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Abstract

Due to the ever-increasing pharmaceutical technology, the paradigms of drug delivery have been
altered into more focused, effective and patient-centric mechanisms. The book is a thorough review
of the history and scientific basis of the current drug delivery systems that focus on vesicular carriers,
nanocarriers, lipid-based systems, and new oral dose innovations. The research commences with a
statement of the reason why the targeted and controlled drug delivery is desirable, aiming to increase
the therapeutic efficacy and reduce the systemic side effects of drugs. The vesicular systems such as
liposomes, niosomes and proniosomes are addressed due to their structural flexibility,
biocompatibility and the capacity to deliver both hydrophilic and lipophilic drugs. Nanoparticle
facilitated by nanotechnology has also facilitated the delivery of precise delivery with the use of
polymeric, inorganic, and lipid-based nanoparticles used in controlled and site-specific delivery.
Nanoparticles such as solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) are
considered the most stable, easier to load with drugs, and not harmful to the body. A review of oral
dosage innovation (mouth-dissolving, effusive, chewable, and pulsatile systems) that improve
patient compliance and therapy outcome is also explained in the review. Controlled and sustained
release technology incorporating microencapsulation and polymeric matrices are being investigated
as critical solutions to the problem of consistent drug concentrations and the enhancement of the
pharmacological behavior. All these developments are a multidisciplinary approach to precision
therapeutics.
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1. Introduction to Modern Drug Delivery Systems

The ever-changing nature of pharmaceutical sciences shifted the emphasis of the conventional
dosage forms to the new improved drug delivery systems which are aimed at maximizing therapeutic
activity and reducing adverse effects. The goal of the modern drugs delivery is not only at
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transferring active agents in the systemic circulation, but also at targeting the right place of action,
which enhances bioavailability and patient compliance [1].

The development of targeted delivery strategies has become one of the key pillars of
contemporary therapeutics since a rational design approach takes into account physiological barriers,
disease pathology, and drug pharmacokinetics. The objective of targeting is to realize controlled
localization of drugs, eliminate systemic exposure and an increase in therapeutic indices. A number
of approaches including active targeting by use of ligands and passive targeting by carrier systems
have been invented to address bio-limitation [1].

Controlled drug delivery also serves as an addition to this strategy because it ensures steady-
state plasma concentrations at extended intervals. These systems guarantee predictable
pharmacological reactions by modulating release profiles and maximizing carrier interactions and
reduce the dosing frequency and adverse effects [2]. The combination of these targeting and control
measures forms the basis of the present-day development of advanced nanocarrier and vesicular
delivery technologies that prevail in the contemporary pharmaceutical market [2].

2. Vesicular Drug Delivery Systems

One of the most diverse nanocarrier technologies that have been developed to improve
bioavailability, stability, and controlled drug release is the vesicular drug delivery technology. These
systems utilize lipid or surfactant bilayers to shield therapeutic agents, which is resistant to
degradation and the delivery of therapeutic agents to a specific site is achieved by adjusting the
composition and the size of vesicles [3].

The idea of liposomes emerged as a result of the early experiment by Bangham et al., who proved
the existence of phospholipid bi-layers which could entrap ions and molecules [3]. Since this time,
the liposomes have been widely categorized on the basis of size, lamellarity, and the mode of
preparation into multilamellar, small unilamellar and large unilamellar vesicles. Currently, thin-film
hydration, solvent injection, and microfluidic methods of preparation can be used to carefully
regulate the characteristics of vesicles [4].

The pharmaceutical uses of liposomes have been widely applied because of its biocompatibility
and capability to accommodate both hydrophilic and lipophilic drugs. Their clinical performance in
drugs like Doxil 2 is an indication of their future use in targeted cancer treatment and enhanced
pharmacokinetics [5]. The newer liposomal systems include surface modification with ligands or
polymers to improve the circulation time and attain active targeting of a particular tissue [6].

Besides liposomes, proniosomes and niosomes are also promising alternatives to liposomes,
with better stability and cost-efficiency. Proniosomes specifically, are dry, free-flowing formulations
that on hydration will form niosomes with the merits of vesicular encapsulation and the added
storage stability [7].

Moreover, the use of vesicles via naso-pulmonary routes has become popular in the treatment
of respiratory as well as systemic diseases. Nanosystems based on lipid-vesicles that can be delivered
via nasal or pulmonary routes may circumvent hepatic metabolism, deliver the drug as quickly as
possible and result in localized deposition of the drug, which is ideal to treat respiratory diseases [8].

Table 1. Vesicular Drug Delivery Systems: Overview and Applications.

Aspect Description

Vesicular drug delivery systems employ lipid or surfactant bilayers to

Definition and
encapsulate therapeutic agents, enhancing bioavailability, stability, and

Advantages controlled release while protecting drugs from degradation [3].
Historical The concept of liposomes was pioneered by Bangham et al., demonstrating
Background phospholipid bilayers capable of entrapping ions and molecules [3].

cpe 1. Liposomes are classified based on size, lamellarity, and preparation methods
Classification

into multilamellar, small unilamellar, and large unilamellar vesicles. Modern
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preparation methods include thin-film hydration, solvent injection, and
microfluidic approaches [4].

Liposomes carry both hydrophilic and lipophilic drugs. Clinically approved
Pharmaceutical | formulations like Doxil® demonstrate targeted cancer therapy and improved
Applications pharmacokinetics [5]. Advanced systems use surface modifications with
ligands or polymers for prolonged circulation and active targeting [6].

Proniosomes and niosomes offer improved stability and cost-effectiveness.

Non- . . . . .

.. Proniosomes are dry, free—flowmg formulations that convert into niosomes
Phospholipid . . . . .
Vesicles upon hydration, combining vesicular encapsulation with enhanced storage

stability [7].

Naso- Vesicular systems designed for nasal or pulmonary administration bypass
Pulmonary hepatic metabolism, allow rapid absorption, and enable localized drug
Applications deposition, useful for treating respiratory and systemic disorders [8].

3. Nanoparticle-Based Drug Delivery

The nanoparticle-based drug delivery systems have transformed the pharmaceutics field since
they have allowed the precise control of drug delivery, release and targeting. Nanoparticles, which
are usually in the range of 10-1000 nm, can be made of polymers, lipids, or inorganic substances; and
are also designed to enhance solubility, shield labile drugs and target specific action [9]. Their small
size that is in the nanoscale enables it to go through biological barriers with ease and interact with
cellular constituents at the molecular scale, which provides a strong therapeutic benefit.

Nanoparticles based on polymers, i.e., polyethylene glycol, chitosan or polyethylene glycol are
extensively studied in terms of controlled and sustained release formulations. These are
biodegradable carriers that guarantee long-term stays and controllable kinetics of release. The use of
inorganic nanoparticles such as gold and silica is used in imaging and targeted therapy particularly
in oncology because these nanoparticles have special optical and magnetic features [9]. New studies
show that they are multifunctional, incorporating both diagnostic and therapeutic functionalities into
a single platform [10].

In spite of all these, oral delivery of nanoparticles containing proteins and peptides is a daunting
task as it is affected by enzymatic degradation, low permeability, and gastrointestinal instabilities
[11]. The barriers have been circumvented by a number of formulation strategies such as
mucoadhesive coatings, enzyme inhibitors, pH-sensitive carriers, etc. [11].

Specific nanoparticles also maximize the therapeutic outcomes because, they target diseased
tissues and reduce systemic toxicity. Active targeting is actively enabled by surface modification with
ligands, antibodies or polymers and stimuli responsive nanoparticles can be used to release drugs in
response to either pH, temperature or enzymatic signals. Such innovations are the beginning of more
intelligent and responsive drug delivery systems and a transition to the personalized therapy and
improved patient outcomes [12].

Table 2. Nanoparticle-Based Drug Delivery Systems.

Aspect Description

Nanoparticle-based drug delivery systems enable precise control over drug
distribution, release, and targeting. Their nanoscale dimensions (10-1000 nm)
allow efficient navigation of biological barriers and molecular-level
interactions, improving therapeutic outcomes [9].

Definition and Advantages

Nanoparticles can be polymeric, lipid-based, or inorganic. Polymeric NPs
include PLGA, chitosan, and PEG-based carriers for controlled and sustained

Composition release. Inorganic NPs, such as gold and silica, are employed for imaging and
targeted therapy, especially in oncology [9].
Multifunctionality Nanoparticles can integrate diagnostic and therapeutic functions in a single

platform, supporting theranostic applications [10].
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Oral delivery of proteins and peptides via nanoparticles is hindered by
enzymatic degradation, poor permeability, and GI instability [11]. Strategies
to overcome these include mucoadhesive coatings, enzyme inhibitors, and pH-
sensitive carriers [11].

Oral Delivery Challenges

Surface modification with ligands, antibodies, or polymers enables active
Targeting and Stimuli- | targeting to diseased tissues. Stimuli-responsive nanoparticles release drugs
Responsiveness in response to pH, temperature, or enzymatic triggers, enhancing efficacy
while minimizing systemic toxicity [12].

These systems represent intelligent, responsive drug delivery platforms,

linical P ial
Clinical Potentia paving the way for personalized therapy and improved patient outcomes [12].

4. Solid Lipid Systems

Solid lipid based systems, including Solid Lipid Nanoparticles (SLNs) and Nanostructured Lipid
carriers (NLCs) have become the new potential substitute of polymeric and liposomal carriers. These
systems use lipids that are physiologically acceptable and can stay solid at room temperature and the
body temperature so that they are very biocompatible and have controlled release properties [13].
The major benefit of SLNs is that they are capable of trapping hydrophilic as well as lipophilic drugs,
as well as protecting them against chemical breakdown and controlled release during prolonged
periods of time [13].

The solid lipids that make SLNs are usually glycerol monostearate, stearic acid, or tripalmitin
which is stabilized by surfactants. They offer better drug stability, less burst release and better patient
compliance. Nevertheless, the properties of the drug loading, potential gelation during storage and
storage constraints have prompted the development of second-generation lipid -carriers
Nanostructured Lipid Carriers (NLCs) [13].

NLCs are prepared through a mixture of solid and liquid lipids in small proportions to form an
imperfect crystal framework improving drug loading and avoiding loss in storage due to expulsion.
Such structural change leads to increased stability, entrapment effectiveness, and controlled release
kinetics than SLNs [13]. Moreover, the recent technological developments have perfected the
preparation processes of hot homogenization, high-pressure emulsification, and solvent evaporation,
which guarantee scalability and reproducibility of such lipid carriers [14].

These lipid-based systems are also flexible and thus applicable in different routes of
administration such as oral, topical and parenteral. They are also naturally compatible with biological
membranes and can be surface modified with polymers or ligands thus amplifying their target effect
increasing the targeting power of SLNs and NLCs as an important constituent in future drug delivery
studies [14].

5. Innovative Oral Dosage Forms

The most preferred route of administration is oral drug delivery because it is easily
administered, safe, and patients obey it. Nevertheless, novel dosage forms like oral dosages have
emerged owing to the progress of formulation science to overcome drawbacks that are linked with
the conventional tablets and capsules. Some of them are mouth--dissolving, effusible, chewable, and
pulsatile systems, which are significant technological advancements that can increase bioavailability
and patient acceptability [15].

The oral cavity has received much attention over mouth-dissolving tablets (MDTs) which offer
a perfect solution to geriatric and pediatric patients as they dissolve quickly without the use of water.
Cinnarizine formulations with superdisintegrants showed better dissolution and quicker action onset
and better therapeutic effect in motion sickness [15,16]. On the same note, propranol hydrochloride
was developed by using mouth-dissolving films that registered high systemic absorption through
buccal mucosa causing better bioavailability and patient convenience [17]. Addition of 2-cyclodextrin
complexes to ondansetron preparations improved solubility and taste masking which further aided
patient compliance [18]. MDTs based on Amlodipine have also been optimized to use different
superdisintegrants resulting in a faster disintegration time as well as a steady profile of releasing [19].
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Effervescent pills like those that have been developed to be used in paracetamol have the benefit
of both fast dissolution and better palatability due to the development of carbon dioxide on exposure
to water. These formulations increase the rate of absorption, offer quick relief and dose precision in
the pediatric and adult patients [20].

Rapid disintegration

— without water — ideal for
Ipediatric & geriatric patients|

__| Cinnarizine MDTs (motion

sickness)
| 1.Mouth-Dissolving Enhanced bioavailability
Systems (MDTs & Films)| and fast onset of action
| | Propranolol films (buccal
absorption)
— Examples: —

Ondansetron B-cyclodextrin
complexes (taste masking)

Innovative Oral Dosage | |
Forms

Rapid disintegration via

CO2 evolution
Amlodipine MDTs
L (superdisintegrants — fast
o disintegrati
Improved palatability, isintegration)

I absorption, and dosing

accuracy

— 2. Effervescent Tablets [—

| Example:
|| Paracetamol effervescent

tablets

Another innovative category that helps on-the-go delivery and increase compliance is chewable
tablets, which are most effective in children and when treating older patients. Their development
should be based on strict balancing of hardness, texture and taste so that they can be acceptable by
the patients and still retain drug stability [21].

Controlled oral drug delivery has been transformed through the use of pulsatile and
multiparticulate systems which enable site-specific and time-dependent release. These systems have
been used to produce low-density multiparticulates of meloxicam which have the ability to release
drugs in sync with circadian rhythms and this has enhanced therapeutic effects of the drug in diseases
where chronotherapy is required [22]. In addition, microencapsulation and other similar methods
have been incorporated in oral dosage delivery; thereby, attaining sustained release, active agent
protection, and targeted delivery, which represents a major advancement in the use of oral
pharmaceutical technology [23].

6. Controlled and Sustained Release Technologies

Controlled and sustained release technologies have become an essential part of contemporary
pharmaceutics that provide a high level of accuracy in the kinetics of drug release and the
maintenance of therapeutic concentration during prolonged periods. The aim of these systems is to
address the limitations associated with traditional dosage forms, including variable plasma
concentrations and repeated dosage which will improve therapeutic effect and adherence to the drug
[24].

Here the basis of controlled release technology is to create matrices or carriers that can be used
to control the rate of diffusion or degradation of drugs. The natural and synthetic polymers are
important in these systems and allow a variety of release mechanisms such as diffusion, erosion and
osmotic control. The release rates can be designed by adjusting the parameters of polymer type and
formulations to obtain long-term therapeutic effects at minimal side effects [24].
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Recently, trends in the use of vesicular and nanoparticulate systems have greatly increased the
range of controlled release. The liposomal vesicular carriers, e.g., have a dual purpose: firstly they
increase bioavailability, and secondly they prolong the period of action of the drug since it is encased
in lipid bilayers. The ability to create a tunable composition and a surface modification enables the
targeting and controlled delivery of the drugs to a target tissue or cell [25]. Such systems are being
used more often in delivery of anticancer agents, peptides, and vaccines, where a controlled drug
concentration is highly important to be effective.

A paradigm shift in the pharmaceutical formulation design is the introduction of controlled and
sustained release technologies in association with novel advanced carriers, such as liposomes,
nanoparticles, and polymeric matrices. These breakthroughs not only guarantee superior treatment
processes, but also create new possibilities of customized and receptive drug delivery systems [25].

Table 3. Controlled and Sustained Release Technologies.

Aspect Description

Controlled and sustained release systems offer precise control over drug release kinetics
and maintain therapeutic concentrations over extended periods, reducing dosing
frequency and improving patient compliance [24].

Definition and
Advantages

Release is modulated by diffusion, erosion, or osmotic control. Polymers (natural and

Mechanisms  of . . .
synthetic) form matrices or carriers that regulate drug diffusion/degradation rates,

Drug Rel
rug Release enabling tailored sustained release [24].

Polymers are critical in controlling drug release profiles. Their composition, molecular
Role of Polymers ; S .

weight, and crosslinking influence the rate and duration of drug release [24].
Vesicular and | Liposomal carriers and nanoparticles enhance bioavailability while enabling prolonged
Nanoparticulate drug action. Surface modifications and tunable compositions allow targeted and
Integration controlled delivery to specific tissues or cells [25].
Applications Particularly useful for anticancer agents, peptides, and vaccines where maintaining

therapeutic drug levels is essential for efficacy [25].

Integration of controlled release technologies with advanced carriers (liposomes,
Impact on Drug

Delivery nanoparticles, polymeric matrices) enables personalized, responsive, and high-efficacy

drug delivery platforms [25].

Conclusion

The development of the science of drug delivery through the traditional dosage delivery to the
sophisticated controlled delivery depicts a spectacular fusion of chemistry, biology as well as material
science. Specific delivery methods have enhanced the therapeutic accuracy and minimized systemic
toxicity and enhanced drug bioavailability. Vesicular carriers including liposomes, niosomes and
proniosomes have also provided flexible frameworks within which a wide range of therapeutic
agents can be encapsulated, and nanocarriers, including polymeric, inorganic and lipid-based
nanoparticles, have helped to redefine the concept of site-specific and sustained drug action. The use
of solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) has improved the
stability of the formulation, loading efficiency of the drug and patient safety.

Simultaneously, new oral dose agents including mouth-dissolving, effervescent and chewable
tablets have enhanced patient compliance and treatment flexibility. Implementation of pulsatile and
multiparticulate systems is another example of the shift to physiological synchronization of the drug
release. It has been on controlled and sustained release technologies, which have been backed by the
use of microencapsulation and the use of polymeric design, that have become the pillars in
supporting the maintenance of constant therapeutic levels and reduction of the dosing frequency.

All these innovations demonstrate how the pharmaceutical industry is changing towards being
precise and patient-centric in therapy. The future of drug delivery is in the union of nanotechnology,
biomaterials and personalized medicine, where smart, responsive and biocompatible systems will
dominate the new era of clinical care. Further research and translation function will play a key role
in ensuring that these technologies pass through the transition phase between the laboratory design
and the general clinical use.
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