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ABSTRACT

The fact that nanocarriers emerged as a revolutionary tool in drug
delivery has significantly improved drug bioavailability, stability, and
therapeutic efficacy of pharmaceutical agents. Based on the nanoscale
delivery systems such as liposomes, dendrimers, nanoparticles and
micelles, the targeted and controlled drug release has been achieved to
improve drug accumulation at the site of action and to reduce the
systemic side effect. Nanocarriers make them versatile in being able to
carry a large range of therapeutic agents from chemotherapeutic drugs
to proteins, peptides and nucleic acids with improved but fewer toxic
characteristics. However, the challenges of biocompatibility,
scalability, regulatory approval and safety in the long term still have to
be solved. This review presents a general overview of the recent
attempt in developing drug delivery systems based nanocarrier that

covers the different types of nanocarriers, the applications in different

therapeutic areas with the strategies of overcoming the present limitations. Secondly, the

article highlights future directions of nanocarriers, including integrated personalized

medicine, multifunctional nanocarriers, advanced technologies such as artificial intelligence

of nanocarrier design. Nanocarriers, in general, represent an exciting frontier in drug delivery,

and the ability to use them in the treatment of a large variety of diseases that includes cancer,

infectious diseases and neurological disorders.
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1. INTRODUCTION

The problem of targeted delivery of therapeutic agents to specific sites within the body, has
been one of the most important problems in contemporary pharmacotherapy.™ However,
diverse and diverse problems, such as poor bioavailability, lack of target specificity, short
systemic circulation, and undesired side effects, make conventional drug delivery systems
unsuitable in many situations./ For instance, these problems are particularly significant in
the therapy of complex diseases such as cancer, neurological disorders, and infectious
diseases where the therapeutic window is narrow, the drug exposures in non-target tissues can
be high, and favorable drug absorption, distribution and metabolism are subjacent to
successful therapy.®! In order to overcome these limitations, the field of drug delivery is
shifting towards the nanotechnology-based approaches. Nanocarriers have been especially
attracting much attention as novel tools for increasing the therapeutic efficacy and safety of
drugs among these.l Colloidal drug delivery system are nanocarriers that have particle size
between 1 to 1000 nanometres. A suite of advantages, which are improved solubility of
poorly water-soluble drugs, prolonged circulation time, controlled and sustained release,
targeted drug delivery and reduced systemic toxicity, are offered by them. As can be seen,
these characteristics play an important role in determining the improved patient compliance
and clinical outcomes.®™ Nanocarriers exhibit unique physicochemical properties of surface
modifiability and high surface area to volume ratio, and high encapsulation capacity of
hydrophilic and hydrophobic drug, which make them appropriate for many therapeutic
applications. And they can be designed with a range of polymers, lipids, metals, and
surfactants so that it can be tuned to disease pathology, pharmacokinetics, and drug
properties. The targeting ligands are also used for functionalizing nanocarriers; antibodies,
peptides or aptamers can be employed for achieving the site-specific delivery, for instance, in
cancer and inflammatory diseases where receptor mediated endocytosis can be utilized for
enhanced cellular uptake. With recent advances in nanomedicine and the development of
stimuli responsive nanocarriers that release their payload in response to physiological or
external trigger such as pH, temperature, enzymes, or light, much thousands stand to be
gained on the ability to develop new types and qualitative application of this local
nanomedical intervention.’” Moreover, nanocarrier integration of diagnostic agents into

theragnostic has led to platforms for simultaneous diagnosis and therapy, particularly in
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personalized medicine, due to the synchronous therapy and diagnosis. On the face of it,
nanocarrier based drug delivery systems to the clinic are promising, but there are several
challenges that have not been overcome. Systematic solution is needed to issues of large-
scale manufacturing, reproducibility, long term toxicity, regulatory approval and cost
effectiveness. In addition, it is necessary to understand better their interaction with biological
systems, such as the formation of protein corona, recognition by the immune system, and

biodistribution for successful clinical implementation.[’?

2. Fundamentals of Nanocarriers

Nanocarriers are nanoscale structures for the specific delivery of therapeutic agents to the
targeted tissue or a targeted cell with increased precision, effectiveness and safety. Most of
these carriers have sizes ranging from 1 to 1000 nanometers and are composed of many
different materials, such as polymers, lipids, surfactants, and inorganic substances. Factors
that are critical to design and physicochemical aspects, including drug loading efficiency,
stability, and release kinetics and biodistribution are dependent on theirs.!®! Nanocarriers are
Nano sized materials such as Nano drugs that are meant to be used in controlled and targeted
delivery of the drugs. Table 1 gives Characteristics of Nanocarriers in Drug Delivery,
However, because of their small size, their permeability and retention are increased (EPR)
even in diseased tissues, such as tumours, characteristics of nanocarriers include.

« High surface area-to-volume ratio

e Tunable surface charge and hydrophilicity/hydrophobicity

o Ability to encapsulate both hydrophilic and hydrophobic drugs

« Protection of the drug from enzymatic degradation

2.1 Mechanism of Drug Loading and Release

Physical entrapment, chemical conjugation and surface adsorption are known methods of
drug loading into nanocarriers. Passive diffusion, degradation of the carrier matrix or stimuli
sponge mechanisms (e.g. targeting of changes in pH, temperature, enzymatic activity) may be
the driving forces for the release or passage of the drug from the nanocarriers. The controlled
release products significantly contribute to maintaining therapeutic drug levels over an

extended period and decreasing the frequency of dosing.

2.2 Targeting Strategies
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Passive Targeting takes advantage of nanocarriers’ naturally accumulated into diseased
tissues (e.g., tumor or inflamed) by the effect of EPR and Active Targeting is done by
modifying nanocarrier surface with ligands like monoclonal antibodies, peptides, or folic acid
that recognized targets that over expressed the specific receptors.!*”

2.3 Surface Modification and Functionalization

Nanocarriers can be PEGylated that is coated with a polymer such as polyethylene glycol
(PEG) to increase circulation time and decrease immunogenicity.*Y! Other modifications
include.

» pH-sensitive linkers for site-specific release

» Ligand conjugation for receptor-mediated uptake

« Guided delivery and imaging with magnetic or optical elements

2.4 Pharmacokinetic and Pharmacodynamic Improvements
Nanocarriers increase solubility, decrease metabolism and prolong half-life of drugs by an
order of magnitude. Targeted delivery also can improve pharmacodynamic outcomes by drug

localization at disease site and limiting drug effect on healthy tissues.[*?

Table 1: Characteristics of Nanocarriers in Drug Delivery.

Parameter Description Impact on Drug Delivery Reference
Nano-range particle size Enhances bioavailability and
Size (1-1000 nm) | improves tissue penetration allows for passive targeting [13]
and cellular uptake (EPR effect)
Surface Charge Affects stability, cellular Positive charge enhances cell
"9 interaction, and circulation uptake; neutral/PEGylated [14]
(Zeta Potential) : : .
time prolongs circulation
Drug Loading Encapsulation, adsorption, Determines drug payload and
sty , [15]
Methods conjugation release profile
Release D|ffu5|qn, erosion, stimuli- Enables controlled and site-
. responsive (pH, temperature, - [16]
Mechanism specific drug release
enzymes)
Use of polymers or lipids that Ensures safety and minimizes
Biodegradability degrade into non-toxic y . [17]
long-term accumulation
components
. Passive (EPR effect), active Improves therapeutic index and
Targeting Strategy (ligand-mediated) reduces off-target effects [18]
Surface PEC_syIatl_on, ligand . Enhances stealth properties and
el conjugation, magnetic i [19]
Modification . target specificity
tagging
. ... | Suitable for both hydrophilic | Expands applicability to a wide
Drug Compatibility and hydrophobic drugs range of therapeutic agents [20]
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3. Types of Nanocarriers

In the past decades some nanocarrier systems have been developed to overcome the pitfalls
relevant to conventional drug delivery. Each type of nanocarrier exhibits unique structural
features, advantages, limitations, and suitability for different therapeutic applications./*!

3.1 Polymeric Nanoparticles

These colloidal particles made from biodegradable polymers are named polymeric
nanoparticles: polylactic acid (PLA), polyglycolic acid (PGA), poly(lactic-co-glycolic acid)
(PLGA), and chitosan. They have good stabilities, controlled release properties and are
capable to contain hydrophobic and hydrophilic drugs. Advantages: Biocompatibility, tunable
degradation rate, easy surface modification. Applications: Cancer therapy, vaccine delivery,
antimicrobial agents.!?

3.2 Liposomes

Spherical vesicles composed of one or more phospholipid bilayers enclosing an aqueous core
is a definition of liposomes. Both water-soluble and lipid soluble drugs can be encapsulated
by them and are among the first and most common approved nanocarrier systems.
Advantages: Biodegradable, low toxicity, well-studied, FDA-approved products available
and Applications: Oncology (e.g., Doxil®), antifungal drugs (e.g., AmBisome®), gene
therapy.

3.3 Solid Lipid Nanoparticles (SLNSs)

They can be defined as submicron size particles of solid lipids that remain solid both at room
and body temperature. The real strength of these nanoparticles is that they combine the
excellent benefits of lipid carriers and polymeric nanoparticles at the same time. Improved
drug stability, controlled release, good biocompatibility; Advantages of the applications in
dermatological, ophthalmic, and oral drug delivery.!*!

3.4 Nanostructured Lipid Carriers (NLCs)

Second generation of lipid nanoparticles are NLCs, wherein lipids are mixture of solid &
liquid lipids. Comparing to SLNs, higher drug loading and reducing expulsion during storage
are achieved in them. Advantages: Increased loading capacity, reduced crystallinity,
improved stability and Applications: Transdermal delivery, antiaging formulations, anti-

inflammatory drugs.
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3.5 Dendrimers

These are highly branched tree like synthetic macromolecules having a central core with
multiple terminal functional group. As their architecture is well defined, drugs can precisely
be loaded and targeted.?”

» Advantages: Multivalency, uniform size, potential for gene and drug delivery

» Applications: Antiviral agents, anticancer therapy, diagnostic imaging

3.6 Nanosuspensions

Pure drug particle nanosuspensions are relatively low concentration submicron colloidal
dispersions of pure particles stabilized by surfactants. It is suitable for poorly soluble drugs to
improve the dissolution and absorption.

» Advantage: Easy to prepare, soluble increased, scalable production

» Applications: Oral, parenteral, and ocular drug delivery

3.7 Metallic and Inorganic Nanocarriers

Gold nanoparticles, silver nanoparticles, mesoporous silica and quantum dots are a part of
these. As a result, they are often used to image, diagnose, and target delivery as a
consequence of their unique optical and magnetic properties.?®!

Advantages: Surface plasmon resonance, ease of functionalization, diagnostic potential.
Applications: Theranostics, cancer photothermal therapy, biosensing.

Table 2: Comparative Overview of Common Nanocarriers.?® %"
. - Drug Type -
Nanocarrier Type | Composition Compatibility Clinical Use
Polymeric PLA, PLGA, - . .
Nanoparticles Chitosan Hydrophilic/Hydrophobic | Cancer, vaccines
Liposomes Phospholipids Both Onpology, gene
delivery
Solid Lipid s : - . Dermatology, eye
Nanoparticles Solid lipids Lipophilic mainly diseases
NLCs ﬁg:ldd; liquid Lipophilic mainly Topical, systemic
. Polyamidoamine - . . .
Dendrimers (PAMAM) Hydrophilic/Hydrophobic | Anticancer, imaging
Nanosuspensions Drug + surfactant | Poorly soluble drugs Oral/parenteral/ocular
Metallic/Inorganic | Gold, silica, . Theranostics,
Variable . .
NPs quantum dots diagnostics

4. Recent Advances and Innovations in Nanocarriers
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Recent developments in nanocarrier systems have revolutionized drug delivery by
introducing intelligent, multifunctional, and patient-specific platforms. Among these, stimuli-
responsive nanocarriers have gained prominence for their ability to release drugs in response
to pH, redox potential, temperature, enzymes, or external stimuli like light and magnetic
fields, enabling precise targeting and reduced systemic toxicity.?® Multifunctional and
hybrid nanocarriers integrate therapeutic and diagnostic functionalities, forming "theranostic™
systems capable of simultaneous treatment and monitoring. Additionally, co-delivery
nanocarriers allow the simultaneous transport of drugs and genetic material (e.g., SIRNA,
CRISPR/Cas9), enhancing efficacy in complex diseases like cancer and genetic disorders.?”
Targeted nanomedicine is now increasingly guided by personalized approaches, using ligand-
modified surfaces to deliver drugs based on specific biomarkers or disease profiles. The
delivery of gene-editing tools via non-viral nanocarriers, such as lipid nanoparticles (LNPS),
has emerged as a breakthrough in safe and efficient gene therapy. Furthermore,
environmentally friendly and biogenic nanocarriers synthesized using plant-based or
microbial components are being developed for sustainable and low-toxicity applications.*”! A
comparison of these innovations is presented in Table 3, highlighting their mechanisms,

advantages, and potential applications.

Table 3: Recent Innovations in Nanocarriers.! 33
Innovation Type Trigger/Feature Advantage Applications
N . pH, redox, enzymes, Site-specific Cancer,
Stimuli-Responsive . release, reduced . .
temperature, magnetic inflammation

side effects

Tumor imaging,

: . . Imaging + therapy, Theranostics, e
Multifunctional/Hybrid magnetic/lipid hybrid | enhanced targeting real time
monitoring
- Cancer,
Dual/Co-delivery Drug-drug or drug Synergistic effect, | . microbial
gene combos reduced resistance resistance

Ligand-based
targeting, Al-guided
design

Personalized
Nanomedicine

Precision delivery, | Oncology,
tailored therapy metabolic disorders

MRNA, siRNA, Cas9
CRISPR/Gene Delivery | via lipid/polymer

Genetic diseases,

Non-viral, safe .
personalized

gene editing

carriers therapy
Biogenic/Green Plant or microbial Eco-friendly, Antimicrobials,
Nanocarriers synthesis minimal toxicity topical delivery

5. Applications of Nanocarriers in Drug Delivery
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5.1 Cancer Therapy

There are many advantages that cancer treatments have derived from nanocarrier use;

especially in the improvement of chemotherapeutic delivery to tumour areas. Nanocarriers

have the opportunity to use this enhanced permeability and retention (EPR) effect that are

characteristic of tumor tissues, in which the blood vessels are more permeable and lymphatic

drainage is poor.¥

e Liposomes (e.g., Doxil®) are widely used for encapsulating chemotherapeutics like
doxorubicin, reducing cardiac toxicity.

e Polymeric nanoparticles can provide sustained release of drugs, reducing the frequency
of administration and improving patient compliance.

« Nanoparticles conjugated with targeting ligands (e.g., monoclonal antibodies, folate)

enhance specificity, thus improving the therapeutic index.

5.2 Infectious Diseases

Nanocarriers have been used as efficient solubilizing and stabilizing agents as well as

effective delivery systems for antibiotics and antifungals for treating infectious diseases.

They also help in the delivery of therapeutic agents to areas that can only be accessed with

considerable difficulty as a result of tissue restrictions.™!

e Nanosuspensions and lipid-based carriers are used for poorly soluble antibiotics,
improving their bioavailability.

e Gold nanoparticles and silver nanoparticles are increasingly being used for their
antimicrobial properties, providing an alternative for antibiotic-resistant infections.

« Nano-antibiotics encapsulated in nanocarriers offer sustained drug release, reducing the

risk of resistance development and side effects.

5.3 Gene Delivery

The use of genetic therapy as a possible treatment for genetic diseases is quite promising, but
the problem of introducing genetic material into the target cell still persists. Lipid based
nanoparticles, in general and specifically the ones commonly called lipid nanoparticles, are
promising non-viral gene delivery systems.®

e Lipid nanoparticles were the key component in the success of mRNA vaccines for

COVID-19.
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e Polymeric nanoparticles can deliver DNA, RNA, or CRISPR/Cas9 components for gene
editing, with potential applications in treating genetic disorders such as cystic fibrosis and
muscular dystrophy.

o Dendrimers and viral-like particles can be used for both gene delivery and gene

silencing, offering precision targeting.

5.4 Vaccine Delivery

Nanocarriers have also been explored for improving vaccine formulations by enhancing the

immune response and providing controlled release of antigens.t”

e Liposomes and microparticles are employed as adjuvants to enhance the efficacy of
vaccines.

« Nanoparticles (e.g., gold or silica) can deliver antigens in a manner that mimics natural

pathogens, boosting both humoral and cellular immunity.

5.5 Neurological Disorders

Highly potential nano carriers have been regarded as important strategies for the treatment of

central nervous system diseases including Alzheimer’s disease, Parkinson’s disease, and

stroke. The introduction of drugs across the BBB remains one of the limiting factors in drug

administration to the brain; nanocarriers may be a solution.r®!

e Liposomes and solid lipid nanoparticles (SLNs) are designed to cross the BBB and
deliver neuroprotective drugs or gene therapy agents.

« Nanoparticles conjugated with targeting ligands (e.g., transferrin or lactoferrin) can
improve brain targeting, enhancing the therapeutic potential for neurodegenerative

diseases.

Table 4: Applications of Nanocarriers in Disease Management.[39' 401

Disease Area | Nanocarrier Type Therapeutic Benefits Examples

Doxil® (Doxorubicin),

Cancer Liposomes, Polymeric | Targeted drug delivery, .
i ) Nanoparticle-based
Therapy Nanoparticles reduced side effects
systems
Infectious Nanosuspensions, Eir;g?/r;?leadbﬂwg Gold NPs, Silver NPs,
Diseases Lipid Carriers Y Nano-antibiotics

antimicrobial effects

release

. Lipid Nanoparticles, Non-viral gene CRISPR, mRNA
Gene Delivery . . . X
Dendrimers delivery, gene editing vaccines
. . Enhanced immune Nano-adjuvants,
Vaccine Liposomes, .
. . response, controlled Antigen-loaded
Delivery Nanoparticles

Liposomes
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Neurological Liposomes, SLNs, BBB crossing, targeted Drug !Oad?d SLNs for
) . . Alzheimer's,
Disorders Dendrimers drug delivery ) ,
Parkinson's

6. Challenges and Future Directions

Despite the enormous potential of nanocarriers, various challenges remain that prevent their
clinic wide application. The toxicity and the biocompatibility of nanomaterials have been
considered one of the primary concerns as the prolong exposure of nanoparticles may cause
them with adverse effects, especially in sensitive organs.*! The major barrier to the
scalability of nanocarrier production remains the loss of reproducibility and uniformity of the
reaction, which that are not tolerated for use in clinical settings.’*? There are also regulatory
hurdles because nanomedicines often are complex to approve due to the inherent
technological complexity, and long term effects of nanocarrier compounds on human health
are not fully understood. Additionally, efficient targeting and charged drug release in a
controlled fashion is not easily attained due to unpredictability of the interaction of
nanocarriers with biological barriers, including the blood brain barrier, the immune system,
and so on. In terms of future directions, personalized nanomedicine and smart nanocarriers
responsive toward individual biomarkers are promising in improving therapeutic outcome.*!
Thus, multifunctional platforms integrating therapeutic, diagnostic, and in some cases, also
drug delivery modalities (theranostics), are expected to perform simultaneously disease
monitoring and treatment. In addition, the study of biodegradable, environmentally friendly,
and, consequently, sustainable type of nanocarriers can attenuate the environmental pressure
related to nanocarriers. However, to be used in modern therapeutics, further research into the

long term clinical safety and efficacy of nanocarriers is needed.!* **!

CONCLUSION

Nanocarrier mediated drug delivery systems have opened up a new dimension in therapeutic
applications where the merits are independence in drug delivery, controlled liberation of the
drug, and improved solubility of the chemical. This is evident through the use of
nanomedicine in cancer, different infections, gene disorder, and neurology that indicate the
possibilities of enhancing treatment results. Nevertheless, some issues concerning toxicity of
nanoparticles, their scalability for manufacturing, and regulatory approval, along with the
issue of efficient targeting, still persist. Therefore more research has to be carried out for
deposition of these barriers through formulation of biocompatible, biodegradable nanocarrier

system with improved targeting profile and lesser toxicities. The increase in the use of
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targeted drug delivery systems along with fields like diagnose and treat in one platform

(theranostics) may provide a direction to the future advanced treatments. Further, with the

help of Al and ML, more responsive and novel nanocarrier systems can be developed and

designed in much shorter time span which are specific to individual patient. Thus, the work in

the field will have to forge ahead in terms of coming up with new materials to use in the

manufacturing of nanocarriers, in addition to focusing on more clinical trials to establish the

actual efficacy of nanocarriers in drug delivery.
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