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ABSTRACT

3 Dimensional (3D) printing has seemed to be the technology of radical development for the pharmaceutical industry, particularly in medical device
manufacturing. The current review elaborates on the applications of 3D printing, challenges, and potentials in pharmaceutical medical devices. The
technology allows for complicated personalized devices with accuracy and cost-effectiveness as never before, bringing in the key applications for
this technology in the fields of prostheses, orthoses, surgical guides, audiology devices, and bioresorbable implants. It brings along customization,
better pre-operative planning, and new drug delivery systems, but there are quality control and regulatory challenges to be faced: material
selection, process validation, sterilization, and scalability. In view of this upcoming technology, the regulatory bodies are having to update their
guidelines to ensure continued safety and efficacy. On the road ahead, with artificial intelligence, nanotechnology, and 4 Dimensional (4D) printing,
future developments could make sophisticated medical equipment and change the management and outcome of diseases. While 3D printing opens
up newer routes of innovation in the pharmaceutical industry, there are major concerns on issues of scalability and regulatory matters. This
technology will thus make a significant impact on healthcare delivery through these coming decades, with changes in the global research and
regulatory landscapes.
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INTRODUCTION

The technology of 3 Dimensional (3D) printing has been embraced
by pharmaceuticals, and it is being used in the manufacture of
medical devices. This new manufacturing technique has taken the
market by storm since now complex, very delicate, or highly
specialized medical equipment can be created at the highest possible
level of precision and cost-effectiveness [1].

Additive manufacturing or 3D printing is an innovative way of
building up a device in small increments from digital blueprints.
When compared to traditional methods of manufacturing, this
approach provides many advantages. It makes it possible to develop
intricate geometries, allows customization for individual patients,
and speeds up trial production, thus shortening lead time for
product development cycles [2].

Since there are no rules on how 3D printers should be used in
medicine, they have been employed across different categories of
medical devices as well. They can make artificial limbs, personalized
implants, peculiar surgical equipment, and printed organs, which
surgeons use for rehearsal before operations among other uses. This
can optimize inventory control while improving supply chain
dynamics in the sector through the ability of the technique to
produce goods as required [3].

It is opening up new avenues of innovation in drug delivery systems
within the pharmaceutical field since 3D printing allows the
construction of devices with precision dose control and modified
release profiles. It may finally lead to individually composed
medications for the patient, which perhaps may improve treatment
outcomes and compliance [4].

In a few years, when the technology further improves, 3D printing
will change medical equipment design, development, and uses. The
change is about ushering in an age of personalized healthcare
solutions to improve results overall for patients [5]. The continuing
development of 3D printing within both the pharma and medical
device industries at large stands as evidence of its high potential to
totally revolutionize health care into efficient, personalized care
options for patients worldwide [6].

Search criteria

The selections of articles for the present review were searched from
specialized databases (Range of years: 2000-2024), which includes
Elsevier, PubMed, and Cambridge, using the keywords 3D printing,
medical devices, additive manufacturing, and Regulatory
consideration. Other selections include articles from Springer, and
Wiley, information from Internet sources, and online published
articles from the Food and Drug Administration (FDA).

Basics of 3D printing

Additive manufacturing or 3D printing is an innovative way to create
3D objects. From a digital model, it creates 3D objects, depositing
layer by layer bit by bit. It will start off reading a computer-aided
design (CAD) file sliced into very thin cross-sections to let it build an
object from bottom to top with the help of materials which may
range from plastics and metals to ceramics, and also some biological
materials. Such technology provides the ability to create intricate,
customized designs with a low volume of waste and multiples the
benefits that cut across all the industrial fields, including medicine,
aerospace, and consumer goods. It has attracted attention because of
the possibility it presents to consumers, especially because of its
capability to enable rapid prototyping, on-demand production, and
the creation of shapes that are inaccessible or hard to produce [7].

The whole process often involves typically three main steps as given
below.

Design

The digital 3D model of medical devices starts with selecting proper CAD
software, for example, SolidWorks or Autodesk Fusion 360. The first step
is the creation of 2 dimensional (2D) sketches to the needs of medicine,
subsequently converted into 3D geometries with a set of CAD
instruments. Parametric modeling can be easily modified, while
assembly modeling is intended for complex devices. Surface modeling
techniques are utilized in producing organic shapes. Material properties
are defined to facilitate correct simulation. The design is subjected to
finite element analysis, where it has to pass structural tests and other
criteria of the design. The simulation result, combined with medical
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feedback will allow iteration for optimizing the design. At the last stage,
the CAD model is converted into a 3D-printable file and becomes ready
for production. Throughout the process, documentation has been
elaborated, and often, cloud-based platforms are utilized in cooperation
between engineers and medical professionals.

Printing

The most basic steps of the process to bring a digital model to an actual,
3D-printed medical device include converting a CAD model into a Stereo
lithographical (slt.) file. This involved projecting the surfaces of a model
into triangles by approximating the model. Then, slicing software
processes that file, which splits up the entire 3D model into layers at
defined, thin horizontal sections and generates machine instructions for
the 3D printer in geometry code. As the designs are fed into the device,
layers on top of layers of the product are created during printing. Among
the most common 3D printing technologies include fused deposition
modeling (FDM), where molten thermoplastics extrude the product,
Stereo lithography (SLA), which makes use of Ultraviolet (UV) light to
cure the liquid resin, and Selective laser sintering (SLS) which utilizes a
laser in fusing the powder material. Depending on the properties of the
material required, resolutions, and the final application of the product
for health care, then that will be the technology to apply. Most print
devices require further post-processing steps, including cleaning of the
supports off the material, finishing of the surfaces, and sterilization, for
them to be used medicinally.

Post-processing

Post-processing is an important step in 3D printing medical
products to ensure that the final product reaches stringent quality
and safety requirements. First, support structures need to be
removed. They are either manually removed or chemically dissolved
based on the printing process. SLA/Digital Light Processing (DLP)
resin-based prints undergo a thorough cleaning with isopropyl
alcohol to remove uncured resin, followed by exposure to UV curing
to attain full material strength. FDM prints can be surface finish
enhanced with methods such as sanding or acetone vapor treatment.
The metal prints are often heat-treated to relieve the internal
stresses. All medical devices have precise dimensional checks and
must undergo additional machining for critical features. Surface
treatments with polishing or coating enhance both biocompatibility
and functionality. Finally, the product is sterilized by a process such
as ethylene oxide, gamma radiation, or autoclaving to ensure that
the device is safe for medical application. All of these steps are
documented for compliance with all demands of the regulatory body
and for ensuring quality [2].

Need for 3D printing in the pharmaceutical industry

There are many benefits of 3D printing over traditional manufacturing
methods, including a decrease in production and logistic expenses, easy
production of complex and customized products, and more efficiency
due to a reduction in material and energy usage [8]. 3D printing in
medicine allows for faster and more affordable production of items
compared to other means, such as machining. This is particularly
valuable in product development, given that designs can be turned
around quickly, products are easily customized, and small quantities can
be produced affordably. In fact, this technology can really help slash the
time taken to introduce new items into the market [9]. Compact and
biocompatible electronic platforms are much needed for wearable
devices and specific implants that will conduct real-time monitoring of
chronic health conditions. The exploitation of 3D printing in medical
devices is foreseen to go beyond anatomical models and prosthetics
when electronic materials and additive manufacturing technologies with
enhanced properties become available [10]. Such technology will aid in
the creation of individualized or personalized electronic implants and
other devices from a great variety of biocompatible materials. Success
depends on getting enough feedback from health professionals and
patients, but also on the opportunity to implement design improvements
really fast. Fast feedback created by 3D printing accelerates the design
refinement cycle [11, 12].

3D printing software

Technology for medical rapid prototyping has advanced
significantly. The advancements in reconstruction techniques, image
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processing, and medical imaging techniques made them easier.
Despite the diversity of technologies, the 3D printing process
typically involves the majority of the following procedures:

Computer-aided design using software for the production of a digital model
Convert the CAD file into a format that can be printed. Most printers use the slt format
3D Printer Settings and Configuration

Item Creation

Because this is a completely computer-driven process, it removes
intermediary phases, hence requiring less manual labor. This technique
comes with several advantages: cost savings, shortened production
times, and development with any modifications if required [13].

3D printing materials and used in pharmacy

The selection of appropriate materials is crucial for the successful
implementation of 3D printing in pharmacy, as these materials
directly impact such as biocompatibility, mechanical properties, and
degradation kinetics.

Biocompatibility

Biocompatibility is an important aspect of 3D-printed medical
devices, particularly because the devices have direct contact with
biological systems. The biocompatibility for a 3Dprinted medical
device is therefore very necessary. For a safe and effective medical
device in patients, restrictive testing is thus required by adherence
to regulatory standards and continuous improvements in the field of
materials and manufacturing processes [14].

Material selection

The biocompatibility of 3D-printed medical devices is very sensitive
to material choice. The materials should not provoke any adverse
biological responses. On the other hand, they should support tissue
integration. For example, some polymers, metals, and ceramics are
biocompatible [15].

Regulatory standards

In response, a few rigid standards have been set up by regulatory
bodies for biocompatibility testing; this includes cytotoxicity,
sensitization, irritation, and systemic toxicity studies [16].

Printing process implications

The 3D printing process itself can also affect biocompatibility due to
variables such as printing resolution, layer adhesion, and other post-
processing treatments associated with how materials will bind with
biological systems [17].

Long-term stability

Another important factor is the biocompatibility for long periods.
Materials shall not chemically degrade such that they cause harm to
the patient or dysfunction of the device [18].

Customization and patient-specific devices

Although 3D printing allows customization to patient anatomy in the
field of medical devices, this should not take away from
considerations about biocompatibility. Materials and processes
should be carefully matched both for safety and efficacy [19].

Mechanical properties

The mechanical performance of a 3Dprinted implant is expected to
vary with the application involved, whether these are load-carrying
implants or flexible systems, as in drug delivery. Required properties
are appropriate: Strength and stiffness, Fatigue resistance, Wear
resistance, and Elastic behaviour (for specific applications) [20].

Degradation Kinetics
Material degradation

Depending on the nature of the application, the 3D-printed medical
devices will have to bear degradation in biological environments.
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Biodegradable polymers, for example, break down with time upon
being resorbed or metabolized by the body. The Kkinetics of
degradation for these materials provide the knowledge needed for
the development of a device with the right lifetime [21].

Environmental factors

Many environmental parameters may be involved in degradation
kinetics, such as temperature, pH, humidity, or even the presence of
some enzymes or body fluids. Control and prediction of these
parameters become, therefore, basic parameters for reliability and
safety related to a 3D-printed medical device [22].

Int ] App Pharm, Vol 17, Issue 1, 2025, 1-11

Long-term stability

In permanent implants, for example, orthopedic implants or dental
prostheses, long-term stability and degradation resistance are very
important. This means it should maintain its mechanical integrity along
with biocompatibility as long as the device is intended to last [23].

Testing and validation

Run accelerated aging studies and in vitro/in vivo degradation
studies to understand the degradation kinetics of a 3D-printed
medical device. The results of such studies are highly valued while
gaining regulatory approval and acceptance at the clinical level [24].

Table 1: Common polymers used in 3D printing

Name Melting point  Advantages Limitations

Acrylonitrile butadiene styrene 105 °C Good strength and flexibility They are non-biodegradable and reduce

(ABS) in size when in contact with air.

Polylactic acid (PLA) 175°C Good mechanical properties; Low cost. Long-term biocompatibility [25]

Polycaprolactone (PCL) 60 °C Good rheological and Excellent viscoelastic Long degradation time (3 y) [26]
properties upon heating and are minimal cost.

Polycarbonate (PC) 110°C Tuneable mechanics and porosity. They intake moisture from the air which

High-performance polymers-PEEK 350 °C
(polyetheretherketone), PEKK
(Polyetherketoneketone), ULTEM
(polyetherimide)

can affect the performance and printing
resistance [27]

The material is highly resistant to mechanical High melting point [28]
and thermal stresses. Besides, it is an

extremely strong and at the same time much

lighter material than some metals.

Types of 3D printing technologies applicable in pharmacy
Stereolithography (SLA) technology

3D printing in pharmacy involves several different technologies,
such as stereolithography. SLA is an additive manufacturing
technique whereby a UV laser or projector hardens liquid resin into
plastic. The main parts composing an SLA printer are the light, build
platform and resin tank. This is a fast-prototyping method that
generates fine details using an ultraviolet laser and requires only a
few hours to print an object. Digital Light Processing is an older
technology in 3D printing that uses lamps, increasing the printing
speed by drying layers in seconds [29, 72].

Digital light processing (DLP)

DLP belongs to the additive process for producing medical devices
whereby a digital projector is used to cure photopolymer resin layer by
layer. It projects a 2D image onto the resin, thereby solidifying an entire
layer at once. This has high precision, smooth surface finish, and faster
printing speeds compared to other technologies. DLP finds a lot of
applications in creating complex medical devices, like dental implants,
hearing aids, and surgical guides. This is where the manufacturing of
customized devices with complex geometries and fine details for the
patient can be done. The ability to use biocompatible resins opens a
plethora of possibilities for this technology in many medical applications,
which will enhance personalization and potentially improve the quality
of care delivered [72].

Continuous liquid interface production (CLIP)

The CLIP process is a fast VAT photopolymerization method that
makes use of Digital Light Synthesis technology to shine a series of
UV images onto a 3D printed part's cross-section, which aids in
controlling the curing process with very fine resolution. The whole
part is then subjected to a thermal bath or oven, raising a diversity of
chemical reactions that eventually harden the part.

Material jetting

Material jetting technologies represent the newest developments in
the field of 3D printing and are increasingly being explored for
pharmaceutical applications. Liquid materials photopolymers are
deposited as small droplets in a layer-by-layer process and
subsequently cured by UV light. It presents great promise for
personal medicine: from tailored dosage formats and complex

geometries in controlled release to multi-drug combination
products. In this respect, material jetting may be considered an
attractive technique in drug delivery because of its high precision
and possibilities for the elaboration of structures. The range of
suitable materials is highly limited, and there are regulatory hurdles
and scaling up for mass production in the way of this industry. This
technology may yet hold some revolutionary techniques for the
drug-manufacturing industry, such as rapid prototyping or on-
demand production of tailored pharmaceutical products.

Binder jetting

Binder jetting is an additive manufacturing process wherein liquid
binding agents are applied selectively to hold the layers of powdered
material together. Droplets of binder come out of a print head and
are dispensed onto thin layers of powder. The powder has been
spread across a build platform, and then the same process occurs for
each layer until a 3D object is created. Binder jetting is compatible
with different materials, such as metals, ceramics, and polymers. It is
particularly useful for the production of complex geometries and
large parts. In medical applications, it allows for the manufacture of
custom implants, surgical models, and drug-delivery devices. This
technology is suitable for both prototyping and production-scale
manufacturing of medical devices, with relatively fast build speeds
and the ability to print multiple parts at one time [72].

Fused deposition modeling (FDM)

Fused deposition modeling works through an extrusion-based
technique whereby thermoplastic filament is heated and deposited on
a substrate by layer to create a 3D object. The same involves the
extrusion of molten plastic via a moveable nozzle onto a build platform
in a specified path. As each layer cools and solidifies, it can bond with
the previous layer. It finds broad application in medical device
prototyping and production due to the flexibility, cost-effectiveness,
and biocompatible raw materials the technology offers. These include
applications for orthotics and prosthetics, models of anatomy, and
surgical guides. Although FDM may offer lower resolution compared
with some other 3D printing methods, it generally displays good
mechanical properties and allows the fabrication of parts that have
functionality within them to be rapidly created.

Selective laser sintering (SLS)

SLS is a form of Powder Bed Fusion that produces 3D objects by the
fusion of small particles of powder by the use of a high-power laser.
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A high-powered laser scans each layer of the powder bed and
selectively fuses the particles, and then the process is repeated as
the bed is lowered.

Multi-jet fusion (MJF)

In multi-jet Fusion, the powder is laid down by a sweeping arm;
binder is applied selectively on top with an inkjet-equipped arm.
Precision comes from the application of a detailing agent around
said area. The application of thermal energy then initiates a chemical
reaction. Direct Metal Laser Sintering, on the other hand, is similar
but it uses metal powder.

Directed energy deposition (DED)

Directed Energy Deposition is one of the methods mainly used in the
metal industry. A 3D printing device is attached to a multi-axis
robotic arm with a nozzle that applies the metal powder. It works by
melting the material, applied as a powder to a surface, by use of
some energy source, and immediately creating solid objects [30, 31].

What are medical device and implants?

Medical devices and implants can be summed up as those products of
the pharmaceutical industry used in healthcare that are not drugs
themselves, yet in most cases, help pharmaceuticals achieve the
diagnosis, prevention, or cure of an ailment. These may include simple
devices and tools at one end to highly complicated implants at the
other. They also intersect with drug development, delivery, and
administration within the context of the pharmaceutical industry.

The major points for consideration about medical devices and
implants in the pharmaceutical industry include:

Drug-device combination products

3Dprinted drug-device combination products inlay pharmaceutical
components into the medical device itself to improve therapeutic
outcomes from that single entity. Customized, patient-need-based,
and localized drug delivery systems can be designed through such a
process. By 3D printing, complex geometries can be produced with
precise drug incorporation to achieve increased efficacy and
reduced side effects. Applications are currently being made in drug-
eluting stents, antibiotic-infused implants, and targeted cancer
treatment devices, providing innovative solutions in personalized
medicine and improved care for patients [32].
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Drug delivery systems

These 3D-printed medical devices allow for the controlled, accurate
release of drugs through their delivery systems. Such structures can
be tailored for targeted delivery, optimized release kinetics, and
patient-dependent needs. 3D printing enables both complex
geometries and multi-drug configurations; therefore, it increases
therapeutic efficacy while decreasing side effects. Applications range
from implantable devices to transdermal patches that can
revolutionize personalized medicine and treatment strategies across
a broad swath of medical fields [33].

Diagnostic devices

Medical instruments are employed to recognize illnesses or follow
conditions that can impact medicines administered by the drugs. It
offers customized, rapid, and cost-effective solutions for the
diagnosis and monitoring of diseases through 3D-printed diagnostic
devices in medical technology. These diagnostic devices can be
tailored to patients' requirements or any testing needs, hence
fulfilling the concept of point-of-care diagnostics. 3D printing
enables the realization of complex microfluidic structures,
biosensors, and lab-on-a-chip devices that increase sensitivity and
accuracy in diagnostics. Their applications include portable testing
kits, wearable health monitors, and individual biomarker detection
systems that further precision medicine and the identification of
diseases at an incipient stage [34].

Implantable drug reservoirs

3D-printed implantable drug reservoirs offer an avenue for medical
devices capable of targeting sites with controlled medication
delivery. Complex geometries, part of integrated structures that
optimize the release Kkinetics, can maintain at specific sites the
release of a drug. Such devices offer features that support patient-
specific design, multiple compartments for different drugs, and
stimuli-responsive functionalities, which possibly will help to
enhance treatment efficiency while reducing systemic side effects for
arange of medical applications [35].

Smart devices

These electronic gadgets can take care of a patient’s health
status and adjust dosages of drugs as far as possible where
necessary [36].

Table 2: Comparison of traditional and 3D-printed medical device

Category Traditional medical devices

3D-printed medical devices

Manufacturing Process

Normally mass-produced through conventional

It is fabricated using additive manufacturing techniques

techniques such as injection molding and machining.  wherein an object is created layer by layer [37]

Customization Normally limited to usual sizes or configurations. Normally limited to usual sizes or configurations [7]

Design Complexity It is constrained by manufacturing processes' Enables complex geometries and internal structures [3]
limitations.

Materials Itis restricted to only material types that can be Expanding spectrum of biocompatible materials,

conventionally manufactured.

Applications in Drug Delivery
manufacturing-related defects.

Itis influenced to a great extent by a lot of

including some that have the potential to exhibit
properties, such as that of tissues [38]

It allows for Multiple complicating drug release profiles
under one dosage form with tailored [39]

Applications of 3D printed medical devices
Prosthesis

An artificial limb, simply put, is known as a prosthesis an artificial
device designed to replace the missing body part, be it in the form of
a hand or a foot, or in any other shape less natural, designed to allow
amputees to perform any day-to-day activity with ease.

Prosthetics can be fabricated from many materials, of which plastics
like polypropylene and polyethylene constitute prosthetics and
polypropylene and polyethylene are in larger use. It has been a
major and primary element in the rehabilitation of amputees and
has been able to function for many years of their lives. Unlike
conventional prostheses in which the materials are 'molded and
cast’, 3D printed models are tuneable around your unique anatomy.

This can result in a much softer and more aesthetically pleasing
product with much less challenge in responding to their lifestyle.
During the design, the orthopedic surgeon, together with the
designer, employs a blend of clinical data, CAD, and software tools in
making the final product. It allows for a more personal and efficient
product because it can be manufactured more easily at a lower cost
and is durable [41].

Orthotics

An orthoses is a device used to assist the body in performing its
functions. Generally, orthoses protect the body, limit movement,
support body weight, provide movement, and prevent/correct
deformities. They have been used on an extensive basis in helping
patients with physical dysfunction and disability due to muscular
problems like fractures, sprains, arthropathy, tendinopathy, or even
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neurological disorders in the brain, spinal cord, and peripheral
nerves.

The conventional technique of orthoses production is rather time-
consuming. Again, the shape and dimensions of the orthoses have to
be pre-adjusted on a patient's body manually. Further, creating
several customized, high-quality orthoses is difficult, and sometimes
realization of the complex designs is also hard.

Through 3D printing, the technology becomes dimensionally accurate
for orthoses by computer graphic software. This offsets the limitation
of the traditional method due to the high precision of a 3D printer.

Using 3D printing, design software enables the production of
orthoses with correct dimensional values and complex structures
that, otherwise produced manually, would be impossible.

Unlike custom-made orthoses, which take approximately a week, a
3D printer can make an orthoses within one day, hence provoking
great interest in orthoses created using 3D printing technology [42].

3D-printed surgical guides

Additive manufactured surgical guides have been at the forefront of
changing the face of personalized medicine. Patient-specific tools created
from advanced modalities of imaging computed tomography or
magnetic resonance image allowing for accurate preoperative planning
and intraoperative guidance. One of the main advantages associated with
3D-printed surgical guides is that they enhance surgical accuracy.

For instance, a study conducted by the researchers concluded that in
spinal surgery, 3D-printed surgical guides can increase the accuracy
of pedicle screw placement, thereby reducing the risk of
neurological complications. The accuracy rate reported for 3D
printed guide-assisted screw placement was 92.8%, compared to
86.6% using the freehand technique [43].

Their working applications throughout a wide surgical spectrum in
orthopedic surgery, 3D printed guides have changed the landscape
for total knee arthroplasty by demonstrating that the patient-
specific instrumentation-including 3D printed guides-improved
overall prosthetic component alignment, which likely improves the
long-term results in patients [44].

3D-printed hearing aids

This additive technology enables devices with a high level of
customization, improving comfort and acoustics in comparison with
devices that have been conventionally manufactured. The process
mostly incorporates digital scanning of the patient's ear canal,
followed by making a personalized shell design and creating the
same through 3D printing.

Integrating the 3D printing procedure in the manufacturing process
of the hearing aid device gave several benefits. Those are:

Improved comfort and fit

Commit accurate customization provides an excellent fitting, reducing
feedback and other problems to provide more comfortable wear.

Ready in no time

The manufacturing time for custom hearing aids has come down
drastically with 3D printing.

Consistency

Because it is a digital process, repeatability is assured at a high level
of quality control.

The 3D printing in the hearing aid industry was simply
overwhelming. The custom in-the-ear hearing aids fabricated using
3D printing have moved not only the quality of products to another
level but also eased manufacturing with reduced workers, time,
waste of materials, and energy [45].

Bioresorbable implant

Bioresorbable implants and tissue scaffolds have taken a new
dimension of advancement in the area of 3D printing of
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pharmaceutical and medical devices. These structures support tissue
regeneration and degrade within the body; thus, no removal surgery
will be required, which minimizes long-term complications that
come due to permanent implants.

3D-printed bioresorbable implants are under study for many medical
applications, in particular, in orthopedics and craniofacial surgery.
Such devices render temporary support, undergoing degradation in
some time and allowing natural body healing processes.

3D-printed polycaprolactone and hydroxyapatite composite
scaffolds were frontline for bone regeneration. These scaffolds
showed good biocompatibility and sufficient mechanical strength
compared to natural bone [19].

Tissue scaffolds

3D printed tissue engineering scaffolds are, therefore, essential in
regenerative medicine, providing structures that will very finely
duplicate the extracellular matrix to support the growth of cells and
the formation of tissues.

3D bioprinting techniques for tissue engineering applications: In 3D
printing, there is the potential ability to control scaffold architecture,
porosity, and mechanical properties so that they are conducive to
cell adhesion, proliferation, and differentiation [46].

Tailored dosage forms

Tailored dosage forms have revolutionized the production in the
pharmaceutical industry brought about by the emergent technology
of 3D printing. This innovation gives the opportunity for making
personalized medicines with corresponding exact dosing, shape, and
size for the needs of individual patients. Using 3D printing, the
pharmacist and healthcare provider may use a patient's age, weight,
metabolism, and even genetic makeup in tailoring their medication
decisions. This kind of individualized therapeutic regimens would
have more pronounced therapeutic outcomes by ensuring optimal
drug absorption and efficacy. Complex geometries may be prepared
for modulating the rates of release of drugs, such that multi-layered
tablets combine several drugs with different release profiles in one
dose. This type of strategy increases patient compliance while
minimizing the side effects, which are generally associated with
conventional, one-size-fits-all drugs.

Controlled release mechanisms

3D printing allows for the creation of highly complex controlled-
release mechanisms for drug release. Such systems could be
designed to give the necessary rate of medication delivery over
much more extended periods, maximizing efficacy in therapy while
offering easier management for patients. However, by manipulation
of the internal architecture and composition of 3D printed devices,
the researchers may be able to create matrices that can uniformly
and precisely control drug diffusion or erosion. As such, it allows for
complex release profiles; indeed, pulsatile or chronotherapeutic
delivery systems comparable to, yet respectful of, the circadian
rhythm of the body can be designed. 3Dprinted implants and inserts
can also be designed for the sustained release of drugs over several
weeks or months, which might modify the treatment strategies of
chronic diseases and the number of drug administration’s [71].

Advanced inhalation devices

3D printing paved new ways in advanced inhalation device design and
manufacturing for respiratory drug delivery. Devices may be designed
tailored to the patient's lung volume and breathing pattern and his or
her particular therapeutic need. By 3D printing on inhalers, complex
internal geometries that optimize the size distribution of particles and
the dynamics of flows can be achieved. The technology can also lead to
multi-dose inhalers having in-built dose counting with smart features
to enhance tracking for better adherence. It also supports fast
prototyping and iteration of inhaler designs, accelerating the product
development process and can save costs in the long term.

Transdermal and microneedle systems

The transdermal and microneedle systems are an excellent
advancement in non-invasive drug delivery. 3D printing allows the
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creation of specific dimensions shapes and density arrays for
maximum skin penetration and drug release with 3D-printed
microneedles. These systems can deliver a wide range of
therapeutics, from small molecules to large proteins and vaccines,
with improved bioavailability compared to traditional transdermal
patches. The ability to customize microneedle geometry allows for
tailoring the depth of penetration and the rate of drug release to suit
different skin types and therapeutic needs. Besides, the capability to
combine multiple drugs into a single microneedle patch by 3D
printing can present the potential for combination therapies or
staged drug delivery. The same technology may be used in order to
advance the development of dissolvable microneedles that do not
leave sharps waste; thus providing safety and convenience in self-
administration scenarios [73].

Regulatory authorities
Regulator bodies

The Food and Drug Administration (FDA) oversees three primary
categories of products: 1) drugs overseen by the Centre for Drug
Evaluation and Research, 2) device-related products overseen by the
FDA's Centre for Devices and Radiological Health, and 3) Blood
vaccines overseen by the FDA's Centre for Biologics Evaluation and
Research. Regarding medical device regulation, firms that
manufacture devices distributed in the United States have several
basic regulatory responsibilities. It covers registration of facilities
(21Code of Federal Regulations (CFR) Part 807), listing of devices
for medical application (21 CFR Part 807), premarket application
notification 510 (k) (21 CFR Part 807 Subpart E), premarket
approval (21 CFR Part 814), exemption for clinical investigation of a
device for investigational use (21 CFR Part 812), quality system
regulation (21 CFR Part 820), regulation for labeling requirements
(21 CFR Part 801), and Medical Device Reporting (MDR)(21 CFR
Part 803) [48].

Medical devices are ensured through the monitoring by the United
States Food and Drug Administration's Centre for Devices and
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Radiological Health that companies manufacturing, repackaging,
relabelling, or importing medical equipment for sale in the US
market adhere to the medical device regulations. In terms of setting
up a regulatory framework for 3D printed medical devices, this
would mean that the former would be treated as any other
traditional medical device regarding manufacturing processes and
control requirements.

Medical devices are classified into three classes according to the
FDA: Class I, Class II, and Class III, depending on the given level of
device risk, with the greater class number signifying increased
controls. These classes determine the controls that would be
implemented for each device type. Devices under class I are mainly
low-risk and normally would not require 510(k) clearance. Those
under class Il are generally considered of moderate risk and require
a Premarket Notification, 510(k). Generally, device types that have
been classified as high-risk or novel (Class III) must support a
Premarket Approval (PMA) [49].

Inspection at the site of device manufacturing of higher-risk devices
in Class C or D of some classification systems within 60 days of
receipt of the marketing application for compliance with the
requirements of quality management. The team prepares a
comprehensive inspection report at the end.

Upon getting this report, the regulating agency has 45 days in which
it may reach a decision. It may license the medical device for
production and distribution or reject the application upon its
findings [50].

Medical devices classification as per United States Food and
Drug Administration (USFDA)

Medical devices are thus categorized into three classes by the USFDA
regulations based upon the associated level of risk and also the
regulatory measures required to ensure that they are safe and
effective. What follows is a brief description of how they are
classified:

Table 3: Medical device classification as per USFDA

Class I devices Class Il devices

Class III devices

The risk associated with these devices is
minimal.
These are controlled only by general controls.

level risk-associated

controls.
Most of the devices are exempt from the
requirement for 510(k) premarket notification.
Examples include elastic bandages, examination
gloves, and hand-held surgical instruments.

The devices are considered a medium-

These devices are, therefore, subject to
both general controls and special

These devices belong to the highest-risk device
category.

They are associated with clinical data under the
general controls and premarket approval categories
for supporting claims of safety and effectiveness.

Most of these require the 510
premarket notifications.

Examples include powered wheelchairs,
infusion pumps, and surgical needles.

Examples include pacemakers and deep-brain
stimulators.

The class of the device is determined by the FDA based on:

Intended use of the device, how it is to be used, and any potential
risk to patients and users.

Devices are liable to be reclassified upon reception of new information
with respect to the safety or effectiveness of a device [51].

The FDA has laid down various routes through which medical device
manufacturers can get their products into the marketplace or be
approved for use. All of these routes ensure that medical devices
manufactured with 3D printing technology, amongst others, are safe
and effective. Details for each type of submission include:

The 510(k) Premarket notification provides the common pathway to
market for many medical devices, including several 3D printed ones.
This, therefore means manufacturers have to bear the burden of
proving that a device is essentially equivalent to another lawfully
marketed predicate device. This route is commonly quicker and less
burdensome than applying for Premarket Approval [52].

Probably, the most rigorous process for marketing medical devices
is premarket approval (PMA). The PMA process itself has been
developed to be applied for those medical devices that are

associated with high risk and for which no substantially equivalent
predicate device is available. This may include, concerning 3D
printed devices, implantable devices, or other products for which
safety and effectiveness have to be established by a large amount of
data on their clinical and non-clinical performance [53].

Humanitarian device exemption, this pathway is for Devices
indicated for a condition or disease that annually affects under 8,000
Americans are eligible for a humanitarian device exemption. Unlike
PMA devices, although it is assumed that they will be less effective in
general for all cases a built-in incentive for rare disorders is the rule
[54].

De Novo classification, A new device can be placed in a low-to-
moderate risk classification pathway where the FDA has the
discretion to have a device that has not been previously approved
and is not substantially equivalent to any other device [55].

The Investigational device exemption (IDE) process provides the
opportunity for limited exemption of certain portions of the Act,
allowing for an investigational device to be used in a clinical trial to
gather safety and effectiveness data. This occurs before PMAs or
510(k) applications are submitted, and it involves cases where new
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3D-printed devices require clinical data to back up a marketing
application [56].

The type of submission required for 3D printed devices will depend
on many factors, including the risk class of the device, the intended
use, whether the design or material is novel, and whether suitable
predicate devices are available. This regulatory pathway is
influenced by several unique aspects of the 3D printing technology,
including the ability to make patient-specific devices with complex
internal structures.

Challenges and limitations

The challenges of 3D printing technology in the field of
pharmaceutical medical devices are:

Selection and validation of raw material

Firstly, stringent selection and validation of the raw material must
be ensured in the quest for quality control. It would include the
active pharmaceutical ingredients and different polymers along with
additives used in printing. Manufacturers are working on evolved
testing protocols for proving the purity, stability, and compatibility
of raw materials with the technology of 3D printing and the intended
medical application [1, 71].

Material and manufacturing constraints

The futuristic domain of 3D printing in medical devices encounters
significant challenges in material science and manufacturing
processes. Additive manufacturing promises unparalleled geometric
freedom, but it also struggles with a very limited bio-compatible
palette that can withstand the rigorous demands of medical
applications. Layer-by-layer deposition inherently forces the
creation of anisotropic mechanical properties, which can be
deleterious to the structural integrity of the final product; yet, these
state-of-the-art 3D printing technologies are still challenged by
multi-material integration-the crux in mimicking the complexity of
biological systems' heterogeneous structures. These limitations not
only limit what can be produced but also impact long-term lifetime
and functionality in vivo [1, 71].

Process validation and monitoring

Another critical pillar in the area of quality maintenance is process
validation. This will involve the establishment and tracking of key
process parameters such as temperature, speed, and resolution at
which printing is carried out. The aim of the process will be to have
lot-to-lot reproducibility and to ensure that the final product
possesses the desired physical and chemical characteristics. Toward
this goal, the pharmaceutical industry is currently investigating
state-of-the-art process analytical technologies that support in-
process monitoring and adjustments in real-time [5].

Characterization and testing of products

Characterization of the finished 3D printed devices is very necessary
to assure quality. Characterization typically includes a suite of
analytical techniques, many of which involve spectroscopic and
imaging techniques to confirm the uniformity of the drug content,
structural integrity, and surface characteristics, among others. For
the devices releasing medication, special attention is paid to
dissolution testing and drug release profiling to prove that the
medication will be released as intended [2].

Sterilization and control of contamination

Unique in nature, 3D-printed medical devices have particular
challenges regarding sterilization and contamination control.
Traditional methods of sterilization may not be appropriate for 3D-
printed devices; therefore, innovative ways have been explored. The
need to maintain a sterile printing environment and to use proper
post-production sterilization techniques has grown to become
paramount in the manufacturing process [57].

Regulatory compliance and adaptation

The regulatory setting for 3D-printed medical devices in
pharmaceuticals will be complex. Indeed, such products often
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occupy the space where device and drug regulations blur. Time is of
the essence as companies rush to tailor existing Good Manufacturing
Practices (GMP) and set new standards unique to 3D printing
technologies while staying compliant with the changing regulatory
frameworks [3, 71].

Standardization efforts

The standardization efforts that would be put in will ensure that
common practices for the design, manufacture, and testing of such
novel devices are streamlined. It calls for the development of standard
file formats for 3D designs, calibration procedures for printing
equipment, and unified test methods for the finished products [58].

Personal medicine considerations

The field, moving into personalized medicine, shall also need to
consider strategies for quality control with the possible customization
of devices for individual patients. This brings a unique challenge in
balancing consistency and safety against the flexibility that makes 3D
printing so attractive for personal healthcare solutions [59].

Post-market surveillance and traceability

Post-market surveillance and traceability of 3D printed medical
devices assume new significance. Tracking products effectively
through an established system for the collection of real-world data
on product performance for continued quality assurance and
improvement of innovative products is key to quality [60].

Scalability and economic viability

3D printing indeed does well in producing customized, low-volume
medical devices. However, there is a big limitation to 3D printing
regarding the scaling-up requirements of mass production. From
this aspect, 3D printing is economical in terms of building time and
material cost, which is a condition for large-scale standardized
manufacturing. Another factor is that the 3Dprinted medical devices
have post-processing requirements, including removal of supports,
surface finishing, and sterilization. The majority of the processes are
labor-intensive and, therefore, affect scalability. A high entry
threshold at the outset with great capital investment for the
production of industrial-grade biomedical 3D printers presents a
huge entry barrier to smaller medical device firms. These economic
factors are compounded by the current limitations of technology,
which severely limit applications of 3D printing to high-value,
customized medical devices, which constitute a tiny fraction of the
total market for medical devices [60].

Future of 3D printing in medical devices
Personalized drug delivery systems of the future

Advanced sensor technologies and responsive materials may be
incorporated into next-generation, 3D-printed drug delivery
systems. Such systems could have the capability of monitoring
parameters of the physiological state in real-time and tailoring drug
release. For example, an implant printed by 3D printing for the
treatment of chronic pain could monitor inflammation markers,
modulating in turn the delivery of analgesics and, therefore,
optimize the relief of pain with minimal side effects. Such systems
would represent a phenomenal improvement in the personalization
of medicine and might offer improved treatment efficacy and quality
of life [61, 71].

Bio-printed organs: simple to complex

While completely functional 3Dprinted organs are currently hoped for
the future, researchers are making huge inroads in the bioprinting of
less complex tissues and organ parts. Clinical use of bio-printed skin
grafts for burn victims or 3Dprinted blood vessels for cardiovascular
treatments may not be far off. This could be the first step that
eventually leads to more biosynthetic organs, allowing us to extinguish
the organ shortage and reduce rejection rates for transplants [62].

On-demand pharmaceutical manufacturing

Future pharmacies could use advanced 3D printing technologies to
manufacture the drugs in stores in doses tailored to the patient's
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requirements. This would be a breakthrough in the formulation of
drugs that would allow more precise dosages and tailored release
profiles, maybe even several drugs combined in one easy-to-swallow
form. This would be especially important in regions relatively
inaccessible or at times of health catastrophe due to the fast local
production of critical drugs [61].

Advanced methods

Artificial intelligence (AI) aided development in 3D printed
medical devices

It is very much possible that Al, integrated with 3D printing, will
revolutionize the creation and production of personalized medical
devices. Algorithms in artificial intelligence open up great
opportunities for analyzing complex data on patients, which includes
anatomical scans and measurements, for the development of exactly
tailored medical devices. For instance, Al could predict gait changes
for a patient's prognosis over time—then, theoretically, a change in
the prosthetic fit, if applied, might result in initially poor comfort
and function but better long-term comfort and function with less
frequent adjustments or replacement [63].

Moreover, machine learning models applied in Al technology can
detect and correct anomalies during printing in real-time, thereby
improving the 3D printing process. Increased reliability and
consistency of 3D-printed medical devices boost their adoption and
regulatory approval for use in the future. For instance, Al-driven
platforms developed by 3D Systems and Enhanced automate design
and delivery for patient-specific medical devices, making them
streamlined to cover growing demands for healthcare solutions
personalized to a particular patient [64].

Nano technique

Applying nanotechnology to 3D-printed medical devices opens new
transformative opportunities for performance and efficiency at a
molecular scale. Some researchers have found ways recently in
which nanoparticles can be embodied within printable biomaterials,
bringing forth advanced medical devices laden with new
functionalities. Good examples include the control of drug release
that comes with embedding nanoparticles into 3D-printed implants.
These implants could deliver drugs at an exactly controlled rate or in
response to determined biological triggers, thus offering a new
paradigm in localized, long-term drug delivery [65].

Another application that looks promising is 'smart’ implants with
the use of Nanosensors. These microscopic sensors could read
continuously in the local tissue environment, detecting the first
appearances of infection, inflammation, or rejection of an implant.
This data can be transferred wirelessly to health providers against
the background of readings by those sensors, allowing a real-time
information system on the performance of an implant and the health
status of a patient. This development would, therefore, greatly
improve patient outcomes through timely medical interventions
based on precise and real data [66].

4D medication: the upcoming frontier

4D drugs delve into 3D printing, elevating the dimensionality with
time or stimuli responsiveness. How the field in its nascent form
could progress is mentioned here:

Shape-shifting drug-delivery systems

Such 4Dprinted pharmaceuticals could be designed to change their
form or structure depending on lost stimuli within the body. For
instance, a pill may unfold in the stomach to increase the retention
time in the gastric region, whereby in the long run, it would result in
prolonged release of the entrapped entity. For example, another
option is a drug-releasing system whose surface area changes with
pH, suiting better absorption in different parts of the gastrointestinal
tract. This dynamism thus adapts to a change that realizes more and
better delivery of the drugs [67].

Programmable release

4D drugs can be developed from the formation of highly complex
programmable release means. This implies the release of different
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drugs or dosages at selectively controlled times or predetermined
sequences in response to different physiologic signals. This can
vastly increase the effectiveness of combination therapies in cancer,
infectious diseases, and other serious diseases [68].

Environment-responsive drugs

Drugs in the future will be able to adapt to the internal environment
of the patient. For instance, an anti-inflammatory drug will adjust
the release of the medication in response to markers that suggest
the state of inflammation, thereby providing an appropriate,
individualistic dose that is tuned in real-time to the patient's needs.
This level of personalization will allow optimal therapeutic effects
with a decrease in potential side effects [69].

Targeted activation

The 4Dprinted nanoparticles or microstructures can be designed to
be activated when reaching certain targets within the body. It would
increase the treatment's precision by a big margin, therefore limiting
side effects, while drugs will be active at the right locations.

This will go further into the future, whereby we have self-regulating
4D medication systems capable of monitoring their effectiveness and
self-modifying their behavior appropriately. They could be interlinked
with wearable health monitors or implantable sensors to establish a
closed-loop system of optimal drug delivery. Truly, this will make a
quantum jump toward personal and adaptive healthcare [70].

CONCLUSION

It is expected that this kind of integration would further leap toward
personalized healthcare in both the pharmaceutical and medical
device industries. In the case of 3D printing, customized device and
implant designing and drug-delivery systems are feasible according
to the requirements of a patient. Such capabilities in creating
complex geometries, merging independent materials, and advanced
features like Nano sensors or responsive elements make this new
frontier of treatment and care unprecedented.

With the evolving technology, the development of 4D printing is
visible, where time or stimuli-responsiveness is added as a dimension
to the printed objects. We can foresee that this will ultimately lead to
shape-shifting drug delivery systems and self-regulating medications
responding in real-time to the physiology of the patient.

However, their adoption is challenged by scalability, cost-
effectiveness, and regulatory compliance. Guarantees of quality
control and standardization during the production of customized
products remain a great obstacle. Nevertheless, 3D and 4D printing
will continue to remain very promising frontiers of pharmaceutical
and medical device innovation because of the potential for better
patient outcomes, reduced healthcare expenses, and easier drug
development processes.

Further down the road, as research continues to push further
forward and regulatory frameworks change, we may see these
technologies diffuse into changing how we think about treatment
options and disease management in the decade ahead.
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ABSTRACT

Using stimuli-responsive Bio Interactions with controlled nano-assembly is proving a potent method for generating theranostic nanosystems that
satisfy the needs of modern medicine for example, targeted delivery which is very helpful for cancer treatment with minimum side effects. However,
because of the limitations in our knowledge, this promising topic is still in the proof-of-concept stage. This study provides an overview of the most
recent theoretical and experimental advancements in biological fate, functional activity of nano-assemblies, and nano-bio interactions with
exogenous stimulus-triggered systems (Light-responsive systems, Ultrasound-responsive systems, Magnetic field-responsive systems, and Thermal-
responsive systems)endogenous stimulus-triggered systems (Ph-Responsive Systems, Redox-responsive systems, Enzyme-responsive systems) and
multi stimuli system. Related biological consequences reactions. Firstly, we intend to thoroughly explain these relationships in this review. The
relationship between interaction studies and nano-based stimuli; the important physicochemical characteristics of in vivo stimuli, such as
responsive assembly and disassembly; biological applications; and pharmacokinetic (pk) parameters based on nano-bio interaction.
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INTRODUCTION

The Introduction and all sections of this review article were searched
from specialized databases such as Elsevier, PubMed, Science Direct,
Springer, and Google Scholar, and online published articles from the
International Journal of Applied Pharmaceutics, Nature, JDDST,
Nanomedicine, Nano Today, ACS Omega, etc. with searching keywords
nano-bio interaction, Assembly, Disassembly, stimuli responsive. The
range of the year of literature review article 1989-2023.

The range for nanoscale is 1 to 100 nanometres. Nanotechnology
plays a vital role in pharmaceutical sciences, disease treatment,
identification, etc. Nanotechnology gives facility to the targeted
delivery, which is a very interesting topic for understanding how
Nanomaterials (NMs) interact with biological molecules, to
understand that concept, we discuss some important topics in this
review. First, Nanomedicine entering into biological fluids,
engineered nanomaterial can rapidly interact with various
biomolecules, which mainly contain the three following aspects;

(1) Absorption of a biomolecule on the surface of nanomaterials (2)
reconstruction and change of functional proteins and (3) redox
reaction between nanomaterial and biomolecule.

Then, NMsenter the cell with different uptake inhibitors and state-of-the-
art techniques such as transmission electron microscopy or confocal
microscopy are used to study the cellular trafficking of NMs. The NMs
react with the cells with uptake pathways, including the clathrin-
mediated, caveolae-mediated, and lipid raft-mediated endocytosis and
phagocytosis, as well as pinocytosis and micropinocytosis. Phagocytosis
is normally for specialized cells such as monocytes and macrophages.
Small size and protein adsorption in cell culture media, NMs are mostly
consumed by cells through endocytosis, trapped into endosomes,
entered into lysosomes, and then excluded from the cells. However,
some NMs can get out of endosomes and enter other organelles such as
cytosol, mitochondrion, and nucleus [1, 2].

How nano-based stimuli connect with interaction studies
Nano-based stimuli

The influence of nanotechnology in medicine is substantial,
particularly in utilizing nanomaterials like metallic Nanoparticles

(NPs), which offer numerous advantages. These intelligent
nanomaterials are highly sought after due to their responsiveness to
a range of extrinsic (e. g, optical, ultrasound, magnetic fields, and
thermal state) and intrinsic (e. g., pH, redox potential, and enzymes)
stimuli. Leveraging their interaction with the biological system, they
hold promise for the evolution of highly effective therapeutic
administration systems [3, 4].

Exogenous stimulus-triggered systems

The extrinsic stimulus-triggered system engages drug delivery
through external factors like light, ultrasound, magnetic fields, and
temperature. This system aims to reduce inter-patient variability by
directly applying physical stimuli to the specific tissue for triggering
drug release. It offers numerous advantages, enabling controlled and
targeted drug release while minimizing side effects on surrounding
healthy tissues [5, 6] All the factors are discussed below.

Light-responsive systems

Light-responsive systems represent an extensively explored
exogenous system in drug delivery. Electromagnetic radiation with
diverse wavelengths, including ultraviolet, visible, and near-infrared
light, can modify the structure of light-responsive nanocarriers,
thereby enabling controlled drug release at specific locations. The
versatility of light as a stimulant from its adaptable nature and high
precision, makes it highly applicable for targeted drug delivery and
control. Photothermal effects of light, converting it into heat, have
been extensively investigated. This concept involves heat generated
from light activating heat-sensitive nanocarriers, disrupting their
nanostructure by breaking hydrophobic and hydrophilic linkages,
thereby facilitating drug release at desired sites. For instance, Li et
al. developed nanocarriers equipped with the hydrated moieties
AMD3100 and the lipophilic NIR light-to-heat converters IR780 [7].
Guardado-Alvarez et al. capitalized on the high spatial resolution,
subcutaneous delivery, and attenuated diffusion properties of NIR
radiation to achieve drug release from developed siliceous
mesostructured NPs jointly with a disulfide-attached B-cyclodextrin
cap. Optical-responsive bio-inert micellar therapeutic delivery
systems further underscore the significance of light as a stimulus.
The creation of coumarin-modified block copolymers in micelle-drug
conjugates demonstrated controlled drug emit of the oncolytic


mailto:poonamjoshi363602@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.22159/ijap.2025v17i1.50745
https://innovareacademics.in/journals/index.php/ijap
https://orcid.org/0000-0003-0287-2438

P. Joshi et al.

mediator 5-FU under UV irradiation (254 nm) [8]. Peng and
colleagues engineered a photo-responsive hydrogel by linking trans-
configurated nitrophenyl groups to dextran and pairing it with a
cyclodextrin-decorated dextran. Upon exposure to light, the
azobenzene is isomerized, causing the release of encapsulated
entities. Utilizing Upconverting Nanoparticles (UCNPs), dynamic
optically triggered substances can be charged. Xiang et al. developed
UCNPs containing an amphipolar di-block copolymer with a UV-
responsive lipophilic sphere, releasing drugs under the influence of
NIR radiation (wavelength 908 nm), altering the micelle structure
due to UV light absorption by the copolymer and inducing
disproportion in amphiphilic balance [9-11].

Ultrasound-responsive systems

Ultrasound waves possess thermal, mechanical, and radiation force
properties, which contribute to targeted drug release. The medical
field widely explores ultrasound technology for imaging-guided drug
delivery because of its reliability, parenchyma-penetrating ability,
non-intrusion, and precise space-time domination, enabling focused
treatment on specific areas [12]. In the exploration of ultrasound
potential, an innovative ultrasound-reactive system loaded with
doxorubicin was devised employing poly (D, L-lactide-co-glycoside)-
methoxy-poly (ethylene glycol) to complex doxorubicin. This system
was transformed into stable nanobubbles through boiling. Minimal
drug release was observed in the absence of ultrasound exposure
[13-15]. Another study focused on Microbubbles (MBs) as
ultrasound-enhancing agents carrying mRNA-lipoplexesNPs.
Numerous studies have utilized MBs for ultrasound-facilitated gene
delivery. For instance, Hossack et al. developed a method utilizing
ultrasound-facilitated plasmid DNA delivery from cationic MBs for
vascular myocytes. Microbubbles carrying reporter plasmid DNA
were sonicated near smooth muscle cells in an in vitro setting using
varying acoustic pressures (ranging from 0 to 950 kilopascals) and
pulse durations (ranging from 0 to 100 cycles) [16-18].

Magnetic field-responsive system

Recently, magnetically sensitive systems attained considerable
cognitive engagement medical field account of advancements in
Magnetic Nanoparticles (MNPs) and their application in biomedical
and clinical domains. These systems incorporate fabricated metal and
superparamagnetic oxide MNPs that exhibit responsiveness to both
internal and external stimuli [19, 20]. MNPs play a pivotal role in
magnetic-responsive nano-systems due to their biocompatibility and
facile synthesis via various techniques such as hydrothermal methods,
ignition, thermal decomposition, chemical vapor deposition, and
carbon arc, among others. Studies indicate that MNPs, being small with
a substantial specific surface area, facilitate cellular activities and
signaling for ex vivo and in situ remote control cellular, enabling a
promising potential for drug delivery systems [21, 22].

Previously, magnetoactive = nanomembrane-based = PNIPAAM
nanogels and NPs were developed. Results indicated that these
membranes were cell-bio-friendly and maintained their modifiable
flow characteristics post-45 days of subcutaneous embedding [23].
Various mechanisms, including magneto-driven hyperthermia and
directed therapeutic delivery, have been investigated to comprehend
magnetic-reactive systems [24]. For further exploration of these
mechanisms, Thirunavukkarasu et al. fabricated Superparamagnetic
Iron Oxide NPs (SIONPs) for therapeutic applications. In this study,
SIONPs and Doxorubicin (DOX) were loaded into a poly (a-hydroxy
acids) (PHA) medium, reacting to the thermal effects induced by
SIONPs under magnetic field influence, consequently facilitating the
release of DOX. Ex-vivo assay demonstrated thermotolerance of the
PHA medium, showing approximately 37 °C, drug release reached
39%, while at 45 °C, it increased to 57% [25]. In separate work,
Wang et al. developed an implantable chitosan-based hydrogel
integrated with magnetic properties, incorporating hydrophobic
(rifampicin) and hydrophilic (Adriamycin) medications, exhibiting
controlled drug release at targeted sites [26]. Reports indicate that
alternative magnetic fields can control the timing and dosage of drug
release from nano-formulations. The formulation of Pluronic/poly
(ethylene imine) polymeric nanospheres stands as an illustration of
an alternative magneto-sensitive system, enabling the triggered
delivery of siRNA at targeted sites. Stable nano-sized polyelectrolyte
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complexes containing anionic siRNA-PEG conjugates facilitated the
release of drugs through cleavable disulfide linkages [27]. A study
introduced the utilization of triblock copolymer, poly [(acrylic acid)-
block-(N-isopropyl acrylamide)-block-(acrylic acid)], in magnetic
field-responsive systems. These copolymers, self-assembled into
magnetic nanocarriers (SAMNs) by immobilizing amine groups on
iron oxides (Fe304-NH2), were further grafted with folic acid for
additional targeting effects. Encapsulation of the hydrophobic
anticancer drug curcumin, into SAMNs resulted in enhanced
curcumin release upon exposure to the magnetic field because of the
paramagnetic behaviour of SAMNs [29].

Thermal responsive systems

Thermal-responsive systems represent an area of exploration in
extrinsic triggered systems within medicinal fields for both
intervention and assessment techniques. Tumour sites typically
exhibit higher temperatures (40-42 °C) compared to healthy tissues
(37 °C). Thus, heat-sensitive nanospheres sustain their load at
ambient temperatures and liberate upon exposure to hyperthermia
in infected sites [30]. Two primary strategies dominate the
exploration of thermo-responsive systems. In the first, drug loaders
are synthesized to emit the drug when exposed to hyperthermia. For
instance, polycaprolactone (N-isopropyl acrylamide) (PNIPAM)
conjugated with nanostructured carbon effectively released drug
molecules in response to higher temperatures (40 °C). This resulted
in a substantial decrease in impaired cellular functionality was
observed at 40 °C, showing a 20% reduction in viability relative to
the baseline viability observed at 37 °C following nanotherapeutic
intervention. The secondary approach revolves around utilizing
pharmaceutical carriers engineered for an immediate or rapid
release triggered by elevated temperatures induced via an external
stimulus. This trigger initiated a thermo-responsive agent in the
vector to generate thermal energy, prompting rapid drug liberation
at the intended area [31, 32]. The integration of block polymers in
thermo-responsive systems has provided a new area in the
pharmaceutical field. Block polymers with thermo-responsive
monomers enable the manipulation of the Lower Critical Solution
Temperature (LCST) to a desired point. PEG-b-PNIPAAM copolymers
formed micelles via Atom Transfer Radical Polymerization (ATRP)
when exceeding the thermal threshold. These micelles, comprising
PNIPAM-b-PMMA4, exhibited enhanced drug liberation upon
reaching temperatures beyond the LCST point of 38 °C [33, 34]. The
therapeutic efficacy of hydrophobic anti-neoplastic agent Paclitaxel
(PTX) was notably enhanced when loaded into nanoparticles, given
the formulation's prolonged vascular transit time conditions, with
the LCST surpassing normal body temperature [35, 36]. An
innovative method using a temperature-responsive macromolecular
drug carrier, Elastin-like polypeptide (ELP), effectively localized
neoplasms. ELP clusters attached to tumor blood vessels only expose
tumors to 41.5 °C heat. Upon returning to febrile temperature, these
particles solubilized within the plasma, augmenting vascular density
and facilitating increased recanalization of ELPs penetrating
neoplastic vascular networks, leading to substantial extravascular
accumulation [37-39]. Another approach to achieve thermal
responsiveness in drug formulation is through cryotherapy. Zhang et
al. fabricated nanospheres with a core-shell loaded with pluronic
F127 and chitosan, leveraging their inherent heat-triggered swelling
and shrinking characteristic. These nanospheres, when combined
with cryotherapy, demonstrated a high permeable barrier and
effective encapsulation of small therapeutic agents, showing promise
in disease treatment [40-42].

Endogenous stimuli-responsive systems

Biological responses can be elicited through the utilization of
endogenous stimuli, including fluctuations in pH levels, variations in
tissue-specific enzyme concentrations, and gradients in reduction-
oxidation (redox) potentials [43].

Ph-responsive systems

The biological system encompasses distinct pH gradients across
various organs, offering an advantage for pH-responsive
nanocarriers. These carriers undergo conformational changes or
cleavage of pH-responsive bonds at particular pH values, releasing
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their cargo drugs precisely at the intended site. Hemodynamic and
healthy tissues typically maintain a pH of approximately 7.4;
conversely, tumor interstitial spaces and inflamed areas have an
approximate pH of 6.5. Intracellular organelles like endosomes
exhibit a pH of 5-6, while late lysosomes have a pH range of 4-5 [44-
47]. Numerous materials exhibit responsiveness to pH stimuli,
encompassing both organic and inorganic substances. Recently,
dendritic polymers have gained prominence in pH stimuli-
responsive systems due to their manipulative properties, including
solubility, volume, and conformation [48]. Their biological
effectiveness is enhanced when combined with Polyethylene glycol,
altering structure, size, and biocompatibility. Moreover, coupling
dendritic polymers with antitumor drugs through hydrazine bonds
has shown increased effectiveness in cancer treatment [49]. pH-
responsive nano-systems have been employed to deliver
hydrophobic anticancer drugs to specific sites. For instance, the
fabrication of Curcumin (CUR) DOX-loaded polyethylene glycol
nanoparticles combined with transferrin (Tf) demonstrated
accelerated release of both CUR and DOX in mildly acidic
environments, highlighting the pH-dependent drug release in this
setup [50]. Another innovative approach engages emergent-
organization hyaluronic acid NPs using calcium phosphate to create
hydroxyapatite NPs incorporated DOX. These minerals dissolve
upon exposure to low pH, thereby releasing the drug at specific
tumor sites [51]. Moreover, polymers comprising ionizable clusters,
like amines and carbonic acids, show promise in developing pH-
responsive nanospheres. Utilizing a PMAA-PMA copolymer
significantly enhanced the bioequivalence of cyclosporine A,
exhibiting the drug emitted at pH>6, thereby preserving the drug
from acid decomposition after passing through the stomach [52].
Ulbrich et al developed an HPMA (N-(2-hydroxypropyl)
methacrylamide) polymer linked utilizing hydrazone groups as pH-
triggered linkers for attaching the antineoplastic agent DOX. These
conjugates remained stable at pH 7.4 and effectively emit the drug at
pH 5. Additionally, they coupled an antibody to the polymer
backbone to attain efficient directing of T cell lymphoma EL 4 cells
[53-55].

Redox-responsive systems

In our biological system, the extracellular and intracellular spaces
exhibit a redox potential difference of approximately ~100-1000
fold, along intercellular environment being oxidative and
intracellular being reductive. An emerging paradigm shift in
therapeutics involves this redox potential gradient in redox-
responsive systems for targeted drug delivery [56]. Redox-sensitive
nanocarriers, particularly in gene delivery, offer promising avenues
for protecting plasmid DNA or siRNA outside the cell and releasing
them upon cellular entry [57]. Recent investigations by Xiao et al.
highlighted an oxidation-reduction signaling system using silica
nanoparticles conjugated alongside DOX via an amphiphilic peptide,
including a disulfide bond. These nanoparticles securely retained the
drug DOX, exhibiting minimal escape in blood circulation and normal
cells. Intracellularly, rapid and substantial drug release occurred
only upon cleavage of the disulfide bond interjacent the nanospheres
and the drug due to the redox potential gradient. This system
capitalizes on substantial variances in GSH levels amidst tumor cells,
the extracellular matrix, and normal cells, resulting in mitigated
toxicity and increased tumor selectivity [58]. Similarly, Zhang et al.
employed DOX with a PFG polymer, exploring redox-responsive
systems extensively by employing a preclinical breast carcinoma
prototype. They integrated thioketal, a Reactive Oxygen Species
(ROS) potential stimulator for tumor cells, resulting in enhanced
intracellular drug delivery via Glutathione (GSH) activation. This
redox-responsive nanocarrier exhibited significantly higher drug-
loading efficiency, improved stability, and enhanced cellular uptake
[59]. Studies have observed that GSH can upset disulfide coupling
within NPs in redox-triggered systems [60]. Additionally, Tirelli et al.
demonstrated that polysulfide-containing nanocarriers can respond
to oxidants present in their surroundings [61].

Enzyme-responsive systems

Enzyme-triggered systems primarily depend on ester hydrolysis by
various enzymes within the biological system [64]. Cathepsin B
(CTSB) finds extensive use in enzyme-responsive systems for site-
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specific drug delivery due to its amplification of carcinoma [65].
Tarassoli et al. investigated CTSB for the emission of indocyanine
green (ICG) from polyglutamate (PGA) NPs. They developed
biodegradable and self-assembled PGA-NPs incorporating ICG,
reporting tumour-targeted drug emission and low toxic profile due
to CTSB overexpression [66]. Mao and Gan formulated hydrophilic-
phobic poly(glycidol-block-e-caprolactone) (PG-b-PCL)
encapsulating a model compound. In addition to lipase, blockage of
PCL decreased, suggesting that the enzyme could still split the ester
bonds owing to the kinetics of amalgamation and segregation [67,
68]. Moreover, Minko and colleagues linked paclitaxel to PAMAM G4
dendrimers and then succinate. This system released the drug when
ester bonds were broken by esterase, exhibiting superior cell
toxicity than the unbound moiety [69]. Aimetti et al. investigated a 4-
arm PEG norbornene hydrogel using a peptide cross-linker with
terminus thiol moiety. Drug release from this system occurred upon
contact with human neutrophil elastase [70]. Additionally, Ghavami
et al. fabricated Phospholipase-Sensitive Liposomes (PSL) as a drug-
delivery system, where liposome degradation was triggered by
tumor cell-derived phospholipase A2 (sPLA2). The activation of PNA
release by>80% of phospholipase indicated its potential as an agent
to release drugs from enzyme-responsive systems [72]. An enzyme-
responsive nanomaterial based on an HPMA triblock copolymer was
developed, self-assembling into NPs approximately 85 nm in
diameter. This system precisely emits the antineoplastic agent
paclitaxel in the cancer microenvironment [73].

Multi stimuli-responsive systems

Multi-stimuli triggered systems, capable of responding to two or
more distinct stimuli, are garnering significant interest in
therapeutic applications. These systems combine stimuli like pH,
temperature, redox potential, magnetic fields, and more within the
same matrix [74]. They function as intelligent carriers, precisely
releasing their payload at targeted sites in controlled amounts [75].
Examples of multi-stimuli responsive systems include pH-redox,
photo-magnetic, and thermo-redox combinations [76]. Qian et al
investigated a multi-stimuli system where the outcomes of the
principal stimulus served as an auxiliary stimulus to enhance
specificity and synergistic efficacy. They developed a conjugated
polymeric nanoparticle exposed to light irradiation, resulting in O2
generation and inducing cellular apoptosis [77]. In a related study,
Lu and associates explored a tri-stimuli delivery system
(redox/pH/photo-responsive) comprising organo-silica and copper
sulfide nanoparticles (DOX-CuS@PMO) cross-linked by thiol bonds.
Their biological evaluation using the U87MG human glioblastoma
cell line and a glioblastoma mouse model demonstrated enhanced
cellular internalization upon mild laser irradiation of DOX-
CuS@PMO [78]. Researchers have also employed bi-stimuli systems,
where pH and NIR stimulus are used to fabricate hollow mesoporous
copper sulfide NPs (HMCuS NPs) loaded with DOX and coated with
hyaluronic acid (HA). This system efficiently delivers the payload to
tumor sites as the outer layer of DOX-loaded nanoparticles degrades
due to hyaluronidase, influenced by pH and NIR. Similarly, the
sensitivity of multi-responsive systems to temperature and redox
potential has been explored, enabling specific drug release in the
tumor microenvironment [79-81].

Section snippets

The key physicochemical parameters of in vivo stimuli-
responsive assembly-disassembly

Nanoparticle assemblies and disassemblies play an integral role in
nanoparticle functionality, ensuring stability before reaching the target
site and subsequently activating their function through assembly or
disassembly in situ [82]. This stimuli-responsive assembly-
disassembly can lead to unexpected biological outcomes [83]. Recent
studies have shown the emerging selective "turn-on" performance of
in vivo stimulus-responsive nano-assemblies and disassemblies,
demonstrating their potency in various therapeutic conditions, such as
tumor treatment. Comprising eco-friendly polymers, triggered groups,
and pharmaceutically bio-active molecules, these in vivo stimulus-
responsive systems are designed for targeted drug delivery. They
energetically react to the intrinsic microenvironment, enhancing
therapy efficacy and enabling control over degradation speed and
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clearance from the body. The strategies for delectable
assembly/disassembly mechanisms revolve around corrupting the
delicate equilibrium between the entropy and enthalpy of nano-
systems upon cellular/extracellular stimuli in target tissues. These
stimuli include the acidity of the microenvironment, overexpressed
proteins/enzymes, and high levels of reduced GSH and ROS among
others. Dynamic nano assembly/disassembly-based drug delivery
systems are adaptable structures that change in response to biological
microenvironments [85-87]. Researchers are increasingly interested
in exploring stimuli-responsive controllable assembly/disassembly
strategies to enhance the efficiency of drug-associated nanosystems.
Typically, small units are assembled into nanoscale assemblies to
achieve tumor accumulation via the Enhanced Permeability and
Retention (EPR) effect, minimizing rapid excretion. Upon reaching the
complex tumor microenvironment, these triggered nano assemblies
undergo disassembly, releasing their inner active substances, thereby
enhancing their therapeutic efficacy. Stimulus-responsive modification
can also alter the characteristics of nanoparticles, particularly their
size and shape, to achieve desired effects in imaging, therapy, and
bioelimination. Therefore, a detailed discussion on pH-stimuli-
responsive  assembly-disassembly, redox-responsive assembly-
disassembly, and enzyme-responsive assembly-disassembly is needed
[88, 89].

Ph stimuli-responsive assembly-disassembly

The pH conditions within various human body organs, including the
blood (pH 7.2-7.4), endosomes (pH 5.0-6.2), and even the tumor
interstitial environment (pH 6.5-6.8), can trigger pH-stimuli-
triggered assembly-disassembly processes within cells. The design
of pH-responsive diagnostic nanosystems primarily relies on the
protonation of specific moieties (e. g, amines). These triggers
disrupt the hydrophilic-lipophilic balance, resulting in direct drug
release at the target site. The wide usage of pH values at the target
site serves as a broad-spectrum stimulus, ultimately enhancing pH-
stimuli-responsive assembly-disassembly [90, 91]. In tumor therapy,
pH-responsive disassembly has shown promise. Molecules of
interest encapsulated in pH-triggered amphiphilic polymers
aggregate in the hydrophobic core and undergo self-quenching. They
are triggered to disassemble into highly fluorescent molecular units
within the acidic tumor microenvironment [92]. Distinguishing
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neoplastic tissues from surrounding healthy tissues can be achieved
with high specificity through pH-responsive assembly-disassembly.
For instance, glycyrrhizic acid-modified gold nanoparticles assemble
at normal tissue pH (pH 7.4) and disassemble at the tumor
extracellular pH (pH 6.8), facilitating cellular uptake of the
nanoparticles. This reversible pH-stimuli-responsive assembly-
disassembly process can enhance Computed Tomography (CT)
imaging for tumor therapy [93]. Redox-responsive assembly-
disassembly techniques have gained attention due to the differing
redox potential between normal and abnormal tissues. Research
focuses on redox-sensitive linkers, such as disulfide bonds, which
play a crucial role in this strategy [94]. In redox-responsive
nanosystems, payload drug release occurs through the reduction of
disulfide bonds, breaking the cross-linkers used for assembly, and
degrading hydrophilic bonds, leading to disassembly. Advancements
in redox-responsive assembly-disassembly involve utilizing Nile red-
based amphiphiles bearing redox-cleavable disulfide bonds that
exhibit enhanced binding to the system [95]. Disulfide bonds
respond differently in the tumor microenvironment, promoting the
self-assembly of small units. For instance, Liang and colleagues
developed a Cys(StBu)-Lys(Ru(bpy)3 2+)-CBT probe for tumor
imaging that self-assembles into Ru(bpy)3 2+NPs within cells under
the influence of the redox potential [96]. Enzyme-responsive
assembly-disassembly strategies leverage the catalytic activity of
endogenous enzymes. Diseases often involve the overexpression of
specific enzymes like Alkaline Phosphatase (ALP), matrix
metalloproteinases (MMPs), and furin, paving the way for enzyme-
responsive assembly-disassembly. Nanoparticles carrying drug
payloads reach the target site and release drugs upon catalysis by
these overexpressed enzymes, so many stimuli actions with
assembly mechanisms and responses are discussed below in table 1
[97]. Drugs combined with enzyme-sensitive linkers, incorporated
into amphiphilic polymers, aggregate in the hydrophobic core. Upon
contact with specific enzymes overexpressed at the target site, these
assemblies disassemble and release the drug [98]. Furthermore,
endogenous enzymes are explored to enhance the accumulation of
nanoparticles in biological systems, particularly in tumor imaging.
Combining tumor probes with in situ enzyme-responsive assembly-
disassembly mechanisms can "turn on" tumor-associated enzyme
activity, enabling imaging in living cells [99].

Table 1: List of stimuli-responsive assembly and disassembly

Stimulus Preparation Responses Assembly Ref
mechanism
pH 3 amines 2-(Dipropylamino)ethyl methacrylate (DPAMA) Disassembly  Lipophilic effect [100]
Imidazole Octadecylamine-p(API-Asp)10, Pt NPs Disassembly  Lipophilic effect [101]
2-Pyridylamine Au-DNA-aCDs Assembly Complementary [102]
nucleotide bonding
Hydrazone AuNP(Au-AK), azide Assembly Click chemistry [103]
Cytosine rich i-motif array DNA with G-quadruplex and cytosine rich i-module array, Assembly i-motif shift [104]
DOX, Au NPs
Redox Disulfide bond Paclitaxel-loaded poly(ethylene glycol)-disulfide-paclitaxel Disassembly  Lipophilic effect [105]
conjugate NPs
Disulfide bond Polyethylene glycol-polylactic acid with disulfide Disassembly  Hydrogen bond [106]
Disulfide bond Poly(ethylene glycol)-b-poly(l-lysine)-bpoly(l-phenylalanine) Disassembly  Disulfide cross-links  [107]
Disulfide bond 5-[4-(Prop-2-yn-1-yloxy)benzyl]-1,3-dioxolane-2,4-dione Assembly Click chemistry [108]
Tyr(alkynyl)-O-carboxyanhydrides, bis-(azidoethyl) disulfide
as a cross-linker
Enzyme  Gelatin Gelatin, IONPs@Au Disassembly  Lipophilic effect [109]
GCNSGGRMSMPVSNGG- HYD Maleimide-functionalized HA Disassembly  Ionic forces [110]
GPLGLAGGERDG Carboxylic acid-functionalized norbornene with GPLGLAGGERDG Assembly Lipophilic effect [111]
GPLGLAGGWGERDGS Alex647-PPA-I (l-amino acid peptide) Assembly Lipophilic effect [112]
Pro-Leu-Gly-Val-Arg-Gelatinase Purpurin 18-Pro-Leu-Gly-Val-Arg-Gly (P18-PLGVRG) Assembly -7 stacking [113]
Phosphate bond Indocyanine green Assembly NapFFKYp Head-to- [114]

tail arrangement

ADME (Absorption distribution metabolism excretion) in nano-
interaction

The pharmacokinetics of nanoscale formulations differ significantly
from those of conventional formulations. Understanding the
relationship between drug pharmacokinetics, encompassing
absorption, distribution, metabolism, and elimination, and nanoscale
preparation is crucial. The impact of characteristics (such as size,

surface polarity, charge, and bioadhesive properties) of NPs on
ADME profiles is paramount [115].

Size

The size of NPs plays a pivotal role in the formulation of ADME as it
influences uptake by enterocytes and M cells within the biological
system. Additionally, cellular uptake through the paracellular route
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depends on NPs size, particularly when the NPs substance
inherently enhances transmissivity by opening a permeability
barrier [116]. Studies have demonstrated size-dependent absorption
mechanisms; for instance, carboxylated chitosan-grafted poly
(methyl methacrylate) NPs of varying sizes (300, 600, and 1000 nm)
were evaluated in vitro using caco-2 mono-cultures and co-cultures
with M cells. Smaller particles exhibited greater transportation
through all routes compared to larger NPs. Similar size-dependent
ADME trends have been observed in studies with decomposable
PLGA NPs using the Caco-2 model [117].

Surface polarity

Surface polarity significantly affects nano-bio interactions and
ADME. Enhancing NP stability through surface polarity helps
prevent NP aggregation in the gut lumen and may reduce enzymatic
degradation [118]. However, increased surface polarity might
decrease intestinal permeability [119]. This property is often
utilized to reduce protein adsorption on NP surfaces, potentially
leading to reduced hepatic clearance [120].

Charge

The charge on NPs affects formulation stability, influencing NPs
clustering in the gut lumen and the absorption process. Upon contact
with the biological system, the charge density of NPs can undergo
alterations [121]. Assimilated into the peripheral circulation,
charged NPs, specifically ones, interact with plasma proteins, leading
to aggregation. Superiorly charged NPs are likely to exhibit
increased accumulation in target tissues [122].

Bioadhesive properties

Bioadhesive NPs impact the ADME process by prolonging the dwell
span in the gut and maintaining extended interaction with gut
exterior barriers, potentially improving ADME [123-124]. Recent
studies have explored the impact of bioadhesive NPs not only on
absorption but also on NP distribution within the biological system.
For example, attaching a biocompatible layer (poly(butadiene-
maleic anhydride-co-L dopa to non-biocompatible Polystyrene (PS)
beads resulted in exceptional enhanced cellular intake [125, 126].

Pharmacokinetic (pk) parameter based on nano-bio interaction

The comprehensive analysis of ADME parameters concerning drug-
loaded NPs can be challenging due to variations in NP formulations
and their interactions within biological systems. ADME data is often
confined to Cmax, Tmax, and AUC, with limited research detailed
parameters like ti/2, C, Vass, or MRT [127]. Sonaje et al. conducted a
study investigating the pharmacokinetics, pharmacodynamics
(blood glucose), and biodistribution of pH-triggered NPs comprising
chitosan and poly(gamma-glutamic acid). The comparison was made
between oral and subcutaneous administration in rats using Single-
photon Emission Computed Tomography (SPECT). The investigation
results revealed that orally given aspart-insulin was incorporated
into the peripheral circulation, whereas the nanocarrier was mostly
held in the gut following hypodermal administration. Peak aspart-
insulin concentration in peripheral tissue/plasma occurred at 20
min post-injection. A comparison of PD/PK profiles between orally
administered as part-insulin and SC infusion of NPH-insulin,
moderate-acting insulin preparation, suggested the potential of this
nano-bio system as a non-invasive alternative for basal insulin
regimen [128]. Another study, inspired by this work, focused on
hepato-selective agent delivery carriers comprising chitosan/poly
(ethylene glycol)-glycyrrhetinic acid NPs. The PK analysis of these
NPs was conducted using single-photon emission computed
tomography (SPECT), while cellular uptake was assessed using
human hepatic carcinoma cells (QGY-7703 cells). Results indicated
the remarkable hepato-selective ability of CTS/PEG-GA NPs,
maintaining high levels during the experiment, with liver
accumulation reaching 51.3% at 3 h post-injection [129].

Two-dimensional (2D) nanomaterials interactions with
biological moieties

2D materials refer to substances alongside a thickness of
meagernanometres, typically existing as laminate materials with
intense in-plane bonds and weak van der Waals-like linkage amidst
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laminae. These nanomaterials have gained attention in
pharmaceuticals derived their unique structural and physiochemical
characteristics [130]. Their sheet-like planar morphology, held
together by weak van der Waals forces, endows 2D nanomaterials
with exceptional optical, electrical, and mechanical properties,
elevating their significance [131]. Moreover, their large surface area-
to-volume ratio allows the loading of various pharmaceutically
active agents onto their surfaces through non-covalent interactions
[132, 133]. This high surface tunability enables the design of
biocompatible nanomaterials for applications spanning drug
delivery, bioimaging, biosensors, stimulus-responsive theranostic
agents, and regenerative medicine [134-136]. The interaction of 2D
nanomaterials with biomedical systems, encompassing cells,
cytoplasmic organelles, and biomolecules, is remarkable due to their
large surface areas providing high surface energy and numerous
active centers. This enhanced interaction holds potential for
numerous healthcare utilization, comprising tissue engineering,
additive manufacturing, neoplastic treatment, biosensing, and more
[137-139]. Research into new 2D materials and their interactions
with biological moieties remains a focal area. Graphene, the ancient
identified 2D nanomaterial, finds applications across diverse research
fields, comprising therapeutics, sensing, and energy. For instance,
graphene oxide (GO), derived from graphene modified with carboxylic
acid, epoxide, and hydroxyl groups, exhibits amphiphilic properties
and is highly useful in pharmaceutical applications for stabilizing
hydrophobic drugs in solution [140-142]. Additionally, reduced
graphene oxide (rGO) synthesized via spray drying forms iron oxide-
decorated rGO microspheres, displaying synergistic neoplastic
treatment. The photothermal properties of rGO enable NIR stimulus,
accelerating doxorubicin release and increasing temperature,
responding to NIR intensity. Contrasted to 1D or 3D nanomaterials, 2D
nanomaterials have the supreme therapeutic application due to their
particular surface area, resulting in an abundant quantity of surface
atoms compared to volume atoms [143].

Biological applications

In recent times, nanotechnology has emerged as a ground-breaking
field impacting pharmaceuticals, materials science, and electronics.
Nano-bio interactions in pharmaceuticals have notably advanced
with the availability of various nano-based formulations exhibiting
superior responses compared to conventional ones. Among these,
liposomes stand out as a pivotal carrier system, demonstrating
excellent responsiveness to endogenous stimuli like temperature
and pH conditions, significantly enhancing therapeutic agent
delivery [144-146]. In the field of nanomedicine, exploring nano-bio
interfaces remains pivotal for designing safe and effective drug
delivery systems, targeting pathological sites, understanding
metabolism, and ensuring biocompatibility [147-149]. While the
application of nano-bio interactions in pharmaceuticals, especially in
drug delivery systems and oral routes, presents numerous
advantages, detailed mechanistic studies are imperative to
understand the influence of nanoparticles on ADME profiles, thereby
enhancing formulation safety and efficacy [150]. Studies by Pascal
Ickrath et al. highlighted the impact of nano-bio systems on dermal
zinc oxide NPs formulations in human mesenchymal cells, revealing
cytotoxicity at elevated doses and genomic instability at average to
minimal doses, with prolonged exposure exacerbating cell necrosis
impact [151]. Additionally, the work of Luisana Di Cristo et al. delved
into nano-bio systems’ role in inhalation therapies delivered via
aerosol [152, 153]. Moreover, nano-biosystems play pivotal roles not
only in pharmacy but also in biosensing, electronics, and imaging—
the vastness of their applications beckons further exploration [154,
155]. This is achieved by controlling drug release within the tumoral
vascular and interstitial space, improving liposomal clusters in
tumoral tissue through increased blood flow and tumor vasculature
penetrability [156]. Responsive drug delivery systems targeting the
tumor microenvironment are extensively employed to enhance
selectivity in tumor imaging and therapy while minimizing normal
cytotoxicity, ultimately elevating therapeutic effectiveness [157,
158]. The development of pH-sensitive dynamic nano assemblies,
leveraging upconversion NPs (UCNPs), offers significant therapeutic
potential in cancer therapy by capitalizing on the acidic tumor
microenvironment the implementation of pH-responsive drug
delivery systems facilitates the precise diagnosis of minor orthotopic
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Hepatocellular Carcinoma (HCC) by functioning as a Magnetic
Resonance Imaging (MRI) contrast agent, pivotal for monitoring the
progression of cancer [159]. Neurological diseases like Alzheimer’s,
Parkinson’s, ALS, Huntington’s disease, epilepsy, and ischemic stroke
possess complex, ambiguous pathogenic mechanisms. Current
diagnostic methods fall short of meeting clinical demands. Hence,
there’s a pressing need for sensitive, specific probes for early
diagnosis and therapy. Designing DNDDS offers a new ray of hope in
initial assessment, evaluation, and rational treatment of neurological
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diseases [160, 161]. Tissue injuries and infections often accompany
inflammation, recruiting various inflammatory cells and generating
ROS. This oxidative stress exacerbates injuries. Additionally, the
infected site exhibits a slightly acidic microenvironment. DNDDS
designed based on these micro-environmental features alleviates
oxidative stress at injured/infected tissues, thereby improving
therapeutic efficiency in treating injuries and infections; nano-bio
interactions studies play a pivotal role in the pharma industry; some
approved products are also enlisted in table 2 [162].

Table 2: Nano-bio responsive approved formulation

Approved product Drug release Disease Company Ref

Depocyt Cytarabine Oncogenic Pacira Pharma [163]
Onivyde Irinotecan Pancreat cancer Merrimack pharmaceuls [164]
Arikace Amikacin Lung infections Transave Inc. [165]
T4NS5 liposlotin T4 endonucle V Xeroderma pigmentosum AGI Dermaticlnc. [166]
DaunoXome Daunorubicin Kaposi’s Sarcoma NeXstar [167]
Margqibo Vincristine Acute lymphoblastic leukemia Talon Therapeutics [168]
0SI-211 Lurtotecan Ovarian cancer 0OSI pharma [169]
Thermedox Doxorubicin Metastatic liver cancer Celsion [170]

Future approach

For future study, so many research problems are still in the way of
understanding: The first point is a lack of complete knowledge of the
biological mechanisms of nanomaterials. The second point is to
effectively use nanomaterials as more intelligent therapeutic and
diagnostic modalities, a regulation approach for their catalytic
activity needs to be developed. The third point is that the complex
environment in vivo must be considered in research on nano-bio
interactions. The fourth and last point is more attention should be
paid to theoretical simulation to accurately and deeply investigate
the nano-bio interactions. Thus, more efforts should be made in the
research of nano-bio interactions.

CONCLUSION

If we are heading off to advance nanomedicine, research on the
nano-bio interactions of stimuli-based nanomaterials is crucial. This
is because drug delivery, metabolism, pathological site targeting,
safe and effective nanomedicine, and biocompatibility with minimal
side effects all are impacted by nano-bio interactions. We outlined
recent developments in nano-bio interactions of nanomaterials in
this review. With these developments, nanomaterials will likely play
a significant role in biomedicine in the future, particularly in the
treatment of cancer-related illnesses.
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ABSTRACT

Prostate cancer is one of the leading causes of male death globally, and its overall incidence flaunts a rising trend over the years. Currently available
treatment modalities for prostate cancer suffer from severe toxicity, unpredictable efficacy, high costs, and the emergence of resistance towards
anti-cancer compounds. This substantiates the need to develop novel and potent anti-proliferative agents against prostate cancer. Multiple cellular
mechanisms underlie the development of prostate cancer and, thus, multiple drug gable targets. In recent years, researchers have been conducting a
myriad of investigations in this direction. This work recapitulates the synthesis of 78 such molecules based on recent references. These compounds
are classified and tabulated according to the moiety that they possess. Further, the review study highlights the potent member of each chemical
class. In addition, the review provides fundamental insights into the design and development of such compounds through the structure-activity

relationship of each series of compounds, thereby unlocking new doors for future exploration.
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INTRODUCTION

Cancer is a leading cause of mortality worldwide, with over 10
million deaths in 2020 [1]. According to the estimates of GLOBOCAN
2020, the predicted number of new cancer cases could reach 28.4
million in the next 20 y [2]. Prostate Cancer (PCa) is the second most
common cancer in men worldwide, with an incidence rate that can
go as high as 83 in 100,000 people [2, 3]. PCa being a heterogeneous
disease, the diversity in clinical, spatial, morphology and molecular
genetics adds to the complexity of the disease [4-6]. PCa has
multifactorial etiology with a wide range of modifiable and non-
modifiable risk factors [7]. Certain established factors that pose risks
are elderly age, positive family history, and African ancestry [8-10].
In addition, environmental factors, dietary habits and lifestyle can
have effects on risk of developing PCa and its advancement [11, 12].
Widely used treatment modalities for PCa are surgery, radiotherapy,
and/or Androgen Deprivation Therapy (ADT) [13, 14]. ADT, the
mainstay of treatment of metastatic hormone-sensitive PCa
treatment, has high rates of relapse where PCa cells develop
castration resistance and grow aggressively [15-17]. Advent of
immunotherapy has tremendously revolutionized cancer treatment
[18-20]. However, these novel agents suffer from drawbacks such as
unpredictable efficacy, immunotoxicity and high cost [21-23].
Moreover, identifying the dominant cancer immune drivers, pose a
major challenge in selecting the type of immunotherapeutic agent
[24]. Hence, the quest for new drug candidates against PCa is
imperative to circumvent the problems posed by currently available
therapies and address unmet needs such as enhanced survival rates,
minimal toxicity, improved effectiveness and lower cost. In the
recent times, a wide array of molecules derived from natural sources
and synthetic approaches have been tested for their potent anti-
proliferative actions that can be used to treat PCa. This review study
presents the preparation of significant anti-PCa compounds that are
categorized based on the basic nucleus that they contain, along with
the insights into their synthesis and Structure-Activity Relationship
(SAR). In addition, this work identifies the most consistent and
promising molecule and their targets. The reviewed compounds
depict an interesting possibility to tackle PCa.

MATERIALS AND METHODS

This work reviews research articles published between 2000 to
2020 and are accessed from ScienceDirect, Scopus, Elsevier,

Springer, Pubmed, web of science. The summary of preparation of
potential anti-PCa compounds according to the functional group
they possess as follows:

Thiazolidines and thiadiazolines

Gududuru and others reported on the synthesis of an array of 2-aryl-
4-oxo-thiazolidin-3-yl amide analogues of which three 4-
thiazolidinone derivatives exhibited maximum potency with an IC50
(Half-maximal inhibitory concentration) value of 39.6, 11.5 and 22.1
UM against RH 7777a cells [25].

Of the 1,3,4-thiadiazolines that were synthesized by De Monte et al,,
N-(4-Acetyl-5-ethyl-4,5-dihydro-5-phenyl-1,3,4-thiadiazol-2-
yl)acetamide was identified as the most potent agent against PC3,
SKMEL-5 and SK-MEL-28 cell lines (table 1) [26].

Trifluoromethyl substituted anilide

A study carried out by Basset to et al. described the synthesis of
trifluoromethyl substituted anilides and demonstrated three
perfluorinated derivatives to exhibit the highest potency with IC50
value of 37.51, 16.28 and 7.57 puM against DU-145 cells (table 2)[28].

Dibromotyrosine analogues

Of the dibromotyrosine analogues synthesized by Sallam et al, 2,6-
Dibromo-1-(trans, trans-farnesyl oxy)benzene-4-acetic acid ethyl
ester was identified to exhibit the highest inhibitory potency with an
IC50 value of 16.5 uM (table 3)[29].

Steroid analogues

Bruno et al. investigated the synthesis of VN/124-1 analogs (5, 3-B-
hydroxy-17-(1H-benzimidazole) androsta-5,16-diene derivatives of
which  3-B-Hydroxy-17-(1H-benzimidazol-1-yl)androsta-5,16-dien
was identified as the most potent agent against CYP7 with an IC50
value of 47 nM [30].

A series of Platinum(II) complexes conjugated at 7aposition of 17§-
acetyl-testosterone were synthesized by Fortin et al, among which
17B-acetyl testosterone-7a-platinum(Il) complex exhibited the
highest inhibitory potency with an IC50 value of 5.2 pM against
PCacell lines [31].

Bastien et al. synthesized 7a-testosterone chlorambucil hybrid that
binds to and inhibits androgen receptor and is employed against
hormone-dependent PCa [32].
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Heng et al described the synthesis of Nickel (II) complex with
testosterone thiosemicarbazone with IC50 of 14.1+1.2, 6.6+1.7,13.8+2.2
against PC3, LNCaP, HCT 116 cell line respectively [33].

A study carried out by Shiet al. described the synthesis of poly
substituted steroidal pyridines and identified 2-Ethoxyl-4-(pyridin-
3-yD-6-[(3'B, 17'B)-3" (hydroxyl) androst-5'-en-17'-yl] pyridine to be
the most potent cytotoxic molecule with an IC50 of 1.55 uM against
PC-3 cells [34].

Sethiet al. developed diosgenin-indomethacin pro-drugs among
which 3B,  25R-Spirost-5-ene-3yl (2,  3-dimethylphenyl)
aminobenzoate was reported to be the pro-drug with highest
potency [35].

Preparation of azole derivatives of[17(20)E]-21-norpregnene was
reported by Dalidovich et al. of which 3B-hydroxy-5-ene (IC50=
10pM and 42pMagainst LNCaP and PC-3 cell lines respectively)
and isoxazole moieties (IC50=72uM and 67uMagainst LNCaP and
PC-3 cell lines respectively) showed the highest inhibitory potency
[36].
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Jorda et al described the synthesis of an array of galeterone
derivatives such as steroid-fused azacycles of which 3b-Acetoxy-40-
methylandrost-5-eno[16,17:4,5]pyrido[2,3-b]  indole was a
promising lead compound with IC50 value of 0.315 pM [37].

A study carried out by Komendantova et al. described the synthesis
of steroidal 1,3,4-thiadiazines analogues and demonstrated
fbruno(N-arylcarbamoyl)17 [1',3',4']thiadiazine-substituted
androstenesto exhibit the highest potency with IC50 value 0f2.1-6.6
uM [38].

Of the new steroidal imidazoles series prepared by Hou et al., 20-(1'-
methylimidazol-2-y1)-20-hydroxy-pregnan-4-alkene-3-oxime = was
identified to possess the highest potency with IC50 of 0.5 uM for AR
inhibition(table 4.) [39].

1,3-diaryl-2-propen-1-ones (Chalcones)

1,3-diaryl-2-propen-1-ones (Chalcones) analogues were synthesized
by Nagaraju et al. and identified 1,3-disubstituted-2-propen-1-ones
as potent molecules with IC50 = 8.4puM (table 5) [42].

Table 1: Synthesis of thiazolidines and thiadiazolines

Type of
derivative

Type of reaction involved in synthesis

Potent
compound

Target Reference

Thiazolidines and thiadiazolines
a) 2-aryl-4-oxo-
thiazolidin-3-yl-
amides

Scheme 1: Mercaptoacetic acid, aldehydes of aromatic kind and
glycine methyl ester are condensed so as to form ester intermediate
which is further subjected to base catalyzed hydrolysis and [27]

Lysophosphatidic ~ [25] 4-thiazolidinones

Acid Receptor

subsequent reaction with suitable amines in the presence of 1-
hydroxybenzotriazole monohydrate or ethylene dichloride.
Scheme 2: In the presence of 4-dimethylaminopyridine as a catalyst,

acid reacts with various isocyanates.

Scheme 3: Product so formed is subjected to exhaustive reduction
with tetrahydrofuran or borane under conditions of reflux or
oxidation reaction using oxidizing agents such as potassium

permanganate and hydrogen peroxide[25].
b) 1,3,4-
thiadiazolines

Reaction between carbonyl compounds and thiosemicarbazide bathed
in ethanol in the presence of acetic acid as catalyst produces
thiosemicarbazone intermediates which when treated with
symmetrical anhydrides (as solvent) forms 1,3,4-thiadiazolines.
Subsequently, oxidation reaction is carried out using potassium

Kinesin Eg5 [26]
ATPase

N-(4-Acetyl-5-
ethyl-4,5-dihydro
-5-phenyl-1,3,4-
thiadiazol-

2-yl) acetamide

permanganate in acetic acid in the presence of water and hydrogen

peroxide [26].

Table 2: Synthesis of trifluoromethyl substituted anilides

Type of derivative Type of reaction involved in synthesis Target Reference  Potent compound
Trifluoromethyl substituted anilides:
a) Bicalutamide Suitable aniline when treated with methacryloyl chloride indimethyl Androgen  [28] Perfluorinated
derivatives acetamide generates phenylacrylamide intermediate when treated with Receptor derivatives
hydrogen peroxide in excess and trifluoroacetic anhydride in
dichloromethane yields suitable epoxides. Further, using commercial
thiophenols and phenolsepoxides ring is cleaved to furnish an array of
thioethers and ethers. Thioethers are oxidized by treatment with meta-
chloroperoxybenzoic acid to produce suitable sulfones.
b) Enzalutamide  Substituted anilines with acetone and trimethylsilyl cyanide follow Strecker
derivatives reaction to furnish suitable cyanomines, which when treated with
isothiocyanates in dimethylformamide and subsequent addition of hydrogen
chloride and methanol yields desired product [28].
Table 3: Synthesis of dibromo tyrosine analogues
Type of derivative Type of reaction involved in synthesis Target Reference  Potent compound
Dibromotyrosine Scheme 1: Phenolic hydroxyl group is esterified with different alkyl and ~ ATP [29] 2,6-Dibromo-1-(trans,
analogues aryl acid chlorides, employing N, N-dimethylaminopyridine catalyst. binding trans-
Scheme 2: In the presence of sodium hydride, the same phenolic hydroxyl site of Farnesyl oxy)benzene-
group is esterified with different of alkyl and aryl bromides [29]. VEGFR2 4-acetic acid ethyl ester
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Table 4: Synthesis of steroids analogues

Type of derivative Type of reaction involved in synthesis Target Reference  Potent compound
Steroid analogues

a) VN/124-1 (TOK-001) derivatives

i) 3-§-Fluoro-17-(1H-benzimidazol-1- Reaction of 3-B-Hydroxy-17-(1H-benzimidazol-1-yl)androsta-5,16-dien bathed in dichloromethane =~ Androgen [30] 3-B-Hydroxy-17-(1H-
yl)androsta-5,16-dien with diethyl aminosulfur trifluoride yields product. Receptor benzimidazol

ii) 3-B-0-Mesyl-17-(1H-benzimidazol- Reaction between 3-f-hydroxy-17-(1H-benzimidazol-1-yl) androsta-5,16-diene in pyridine and -1-yl)androsta-5,16-
1-yl)androsta-5,16-dien methane sulfonyl chloride at a temperature of 0° C. The resulting solution is subsequently flooded dien

iii) 3-a-Azido-17-(1H-benzimidazol-1-
yl)androsta-5,16-dien

iv) 3-B-0-Sulfamoyl-17-(1H-
benzimidazol-1-yl)androsta-5,16-dien

v) 3-B-Hydroxy-17-(1H-benzimidazol-
1-yl)androsta-5-ene

vi) 3-B-Acetoxy-17-chloro-16-formyl-
5-a-androstan-16-ene

vii) 3-B-Acetoxy-17-(1H-benzimidazol-
1-yl)-16-formyl-5a-androstan
16-ene

viii) 3-B-Acetoxy-17-(1H-
benzimidazol-1-yl)-5 a-androsta-16-
ene

ix) 3-B-Hydroxy-17-(1H-benzimidazol-
1-yl)-5-a-androsta-16-ene.

x) 3-B-Acetoxy-17-(1H benzimidazol-1
yl)androstane

xi) 3-B-Hydroxy-17-(1H-benzimidazol-
1-yl)-5-a androstane

xii) 17-(1H-Benzimidazol-1-
yl)androsta-4,16-dien-3-one

over ice-water mixture so as to form precipitate of product.

Reaction between 3-B-0-Mesyl-17-(1H-benzimidazol-1-yl) androsta-5,16-dien in
dimethylformamide and sodium azide, heated and poured into ice-water.

Reaction between 3 3-hydroxy-17-(1H-benzimidazol-1-yl) androsta-5,16-diene in
dimethylformamide and potassium tertiary-butoxide under cold conditions followed by treatment
with sulfamoyl chloride in toluene. Unreacted reagents are inactivated by using water saturated
with ammonium chloride. Further, the product formed is extracted with ethyl acetate.

Reaction of 3b-Hydroxy-17-(1H-benzimidazol-1-yl) androsta-5,16-dien in ethanol with hydrazine
hydrate and acetic acid followed by heating, cooling, concentrating under vacuum and subsequent
treatment with water saturated with sodium bicarbonate.

Reaction of trans-androstane in pyridine at 0° C with acetic anhydride. A solution of 3-f-acetoxy-5
a-androst-17-one in dry chloroform is poured into cold and a uniform solution containing
phosphorus oxychloride and dimethyl formamide. The resulting blend is further subjected to reflux
under argon. Further, the concentrated mixture was poured onto ice, extracted using a cocktail of
ethyl acetate and ether and subsequently washed with brine.

Addition of 3-B-acetoxy-17-chloro-16-formyl-5-a-androstan-16-ene to a mixture of benzimidazole
and potassium carbonate in dry dimethylformamide so as to form an admixture which is
subsequently allowed to attain room temperature and subsequently flooded onto ice-cold water so
as to obtain product precipitate.
3-B-Acetoxy-17-(1H-benzimidazol-1-yl)-16-formyl-5-a-androsta-16-ene is dissolved in dry
benzonitrile to form a solution which is further refluxed using Palladium on activated charcoal as a
catalyst, cooled to room temperature, filtrate is evaporated, and product obtained.

Acetate of 3-B-Acetoxy-17-(1H-benzimidazol-1-yl) androstaneis dissolved in methanol in an
atmosphere of inert argon gas, followed by reaction with 10% methanolic potassium hydroxide.
The solution thus obtained is concentrated under diminished pressure poured onto ice water.
White precipitate of the product obtained by filtration is washed and dried.
3-B-Acetoxy-17-(1H-benzimidazol-1-yl)-5-a-androsta-16-ene was dissolved in ethanol and treated
with hydrazine hydrate, acetic acid and heat while the solution was continuously bubbled with air.
The reaction mixture further cooled, concentrated, and poured onto ice cold water. Subsequently,
water saturated with sodium bicarbonate was used to obtain precipitate of product.

Reaction of acetate of 3-3-Acetoxy-17-(1H-benzimidazol-1-yl)-5-a-androsta-16-ene in methanol
with10% methanolic potassium hydroxide. The resulting mixture was stirred, concentrated and
when poured onto ice water to obtain precipitate of product.

An admixture of compounds N-methylmorpholine-N-oxide, 3-3-Hydroxy-17-(1H-benzimidazol-1-
yl)-5-a-androstane and dichloromethane was prepared which was further subjected to treatment
with tetrapropylammoniumperruthenate. To resulting solution, ethyl acetate was added to dilute
and washed using aqueous solution of sodium chloride and sodium bicarbonate [30].

b) Platinum(II) complexes conjugated at position 7a of 17 -acetyl-testosterone

Compounds

i) 17 acetyl testosterone-7 a-tert-
butyloxycarbonyl amino acids

ii) 17 B-acetyl-testosterone-7 aamino
acids

iii) 17 B-acetyl-testosterone-7 o-
platinum(II) complexes

Reaction between 7 a-(E)-4-chlorobut-2-enyl-4-androsten-17b-ol-3-one acetate and specificamino ~ Androgen [31] 17 B-acetyl

acid using cesium carbonate bathed in methyl ethyl ketone Receptor testosterone-7 a-
platinum(II) complex

Reaction between 17 {3 acetyl testosterone-7 a-tert-butyloxycarbonyl amino acids and

trifluoroacetic acid bathed in methylene chloride yields 17 (3-acetyl-testosterone-7 aamino acids

Reaction of 17 3-acetyl-testosterone-7 aamino acids with potassium tetrachloroplatinate bathed in

a cocktail of water and dimethylformamide [31].
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Type of derivative Type of reaction involved in synthesis Target Reference  Potent compound
c) 7 a-testosteronechlorambucil Scheme 1: Synthesis involves Nucleophilic Bimolecular type of substitution reaction. First step of Androgen [32] ----
hybrid synthesis involves Olefin Crossmetathesis reaction of 7 a-allyltestosterone derivative using allyl Receptor
chloride and Hoveyda-Grubbs catalyst in the presence of dichloromethane to yield an intermediate 7
a-(4 chloro-but-2-enyl) testosterone. This is followed by hydrolysis reaction of acetate with hydrogen
chloride in methanol and substitution reaction in the presence of chlorambucil, allyl chloride and
sodium bicarbonate in a cocktail of water and dimethylformamide.
Scheme 2: Hydrolysis of 7a-allyltestosterone derivative in the presence of hydrogen chloride yielded 7
a-allyl testosterone. Treatment of chlorambucil with oxalyl chloride, allyl alcohol and pyridine bathed
in dichloromethane produced acid allyl ester derivative. The ester and 7-aallyl testosterone in the
presence of Hoveyda-Grubbs catalyst (2nd generation) in dichloromethane yields product [32].
d) Nickel (II) complex with Reaction between estosterone in ethanol and ethanolic thiosemicarbazide and subsequent Androgen [33] -
testosterone treatment with ethanol at 78° C results in formation of a Schiff base ligand composed of Receptor
thiosemicarbazone testosterone, thiosemicarbazide and its nickel (II) complex [33]. and DNA binding
e) Poly-substituted steroidal pyridines =~ Scheme 1: Pregnenolone and aldehydes of aromatic kind bathed in ethanol undergoes Aldol Androgen [34] 2-Ethoxyl-4-(pyridin-3-
Condensation in the presence of aluminum oxide /potassium fluoride catalyst. Resulting steroidala, Receptor yl)
B-unsaturated ketone is treated with malononitrile and sodium ethoxide followed by acetylation [40] -6-[(3'B,17'B)-3"-
reaction using acetyl chloride, triethylamine, 4-dimethylaminopyridine, methylene chloride. (hydroxyl)
Scheme 2: Malononitrile in the presence of sodium ethoxide undergoes 1, 4-Michael addition reaction androst-5'-en-17'-
to form an intermediate which isomerizes to produce an enamine which, when subjected to yl]pyridine
dehydration of intramolecular kind and ambient oxidation in the presence of air yields product [34].
f) Diosgenin-indomethacin pro-drugs Mefenamic acid and indomethacin are coupled with diosgenin in the presence of an ionic liquid N- Matrix [35] 3, 25R-Spirost-5-ene
methyl-2 pyrrolidone hydrogen sulfate to generate pro-dugs [35]. metalloproteinas -3yl (2, 3-dimethyl
e-2(MMP-2) and phenyl) aminobenzoate
MMP-9 [41]
g) Azole analogues of [17(20)E]-21-norpregnene
i) isoxazole, 1,2,3-triazole, tetrazole 1,3-dipolar cycloaddition reaction of azides or nitrile oxides to produce nitriles or acetylenes and CYP17A1 [36] 3B-hydroxy-5-ene-and
derivatives of [17(20)E]-21- subsequent dehydration reaction of 17 beta-hydroxy-17beta-methylene-azoles to derivatives of isoxazole moieties
norpregnene norpregnene
ii) 1,2,4-oxadiazole derivatives of The synthesis 1,2, 4-oxadiazoles is through the generation of acetimidamides[36].
[17(20)E]-21-norpregnene
h) Galeterone analogues including steroid-fused azacycles
i) Steroid-fused azacycles Scheme 1: Condensation reaction of 2-aminobenzimidazoles and 16-dehydropregnenolone acetate ~ Androgen [36] 3-B-Acetoxy-40-
(benzimidazolopyrimidines yields Azacycle fused steroids. receptor methylandrost-5-
ii) 17-(benzimidazol-1-ylimino) Scheme 2: Enone undergoes Aza-Michael reaction and a subsequent electrophilic substitution eno[16,17:4,5]pyrido[2,
steroid derivatives employing acid as a catalyst, resulting in cyclization, spontaneously occurring dehydration, and 3-b]
iii) 16-a-(benzimidazol-2-ylamino) aromatization [36]. indole
steroid derivatives
iv) 16 a-(benzothiazol-2-ylamino)
steroid derivatives
i) Steroidal 1,3,4-thiadiazines
i) Spiro[1,3,4] Scheme 1: The traditional nucleophilic oxirane ring opening reaction of 163,17f3- Androgen [38] (N-arylcarbamoyl)
thiadiazine epoxypregnenolone with NH-nucleophile and subsequent aromatization-driven dehydration. receptor 17 [1',3',4]thiadiazine
ii) 16B-hydroxyspiro-androsteno- Scheme 2: In the presence of a catalytic quantity of sulphuric acid, reaction between thiohydrazides -substituted
17,6'[1,3,4]thiadiazines with both electron-withdrawing and donating groups on the aryl moiety and16f, 17f3- androstenes
iii) 17-(6'H-1',3',4'-thiadiazine-2'- epoxypregnenolone yields desired product.
carboxamide)androst-5,17-dienes Scheme 3: Reaction of 21-bromopregna-5,16-dien-20-one with oxamic acid thiohydrazides under
mild basic circumstances to yield product [38].
j) Steroidal imidazoles The essential intermediates are produced by the hydrolysis of 33-hydroxy-pregnane-5-alkene-20- Androgen [39] 20-(1'-methylimidazol-
one-3 acetate in the presence of potassium carbonate and its hydroxy group is protected. This Receptor/ 2-yl)-20-hydroxy-
intermediate undergoes nucleophilic substitution reaction with N-methylimidazole in the presence ~ CYP17 pregnan-4-alkene-3-

of n-butyl lithium to yield product [39].

oxime
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Table 5: Synthesis of chalcones
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Type of derivative Type of reaction involved in synthesis Target Reference Potent compound
5.1,3-diaryl-2- Scheme 1: With 3-chloro-2-methylpropene in acetone, res acetophenone undergoes Mono-allylation reaction Androgen [42] 1,3-disubstituted-2-propen-
propen-1-ones in the presence of anhydrous potassium carbonate and catalytic amount of sodium iodide. Subsequently, Receptor 1-ones
(Chalcones) Claisen rearrangement reaction occurs with allyl-aryl ether in N, N-diethyl aniline to form rearranged product,  [43]
which upon treatment with catalytic amount of p-toluenesulfonic acid in chloroform results in generation of
benzofuran. Phenol undergoes benzylation with treated with benzyl bromide and subsequent cyclization upon
treatment with p-toluenesulfonic acid in refluxing toluene as a catalyst.
Scheme 2: Claisen-Schmidt condensation reaction of ethanone with several benzaldehydes and
pyrazolaldehydesin ethanolic solution of sodium hydroxide to form 1,3-disubstituted-2-propen-1-ones [42].
Table 6: Synthesis of flavonols and flavones
Type of derivative Type of reaction involved in synthesis Target Reference  Potent compound
Flavonols and flavones
a) Methoxyflavonols Scheme 1: 20-hydroxy acetophenone and benzaldehyde undergoes Claisen-Schmidt condensation Androgen [44] 3,3',4’,5'-Tetramethoxyflavone,
reaction to yield 20-hydroxy chalcones, which under AlgareFlynneOyamada conditions (hydrogen receptor 6-Fluoro-3',4’,5'"-
peroxide, sodium hydroxide) generates desirable methoxy flavonols trimethoxyflavonol,
b) Hydroxyflavonols Demethylation of methoxy flavonols with boron tribromide to generate corresponding hydroxy 7-Fluoro-3',4’,5'-
flavonols trimethoxyflavonol
¢) 4,6'-difluoro-2’- Scheme 2: O-acetylation of 3,5-difluorophenol and subsequent Fries rearrangement catalysed by
hydroxyacetophenone aluminum chloride.
d) Tetramethoxyflavone Scheme 3: Methylation of 3’,4’,5’-trimethoxy-flavonol with iodomethane generates
tetramethoxyflavone [44].
a) 3-0-substituted-3’,4’,5’- Scheme 1: Trimethoxyflavonolsare synthesized through a four-day one-pot process employing 5-alpha [45] 3",4’,5-trimethoxyflavonols
trimethoxyflavonols hydroxylacetophenone and trimethoxyl benzaldehyde as the precursors. reductase and 3-0-dialkylaminoalkyl-
Scheme 2: Trimethoxyflavonol undergoes O-alkylation reaction with suitable alkyl halide in aprotic ~ enzyme 3",4’,5-trimethoxyflavonols
solvent dimethylformamide and potassium carbonate as the base to generate 3-0-
alkyltrimethoxyflavonols.
Scheme 3: 3', 4', 5'-trimethoxyflavonol were transformed into twelve novel 3-0-aminoalkyl-3’, 4',
5'-trimethoxyflavonols in 2 steps [45].
Table 7: Synthesis of gold (III) alkane-diamine complexes
Type of derivative Type of reaction involved in synthesis Target Reference Potent compound
Gold(III) alkanediamine Trihydrate auric acid reacts with diamine ligand equivalents to produce thioredoxin [46] [Au(diamine)2]3+(in PC3 cells), [Au(diamine)Cl2]+(in
complexes complexes of Gold(III) alkane-diamine [46]. reductase SGC7901 and A2780/A2780 cis cells)
Table 8: Synthesis of5-substituted-3, 4-diphenyl furan-2-ones
Type of derivative Type of reaction involved in synthesis Target Reference Potent compound
5-substituted-3,4-diphenyl furan-2-ones: Reaction of rofecoxib or itsanalogs and anhydrous sodium carbonate in methanol Cyclooxygenases [47] 3-(2-chloro-phenyl)-4-(4-
a) 5-alkylidene substituted-3-phenylfuran- andrelevant aldehyde or ketone to form precipitate of product (COXs) methanesulfonyl-phenyl)-5-

4-(4 methanesulfonyl phenyl)-2 ones
b) Rofecoxib and its analogues

Reaction of sodium hydroxide with phenyl acetic acid or 2-chlorophenylacetic acid or 4-
fluorophenylacetic acid in dimethylformamide, followed by reaction of 2-bromo-1-(4
(methylsulfonyl) phenyl) ethanone so as to form intermediate which further reacts with

diisopropylamine, acidification with hydrochloric acid, forming precipitate of product [47].

(1-methoxy-ethyl)-5Hfuran-
2-one
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Flavonols and flavones

Britton et al reported on the synthesis of flavonols of which
3,3',4’,5'-Tetramethoxyflavone, 6-Fluoro-3’,4’,5"-trimethoxyflavonol
and 7-Fluoro-3’,4’,5-trimethoxyflavonol were identified as the
molecules with an excellent inhibitory potency with IC50 of 2.6, 3.3
and 4.0pM respectively [44].

Xiang Liet al developed a series of 3-O-substituted-3,4’,5'-
trimethoxyflavonols of which 3’,4’,5’-trimethoxyflavonols exhibited
potent inhibitory action with IC50 values of 32.1 puM and 3-O-
dialkylaminoalkyl-30,40,50-trimethoxyflavonols demonstrated
amarginal improvement in inhibitory potency against proliferation
of LNCaP cell lines (table 6) [45].

Gold (III) alkanediamine complexes

Mehboob et al. developed gold (III) alkanediamine complexes and
demonstrated [Au(diamine)2]3+complex to exhibit highest potency

Int ] App Pharm, Vol 17, Issue 1, 2025, 23-38

with  IC50 value of 1-6pMagainst PC3 cells and
[Au(diamine)Cl2]+complex to exhibit highest efficacy in SGC7901
and A2780/A2780 cis cells (table 7) [46].

Diphenyl furanone analogues

Liu and others reported on the development of 5-substituted-3, 4-
diphenyl furan-2-ones, of which 3-(2-chloro-phenyl)-4-(4-
methanesulfonyl-phenyl)-5-(1-methoxy-ethyl)-5Hfuran-2-one
possessed the most potent inhibitory action against PC3 (IC50 =
20puM), PC3 PCDNA (IC50 = 5 uM), PC3 SKP2 (IC50 = 5 uM) and
DU145 cell lines (IC50 = 25 puM)(table 8) [47].

Aryl -pyrazol derivatives

Nakao et al. developed an array of 1-aryl-3,4-substituted-1H-pyrazol-
5-ol derivatives of which 1-(5-methyl-1H-benzimidazol-2-yl)-4-
benzyl-3-methyl-1H-pyrazol-5-o0l demonstrated a potent inhibitory
action against PCA-1/ALKBH3 both in vitro and in vivo (table 9) [48].

Table 9: Synthesis of1-aryl-3,4-substituted-1H-pyrazol-5-ol derivatives

Type of derivative Type of reaction involved Target Reference Potent compound
in synthesis
1-aryl-3,4-substituted-1H-pyrazol-5-ol derivatives: Condensation reaction PCA- [48] 1-(5-methyl-1H-

a) 1,3,4-substituted-5-hydroxy-pyrazoles
b) 1-(substituted benzimidazol-2-yl)-5-hydroxy-3-
methyl-4-(subsituted benzyl) pyrazoles

between N-substituted
hydrazines and derivatives of
ethyl acetoacetate [48].

benzimidazol-
2-y1)-4-benzyl-3-methyl-
1H-pyrazol-5-ol

1/ALKBH3

Emetine dithiocarbamate ester derivatives

Of the emetine dithiocarbamate ester derivatives synthesized by
Akinboye et al., 1-(3-Ethyl-9,10-dimethoxy-1,3,4,6,7,11b-hexahydro-
2Hpyrido[2,1-a]isoquinolin-2-yl-methyl)-6,7-dimethoxy-3,4-
dihydro-1H-isoquinoline-2-carbodithioic  acid  (4-bromophenyl
carbamoyl)-methyl ester possessed potent inhibitory action against
LNCaP (IC50 = 1.698 pM), PC3(IC50 = 1.507uM), and DU145 (IC50 =
1.603 puM) cell lines (table 10) [49].

Arylpiperazine derivatives

A study conducted by Chen et al described the synthesis of
arylpiperazine derivatives and demonstratedN-(4-(2-(4-
Phenylpiperazin-1-yl)ethyl)benzyl)-1H-indole-2-carboxamide

dihydrochloride (IC50 = 5.50umol/1), N-(4-(2-(4-Phenylpiperazin-1-
yl)ethyl)benzyl)benzofuran-2-carboxamide (IC50 = 5.17umol/l) and

N-(4-(2-(4-Phenylpiperazin-1-yl)ethyl)benzyl)benzo[b]thio-phene-
2-carboxamide dihydrochloride (IC50 = 8.21 pmol/l) against DU145
cells (table 11) [50].

Silibinins

Vue et al developed a series of silibinins of which 7-0-
Methylsilibinin (IC50 of 10 2.76+0.18, 7.92+0.55, 2.39+0.97 against
LNCaP, DU 145, PC-3 respectively) and 7-0-ethylsilibinin (IC50 of

2.58+0.07, 7.59+0.66, 3.25+0.31 against LNCaP, DU 145, PC-3
respectively) exhibited potent inhibitory action [51].

Vue et al investigated the synthesis of 20-0-alkyl-2,3-
dehydrosilybins and 5,20-0-dialkyl-2,3-dehydrosilybins. The study
further demonstrated 5-0-heptyl-2,3-dehydrosilybin to be the most
potent member of them all, having an IC50 value of less than 8 pM
and potency 7 to 29 times more than silybin (table 12) [52].

Table 10: Synthesis of emetinedithiocarbamate ester derivatives

Type of derivative Type of reaction involved in synthesis Target Reference  Potent compound
Emetine Ethanolic solution of sodium hydroxide Androgen  [49] 1-(3-Ethyl-9,10-dimethoxy-
dithiocarbamate containing salt of emetine dihydrochloride is Receptor 1,3,4,6,7,11b-hexahydro-2Hpyrido[2,1-

ester derivatives

form dithiocarbamate ester derivatives of
emetine [49].

treated with carbon disulfide and subsequently
with different alkylating agents in acetonitrile to

aJisoquinolin-2-yl-methyl)-6,7-dimethoxy
-3,4-dihydro-1H-isoquinoline-2-
carbodithioic acid (4-
bromophenylcarbamoyl)-methyl ester

Table 11: Synthesis of aryl piperazine derivatives

Type of Type of reaction involved in synthesis Target Ref Potent compound

derivative

Arylpiperazine  Scheme 1: (4-(2-(4-phenylpiperazin-1-yl)ethyl) phenyl) methanamine) in Alpha 1- [50] N-(4-(2-(4-Phenylpiperazin-

derivatives toluene reacts with corresponding acid anhydride to generate an adrenergic 1-yl)ethyl)benzyl)-1H-indole-
intermediate. The solution of it is prepared to which ethyl acetate isaddedina  receptor 2-carboxamide

dropwise manner followed by hydrochloric acid in ethyl acetate.
Scheme 2: Reaction between (4-(2-(4-phenylpiperazin-1-yl)ethyl) phenyl)
methanamine bathed in dichloromethane, appropriate acid,2-(7-aza-1H

benzotriazole-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate and N,

N-diisopro-pylethylamine. The solution of the intermediate is prepared to

which ethyl acetate is added in a drop wise manner followed by hydrochloric

acid in ethyl acetate.

Scheme 3: Reduction reaction between 2-(4-(bromomethyl) phenyl)acetic
acid and borane-methyl sulfide complex, followed by nucleophilic
substitution reaction occurring between intermediate so obtained and 1-

phenylpiperazine with methyl cyanide as solvent in the presence of potassium
carbonate, followed by reaction with 4-toluene-sulfonyl chloride along with

trimethylamine using dichloromethane as solvent and 4-

dimethylaminopyridine as a catalyst. Finally, treatment with various phenols

in the presence of potassium carbonate to obtain product [50].

dihydrochloride and N-(4-(2-
(4-henylpiperazin-1-
yl)ethyl)benzyl)benzofuran-
2-carboxamide and N-(4-(2-
(4-Phenylpiperazin-1-
yl)ethyl)benzyl)benzo[b]thio
-phene-2-carboxamide dihydr
-ochloride
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Table 12: Synthesis of silibinins

Int ] App Pharm, Vol 17, Issue 1, 2025, 23-38

Type of derivative

Type of reaction involved in synthesis

Target

Reference

Potent compound

Silibinins

a) Eight 7-0-alkylsilibinins,
b) Eight 7-0-alkyl-2,3-dehydrosilibinins,
c) Eight 3,7-0-dialkyl-2,3 dehydrosilibinins

i) 20-0-alkyl-2,3-
dehydrosilybins
and
5,20-0-dialkyl-2,3-
dehydrosilybins

ii)5-0-alkyl-2,3-dehydrosilybins

Selective methylation and benzylation at phenolic hydroxyl group at 7t carbon atom
of silibinin in the presence of potassium carbonate and anhydrous acetone using
methyl iodide and benzyl bromide [51].

Under completely anaerobic conditions, silybin is converted to 7-0-benzylsilybin
employing acetone solvent and equivalents of benzyl bromide and potassium
carbonate. Solvent is switched from acetone to dimethylformamide and addition of
benzyl bromide and potassium carbonate oxidation yields an intermediate which
undergoes selective benzylation at 3-hydroxide and subsequent reaction with suitable
alkyl halide using dimethylformamide as the solvent and potassium carbonate as the
base to produce dibenzylsilybins that further upon treatment with ammonium
formate undergoes debenzylation reaction using Palladium on activated charcoal as a
catalyst.

Silybin undergoes benzylation reaction at 7tthydroxide group under complete
anaerobic conditions, followed by a subsequent aerobic oxidation generates
intermediate that further undergoes dibenzylation reaction occurring at 34 OH and
20thydroxide group to generate 3,7,20-0 tribenzyl-2,3-dehydrosilybin. The
intermediate thus formed undergoes alkylation reaction at of 5tthydroxide group and
a subsequent global debenzylation reaction with ammonium formate using palladium
carbon as catalyst to produce desired product [52].

Epidermal Growth [51]
Factor Receptor

(EGRF) [53]

Epidermal Growth [52]
Factor Receptor

(EGRF)

[53]

7-0-Methylsilibinin
and 7-0-ethylsilibinin

5-0-heptyl-2,3-
dehydrosilybin

Table 13: Synthesis of indole derivatives

Type of derivative

Type of reaction involved in synthesis

Target Reference

Potent compound

Indole derivatives:
i) Indeno[1,2-b]indole
derivatives

ii) Thiosemicarbazone-
indole derivatives

Scheme 1: Indanone undergoes Fischer Indolization reaction through the formation of respective
phenylhydrazones.

Scheme 2: 2-nitrobenzylidenephtalide is produced either by reaction between phthalide-phosphonium
bromide and 2-nitrobenzaldehyde followed by cyclization reaction or by cyclization of intramolecular
type of 2-(2-nitrophenylethyl)benzoic acid. The analogues of nitrobenzylidenephtalide so formed are
subjected to transformation and reduction reaction to yield desired products.

Scheme 3: Reaction between ninhydrine, amines of aliphatic and aromatic kind, or enaminones of
alicyclic and cyclic type producesvic-dihydroxy-indenoindolones [54].

Scheme 1: 2-(1H-indol-3-yl)ethan-1-amine reacts with carbon disulfide in the company of
triethylamine. Further the compound so formed undergoes addition reaction with 4-
dimethylaminopyridine and di-tert-butyl-dicarbonate to generate an intermediate, which upon
treatment with hydrazine hydrate and a subsequent Schiff base condensation reaction with 5-
methylpicolinaldehyde driven by acid-catalysis yields desired thiosemicarbazone-indole analogues
Scheme 2: Reaction of 4-aminocyclohexane-1-carboxylic acid with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, hydroxybenzotriazole and 2-(1H-indol-3-yl) ethan-1-amine to yield amide derivatives.
Scheme 3: Reaction of substituted amines with 6-nitronicotinic acid or 4-nitrobenzoic acid in the
company of 1-ethyl-3-(3'-dimethylaminopropyl)carbodiimide and 1-Hydroxybenzotriazolein
dichloromethane, and the subsequent reaction with hydrogen using palladium as a catalyst to generate
corresponding byproducts, which are subjected to reaction similar to that of Scheme 1 [55].

Matrix metallo [54]
proteinases

Ribonucleotide  [55]
reductase

7,7-dimethyl-5-[(3,4-
dichlorophenyl)]-(4bRS,9bRS)-
dihydroxy-4b,5,6,7,8,9
bhexahydroindeno [1,2-b]indole-
9,10-dione

(E)-N-(2-(2-methyl-1H-indol-3-
yl)ethyl)-4-(2-((5-methylpyridin-
2-yl)methylene)hydrazine-1-
carbothioamido)benzamide
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Indole derivatives

Lobo et al. developed derivatives of indeno [1,2-b]indole of which
7,7-dimethyl-5-[(3,4-dichlorophenyl)]-(4bRS,9bRS)-dihydroxy-
4b,5,6,7,8,9bhexahydroindeno[1,2-b]indole-9,10-dione  possessed
strong anti-proliferative potency against PC-3 (IC50 value of
10.70+0.07uM), LNCaP (9.57+£0.55uM) and MatLyLu cell line
(5.96+0.28uM) [54].

Of the thiosemicarbazone indole derivatives synthesized by Xu He et al,
(E)-N-(2-(2-methyl-1H-indol-3-yl)ethyl)-4-(2-((5-methylpyridin-2-
yl)methylene)hydrazine-1-carbothioamido)benzamide =~ demonstrated
potent inhibitory action with the IC50 value of 0.054 uM (table 13) [55].
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Triazole derivatives

Mandalapu et al. synthesized triazole hybrids of curcumin of which
(3E,5E)-1-((1-(substitutedbenzyl)-1H-1,2,3-triazol-4-yl)methyl)-
3,5-bis(substituted benzylidene) piperidin-4-ones exhibited potent
action against PC-3 (IC50 = 8.8uM) and DU-145 cell lines (IC50 =
9.5uM)[56].

Madasuet al. reported on the synthesis of1,2,3-triazole hybrids of
myrrhanone B of which meta-hydroxy phenyl 1,2,3-triazole (IC50:
6.57+0.62 pM) and deoxyuridine 1,2,3-triazole (IC50: 10.85+0.90
uM) were found to be the most potent antiproliferative agents
against PC-3 cell line (table 14) [57].

Table 14: Synthesis of triazole derivatives

Type of derivative  Type of reaction involved in synthesis Target Reference  Potent compound
Triazole derivatives
a) Triazole hybrids Reaction between substituted benzaldehydes and 4-piperidinone Cell [56] (3E,5E)-1-((1-
of curcumin hydrochloride hydrate with concentrated hydrochloric acid in glacial survival (substitutedbenz-yl)-
acetic acid and subsequent alkalinization with potassium carbonateina  protein 1H-1,2,3-triazol-4-
blend of acetone and water generates substituted Akt yl)methyl)-3,5-
benzylidenepiperidin-4-onederivatives, which further reacts with bis(substitutedbenzylid
propargyl bromide in acetone. Reaction of carbon disulfide with aq. ene) piperidin-4-ones
potassium hydroxide in dichloromethane yields dithiocarbamate
potassium salts which in turn react with propargyl bromide in a blend of
water and acetone. Further substituted benzylidenepiperidin-4-one
analogues or substituted benzylidene-4-oxopiperidine-1-
carbodithioate undergoes reaction with substituted benzyl azides using
copper sulphate pentahydrate as catalyst and sodium ascorbate [56].
b) myrrhanone B- Propargylation followed by Huisgen's 1,3-dipolar cycloaddition Epidermal [57] Meta-hydroxy phenyl
1,2,3-triazole reaction. Reaction of (5S,8R,9R,10S)-3-ox0-8-hydroxy-30- Growth 1,2,3-triazole and
hybrids carboxypolypoda 13E,17E,21E-triene with propargyl bromide in Factor deoxyuridine 1,2,3 -
company of potassium carbonate in dry acetone yields an intermediate. =~ Receptor triazole
Parallel to this, substituted aromatic azides, deoxy uridine and protected  (EGFR)
uridine azides are prepared. Intermediate formed reacts with [58]
substituted azides in sodium ascorbate and copper sulphate
pentahydrate in the water-tetrahydrofuran solution’s presence [57].
Table 15: Synthesis of quinoline derivatives
Type of Type of reaction involved in synthesis Target Reference  Potent
derivative compound
Quinoline Scheme 1: Quinolines were oxidized using m-chloroperoxybenzoic acid in PIM-1kinase  [59] 2-(pyridine-2-
derivatives  chloroform at room temperature, yielding the critical intermediate quinoline N- (Proviral amino)quinolin
oxide, which was then condensed with different substituted 2-aminopyridines to Insertion site -8-0l
generate product. in Moloney
Scheme 2: Under basic circumstances, methyl iodide is used to oxidise substituted = murine
8-hydroxyquinoline that is protected by a methyl group, followed by coupling leukemia
reaction with suitable pyridines and subsequent demethylation using virus)

tribromoborane in a nitrogen environment to produce thioethe
generated through coupling, on the other hand, are hydrolyzed
hydrochloric acid and deprotected to yield products.

rs. Intermediates
by strong

Scheme 3: In the presence of triethylamine, 5-substituted 8-hydroxy quinoline

reacts with methanesulfonyl chloride, and subsequent N-oxidat

ion reaction. The

intermediate formed were condensed with 2-hydroxypyridine and are further
hydrolyzed with sodium hydroxide to yield the appropriate ethers [59].

Quinoline derivatives

Of the quinoline derivatives developed by Li et al, 2-(pyridine-2-
amino) quinolin-8-olpossessed potent antitumor activity with IC50
value of 0.75 uM (table 15) [59].

Diheteroarylnona-tetraen-ones

Zhang et al synthesized 1,9-diheteroarylnona-1,3,6,8-tetraen-5-
ones, of which (1E,3E,6E,8E)-1,9-Bis(3-fluoropyridin-4-yl)nona-
1,3,6,8-tetraen-5-one (IC50 value 2.36+0.56 pM, 1.21+0.43 uM,
2.43+1.31 uM against PC-3, DU145, LNCaPcell lines respectively)
and (1E,3E,6E,8E)-1,9-Bis(1-(pentan-3-yl)-1H-imidazol-2-yl)nona-
1,3,6,8-tetraen-5-one (IC50 value 1.14+0.12 pM, 1.78+0.13 uM,

2.17+0.2 pM against PC-3, DU145, LNCaPcell lines respectively)
were the two most potent members (table 16) [60].

Boswellic acid derivatives

Li et al. described the synthesis of acetyl-11-keto-B-boswellic acid
derivatives of which N-(2-cyano-3,11-dioxo-ursan-1,12-dien-24-
oyl)-piperazine exhibited a potent inhibitory action and
demonstrated IC50 value of 0.04 and 0.27 uM against PC-3 and
LNCaP cell lines respectively [62].

Huang et al. investigated on the synthesis of ring-A modified 11-
keto-boswellic acid derivatives of which 3-oxo-2-carboxylmethylene
derivative of 11-keto-boswellic acid derivatives showed potent
action with 0.46 uMIC50 value(table 17) [63].
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Table 16: Synthesis 0f1,9-diheteroarylnona-1,3,6,8-tetraen-5-ones

Type of Type of reaction involved in synthesis Target Reference Potent compound
derivative

1,9- Using potassium carbonate as base and water and ethanol as co- NF-kb- [60]. 1,9-Bis(3-
Diheteroarylnona-  solvents,1,3 bis(diethyl phosphonate) acetone and (E)-3-aryl-2- regulated fluoropyridin-4-yl)
1,3,6,8- propenal undergoes Horner-Wadsworth-Emmons reaction. The (E)-3- gene 1,3,6,8-tetraen-5-one
tetraen-5-ones aryl-2-propenals are generated through a one to four-day Wittig products nona derivativel,9-

reaction of the suitable carbaldedyde with

(triphenylphosphoranylidene) aldehyde in dimethylformamide.
Potassium carbonate was used to generate 1-alkyl-1H-imidazole-2-
carbaldehydes from 1H-imidazole-2-carbaldehydes [60].

[61] Bis(1-(pentan-3-
yl)imidazol-2-yl)
1,3,6,8-tetraen-5-
onenona derivative

Table 17: Synthesis of boswellic acid derivatives

Type of Type of reaction involved in synthesis Target Reference Potent compound
derivative

Boswellic acid derivatives

a) Acetyl-11- Following esterification and hydrolysis of free acid, thionyl chloride is PIN 1 [62] N-(2-cyano-3,11-
keto-B-boswellic  added to chloroform to produce the suitable acyl chloride, which is (Protein dioxo-ursan-

acid derivatives subsequently treated with sodium methoxide /methanol. The protecting Interaction 1,12-dien-24-oyl)-

group was chosen to be benzyl because of the efficiency with which itcould  with Never
be removed using titanium tetrachloride bathed in dichloromethane. The

piperazine
in mitosis

acetate group is hydrolyzed by potassium hydroxide in methanol. A1)
Other derivatives are synthesized by reaction with 2-iodoxybenzoic acid in
dimethyl sulfoxide and subsequent treatment with iodine in the presence of
pyridine. Starting material for generating 2-cyano and 2-trifluoromethyl
derivatives is 2-iodo analogues. Substitution reaction in the presence of

b) Ring A
modified 11-
keto-boswellic
acid derivatives

cuprous cyanide bathed in N-methyl pyrrolidinone generates 2-cyano
derivatives.

Substituted analogues, when treated with methyl 2,2-difluoro-2-
(fluorosulfonyl) acetate bathed in HMPT/DMF and cuprous iodine
generates 2-trifluoromethyl analogues. Removal of benzyl group by
titanium tetrachloride/methylene chloride produces free acid, which

subsequently with thionyl chloride produces suitable acyl chloride. Further,

product so formed undergoes condensation with several nitrogen
containing heterocycles to yield amides [62].

Scheme 1: In the presence of potassium carbonate, Acetyl-11-Keto-b-
Boswellic Acid derivatives (AKBA) are benzylated by treating them with
benzyl bromide; subsequently, benzylated products are hydrolyzed with
sodium ethoxide and further treated with 2-chloroacetyl chloride. The

intermediate formed in turn is treated with amines or substituted phenols

and further debenzylation with titanium tetrachloride is carried out.
Scheme 2: AKBA is treated with various alcohols or amines and are
subsequently subjected to series of reactions, such as hydrolysis and

PIN 1 [63]
(Protein
Interaction

with Never

in mitosis

A1)

3-0x0-2-carboxyl
methylene
derivative of 11-
keto-boswellic
acid derivatives

oxidisation using Jones’ reagent, sequentially. Further, Aldol reaction of
intermediate is carried out and subjected to treatment with glyoxylic acid
monohydrate under basic circumstances and further substituted with
benzaldehydes in the presence of potassium hydroxide, ethanol.

Scheme 3: Intermediates obtained from Aldol Reaction are reacted with
diethyl oxalate followed by cyclization. The resultant intermediate is then
treated with hydroxylamine hydrochloride or hydrazine hydrate and

subsequently subjected to ester hydrolysis [63].

Indoline and Isoindoline derivatives

Among  the  2-(4-phenylthiazol-2-yl) isoindoline-1,3-dione)
isoindoline derivatives synthesized by Saravanan et al, derivatives
with 4-aromatic substituent on the 1,3-thiazole core presenting IC50
value of 5.96+1.6 uM were potent of all [64].

Kumar et al. developed a series of spiro-chrome no indoline-triones
of which the two compounds identified to possess highest potency
were 5 bromospiro[indeno[2’,1":5,6]pyrano[3,2-c]chromene-7,3’-
indoline]-2",6,8(7aH,12bH)-trione (IC50=0.025+£0.002 uM) and 1’-
allylspiro[indeno[2’,1":5,6]pyrano[3’,2-c]chromene-7,3-indoline]-
2',6,8(7aH,12bH)-trione (1C50=0.081+0.002 puM) (table 18) [65].

Table 18: Synthesis of indoline and isoindoline derivatives

Type of derivative Type of reaction involved in synthesis Target Reference  Potent compound
Indoline and isoindoline derivatives
a) 2-(4-phenylthiazol-2-yl) In the presence of triethylamine, 2-bromo-1-(4- Androgen [64] Derivatives with

isoindoline-1,3- substituted phenyl)ethanone reacts with thiourea Receptor 4-aromatic moiety

dione)isoindolinederivatives bathed in ethanol. Resulting product is further refluxed on 1,3-thiazole
with phthalic anhydride in acetic acid [64]. core

b) 10,10-dimethyl-9,10,11,11a- Reaction involving various Lewis acids and bifunctional Alkaline [65] 5’-bromospiro

tetrahydro-6H spiro[chromeno organocatalysts. This reaction is carried out under green Phosphatase -trione and 1’-

[4,3-b]chromene-7,3-indoline]-
2',6,8 (7aH)-triones

conditions, employing an admixture of cyclic diketone,
isatins, 4-hydroxycoumarin, and f3-diketone [65].

allylspiro-trione
analogues
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Amino-aroylnaphthalenes

Rai et al. developed a series of 1-Amino-2-Aroyl naphthalenes of
which potent molecule 4-amino-3-aroyl/heteroaroyl-2-
methylsulfanylnapthalene-1-carbonitriles presented IC50 values of
14pM (table 19) [66].
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4-azaandrostenes analogues

Of the series of 4-azaandrostenes analogues synthesized by Brito et
al, 16E-[(4-methylphenyl) methylidene]-4-azaandrost-5-ene-3,17-
dione (IC50 =28.28 pM) was identified to possess the highest
inhibitory potency (table 20) [67].

Table 19: Synthesis of1-Amino-2-Aroyl naphthalenes

Type of derivative Type of reaction involved in synthesis

1-Amino-2-Aroyl
naphthalenes

Reaction between 2-(1-cyano-2,2-bis-methylsulfanyl-vinyl)-  cytochrome P450 [66]
benzonitrile and acetophenone in the presence of base
generates appropriate functionalized naphthalenes [66].

Target Reference  Potent compound
4-amino-3-
receptor aroyl/heteroaroyl-2-

methylsulfanylnapthale
ne-1-carbonitriles

Table 20: Synthesis of4-azaandrostenes analogues

Type of derivative Type of reaction involved in synthesis Target Reference  Potent compound

4-azaandrostenes Androstenedione undergoes oxidative cleavage at the enone 5-alpha [67] 16E-[(4-methylphenyl)
system. Oxidative cleavage is followed by Azacyclization reductase methylidene]-4-azaandrost
reaction. The intermediate thus formed undergoes Aldol enzyme. -5-ene-3,17-dione
Condensation with several aldehydes to yield the desired (in androgen-independent
product [67]. PC-3 cells)

Pyrazine analogues identified to be (3R*,45*)-3-(4-bromophenyl)-4-(4-

Seo et al described the preparation of a series of3,4-
dihydropyrrolo[1,2-a]pyrazine of which potent molecule was

fluorobenzoyl)-2-(2-oxo-2-phenylethyl)-3,4-dihydropyrrolo[1,2-
a]pyrazin-2-ium bromide with an IC50 value of 1.18+0.05 puM
(table 21) [68].

Table 21: Synthesis of 3,4-dihydropyrrolo[1,2-a] -pyrazine

Type of derivative  Type of reaction involved in synthesis

Target Reference  Potent compound

3,4- In-situ imine generation from the reaction of aldehyde and
dihydropyrrolo[1,2- ammonium acetate reacts with N-substituted pyrrole-2-
carboxaldehyde. Alkylation of basic nitrogen of product so
obtained forming 4-acyl-3,4 dihydropyrrolo [1,2-a] pyrazines
from N-substituted pyrrole-2-carboxaldehyde with (hetero)
arylaldehydes and ammonium acetate in the presence of

a]-pyrazine

potassium carbonate in ethanol [68].

Caspase-3 [68] (3R*,45%)-3-(4-
bromophenyl)
-4-(4-fluorobenzoyl)-2-(2-
oxo-2-phenylethyl)-3,4-
dihydro Pyrrolo [1,2-
a]pyrazin-2-ium bromide

Table 22: Synthesis of nitrogen-containing derivatives of O-tetramethyl quercetin

Type of derivative

Type of reaction involved in synthesis

Target Reference  Potent compound

Nitrogen-containing derivatives of O-tetramethyl quercetin:

a) 3',4',5,7-0- Scheme 1: Global Methylation of Rutin followed by glycoside Androgen  [69] 5-0-(N,N-
tetramethylquercetin hydrolysis Receptor dibutylamino)propyl
b)3,3',4,7-0- Scheme 2: Manthey and Guthrie's technique for selective -3,3',4',7-0-
Tetramethylquercetin tetramethylation of quercetin was used. tetramethyl

c) four 3-0-aminoalkyl- Scheme 3: Firstly, 3,4,5,7-0-tetramethylquercetin is O- quercetin
3',4'5,7-0- alkylated with suitable dibromoalkanes. Subsequently,

tetramethylquercetins

d) 5-0-aminoalkyl-3,3,4,7-0-

tetramethylquercetins

resulting 3-0-bromoalkyl-3,4,5,7-0 -tetramethylquercetinsis
N-alkylated with appropriate amines. Base and polar aprotic
solvent employed in the synthesis is potassium carbonate
and N, N-dimethylformamide respectively.

Scheme 4: From 3,3,4,7-O-tetramethylquercetin, twenty-four
different 5-O-aminoalkyl-3,3,4,7-O-tetramethylquercetins are

generated [69].

Nitrogen-containing derivatives of O-tetramethyl quercetin

Rajaram et al. synthesized nitrogen-containing derivatives of O-
tetramethyl quercetin among which5-0-(N,Ndibutylamino)propyl-
3,3',4',7-O-tetramethylquercetin demonstrated potent anti-
proliferative action(IC50 =0.55-2.82 uM) (table 22) [69].

Ruthenium (II) complexes

Grandis et al. developed Ruthenium (II) complexes bearing Lawsone
among which[Ru(lawsone)(bis [diphenylphosphino] methane)(2,2’-
bipyridine)]PF6(IC50 value of 1.9 to 4.8 pM against DU-145 and
A549 cell lines respectively) and [Ru(lawsone)(bis
[diphenylphosphino] methane)(1,10-phenanthroline)]PF6(IC50

values ranging from 1.3-3.0 uM against DU-145 and MDA-MB-
231cell lines, respectively) exhibited the highest potency [70].

Olmoet al. synthesized heterofunctional ruthenium (II) carbosilane
dendrons of which {[PTA(n*-CsHs)RuNCPh(0-N)]-Ga-
[(CH2)3N(CHs3)2]4}Cl (IC50 =1.8 uM in HeLa; 1.4 puM in PC-3) was
identified as potent complex among all [71].

Olmoet al. described the synthesis of cyclopentadienyl ruthenium (II)
carbosilanemetallodendrimers  of  which  G1-{[NCPh(o-N)Ru(ns-
CsHs)(PTA)]Cl}s and G2-{[NCPh(o-N)Ru(n5-CsHs)(PTA)]Cl}spossesed
potent inhibitory action with IC50 of 8.3 uM and 6.6 pMrespectively
(table 23) [72].
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Table 23: Synthesis of ruthenium (II) complexes

Type of derivative Type of reaction involved in synthesis Target Reference Potent compound
Ruthenium (II) containing complexes:

a) Lawsone-containing ruthenium (II) complexes:

i) [Ru(lawsone)(bipy or The precursor complex [RuClz(bipy or phen)z] of Death receptor- [71] [Ru(lawsone)(bis[diphenyl

phen)2]PFs

ii)[Ru(lawsone)([diphenylphosp
hino] methane)(bipy or
phen)]PFe

a) Heterofunctionalruthenium(I
1) carbosilane dendrons [Ru(n?3-
CsHs)(PTA)CI](PTA 1,3,5-triaza-
7-phosphatricyclo-
[3.3.1.1]decane)

b) Cyclopentadienyl ruthenium

(I1) carbosilanemetallodendrimers:

i) The first generation
metallodendrimer[GO{NCPh(o-
N)Ru(n®-CsHs)(CH3CN)}]PFs

cis form reacts with lawsone (law) ligand under
argon atmosphere.

The initial generation of precursor complexes.
These are generated using cis and trans forms of
[RuCl2(PPhs)2(bipy or phen)] and
(diphenylphosphino)methane of toluene. The
reaction mixture is a refluxedinan atmosphere
provided by argon gas [71].

Coordination of metallic centre to the focal point
of dendritic wedges of different generations.
Secondly, replacement of acetonitrile ligand by
1,3,5-triaza-7-Phosphatricyclo-Decane (PTA) is Releasing Hormone
carried out. In a second step, without isolating the (GHRH) receptors
previous products a reaction of ligand exchange [73]

by PTA forms product [72].

upregulates BAX and
downregulates BCL-
2 expression.

Vasoactive Intestinal ~ [72]
Peptide (VIP) and
Growth Hormone

Dendrimers which are functionalized with groups
such as iminopyridine, GO-[NCPh(o-N)], G1-
[NCPh(0-N)]4 and G2-[NCPh(0-N)]s are used.
Coordinating metallic centre, ligands and Releasing Hormone
counterion exchange in an inert atmosphere (GHRH) receptors
produces suitable metallo dendrimer. [73]

Vasoactive Intestinal ~ [72]
Peptide (VIP) and
Growth Hormone

phosphino] methane)(2,2'-
bipyridine)]PFs and
[Ru(lawsone)(bis
[diphenylphosphino]
methane)(1,10-
phenanthroline)]

{[PTA(n5-CsHs)RuNCPh(o-
N)J
-G2-[(CH2)3N(CHs3) 2]4}Cl

G1-{[NCPh(o-N)Ru(n?®-
CsHs)

(PTA)ICl}4

and
G2-{[NCPh(o-N)Ru(n?®-
CsHs)

ii) The second generation Synthesis following scheme similar as described (PTA)Cl}s
metallodendrimer[G1{NCPh(o- above using the following reagents-dendritic
N)Ru(n®3-CsHs)(CH3CN)}4]PFe ligand (II) of first generation and ruthenium
precursor.
iii) [G2{NCPh(o-N)Ru(n°- Synthesis following scheme similar as described
CsHs)(CH3CN)}s]PFe above using the following reagents-ruthenium
precursor and dendritic ligand (II) of first
generation.
iv) GO-{[NCPh(o-N)Ru(n5- Reaction of complex[GO{NCPh(o-N)Ru(n5-
CsHs)(PTA)]PFe}4 CsHs)(CH3CN)}]PFe with 1,3,5-triaza-7
phosphoadamantane PTA ligand.
v) G1-{[NCPh(o-N)Ru(n*-CsHs) Reaction of complex [G1{NCPh(o-N)Ru(n>-
(PTA)]PFs}4 CsHs)(CH3CN)}4]PFe with PTA
vi)G2-{[NCPh(o-N)Ru(n>- Reaction of [G2{NCPh(o-N)Ru(n?>-
CsHs)(PTA) |PFe}s CsHs)(CH3CN)}s]PF6éwith PTA
vii) GO-{[NCPh(o-N)Ru(n5- To the complex GO-{[NCPh(o-N)
CsHs)(PTA)]Cl}4 Ru((m5-CsHs)(PTA)]PFe}4 in a mixture of
acetone/water, ion exchange resin is used to carry
out exchange of counter ion.
viii) G1-{[NCPh(o-N)Ru(n?*- To the complex G1{[NCPh(oN)Ru(n5
CsHs)(PTA)]Cl}4 CsHs)(PTA)]PFe}4 in a mixture of acetone/water,
ion exchange resin is used to carry out an
exchange of counterion.
xi) G2-{[NCPh(o-N)Ru(ns- To the complex G2{[NCPh(oN)Ru(n5 CsHs)
CsHs)(PTA)]Cl}s (PTA)]PFe}s in an acetone/water, ion exchange resin
is used to carry out exchange of counter ion [50].
Table 24: Synthesis of N-heterocyclic nitro prodrugs
Type of derivative Type of reaction involved in synthesis Target Ref  Potent
compound
24. N-heterocyclic nitro pro-drugs:
a) Nitro-containing A nucleophilic substitution reaction of cyanuric chloride and amines of aromatic Ssap-Ntr [74]  Pyrimidine
triazine derivatives kind such as 2,4-dinitrophenylhydrazine and 2-nitro, 3-nitro, 4-nitro, 2,4-dinitro, Bnitroreductase derivative
3,5-dinitroaniline and is further refluxed with acetic acid. enzyme

a) Urea derivatives of
nitrophenyls and
piperazine

Urea analogs of nitrophenyls and piperazine are generated by Curtius
rearrangement reaction. Nitrobenzoyl chlorides react with sodium azide to
produce derivatives of nitrobenzoylazide. Unstable nitrophenyl isocyanate
formed via nitrogen output at temperature of reflux of toluene reacts with
piperazine to yield product.

Rivett and Wilshire's method employes 1,4-bis (chlorocarbonyl) piperazine,
which is generated through the reaction of piperazine with phosgene in
pyridine and subsequent reactions at room temperature with
bis(chlorocarbonyl) piperazine and nitrophenols (2-nitro, 3-nitro and 4-nitro)
in dimethylformamide in the presence of sodium hydride.

Atreflux temperature 2,4 dichloropyrimidine reacts with 4-nitroaniline in diluted
hydrochloric acid to yield pyrimidine containing nitro pro-drugs [74].

b) Carbamate
derivatives of
nitrophenyls and
piperazine

¢) Pyrimidine
derivative
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N-heterocyclic nitro pro-drugs

Giingore t al. reported on the generation of N-heterocyclic nitro pro-
drugs and demonstrated pyrimidine derivatives to possess highest
inhibitory potency against PC3 cells (IC50 = 1.75 nMto 1.79 nM)
(table 24) [74].
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Dinitrobenzamide mustards

Basiri et al. described the synthesis of dinitrobenzamide mustards
and identified mustards containing alcohol side chain counterparts
as compound with maximum potency with IC50 value of 26+2 uM
(table 25) [75].

Table 25: Synthesis of dinitrobenzamide mustards

Type of derivative  Type of reaction involved in synthesis Target Reference  Potent compound
Dinitrobenzamide Scheme 1: 2-chloro-3,5-dinitrobenzoic acid bathed in methanol is Activation by [75] Dinitrobenzamide
Mustards esterified by an acid catalyst. Further, the protected nitroreductase Mustards
dinitrobenzoate is treated with bis(chloroethyl)amine and enzyme Containing alcohol
subsequently with aqueous potassium hydroxide in dioxane so as followed by side chain
to cleave the methyl group, yielding benzoic acid which in turn DNA alkylation

reacts with oxalyl chloride under mild circumstances to form acid
chloride. The acid chloride upon treatment with g-Alanine t-butyl
ester or ethanolamine affords desirable product in situ [75].

Thiohydantoin derivatives

Wang et al. developed an array of thiohydantoin analogues of
which4-(4,4-dimethyl-5-oxo0-3-(1-oxoisochroman-6-yl)-2-

thioxoimidazolidin-1-yl)-2(trifluoromethyl)benzonitrile
demonstrated to posses potent inhibitory action with IC50 value of
1.936puM against LNCaP and 0.730uM againstLNCaP/AR(table 26)
[76].

Table 26: Synthesis of thiohydantoin analogues

Type of derivative  Type of reaction involved in synthesis Target Reference  Potent compound
Thiohydantoin Suzuki coupling reaction of several boric acid or borate esters, Androgen  [76] 4-(4,4-dimethyl-5-oxo
Derivatives followed by oxidation reaction using selenium dioxide at methyl = Receptor -3-(1-oxoisochroman-6-yl)

group and a subsequent Pinnick oxidation to furnish
appropriate carboxylic acids. Further, reduction of quinoline
core so as to afford tetrahydroquinoline and formation of esters
from relevant carboxylic acids is carried out. At the end,

cyclization reactions yielded products [76].

-2-thioxoimidazolidin-1
y1)-2(trifluoromethyl)
benzonitrile

Structure-activity relationship studies

Among thiazolidines, electron-donating substituent, sulfoxide or
sulfone moiety conferred potent cytotoxicity to these analogues,
whereas electron-withdrawing groups at ortho-position decreased
their anticancer activity [25].

Incorporation of a C5-ethyl group of the thiadiazoline ring resulted
in an enhanced inhibitory effects on mitosis and kinesin activity in
cell lines of PC3, SKMEL-5 and SK-MEL-28 [26].

Among anilides, replacing central methyl moiety of bicalutamide
with a trifluoromethyl moiety yielded derivatives with potent anti-
proliferative action and superior stability with enzymes of phase 1
biotransformation while maintaining appreciable membrane
permeability [28].

In dibromotyrosine derivatives, incorporation of C-lacetyl ester
group conferred higher anti-migratory activity, whereas
incorporation of ether group conferred higher anti-proliferative
activity to these analogues [29].

In vitro SAR studies of f-hydroxy-androstadiene derivatives
indicated that 3B-OH group is crucial to exert androgen receptor
down-regulation. Isosteric substitution of 38-OH moiety with fluoro
group at C-3 resulted in significant reduction in this activity,
whereas substitution with azido moiety completely terminated the
action. Chemical alterations such as incorporation of 16-methyl
alcohol or the substitution of 17-benzimidazole with purines that
can be either substituted or unsubstituted led to a significant
decrease in the down-regulation of androgen receptor [30].

The SAR results of poly-substituted steroidal pyridines revealed that
analogues with heterocyclic rings at 4-position of the pyridine ring
demonstrated superior anti-proliferative action against various
tumor cell lines than phenyl-substituted counterparts. Moreover, it
was deduced that the presence of an additional 4-pyridine moiety

conferred appreciable growth inhibition activity to the derivatives
[34].

Among norpregnene azole derivatives, compounds with 3f-
hydroxy-5-ene-and isoxazole groups had the most potent inhibitory
action against LNCaP and PC-3 cells. Derivatives with 3-oxo-4-ene-
isoxazole groups demonstrated moderate anti-proliferative potency.
Of oxadiazoles, 3B-hydroxy-5-ene-derivative was the only potent
inhibitor among the series [36].

Of the chalcones synthesized by Nagaraju et al, benzylated
derivatives showed greater cytotoxicity than the corresponding
debenzylated derivatives owing to higher lipophilicity of benzylated
counterparts [42].

Findings of a study conducted on synthesis of flavonols imply that
3’,4’,5-arrangement of either hydroxy or methoxy groups imparts
potency to flavonols and that the methoxy derivatives have superior
growth arrest activity as compared to their hydroxy counterparts [44].

The results of an investigation that involved synthesis of 3-0-
substituted-trimethoxyflavonols indicates that incorporation of
dipentylaminopropyl moiety increases the anti-proliferative potency
as well as the ability to induce apoptosis in PC-3 cell lines. The study
also concluded that potency of these derivatives could be enhanced
by modifications at 3-OH group [45].

In diphenyl furanone derivatives, incorporation of fluoro group at
para-position and/or chloro group at ortho-position on C-3 phenyl
ring along with suitable modifications at 5 position of central
furanone yields analogues with potent anti-proliferative effects [47].

An investigation on aryl-substituted-pyrazol-ol derivatives suggested
that incorporating phenyl or naphthyl ring on 4 position-methyl
moiety of the pyrazole ring generated potent anti-proliferative agents.
Derivatives containing carboxyl moiety or those lacking the methyl
group exhibited equivalent activities. Compounds with a phenyl ring
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attached at the 3-position demonstrated lower activities. The removal
or substitution of aromatic rings on the benzimidazole moiety resulted
in weaker PCA-1/ALKBH3 inhibitors [48].

The arylpiperazine derivatives with an o-methylsulphonyl moiety on
the phenyl ring possessed potent inhibitory action against LNCaP
cell lines [50].

The SAR results of silibinins indicated that anti-proliferative potency
of the derivatives can be enhanced by making chemical
modifications on the C-7 phenolic hydroxyl moiety. Bioavalability of
these analogues could be improved by incorporating suitable
functional group through a linker to hydroxyl group at 7 position of
silibinin and 2,3-dehydrosilibinin [51].

0-alkyldehydrosilibinins with modified hydroxyl group at either 3, 5,
or 7 position have potent anti-proliferative action against androgen-
sensitive PCa cell lines. However, derivatives with an enhanced
ability to induce PC-3 cell apoptosis can be obtained by
incorporating an alkyl group at hydroxyl group at either 5, or 7
position [52].

Results of the study on indeno [1,2-b]indole suggested that
analogues with dimethyl group at 7 positions and dichloro phenyl
group at 5 positions are essential features that confer anti-
proliferative potency to these derivatives [54].

Among thiosemicarbazone indole derivatives, it was observed that
benzamide moiety in the linker was responsible for selective
cytotoxicity of these compounds. Moreover, a reduction in the
potency of these analogues was seen when NNS donor was replaced
with other donor chelators, indicating that NNS donor conferred
significant anti-proliferative potency towards tumor cell lines [55].

The SAR results of triazole hybrids of curcumin indicated that anti-
proliferative potency of the derivatives can be enhanced by
incorporating 4-methyl groups at R1 position on the 1,2,3-triazole
scaffold [56].

The results of the study on diheteroaryl nona-tetra enones,
suggested that analogues with pyridine-4-yls and quinolin-4-yl
heteroaromatic rings confer anti-proliferative potency to these
derivatives [60].

The SAR results of acetyl-keto boswellic acid derivatives indicated
that anti-proliferative potency of the derivatives can be enhanced by
incorporating electron-withdrawing moiety on ring A and a nitrogen
atom containing heterocycle at C-24 [62].

Among spiro-chromeno indoline-triones derivatives, it was
observed that groups like bromo at R2 position, carbonyl available
in isatin, 4-hydroxycoumarin and 1H-indene-1,3(2H)-dione support
electron withdrawal thus enhance therapeutic effects of these
analogues. Presence of abundance of functional groups ensures a
higher bioavailability and anti-proliferative effects [65].

Among derivatives of O-tetramethyl quercetin 5-O-Aminoalkyl-
3,3',4',7-0-tetramethylquercetins are considered to be a superior
scaffold for further design and development quercetin anti-prostate
drugs [69].

The SAR results of lawsone-containing ruthenium(Il) complexes
indicated that those containing phosphine ligand displayed potent anti-
proliferative action by enhancing lipophilicity of the complex, thereby
increasing its cytotoxicity against various tumour cell lines [70].

Among N-heterocyclic nitro pro-drugs, it was observed that para-
nitrosubstituted piperazine-urea moiety and ortho-nitrosubstituted
piperazine-carbamate moiety conferred significant anti-proliferative
potency to these pro-drugs [74].

The SAR results of dinitrobenzamide mustards indicated that
insertion of a carboxylic acid group into the construct of
dinitrobenzamide mustard yields agents with superior hypoxia-
selectivity than their alcohol counterparts [75].

The development and spread of particular cancer cells can be
prevented by targeted treatment [77]. Fewer efficacies in the
present cancer therapy, patient non-compliance, drug resistance and
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uncertainty of current candidates in a clinical trial have led to the
need for the development of potential anticancer agents [78-80].

CONCLUSION

This present review summarizes the synthesis of significant anti-PCa
agents their SAR studies and reflects current advancements and
attempts in the field of cancer research. This review work intends to
provide a basic insight into the design and development of novel
molecules against PCa; thereby paving the way for future
exploration.
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ABSTRACT

Hydrogels are hydrophilic three-dimensional polymeric networks which has the capability to absorb water or biological fluids. These polymeric
network is formulated through chemical crosslinking or physical crosslinking mechanisms. Several polymers of synthetic and natural origin can be
used to form hydrogels. Mechanical properties, swelling and biological properties are about the most significant hydrogels properties that can affect
their morphology and structure. Hydrogels are promising biomaterials due to their significant properties as hydrophilicity, biodegradability,
biocompatibility and non-toxicity. These characteristics make hydrogels appropriate for medical and pharmaceutical application. This review

discusses the types of hydrogels, their properties, mechanism of preparation and applications of hydrogels as drug delivery system.
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INTRODUCTION

Hydrogels are three-dimensional networks of polymers that have
the capability of absorbing high amounts of water or any biological
fluids in the body, which utilized in various biomedical applications.
Hydrogels have the ability to swell and preserve these fluids within
its structure without being dissolved [1]. In general, hydrogels
properties depend on their chemical composition that response to
various stimuli for example, heating, light, pH, and chemicals.
Moreover, due to the large amount of water that they can retain in
their structure, they have a degree of flexibility that make them
identical and analogue to natural tissue [2]. The absorption capacity
of hydrogel rises from the hydrophilic functional groups that are
linked to the main polymeric backbone. Among these hydrophilic
functional groups are the hydroxyl (OH-), amine (NH2), carboxyl
(COOH-) and sulfate (SO3H-) groups [3]. Hydrogel polymer
hydrated to different degrees depending on the type of the
aqueous surrounding fluids and polymer structure; the
hydrophilic groups and the backbone. However, hydrogels display
a swelling performance in the aqueous surroundings rather than
being dissolved as a result of the critical crosslink’s found between
network chains [3]. There are two significant types of hydrogel
crosslinks. The first type is the physical crosslink, such as,
entanglements or crystallites and the second one is the chemical
type that includes tie-points and junctions. These crosslinks within
the polymer network arises from the presence of Vander Waals
interactions, hydrogen bonds, covalent bonds or physical
entanglements [4]. The first appearance of hydrogel was in 1960
when Wichterle and Lim suggested the usage of poly (2-
hydroxyethyl methacrylate) hydrophilic networks in contact lenses.
Subsequently, hydrogels use has spread to several pharmaceutical
and biomedical applications [5]. A number of terms have been used
for hydrogels, for instance intelligent gels and smart gels. Hydrogels
take these terms because they can behave in intelligent and smart
way in observing the predominant stimuli and responding to it by
forming changes in their physical or chemical properties, causing the
release of the drug entrapped inside it in a controlled mode [6].

In contrast to other artificial biomaterial technologies, hydrogels are
closely similar to the biological tissues in their physical properties
due to their somewhat high content of water and elastic consistency.
Actually, Hydrogels are polymers which can preserve water many
times their individual weight. They are carboxylic acids polymers. In
water the acid groups ionize, so a several negative charge appears
along the surface of the polymer. And this affects the hydrogel in two
ways. First, the polymer is enforced to enlarge due to the repulsion
forces of the negative charges. Second, the negative charges

attracted the polar molecules of water, so the viscosity of the formed
mixture will increase because the polymer chains now use more
space and resist the solvent molecules flow around them. An
equilibrium between the polymer and the water around it in now
formed, but the distortion of this equilibrium can be happened in a
different of ways. Increasing the ionic concentration of the solution
by for example, the addition of salt, the ions of positive charge
attached to the negative charged sites on the polymer surface, so
charges neutralizing effectively occurs. As a result, the polymer
collapse on itself again. As well, adding an alkali material eradicates
the acid ions and causes the equilibrium position to move to the
right; addition of acid has an opposite effect. There are numerous
hydrogels that can expand or contract by varying the pH values,

ionic concentrations and temperatures [7].

Furthermore, Hydrogels can be formed from natural polymers as
chitosan, hyaluronic acid, cellulose, sodium alginate, albumin,
biodegradable,
biocompatible and support the activities of the cells. Through the
past two decades, synthetic hydrogels replaced the natural
hydrogels. Because synthetic hydrogels have long life stability, high
water absorption capability, and strong gel texture. In addition to
that synthetic hydrogels have well-defined structure which could be
adjusted to enhance their properties and function [8]. Synthetic
hydrogel polymers include polyvinyl pyrrolidone, polyurethane,
polyvinyl alcohol, polyacrylate, poly hydroxyethyl methaacrylate,

dextran and gelatin. These hydrogels are

polyethylene glycol, polymidine and derivatives [9].

Recently, as a result of hydrogel properties as water absorption,
biocompatibility, soft structure, low adsorption of protein because of
low surface tension and similarity to biological structure, researchers
have paid more attention for using hydrogels in various medical
applications including release of therapeutic agents (drugs, proteins
orgenes), contact lenses, tissue engineering and wound coverings.

Various available methods for in vivo administration of drugs using
hydrogel which are based on the pathological condition and
orthotopic,

localization, such as topical subcutaneous, oral,

intraperitoneal, rectal and ocular [10].

For this review paper, the key phrases employed in the literature
search were ‘Hydrogels’, ‘Hydrophilic polymers’, ‘Hydrophobic
‘Hydrogels
properties and characteristics’ and ‘Drug targeting using hydrogels’,
using ‘Pubmed’, ‘Google search engine’, ‘Cross references’, ‘Science
direct’, ‘Scopus’ and ‘Google Scholar’. Since 1998 and by initial peer-
review of the obtained articles some of them which contained the

polymers’, ‘Crosslinking’, ‘Hydrogels preparation’,

specified keywords have been involved in this review article.
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The primary objective of this review article is to discuss one of the
main subjects of biomaterials research, which is hydrogels. This
article will focus in hydrogels definition, properties, methods of
preparation and their application in drug delivery and various
medical fields.

Types of hydrogels
Based on the mechanism of cross-linking

Hydrogels can be categorized into two groups based on the nature of
cross-linking reaction. The first type is the permanent hydrogel as it
formed from covalent bonds among its polymeric chains. The second
type formed as a result of physical interactions among the polymeric
chains of the hydrogel, these interaction includes ionic interaction,
molecular entanglement and hydrogen bonding. This type called
physical hydrogels. However, this type of crosslinking may not be
permeant junction, its only sufficient to preserve the hydrogel from
being dissolved in an aqueous media [10].

Based on polymer type

Furthermore, based on polymer type, hydrogels are distributed into
two categories: synthetic and natural hydrogels. Hydrogels formulated
using natural or synthetic polymers. Natural polymers like chitosan,
proteins as gelatin, lysozyme, collagen, fibrin and fibrin, or
polysaccharides as alginate and hyaluronic acid. However synthetic
hydrogels are formulated through polymerization of monomers
chemically. They have a wide-ranging of chemical and mechanical
properties. Synthetic polymers include poly vinyl alcohol, poly
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acrylamide, poly ethylene glycol and poly N-isopropyl acrylamide.
These polymers should be biodegradable and biocompatible [11].

Based on stimuli-response method

Moreover, Hydrogels may be classified into conventional or stimuli-
responsive hydrogels. Conventional hydrogels may not be affected
by any change in the temperature, pH or electric field of the
environment surrounding them because they are chains of cross-
linked polymer which absorb water and swollen and reversibly
release water solutions when placed in an aqueous media [12].

On the other hand, the stimuli responsive hydrogels also called
smart hydrogels are sensitive to various stimuli as physical,
chemical or biological and have the advantage of controlling drug
release from hydrogel system in response to external or internal
selected triggers [13].

These hydrogels undergo notable alterations in their permeability,
network structure and swelling behavior. Any external stimuli as
electric field and light have been applied using stimuli producing
devices, whereas internal stimuli arise from the intrinsic body
environment. Features such as hydrophobic and hydrophilic
balance, monomers type, confirmation of chemical groups, cross-link
density or osmotic pressure, also affect the way gels response to the
stimuli [14].

Numerous chemical, physical and biological stimuli have been used
to prompt several responses to the hydrogel delivery systems as
shown in fig. 1.

Physical stimuli Chemical stimuli Biological stimuli
*Light
* Temperature «pH « Enzyme
* Sound » lons specific molecular * Antigen
*Electric fields species * Glocuse
* Magnetic fields

Fig. 1: Different factors that can stimulate and affect hydrogels

Hydrogel properties
Porosity

Hydrogels pore size and extent control drug loading and release
through diffusion-controlled mechanism [15] which obeys the first
law of Fickian diffusion [16, 17]. Hydrogel porosity also affects the
tissue engineering process and is related inversely to the stiffness of
the scaffold decreasing [18].

According to pore size, hydrogels are classified into four different
classes; nano-porous, micro-porous, macro-porous and super-
porous hydrogels [19]. Nano-porous hydrogels have small-sized
pores between 1 to 10 nm. This tiny pore size is due to the dense
polymer chains of these hydrogels and leads low loading and
diffusion capacities, which restrict their use in effective drug
delivery [19, 20]. In contrast, The pore size of micro, macro, and
super porous hydrogels allows solute diffusion and water
convection in the pores to diverse extents [19, 21, 22].

Porosity can be measured by different techniques some of them are
traditional as unit cube analysis, Archimedes method, mass
technique, liquid displacement method, and other modern and more
accurate technique such as: using electronic microscopy, micro-CT,
also it is called X-ray micro-tomography [23].

Many studies (table 1) tend to increase pore size for different
purposes, it was reported that gas foaming, freeze drying, solvent

casting, and phase separation can be used to made controlled
macroporous hydrogels [24-27].

Although increasing hydrogel pore size leads usually to increase
the extent and rate of drug loading and release, it decreases the
mechanical strength of hydrogels which is a serious challenge
especially for super-porous hydrogels [22, 28]. Researchers
(table 1) reported that this problem can be solved by controlling
many factors especially the amount and type of crosslinking
agent as increasing the crosslinking agent amount enhances the
mechanical strength of hydrogels and super-porous hydrogels
[20, 28].

Hydrogel swelling capacity

Hydrogels have an amazing ability for swelling. In water,
hydrogels are able to absorb from 10-20% up to thousands of
times of their dry weight [23]. when hydrogels contact with a
thermodynamically compatible solvent (water and water-soluble
materials)the solvent penetrates into the polymeric network
through the pores by the capillary and convection force and lead
to hydrogel swelling [19, 22, 29]. Particularly, this swelling is
responsible for the rubbery and soft properties of hydrogel which
is similar to the soft tissue and also have a role in dug loading and
release [30].

Drug loading volume can be enhanced by increasing swelling ability
of hydrogels. Though, it is unfavorable in many circumstances,

40



A. M. Ghanem et al.

mainly in biomedical applications as soft actuating, internal wound
closure, tissue engineering, bioelectronics, and others. This is
because of hydrogel swelling frequently leads to a volume
expansion, which resulted in deteriorate of the mechanical
characteristics of the hydrogel and when applied in vivo it will
resulted in undesirable oppression on the adjacent tissues. In
contrast, hydrogels with anti-swelling property are almost not
adjust their volume when subjected to an aqueous environment,
consequently preserving its original mechanical performance, size-
stability and facilitating their potential application [31].

However, physical and chemical crosslinks restricted the control on
hydrogels swelling [32].

Swelling is controlled mainly with two forces: osmotic force and
elasticity force, when a balance between these two forces is
achieved, the equilibrium is reached and no additional swelling
occur and the network structure is maintained against any
deformities [19]. The understanding of hydrogel swelling behavior is
important especially for controlling drug loading and release.
Swelling-controlled drug release occur when the rate of drug
diffusion is faster than the rate of hydrogel swelling [33, 34], in such
model of release the higher the rate of hydrogel swelling leads
higher rate of drug release [17].

The swelling rate and nature are affected by internal and external
factors.

The internal factors include:

e The pores number and size [19, 23], super porous hydrogels are
capable of rapid swelling and shrinking [29, 35].

e The crosslinking extent [23, 32, 36], increasing crosslinks
increases the hydrogel stiffness and rigidity and restrict the
movement of polymer chain leading to a limit swelling and shrinking
ability [32].

e Polymer content and type [36], swelling can be decreased by
reducing the average molecular weight of the polymer segments
among crosslinks [37], also increasing hydrophobic polymer limits
the swelling extent [23, 32].

e The repulsive and attractive interactions which exist between
the networks will highly influence hydrogel volume, intra and inter
molecular-interactions as Van der Waals attractions and hydrogen
bonding, as well as the hydrophobic interactions also affect the
degree of swelling in the hydrogel [38].

While the external factors that affect swelling rate and extent are:

e Medium pH [37, 38], pH effect is dependent on hydrogel
composition, for example, in a study on natural polymers hydrogels,
the swelling and release were higher in acidic medium (pH 3.9)
compared to that once in (pH 7.1) [39], while other study reported
that The water uptake increased with increasing pH in their
designed hydrogel [40].

e Medium temperature [32], swelling weight and volume may
decreased by decreasing the medium temperature of temperature-
sensitive hydrogels [36].

e Photo irradiation and pressure showed marked ability to affect
hydrogel swelling [36].

Flexibility, stretching and mechanical strength

Swelling of hydrogels requires a degree of flexibility which is often
inversely proportion to the hydrogel mechanical strength, hydrogels
low mechanical strength and rupturing ability is a strong cause to
limit hydrogels use, hydrogels have a few energy dissipation
mechanisms to slow crack propagation and have irregularly
distributed crosslinking points and polymer chains of varying
lengths between those points. This uneven distribution of stress
among the polymer chains makes it easy for cracks to form.
Researchers (table 1) have made numerous attempts to enhance the
mechanical strength of hydrogels [41]. A number of methods have
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been developed in order to enhance hydrogel mechanical strength
and thermal stability.

Below is a summary for two promising modern methods for
enhancing mechanical strength:

Double network (DN) hydrogels, DN hydrogels have been proven to
exhibit remarkable mechanical strength. These gels can withstand
strain of 92% and fracture compressive stress of 17.2 MPa, as well
as strain of 1000-2000% and fracture tensile stress of 1-10 MPa.
Additionally, they also demonstrate great mechanical toughness
with tearing fracture energy of 102-103 ] m? [42].

DN hydrogels have significantly enhanced mechanical properties,
which are likely due to their distinctive contrasting network
structure and tough network entanglement, the principles for
preparing tough chemically linked DN hydrogels can be summarized
as follows [42]: first, use a hard and brittle polyelectrolyte as the
first network, and the second network is a soft and ductile neutral
polymer. Second, ensure that the molar concentration of the second
network is 20-30 times that of the first network. Finally, tightly
crosslink the first network while the second network is loosely
cross-linked to achieve a strong asymmetric gel structure [43-45].
With these design principles in mind, the two-step polymerization
method has been shown to be feasible for producing different tough
DN hydrogels [46].

Although the high mechanical strength of DN hydrogels they also can
hold a high water content (~90wt%) [42], so DN hydrogels can work
as a stable carriers to release and deliver therapeutic drugs or
biomolecules in a precise manner [46]. These advances have also led
to new designs of biocompatible DN hydrogels for tissues
regeneration as cartilage [47].

Nano composite hydrogels, these systems are distinguished by their
unique network structure. They can be defined as hydrated
polymeric networks, covalently or physically cross-linked with one
another and/or with nanoparticles [48]. nanoparticles incorporation
in hydrogels structure is a hopeful alternative to overcome the weak
mechanical strength of traditional hydrogels, some results displayed
that the nanocomposite hydrogel strength in distilled water and 0.9
wt% NaCl solution can reach 198.85 and 204.23 m]/g, respectively,
which were 13 times larger compared with the gel strength of
matrix so it can withstand deformation such as elongation and
torsion, it also behave free in swelling and deswelling [49, 50]. In
addition, nanocomposite hydrogels are shown to be multi-
responsive with improved physical, mechanical, and biological
properties that may be obtained.

These nanoparticles that can be incorporated with hydrogels
include  inorganic  nanoparticles as clay, graphene,
hydroxyapatite, and metallic nanoparticles and
organic/polymeric nanoparticles, which could be used as fillers
to strengthen the hydrogel matrix and bring the hydrogel new
functionalities as well [51].

Mechanism of hydrogel formation

Hydrogels are networks of polymers having hydrophilic nature.
Generally, hydrogels are formed using hydrophilic monomers.
However, hydrophobic monomers are sometimes used in
preparation of hydrogel. Either natural or synthetic polymers could
be used in preparation of hydrogels [10]. The synthetic polymers
have hydrophobic properties and chemically stronger compared to
natural polymers. Because of their mechanical strength the
degradation rate of synthetic polymers is slow, but this mechanical
strength enhances their stability as well. A balance between these
two opposed properties should be achieved to prepare an optimum
hydrogel design. Moreover, Natural polymers could be used in the
preparation of hydrogels provided that these polymers have
appropriate functional groups [66].

Hydrogels can be formulated by choosing the monomer or polymer
type and the kind of hydrogel formation techniques. Hydrogels are
designed by two methods either chemical crosslinking or physical
crosslinking.
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Table 1: Classification of studies that aimed to improve hydrogel properties according to the improved property and the improvement method

Property First author Property improvement method References
Porosity K. Kabiri Control the addition time and sequence, and shorten the gelation time of the porosity generators [52]
(Acetone and sodium bicarbonate).
Maya Ovadia Synthesis of polys high internal phase emulsions which are extremely porous polymers and control their ~ [40]
compositions.
HV Chavda Addition of low crosslinker concentrations led to a better porous structure. [53]
Kourosh Kabiri Foaming conducted in the course of polymerization and dewatering of the as-synthesized gels. [54]
Nasim Annabi Utilizing high-pressure CO2 to preparea-elastin porous hydrogels. [55]
Manisha Pandey Using solubilized bacterial cellulose in hydrogel synthesis. [56]
N. Vishal Gupta Polymerization of crosslinking agent and using gas blowing method, Ac-Di-Sol as a stabilizer and [57]

bicarbonate as a foaming agent to produce the porous structure.

Mechanical  Jian Ping Gong Synthesis of double-network gels to have both great water content and large toughness and mechanical [42]
strength Haque Md Anamul  strength. [58]
Xuefeng Li [59]
Rakesh K. Mishra Increasing the PVP content in the hydrogel membranes. [60]
Swati Sharma Using cuminaldehyde and chitosan for gel preparation by covalent bonding between free carbonyl and [61]

amino group of cuminaldehyde and chitosan, respectively.

Absorption  Ali Pourjavadi

Optimizing a number of variables of the implant copolymerization (i. e. the initiator, the monomer, and [62]

the crosslinker concentration) to attain a hydrogel with improved swelling capacity.

Qandeel Zahra
polyelectrolyte nature.
Maria Lazaridou

Adding Acrylamide-2-methyl propane sulfonic acid to enhance the swelling of hydrogels because of its [63]

Synthesis chitosan copolymers (CS-g-SBMA) grafted with [2-(methacryloyloxy)ethyl]dimethyl-(3- [64]

sulfopropyl)ammonium hydroxide in different molar ratios.

Manisha Pandey

Graft polymerization of acrylamide on bacterial cellulose solubilized in an NaOH/urea solvent system [56]

and crosslinked by N,N’-methylenebisacrylamide under microwave irradiation.

Swati Sharma

Using cuminaldehyde and chitosan for gel preparation by covalent bonding between free carbonyl and [61]

amino group of cuminaldehyde and chitosan, respectively.

Release Baoqi Cai

Synthesis\hydrogel based on dynamic covalent bond, composed of 3-acrylamidophenyl boronic acid [65]

copolymerized with 2-lactobionamidoethyl methacrylate (p(APBA-b-LAMA)) by means of the

association of boronic acid with diols.

Chemical cross-linking

Chemical crosslinking is a method that is often employed to create
hydrogels. This process entails the use of polymer chains possessing
functional groups that can form covalent bonds, which are cross-
linked using multifunctional molecules or ions [67]. One such
example is the creation of alginate hydrogels through ionic
interactions between alginate polymer chains and divalent cations
[68]. This interaction helps to stabilize the hydrogel structure,
preventing it from dissolving in water and physiological fluids.
Compared to physical hydrogels, chemically crosslinked hydrogel
networks offer greater control, as their synthesis and applications
are not solely reliant on pH. Chemical crosslinking provides the
ability to modify the physical characteristics of the hydrogel [69].
The cross-linking process involved the use of small cross-linker
molecules, photosensitive agents, polymer-polymer conjugation or
enzyme-catalyzed reactions.

Small molecule crosslinking, the easiest method for producing
hydrogels using small-molecule cross-linking is to mix a polymer, a
small-molecule cross-linker, and an appropriate solvent. These
substances, known as cross-linkers, are made up of at least two
active functional groups that facilitate the formation of bonds
between polymer chains [70]. Examples of these small molecules
include formaldehyde, genipin, glutaraldehyde, diethyl squarate,
blocked di-isocyanates and ethylene glycol diglycidyl ether [71].

Enzymatic cross-linking, it is a gentle and practical approach for in-situ
hydrogel formation as it is a cytocompatible process, because no
exogenous substances are used. Most of the enzymes used in hydrogel
cross-linking are like those found in our bodies that catalyze biological
processes. Several enzymes have been involved in this process,
including lysyl oxidase, plasma amine oxidase, Transglutaminases TG,
peroxidases, tyrosinase, phosphopantetheinyl transferase,
Horseradish peroxidase, Laccase and phosphatases [72]. This process
can take place under minor conditions as physiological temperature,
an aqueous medium and neutral pH, which are compatible with body
cells. The main advantage of this method is enzyme specificity as
toxicity could be avoided, and no cytotoxicity may be generated.
Moreover, the on-site creation of covalently bound hydrogels without
the need of cross-linker molecules is another advantage of Enzymatic-
based hydrogels. However, this method is expensive and difficult to
produce [73].

Photo cross-linking, formation of hydrogels through photo-
crosslinking relies on the presence of photo-sensitive functional
groups. These groups are attached to a polymer, allowing it to form
cross-links when exposed to specific wavelengths of light as UV light.
This method offers spatiotemporal control over the reaction, fast
cross-linking, preservation of the shape of hydrogels and room
temperature environments. However, the light intensity, duration of
exposure and concentration of photo-initiator are critical
parameters which can cause cell damage. UV light (290-320 nm)
could be replaced by visible light such as green (505 nm) and blue
(405 nm) lights, as their intensity is relatively similar to that of UV,
and they do not harm the cells. Chitosan, PEG and gelatin have been
extensively studied for this purpose [67]. This technique can be
applied to encapsulate bioactive molecules, like growth factors, for a
variety of purposes, including wound healing [74].

Polymer-Polymer cross-linking (hybrid polymer networks), this
process involves the interaction between a building block of one
polymer chain and a building block of a different polymer chain with
distinct characteristics. Consequently, before the cross-linking
process, the polymers need to be modified by incorporating specific
reactive functional groups. The choice of covalent connections can
be tailored to control the cross-linking speed, select the desired
reactive functional groups, and determine the biodegradability of
the resultant compound [75].

For more details, (table 2) summarizes the advantages and
disadvantages of each of the above methods.

Physical cross-linking

Hydrogels can be formulated using reversible or physical cross-
linked networks. Molecular entanglements, supramolecular
chemistry or physicochemical interactions such as hydrophobic
interactions, hydrogen bonds, charge condensation, are
responsible for holding physically cross-linked hydrogels
together. The interest in physical or reversible gels has grown
due to their simple production process and the absence of cross-
linking agents so the primary benefit of physical crosslinking
methods is their biomedical safety, as they do not involve the use
of chemical crosslinking agents that may be cytotoxic [70]. The
choice of hydrocolloid type, concentration, and pH is vital in
achieving various gel textures. Many techniques have been
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documented for the synthesis of physically cross-linked hydrogel
[67].
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Several methods have been documented for creating physically
cross-linked hydrogels (table 3) shows some of them.

Table 2: Advantages and this advantage of chemical crosslinking method

Methods Advantages Disadvantages References
Small molecule Mild conditions The possible toxicity of unreacted residual cross-linker [71]
crosslinking Fast gelation agents in vivo.
Good mechanical properties
Spontaneous reaction
Enzymatic No exogenous reagents. The change of activity during stock solution storage. [72]
crosslinking Specificity The enzyme costs are additional costs.
Spontaneous reaction.
Fast gelation
Control over the reaction.
Mild conditions
Photo-crosslinking Fast gelation. [74]
Stabilization of weak cross-linked hydrogels Light irradiation may affect cells. Needs precise regulation
Room temperature conditions. of photo-initiator, light intensity and duration of exposure.
Spatiotemporal control of the reaction.
Polymer-Polymer Biological inert gel Multi-step purification and preparation [75]
crosslinking Rapid formation of gel.
Flexibility in multiple bonds types formation.
Table 3: Summary of physically cross linking method for hydrogel preparation
Method Description Method of hydrogel formation Example References
Crystallization Involves creating a strong and extremely The highly elastic gel is produced by subjecting the Freeze-thawing of [70]
elastic hydrogel by freezing-thawing aqueous polymer solution to a repeated freeze-thaw xanthan and polyvinyl
process. process. alcohol.
Hydrophobic Polymers undergo hydrophobic This method involves increasing the temperature of the Hydrogel made from [76]
interaction interaction must have both hydrophobic copolymers to the critical micelle temperature then they polysaccharides such as
and hydrophilic domain, which is called aggregate to form spherical micelles. These micelles dextran, chitosan and
amphiphilic. composed of an outer layer of hydrated swollen hydrophilic ~ pullulan.
chains with dehydrated hydrophobic blocks in the core.
Tonic Hydrogels cross-linked using specific ions. ~ Cross-linking of Hydrogel is done using suitable ions Alginate could cross- [69]
interactions under gentle conditions at physiological pH and at room  linked through calcium
temperature. ions.
Polyelectrolyte  PECs are prepared by electrostatic Oppositely charged polymers will stick together Polyatomic chitosan with [76]
complexes interactions in an aqueous solution, between forming soluble and insoluble complexes dependent on polyanionic xanthan.
(PECs) two polyelectrolytes with opposite charged. the pH and concentration of the particular solutions.
Hydrogen Hydrogen bonded hydrogel of polymers Hydrogen bonded hydrogel could be obtained by dropping Hydrogen-binding of [69]
bonding carrying carboxyl groups. the pH of aqueous solution of polymers carrying carboxyl carboxy methyl cellulose
interaction groups by dispersing the polymer into 0.1M HCIL. polymer.
Stereo A synergistic interaction among polymer Stereo complexation does not require harsh organic Hydrogel prepared via [72]

chains or small molecules with same

solvents or chemical cross-linkers.

complexation
chemical composition, but different
stereochemistry.

crosslinking of lactic acid
oligomers with opposite
chirality.

Applications of hydrogels as a drug delivery system

Drug delivery systems play significant role in improving drugs
therapeutic efficacy by overcoming the limitations of the traditional
drug preparations. Some of these limitations are poor solubility, low
bioavailability and short half-life, which considerably can influence
the efficacy of the drug and require a frequent dosing [77].
Conversely, controlled drug delivery systems, like polymer-based
hydrogels, display a hopeful solution for these limitations by
permitting continued drug release for a long time period. This
sustained and controlled release property assists in the maintenance
of drug concentrations in the target site within the required range as
well as avoiding any unexpected decrease or increase in blood-drug
concentration that can result in suboptimal treatment results. As a
result of extending the duration of drug release, the drug
bioavailability will be enhanced using the polymer-based hydrogel
systems as well as the frequency of drug dosing will be reduced
which will support patient convenience and compliance [78].
Furthermore, hydrogels drug delivery systems have the advantage
of delivering the drug to the target tissues or organs. Targeting drug
delivery could be achieved by incorporating directing ligands or by
altering the properties of hydrogel’s. This approach will minimize
the drug systemic exposure and diminishes the possible side effects,
as well as enhancing the therapeutic efficiency at the intended site.

Furthermore, hydrogel drug delivery systems could be designed to
accommodate  various active ingredients with  diverse

physicochemical properties. In particular, these hydrogel systems
offer flexibility in drug release and loading mechanisms, which
allows for the delivery of numerous drug types as peptides, proteins
and nucleic acids [79].

Hydrogels have been generally used for the preparation of
controlled drug delivery systems for long time period. Once the
hydrogel system that bears a drug comes in contact with an aqueous
medium, the water will penetrate into the hydrogel system and the
drug will be dissolved. Mainly, Diffusion phenomena occurs when
the drug that is dissolved diffuses to the surrounding aqueous
medium and gets out of the hydrogel delivery system [80].

Particularly, all of these distinctive properties makes the
polymer-based hydrogels an attractive and promising
technology for drug delivery and the current research in this
area is predicted to result in preparation of novel and advanced
drug delivery systems.

The following are some of the hydrogels applications as drug
delivery system:

Controlled drug release

Polymer-based hydrogels can be utilized to control and adjust the
release of drugs by altering the behavior of hydrogel swelling. This
can be achieved by modifying the chemical structure or by
adjustment of hydrogel crosslinking density [81].
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Targeted drug delivery

Polymer-based hydrogels could be formulated to precisely target
definite cell, tissue or organ. By combining targeting moieties for
instance peptides or antibodies into the hydrogel, the drug could be
targeted to a precise site inside the body [82].

Oral drug delivery

The oral bioavailability of drugs could be improved using polymer-
based hydrogels. The drug will be protected from degradation and
released in a controlled manner in the gastrointestinal tract [83].

Transdermal drug delivery

Transdermal delivery is a painless way of administration drugs
systemically by applying a drug preparation onto healthy skin [84,
85]. Polymer-based hydrogels could be also used for drug delivery
trough transdermal route. The drug is incorporated inside the
hydrogel matrix and the hydrogel system then applied topically to
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the skin. The drug release will be in an organized manner over time
[85].

Implantable drug delivery systems

Polymer-based hydrogels can be employed as implantable drug
delivery systems, in which the hydrogel is applied inside the body
and the drug is released over long period of time. In particular, these
systems are utilized for chronic diseases therapy or in delivering
long-acting drugs [86].

Gene delivery
The genetic material as DNA or RNA could be delivered to the intended
site using polymer-based hydrogels. The genetic material is incorporated

into the hydrogel matrix. Mainly, this will protect the genetic material
from degradation and enforce its delivery to the target site [87].

Hydrogels success as drug delivery systems can be judged by a
number of marketed formulations (table 4).

Table 4: Some of hydrogel-based products on the market

Active Product Hydrogel Polymer system Remarks of hydrogel based product References
ingredient based product
Diltiazem Cardizem® Diltiazem SQZ Chitosan and pH-Sensitive, provides less-frequent [88]
Gel” polyethylene glycol administrations than a traditional tablet product
thus enhances patient compliance as it once a-day
tablet of diltiazem hydrochloride.
Metronidazole MetroGel Hycore-V™ and Not disclosed Localized delivery of metronidazole for vaginal [89]
Vaginal ® Hycore-R™ and rectal infections, respectively. Thus minimize
its side effects.
Dexamethasone Maxidex® DEXTENZA™ PEG Post-operative inflammation, allergic [90]
conjunctivitis providing coverage up to 30 d of
sustained steroid release.
Morphine Oramorph® Moraxen ® PU (PEG-diol) Improved bioavailability of morphine. [91]
sulfate
Dinoprostone Dinoglandin®  Propess® PU (PEG-diol) Induction of labor,the vagina pessary stays for 24 [92]

h and slowly releasing the hormone.

Histrelin - Supprelin® LA 2-Hydroxyethyl/propyl  Treatment of children with central precocious [93]

acetate methacrylate, puberty, provides sustained release for 12 mo
trimethylolpropane
trimethacrylate

CONCLUSION 2. Chamkouri H. A review of hydrogels their properties and

Hydrogels became a core of many studies due to their flexible
structure, the capacity to hold a large amount of active ingredients,
and their ability to respond to different stimuli. Studies and research
about hydrogels started in 1960, and many trials to include
hydrogels in dosage forms have been performed. However, hydrogel
use in pharmaceutical technology is limited due to many obstacles
that affect its quality. Many studies have attempted to overcome
different limitations and make the better hydrogel formulation,
which shows that hydrogels are on their way to becoming a
milestone in many dosage forms.
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ABSTRACT

Colonization of the erythrocytic stages of Plasmodium falciparum has become a challenging aspect in every drug delivery system because it is
responsible for each clinical manifestation and life-threatening complication in malaria. With the emergence of resistance in malarial parasites in
the recent past, developing a vaccine against malaria is still a long-drawn-out affair. However, recent reports of the recombinant protein-based
vaccine against malaria vaccine from Glaxo Smith Kline have initiated a new ray of hope. In such a scenario, the onus of developing a reliable drug
against the disease remains the mainstay in fighting against malaria. This review delves into the various attempts carried out by researchers in the
past to develop a drug against the erythrocytic stages of the malaria parasite and throws light on a very recent outcome that provides targeted
delivery of the drug to the infected erythrocyte using a nanotechnology-based approach. Considering the eventful journey in the beginning, it was
the discovery of chloroquine that created an epoch in the treatment of malaria. Due to its low cost and high efficacy, it became the most widely used
antimalarial. Until the 1960s, Chloroquine (CQ) was the best solution against malaria, but the scenario changed in the 1970s due to widespread
clinical resistance in Plasmodium falciparum and Plasmodium vivax in various parts of the world. This, in turn, led to the development of novel drug
delivery systems using liposomes and Solid Lipid Nanoparticles (SLN) for more effective and site-specific delivery of chloroquine to the infected
erythrocytes. Such attempts led to a later use of the nanotechnology-based approach which included the use of nanospheres and nanoparticulate

drug carriers.
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INTRODUCTION

Malaria is a serious and sometimes fatal disease caused by a parasite
that commonly infects a certain type of mosquito that feeds on
humans. People who get malaria are typically very sick with high
fevers, shaking chills, and flu-like illness [1]. Although a variety of
antimalarial drugs are available for treatment, public health
emergencies regarding malaria are increasing due to the spread of
specific types of malaria parasites that are resistant to these drugs.
In part because of the moderate to high costs of these drugs and the
often uncontrolled counterfeit antimalarial market, most people in
malaria-endemic countries have no immediate access to affordable,
effective antimalarial therapy [2]. Also, the prevention of malaria
with chemoprophylactic drugs is often not successful and is
accompanied by many problems. Lastly, large-scale efforts for
eradicating malaria through vector control strategies have met with
little success and are not feasible against the persistence of the
disease in many parts of the world today. Malaria is a disease that is
both preventable and curable. However, it remains a serious public
health problem in many countries. Malaria presents a risk for 3.2
billion people globally and caused 576,000 deaths in 2015 [3]. The
following malaria data for 2022 were highlighted in the World
Malaria Report 2023. In 2022, there were around 249 million
malaria cases worldwide, an increase of 5 million over 2021. An
anticipated 608,000 people will die from malaria worldwide in
2022, an almost 6% rise from 2019. In 2022, the African continent
bore the brunt of the malaria load, accounting for 94% of global
cases and 95% of malaria-related deaths, with children under the
age of five accounting for approximately 78% of these deaths [4].
Around 1.27 billion people on the African continent were
susceptible to malaria infection, with 186 cases and 47 fatalities per
100,000 people. Africa has seen a 7.6% decrease in malaria
incidence and mortality since 2015 [5]. The disease is caused by
parasites of the Plasmodium species and is transmitted to humans
through the bites of infected mosquitoes. Most deaths are caused by
Plasmodium Falciparum, which is the most prevalent and the most
fatal malaria parasite in Africa. 90% of all malaria deaths occur in
sub-Saharan Africa. Other high-risk groups include pregnant women
and children less than 5 years of age [6]. In non-endemic countries,

imported cases of malaria occur frequently due to human migration
and travel. Malaria can be fatal if not treated promptly with an
effective antimalarial medicine. However, an accurate diagnosis and
appropriate treatment of malaria, particularly Plasmodium
falciparum infection, is complex [7]. This is because the clinical
symptoms of malaria are nonspecific and can be mistaken for other
febrile illnesses and access to healthcare and effective antimalarial
treatment is poor in many endemic regions. This all leads to
increased drug pressure and resistance of the parasites to
antimalarial medicines, making malaria control significantly more
difficult and furthering the burden of the disease [8]. Due to these
factors, malaria is a continual threat to the developing world and can
have a significant impact on economic development. Malaria viruses
are spread by Anopheles mosquitoes. The mosquito bites are used as
host to mature the parasites in the mosquito's stomach [9]. These
parasites then travel to the salivary glands of mosquitoes, and the
cycle is repeated during the next mosquito bite. Various research
have been conducted previously that undoubtedly attests to
numerous therapeutics used in treating malaria. From 1990 to 2024
there have been more than 988 reviews and research articles in the
PubMed database indicating their significant significance. The
systemic review inclusion of 222 studies indicated the therapeutic
advantages in the treatment of malaria.

Epidemiology

The epidemiology of malaria is tightly related to transmission
intensity, acquired immunity, and clinical symptoms. Malaria is
caused by Plasmodium parasites, which are spread through the bite
of infected female Anopheles mosquitoes [10]. Immunity is highest
in locations with intense transmission, with children under the age
of five being the most vulnerable group, particularly in Africa, where
the majority of malaria-related deaths occur. Displaced populations
from low-transmission areas are more vulnerable due to a lack of
acquired immunity, needing extensive intervention measures to
prevent morbidity and mortality. Plasmodium parasites, which are
spread by Anopheles mosquitoes carrying the infection, cause
malaria. Plasmodium falciparum is the deadliest of the four primary
species that infect people, along with Plasmodium vivax,
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Plasmodium ovale, and Plasmodium malaria [11]. Around the
equator, malaria is endemic throughout a large area, mostly in
tropical and subtropical parts of Africa, Asia, and Latin America.
Globally, there were predicted to be 247 million cases of malaria in
2021, with 619,000 fatalities from the disease; 94% of cases and
deaths were in the African region as per the reports from the World
Health Organization (WHO). Each region has a different level of
malaria transmission; some have high, moderate, or low
transmission [12]. The spleen rate, yearly parasite incidence, and
entomologic inoculation rate are examples of epidemiologic metrics.
Since malaria immunity is developed via repeated exposure, young
children under the age of five in high-transmission regions have the
greatest fatality rates. As the rate of transmission declines, more
people of all ages fall sick, and cerebral malaria becomes more
prevalent than severe anemia [13]. Due to a lack of immunity,
displaced persons migrating from low-to-high-transmission zones
are most vulnerable to serious illness. Chronic impacts of malaria
can include anemia and unfavorable pregnancy outcomes [14]. The
genetic variety of Plasmodium species, climatic change, and
interruptions to prevention and control efforts, as shown during the
coronavirus disease 2019 pandemic are the factors that affect the
epidemiology of malaria. To address the changing global malaria
load, ongoing surveillance, research into parasite resistance, and
coordinated control techniques are crucial.

Etiology

Malaria is caused by the complex lifecycle of Plasmodium parasites,
which results in typical cyclical fevers and varied incubation times
among species. Malaria can cause symptoms ranging from moderate
to severe, including paroxysmal fever, anemia, and potentially fatal
consequences such as cerebral malaria and multi-organ failure [15].
The female Anopheles mosquito, which requires a blood meal to
produce eggs, is the vector of human malaria, with distinct species
preferences and behaviors determining transmission dynamics. The
illness's etiology also includes aspects such as the genetic variety of
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Plasmodium species, the evolution of drug-resistant strains, and the
effects of climate change on disease distribution, emphasizing the
need for complete understanding and effective control techniques
[16]. Plasmodium is the genus of single-celled parasites that cause
malaria. Human infections are most frequently caused by
plasmodium falciparum, plasmodium vivax, plasmodium ovale, and
plasmodium malariae. The way these parasites infect people is by
biting by a female Anopheles mosquito carrying the infection. The
parasites enter the circulation from an infected mosquito bite and go
to the liver where they develop. The adult parasites re-enter the
systemic circulation and infect Red Blood Cells (RBC) after a few
days [17]. The parasites grow quickly inside the RBC, rupturing the
infected cells. Depending on the species, this cycle continues with
the parasites infecting new RBC every 48 to 72 h. Certain
Plasmodium species, including Plasmodium vivax and Plasmodium
ovale can lie dormant in the liver for months or even years before
springing back to life and inducing another illness relapse [18].
Additionally, organ transplants, blood transfusions, and mother-to-
child transmission during pregnancy and childbirth can all result in
malaria transmission. Depending on the variety of Plasmodium
involved, malaria can vary in severity. The deadliest strain
Plasmodium falciparum, can result in serious side effects such as
organ failure, respiratory distress, and brain malaria. Generally, the
sickness is caused by other species such as Plasmodium vivax and
Plasmodium ovale in lesser forms [19].

Life-cycle of malaria

Malaria's life cycle (fig. 1) begins when a female Anopheles mosquito
carrying Plasmodium parasites bites a human host. During its blood
meal, the mosquito injects sporozoites into the bloodstream. These
sporozoites travel to the liver, where they infect hepatocytes and
undergo replication, resulting in thousands of merozoites. Once
mature, the merozoites enter the bloodstream and begin the
symptomatic phase of malaria. Merozoites multiply rapidly within
RBC, causing the cells to rupture and release additional parasites [20].
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Fig. 1: Life cycle of malaria [20]

This cycle of invasion, replication, and rupture causes malaria's
characteristic symptoms, such as fever, chills, and anemia. Some
merozoites mature into sexual forms known as gametocytes, which
can be consumed by another mosquito during a blood meal,
completing the cycle [21].

Challenges in malaria treatment

Cluster and shady environments such as pools, lagoons, slow-
moving streams, or rice fields are the most common places where
mosquitoes live. These types of mosquitoes are very vicious because
they tend to bite humans during the night. Humans are attracted to
these places because they are looking for places to perform various
activities, like setting up a new village or moving to open a new
estate for their livelihood. During the opening activities of the new

village or estate, the shelter is a temporary wooden house that can
be used for a certain period before they decide to make it permanent
[22]. A lot of people's density is one of the reasons this layout phase
is too inviting for mosquitoes. Malaria itself is a disease that thrives
among the poor. The general pattern is that poor livelihood usually
means a conducive environment for malaria. This is because of the
development of the area where they live and the malaria parasites
share the same characteristic of temporary residence [23]. In today's
situation, the movement of humans and the rising increase of global
tourist employees, apart from the various levels of societies that live
or work in undeveloped areas, are potential vectors for malaria
transmission. The protective immunity to symptomatic malaria is
acquired slowly over several years and may be lost after leaving an
endemic area [24]. This also applies to people residing in
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undeveloped areas. Lack of immunity to malaria symptoms in
general non-immune persons may increase the chance of getting
severe disease and can lead to death. This is due to a mistaken
perception that malaria is a disease that only affects people at a
certain level of society and that protection from severe diseases and
death has never been a main priority of malaria control and
treatment, especially for the poor. Nowadays, antimalarial drugs are
not only taken for malaria treatment but also for prevention from
getting malaria during their journey, especially for global tourist
employees, and may be taken for a long time for people in the high-
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risk group to avoid severe diseases. This situation indicates that the
drug is not only used under malaria diagnosis and the cost may be
expensive for some prevention methods [25].

Traditional drug delivery methods for the treatment of malaria

The traditional methods for drug delivery include oral
administration, intramuscular injection, and intravenous injection
(table 1). For intramuscular injection, the surface area of the
injection and the state of the blood circulation are too varied to
provide a clear and predictable pathway for the drug to follow [26].

Table 1: Drugs traditionally available for the treatment of malaria

Drug Route of Type of Applications References
administration dosage form
Arteether/Lumefantrine Oral Tablet Uncomplicated plasmodium falciparum malaria [27-29]
Artesunate Parenteral Injection Severe malaria [30,31]
Atovaquone Oral Tablet Malaria prophylaxis [32,33]
Atovaquone/proguanil Oral Tablet Malaria prophylaxis, uncomplicated malaria [34]
Chloroquine Oral Tablet Plasmodium vivax, Plasmodium malaria, Plasmodium ovale [35]
malaria

Hydroxy chloroquine sulfate ~ Oral Tablet Malaria prophylaxis, treatment of malaria [36]
Primaquine Oral Tablet Radical cure of Plasmodium vivax, Plasmodium ovale malaria. [37]
Pyrimethamine sulfadoxine Oral Tablet Radical cure of Plasmodium vivax, Plasmodium ovale malaria [38]
Quinine Oral, parenteral Tablet Severe malaria, uncomplicated malaria [39,40]
Pyrimethamine Oral Tablet Malaria prophylaxis, treatment of malaria [41]
Tafenoquine Oral Tablet Radical cure of Plasmodium vivax. [42]

This results in inconsistent drug absorption and can lead to
ineffective treatment. Intravenous injection has a more reliable drug
administration mechanism. Despite increased access to blood
circulation, however, where the malaria parasite resides, the drugs
need to pass through numerous metabolic and physical barriers
which still leave the efficacy of treatment questionable. In both
cases, the traditional delivery methods offer no targeting of the drug
to the infected cells and as a result, show partially effective methods
of treatment. This often results in the need for large doses of drug,
which can lead to toxicity, especially in the case of intravenous
injection, where access to the bloodstream can result in high drug
levels in the blood. Oral administration is the simplest method of
drug delivery and is still the most commonly used today. Usually,
tablets or capsules are administered incorporating the drug into a
binding agent which will dissolve when it reaches the stomach [43].

Oral administration

Oral administration is the most used route for the delivery of drugs.
Its popularity stems from its ease, convenience, and patient
compliance, and its capacity for controlled dosing and good
distribution characteristics make it an attractive route for drug
administration. The digestive system and liver can act as a site for
drug metabolism [44]. Though this may render some drugs inactive,
others are altered into more therapeutically active forms. Thus, oral
administration is a favorable option for drug delivery to the liver
using antimalarial agents to treat liver-stage malaria. Oral drug
delivery aims to release the drug at a specific site in the body and
release the drug in a controlled manner to ensure maximum efficacy
in treatment with minimum dosage. This can be accomplished using
specific targeting and timed release of drugs. Based on drug
properties and form, drugs can be targeted to release in the stomach,
lymph, or liver. The high biological availability of drugs in the
stomach may be ideal for toxic drugs to Kkill parasites in
erythrocytes; however, it may cause stomach irritation and
inflammation. Drugs targeted to release in Kupffer cells can target
parasites in Kupffer cells and prevent hepatic schizogony [45].
Malaria infection is caused by the inoculation of sporozoites into the
dermis, while female Anopheles mosquitoes ingest blood from
human beings. The sporozoites are carried by the blood to the liver,
where they invade hepatocytes. After undergoing one or more
multiplication cycles, each resulting in the release of hundreds or
thousands of merozoites, the infected hepatocytes rupture and
release the merozoites into the blood. The merozoites then invade
RBC where they develop and eventually multiply, resulting in

generating more merozoites, which cause malaria-associated
morbidity. The blood-stage parasites are responsible for the clinical
manifestations of the disease. The objective of treatment is to
prevent and cure the disease and stop transmission. Current
shortcomings of drugs include drug resistance, limited effectiveness
in gametocyte and liver stages, high toxicity, low patient compliance,
and prevention of post-treatment mosquitoes. Many antimalarial
drugs have been developed; however, only a minority have been
developed specifically for treating malaria. This minority of drugs,
specifically antimalarial agents, can be delivered using targeted drug
delivery systems, unwrapping the potential of these drugs [46].

Intravenous injection

Traditional methods of drug delivery are currently the most
prevalent form of treatment for malaria. These methods are
dangerous and difficult to use but can also carry substantial risks to
the patient's health and recovery. In severe cases of malaria,
intravenous administration has been the preferred option for
treatment [47]. This method increases the bioavailability of the drug
and is effective when treating severe cases. It can be difficult to use
in field situations or for widespread treatment. Intravenous
treatment requires healthcare personnel to be available for multiple
doses over 24-48 h, making it difficult for patients in remote or rural
areas to access treatment. This form of treatment is also risky as the
wrong administration of a drug can cause severe systemic toxicity or
even death to the patient. These risks and difficulties associated with
traditional drug delivery for malaria are the driving factors behind
the development of novel drug delivery systems [48].

Intramuscular injection

The second most common mode of drug administration is via
intramuscular injection. It is often used for drugs that cannot be
digested as in oral administration or when a more localized effect is
desired that cannot be obtained through intravenous administration.
The injection is a bolus dose that slowly gets absorbed at the
injection site. Since blood flow in muscle tissue is lower than that in
veins, absorption of the drug may be delayed. However, the
bioavailability of intramuscular administration is complete and
there is no risk of immediate alteration of the drug by the body [49].
The slow absorption and sustained release of the drug from muscle
tissue can be useful in treating malaria. Drugs like quinacrine, which
is no longer used in the Western world, have a high solubility in
lipids and would remain in fatty tissue for several weeks. Other
drugs that can crystallize and cause irritation at the injection site are

50



T. Sharma & A. Sharma

less suited for this method of delivery. High levels of blood flow are
also required as in the case of artesunate and artemether which are
less suited for intramuscular injection. Overall, this mode of delivery
is not specially tailored for treating malaria and has not been studied
extensively for this disease [50].

Combination therapies and drug delivery

Antimalarial combination therapy has a potential role in fulfilling the
postulated requirement. Its successful application and subsequent
resistance management can provide a superior solution to the
current situation and change the expected course of antimalarial
drug resistance. In theory, antimalarial drug resistance can be
managed by changing the drug pressure equation in favor of host
immunity. Resistance is an inevitable outcome of the repeated use of
any antimalarial monotherapy. Its emergence and rate of
subsequent spread are determined by the duration of post-
treatment prophylaxis and the force of infection [51]. It has a
devastating impact on malaria morbidity and mortality, increasing
both outcomes more than the original disease burden. The last half-
century has seen the rapid spread of antimalarial drug resistance.
This process was initiated with CQ resistance on the Thailand-
Cambodia border in the late 1950s. CQ use had a massive impact on
reducing malaria burdens in many parts of the world, but resistance
substantially increased disease burdens compared to pre-CQ levels.
Subsequent uses of antifolate drugs (sulphadoxine-pyrimethamine),
4-aminoquinolines (amodiaquine, chloroquine, and mefloquine),
and more latterly atovaquone have seen similar substantial
increases in malaria morbidity and mortality in areas of their use.

Targeted Drug Delivery

Int ] App Pharm, Vol 17, Issue 1, 2025, 48-58

Between 1989 and 2003, resistance to insider reduced child survival
in sub-Saharan Africa by 1-6% in areas of drug use. The overall
multiplicative effect of antimalarial drug resistance is an increase in
all-cause childhood mortality [52].

Novel drug delivery approaches

Targeted drug delivery (fig. 2) of the anti-malarial drugs using site-
specific drug delivery systems is one of the major advantages of the
drug delivery system-based approaches to improving the efficacy of
prophylaxis and the treatment of malaria. The most ambitious aim of
treatment or prevention of the disease is complete eradication of the
parasite in the body and prevention of re-infection. To achieve this
goal, effective killing of the parasite without damage to the host should
be carried out [53]. Antimalarial drugs act mainly on the infected RBC;
free or hemozoin-bound drugs are at best only partially effective and
at worst, toxic to the host. Thus, the drug must be actively or passively
targeted to infect RBC. Christoph and his colleagues developed a novel
in vivo targeting system based on the high affinity of infected RBC for
endothelial receptors. This was achieved by administration of drug-
loaded carrier erythrocytes which bound to the site of infection and
released the drug, resulting in specific and highly effective therapy in
animal models. Advance in this type of strategy was the development
of carrier RBC which were infected in vitro with Plasmodium and thus
acquired high affinity for infected RBC. Although this approach had
outstanding potential it was not pursued, presumably due to safety
concerns and the fact that it would not be relevant to human
infections. An alternative method of RBC drug targeting is binding of
the drug to RBC ghosts, which are then re-infused into the patient.

Liposomes As Drug
Carriers

Novel Drug Delivery Approaches

Nanoparticles in Malaria
Treatment

Microneedles for
Transdermal Delivery

Fig. 2: Novel drug delivery approaches in malaria [54, 55]

This would also be an effective system albeit costly. A summary and
appraisal of the various methods of RBC drug targeting are available,
including an exhaustive review of the first-generation targeted
antimalarial drugs. Carriers for targeted drug delivery for treating
severe disease are another attractive option, although the potential
for adverse effects on the parasite and not the host in this case, will
necessitate special precautions [56].

Targeted drug delivery

Targeted drug delivery is a cutting-edge strategy in innovative
medication delivery that seeks to deliver pharmacologically active
substances to a particular target place within the body. Reducing
medications adverse effects and improving treatment are the main
goals of targeted delivery systems. Passive targeting and active
targeting are the two basic approaches for targeted medication
delivery. Drug-loaded nanoparticles are passively accumulated in
the tumor via increased permeability, retention, and other special
physiological properties of the drug delivery system. As a result,
concentration of the medicine at the tumor location is better than in
healthy tissues. Targeting ligands, such as antibodies, peptides, or
small molecules can attach to over-expressed receptors on target
and are used to functionalize the drug carrier in active targeting.
This makes it possible for the medication payload to be delivered to
the targeted target more precisely. The medication's effectiveness
and selectivity may be further improved by active targeting. The
creation of several nano-carrier systems, such as liposomes,
polymeric nanoparticles, and inorganic nanoparticles for targeted
medication administration, has been made possible by
advancements in nanotechnology. It is possible to design these

nanocarriers to enhance the pharmacokinetics, biodistribution, and
intracellular absorption of medications [57]. By carefully delivering
lethal medications to cancerous growths with the least amount of
damage to healthy tissues targeted drug delivery has demonstrated
the potential to enhance therapy. Overcoming biological obstacles,
increasing penetration, and optimizing carrier design are ongoing
difficulties. The combined use of passive and active targeting
techniques can improve treatment efficacy in a complementary
manner. Tailored drug delivery is an effective strategy for new
medication delivery, which makes use of the distinct biology of
disease and nanotechnology to enhance the efficacy and selectivity
of pharmacotherapy [58].

Nanoparticles in malaria treatment

The nanoparticles have become a viable new medication delivery
method in the treatment of malaria. Plasmodium parasites produce
malaria a difficult illness with limited treatment options due to
issues with medication resistance, low bioavailability, short half-
lives, and non-specific targeting. By strengthening targeted delivery,
lowering side effects, and boosting pharmacokinetic profile,
nanostructured drug delivery devices can assist in overcoming these
constraints [59]. Using both passive and active targeting techniques,
nanoparticles may be designed to specifically target the malaria
parasite's home, the infected RBC. The increased permeability and
retention effect allows nanoparticles to collect preferentially in the
tumor-like vasculature of infected tissues and provides the basis for
passive targeting. To facilitate more targeted distribution of the
antimalarial drug payload, active targeting entails functionalizing
the nanoparticle surface with ligands that can bind to receptors
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over-expressed on infected RBC. Many nano-carrier systems have
been studied for the treatment of malaria, including liposomes,
polymeric nanoparticles, and inorganic nanoparticles. By
encapsulating antimalarial medications, these nanocarriers can
increase the medicine’s solubility, stability, and control in improving
therapeutic efficacy and lowering toxicity. The promise of
nanotechnology to overcome the drawbacks of traditional malaria
treatments has been shown by ongoing research in this area. To
reach their full potential in treating this worldwide health burden,
these nano-based drug delivery technologies still require research
and clinical translation [60].

Microneedles for transdermal delivery

A potential method for new medication delivery intended for
transdermal administration is use of microneedles. Microneedles are
tiny needles that can pierce the stratum corneum, the skin's
outermost layer, to allow for less invasive transdermal medication
administration. The transdermal medication delivery method with
microneedles has several significant benefits. First off, in contrast to
conventional transdermal patches, microneedles can temporarily
generate microchannels in the skin, which facilitates medication
penetration through the skin barrier. Because microneedles may
penetrate via the stratum corneum, the primary barrier to skin
penetration results in better medication administration and
increased bioavailability. Furthermore, compared to hypodermic
needles, microneedles are tiny enough to be inserted into the skin
without generating a great deal of discomfort, which improves
patient compliance. Additionally, microneedles are a versatile
platform for innovative drug delivery techniques because they may
be constructed in various shapes, such as solid, coated, dissolving,
and hollow to fit diverse drug compositions and delivery needs.
Transdermal administration using microneedles has been
investigated for a variety of medications, including vaccines, small
compounds, peptides, proteins, and even nanoparticles. The goal of
ongoing research is to further improve drug delivery efficiency,
stability, and patient acceptance by refining microneedles design,
materials, and production. Research on microneedles-based
transdermal drug delivery systems is ongoing and several
candidates have advanced through clinical trials. Microneedles are a
clever and extremely promising new drug delivery method that
might enhance transdermal administration [61].

Nanocarriers for the treatment of malaria

The pharmacokinetic profile of beneficial medications that have not
been widely used in pharmacotherapy because of their high toxicity,
low bioavailability, and poor water solubility can be improved using
nanocarriers. Nanocarriers have been suggested for the diagnosis
and treatment of malaria as well as the creation of vaccines. It's also
possible that using inefficient pharmaceutical doses of antimalarials
drug could contributes resistance in malaria parasites. Because
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nanotechnology systems can precisely target medications to their
site of action, they may provide a better therapeutic effect. Due to
the administration of low medication concentrations in the presence
of a high parasitic load, malaria parasites frequently acquire
treatment resistance. Furthermore, by altering their biodistribution
and lowering toxicity, nanotechnology may revive the usage of
outdated and harmful medications. This benefit is especially
significant for the treatment of malaria because, especially for the
antimalarial used in clinical settings, there is a need to find novel
dosage forms that can effectively deliver medications to parasite-
infected cells [62]. In addition to enabling the use of harmful
antimalarial drugs, nanocarriers may improve vaccine formulation
ability to elicit an immunological response. The goal of this review is
to clarify some biological elements of malaria and connect them to
nanotechnology as a potentially effective therapy approach. Taking
into consideration the unique characteristics of malaria parasites,
several methods for delivering antimalarial drugs as well as the
processes that enable their targeted administration to Plasmodium-
infected cells will be highlighted. In particular, the focus will be on
polymeric-based nanosystems (fig. 3), like nanocapsules and
nanospheres for the treatment of malaria, as well as lipid-based
nanocarriers, like liposomes, SLN, nanoemulsions, and
microemulsions. These nanocarriers are spherical vesicles made of
phospholipid bilayers and are viable carriers for innovative drug
delivery strategies since they can successfully encapsulate
hydrophilic and hydrophobic medicines. This nanocarrier shape
enables them to dissolve in water in their aqueous core and dissolve
in fat in their phospholipid bilayer. As medication delivery systems,
nanocarriers have several benefits. By altering drug absorption,
lowering metabolism, and directing the medication to the site of
action, they can raise the therapeutic index of pharmaceuticals.
Because of their different biodistribution, liposomal formulations of
pharmaceuticals are more effective in treating patients in preclinical
models and people than traditional formulations [63]. These
nanocarriers have less toxicity and adverse consequences since their
composition is made up of lipids that are non-immunogenic,
biodegradable, and inert to biology. Targeting ligands may be easily
included on the liposome surface to enable active targeting to
certain locations. Nanocarriers have less toxicity and adverse
consequences since their composition is made up of lipids that are
non-immunogenic, biodegradable, and inert to biology. Targeting
ligands may be easily included on the carrier’s surface to enable
active targeting to certain locations. The preparation process affects
the entrapment efficiency of medicines in nanocarriers. For the
transport of a broad variety of physiologically active substances,
including tiny molecules, proteins, peptides, and nucleic acids,
liposomes have been thoroughly studied. Their potential has been
demonstrated in several therapeutic applications, including
administration of antibiotics and antifungal drugs, gene therapy, and
cancer treatment.

Solid Lipid Nanoparticles

Fig. 3: Nanocarriers for the treatment of malaria [64, 65]
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Despite the benefits, there are still some obstacles to be overcome in
the development of nano-carrier drug delivery systems, including
enhancing stability, raising drug loading, and getting through
biological barriers to enable targeted delivery. Research is still being
done to overcome these obstacles and maximize liposomes'
potential as sophisticated and adaptable nanocarriers for cutting-
edge drug delivery strategies. Recent studies on nanotechnology in
malaria treatment. Over time, there have been more and more
papers on nanoparticles to cure malaria. One search on the National
Library of Medicine databases is only one article between 1990 and
2000 and eight between 2001 and 2010. This article analyzes 103
papers in total that discuss the use of nanoparticles in the treatment
of malaria. Each year, they are broken into the following numbers: 5
articles in 2017, 9 articles in 2018, 13 articles in 2019, 24 articles in
2020, and 21 articles in 2021. There will be a substantial increase in
the number of papers in 2022 that discuss research on the use of
nanoparticles to treat malaria. 31 publications on this topic may be
consulted in 2022. Numerous researches focused on the use of
nanotechnology in treating malaria from 2019 to 2022 confirmed
encouraging findings indicating the potential of nanosystems. On the
other hand, there are surprisingly few documented active
medication delivery-based clinical studies for the treatment of
malaria. Over the past ten years, dendrimers have attracted
attention for a variety of biological uses including the transport of
drugs, genes as well as agents for diagnostic imaging [66]. Preclinical
research in treating malaria with nanotechnology in the intra-
erythrocytic stage of Plasmodium falciparum in both phases of
parasite growth (asexual and sexual) for example, small gold
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nanoparticles based on glucose or nano gold clusters were produced
without nonspecific connections or destruction of RBC. The
antibacterial impact of ciprofloxacin loaded into glucose or nano
gold clusters were 50% more than that of the drug alone, indicating
its potential for use in medicine. In Plasmodium falciparum cultures,
silver nanoparticles formed from Artemisia leaf extract showed
strong antimalarial efficacy. In an experimental malaria model, silver
nanoparticles from salvia officinalis leaf extract showed
hepatoprotective and antiplasma actions, lowering parasitemia and
liver oxidative stress indicators. To overcome issues in the
treatment of malaria, such as the severity of the disease, the critical
studies based on nanotechnology are being conducted. These studies
are primarily concerned with reducing drug toxicity, stopping
Plasmodium sp. transmission, increasing drug efficacy, and
preventing multidrug resistance [67].

New drugs in clinical and preclinical development

Antimalarial medicines in clinical and preclinical development
under development globally are analyzed in the WHO study from
2021. For the first time, antimalarial medication candidates in
clinical development including biological agents and unconventional
therapies-are evaluated in the clinical pipeline review. The
preclinical development of vaccines, biological agents, direct-acting
small compounds, and non-traditional medications is the main
emphasis of the preclinical pipeline section. However, the preclinical
pipeline reveals an unstable environment with significant turnover,
protracted timelines, and difficult benchmarks before possibly
entering the market [68, 69].

Table 2: Drugs in clinical and pre-clinical development

Name of drug Mechanism of action Safety Efficacy Development References
stage
Artemisinin and Inhibition of parasite calcium Generally well-tolerated; Highly effective against Approved [70,71]
derivatives ATPase concerns about resistance Plasmodium falciparum;
rapid reduction in
parasitemia
Lumefantrine Inhibition of beta-haematin Generally safe; common side  Highly effective when Approved [72]
formation effects include headache combined with
Artemether
Atovaquone/ Disruption of mitochondrial Mild side effects like nausea; High efficacy against Approved [73]
Proguanil electron transport (Atovaquone) liver toxicity rare Plasmodium falciparum
and folate synthesis (Proguanil)
Fosmidomycin Inhibits isoprenoid biosynthesis Generally well tolerated; few  Shows promise in multi- Clinical Phase II [74]
side effects drug resistant malaria
KAF156 Acts on the apicoplast, inhibiting Not fully established; Promising efficacy in Clinical Phase II [75]
(Lumefantrine protein synthesis ongoing studies on safety early trials
analog)
P218 Targets the Plasmodium Safety profile under Promising early results Preclinical [76]
falciparum 4-quinolones resistance  investigation against resistant strains
transporter
Tafenoquine Inhibition of parasite development Risk of hemolysis in G6PD- Effective in preventing Approved [77]
and replication deficient patients relapse of Plasmodium
vivax
Dihydroartemisinin-  Similar to Artemisinin, with Generally well tolerated; High cure rates; effective ~ Approved [78]
Piperaquine (DHP) prolonged action of Piperaquine some GI disturbances against multi-drug
resistant strains
NITD609 Inhibits Plasmodium falciparum Safety data pending from Effective against asexual Preclinical [79]
Plasmepsin IV ongoing trials stages of Plasmodium.
falciparum
Nioxin Inhibits various stages of the Safety profile under Preliminary efficacy Preclinical [80]
Plasmodium life cycle investigation observed
Pyramax Combination therapy enhancing Generally well tolerated; Effective against Approved [81]
(artesunate/ efficacy some side effects noted uncomplicated malaria
amodiaquine)
Methylene blue Inhibition of the heme Concerns regarding Potential activity against Preclinical [82]

detoxification pathway e

potential toxicity

malaria

Challenges in treatment of malaria

Finally, it is difficult to predict the long-term safety and effectiveness
of a new drug formulation. New adverse effects could emerge and in
some cases, the newer drugs might not be as well tolerated as the
older drugs. All these issues are relevant to the global public sector
and malaria control programs but are especially pertinent to

developing private-sector aims to develop new antimalarial drugs.
An understanding of how the characteristics of new drugs will
impact their use and how the drugs will fit into the larger global
antimalarial landscape is critical to the private sector's success in
bringing new therapies to market. High rates of compliance and
proper use of the antimalarial drugs are critical. The best drug in the
world will not have a large impact on public health if it is not used

53



T. Sharma & A. Sharma

correctly. Malaria patients in many contexts are difficult to reach
and difficult to treat. This makes drug administration and patient
monitoring quite difficult [83]. Another issue from the standpoint of
the communities being treated is the perception of new drug
formulations as compared to the traditional drugs that they are
accustomed to using. The newer drugs may not be accepted
immediately, and in some cases, the new drugs may not be as
effective in all of the same contexts as the traditional drugs. This
might create a temptation to continue using the older drugs in some
situations, especially if the newer drugs are not cost-prohibitive.
Although major advances have been made in the realm of
antimalarial drug delivery systems but not all facts of these systems
have been fully explored. The caveat to new drug formulations is
perhaps their implementation. Even if a new effective and
inexpensive drug therapy becomes available, it may be of limited
value if it cannot be deployed easily and inexpensively. It is
important that these new therapies reach the target populations and
in many cases, this has not yet been accomplished with existing
therapies [84].

Regulatory considerations

The main objective of regulatory authorities is to ensure the drugs
that are available to patients are safe, effective, and of good quality.
In general, pre-clinical studies (toxicology,
pharmacokinetics/pharmacodynamics, and efficacy studies)
including clinical trials in humans are required to show that the drug
is safe and effective. Data from the clinical studies are used as a basis
for the regulatory authority to decide whether the drug should be
approved and granted marketing authorization/distribution in the
specific country. Comprehensive studies to show that the drug is
effective and safe in a field setting are not required, but it is often
difficult for a new antimalarial drug to be accepted based on results
from studies conducted outside of areas where malaria is endemic.
Clinical trials provide evidence that the drug benefits outweigh the
risks. There is a consensus that drugs should not be harmful, but for
the treatment of malaria, a drug should have a high benefit-to-risk
ratio because the disease is potentially fatal. High standards for
quality and manufacture are also set by regulatory authorities to

Int ] App Pharm, Vol 17, Issue 1, 2025, 48-58

ensure that drugs are consistently and properly made. The drug
regulatory authorities, such as the Food and Drug Administration in
the United States of America the medicines and Healthcare Products
Regulatory Agency in the United Kingdom, and similar agencies in
other countries have set requirements for approving a drug that is
intended to be used in humans to diagnose, prevent, or treat a
disease. The requirements for regulatory approval of antimalarial
drugs are not different from other drugs. However, there could be
some variations in the requirements depending on the endemicity of
malaria in the region and the perceived public health value of the
drug in that specific region [85].

Drug resistance

Anti-malarial drugs have been the basis for treatment and control of
the disease for over 50 years. The increase of drug resistance by the
parasite species to the available drugs has results in increased
morbidity and mortality of the disease. The main thrust of drug
research up to this period was the identification of cheap, safe, and
effective treatment that would alleviate symptoms and cure the
infection in a single dose. This would be of most benefit to the
patient and negate the need for complicated and costly drug
administration involving a cocktail of different drugs to circumvent
resistance and achieve a radical cure for the different parasite
species. A single-dose cure would also be the ideal tool for the large-
scale elimination of malaria from a region. Currently, the most
advanced anti-malarial drug in trials is the novel arteether-
mefloquine combination (artemisone) developed with the specific
goal of reducing the time for resistance to develop compared to
existing drugs in the artemisinin group [86].

List of recent antimalarial drugs with patent granted

Antimalarial drugs with patent granted are highlighting those
medications in the table that are currently protected by patents
indicating that their developers or manufacturers have secured legal
monopolies on their production and distribution. This distinction is
important in understanding the landscape of antimalarial
medications as it reflects the ongoing commercial and legal status of
these drugs in the market [87].

Table 3: Patent on antimalarial drugs

S. No. Patent number  Application number  Title of Invention Patent grant date  References

1 281417 1507/KOLNP/2010 Antimalarial compounds with flexible side chains 17/03/2017 88

2 288805 131/KOLNP/2009 Vaccines for malaria 27/10/2017 89

3 289775 2074/DEL/2004 The antimalarial compound from ghomphostema given 21/11/2017 90

4 289823 1181/MUM/2009 Combined measles malaria vaccine 22/11/2017 91

5 293596 32/MUM /2013 Intranasal microemulsion of an antimalarial drug 28/02/2018 92
artemether

6 298988 2798/MUM/2011 Bioactive composition for the prophylaxis and treatment 19/07/2018 93
of malaria, method of manufacturing and using the same

7 310142 1773/MUM/2011 Novel plasmodium protein as malarial vaccine and 27/03/2019 94
drug target

8 310371 7489/CHENP/2014 Green chemistry synthesis of the malarial drug 29/03/2019 95

amodiaquine and analogs thereof

Integration of technology and drug delivery

An entirely different technology with the potential to revolutionize
malaria vaccine delivery is the use of particle-based delivery
systems. These systems can be designed to deliver the vaccine to
specific cells such as macrophages or dendritic cells by selection of
optimal particle and surface properties. For example, a recent study
using virus-like particles showed that a vaccine targeting liver stages
of malaria can provide unprecedented protection (>95%) using only
a single dose. Additional benefits of particle-based vaccines are
needle-free administration and the potential for thermal stability
removing the need for cold storage and distribution, a major issue
for vaccines in the developing world [96]. A multidisciplinary
approach to drug and vaccine delivery technologies for malaria
spanning the fields of material science, protein engineering, and
biomechanics is essential for optimal prophylaxis and treatment. For
example, targeting anti-malarial drugs to infected erythrocytes, the

disease-causing cell, is a promising strategy being explored by
several research labs. Successful targeting would increase drug
localized drug concentration several-fold while avoiding healthy
erythrocytes and reducing drug concentrations and side effects.
Profiling the mechanical and shape-changing properties of these
infected erythrocytes promises new methods for targeting drugs and
vaccines. Simulation and measurement of the forces exerted by
infected cells as they attempt to pass through inter endothelial slits
in the spleen, as well as the altered cell and membrane stiffness, are
providing valuable information for the design of effective drug
targeting strategies prohibitive [97].

Role of artificial intelligence (AI) and machine learning (ML) in
malaria

Al and ML are playing a significant role in improving malaria
diagnosis and treatment in several ways. Al-powered microscopes
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can accurately detect malaria parasites in blood samples, meeting
WHO standards. These systems can scan blood films and use
detection algorithms to identify parasites, reducing the burden on

Role of Alin

Malaria

Artificial
intelligence
(A1)
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microscopists and increasing patient capacity. Studies show the Al
system can identify malaria parasites with 88% accuracy compared
to expert microscopists [98, 99].

Al powered
Microscope

Deep learning
Models

Machine
Learning

d Ai Based

Approaches

Fig. 4: AI-ML in treatment of malaria [100, 101]

Deep learning models are being used to analyze microscope images
and determine the type and stage of malaria infection. This is
particularly useful in remote areas with limited resources as the Al
can interpret results even if a trained provider is not available. The
models identify key characteristics in the images that indicate
malaria. Machine learning algorithms are being developed to predict
malaria outbreaks by analyzing atmospheric, epidemiological,
geographic, and other data from remote sensors. This allows health
officials to proactively notify at-risk populations, implement
mosquito control measures, and allocate resources to areas likely to
see outbreaks. Factors like temperature, humidity, and rainfall
patterns are used to predict hotspots [102, 103]. Al-based
approaches are being integrated with current malaria microscopy
methods to strengthen surveillance and diagnostic capabilities,
which is crucial for malaria elimination efforts. Investing in Al
microscopy can improve sensitivity and accuracy, which are
prerequisites for elimination. In summary, Al is bridging gaps in
malaria diagnosis, treatment, and prevention by automating
microscopy, predicting outbreaks and enhancing current methods.
As Al continues to advance, it will play an increasingly important
role in reducing the global malaria burden [104, 105].

CONCLUSION

In conclusion, the emergence of novel drug delivery mechanisms for
the treatment of malaria has presented a promising prospect for
resource-poor countries by improving patient compliance and
reducing the likelihood of developing drug-resistant malarial
parasites. The newer drug delivery systems provide a potentially
useful means to addressing the problem of under-treatment of the
most vulnerable malaria patient populations-pregnant women and
young children. The advent of microfabrication technologies and the
understanding of malarial pathogenesis have enabled researchers to
engineer highly sophisticated and more targeted drug delivery
systems to combat the disease. However, most of the technologies
are still in the developmental phase and it's estimated that it will
take 10-15 years before putting them into practical use. Thus,
implementation of these new drugs and technologies will require a
long-term sustained commitment from governments and private
sectors to ensure that people afflicted with malaria will benefit from
these new drugs shortly. It is also important for the current and
future generations of scientists and researchers in this field to
maintain a high level of enthusiasm in hopes of eventually
eradicating the disease that has plagued the world for centuries.
Considering the unrelenting pressures of poverty, the return on
investment for the effort to cure malaria is arguably higher than for

virtually any other disease. For these reasons, new tools and drugs
must continue to be developed to combat malaria.
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ABSTRACT

Objective: Formulation and optimization of Budesonide (BDU) controlled porosity osmotic pump tablets (CPOP) to treat Nocturnal Asthma (NA) by
adopting the Quality by design approach was set as objective of this research work.

Methods: Solubility of Budesonide was enhanced by converting in to the form of BUD Solid dispersions, using poloxamer 188. Controlled Porosity
Osmotic pump (CPOP) tablets of budesonide were formulated by wet granulation technique. Quality by design approach using Box-Behnken design
was adopted to optimize the selected critical factors. The optimized formulation was compared with the marketed extended-release formulation.

Results: The percentage of drug released at 4 h (D4), 7 h (D7), and 10 h (D10) were identified as response factors during the optimization phase.
Statistical analysis showed that a combination of 200 mg of the SPM coat, 19.72 mg of Eudragit S 100 for the enteric coating, and 69.74 mg of guar
gum in the core could achieve drug release rates of 9.4% after 4 h, 55.9% after 7 h, and 96.6% after 10 h of administration for the CPOP tablets.

Conclusion: The results indicated that the CPOP tablets were successfully formulated for colon-targeted drug release.

Keywords: Design of experiments, CPOP tablets, Box-behnken design, ANOVA test, Enteric coating, Semipermeable membrane, Polysaccharides
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INTRODUCTION suggest that it is of great necessity for Budesonide to be released
only in the lower GIT i. e. in the ileum and colon for better
absorption as well as preventing Gl bleeding. Hence, this drug is
also best-suitable for developing into CTDDS.

Asthma is a chronic disorder in many people across the globe. There
have been numerous studies on asthma concluding the symptoms
got worsen in the night during sleep. This kind of asthma is called as

‘nocturnal asthma (NA)'. According to National Heart, Lung and As per literature BUD belongs to the class-1I of Biopharmaceutical
Blood Institute (NHLBI, A branch of National Institute of Health, classification system (BCS), which is characterized by poor
USA), the lung function because of NA becomes worsen in the night solubility and high permeability [9]. Such type of APIs exhibits
with increased symptoms and airway resistance, thus requiring dissolution limited bioavailability. As the current study focusing
medication at that time [1]. Asthmatic attacks are less common in on the targeted drug release site is colon [10, 11], and by
the first half of night. The air-way resistance increases progressively considering the less availability of fluids in colon, it is necessary to
through the night and much greater during the sleep [2, 3]. Hence, improve the solubility of BUD. Different approaches are available
this chronopathology of NA suggests that administration of anti- in the literature to improve the solubility of the drugs; among all
asthmatic drugs that are developed based on Chrono pharmaceutical the approaches, solid dispersion was found to have various
technology is most desirable in consideration of the patient advantages like ease of preparation, reduced cost for preparation,
convenience. This can be achieved only through formulating Colon improve wettability. Osmotic drug delivery systems are the most
Targeting Drug Delivery Systems (CTDDS). These systems are promising drug delivery systems with controlled drug release
formulated such that they prevent the drug release in the upper GIT manner with aid of osmotic pressure [12].

and allow the drug to release only after crossing the ileocecal valve
that connects the ileum to colon. After administration, passage of
intact solid dosage form to the colon generally requires around 6-8 h
(around 2-3 h to cross stomach and around 4-5 h to cross small
intestine). Administration of these solid CTDDS after night meal at

Controlled Porosity Osmotic Pumps (CPOP) is one of the most
dependable osmotic drug delivery systems to have desired drug
release for the diseases associated with circadian rhythms like
asthma [13] CPOP systems have unique advantage over
conventional osmotic systems that they don’t need mechanical

around 9 pm can produce the dosage form in the colon at around 4 drilling of orifice on the semipermeable membrane (SPM) for drug
am in the next day morning. So, the immediate release of any anti- release. Instead, the SPM contains a substance that is
asthmatic _ drug loaded can produce the desired plas_ma dissolved/eroded/degraded in the favorable conditions upon
concentration at the most needed time to prevent the early morning administration and provide numerous micropores to allow the drug
attacks of asthma. release [14, 15]. Use of natural polysaccharides like chitosan and

guar gum gained an advantage because of its gelling property. These
polysaccharides are degraded by the enzymes of colonic microflora
once reaches to the colonic region.

Budesonide (BUD) is one of the treatment options to treat patients
with mild to moderate asthma symptoms. Budesonide belongs to
the class of corticosteroids acts as bronchodilator to relieve the

pain and inflammation associated with asthma attacks [4, 5]. Present research consisted of enhancing solubility of the BUD by
Budesonide has high first-pass metabolism (around 90% of the solid dispersions, developing CPOP tablets with polysaccharides and
dose) form the upper GIT resulting absorption of only around 10% coating them with enteric polymers to so as to minimize the drug
of the administered dose. In contrast, this drug exhibited release in the upper GIT and achieving the targeted release in the
significantly high absorption around 60-80% from the ileum and lower GIT. Quality by design (QbD) [16] was applied to study the
colon [6, 7]. Further, it is well evidenced that budesonide can influence of several factors on the drug release form the CPOP
cause bleeding in the upper GIT [8] which is asymptomatic and can tablets also to optimize the formulation towards achieving the

be discovered only when serious hemorrhage occurs. These facts desired drug release profile.
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MATERIALS AND METHODS
Materials

Budesonide received as gift sample from Hetero Drugs Pvt. Ltd,
Hyderabad, Poloxamer-188, PEG-6000, guar gum, mannitol,
Cellulose Acetate (CA) 320S, CA 398-10 was purchased from Sigma
Aldrich Chemicals Co., USA, Eudragit S 100 were received as gift
sample from Evonik industries, Povidone K-30 was received as gift
sample from JRS Pharma. All other solvents and reagents used were
of analytical grade.

Preparation of BUD-solid dispersion

BUD solid dispersions (BSDs) were prepared using solvent
evaporation method [17, 18]. Briefly drug and carrier (poloxamer-
188) were dissolved at 1:1, 1:5 and 1:2 ratio in round-bottomed
flask containing isopropyl alcohol (IPA) and were named as BSD1,
BSD2 and BSD3, respectively. Further these mixtures were subjected
for evaporation of solvent using rotavapor. The dried BSDs were
collected and stored until further usage.

Characterization of the BSDs

Solubility was performed using shake flask method. Briefly 10 ml of
water was taken in a conical flask and excess amount of BSD was
added to the media subjected for shaking until 24 h. After 24 h. the
mixture was filtered and the filtrate was estimated for drug content
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using UV spectrophotometer [19]. X-ray diffraction studies were
performed for the BUD API and formulated BSDs to detect changes
in crystallinity using Thermo Fisher Scientific X-Ray Diffractometer
[20, 21].

Formulation development of CPOP tablets

Colon-targeted CPOP tablets were formulated with core containing
the solid dispersion of BDU, osmogenic agent and rate-controlling
polymer. CPOP tablets were prepared at various combinations of the
factors according to the design and were characterized. Design of
experiments (DoE) analysis was carried out to identify the most
significant factors based on their influence on the drug release from
the tablets. To design the Budesonide CPOP Tablets, three factors
were optimized by Box-Behnken design (BBD) [22, 23]. Factor A:
The weight of the SPM coating, composed of cellulose acetate and
the pore-forming agent PEG-6000, was optimized to support the
osmotic drug release mechanism for budesonide. Factor B: The
amount of guar gum (a polysaccharide) in the CPOP tablets controls
the release of budesonide, specifically in colonic regions where the
galactosamine enzyme is present. Factor C: The concentration of
Eudragit S 100 was optimized to create an effective enteric coating
for CPOP tablets. For optimization studies, three response factors %
Drug released after 4 h (D4) as R1, % Drug released after 7 h (D7) as
R2, % Drug released after 10 h (D10) as R3. The combinations of the
above factors at their levels according to the Box-Behnken design
were shown in table 1.

Table 1: List of dependent and independent variables in box-behnken design for budesonide colon-targeted tablets

Factor Name Units Level used
LOW (-1) HIGH (+1)
A Semipermeable Membrane (mg) 200 400
B Guar gum (mg) 40 160
C Eudragit S100 (mg) 10 20
Response Name Units Goal
Ri1 Drug released after 4 h (D4) % <10%
R2 Drug released after 7 h (D7) % <60%
R3 Drug released after 10 h (D1o) (D10) % 295%

Core tablet preparation

Core CPOP tablets were prepared using conventional wet
granulation technology using Povidone K-30 as binder and water as
granulating aid [24]. Core composition of CPOP contains Solid
dispersion of BSD and osmogen (Mannitol). The wet granules were
dried, lubricated and compressed with 8 mm round punches to get
1.8 mm thickness tablets.

Application of semipermeable coating to CPOP

The prepared SPM mix was applied on core tablets using a sandwich
compression approach. Half quantity of SPM mix per unit was placed
in 12 mm die cavity, followed by the core tablet was placed in the
cavity and compressed with minimal force and the remaining half
quantity of SPM mix was also added to the die cavity and
compressed to form the CPOP tablets [25]. Enteric coating was
applied on the formulated CPOP tablets using Eudragit S 100
polymer [26].

Evaluation of CPOP tablets
Physical characterization of CPOP tablets

The manufactured CPOP tablets were evaluated for thickness, tensile
strength, packing fraction, friability and % drug content as per the
commonly used procedures.

Drug release study

The drug release study for the CPOP tablets was conducted using a
USP type-2 apparatus at 100 RPM for 2 h in 500 ml of 0.1N HCI],
followed by a pH 7.4 phosphate buffer up to 10 h [27]. To the
dissolution media galactomannanse from Aspergillus niger was
added after 3 h of the dissolution in buffer stage to make the

dissolution medium simulated to colonic medium for the digestion
of guar gum [28, 29]. The sample was collected after 2 h in acid
stage, after 2 h in buffer stage (cumulative time point of 4 h to acid
stage-D4), after 5 h in buffer stage (cumulative time point of 7 h to-
D7), after 8 h in buffer stage (cumulative time point of 10 h to-D10).

Optimization of critical factors

Factors having a significant impact on the response factors were
optimized using Box-Behnken design [30]. The model-suggested
formulations were made and further optimization was also done to
get the best suitable formulation with desired responses (R1-% drug
release after 4 h (D4), R2-% drug release after 7 h (D7), R3-% drug
release after 10 h (D10). The general model corresponds to the
following equation:

Y, =b, +b,A+b,B+b,C +b,AB+b,AC +b,BC +b,,BC +b,A” +b,B* +b,C* (1

Where Y is the measured response associated with each factor level
combination; b0 is an intercept; bl to b23 are the regression
coefficients; and X1, X2, and X3 are the independent variables. The
formulation compositions of the Budesonide CPOP tablet are
presented in table 2.

RESULTS AND DISCUSSION
Characterization of the BSDs

The solubility of the BSDs was observed in the range of 0.439 mg/ml
to 0.845 mg/ml, which was about 10-20 folds increment in
comparison with API solubility of 0.041 mg/ml [31]. Among all the
formulations the BSD3 was found to have highest solubility of 0.845
mg/ml, followed by BSD2 with 0.706 mg/ml solubility, followed by
BSD1 with 0.439 mg/ml solubility. The results are displayed in fig. 1.
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Table 2: Formulation compositions of the budesonide CPOP tablets

Run Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3
A B C R1 R2 R3
mg mg mg % % %

1 300 40 20 9.7 49.6 92.7

2 200 40 15 12.5 61.8 100.5

3 300 40 10 9.4 56.5 91.1

4 200 160 15 14.2 62.3 96.4

5 400 40 15 9.5 50.9 90.8

6 300 100 15 7.2 42.7 81.6

7 200 100 20 8.4 55.6 91.5

8 300 160 10 10.9 60.5 95.7

9 300 100 15 7.2 42.7 81.6

10 400 100 10 7.9 49.1 84.3

11 300 160 20 5.8 37.9 79.4

12 200 100 10 8.1 48.2 92.3

13 300 100 15 7.2 42.7 81.6

14 400 160 15 6.3 41.4 83.1

15 300 100 15 7.2 42.7 81.6

16 400 100 20 6.3 56.9 90.9

17 300 100 15 6.3 42.7 81.6

Solubility studies on budesonide solid dispersions

0.9
0.8
0.7
0.6
0.5
0.4
0.3

Solubility (mg/ml)

0.2

0.1
0 I

0 11

sD1

Pure drug

1:2

1:1.5

SD2 SD3

Budesonide solid dispersion

Fig. 1: Comparison of budesonide solubility profiles in pure form and solid dispersion forms (1:1, 1:1.5 and 1:2), *All the results are
presented as meanzstandard deviation forn =3

The Solid dispersions dissolution rate depends on the proportion of
the poloxamer 188 in the solid dispersions. An enhancement of
dissolution rate of budesonide is because of its amorphous state,
which increases the as increase of the weight fraction of the
poloxamer 188 up to its saturation solubility. From the solubility
data it was found that there is drastic improvement in solubility
with an increment in the carrier concentration i. e. poloxamer 188.
As the desired solubility achieving with 1:2 drug and carrier ratio,
the same will be used for further preparation of CPOP tablets.

XRD studies were also performed for the formulated SDs to know the
crystallinity of the formulation. XRD was performed for both the API
and the prepared BSDs. The XRD spectrum of Budesonide API was
found to have the share, high intense peaks, which indicating the
crystal nature of API, whereas the XRD spectrum formulated BSDs was
found to have the broad, less intense peaks, which is confirming the
form conversion of API from crystalline to amorphous after solid
dispersion formation [32]. The XRD spectrum is displayed in fig. 2.

Physicochemical properties of the CPOP tablets

The optimized formulations were evaluated for physical property
evaluation. The results were shown in table 3. From the physical

property evaluation, it was clear that the formulated CPOP tablets
were rigid enough to maintain their integrity throughout lifecycle
[33]. Friability data of the optimized formulations were found to be
within limit as per USP (<1.0%).

Drug release study

Dissolution was performed for optimized formulations as mentioned
above. Dissolution results were displayed in fig. 3. All the 13 batches
were shown less than 10% drug release as per USP enteric coating
criteria [34]. The D4 was found to be in the range of 5.8 to 14.2%, D7
was found to be in the range of 37.9 to 62.3%), as per the objective of
the study, almost 100% drug release was observed after 10 h (D10).
From the dissolution data it is evident that there is control over the
drug release as per the required pattern for colon-targeted drug
delivery. After 5 h, with addition of the galactomannanse from
Aspergillus niger to the dissolution medium, there is an increase in %
drug release rate, which might be due to the soluble nature of
polysaccharide matter present in the SPM thereby forming pores on
the surface of the CPOP tablets to facilitate the drug release [35, 36].
The compartitive dissolution studies of optimized formulation and
the marketed formulation displayed in fig. 4.
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Fig. 2: XRD spectrum of a) Pure budesonide, b) Budesonide solid dispersion

Table 3: Post-compression physical properties of the screening formulations OF1 - OF13

S. No. Formulation Thickness (mm) Tensile strength (N/mm?) Packing fraction (Py) Friability (%)  Drug content (%)
1 OF1 2.08+0.04 0.63+0.06 0.93+0.04 0.18+0.06 98.7£2.6
2 OF2 2.12+0.06 0.61+0.07 0.94+0.03 0.21+0.05 98.2+1.2
3 OF3 2.11+0.03 0.65+0.04 0.91+0.07 0.24+0.02 101.9+0.8
4 OF4 2.09+0.08 0.66+0.08 0.95+0.08 0.13+0.06 100.5+1.6
5 OF5 2.52+0.06 0.62+0.05 0.92+0.05 0.16+0.03 99.4+2.1
6 OF6 2.58+0.12 0.59+0.04 0.93+0.03 0.21+0.06 98.5+2.4
7 OF7 2.56+0.05 0.63+0.02 0.90+0.06 0.14+0.05 101.7+1.5
8 OF8 2.61+0.03 0.60+0.05 0.95+0.02 0.18+0.03 100.2+1.8
9 OF9 2.63+0.07 0.64+0.03 0.93+0.03 0.12+0.02 98.9+2.2
10 OF10 3.13+0.11 0.58+0.09 0.91+0.04 0.25+0.03 101.3+1.9
11 OF11 3.10+0.06 0.63+0.05 0.94+0.03 0.27+0.04 99.8+2.7
12 OF12 3.08+0.09 0.60+0.07 0.95+0.08 0.15+0.03 98.4+3.1
13 OF13 3.12+0.06 0.62+0.03 0.93+0.05 0.16x0.06 100.6+1.3

*All the results are presented as mean+standard deviation for n = 3

120

100
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o
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o

Timein H

Fig.3: in vitro drug release profile of optimized BDU CPOP tablets,
*All the results are presented as Mean+Standard deviation for n = 3
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Fig. 4: In vitro dissolution profile of BUD CPOP colon target tablets and marketed BUD extend release tablets,
*All the results are presented as meantstandard deviation for n=3

Design of experimental analysis of the responses

To find the model fitness, sequential model sum of square analysis
was applied to find suitable regression model for every response
with the selected factors by the Design Expert software [37]. From
the results, as given by the software, it was observed that the linear
model was the best fit to explain the impact of factors for all the
three responses. This suggested linear model was subjected to
diagnosis tests to confirm its suitability and significance by ANOVA
test, normal plot of residuals as well as predicted vs actual plots
illustrated in fig. 4.
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ANOVA test results are shown in table 4 and it's confirmed the
suitability of the selected design for all the selected factors and the
occurred responses [38]. The p-value was found to be less than 0.05,
which is confirming the significance of model terms. The normal plot
of residuals and the predicted versus actual plot are displayed in fig. 4.
All the data points in the normal plot of residuals were aligned
linearly without any sigmoid shape alignment. The predicted vs
actual plots illustrated that the points were uniformly aligned
around the 45 line. These observations are concluding that the
selected models for the three responses are suitable and the same
can be moved for optimization stage [37].
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Fig. 4: a) Normal plot of residuals for the Response D4, b) Predicted versus actual plot for the Response D, ¢) Normal plot of residuals for
the response D7 d) Predicted versus actual plot for the Response D7, e) Normal plot of residuals for the response D10 d) Predicted versus
actual plot for the response D1o
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Table 4: Results of ANOVA test for response surface linear model for the response D4

Response Source SS2 Dft MSS¢ F value p-Value Inferenced

D4 Model 60.56 3 20.19 27.47 <0.0001 Significant
A-SPM coat weight 36.98 1 36.98 50.31 <0.0001 Significant
B-PS Conc. 10.58 1 10.58 14.39 0.0043 Significant
C-Amount of RCP 13.01 1 13.01 17.69 0.0023 Significant
Residual 6.61 9 0.73
Core Total 67.18 12

D7 Model 672.23 3 224.08 23.36 0.0001 Significant
A-SPM coat weight 262.21 1 262.21 27.33 0.0005 Significant
B-PS Conc. 284.41 1 284.41 29.65 0.0004 Significant
C-Amount of RCP 125.61 1 125.61 13.09 0.0056 Significant
Residual 86.33 9 9.59
Core Total 758.56 12

D10 Model 410.19 3 136.73 22.78 0.0002 Significant
A-SPM coat weight 153.13 1 153.13 25.51 0.0007 Significant
B-PS Conc. 64.98 1 64.98 10.83 0.0094 Significant
C-Amount of RCP 192.08 1 192.08 32.00 0.0003 Significant
Residual 54.02 9 6.00
Core Total 464.20 12

Note: a-Sum of Squares; »-Degrees of Freedom; ¢-mean Sum of Squares; 4-p-Value less than 0.05 indicates model terms are significant

The effects of the selected factors on the responses are illustrated in
fig. 5. The factors A and C were found to be negative on drug release
whereas the factor B has positive impact on drug release. With
increase in SPM coating weight, the thickness of the coating will also
increase thereby decrease in drug release rate. This could be due to
the increased resistance for water permeation; thereby, limited
pressure development would result in decreased drug release at
thicker coats [39, 40]. The drug release was found to be sustained after
5 h of dissolution, with increased concentration of polysaccharide i. e
guargum. The impact of polysaccharide concentration on drug release
was found to be more in case of D7 and D10 rather D4. This could be
attributed to the addition of galactomannanse from Aspergillus niger to
dissolution medium after 5 h. Galactomannanse is an enzyme that is
secreted in the intestinal microflora and is responsible for the
digestion of the polysaccharides in the intestine [28, 29].

The goal of drug release of prepared BUD CPOP tablets was to be
pulsatile drug release pattern. The effect of the formulation factors
on drug release was more complex. To study the effect of
formulation factors (A, B and C) on the drug release of prepared
tablet responses (R1: after 4h (D4), R2: after 7 h (D7), and R3: after
10h (D10), multiple linear regression analysis was done using
polynomial equation (1,2 and 3).
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1.35BC+1.16A2+2.44B2-0.5100C2-............. (1)

R2 =+42.70-3.70A-2.09B-1.79C-2.50AB+0.1000AC-
3.93BC+6.36A2+5.04B2-+3.39C2-............... (2)

R3 =+81.60-3.95A-2.56B-1.11C-0.9000AB+1.85AC-
4.48BC+5.56A2+5.54B2+2.59C2-................ (3)

The equations revealed that all three factors A: SPM coat weight, B:
Amount of PS and C: amount of Eudragit S 100 impact on the BUD
release from the CPOP tablets. To simulate the intestinal conditions
in the in vitro drug release studies, this enzyme is added to the
dissolution medium after 5 h of the test [41]. So that, the drug
release observed here can be correlated to the in vivo conditions.
Might be the presence of this enzyme in dissolution media
(mimicking the colon fluid conditions) accelerating the digestion of
the polysaccharide, followed by the formation of pores on the
surface of the tablet to facilitate the drug release [42]. These results
signified that controlling the levels of the SPM coat weight, Amount
of Eudragit S 100 and the amount of PS, the drug release from the
CPOP tablets can be controlled and can achieve the desired colon-
targeted drug delivery [43].
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Fig. 5: Contour plot showing the effects of a) the factors A and B on the D4; b) the factors A and C on the D4; c) the factors A and B on the
D7, d) the factors A and C on the D7, e) the factors A and B on the D10, f) factors A and C on the D10
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Optimization of formulation

Formula optimization was performed to find the best suitable
combination of the factors to achieve the desired responses. The
desirability of responses is to have the minimum drug release

Int ] App Pharm, Vol 17, Issue 1, 2025, 59-67

(below 10%) after 4 h, half amount of drug release at 7 h (less than
60%) and the maximum amount of drug release at 10 h (above 90%)
after dissolution to meet the objective of the formulation
development of CPOP tablets of attaining maximum drug release in
colon region that is after 6 h of administration.
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Fig. 6: Overlay plot showing the Design space (the yellow region: the yellow color part of the plot suggests the best possible combinations
of factors B and C to get desired responses)

The overlay plot of graphical optimization with set of
desirability function is displayed in fig. 6. The yellow color part
of the plot suggests the best possible combinations of factors B
and C to get desired responses. The plot indicates the

combination of factor A at 200 mg SPM coat weight can produce
CPOP tablets with desired drug profile. The combination of
factors and the predicted drug release profiles are displayed in
table 5.

Table 5: Comparison of the predicted and observed values of the responses for the optimized budesonide CPOP tablets

Factors combination Responses Predicted values Observed values % Error
A: SPM coat weight (200 mg) R1: D4 (%) 9.9 9.4 5.05
B: PS conc. (69.74 mg) R1: D7 (%) 56.94 55.9 -1.86047
C: Amount of Eudragit S 100 (19.72 mg) R1: D10 (%) 95.0 96.6 1.656315
J ° L
200 400 40 160 10 20
A = 200 BB = 69.745 CC =19.7224
10 60 95
[ I | |
5.8 14.2 37.9 62.3 794 100.5
R1 = 999999 R2 = 56.9437 R3 = 95.0002

Desirability = 0.952
Solution 1 out of 76

Fig. 7: Numerical optimization of BUD loaded CPOP tablets using box-bhenken design
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A new batch of CPOP tablets was formulated with the design-
suggested combination and evaluated for dissolution profile (fig. 7).
The observed values were found to be correlating with predicted
values by design space. So, the combination was selected as
optimum formulation of Budesonide CPOP tablets for colon-targeted
drug delivery. The difference between observed and predicted
values was calculated using the following equation (4).

Error (%) = (difference between observed and predicted
values)/predicted valuex100 ...... (4)

The optimized formulation containing BUD showed with small error
values (R1: 5.05, R2:-1.860, and R3: 1.65. This reveals that
mathematical models obtained from the Box-Behnken design were
well-fitted [44]. Comparison of in vitro dissolution profile of BUD
CPOP colon target tablets and marketed BUD extended-release
tablet was shown in fig. 8. The drug release was entirely inhibited at
stomach pH, indicating that the concentration of the enteric-coated
polymer was effective [45]. This demonstrates the reliability of the
optimized procedure in predicting the operating parameters for the
preparation of BUD CPOP tablets for colon targeting.

CONCLUSION

Budesonide SD was formulated to improve the dissolution rate with
the help of poloxamer 188 as a carrier by solvent evaporation
method. The formulated solid dispersions were found to have
improved solubility in comparison with BUD plain drug. The solid
dispersions were further evaluated to know the changes in
crystallinity using X-ray diffractometer and from the XRD studies, it
was found that the crystal form of the BUD was changed into
amorphous form. The CPOP tablet was manufactured using QbD as a
tool to optimize by the Box-Behnken design. Further, the
significance of the model for each response was analysed by the
ANOVA. From the optimization study it was concluded that
increment in rate controlling polymer in core and the increment of
semipermeable coat weight are controlling the drug release,
whereas the increased polysaccharide content in semipermeable
coat mixture leads to the higher drug release after 6 h and the model
is validated using the correlation between observed and predicted
values. The current study concluded that CPOP tablets effectively
controlled drug release during their transit through the
gastrointestinal tract (GIT) and provided targeted drug delivery for
treating conditions related to circadian rhythms.
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ABSTRACT

Objective: This review examines the growing global burden of Diabetic Nephropathy (DN), a major complication of Diabetes Mellitus (DM) and a
leading cause of Chronic Kidney Disease (CKD) and End-Stage Renal Disease (ESRD). With diabetes rates increasing, DN presents a significant health
challenge. Current treatments manage established DN, but preventive strategies targeting high-risk individuals are urgently needed. This review
evaluates current and emerging therapies for DN prevention.

Methods: A comprehensive literature search was conducted across multiple databases (PubMed, Web of Science, SCOPUS and others) to identify
studies on the treatment and prevention of DN in DM patients. Eligible studies included Randomized Controlled Trials (RCT), cohort studies and
meta-analyses published upto 2024, focusing on outcomes like albuminuria, Glomerular Filtration Rate (GFR) and ESRD incidence.

Results: Current treatments, including Sodium Glucose Co-transporter 2 (SGLT2) inhibitors, Angiotensin-Converting Enzyme (ACE) inhibitors and
Angiotensin Receptor Blocker (ARB), effectively reduce albuminuria and slow progression. Emerging therapies, such as antioxidants (Alpha-Lipoic Acid
(ALA), Resveratrol), Mineralocorticoid Receptor Antagonists (MRA) and Endothelin Receptor Antagonists (ERA), show promise in improving kidney
function and reducing inflammation. Other potential therapies targeting Oxidative Stress (0S), inflammation and fibrosis, such as Advanced Glycation
End products(AGE) inhibitors and Tumor Necrosis Factor-a (TNF-a) inhibitors, have demonstrated preclinical efficacy but require further validation.

Conclusion: While current therapies slow DN progression, they do not offer definitive prevention. Emerging treatments targeting oxidative stress,
inflammation and fibrosis show promise in reducing kidney damage. However, challenges like side effects and long-term safety remain. Further
research is needed to establish the efficacy of these therapies and develop personalized strategies for preventing DN in high-risk populations.

Keywords: Diabetic kidney disease, Diabetic nephropathy, DN, DKD, Preventive therapy, Preventing diabetic nephropathy, Preventing DKD,
Diabetes complications
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INTRODUCTION

Diabetes mellitus (DM) is a global metabolic disorder with a rapidly
increasing incidence, rising from 108 million cases in 1980 to 451
million in 2017 and projected to affect 693 million people by 2045
[1, 2]. This alarming trend presents a major healthcare challenge
worldwide. Among the chronic complications of DM, Diabetic
Nephropathy (DN) is one of the most serious and feared. Affecting
approximately 40% of individuals with diabetes, DN significantly
contributes to the burden of Chronic Kidney Disease (CKD) and End-
Stage Renal Disease (ESRD), making diabetes the leading cause of
ESRD globally [3]. Cardiovascular complications also present a major
concern for individuals with DN, with cardiovascular disease being
the primary competing risk before patients reach stage 4 CKD [4].

DN is a long-term, progressive kidney condition that typically
manifests after 10 to 20 years of diabetes, initially characterized by
microalbuminuria and progressing to macroalbuminuria and
eventual renal impairment [5, 6]. Early intervention is crucial, as
strict control of blood glucose and Blood Pressure (BP) has been
shown to slow disease progression [7]. However, despite advances
in treatment, including the use of ACE Inhibitors (ACEI), Angiotensin
II Receptor Blockers (ARB) and newer therapies like Sodium Glucose
co-Transporter (SGLT2) inhibitors, the majority of current
interventions focus on managing the condition after it has already
developed rather than preventing its onset.

This presents a critical gap in diabetes care. While existing therapies
help control blood glucose and mitigate renal and cardiovascular
complications, there is a pressing need for preventive strategies that
can specifically target high-risk diabetic individuals before DN
develops. Identifying and developing preventive therapies is
essential to reduce the incidence of DN, ESRD and the need for Renal
Replacement Therapy (RRT). By shifting focus toward early
prevention, we can significantly improve patient outcomes, reduce

healthcare costs and alleviate the growing burden of diabetes-
related kidney disease. This review will explore the current
landscape of drug treatments for DN and examine emerging
preventive approaches that could transform the management of
Diabetic Kidney Disease (DKD).

MATERIALS AND METHODS
Literature search strategy

A comprehensive literature search was performed to identify
relevant studies examining treatment and preventive strategies for
DN and DKD in individuals with DM. The search was conducted in
multiple electronic databases, including Springer, Wiley, Web of
Science, PubMed, Google Scholar, SCOPUS, Embase and Cochrane
Library, with no restriction on publication date up to 2024. To
further enhance the breadth of the review, references cited within
included articles were also manually searched.

The following keywords and Boolean operators were used in the
search: "Diabetic Nephropathy" OR "Diabetic Kidney Disease",
"Diabetes Mellitus" AND "Treatment”" OR "Prevention", "SGLT2
inhibitors" OR "ACE inhibitors" OR "Angiotensin Receptor Blockers",
"Investigational drugs to prevent Diabetic Kidney disease”,
"Investigational drugs to prevent Nephropathy". The search strategy
was refined using these terms in combination to ensure inclusion of
studies relevant to both the treatment and prevention of DN/DKD.

Inclusion and exclusion criteria

Articles were considered for inclusion if they met the following
criteria: Published in peer-reviewed journals, investigated the
treatment or prevention of DN/DKD in patients with Type 1
Diabetes Mellitus (T1DM) or Type 2 Diabetes Mellitus (T2DM),
reported clinical outcomes related to albuminuria, Glomerular
Filtration Rate (GFR) or the incidence of ESRD, involved Randomized
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Controlled Trials (RCT), cohort studies or meta-analyses and
published between 2000 and 2024.

Studies were excluded if: They focused on non-diabetic kidney
disease, the population consisted exclusively of patients without
diabetes, they did not report relevant outcomes for DN/DKD or
lacked sufficient clinical data, they were not published in peer-
reviewed journals (e. g, conference abstracts) and the full text was
unavailable or did not provide usable data for analysis.

Data extraction and evaluation

Data from the included studies were extracted and evaluated based
on the quality of the evidence and the relevance of the findings. Key
variables extracted included study design, patient population, type
of intervention or preventive measure, outcomes related to renal
function (e.g, albuminuria progression, GFR) and any reported
adverse events.

Risk of bias assessment

The risk of bias for each included study was assessed using the
Cochrane Risk of Bias Tool for RCT and the Newcastle-Ottawa Scale for
observational studies. Bias was evaluated across several domains:
Selection bias (e.g, random sequence generation, allocation
concealment), Performance bias (e.g, blinding of participants and
personnel), Detection bias (e.g, blinding of outcome assessment),
Reporting bias (e.g, selective reporting of outcomes).

Studies were categorized as having low, moderate or high risk of
bias in each domain. Any disagreements regarding bias assessments
were resolved through discussion among the authors. Sensitivity
analyses were conducted to assess the robustness of the review
findings, especially in studies with a high risk of bias.

RESULTS AND DISCUSSION
Pathophysiology of DKD

The mechanisms underlying DKD arise from the interplay of three
primary processes: hemodynamic, metabolic, and inflammatory
factors. Each process contributes differently depending on an
individual's genetic background, which explains variability in
disease progression.

Hemodynamic factors

A crucial element of the hemodynamic aspect of DKD is the Renin-
Angiotensin-Aldosterone System (RAAS). Renin, secreted by
juxtaglomerular cells near the afferent arterioles, is pivotal for RAAS
activation. Angiotensin I, produced through this pathway, binds to
AT1 and AT2 receptors: AT1 receptor activation leads to increased
resistance in efferent arterioles and elevated intraglomerular

| DKD Pathophysiology I
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pressure maintaining renal filtration rates and AT2 receptor
activation promotes vasodilatory Prostaglandin (PG) release, which
offers a protective counterbalance [8].

Elevated angiotensin II levels contribute to renal injury through non-
hemodynamic mechanisms: Stimulates aldosterone secretion and
Promotes release of inflammatory chemokines, such as MCP-1 and
TGF-B [9, 10].

Metabolic factors

Hyperglycemia, Insulin Resistance (IR) and dyslipidemia contribute
to the progression of DKD. Excess glucose load in the proximal
tubule upregulates SGLT-1 and SGLT-2, enhancing glucose and
sodium reabsorption. This leads to decreased sodium delivery to the
distal nephron and impaired tubuloglomerular feedback, disrupting
normal glomerular hemodynamics [11-13].

Local factors

Factors like Endothelin-1, Reactive Oxygen Species (ROS) and
Thromboxane A2 (TXA2) increase the tone of efferent arterioles
contributing to glomerular hypertension. IR increases the
production of Cyclooxygenase-2 (COX-2), prostanoids and the
kallikrein-kinin system, resulting in the dilation of the afferent
arterioles.

Activation of the Renin-Angiotensin System (RAS) can damage
Glomerular Endothelial Cells (GEC), increasing fenestrations and
triggering apoptosis. Hyperglycemia promotes the formation of
Advanced Glycation End products (AGE), which attach to their RAGE
receptors that reduces Nitric Oxide (NO) availability and increase
activity of Transforming Growth Factor-Beta (TGF-B), a fibrotic
factor. Diabetes accelerates the aging of Endothelial Progenitor Cells
(EPC), diminishing their reparative capabilities.

Podocyte dysfunction

Podocytes exhibit dysregulated production of Vascular Endothelial
Growth Factor (VEGF). Damage to podocytes results in foot process
effacement and podocyte loss, which is a key mechanism in the
development of albuminuria in diabetic patients [14-17].

Inflammation and fibrosis

Inflammation and fibrosis play crucial roles in the development of
DKD. Infiltration of renal tissue by macrophage is a significant
characteristic of DKD. Hyperglycemia and angiotensin Il contribute
to the recruitment of macrophages, which amplify inflammation
through cytokine release. Activation of Mineralocorticoid Receptors
(MR) intensifies the inflammatory response and contributes to
glomerular damage by promoting sodium reabsorption and
potassium excretion [18-20].
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Drugs to prevent DKD

Preventing DKD involves a multifaceted approach aimed at
managing the underlying risk factors associated with diabetes. First
and foremost, maintaining tight blood glucose control through diet,
exercise and medications is essential to prevent damage to the
kidneys. Monitoring and managing BP is equally critical, as high BP
can accelerate kidney damage. Keeping BP within target levels
(typically<130/80 mm Hg) through lifestyle changes and
medications like ACE inhibitors or ARB is recommended. Reducing
excess weight, avoiding smoking and limiting alcohol intake are also
key lifestyle modifications that improve overall kidney health.
Additionally, controlling cholesterol levels with statins can help
reduce the cardiovascular risk that often accompanies diabetes and
contributes to kidney dysfunction. Regular screening for early signs
of kidney damage, such as albuminuria (protein in the urine) allows
for early intervention and monitoring. In some cases, medications
like SGLT2 inhibitors may be prescribed to further protect the
kidneys. By addressing these modifiable risk factors along with a
focus on diet, exercise and regular medical check-ups, individuals
with diabetes can significantly reduce their risk of developing
diabetic kidney disease.

Current treatment options
Glycemic control

Glycemic control is fundamental in managing DKD. The American
Diabetes Association (ADA) recommends an A1C target of<7% for
most adults with diabetes, while the American College of Physicians
(ACP) suggests a target range of 7-8% for patients with long-
standing diabetes or limited life expectancy [21, 22]. Studies show
that aggressive glycemic control (e.g, A1C<6%) can reduce DKD
incidence, but it may increase the risk of hypoglycemia, especially in
older adults or those with cardiovascular disease [23]. Therefore,
treatment should be individualized based on the patient's risk
profile.

DPP-4 Inhibitors (e.g., Sitagliptin, Saxagliptin) reduce albuminuria
independently of glucose control and are generally well tolerated.
However, they may increase the risk of Heart Failure (HF) and have
uncertain long-term benefits in preventing ESRD [24-26].

GLP-1 Receptor Agonists (e.g, Semaglutide, Liraglutide) protect
renal endothelial cells and reduce Oxidative Stress (0S), improving
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kidney function and albuminuria. However, gastrointestinal side
effects and risks of pancreatitis may limit their use [27-29].

SGLT2 Inhibitors (e.g, Empagliflozin, Canagliflozin) are a
breakthrough in DKD management, significantly reducing renal
disease progression and the need for RRT, as shown in the EMPA-
REG OUTCOME trial [30, 31]. They can cause urinary and genital
infections and dehydration and their long-term renal benefits in
broader populations are still under study.

Thiazolidinediones (e.g., Pioglitazone) can reduce albuminuria but
are limited by side effects such as weight gain and edema, with
unclear benefits in preventing ESRD [32].

BP control

Control of BP is crucial in preventing the progression of DKD. While
a target BP 0f<140/90 mm Hg is generally recommended, achieving
this may not be appropriate for all patients [33, 34].

ACE Inhibitors (e.g., Enalapril, Ramipril) are effective in reducing
albuminuria and mortality in DKD but can cause hyperkalemia,
hypotension and renal impairment, especially in patients with
existing kidney dysfunction [35, 36].

Aldosterone Antagonists (e.g., Spironolactone) lower proteinuria and
BP, particularly in patients already on ACE inhibitors or ARB.
However, they carry risks of hyperkalemia and gynecomastia and
their benefit in advanced DKD remains unclear [37, 38].

ARB (e. g, Losartan, Valsartan) also reduce albuminuria and slow
DKD progression. Like ACE inhibitors, they can cause hyperkalemia
and hypotension and their long-term efficacy in advanced CKD is still
under investigation [39].

MRA such as Spironolactone, Eplerenone and nonsteroidal MRAs like
Finerenone have shown promise in reducing albuminuria and
improving renal outcomes in DKD. Nonsteroidal MRAs, including
Finerenone have a lower incidence of hyperkalemia and may offer a
safer alternative to traditional therapies. Similarly, esaxerenone and
KBP-5074, other nonsteroidal MRAs have also been found to
significantly reduce Urine Albumin to Creatinine Ratio (UACR) in
patients with diabetes and CKD [40-53]. These agents, especially
when combined with ACE inhibitors or ARB, provide cardiorenal
protection, though potassium monitoring is essential.

Table 1: Current treatment options to prevent DKD

Drug Drug Mechanism of action Dose Side effects Cost Reference
category number
Glycemic DPP-4 Inhibitors Inhibit DPP-4, increasing incretin Sitagliptin (100 mg Nasopharyngitis, heart Moderate [24-26]
control hormones, improving insulin daily), Saxagliptin (5  failure risk, hypoglycemia
secretion, and reducing albuminuria mg daily) (rare)
GLP-1 Receptor Increase insulin secretion, decrease Semaglutide (0.25mg  Nausea, vomiting, High [27-29]
Agonists glucagon secretion, and reduce renal weekly), Liraglutide pancreatitis risk,
oxidative stress, improving albuminuria (0.6 mg daily) Hypoglycemia
SGLT2 Inhibitors Block sodium-glucose cotransporter Empagliflozin (10 UTIs,Mycotic genital High [30, 31]
2 (SGLT2), reducing glucose mg daily), infections, dehydration,
reabsorption in the kidney, Canagliflozin (100 DKA (rare)
improving albuminuria, and slowing mg daily)
renal disease progression
Thiazolidinediones  Activate PPAR-y receptors, Pioglitazone (15-45 Weight gain, edema, heart Moderate [32]
improving insulin sensitivity and mg daily) failure risk
reducing albuminuria
BP ACE Inhibitors Inhibit angiotensin-converting Enalapril (5-40 mg Hyperkalemia, Low [35, 36]
control enzyme, reducing aldosterone, daily), Ramipril (2.5-  hypotension, Cough,
promoting vasodilation, and lowering 10 mg daily) Increase serum creatinine
proteinuria level, Teratogenicity
Aldosterone Block aldosterone receptors, Spironolactone (25- Hyperkalemia, Low [37,38]
Antagonists reducing sodium retention, 100 mg daily) gynecomastia
proteinuria, and BP
ARB Block angiotensin Il receptors, reducing ~ Losartan (25-100 Hyperkalemia, Moderate [39]
vasoconstriction and aldosterone mg daily), Valsartan hypotension, Increase in
release, improving albuminuria (40-160 mg daily) serum creatinine
MRA Block mineralocorticoid receptors, Spironolactone (25- Hyperkalemia, High [40-53]
reducing proteinuria, blood pressure, 100 mg daily), hyponatremina,
and kidney damage Finerenone (10-20 gynecomastia, hypovolemia
mg daily) (Spironolactone)
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Critical analysis

Despite the availability of various pharmacological agents to control
glycemia and blood pressure in DKD, several key limitations remain.
First, while ACE inhibitors, ARB and SGLT2 inhibitors have
demonstrated efficacy in slowing the progression of renal disease,
none of these therapies are curative. They predominantly serve as
disease-modifying agents, with benefits primarily in reducing
albuminuria and delaying the progression to more severe stages of
DKD. However, in many patients, particularly those with advanced
disease these agents provide only limited protection.

Furthermore, side effects are a significant concern. ACE inhibitors
and ARBs may cause hyperkalemia and renal dysfunction, while
SGLT?2 inhibitors increase the risk of urinary and genital infections.
Thiazolidinediones, while effective in some cases, can exacerbate
heart failure, weight gain and edema, limiting their use in certain
patient populations.

As a result, there is an urgent need for individualized treatment
approaches in managing DKD. Treatment regimens should be
tailored to the patient’'s specific stage of disease, comorbid
conditions and risk factors. A more personalized approach
incorporating factors such as age, underlying cardiovascular risk and
co-morbidities may optimize therapeutic outcomes and minimize
adverse effects.

Experimental treatment
Antioxidants
Alpha-lipoic acid (ALA)

A potent antioxidant that neutralizes ROS and reduces 0S, ALA
protects against DKD. It improves renal function, reduces fibrosis
and decreases inflammatory cytokines (IL-6, TNF-a) by modulating
pathways like p38 MAPK and NF-xB [54-56]. Clinical trials show ALA
reduces urinary albumin excretion, a key marker of kidney
dysfunction in diabetes. Typical dosages range from 600-1,200
mg/day [57-59].

Resveratrol

This polyphenol regulates oxidative stress, inflammation and autophagy
in DN. It reduces ROS, enhances antioxidant defenses and improves
kidney function through the AMPK/SIRT1/Nrf2 and Keapl/Nrf2
pathways [60, 61]. Studies show it also reduces proteinuria and
improves renal structure [62, 63]. Combined with other treatments,
Resveratrol may enhance DN management [64]. Network pharmacology
highlights therapeutic targets for Resveratrol in DKD [65].

Curcumin

Known for anti-inflammatory, antioxidant and anti-apoptotic effects,
curcumin protects the kidneys by activating Nrf2 and inhibiting NF-
kB. It reduces OS, inflammation and fibrosis, particularly in DN [66-
70]. Curcumin nanoparticles (nCUR) have shown promise in delaying
DKD progression, even without controlling hyperglycemia [71]. It
also modulates inflammation in CKD patients [72-75].

Sulbutiamine

It is a synthetic vitamin B1 derivative. Sulbutiamine reduces OS,
improves kidney function and suppresses inflammatory markers in
DN models [76].

Schisandrin B (Sch B)

It isa plant-derived lignan that targets mitochondrial dysfunction
and Epithelial-Mesenchymal Transition (EMT) in renal tubular cells,
reducing fibrosis and improving mitochondrial function in DKD. Sch
B acts through the TGF-B1, PI3K/Akt, and AMPK pathways [77].

AGE formation inhibitors

Diphlorethohydroxycarmalol (DPHC) is found in brown seaweed.
DPHC inhibits the AGE-RAGE interaction, preventing MGO-induced
renal damage and regulating apoptosis [78]. Other AGE inhibitors
like Aminoguanidine show promise, although clinical trials have been
limited due to side effects [79-81].
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Aldose reductase inhibitors (ARIs)

WJ-39andEpalrestatare ARI that inhibit the polyol pathway to
protect against diabetic kidney damage. WJ-39 improves
mitochondrial function and reduces fibrosis in preclinical models
[82]. Epalrestat has beneficial effects on renal function and interacts
with key pathways (AGE-RAGE, TNF, HIF-1) [83], though
gastrointestinal side effects limit its clinical use.

MRA

Esaxerenone is an MR blocker. Esaxerenone reduces albuminuria in
DN independent of BP-lowering effects [84].

Endothelin-1 receptor A (ETA) antagonists

Atrasentan and Zibotentan are ETA-selective antagonists that reduce
glomerular permeability and proteinuria, showing potential for DN
and CKD. Atrasentan has shown promise in reducing renal events
and albuminuria [85-91]. However, side effects like fluid retention
and hepatotoxicity are concerns with long-term use.

mTOR inhibitors

mTOR signaling, activated by high glucose and cytokines in diabetes,
promotes cell proliferation and fibrosis in kidney cells, contributing
to DKD. mTOR activation impairs autophagy and promotes OS,
inflammation and podocyte damage. Rapamycin, an mTOR inhibitor,
shows promise in preclinical models but has side effects, including
proteinuria and IR [92-105]. Other mTOR-targeting agents, like
thiazolidinediones  (Rosiglitazone),  aldosterone  antagonists
(Spironolactone) and plant compounds (e.g., Tripterygium glycoside),
show protective effects in DKD [106-114]. Vitamin D Receptor (VDR)
activation, through DDIT4 upregulation, inhibits mTOR, mitigating
kidney injury and fibrosis. These findings support mTOR inhibition
as a potential DKD therapy, though further research is needed [115-
121].

TNF-a inhibitors

TNF-a and its receptors, TNFR1 and TNFR2, play a role in the
progression of DKD. Inhibiting TNF activity in diabetic models
reduces proteinuria, sodium retention and kidney hypertrophy.
Soluble TNF receptors like TNFR: Fc and Etanercept show promise in
mitigating renal damage, suggesting TNFR as a key therapeutic
target in DKD [122-126].

Pentoxifylline (PTX)

PTX has shown benefits in DKD by reducing proteinuria, improving
kidney function (creatinine clearance), controlling inflammation and
0S. PTX also improves lipid profiles, lowering LDL-C and
Triglycerides (TGL) and reduces TNF-a levels. These multifactorial
effects underscore its potential in DKD management [127-134].
Large-scale studies are needed to confirm PTX's therapeutic
potential.

Protein kinase C inhibitors (PKCI)

PKC B overactivity contributes to DN via collagen production and
fibrosis. Ruboxistaurin, a selective PKC f inhibitor, reduces
glomerular hyperfiltration and proteinuria in diabetic rats [135,
136]. Echinochrome A (EchA), derived from sea urchins, also inhibits
PKC and improves renal function in diabetic models by reducing OS
and fibrosis [137].

Nox1/4 inhibitors

NOX1 and NOX4 enzymes generate ROS, promoting inflammation
and fibrosis in DKD. GKT137831, a dual NOX1/4 inhibitor, shows
protective effects in preclinical DN models. The NOX-E36 inhibitor
reduced albuminuria in DN patients, suggesting its potential for
preventing kidney damage [138-140].

Nrf2 activators

Nrf2 activation enhances antioxidant capacity, reduces inflammation
and prevents fibrosis, critical in DN. Bardoxolone Methyl, an Nrf2
activator, improved GFR in diabetic patients, though cardiovascular
concerns led to trial termination [141, 142].
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Table 2: Experimental treatment to prevent DKD
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Drug Drug Mechanism of action Study model Study outcome Challenges in Reference Why it can be used in
category development number preventing DKD?
Antioxidants ALA Neutralizes ROS, reduces OS, Animal (Preclinical),  Preclinical studies showed protective Mild side effects (GI [54-59] 0S is a key driver of DKD and
modulates inflammatory and Human (Clinical) effects on kidney function, reduced discomfort, hypoglycemia), ALA targets this pathway,
fibrotic pathways hyperglycemia, prevented optimal dosage and long- offering potential for kidney
glomerulosclerosis and fibrosis. term safety need further protection.
Clinical trials showed decreased study
albumin excretion.

Resveratrol Modulates Animal (Preclinical), ~ Reduced proteinuria, improved Long-term efficacy and [60-65] Given the role of
AMPK/SIRT1/Nrf2 and Human (Clinical) kidney structure, decreased optimal dosage still under inflammation and oxidative
Keap1/Nrf2 pathways, inflammatory markers. Subgroup investigation. stress in DKD, resveratrol
reduces ROS, enhances analyses showed beneficial effects could help reduce these
antioxidant enzymes, with or without co-treatment with factors, slowing kidney
improves kidney function. other medications. damage.

Curcumin Reduces OS, prevents renal Animal (Preclinical), Reduced renal inflammation and More research needed for [62-66, Curcumin offers antioxidant,
damage, enhances Human (Clinical) fibrosis, improved kidney function in precise mechanisms and 103-106] anti-inflammatory, and
mitochondrial function, diabetic rat models. In human trials, clinical application. antifibrotic properties,
modulates Nrf2 and NF-xB. reduced inflammation in CKD patients. essential for combating DKD

progression.

Sulbutiamine Reduces OS, suppresses Animal (Preclinical) Reduced fasting blood glucose,improved ~ Limited human data on [76] Targets OS and inflammation,
inflammatory markers, kidney function (decreased urea, long-term effects. core contributors to DKD,
improves kidney function. creatinine), reduced inflammation, and with promising effects in

improved histopathological changes in early studies.
kidneys of diabetic rats.

Sch B Inhibits EMT, improves Animal (Preclinical) Prevented EMT in renal tubular cells, Limited human studies and  [77] Inhibiting EMT and improving
mitochondrial function, improved mitochondrial function, clinical validation. mitochondrial function may
reduces ROS, enhances ATP reduced fibrosis and OS. help prevent fibrosis and
production. functional decline in DKD.

AGE DPHC Inhibits AGE-RAGE Animal (Preclinical) Prevented AGE-related kidney Limited clinical data, need [78] AGE accumulation accelerates

formation interaction, regulates damage, suppressed RAGE protein for larger trials. DKD progression; targeting

inhibitors apoptosis, enhances Nrf2 expression, reduced renal damage in AGE-RAGE interactions may
pathway. diabetic rats. slow down this process.

Aminoguanidine Inhibits AGE formation by Animal (Preclinical), = Reduced renal AGE accumulation and Discontinued due to [79-81] AGEs contribute to fibrosis
trapping reactive carbonyl Human (Clinical) mesangial expansion in diabetic rats, toxicity and adverse effects and inflammation in DKD,
compounds and preventing but minimal benefits in human trials in humans. making their inhibition
glycoxidation. for overt nephropathy crucial for slowing disease

progression.
Aldose wjJ-39 Inhibits aldose reductase, Animal (Preclinical) Protected against renal tubular Long-term safety and [82] The polyol pathway is linked
Reductase reducing polyol pathway damage in diabetic rats, improved efficacy in humans remain to DKD progression, and
Inhibitors activation, improves mitochondrial function and reduced to be confirmed. inhibition could reduce
(ARIs) mitochondrial function, fibrosis. kidney damage and fibrosis.
reduces fibrosis.

Epalrestat Inhibits aldose reductase, Human (Clinical), Reduced renal dysfunction and Gastrointestinal side [83] Inhibition of aldose reductase
reducing renal metabolic Animal (Preclinical) metabolic disturbances in DN patients, effects and liver enzyme could provide a direct
disturbances and decreased inflammation. abnormalities limit use. therapeutic benefit in
inflammatory pathways. addressing metabolic

disturbances in DKD.

Esaxerenone Blocks MR, reduces Human (Clinical) Reduced Urine Albumin-to-Creatinine Further research needed to  [84] Blocking MR can reduce

MRA albuminuria independent of Ratio (UACR) in patients with DN, clarify mechanisms and albuminuria, a key marker of
BP reduction. independent of BP effects. efficacy across different kidney damage in DKD.
populations.
ETA Ambrisentan, Selective antagonism of ETA Preclinical, Clinical Reduced glomerular permeability, Side effects: hepatotoxicity, = [85-91] ETA can mitigate
Macitentan, receptors, reducing lower BP, potential for treating fluid retention, anemia, vasoconstriction and

Sitaxentan, BQ-123,

vasoconstriction,

resistant hypertension, DN

particularly with long-term

inflammation, both of which
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Drug Drug Mechanism of action Study model Study outcome Challenges in Reference Why it can be used in

category development number preventing DKD?

Darusentan, inflammation and renal use of Sitaxentan, contribute to DKD

Avosentan, damage Avosentan progression.

Atrasentan,

Zibotentan

Bosentan, Dual antagonism of ETA and Preclinical, Clinical Bosentan approved for PAH; Liver dysfunction, fluid [163-169] Dual antagonism of endothelin

Tezosentan, ETB receptors, vasodilation, Tezosentan does not reduce retention, lack of receptors can help combat renal

Aprocitentan renal protection cardiovascular events; Aprocitentan cardiovascular event vasoconstriction and improve

lowers BP in resistant hypertension reduction in clinical trials kidney outcomes in DKD.
mTOR Rapamycin, Inhibition of mTOR signaling Preclinical, Clinical Reduced kidney injury, improved Side effects: proteinuria, [92-105] mTOR inhibitors can protect

Inhibitor Thiazolidinediones pathway, preventing glomerular function, reduced fibrosis renal tubular necrosis, glomerular integrity and

(e. g., Rosiglitazone),  podocyte damage and and inflammation insulin resistance, immune prevent kidney injury, crucial

Aldosterone glomerular hypertrophy suppression for preventing DKD.

antagonists (e. g.,

Spironolactone)

Tripterygium Modulation of mTOR Preclinical, In vitro Protection of renal function, delayed Limited clinical data, [106-114] Modulating mTOR signaling

Glycoside, Triptolide,  signaling, enhancing DKD progression, improved potential safety concerns, could enhance kidney

Radix Astragali, autophagy, reducing autophagic processes unclear mechanisms of function and delay DKD

Paecilomyces epithelial-mesenchymal action progression by promoting

Cicadidae, transition and apoptosis autophagy and reducing

Dihydromyricetin, fibrosis.

Ginsenoside Rg1,

Kaempferol

TNF-a Infliximab, Inhibition of TNF signaling, Preclinical (STZ Reduced urinary TNF excretion, Limited understanding of [122-126] TNF-at is a major pro-

Inhibitors Etanercept reduction of inflammation, rats), Clinical attenuated kidney damage, decreased TNFR1 vs TNFR2 inflammatory mediator in
sodium retention and renal (human) albuminuria contributions, variable DKD; its inhibition could help
hypertrophy outcomes across models reduce kidney inflammation

and damage.

PTX PTX Anti-inflammatory, reduces Clinical (human), Reduced UACR, improved creatinine Need for large-scale, [127-134] PTX’s anti-inflammatory and
oxidative stress, improves Preclinical clearance, reduced inflammation and longitudinal studies to antioxidant effects make it a
lipid profile and enhances 0S confirm findings, safety potential therapy to reduce
kidney function profile concerns kidney damage in DKD patients.

PKCI Ruboxistaurin, EchA Inhibition of PKC 8 and Preclinical (rat, Reduced glomerular hyperfiltration, Limited human trials, [135-137] PKC activation plays a role in
downstream pathways, mouse), Clinical proteinuria, improved renal function efficacy and safety DKD progression; inhibiting it
reducing fibrosis and in DN models concerns, need for long- could help reduce fibrosis and
oxidative stress term data renal damage in diabetes.

Nox1/4 GKT137831, NOX- Inhibition of NOX1 and NOX4,  Preclinical (mouse), Significant reduction in albuminuria, Lack of long-term clinical [138-140] NOX enzymes contribute to

Inhibitor E36 reducing ROS production and  Clinical (human) potential efficacy in preventing kidney = data, variable response 0S in DKD; inhibiting them
kidney damage damage across patient populations may prevent kidney injury

and slow disease progression.

Nrf2 Bardoxolone Methyl Activation of Nrf2 pathway, Clinical (human) Increased glomerular filtration rate Safety concerns [141, 142] Activating Nrf2 enhances

Activator enhancing antioxidant (GFR), but trial terminated early due (cardiovascular risks), kidney antioxidant defenses,
capacity and reducing to cardiovascular events need for further trials to which is critical in managing
inflammation confirm long-term benefits 0S in DKD.

JAK-STAT Baricitinib Inhibits JAK1 and JAK2, Phase II clinical trial Significant reduction in albuminuria Potential safety concerns [143-154] Shows promising results in

Inhibitor suppresses inflammation and  in type 2 diabetic (40%), reduction in pro-inflammatory  with long-term use (e. g, reducing inflammation,
reduces albuminuria. patients with DKD. biomarkers (e. g, CXCL10, CCL2). anemia, infection). Further albuminuria, and fibrosis in

Common AE: anemia. large-scale trials needed. DKD patients.

Ruxolitinib It blocks JAK1 and JAK2, Preclinical animal Reduced proteinuria, decreased levels No clinical trials yet for Potential for reducing kidney
leading to a decrease in models (STZ- of inflammatory markers (TNF-aq, DKD, limited full animal fibrosis and inflammation in
inflammation and fibrosis induced Wistar rats, TGF-B1, NF-kB), and fibrosis markers studies. DKD, though further research
while also regulating HG-induced MPC-5 (vimentin). needed.
podocyte autophagy. cell model).

Nifuroxazide Inhibits JAK2 and Tyk2, Preclinical studiesin ~ Reduced oxidative stress, Lack of clinical trials for High oral safety promising
suppresses STAT3 STZ-induced SD rats,  inflammation, and renal fibrosis. DKD, but long-term safety anti-inflammatory and
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Drug Drug Mechanism of action Study model Study outcome Challenges in Reference Why it can be used in

category development number preventing DKD?
phosphorylation, reduces UUO rats. Improved glucose metabolism. in clinical use suggests antioxidative effects could be
oxidative stress and promise. useful in DKD treatment.
inflammation.

Sinomenine Inhibits JAK2/STAT3/SOCS1 Preclinical studiesin ~ Reduced apoptosis of renal cells, along  Potential side effects such Potential therapeutic option
pathway, reduces STZ-induced SD rats.  with decreased inflammation and as skin lesions and for inflammation and fibrosis
inflammation, fibrosis, and fibrosis. gastrointestinal issues. in DKD through JAK/STAT
apoptosis. Skin lesions and gastrointestinal modulation.

discomfort noted.

Silymarin Itblocks the Preclinical studiesin ~ Improved podocyte injury, reduced Teratogenicity concerns in May help reduce oxidative
JAK2/STAT3/SOCS1 and TGF- STZ-induced SD rats.  oxidative stress, and renal fibrosis. animal studies, limited stress and renal fibrosis in
3/Smad signaling pathways, Gastrointestinal discomfort reported clinical data. DKD patients with favorable
leading to areduction in as AE. safety profile in clinical use.
inflammation, oxidative stress,
and fibrosis.

Total Glucosides of Inhibits JAK2 /STAT3 pathway, Preclinical studiesin  Inhibited macrophage infiltration and No clinical data yet for Potential anti-inflammatory

Paeony (TGP) suppresses macrophage Wistar rats with fibrosis, reduced progression of DKD. DKD. and fibrosis-reducing effects
activation, reduces renal STZ-induced DKD. make it promising for DKD
inflammation and fibrosis. management.

Paeoniflorin Inhibits JAK2/STAT3 Preclinical studiesin  Alleviated kidney inflammation and No significant adverse May provide effective anti-
pathway, reduces STZ-induced fibrosis, improved kidney protection. reactions in clinical trials. inflammatory and protective
macrophage infiltration and C57BL/6] mice. effects against DKD.
inflammatory responses.

Isoliquiritigenin Inhibits JAK2 /STAT3 pathway, Preclinical studiesin ~ Reduced renal fibrosis and Minimal side effects Promising in alleviating
reduces inflammation and HFD/STZ-induced inflammation, decreased IL-6 and reported. oxidative stress and fibrosis,
oxidative stress, protects SD rats. ICAM-1 levels. potential for DKD prevention.
againstrenal fibrosis.

Momordica Inhibits Preclinical studiesin ~ Reduced renal inflammatory No major adverse effects, Potential for modulating

Charantia JAK2/STAT3/STAT5/SOCS3/  STZ-induced Wistar response, modulated JAK/STAT but further studies on long- inflammatory pathways, a
4 pathways, reduces renal rats. pathways, reduced kidney damage. term use are needed. promising candidate for DKD
inflammation and fibrosis. prevention.

Danzhi Jiangtang Inhibits JAK/STAT pathway, Preclinical studiesin ~ Reduced renal dysfunction, alleviated Limited clinical data, but in Potential as a complementary

Capsule reduces oxidative stress and HFD/STZ-induced inflammatory injury in rats, associated  vitro and animal studies treatment for DKD by
inflammation in DKD. SD rats and AGE- with JAK/STAT inhibition. suggest efficacy. targeting oxidative stress and

induced GMC model. inflammation.

ErHuang Formula Inhibits CXCL6/JAK/STAT3 Preclinical studies in Reduced fibrosis, decreased Need for more extensive Potential to reduce renal
pathway, reduces HFD/STZ-induced SD  inflammation and renal dysfunction. clinical trials. fibrosis and inflammation,
inflammation fibrosis, and rats and HG-induced useful in DKD management.
improves kidney function. NRK-49F cells.

Adhesion and  ASP8232 (VAP-1 Blockade of adhesion Clinical (Phase II), Reduced proteinuria, renal protection,  Limited options for [155- Targeting adhesion molecules
chemokine inhibitor), Emapticap ~ molecules and chemokines, Preclinical slowed progression of kidney injury targeting adhesion 161,162] can block immune cell
molecule Pegol (CCL2-CCR2 reducing immune cell molecules need for migration to the kidneys,
inhibitors inhibitor), NOX-A12 migration and kidney additional clinical research reducing inflammation and

(CXCL12 inhibitor)

inflammation

fibrosis in DKD.

JAK-STAT inhibitors

JAK inhibitors, such as tofacitinib (JAK1/3) and baricitinib (JAK1/2), have shown effectiveness in
treating inflammatory and autoimmune diseases, including rheumatoid arthritis [143]. Ruxolitinib,
another JAK1/2 inhibitor, is approved for myelofibrosis [144] and has also been studied in
autoimmune diseases like Crohn’s disease and psoriasis [145, 146]. In early clinical trials, JAK
inhibitors have demonstrated potential in treating DKD by improving renal function and reducing
inflammatory markers [147, 148]. Baricitinib, for instance, has reduced albuminuria and inflammation

treatments, especially concerning anemia and infection risks, requires further investigation.

in type 2 diabetic patients with DKD (NCT01683409). However, the long-term safety of these

Additionally, Ruxolitinib and Nifuroxazide, which inhibit the JAK/STAT pathway, have shown promise
in experimental models for DKD treatment by reducing fibrosis and inflammation [149, 150]. Natural
products like Sinomenine, Silymarin and Paeoniflorin have also been studied for their ability to
modulate the JAK/STAT pathway and offer potential therapeutic benefits for DKD [151, 152]. Other
medications, such as liraglutide and vitamin D, have been found to inhibit the JAK/STAT pathway and
alleviate DKD-related inflammation and fibrosis, although further clinical trials are needed to confirm
their long-term efficacy and safety [153, 154].
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Adhesion and chemokine molecule inhibition in DKD

Adhesion molecules (ICAM-1, VCAM-1, VAP-1) and chemokines (e. g.,
CCL2) contribute to kidney inflammation and damage in DKD.
Targeting adhesion molecules with VAP-1 inhibitors like ASP8232
and blocking the CCL2-CCR2 pathway with Emapticap Pegol reduced
proteinuria in Phase II trials [155-161]. CXCL12 inhibition also
alleviated kidney damage in diabetic mice [162].

Critical analysis

The development of experimental drugs for DKD has been notably
slow despite promising preclinical results and the urgent need for
effective therapies. One significant reason for this lag is the high
attrition rate during clinical trials, often due to issues related to
safety, efficacy and side effects. Many drugs that show potential in
animal models fail to replicate these outcomes in human trials. For
example, while antioxidants like ALA and curcumin show positive
effects in preclinical studies, they often have limited bioavailability
or cause mild side effects in humans which hampers their clinical
adoption. Similarly, AGE formation inhibitors like Aminoguanidine,
despite showing promise in animal models, were discontinued in
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human trials due to toxicity concerns. Additionally, the complexity of
DKD’s pathophysiology, involving multiple pathways such as OS,
inflammation, fibrosis and metabolic dysregulation, makes it difficult
to pinpoint a single therapeutic target. As a result, clinical trials
frequently fail to achieve the desired outcomes, slowing the
development of effective treatments.

Moreover, regulatory and financial hurdles further delay the
introduction of new DKD therapies. Clinical trials, particularly those
for chronic conditions like DKD, require long follow-up periods to
assess long-term safety and effectiveness, which increases both time
and cost. This is particularly challenging for drugs targeting multiple
pathways, such as mTOR inhibitors or ETA, where potential side
effects like fluid retention or cardiovascular risks must be carefully
managed. Limited funding, especially for phase III trials and a lack of
consensus on optimal biomarkers for disease progression, also
contribute to the slow pace of drug development. As a result, while
the number of experimental drugs in the DKD pipeline is growing,
many faces significant obstacles before they can be approved for
widespread clinical use, further delaying advances in treatment for
this progressive and debilitating disease.

Table 3: Comparison of current drugs Vs experimental drugs to prevent DKD

Criteria Current treatment options Experimental treatment options
Therapeutic -DPP-4 Inhibitors: Improve insulin -Antioxidants (ALA, Resveratrol, Curcumin, Sulbutiamine, Schisandrin B): Show promising
efficacy secretion and reduce albuminuria. effects on reducing OS, improving kidney function and preventing fibrosis in preclinical
Proven efficacy in DKD management. and early clinical trials.
-SGLT2 Inhibitors: Reduce glucose -AGE Formation Inhibitors (DPHC, Aminoguanidine): Show potential in reducing kidney
reabsorption and albuminuria, slow damage by preventing AGE-RAGE interaction.
progression of kidney disease. -ARI: Potential to reduce kidney damage by inhibiting the polyol pathway.
-ACE Inhibitors/ARBs: Reduce -MRA (Esaxerenone): Show efficacy in reducing albuminuria independent of BP.
proteinuria, control BP and protect -Endothelin-1 Receptor Antagonist (Ambrisentan, Macitentan, Bosentan): Potential to
kidney function. reduce glomerular permeability and inflammation.
-mTOR Inhibitors (Rapamycin, Tripterygium Glycoside): Demonstrate efficacy in reducing
kidney injury, improving glomerular function and decreasing inflammation and fibrosis.
-TNF-a Inhibitors (Infliximab, Etanercept): Show potential in reducing kidney
inflammation and albuminuria.
-PTX: Demonstrates potential in improving kidney function and reducing inflammation.
-Nox1/4 Inhibitors (GKT137831, NOX-E36): Show potential to reduce ROS production and
kidney damage.
-Nrf2 Activators (Bardoxolone Methyl): Demonstrated increased glomerular filtration rate,
though concerns over cardiovascular safety exist.
-JAK-STAT Inhibitors (Baricitinib): Reduced proteinuria in early-phase trials, suggesting
efficacy in DKD management.
-Adhesion and Chemokine Molecule Inhibitors: Target adhesion molecules to reduce
inflammation and kidney damage.
Cost -Moderate to High: SGLT2 inhibitors, -Varies: Many experimental treatments are still in clinical trials and are not yet
GLP-1 agonists, and other medications commercially available, making the cost difficult to determine. Some therapies might be
like ACE inhibitors or ARBs can be cost-effective if they enter the market but others, especially novel biologics or small
expensive, especially newer drugs like  molecules, may be expensive.
SGLT?2 inhibitors.
CONCLUSION more extensive and rigorous clinical trials becomes evident. Early

clinical data may suggest potential benefits, but they are not

In conclusion, while significant progress has been made in
identifying and implementing strategies to prevent DKD, many of the
current interventions primarily focus on slowing disease
progression rather than offering definitive prevention. Lifestyle
modifications such as weight loss, physical activity and dietary
changes remain foundational in reducing the risk of DKD and
pharmacological treatments such as ACE inhibitors, ARB and SGLT2
inhibitors have demonstrated efficacy in mitigating the onset of
kidney complications. However, these interventions are not without
limitations and while they can delay the progression of kidney
damage, they do not fully prevent the disease in all patients.

Given the promising yet early-stage nature of many emerging
therapies such as antioxidants (e. g., ALA, Resveratrol, Curcumin),
MRA and novel agents like JAK-STAT inhibitors, the urgency for

sufficient to justify the optimistic outlook that some of these
therapies might prevent DKD in the long term. Therefore, a key
priority is the acceleration of clinical studies to validate these
promising treatments, particularly for high-risk populations who
may benefit most from early intervention.

Additionally, as DKD is a complex and multifactorial disease, a more
personalized approach to prevention by incorporating individual
risk factors such as age, comorbid conditions and underlying
cardiovascular risk will be essential in optimizing prevention
strategies. Tailoring interventions to the specific needs of each
patient has the potential to prevent the onset of DKD while
minimizing adverse effects. Ultimately, a concerted effort to advance
clinical trials and refine prevention strategies will be crucial in
reducing the burden of DKD and improving outcomes for those at
risk.
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