorder or entropy (Figures 4 and 6c).

Thus, according to the result of the empirical relationship of Eq. (6), it can be
assumed in a first approximation that the critical tablet quality attribute for the
“Hardness” H is proportional to the critical tablet quality attribute (TDis)?.

Thus, the critical exponent for the critical tablet quality attribute Hardness
H is expected to be q* = 4 being close to q* = 3.75. On the other hand, we know that
Hardness values are proportional to the values of the deformation hardness
and Young’s Elastic Modulus according to the work of Sun et al. [17]. This fact prompts
the question, whether q* =3.75 or q* = 4.0 corresponds to the universal critical exponent
for the Elastic Modulus since an earlier study by Martin Kuentz [35] showed
q" = 3.95 £ 0.14 for Microcrystalline Cellulose (MCC). In other words, to be on the safe
side, a third formulation system different from nifedipine and MCC needs to be tested
that the universal critical exponent q* = 4.00 for Young’s Modulus and not q* = 3.75 [18].

Frohlich [28] describes in his book that human beings are sensitive to electromag-
netic smog developing an allergy. On the other hand, he defines “cancer” as a transi-
tion from a higher order to a disorder, which can be restored by irradiating the human
being with the appropriate electromagnetic radiation. This hypothesis opens a new
reseavch avenue which needs to be explored in detail.

At the same time his hypothesis supports the idea that the human being can be
described as a supercomputer architecture which needs a wireless cell-to-cell com-
munication, like the communication between flocking of birds [7, 36] that no infor-
mation = order get lost. In this context, it makes sense to explore in more detail the
radiation emitted by the followers of the Nishino Breathing method [7, 29, 37-39].

As already mentioned in [7], the human supercomputer as Virtual Patient opens
new research avenues with respect to combination products of already registered low-
dose safe generic formulations with the advantage that the number of necessary
animals and preclinical trials can be reduced with the goal to detect new medical
therapies with less side effects.

Contrary to the Copenhagen Interpretation or Agreement, there is no special need to
create a different set of mathematical equations like the Schrédinger or Dirac equation
since Prigogine and Nicolis provide us with the appropriate mathematical tools and new
laws to describe biological phenomena such as the heartbeat regulation [40].

In the above-mentioned proposal of the University of Florida College of Pharmacy
Interpretation of Life-Sciences, it is important to complement the new laws of Nobel
Laureate Prigogine with additional simple equations describing the bottom-up principle
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from simple to complex, inspired by the ideas of Benoit Mandelbrot [19], Herbert
Frohlich [28], Dieter Stauffer and Amnon Aharoni [9].

In other words, such an approach corresponds to the contrary of reductionism
[35], respectively, of a reductionistic method. Thus, percolation theory and its bridge
to the fractal nature of Mandelbrot’s world [9, 19] may lead to new insights. Fréhlich
[28] also suggests studying non-linear systems with the capability to explain more
complex biological systems starting from a simpler description.

In other words, according to Prigogine and Nicolis [5-7, 40] new laws related to
chaos theory and to non-linear systems need to be considered.

In this context, let us invite the scientific community and the interested members
of the University of Florida Center of Pharmacometrics and Systems Pharmacology
(CPSP) to explore complex systems in a “bottom up” instead of a reductionistic “top
down” approach by promoting the concept of the University of Florida College of
Pharmacy Interpretation of Life-Sciences.

As mentioned in the introduction, the model of a virtual patient described as a human
supercomputer needs additional improvements that can be provided by modern tools of
artificial intelligence, such as deep learning etc. Additional expertise from the part of the
computer architecture of commercially available high-speed computers is welcome.

This scientific approach can lead to new insights and hopefully resolve problems
by reducing side effects such as the application of “friendly viral infections” attacking
only antibiotic-resistant bugs, as “phage” therapy [41] or in the treatment of cancer
cells using “phage” therapy as the only food for such “friendly” viral infections. In this
context, in the PhD thesis of Dr. Matthias Plitzko, respectively, the Meridion technol-
ogy [42] for manufacturing nanoparticulate formulations based on the spray-freeze
drying technology may be helpful.

It is important to notice that we work in an open thermodynamic system with an
influx of energy far from equilibrium conditions, which is an advantage. Thus, the
effect of the type of energy input as food also plays an important role. In this context,
knowledge of Chinese nutrition therapy [43] can lead to additional insights.

It is well known that in the case of a closed system without influx of energy, the
second law of thermodynamics leads to an increase in entropy and disorder. This fact
allows us to calculate the expiry date of a pharmaceutical tablet containing a minimum
of 90% of pharmaceutical ingredient(s).

For this purpose, the Arrhenius equation often is used to describe the degradation
rate k = A e " T with activation energy:

Degradation ratek = A e Fa/RT (8)

with E, = activation energy.

In addition to the statement that the basic equation of the percolation theory
inherently describes a higher order of a system, the following question arises: Can we
postulate a regeneration rate constant k* for a regeneration process, reducing the
entropy,

k* == A* e EL/RT 9)

with E(L) = Life energy of an open thermodynamic system far from equilibrium
conditions?

Is it possible to quantitatively determine this energy E(L), which is often called
“KI” [8]. that is, “life” energy in the Asian culture?
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Can this energy explain the incredible findings of Marcel Violet [8] that his “gold”
water is promoting the growth of potatoes and carrots [29, 43]?

In both cases [7, 8], the “life energy” is of electromagnetic nature.

In other words, it can be assumed that Marcel Violet’s process to obtain his “gold”
water induced an “Anderson” localization of electromagnetic energy [8], which was
stored for a limited time and subsequently consumed by the biological system, leading
to a better crop. This hypothesis needs to be validated.

Interestingly, Comunetti [8] could confirm the vesults of the “Anderson” localization of
electromagnetic waves in the range of electromagnetic energies of gamma rays capable of
inducing a photo-nuclear veaction which can be used to treat radioactive waste of nuclear
power plants to remove the radioactivity of the waste.

On the other hand, the corresponding author was tempted not to publish the work of
Dr. Angelo Comunetti, since his method can be used to develop powerful gamma lasers.

Most important is the fact that the “Anderson” localization accumulated electro-
magnetic energy that was consumed by the cells of Marcel Violet’s biological system
fertilizing carrots and potatoes and can be used for avoiding pollution of the environ-
ment with artificial fertilizers such as urea and phosphate.

Interestingly, in the case of Marcel Violet’s experiments, no chemical energy was
involved as in the case of “flocking” of birds [7, 36].

On the other hand, in principle, E(L) does not need to be of electromagnetic nature
but could be of chemical nature in the open thermodynamic system.

Thus, it would be of interest to know whether E(L) also is a function of the energy
input, that is, of food [44]?

In other words, food, lifestyle and the appropriate ethical codex are important
factors for a sustainable health and peaceful society.
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Advancements in Omeprazole
Formulations: From Technological
Innovation to Release Strategies
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Abstract

This chapter reviews data on 72 omeprazole (OME) formulations developed in
the past 5 years. The types of OME formulations, the excipients and the methods are
analyzed in depth. Data on 72 omeprazole (OME) formulations created over the last
5 years are reviewed in this chapter. A thorough analysis of the many kinds of OME
formulations, excipients and techniques is conducted. The release of OME from vari-
ous formulations, the variables influencing this release, and how it affects the efficacy
of the medication are also covered in this chapter. The review seeks to identify signifi-
cant distinctions and parallels between these formulations and their constituent parts
by contrasting the data gathered.

Keywords: omeprazole, formulations, drug-delivery systems, sustained release,
controlled release, hydrogels, tablets, capsules, nanoformulations, added value,
therapeutic value, repurposing

1. Introduction

Omeprazole (OME, Figure 1a) and its S-isomer, esomeprazole (Figure 1b), are
potent benzimidazole derivatives and antisecretory drugs, which belong to the widely
used group of proton pump inhibitors (PPIs) [1]. OME works by inhibiting the criti-
cal enzyme H'/K* ATPase, which is located in the parietal cells of the stomach and is
commonly referred as the proton pump. This enzyme plays a crucial role in the final
step of gastric acid production, and by inhibiting it, OME effectively reduces gastric
acid secretion [2].

Omeprazole’s primary indications include the treatment of gastric [3] and duode-
nal ulcers, prevention of gastric and duodenal ulcers related to the use of nonsteroidal
anti-inflammatory drugs (NSAIDs), and prevention of ulcer recurrence. It is also
used for the treatment of symptomatic gastroesophageal reflux disease (GERD),
esophagitis, Barrett’s esophagus and functional dyspepsia. Additionally, omeprazole
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Figure 1.
(a) Chemical structure of omeprazole; (b) chemical structure of esomeprazole.

is a key component in the eradication of Helicobacter pylori infections in peptic ulcer
disease and in managing complex hypersecretory syndromes, such as the Zollinger-
Ellison syndrome [4].

One of the major pharmaceutical challenges with omeprazole, as with other
PPIs, is the stability issue. Omeprazole is highly sensitive to the acidic environ-
ment and degrades rapidly under the stomach conditions [5]. Thus, its orally
administered formulations have to be carefully selected, in order to ensure that
OME remains intact, while passing through the stomach and is only released in
the small intestine, which typically has a more neutral environment. To overcome
this significant issue, omeprazole is usually formulated with the incorporation of
an enteric coating, which prevents premature degradation [6]. Alternative deliv-
ery systems, such as oral suspensions and intravenous formulations, have also
been developed for children and patients who may face specific difficulties, such
as cataposis-related problems [7].

In the last 35 years, since its initial launch in Europe in 1988 and its subsequent
introduction to the United States market in 1989 under the brand name Prilosec®,
developed by Astra AB company (now named Astra Zeneca®) [8], omeprazole
formulations have undergone significant advancements. Numerous innovative formu-
lations have been examined, in order to enhance omeprazole’s characteristics, in terms
of stability, release profile and therapeutic efficacy [9]. Furthermore, in recent years,
attempts have been made, to explore OME? full potential and its repurposing profile
with respect to other promising therapeutic uses, like cancer treatment [10]. These
developments demonstrate not only the drug’s long-standing importance in the field
of gastroenterology, but also its long-lasting role in pharmaceutical innovation.

2. Omeprazole’s formulations over the last 5 years: Literature review
2.1 Methodology

To include as many relevant articles on the topic as possible, a search was con-
ducted, in July 2024, using the electronic database “PubMed” for articles published
within the last 5 years.

The search terms were the English words “omeprazole” and “formulation” along
with specific keywords, such as “tablets”, “capsules”, “solid lipid nanoparticles”,
“hydrogels”, “pellets” and “nanogels.” The search strategy flowchart was recorded and
is illustrated in Figure 2.

Initially, articles were excluded from the review based on their titles, as it was
being clear that they did not focus on the topic under study. For example, excluded
were those, which have dealt with either the therapeutic effects of other active

substances or studies involving animal populations.
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Additionally, articles that reviewed the formulations bibliographically, rather than
presenting original research, were also not taken into account.

The number of articles selected for further investigation was n = 22. However,
this number was considered insufficient and a second search with the same search
terms was conducted in the Google Scholar database. Furthermore, in order to
maximize the inclusion of more relevant and appropriate articles the references
of the retrieved articles were also examined. To conclude, the final set of articles
for the review was n = 57. However, only the optimized formulations mentioned in
the articles/studies and/or those with notable characteristics are presented in this
review.

Additionally, the pharmaceutical forms are ranked according to decreasing
frequency (Tables 1 and 2). Frequency tables and graphs about the release type and
added value of the formulations are also included.

2.2 Pharmaceutical forms

2.2.1 Solid dosage forms

This chapter overviews various solid dosage forms of omeprazole made in the last
5 years, including tablets, capsules and an oral thin film, each employing distinct
methods and excipients to optimize omeprazole delivery and bioavailability. A
subchapter follows, overviewing the semi-solid dosage forms, including omeprazole-
loaded gels, buccal foams and a suppository.

The study by Mohaparta et al. [11] describes a formulation of delayed-release
omeprazole tablets via the wet granulation method. The main excipients, lactose
monohydrate and sodium starch glycolate, were used in different ratios to prepare the
core tablets, which were evaluated for their hardness, thickness, strength and weight
variation. The spraying technique was used for sub-coating with hypromellose E5
LV and other excipients in different ratios. Furthermore, different concentrations of
enteric coating solutions with HPMC AS MF, triethyl citrate and Opadry brown were

Typeof Release  Tablets (22) Nanoparticles (13)  Liquid formulations (8)  Capsules(6)  Gels (6)

Immediate 5 0 1 1 0
Delayed 4 0 1 2 0
Sustained 6 3 1 0 4
Gradual 1 0 1 0 0
Controlled 4 3 1 3 1
Stable 1 0 0 0 0
Unknown 1 6 2 0 1
Sustained and 0 0 1 0 0
controlled

pH depended 0 1 0 0 0

Table 1.

Type of release of the five most frequent formulation types.

118



Advancements in Omeprazole Formulations: From Technological Innovation to Release Strategies
DOI: http://dx.doi.org/10.5772/intechopen.1008362

Type of release Total
Immediate 9
Delayed 9
Sustained 16
Gradual 2
Controlled 13
Stable 1
Unknown 12
Sustained and controlled 1
pH depended 1
Extended 1
Rapid 1
Burst 5
Table 2.

Frequency of release types of 71 out of 72 formulations. One formulation (semi-solid printable formulation) did
not involve a release study in acidic media and therefore was not measured.

tested in vitro, with respect to drug release and acid resistance. When 25% of coating
was used, the optimized Batch 2 met the criteria for gastroresistance and showed 97%
drug release within 1 h, at pH 6.8. Furthermore, X-ray diffraction (XRD), differential
scanning calorimetry (DSC) and Fourier-transform infrared spectroscopy (FTIR)
studies revealed the amorphous versus crystalline state drug of the drug in the tablet
formulation, showing no significant changes after 3 months of accelerated stabil-

ity testing. Thus, the main advantage of this formulation is its gastroresistance and
delayed release.

In another study, the formulation of delayed-release omeprazole sodium tablets
was investigated [12]. Direct compression and non-aqueous granulation methods
were used to prepare the first two and the second three tablet formulations, respec-
tively, where the excipients mannitol, heavy magnesium oxide, L-HPC-LH 21 and
others were used in different ratios. Formulation five batch, which exhibited good
flow properties and met quality parameters (appearance, thickness, weight varia-
tion, hardness, friability and disintegration time), was selected for sub-coating with
Opardy clear and enteric HPMCP coating. Iz vitro dissolution and stability studies
identified SE12 (Sub and Enteric-Coated Formulation number 12) as the optimal for-
mulation with a 6% (w/w) sub-coating and 14% (w/w) enteric coating. SE12 showed
no significant changes after 3 months of accelerated stability testing. A comparison
of assay, drug release, acid resistance and dissolution profile of SE12 with innovator
tablet showed no major differences. Consequently, the formulation offers no notable
added value.

In a more advanced approach, Trimukhe et al. [13] examined the formulation of
delayed-release omeprazole tablets using pulsed radio frequency plasma for the func-
tionalization of omeprazole microparticles with methacrylic acid (MAA) and methyl
methacrylate (MMA). The plasma-treated omeprazole powder was compressed into
tablets. In vitro dissolution studies showed 3.6-9.1% release within 120 minutes, at
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pH 1.2, versus complete release within 60 minutes, at pH 6.8. X-ray photoelectron
spectroscopy (XPS) revealed increased oxygen-containing surface groups. Raman
analysis indicated no peaks between 1800 and 1000 cm™ in the spectrum, indicating
that there were no significant structural changes to the omeprazole’s structure due to
the plasma treatment. Thermal, nuclear magnetic resonance (NMR) and high-reso-
lution mass spectrometry (HR-MS) analyses also confirmed no alteration of OME’s
chemical structure through the deposition process, while the decreased contact angle
suggested increased surface hydrophilicity. X-ray diffraction showed improved crys-
tallinity and larger crystal size. Scanning electron microscopy (SEM) and dynamic
light scattering (DLS) confirmed consistent particle size. Therefore, this formulation
provides a safe and cost-effective, alternative drug surface modification method.

On the other hand, attention has also been drawn toward the development of
immediate release and fast disintegrating formulations to improve convenience of
dosing when quick onset of action is required or when there are cataposis-related
problems.

The study by Pavan et al. [14] describes the formulation of immediate-release
omeprazole tablets. The excipients microcrystalline cellulose, sodium starch glyco-
late, lactose anhydrous, the surfactant sodium lauryl sulfate and others were used in
varying concentrations to formulate nine different batches via the direct compression
method. Pre-compression parameters: Carr’s index, Hausner’s ratio and angle of
repose showed good flow properties of the powders. Post-compression parameters:
thickness, average weight, hardness, friability, disintegration time, drug content and
wetting time were also assessed and showed that all batches passed the pharmacopeia
limits. Formulation number 9 with a ratio of 1:1 sodium starch glycolate to sodium
lauryl sulfate was selected as the optimized batch, as it was found to have faster wet-
ting ability (6.1 + 1.1 sec) and higher drug release (98,1% omeprazole release within
60 min) compared to others. Therefore, this formulation offers ease and convenience
of dosing.

Additionally, there is a study [15] that describes the formulation of bi-layered
tablets for the co-delivery of clarithromycin and instant-release omeprazole as anti-H.
pylori agents. Nine formulations of omeprazole layer were prepared by direct com-
pression, with a varying ratio of microcrystalline cellulose, croscarmellose sodium,
crospovidone and other excipients. Instant release layer formulation number 6 (IF-6)
(Croscarmellose sodium: omeprazole = 4:1) was selected as the optimized batch.
Accordingly, nine formulations of clarithromycin layer were prepared by direct
compression, with a varying ratio of HPMC K 15, HPMC K 4, NaHCOj;, lactose and
other excipients. Formulation number 8 (HPMC K 15: HPMC K 4: Lactose = 85:85:30)
was selected as the optimum batch. Fourier-transform infrared spectroscopy showed
no drug-excipient interactions, including the absence of any new peaks indicating
chemical bonding, hydrogen bonding or molecular rearrangement. These optimized
layers were compressed together into bilayered tablets and evaluated for hardness, fri-
ability, weight variation and thickness, all of which were within the acceptable limits.
In vitro drug release studies showed 99.45% omeprazole release at 15 min and 98.23%
clarithromycin release over 12 hours. Hence, this co-delivery system is advantageous
because the combination of both drugs enhances therapeutic efficacy against H.
pylori. Additionally, it improves clarithromycin’s bioavailability, simplifies dosing and
may lead to better patient compliance in treating H. pylori infections. Furthermore, it
reduces manufacturing costs.
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The study by Srujana et al. [16] investigates the formulation of oral disintegrat-
ing omeprazole tablets using the excipients hydroxypropyl beta-cyclodextrin,
lactose, mannitol and others, in varying ratios. Nine batches were prepared by the
wet granulation method and evaluated for weight variation, hardness, friability,
disintegration and iz vitro dissolution, all meeting the official standards. All tablets
disintegrated in less than 60 sec, with the optimized formulation number 1 (lactose:
hydroxy propyl beta-cyclodextrin: croscarmellose sodium: hydroxy propyl methyl
cellulose = 33:50:21:4 mg) disintegrating in 15 sec and achieving 98.55% drug release
att = 12 hours. Consequently, the added value of this formulation lies in its ease of
administration to people with dyscataposis and to children.

Expanding on this concept, the research by Bhamare et al. [17] examined the for-
mulation of fast-disintegrating omeprazole tablets by the direct compression method.
Microcrystalline cellulose, mannitol and other excipients were used in varying ratios,
preparing nine different batches. Preformulation studies, like bulk density, tapped
density angle of repose, Carr’s Index and Hauser’s ratio, showed that all nine blends
met the official standards. The formulated tablets were evaluated for their weight
variation, hardness, thickness, friability, disintegration time and iz vitro drug release.
The optimized formulation number 3 (F3), containing 12 mg crospovidone, achieved
2 98.38% drug release in 10 seconds, improving the bioavailability of omeprazole
through buccal mucosa by bypassing the hepatic first-pass metabolism.

Similarly, another study [18] investigated the formulation of omeprazole muco-
adhesive buccal tablets. Nine distinct formulations were prepared by direct com-
pression, using the excipients microcrystalline cellulose, HPMC K4M and sodium
alginate, among others, in varying ratios. Fourier-transform infrared spectroscopy
confirmed compatibility among drugs and excipients. The powder blends demon-
strated within prescribed limits flow properties, making them suitable for tablet
compression. Post-compression parameters; weight variation, hardness, thickness,
friability, drug content uniformity, surface pH and iz vitro drug release were evalu-
ated. Batch formulation number 4 (F4) with HPMC K4M: MCC in approximately 1:5
ratio had a drug content of 99,61% and showed the maximum omeprazole release
among the formulations: 99,54% over 8 hours at pH 6,8. In vitro release kinetics
studies showed that F4 follows the Higuchi model. All evaluation parameters met the
official standards, suggesting that the mucoadhesive buccal tablets could bypass the
hepatic first-pass metabolism, improving the bioavailability of omeprazole through
buccal mucosa.

Continuing the modified release/delivery, the study by Kaushal et al. [19] explored
the formulation of a floating omeprazole tablet for antacid therapy. The wet granula-
tion method was used to prepare nine omeprazole tablet formulations with a varying
ratio of lactose, HPMC K15 and HPMC K100, among other excipients. Fourier-
transform infrared spectroscopy and differential scanning calorimetry confirmed no
interaction between the drug and the excipients. Formulation number 3 (F3) (HPMC
K100:HPMC K15M:lactose = 125:50:210) was selected as the optimized batch, having
anin vitro drug release of 9.34% in 2 h at pH 1.2 and 91.25% in 24 h at pH 1.2. F3 had
a floating lag time of 159 + 0.12 sec and buoyancy time of 581 + 0.67 min, in acidic
medium and showed no significant changes after 3 months of accelerated stability
testing. Hence, the added value of this formulation is the increased retention time of
omeprazole in stomach. However, the absence of studies in simulated intestinal fluid
leaves some uncertainty about its performance after gastric transit.
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Additionally, another study [20] described the formulation of omeprazole
magnesium tablets by the solvent evaporation method and direct compression. Six
distinct solid dispersion mixtures were prepared, using the excipients ethylcel-
lulose, PVK 314 and MCC, among others, in varying ratios. Post-compression
studies about weight variation, content uniformity, thickness, hardness, friabil-
ity, disintegration, drug content and iz vitro drug release were conducted. The
optimized formulation number 3 (F3), with 15 mg ethylcellulose, was found to
have 2% weight variation, 0.25% friability, 21.57 min disintegration time, 99.45%
drug content and 98.42% drug release in 6 hours. Although it did not comply with
United States Pharmacopeia (USP) standards for hardness, because it was found
to have 2.82 kg/cm’® hardness. Therefore, the added value of this formulation lies
in the fact that it presents higher range of drug release capacity att = 6 h, com-
pared to the market formulation, lansoprazole.

At the same time, some studies focused on the use of different/alternative binders
and excipients, aiming at enhancing the bioavailability of omeprazole or its release
type.

The investigation of Emmanuel et al. [21] on the formulation of omeprazole
tablets by direct compression, involved Afzelia gum as a binder, in order to inhibit
the gastric degradation of the drug. The main excipients, Afzelia gum and micro-
crystalline cellulose, were used in different ratios to prepare six different tablet
batches. Another batch containing hydroxypropyl methylcellulose, as a binder
(Formulation number 7), was also formulated, as control. Fourier-transform
infrared spectroscopy indicated the compatibility and stability of the drug within
the formulations. The tablets were evaluated for their hardness, friability, poros-
ity, in vitro disintegration and iz vitro drug release. Formulation number 6, with
Afzelia gum content of 30%, appears to be suitable to substantially inhibit the
gastric degradation of omeprazole. It was found to have 83.4% of drug released
and not degraded at t = 120 min. On the other hand, it did not pass the tests for
crushing strength and friability.

Another study [22] of the same main author describes the formulation of omepra-
zole tablets using Prosopis gum, as a binder, via the wet granulation method. Apart
from Prosopis gum, lactose and magnesium stearate were also included. The granules’
flow properties, Hausner’s ratio and Carr’s index were assessed before compacting
them into tables. Then, the physicomechanical properties of the tablets were assessed.
Higher concentrations of Prosopis gum resulted in greater tensile strength, outper-
forming hydroxypropyl methylcellulose (HPMC)-based tablets. However, the friabil-
ity values of all the formulations exceeded the acceptable limit of <1%. The in vitro
release profile indicated that formulations with 20% and 30% Prosopis gum released
76 and 82% of the drug, respectively, at pH 5.5. Furthermore, the release kinetics
studies suggested a diffusion-controlled release mechanism. Thus, the added value of
this formulation lies in the alternative excipient, as a means to provide targeted drug
delivery.

The study by Bikiaris et al. [23] explored the formulation of chitosan-based
omeprazole tablets. Three different tablet formulations were prepared by compres-
sion. Each using a distinct type of chitosan (neat, modified with oxidized dextran
and modified with oxidized nanocellulose). These formulations also included sodium
alginate and lactose monohydrate as excipients. The formulated tablets were evalu-
ated for drug-polymer interactions, crystalline drug structure, swelling behavior,
hydrophilicity, cytotoxicity and in vitro drug release. Compared to neat chitosan, both
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derivatives demonstrated low cytotoxicity, notable swelling capacity and increased
mucoadhesion. The in vitro drug release studies demonstrated erosion, as the primary
drug release mechanism and improved dissolution rates at pH 6,8 for the formulations
based on the modified chitosan derivatives. Hence, this formulation has the potential
for modified-release dosage forms of omeprazole.

Another area of interest was the formulation of tablets through the use of
omeprazole-loaded pellets or nanoparticles. The study by Agapakis et al. [24]
described six formulations of omeprazole pellet tablets using lactose monohy-
drate, Avicel® PH-101 and Avicel® PH-102, in varying ratios. All of them were
prepared by direct compression, except formulation number 6 (F6), which was
prepared by wet granulation. The tablets demonstrated appropriate hardness,
uniform size and homogeneity. They were also tested for resistance in pH 4.5 and
pH 6.8, and comparisons were made to the brand product Losec®. Formulation F6
had the highest crushing strength and a prolonged release profile, while formula-
tion F7’s release rate was comparable to Losec’s™ (80% within 2 h.). F3 showed a
slow, steady release over 4 h, indicating a notable potential in extended-release
systems. Intermediate duration release profiles were observed in the remaining
formulations. Thermal analyses (thermogravimetric and differential scanning
calorimetry) provided insights into the interactions between the excipients and
omeprazole, explaining the varying release rates. Overall, the formulated tablets
were cost-effective and versatile, making them promising candidates for future
applications using other active substances.

The investigation of Parihar et al. [25] explored the formulation of omeprazole
magnesium multi-unit particulate tablets. Seal-coated pellets were coated with three
layers using the bottom spray technique. Drug layer included HPMC 6cps, IPA and
DCM, optimized at 20% HPMC 6cps content (Batch D4). Barrier layer utilized
PVA, optimized at 5% content (Batch B7). Enteric coating utilized Eudragit L 100
55, TEX and Plasacrylate T, optimized at 70% weight gain, as it complied with the
acid-resistant test (Batch EC3). Then, tablets were prepared by direct compression of
70% enteric-coated pellets with MCC 102, Plasdone K29/32, PEG6000 and sodium
stearyl fumarate. Tablet batch number 7 (T7) with a 12% PEG6000 content was
found to be optimal, as it released 94.5% of omeprazole in 30 min at pH 6.8. Electron
microscopy showed that the pellets maintained their spherical morphology during the
compression, while Fourier-transform infrared spectroscopy and differential scan-
ning calorimetry confirmed no drug-excipient interaction. Furthermore, T7 showed
no significant changes after 1 month of accelerated stability testing. Therefore, this
formulation offers a multi-unit particulate system approach for enhanced controlled
release.

The study by Juére et al. [26] examined the formulation of tablets consisting of
omeprazole-loaded mesoporous silica nanoparticles (dendritic and MCM-48-type)
combined with succinylated f-lactoglobulin (BL).

First the two types of MSNs were synthesized and then both were additionally
functionalized with HMDS. Rotary evaporation led to the encapsulation of omepra-
zole into the MSNs. Then, drug-loaded MSNs and BL powders were physically mixed
together and compressed directly into tablets. Iz vitro drug release studies showed
that the DMSN-based tablet met the United States Pharmacopeia (USP) standards
for gastroresistance, while at pH 7.4, the formulation led to the release of omepra-
zole (76%) over 8 hours, with functionalization affecting release rates; methylated
DMSNs show lower release (55 vs. 76%). In the cytotoxicity studies, it was found
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that pure MSNs are non-cytotoxic but the functionalization enhanced cytotoxicity.
Thus, the formulation provides improved drug stability in the gastric environment.
Furthermore, the functionalized MSNs could be used in applications, where higher
cell mortality is desirable.

Similarly, another study [27] investigated the formulation of omeprazole-loaded
silver nanoparticle tablets using gelatin and sodium alginate, as enteric coating
polymers. Five distinct powder formulations were prepared into tablets. However,
the specific ratios of the excipients used were not provided. Post-compression stud-
ies indicated that all batches met the acceptable criteria. In the iz vitro drug release
studies, batch formulation number 4, which contained 4% sodium alginate and 5%
gelatin, demonstrated optimal performance with negligible drug release in 0.1 N
HCl and 98% release in phosphate buffer, over a 12-hour period. In consequence, the
added value of this formulation lies on its use of natural polymers in advanced drug
delivery systems, showcasing significant controlled release of the drug.

Innovative approaches were also made in the area of capsule formulations,
in order to improve the drug’s release and bioavailability. The study by Chandra
et al. [28] detailed the formulation of omeprazole microballon-loaded capsules
using the emulsion solvent diffusion method. Six distinct microballoon formula-
tions were created by using varying ratios of ethyl cellulose and HPMC K4M,
which were the main excipients used. The resultant microballoon powders
were encapsulated in capsule shells. Fourier-transform infrared spectroscopy
confirmed compatibility between omeprazole and the excipients. Various prefor-
mulation parameters including the micromeritic properties, particle size, entrap-
ment efficiency, SEM, yield percentage and in vitro buoyancy were assessed.
Formulation number 6-F6 (4:1 ratio of ethyl cellulose to HPMC4) was optimized
due to its appropriate characteristics and demonstration of a maximum release
0f 90.19 + 0.48% in 6 h, at pH 1.2. Drug release kinetics indicated the highest
regression coefficient values for the first-order model, suggesting diffusion as
the primary drug release mechanism. Thus, this formulation presents enhanced
bioavailability via prolonged gastric residence time.

Another investigation [29] examined the formulation of a delayed-release omepra-
zole dosage form using ready-to-fill functional EUDRACAP® enteric capsules, which
are pre-locked HPMC capsules with the Eudragit polymer coating and provide up to
4 hours of acid resistance, precise pH-targeted release and easy manual filling with-
out the need for banding. Their acid resistance was tested in a 0.1 N HCl medium for
over 2 hours, showing less than 10% drug release, meeting the criteria for acidic con-
ditions. Furthermore, impurity levels after exposure to acidic stress were at 0.22%,
well within the 2.00% limit, demonstrating excellent protection by EUDRACAP®.
Comparative analysis of the iz vitro performance indicated higher acid protection
over commercial products. In conclusion, the added value of this formulation lies on
its viability as an alternative for enteric dosage forms, suitable for both large-scale and
small-pharmacy productions.

Similarly, the study by Kumisbek et al. [30] investigated the formulation of a
bioequivalent delayed-release omeprazole capsule filled with omeprazole pellets.
Microcrystalline cellulose pellets were coated using the fluidized bed method with
three distinct layers: active (omeprazole), protective (hydroxypropylmethylcellulose)
and enteric (Eudragit L30-D55, PlasAcryl, Titanium dioxide). Comparative stud-
ies were performed on the generic formulation (40 mg) versus Losec® (40 mg, two

124



Advancements in Omeprazole Formulations: From Technological Innovation to Release Strategies
DOI: http://dx.doi.org/10.5772/intechopen.1008362

20 mg capsules). Dissolution studies at pH 1.2 showed 1.3-5.7% omeprazole release
after 120 minutes, while at pH 6.8, 90.8-92.3% was released, with >85% released
within 15 minutes. Stability studies, including dissolution, acid resistance, buffer
stage, impurity assay and microbiological purity tests, confirmed compliance with all
specifications over 6-month accelerated and 12-month long-term studies. Packaging
used high-density polyethylene bottles and aluminum foil blisters. A bioequivalence
study with 24 healthy volunteers, using a crossover design, confirmed the bioequiva-
lence of the generic, with a 24-month shelf life.

Other investigations have also focused on the size of the capsule, like the study by
Geng et al. [31], which describes the formulation of a lightweight omeprazole capsule.
To enhance its solubility and stability, omeprazole was encapsulated in f-cyclodextrin
(B-CD). The effect of molar ratios of omeprazole and $-CD, inclusion time and
temperature on the efficiency of encapsulation was assessed. Optimal conditions were
found to be: stirring omeprazole and -CD at a 1:2 molar ratio at 30°C for 3 hours.
Fourier-transform infrared spectroscopy, differential scanning calorimetry and X-ray
diffraction were used to evaluate omeprazole inclusions. Furthermore, based on the
pH-time curves magnesium oxide and sodium bicarbonate were chosen among other
anti-acid materials to reduce the weight of the capsule contents. In vitro drug release
studies revealed significantly improved drug dissolution and bioavailability, with a
release rate of 95.42 + 2.51% in a simulated gastric environment. Iz vivo pharmaco-
kinetics in rabbits showed a significant increase in AUCO-t compared to the market
capsule (ENCHENG®). In conclusion, this lightweight formulation presents a promis-
ing oral delivery system.

In another advanced approach [32], omeprazole loaded with gum Arabic
(GA)—O-carboxymethyl chitosan (OCMC) microcapsules, was used. The meth-
ods involved a layer-by-layer (LbL) assembly and genipin crosslinking. SPAN60
and soybean oil were the rest excipients. CLSM verified that the LbL microcap-
sules were effectively created, displaying a core-shell structure. Furthermore,
studies about the microcapsules’ properties and their iz vitro swelling behavior
revealed no influence of genipin crosslinking on their encapsulation efficiency
or drug loading but a decreased particle size and positive charge. Crosslinking
also enhanced their stability in simulated gastric fluid. An increased bioavail-
ability of omeprazole was demonstrated by the pharmacokinetic studies in mice,
with 0,1 mg/mL genipin crosslinking yielding the highest relative to the control
formulation bioavailability of 8,76. The added value of this formulation lies in
its potential for oral delivery of nutraceuticals. It also has an adjustable delivery
performance via varying genipin crosslinking degree.

Lastly, the investigation of Sanni et al. [33] describes the formulation of a
combined dosage form (caplet), comprising diclofenac sodium mini tablet and
omeprazole sodium pellets loaded in capsule shells. Wet granulation method was
used to prepare the mini tablet of diclofenac sodium using HPMC, PVP K30 and
MCC in varying ratios, creating nine distinct formulations. Through extensive
evaluation, all batches met pharmacopeia standards for thickness, weight varia-
tion, hardness, friability, drug content and in vitro drug release. The optimized
formulation, F3 (HPMC: PVP: MCC = 24: 16: 57 mg), exhibited a maximum
diclofenac release of 97,84% over 12 hours. Enteric-coated omeprazole pellets
were directly purchased from a wholesale trader and, alongside one diclofenac
sodium tablet, were encapsulated in size O capsule shells. The iz vitro drug release
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studies of the pallets revealed the maximum omeprazole release to be 1,17% in
acidic medium within 2 h and 93,07% within 1 h in buffer medium. Therefore, the
formulation presents to minimize the gastric side effects of diclofenac sodium and
decrease its frequency of administration.

In conclusion, regarding solid formulations, there is another noteworthy study
by Kim et al. [34], which describes the formulation of an oral thin film composed
of omeprazole and seaweed calcium (SC). First, the SC was obtained from
lyophilized seaweed via ultra-multiple crystal method. Then, a solid dispersion of
omeprazole and SC was prepared and mixed with mannitol, crospovidone, kolli-
don SR, MgSt and PEG. Various polymers, such as Kollidon® VA64, PVP K-30,
HPMC 4 K and HPMC 100 K, were then added as binders to form four different
batches (BAT1-4). Then, the other thin films were fabricated using a heating press
and deep freezing. Dissolution testing and high-performance liquid chromatogra-
phy confirmed drug efficiency in all batches. However, BAT 3 was found to be the
optimal formulation, having the highest dissolution rate and suitable properties in
XRD, TGA, DSC and FTIR analyses. This formulation offers rapid dissolution and
absorption in the oral cavity and has potential to mitigate the calcium deficiency
side effects of omeprazole therapy.

2.2.2 Semi-solid formulations

In the field of semi-solid formulation have been significant innovative
approaches, both in enhancing omeprazole bioavailability and delivery, as well as
in repurposing it.

The study by Rouaz-El Hajoui et al. [35] explores and compares the formulation
of two semi-solid omeprazole formulations: chewable hydrogels (Formulation 1/

F1) and chewable enteric pellets (Formulation 2/F2) using 3D printing technology.
For F1 the process began with a three-layer coating (drug layer, protective layer and
enteric layer) of microcrystalline cellulose pellets via bottom spray coating technique,
using hypromellose, sodium citrate and Eudragit® L-30 D-55. Next, pharmaceuti-
cal inks were prepared for both formulations using carrageenan and xanthan gum.
Additionally, F1 included carboxymethyl cellulose, sodium bicarbonate and glycerol,
while F2 incorporated gelatin and lemon juice. Both formulations exhibited appropri-
ate rheology and printability, and met content and mass uniformity standards, but

F1 was found to melt quickly with body warmth (>5 min holding). Dissolution, drug
release and gastroresistance were examined, revealing that F1 was not gastro-resis-
tant. Conversely, the high gastroresistance and suitable release profile of F2 make it a
viable candidate for addressing pediatric medication challenges, as it can be admin-
istered at variable doses, and has eye-catching appearance and good organoleptic
properties.

Another investigation [36] details the formulation of an omeprazole magnesium
in situ gel. Nine formulations were made with varying concentrations of sodium
alginate, tri-sodium citrate, calcium carbonate and water. Fourier-transform infrared
spectroscopy confirmed no interaction between the excipients and omeprazole.
Formulation F6 (sodium alginate: calcium carbonate, 2:1) was selected as optimal
due to its highest in vitro drug release and favorable physicochemical properties such
as color, pH, homogeneity, floating lag time, floating duration and drug content.
Furthermore, a comparative study on drug content and iz vitro drug release and
kinetic modeling between F6 and a marketed formulation was conducted, suggesting
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that the iz situ gel formulation is a viable alternative, offering desirable physicochemi-
cal properties, high bioavailability and sustained drug release.

Additionally, the study by Heikal et al. [37] explores the formulation of chitosan-
coated hydrogel beads loaded with omeprazole (OMP) and curcumin (CURC),
aiming to enhance the anti-ulcerogenic impact of these compounds. Initially, OMP
and CURC were complexed with hydroxypropyl-f-cyclodextrin. Then, the complex
was loaded into alginate beads and coated with chitosan and CaCl2 solution. Fourier-
transform infrared spectroscopy confirmed no incompatibility between excipients
and active pharmaceutical ingredients. The optimal formulation (F8) (sodium
alginate 3%, CaCl2 4%, CS 0,5%), which was selected via Design-Expert® software,
showed an encapsulation efficiency of approx. 87,44%, swelling of approx. 800%,
and a diameter of 2,60 mm. In the iz vitro drug release studies F8 showed a release of
23,19% for CURC and 17,19% for OMP after 2 h, and 87,81% for CURC and 81,67%
for OMP after 24 h. In vitro bioadhesion test, in vivo treatment efficacy study and
histological examination confirmed bioadhesive characteristics, and higher antiulcer
effectiveness of F8 compared to free OMP, CURC-only beads and OMP-only beads.
Therefore, the added value of this formulation lies in its potential as an alternative for
managing peptic ulcers.

Furthermore, another study [38] examines the formulation of a tamarind seed
gum-based omeprazole magnesium-loaded hydrogel. Eight distinct hydrogel formu-
lations were synthesized using varying concentrations of Tamarind seed gum (TG)
2-Acrylamido-2-methyl propane sulfonic acid (AMPS), N,N-methylene bis acryl-
amide (MBA) and ammonium persulfate (APS) via free radical graft copolymeriza-
tion of AMPS onto the TG backbone. F4 formulation with TG:AMPS:MBA:APS ratio
to be 0,15: 0,35: 0,02: 0,01 was found to have optimum swelling at pH 7, drug loading
70 + 1% within 48 h and drug release 97,85 + 1% over 1200 min at pH 1,5, adhering
to the Hill equation model. Iz vivo toxicity tests using a Drosophila model confirmed
no toxicity at tested concentrations. These findings demonstrate the potential of this
formulation for controlled and targeted drug delivery applications.

On the other hand, focusing on repurposing, the study by Ullah et al. [39]
describes the formulation of a chitosan-coated omeprazole-loaded nanoemulgel for
skin and soft tissue infections. Initially, three distinct omeprazole nanoemulsion
formulations were prepared via high-pressure/speed homogenization, comprising
chitosan and olive oil in varying concentrations. The optimal formulation (OMP3NE)
had a ratio of 10:15:3,5:71,2 w/w of Olive Oil:Tween 80:Span 80:distilled water. The
nanoemulgel (OMP3NEG) was then prepared by mixing OMP3NE with a Carbopol®
gelling solution, stirring and adding triethanolamine. Fourier-transform infrared
spectroscopy confirmed no incompatibility between excipients and omeprazole.
OMP3NEG was then characterized for zeta potential, size distribution, pH, drug
content, entrapment efficiency, viscosity, spreadability and extrudability, all
within acceptable ranges. In vitro drug release study showed 82,16% at pH 5,5 after
24 hours. The microbiological assay showed that MIC results (1,25 mg/mL) against
Escherichia coli (Gram-negative bacterium involved in both symbiotic and pathogenic
interactions within humans), Klebsiella pneumoniae (Gram-negative bacterium
often associated with hospital-acquired infections), Pseudomonas aeruginosa (Gram-
negative bacterium known for its biofilm formation and intrinsic resistance to anti-
biotics) and Staphylococcus aureus (Gram-positive bacterium responsible for various
infections ranging from superficial skin infections to severe systemic diseases) were
satisfactory, and also chitosan coating enhanced omeprazole’s antibacterial activity.
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Hence, the added value of this formulation lies in its potent repurposing of omepra-
zole for topical delivery.

Additionally, another study [40] explores the formulation of injectable omepra-
zole-loaded hydrogels for potential pancreatitis treatment. The excipients used
include hyaluronic acid (HA), H2L, p-diketone (acetylacetone) and carbonyl dihy-
drazine (CDH). Applying H2L and f-diketone together formed a coordinator com-
plex, followed by a crosslinking reaction between oxidized HA (OHA) and CDH-HA,
creating the injectable HA hydrogel. The exact stage at which omeprazole is loaded
is not specified in the text. SEM analysis revealed the hydrogel’s three-dimensional
network internal microstructure and macroporous architecture. Cell Counting Kit-8
(CCK-8) and Elisa assays were performed to assess the hydrogel’s biological activity
on pancreatitis cells compared to the control. CCK-8 showed higher cell viability,
which increased alongside hydrogel concentration. Experiments with Elisa® con-
firmed a significant reduction in inflammatory cytokine release. These findings
suggest the formulation as a promising candidate for treating pancreatitis.

Furthermore, the study by Kathiravan [41] details the formulation of a combined
omeprazole/acyclovir nanogel by solvent diffusion method for transdermal delivery.
Nine distinct formulations were prepared using Carbopol® 940, tragacanth gum,
propylene glycol and triethanolamine in different ratios. Fourier-transform infrared
spectroscopy showed no incompatibility between active pharmaceutical ingredients
and excipients. Many other studies have been conducted, assessing pH, homogeneity,
spreadability, viscosity, percentage yield and drug content. The optimized formula-
tion number 9 (F9) (with a ratio of 100:100:1:1 Carbopol ®940:tragacanth gum:
propylene glycol: triethanolamine) with pH 6,9 and drug content of 92,65% exhibited
the best release rates with a sustained release profile, achieving 99% for acyclovir and
97,5% for omeprazole at the end of 24 hours outperforming a marketed formulation
(acyclovir alone), which could lead to increased antiviral activity.

Moving to other semi-solid formulations, there is the formulation of omeprazole
buccal foams, as described in the study by Chachlioutaki et al. [42]. Five foams were
created from lyophilized aqueous gels of maltodextrin with HPMC, L-arginine,
sodium lauryl sulfate, sodium taurocholate and croscarmellose, with four also con-
taining either sodium alginate, chitosan, porcine gelatin or tragacanth gum. Studies
conducted included X-ray diffraction, Fourier-transform infrared spectroscopy,
differential scanning calorimetry, rheological, mucoadhesion, iz vitro dissolution and
disintegration, high-performance liquid chromatography and ex vivo permeability
tests. The HPMC-Alg-OME foam was identified as optimal, meeting effective buccal
drug delivery criteria with moderate hardness, high porosity and strong mucoadhe-
sion, leading to prolonged residence time and enhanced drug transport across the
epithelium. It also increased the drug’s apparent permeability by 30 times compared
to the drug suspension. Additionally, all foams exhibited excellent stability, with
omeprazole content unchanged after 6 months at 20°C and 45% RH. Thus, this for-
mulation has the potential to address stability and administration issues, particularly
benefiting children and the elderly with swallowing difficulties.

Lastly, another investigation [43] examines the formulation of an omeprazole
suppository for infants with gastroesophageal reflux disease (GERD).

The excipients used were Witepsol H15 and L-arginine base, with the optimal
formulation achieved by pouring at 34.7°C and stirring at 200 rpm. The supposito-
ries displayed excellent stability, with no discoloration and unchanged omeprazole
content after 1 year stored in the dark at room temperature. Effectiveness and
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pharmacokinetic data were provided in an accompanying article by the same
authors, “Rectal Omeprazole in Infants With gastroesophageal reflux disease: A
Randomized Pilot Trial,” published in the European Journal of Drug Metabolism and
Pharmacokinetics (2020), showing that a 1 mg/kg dose results in rapid therapeutic
exposure. In conclusion, this formulation presents a promising alternative for infants
with severe GERD.

2.3 Nanoformulations

This chapter overviews various nanoformulations of omeprazole made in the
last 5 years, including nanoparticles, nanobullets and liposomes. Collectively, these
formulations represent significant advancements in pharmaceutical technology,
approaching key challenges in drug delivery and efficacy. Some of them also focus on
the innovative field of drug repurposing.

To begin with, the study by Khatibi et al. [44] presents the formulation of omepra-
zole-loaded cellulose acetate phthalate nanoparticles (CAP NPs) using microfluidic
(MF) and bulk (BM) nanoprecipitation methods. Characterization revealed that MF
produced more uniform and smaller particles (average diameter of 65 + 6 nm) with
higher encapsulation efficiency (EE of 68,26 + 2,03%) and loading capacity (LC of
11,34 + 0.96%) compared to BM. Fourier-transform infrared spectroscopy confirmed
no interaction between omeprazole and the polymer in MF OME-CAP NPs. In vitro
release studies showed that MF OME-CAP NPs released 9,24% of omeprazole at
pH 1,2 and 85.66% at pH 7,4, compared to 18,89 and 95,18% for BM OME-CAP NPs.
In vivo antiulcer evaluations revealed that MF OME-CAP NPs had an ulcer index
of 10,26 and the highest protection rate of 82,26%, with minimal gastric damage in
histological studies. Thus, the MF method provided controlled release and superior
antiulcer activity compared to BM and free omeprazole, making MF OME-CAP NPs a
promising nanocarrier for antiulcer therapy.

Another study [45] describes the formulation of enteric-coated omeprazole-
loaded nanoparticles using Eudragit L 100-55 (EU) and chitosan via a complex
coacervation method. A three-level factorial design evaluated the impact of EU
concentration and EU/CTS ratio on OMP-NPs’ properties. Characterization showed
particle sizes ranging from 618 nm to 996 nm, increasing with higher EU concentra-
tions and ratios. Zeta potential values also increased with higher EU levels, indicating
improved stability. Entrapment efficiency ranged from 55-93%, and drug loading
varied from 5,5 to 18,9%. Dissolution studies revealed approximately 70% omepra-
zole release at pH 6,8 over 24 hours.

Optimization identified the F5 formulation (EU 4 mg/mL, EU/CTS ratio 2:1)
as optimal, with a desirability factor of 0,85 and minimal errors in PS (2,65%), ZP
(15,7%), EE% (12,3%) and DL% (15,4%). SEM analysis showed spherical nanopar-
ticles under 300 nm. Iz vivo studies confirmed that OMP-NPs significantly reduced
ulcer area and severity, improved histopathological scores and increased gastric pH
(7,2 £ 1,3 for nanoparticles, 6,8 + 0,9 for pellets and 2,1 + 0,1 for controls). These find-
ings suggest optimized nanoparticles could effectively treat ulcers.

Additionally, the investigation by Li et al. [46] explores the formulation of
omeprazole (OME)—Bletilla striata polysaccharide (BSP) nanoparticles by inverse
emulsion and surface crosslinking methods. The main excipients used were BSP,
carboxymethyl chitosan, sodium alginate and Span-80. In vitro stability studies
showed that the OME-BSP NPs reduced OME degradation by 22% at 2 hours in acidic
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conditions and allowed sustained release for up to 24 hours. Iz situ gastric absorp-
tion study in ethanol-induced gastric ulcered rats showed that they increased OME
absorption by 2,6 times (42,57%) compared to free OME. Pharmacokinetic studies
revealed a twofold increase in AUC and a threefold extended half-life. Moreover, the
formulated nanoparticles effectively inhibited H*-K" -ATPase activity, raising gastric
pH and improving acid suppression. They significantly reduced gastric ulcer scores
from 4,25 to 1,17, as confirmed by histopathological analysis. Additional studies dem-
onstrated reduced cell apoptosis and enhanced antioxidant and anti-inflammatory
responses, highlighting their potential for targeted gastric ulcer treatment.

Furthermore, another study [47] details the formulation of chitosan nanopar-
ticles (CSNPS) loaded with omeprazole (OME) and ammonium tetrathiomolybdate
(ATM) for gastric ulcer treatment. The formulation was achieved via ionic gelation
with tripolyphosphate (TPP) as a crosslinker. Then the nanoparticles were charac-
terized by UV-visible (UV-vis) spectroscopy, FTIR, XRD and HPLC, confirming
successful crosslinking and drug encapsulation (OME EE 65,3 + 2,25% and ATM
adsorption 74,33 + 3,38%). The release of ATM was sustained, with 25,8% released
over 72 hours. MTT assay showed that CSNPS-OME-ATM nanoparticles had a higher
IC50 than ATM alone, indicating enhanced cytoprotective effects. In vivo studies
with indomethacin-induced gastric ulcers in rats revealed significant reduction in
ulcerative lesions and improved histopathological outcomes with CSNPS-OME-ATM,
demonstrating its potential for effective gastric ulcer treatment.

Moreover, the study by Moretto et al. [48] describes the formulation of omepra-
zole-loaded supermagnetic multi-core-shell nanoparticles (MMCSNPs) for controlled
drug delivery. MMCSNPs were synthesized through a five-step process: sol-gel synthe-
sis of NiFe cores, silica and phenolic resin coating, carbonization, silica etching and
surface functionalization (Pluronic® F-127). Characterization confirmed the success
of each preparation step. TEM verified the multi-core structure and consistent particle
size (diameter of 25,09 nm). Fourier-transform infrared spectroscopy confirmed the
silica removal and successful functionalization. Thermogravimetric analysis (TGA)
indicated successful carbonization. Additionally, magnetic characterization revealed a
saturation magnetization of ~43 A-m’/kg, ensuring effective magnetic drug targeting
(MDT). Drug loading efficiency was 51,35%, with a maximum cumulative release of
61,5% at pH = 7,4 over 48 hours, following the Fickian diffusion mechanism. Thus, the
formulated nanoparticles show potential for targeted drug delivery.

Building on this, the following studies have explored different nanoformulation
strategies, aiming to investigate omeprazole repurposing and therapeutic potential.

The study by Sun et al. [49] details the formulation of omeprazole liposomes via
thin film hydration method to explore a novel drug delivery platform for acute lung
injury (ALI). The liposomes, incorporating cholesterol and phosphatidylcholine,
resulted in Nano-omeprazole (Nano-OM), which effectively targeted lung macro-
phages and exhibited significant anti-inflammatory activity by inhibiting Toll-like
receptor (TLR) signaling pathways. In vitro assays, confirmed by flow cytometry and
confocal microscopy, demonstrated Nano-OM uptake by lung macrophages. Cytokine
analysis in an ALI mouse model showed that Nano-OM significantly reduced inflam-
matory markers, such as TNF-a and IL-6, in bronchoalveolar lavage fluid (BALF).
Histopathological analysis further confirmed reduced lung tissue damage. Thus, these
findings suggest that through drug repurposing Nano-OM is a promising therapeutic
strategy for ALL.

Furthermore, the study by Eswar et al. [50] describes the formulation of
omeprazole-loaded cooper nanoparticles by thin film hydration method. It also
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evaluates their synergistic anticancer activity. Firstly, the cooper nanoparticles
were modified with L-cysteine (CCuNPs). Then, HSPC, CCuNPs and omeprazole
were used in a ratio of 10:1:2 to create the thin film. Various studies were con-
ducted to evaluate the synergistic anticancer activity of omeprazole and CCuNPs
against B16 melanoma cells, such as MTT Assay, Live/Dead Assay, DCHFDA
Assay, JC-1 Assay, AO/EtBr Staining, Flow Cytometry Analysis and Clonogenic
Assay. The results of the above-mentioned studies suggest that this nanosystem is
highly promising as a single platform to deliver two active pharmaceutical ingre-
dients, exhibiting synergistic activity for substantial damage to the mitochondria
of the cancer cells (enhanced reactive oxygen species (ROS) generation) and
induction of necrotic cell death. Consequently, this formulation has potential for
further investigation as an anticancer agent.

Additionally, another investigation [51] details the formulation of human serum
albumin (HSA)-coated, omeprazole (OME)-loaded tellurium double-headed nano-
bullets (TeDNBs) and explores their tumor therapeutic potential. TeDNBs are syn-
thesized by reacting tellurium dioxide, selenous acid and hydrazine hydrate (80%),
followed by termination with sodium lauryl sulfate and purification. TeDNBs-HO
are then prepared by dispersing TeDNBs in water, incorporating HSA, mixing with
omeprazole and purifying. UV-vis spectra demonstrated effective, time- and concen-
tration-dependent hydrogen peroxide (H,0,) depletion by TeDNBs. Morphological
and structural analyses via transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM), and X-ray diffraction analysis (XRD) were complemented
by X-ray photoelectron spectroscopy (XPS), which confirmed Te(IV) oxidation
after H,0, reaction. TeDNBs exhibited significant H,0, degradation, glutathione
(GSH) depletion, photothermal conversion efficiency of 29,71%, and a drug loading
capacity of 29.608%. Near-infrared (NIR) irradiation notably enhanced OME release
nearly twice. Endocytosis studies showed TeDNBs-HO accumulation in lysosomes.
High cytotoxicity was observed in 4 T1 cells (36,65% viability) under near-infrared
region spectroscopy (NIR), while human umbilical vein endothelial cells (HUVECs)
showed minimal toxicity (82,12% viability). TeDNBs-HO induced endoplasmic
reticulum stress, autophagy dysfunction and lysosomal impairment. Iz vivo imaging
(CT, MSOT) indicated peak signals at 6 hours, with inductively coupled plasma mass
spectrometry (ICP-MS) revealing 20,78% ID/g Te in tumors. Thus, TeDNBs-HO have
potency as theranostics and tumor-therapeutics.

Moreover, the study by Sharifzadeh et al. [52] describes the formulation of silver
nanoparticles (AgNPs) functionalized with omeprazole (Ag@Omp) and omeprazole
sulfide (Ag@Omps). The synthesis involved reducing AgNO3 with NaBH4 in the
presence of polyvinylpyrrolidone, followed by drug incorporation. X-ray diffraction
confirmed the nanoparticles’ face-centered cubic structure. UV-vis absorption spec-
tra and TEM imaging confirmed the formation of Ag-drug complexes, with spherical
particles sized <40 nm for Ag@Omp and < 60 nm for Ag@Omps. Antibacterial stud-
ies conducted showed that AgNPs significantly enhanced the antibacterial properties
of both drugs, with Ag@Omps demonstrating superior activity. Therefore, these
formulations show potential as antibacterial agents.

Expanding on this concept, another study of the same authors [53] describes
the formulation of silver nanoparticles (SNPs) using leaf extracts from different
plants: Ruta, mango and Pimpinella saxifrage, functionalized with omeprazole and
omeprazole sulfide. The SNPs were synthesized by mixing plant extracts with a silver
nitrate solution, followed by drug incorporation. Although their exact size and shape
were not specified, the presence of distinct surface plasmon resonance (SPR) peaks
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and functional group interactions confirmed their successful synthesis and stability.
UV-vis spectra confirmed the reduction of silver nitrate, while Fourier-transform
infrared spectroscopy revealed characteristic signals indicating successful silver-
drug attachment. In conclusion, the study highlights the potential of plant-mediated
synthesis for creating eco-friendly, drug-loaded SNPs with enhanced therapeutic
properties (antibacterial properties, as mentioned above).

Similarly, the study by Zia et al. [54] explores also the formulation of omeprazole-
loaded silver nanoparticles (Omp-AgNPs). The Omp-AgNPs were synthesized by
mixing AgNO; and omeprazole solutions (1:3 ratio), followed by reduction using
NaBHy,, confirmed by a UV-vis spectrum peak at 421 nm. Omp-AgNPs were found to
be stable at pH 6-7, but unstable at pH 2-3 and pH 12-13, high temperatures, and at
all concentrations of NaCl solution (0,5 to 2 M). Fourier-transform infrared spectros-
copy (FTIR), X-ray diffraction analysis (XRD) and transmission electron microscopy
(TEM) analyses revealed key functional groups involved in stabilization, a cubic
crystalline structure and spherical particles averaging 17 nm in size. Omp-AgNPs
exhibited 80,23% urease inhibition and 84,45% radical scavenging activity, compared
to 69,45% and 72,21% for omeprazole alone. Antibacterial tests showed inhibition
zones of 13,6 mm (E. coli) and 12 mm (S. aureus). These results suggest that Omp-
AgNPs have potential as antibacterial, antioxidant and urease inhibitory agents.

2.4 Liquid formulations

This chapter overviews various liquid formulations of omeprazole made in the last
5 years. All of them being liquid inherently offer administration flexibility and some
of them utilize also pellets and nanoparticles.

To begin with, the study by Mobarak Qamsari et al. [55] describes the formulation
of a Lactobacillus acidophilus ATCC 4356 surface layer protein coated omeprazole
suspension. Initially, the omeprazole powder was analyzed for melting point, infra-
red (IR) and ultraviolet (UV) spectra and particle size, followed by size reduction,
achieving an optimal 35,516 pm average particle size. The one-variable-at-a-time
method was used to assess the impact of various factors on the coating process,
including the type of coating method, amount of S-layer protein, time, temperature,
shaking rate, different concentrations of EDTA and sodium taurocholate and the
effect of various sugars as binding agents. Furthermore, the stability of the coated
omeprazole was tested at pH 5. Optimal coating conditions involved using extracted
from the dialysis process S-layer protein monomers at a 2:1 ratio to omeprazole for
2 hours at 25°C, with a shaking rate of 100 rpm in a 50 mM Tris hydrochloride buffer
at pH 8. EDTA concentrations did not affect the efficiency, while sodium taurocholate
initially protected the drug but eventually had a destructive effect. Sugars also did not
improve the coating process. The coating reduced omeprazole’s decomposition rate by
up to 2223 times and therefore has potential to increase the stability of other unstable
drugs.

Additionally, the investigation of Ronchi et al. [56] explores the formulation of an
omeprazole-based liquid oral dosage form designed for delayed release. The process
utilizes fluid bed-coated, multi-layered particles suspended in syrup. Uniform-sized
microcrystalline cellulose pellets were chosen as the core. A first layer containing
omeprazole, PVP and talc was applied. To prevent light degradation, a second layer
of PVP, talc and titanium dioxide was added. For gastroresistance, a third layer of
Eudragit® L100-55, ATEC and talc ensured delayed release at pH 6,8. A fourth layer
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of PVP and talc prevented interaction between the third and fifth layers. The fifth
layer, with Eudragit® E100 and talc, prevented premature omeprazole release in
syrup and its degradation in acidic environment. The particles were then suspended
in a syrup base of Neosorb sorbitol, Avicel® RC-591, Kollidon® K30, anhydrous
sodium and carbonate disodium. The process achieved a 90% yield and particle

size below 500 pm, with stability for 10 days at ambient temperature. Stability tests
confirmed the protection of the active pharmaceutical ingredient in acidic conditions
and effective intestinal release, offering a patient-friendly solution for those with
swallowing difficulties.

Another study utilizing pellets [57] describes the formulation of two liquid
omeprazole oral solutions (Formulations A and B) for pediatric use. Formulation A
used crushed omeprazole pellets, while Formulation B employed pure omeprazole.
Both contained mainly sorbitol, glycerin, sodium carboxymethyl cellulose and sodium
saccharin, among other excipients. Stored at 4°C and 25°C, omeprazole content
was assessed via micro-high-performance liquid chromatography at intervals up to
150 days. Formulation A remained stable for 150 days at 4°C and 14 days at 25°C,
while Formulation B remained stable for 90 days at 4°C but only 1 day at 25°C. Various
parameters, including appearance, flavor, pH, viscosity and resuspendibility, were
evaluated. Additionally, microbiological studies were performed per United States
Pharmacopeia (USP) guidelines. Formulation A at both temperatures and Formulation
B at 4°C met the specifications for microbial examination of non-sterile products over
150 days. In conclusion, both formulations are suitable for pediatric patients, with
Formulation A offering superior room temperature stability and preferable taste.

Moreover, the study by Denga et al. [58] investigates the formulation of omepra-
zole niosome solution using the thin film method to enhance its delivery. The process
involves optimizing the ratio of Tween-80 to cholesterol (3:1) and refining hydration
conditions, achieving a high encapsulation efficiency of 92,40% for omeprazole ves-
icles. The vesicles are produced with an average diameter of 70 nm. Comprehensive
characterization through TEM, IR and TG confirms successful encapsulation and
the structural integrity of the vesicles. In vitro release studies at pH 6.8 showed that
omeprazole vesicles had an enhanced release time (75 min), release rate (33,19%) and
sudden release phenomenon compared to pure omeprazole. Therefore, the formu-
lated system presents to improve omeprazole’s release characteristics.

In the study by Gupta et al. [59], the formulation of an omeprazole-loaded nano-
suspension is described. Twelve formulations were prepared using Poloxamer 407,
HPMC K100M or PVA in different ratios via precipitation ultrasonication method.
The formulation number 10/F10 (omeprazole to PVA ratio 1:2, had a particle size
of 198.6 nm, entrapment efficiency of 88,9% and in vitro drug release of 82,2% at
60 min) was found to be optimal. Statistical optimization using a 2* factorial design
identified the best conditions as 90 mg PVA and 40 minutes of sonication. Regression
analysis showed that the particles had a size of 175 nm and a zeta potential of
—24.5 mV. The in vitro drug release rate was 87,3% and the entrapment efficiency was
92,7%, indicating that R2 formulation was the most effective. No significant changes
were indicated by the stability studies about the controlled drug release pattern or
entrapment efficiency over a 3-month period. Consequently, the formulation is suit-
able for large-scale manufacturing and can be adapted for injectable nanosuspensions
since PVA is suitable for parenteral administration.

Similarly, the study by Diefenthaeler et al. [60] describes the formulation of
enteric-coated omeprazole nanoparticles via the nanoprecipitation method for a
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pediatric-friendly liquid dosage form. Excipients included Eudragit® RS100 (inner
core), Eudragit® L100-55 (outer coat), polysorbate 80, sodium bicarbonate and
peanut oil. The formulated nanoparticles had a spherical morphology (Transmission
electron microscopy/TEM confirmed), mean diameter of 174 + 17 nm, zeta potential
of —13 + 2,60 mV and 68,1% encapsulation efficiency (when EL100-55 was 0,03%).
Stability tests showed no significant changes over 60 days. In vitro release studies
showed less than 11% drug release at pH 1,2 but significant release (73 + 3,1%) at

pH 6,8 within 60 minutes, indicating also a sustained release profile. Brine shrimp
lethality assay showed less than 10% mortality, indicating no toxicity. In vivo toxicity
assay in mice showed no clinical signs of toxicity, normal body weight and hemato-
logic parameters. I vivo antiulcer activity studies showed that nanoparticles signifi-
cantly reduced ethanol-induced gastric ulcer areas, with a protection percentage of
93,08%, higher than omeprazole alone (29,71%).

In conclusion, these findings suggest a promising formulation for pediatric
administration.

Lastly, an innovative approach [61] investigated the formulation of an omepra-
zole-based radio solution for targeting and imaging peptic ulcers. A [99mTc] tricar-
bonyl core was used to prepare [°™Tc]tricarbonyl omeprazole complex.

Thin layer chromatography (TLC) and high-performance liquid chromatography
confirmed a 98,0% radiochemical conversion and also assessed the complex’s stability
in rat serum media, showing 96% radiochemical purity for up to 24 hours, decreasing
to 88,0% at 48 hours.

Furthermore, biodistribution studies were conducted on Swiss Albino mice,
including normal, chemically ulcerated (ethanol) and microbially ulcerated (H.
pylori) groups. Stomach uptake for each group was found to be 10,5, 29,6 and 38,7%
ID/g at 1 h after intravenous injection, respectively. Thus, the added value of this for-
mulation lies in its potential as a highly selective peptic ulcer radiotracer, particularly
in microbially ulcerated group.

2.5 Other formulations

In this chapter, there is an overview of other omeprazole formulations made in the
last 5 years, including pellets, microsphere, salts and co-crystals.

2.5.1 Pellet formulations

First the study by Anusha et al. [62] details the formulation of sustained-release
omeprazole pellets using the extrusion and spheronization method. Nine distinct
formulations were created using sodium bicarbonate, microcrystalline cellulose
(MCCQC), talc and starch and one of the following polymers in varying ratios: HPMC
K15M, HPMC K100 or HPMC E15. Fourier-transform infrared spectroscopy and
differential scanning calorimetry studies confirmed no interaction between the drug
and the excipients. The formulated pellets were assessed for their loose and tapped
bulk density, compressibility index, angle of repose, friability, drug content, moisture
content and loss on drying. Furthermore, iz vitro drug release studies were conducted
in 0,1 N HCl for 12 hours. The optimized formulation, F1 (HPMC K15M = 25 mg),
produced pellets with acceptable characteristics, drug content, low friability, and it
was found to follow zero-order kinetics.
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F1 demonstrated an 89,14% drug release at 12 hours, which was more sustained
compared to the innovator (89,8% drug release at 8 hours). Thus, the formulation has
potential to outperform the conventional dosage form.

Additionally, another study [63] describes the formulation of enteric polymer-
coated omeprazole pellets for pediatric liquid formulations. MCC pellets were
coated via spray/fluid bed coating with three aqueous dispersion layers: (I) a drug
layer including mainly micronized omeprazole, lactose monohydrate and hypro-
mellose, hydroxypropyl cellulose; (II) a protective layer of hypromellose and (III)
an enteric polymer layer with Eudragit® L-30 D-55, 1 N sodium hydroxide and
talc. A randomized full factorial design 272 + 1 center point optimized the pro-
cess, focusing on the weight increases of the protective and enteric coatings. Batch
4 was optimal, with 2% second coating and 100% third coating weight increase.
Studies included PSD, flow properties, coating uniformity, infrared active phar-
maceutical ingredient determination, differential scanning calorimetry, X-ray
diffraction, omeprazole content, gastroresistance and dissolution trials. EDS
microanalysis confirmed homogeneity. In Batch 4, the omeprazole content was
100%, with 95% gastroresistance and over 80% dissolution in 15 minutes, com-
plying with the established pharmaceutical criteria. Therefore, this formulation
could serve as an alternative to existing pediatric formulations that do not provide
adequate gastroresistance.

Furthermore, the investigation of Raza et al. [64] explores the formulation of
ascorbic acid dual-coated omeprazole pellets to examine their antioxidant effect on
omeprazole-induced acute kidney injury (AKI). Eight formulations incorporating
Avicel® PH 102, PEG 6000, lactose and Eudragit L-100 in varying ratios were devel-
oped using Design of Experiment and extrusion spheronization method, and then
analyzed. The optimal formulation, P6, dual-coated with Eudragit L-100 (5% w/v)
and ascorbic acid (2% w/v) achieved 98,67% drug loading, 96,54% encapsulation
efficiency and 93,45% drug release. IR spectra confirmed drug loading and coating,
while X-ray diffraction showed a crystalline nature, and thermal studies indicated
enhanced stability. Cytotoxicity analysis verified non-toxicity (97% cell viability). In
vitro drug release studies demonstrated <20% release in acidic conditions and 99,54%
in intestine-like conditions. Elevated uric acid and creatinine levels in mice treated
with pure omeprazole, along with histopathological analysis of their kidneys, indi-
cated AKI, in contrast to the groups treated with the formulated pellets. Molecular
docking conducted highlighted the potential of combining the above active pharma-
ceutical ingredients. Hence, the formulation has potent to prevent a serious adverse
effect of omeprazole.

2.5.2 Microsphere formulations

Another approach [65] describes the formulation of omeprazole microspheres
using the solvent evaporation method. Five distinct formulations were prepared
consisting of omeprazole magnesium, HPMC and PVA, among other excipients, in
different ratios and then evaluated for their size, surface morphology, percentage
yield, drug content, entrapment efficiency and in vitro drug release. Formulation
number 2 (F2) containing 20%HPMC,1,5% polyvinyl pyrrolidine, 1,5% ethyl cellu-
lose, 2% polyvinyl alcohol and 1,5% hydroxy ethyl cellulose was the optimal formu-
lation showing the highest rates of up to 93,64% drug loading, 92,16% percentage
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yield, 28,5% drug content, 76,6% entrapment efficiency and 93,64% drug release.
Furthermore, the drug release percentages of F2 were 71,3% at 30 minutes and 80,2%
at 7 hours—indicating a gradual and continuous release of the drug over time. This
formulation offers a sustained type of release, providing a consistent therapeutic
effect.

2.5.3 Salts and co-crystals

In the field of salts and co-crystals, two studies were conducted, which combined
omeprazole with one nonsteroidal anti-inflammatory drug (NSAID). One of the
two studies, by Nascimento et al. [66], described the formulation and characteriza-
tion of an indomethacin (IND) and omeprazole (OME) salt, as well as an IND:OME
co-amorphous system, using liquid assisted grinding with ethanol and dry grinding,
respectively. The aim was to reduce IND gastrointestinal side effects due to the pres-
ence and action of OME. The IND:OME salt was confirmed via Fourier-transform
infrared spectroscopy and thermal analysis, showing reduced thermal stability
with a melting point of 122.6°C. The co-amorphous system exhibited a single glass
transition temperature (Tg) at 51.8°C, indicating homogeneity. Both formulations
displayed superior physical stability, with the co-amorphous system maintaining
stability for over 100 days. Dissolution studies revealed enhanced rates for both,
with the co-amorphous system showing the highest dissolution efficiency (90%). In
vivo studies in mice demonstrated improved anti-inflammatory and gastroprotective
effects, with the IND:OME salt reducing inflammation by 45% and the co-amor-
phous system by 60%. These results suggest that these formulations have potential

@ Gradual 5%

@ Sustained and controlied
® pH

27%
Tablets

13% 13%

13% 13%

Capsules

Nanoparticles Liquid Formulations

Figure 3.
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therapeutic advantages, especially the co-amorphous system, which showed the
most significant benefits.

Similarly, the study by de Almeida et al. [67] explored the co-amorphization of
Nimesulide (NMS) with six active pharmaceutical ingredients: bicalutamide, isonia-
zid, metoclopramide, p-aminobenzoic acid, piracetam and omeprazole (OME). The
aim of the NMS-OME system was to reduce NMS gastrointestinal side effects by the
presence and action of OME.

Co-amorphous systems were prepared via mechanochemistry and quench cooling.
For the NMS-OME system, mechanochemical methods were employed due to OMP’s
degradation upon melting. Thermal analysis confirmed successful co-amorphization,
with NMS-OME cryomilled samples displaying glass transition at 26°C and remaining
amorphous for at least 120 days. The cryomilled NMS-OME system demonstrated
greater stability compared to cold NG, attributed to cooling below the glass transition
temperature, which prevented recrystallization. These findings highlight the potential
of cryomilling for stable NMS-OME co-amorphous formulations and their ability to
enhance therapeutic outcomes by combining anti-inflammatory and gastroprotective
effects (Figures 3-5).

3. Discussion

The results presented herein suggest that the dominant and most frequent release
types of omeprazole are: “sustained” with a frequency of 22,54%, followed by “con-
trolled” with a frequency of 18,31%. There is also one formulation with a release type
named “sustained and controlled” and another one characterized as “pH dependent”,
which could also belong to the “controlled” type.

Formulations of the sustained release type are fabricated to maintain omeprazole
plasma concentrations within a therapeutic window over an extended period of time,
thereby prolonging the drug’s pharmacological activity. This extended duration of
action allows a less frequent dosing plan, which can enhance patient compliance,
especially in long-term treatment protocols, such as peptic ulcer disease and gastro-
esophageal reflux disease management.

Furthermore, controlled-release formulations offer a more precise approach to
drug delivery by modulating the release kinetics of omeprazole. These systems ensure
a consistent rate of omeprazole release or provide targeted drug delivery, typically
to the small intestine, where omeprazole is optimally absorbed. Controlled release
mechanisms are particularly beneficial in maintaining steady-state plasma concen-
trations, thus reducing inter-dose fluctuations that could contribute to suboptimal
efficacy or adverse drug reactions [68].

The sustained release type reduces the frequency of dosing and thereby decreas-
ing the risk of missed ones and improving therapeutic outcomes in the management
of chronic conditions. Additionally, by minimizing variations in plasma drug levels,
controlled-release formulations can enhance omeprazole therapeutic index, improv-
ing both safety and efficacy profiles.

In agreement with these findings, the revised percentages of each added value
are as follows: In first place, we find the categories “Convenience of administra-
tion/dosing/patient compliance” and “Improved drug release profile,” both at
37%. Following closely, in the second place is the category “Improved bioavail-
ability/stability” at 33,8%. The “Repurposing Potential” category follows with
24,1%.
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This order highlights the main factors driving pharmaceutical innovation today,
emphasizing the importance of drug formulations that improve patient adherence
and effectiveness in treatment.

The focus on improved bioavailability and stability may indicate a strong need for
drugs that are easily absorbed and have longer shelf lives, which can lead to better
patient outcomes. Furthermore, the interest in repurposing existing drugs could
suggest an aim to optimize them for new therapeutic uses and address unmet medical
needs, with accelerated and lower-cost development.

4. OME safety profile-preclinical and clinical considerations

Omeprazole generally has a low rate of adverse effects, primarily involving gastro-
intestinal symptoms like nausea, abdominal discomfort and altered bowel habits like
diarrhea or constipation. Headache is also occasionally reported. Less frequent side
effects include dizziness, fatigue, joint pain and skin reactions [69, 70]. As omeprazole
is metabolized by CYP2C19 and CYP3A4 enzymes, it can interact with drugs metabo-
lized by these pathways, such as clarithromycin, rifampicin or clopidogrel and others
[71]. Omeprazole’s suppression of gastric acid may lead to vitamin B12 malabsorption
[72]. Furthermore, in patients with additional risk factors, long-term omeprazole treat-
ment raises concerns about osteoporosis [73]. Hypomagnesemia is another reported
side effect but the exact mechanism of the Mg** malabsorption is still unknown [74].

Preclinical studies on omeprazole primarily focus on its pharmacological prop-
erties, mechanisms of action, toxicity and safety profile, laying the foundation
for clinical trials. Studies like those by Fellenius et al. [75] examined omeprazole’s
mechanism of action by inhibition of the proton pump in the stomach, demonstrating
dose-dependent gastric acid suppression. In addition, research by J. M. Birkett et al.
[76] and Meyer et al. [77] outlined omeprazole’s pharmacokinetics, showing rapid
absorption, metabolism via cytochrome P450 system (particularly CYP2C19) and
renal excretion, which highlighted the potential for drug-drug interactions. Further
studies, such as the study by Blandizzi et al. [78] demonstrated omeprazole’s efficacy
in healing gastric ulcers and enhancing mucosal protection. Moreover, omeprazole
toxicity studies by Ekman et al. [79] and Carlsson et al. [80] showed low acute toxicity
in animal studies, with reversible gastric changes and no fetal toxicity or mutagenic-
ity, supporting a favorable safety profile.

These early studies were crucial in advancing omeprazole for clinical use in treat-
ing acid-related disorders. Many clinical trials and real-world data studies throughout
the years show that omeprazole demonstrates significant efficacy in managing
various gastric acid-related disorders. Some examples include a randomized trial
about H. pylori eradication with omeprazole [81], which showed that the combination
of omeprazole with antibiotics (clarithromycin and amoxicillin) was more effective
in eradicating H. pylori compared to other drug regimens. Additionally, the LOTUS
trial (Long-Term Omeprazole Use Study) highlighted omeprazole’s ability to reduce
symptoms and heal esophagitis in GERD, outperforming placebo and other acid-
suppressing drugs like ranitidine [82]. More recently, a real-world study [83] evalu-
ated the effectiveness of omeprazole in treating Acid Peptic Disease. Patients showed
significant improvement in symptoms and characterized their therapy as effective,
convenient and satisfactory.

Several omeprazole formulations have been withdrawn or discontinued in
some markets due to competition, manufacturing challenges, stability issues or
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safety concerns. For instance, high-dose omeprazole formulations (like Prilosec®
40 mg) were withdrawn due to regulatory concerns over the risks associated with
the long-term use of high-dose PPIs. The introduction of alternative PPIs, such as
esomeprazole and pantoprazole, also led to the discontinuation of some omeprazole
combination therapies and branded versions.

Products like Losec MUPS® (AstraZeneca®) and Zegerid® (Santarus®)—a
formulation of omeprazole with sodium bicarbonate—were withdrawn due to
inconsistent dissolution rates and stability issues, which affected drug release and
effectiveness. Prilosec® suspension had reconstitution stability issues, while intrave-
nous formulations like Rapinex® (Ferring Pharmaceuticals®) were phased out due to
storage and stability challenges.

Additionally, contamination and sterility problems in oral formulations (e.g., by
Ranbaxy®, Dr. Reddy’s® and Teva®) and IV formulations (e.g., by Sandoz® and
Hospira®) led to recalls due to quality control failures.

These cases highlight the importance of strict manufacturing practices and strong
regulatory oversight, especially for products requiring precise stability, sterility and
long-term safety.

5. Conclusions

This chapter aims to present the recent advances in omeprazole’s pharmaceutical
formulations involving excipients of diverse physicochemical properties. Moreover,
its release kinetics from solid, liquid, semi-solid and nanoformulations are described.
The improved bioavailability and increased therapeutic efficiency were accompanied
by minimal side effects, leading to enhanced patient compliance. The targeted drug
delivery and the potential of combination therapy appeared as the added value of
nanoformulations over the solid and liquid dosage forms. On the other hand, tablets
and other solid dosage forms have already appeared on the market exhibiting patients’
friendly dosage forms. To improve the stability, release profile and therapeutic
efficacy of omeprazole, a few new formulations have been investigated. Additionally,
efforts have been undertaken recently to investigate the full potential of omeprazole
and its possible repurposing for other therapeutic uses, including the treatment of
cancer. These advancements demonstrate the drug’s enduring significance in phar-
maceutical innovation as well as its long-standing usefulness in the field of gastro-
enterology. In the field of cancer treatment, in the context of the repurposing of
omeprazole, the nanoformulations have opened new avenues, such as antineoplastic
nanomedicines with high therapeutic index.
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