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ABSTRACT

Nanoparticles have become a transforming platform in drug delivery systems. Their
remarkable advancement over traditional methods builds upon an improvement in
bioavailability, stability, and controlled delivery of therapeutic agents. Here, we
discuss the broad spectrum of potential in nanoparticle-based drug delivery systems.
Challenges, innovations, and the surface modification strategies that affect their
clinical translation are discussed. Notwithstanding the potential they present,
challenges including biocompatibility, toxicity, stability, and targeting efficiency
persist in restricting their extensive utilization. The review emphasizes recent
advancements, including stimuli-responsive nanoparticles, which provide controlled
drug release in reaction to environmental triggers, as well as targeted drug delivery,
which facilitates the selective accumulation of therapeutic agents at designated sites
of disease. Besides, surface modification techniques, such as PEGylation, ligand
conjugation, and charge modulation, have been highly promising in improving the
stability of nanoparticles, reducing immunogenicity, and enhancing cellular uptake.
The future drug delivery systems that are based on nanoparticles will address these
challenges through new innovations in nanoparticle design to effect more targeted and
effective treatments. While research advances, nanoparticle-based systems are likely
to bring revolution in personalized medicine, tailoring medical therapy for different
diseases with minimal side effects and better patient outcomes.

Accepted: 04-01-2025

INTRODUCTION

Today, nanoparticles (NPs) are the primary research area
of the present day for drug delivery systems because
these particles can be used to enhance solubility,
bioavailability, and controlled release of therapeutic
agents. Their special physicochemical properties, such
as nanoscale dimension ranging from 1 to 100 nm, a
large surface area, and an ability to incorporate or adsorb
a wide variety of hydrophobic and hydrophilic drugs,
make NPs excellent candidates for DDSs [1].
Nanoparticles can also be engineered to modify their
surface properties, which will allow for specific
interactions with biological targets. Changes in size,
shape, surface charge, and composition can be made to
match the conditions required by specific biological
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targets to deliver pharmaceuticals directly to diseased
tissues or cells, thus reducing unwanted off-target effects
and increasing therapeutic efficiency [2]. Nanoparticles
also protect drugs from enzymatic degradation or
premature release, which further enhances the
pharmacokinetics and pharmacodynamics of the drug.
Therefore, nanoparticles have become an important tool
in addressing many limitations of conventional drug
delivery systems [3].

Even though promises are full of nanoparticle-based
drug delivery systems, several significant difficulties are
present that hinder the clinical translation. The major
issues relate to the biocompatibility and toxicity of
nanoparticles. The size and surface chemistry of such
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nanoparticles are critical in determining interactions
with a biological system, potentially leading to immune
system  activation, cytotoxicity, or unintended
accumulation in organs like the liver and spleen [4]. The
stability of nanoparticles in biological environments is
another critical issue. Nanoparticles can undergo
degradation, aggregation, or alteration in their surface
properties, leading to a loss of drug encapsulation
efficiency or a reduction in targeting ability [5].
Controlled release of the drug at the target site remains a
significant challenge as well, as most nanoparticles do
not exhibit the desired release profiles in vivo, which can
lead to premature drug release or insufficient drug
delivery [6]. Moreover, scalability and reproducibility of
nanoparticle synthesis methods remain problematic, as
large-scale production of nanoparticles with consistent
size, shape, and surface characteristics is complex and
costly [7]. Finally, the regulatory hurdles for
nanoparticles, including safety and toxicity assessments,
remain a critical concern for their clinical
implementation [8].

Recent advancements in nanoparticle design have
focused on improving the efficiency and precision of
drug delivery. Innovations include the development of
targeted drug delivery systems that exploit the unique
characteristics of certain diseases, such as tumors or
infections. For instance, ligand-targeted nanoparticles
have been designed to bind specifically to receptors that
are overexpressed on the surface of cancer cells,
enabling selective delivery of chemotherapy agents to
the tumor site while minimizing damage to healthy
tissues [9]. Another exciting innovation is the use of
stimuli-responsive nanoparticles, which release their
payload in response to specific environmental triggers,
such as changes in pH, temperature, or the presence of
specific enzymes. These systems provide enhanced
control over drug release, ensuring that drugs are
released at the target site in a controlled manner[10].
Polymeric nanoparticles, liposomes, dendrimers, and
nanostructured lipid carriers are some examples of
nanocarriers that have been developed to offer controlled
and sustained release profiles for a variety of therapeutic
agents [11]. These innovations hold great promise in
addressing many of the limitations associated with
traditional DDS and have paved the way for the
development of more effective and safer therapeutic
strategies [12].

Surface Modification Strategies for Enhanced Drug
Delivery

Surface modification of nanoparticles is a crucial
strategy to improve their therapeutic efficacy, targeting
specificity, and biocompatibility. One of the most
commonly employed approaches is the conjugation of
targeting ligands (e.g., antibodies, peptides, or small
molecules) to the nanoparticle surface. These ligands can
bind to specific receptors or antigens present on target
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cells, such as those found in tumors or inflammatory
sites, thereby increasing the accumulation of the drug at
the intended location and reducing off-target effects [13].
**Polyethylene glycol (PEG)**ylation is another widely
used surface modification technique, which involves the
attachment of PEG chains to the nanoparticle surface.
PEGylation enhances the stability of nanoparticles by
preventing their aggregation and reducing their
recognition and clearance by the immune system, thus
extending their circulation time in the bloodstream [14].
In addition to passive targeting, active targeting
strategies also involve the modification of nanoparticles
with specific molecules that can bind to cell surface
receptors that are overexpressed on diseased tissues. For
example, folate or transferrin can be used to target folate
receptors or transferrin receptors, which are commonly
overexpressed on cancer cells[15]. These surface
modifications significantly improve the targeting
efficiency, therapeutic index, and overall clinical
outcomes of nanoparticle-based DDS [16].

The field of nanoparticle-based drug delivery is
evolving rapidly, with ongoing research focused on
addressing the existing challenges and further refining
the technology [17]. Future research is expected to
explore combination therapies that use nanoparticles to
deliver multiple drugs simultaneously, either for
synergistic effects or to overcome drug resistance
mechanisms [18]. Moreover, advancements in
personalized medicine may lead to the development of
nanoparticles specifically tailored to an individual’s
genetic profile, enabling highly personalized therapeutic
approaches [19]. Additionally, the integration of
diagnostic imaging agents within drug-loaded
nanoparticles could allow for real-time monitoring of
drug delivery, enhancing treatment efficacy and patient
outcomes [20]. While substantial progress has been
made, more work is needed to standardize the methods
for nanoparticle synthesis, characterize their interactions
with biological systems, and ensure that they meet the
regulatory standards required for clinical approval [21].
In conclusion, nanoparticles hold great potential for
revolutionizing drug delivery systems, and with
continued innovation and addressing current challenges,
they will likely play a pivotal role in the future of
medicine [22].

RESEARCH OBJECTIVES
The main research objectives are;

e To review the challenges limiting the clinical
application of nanoparticle-based drug delivery
systems, including biocompatibility, stability, and
targeting efficiency.

e To examine recent innovations in nanoparticle
design and surface modifications that improve
drug targeting and controlled release.
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e To assess the impact of surface modification
strategies on enhancing the therapeutic potential
and reducing side effects of nanoparticle drug
delivery systems.

Problem Statement

Despite the significant potential of nanoparticle-based
Despite their significant abilities, drug delivery systems
based on nanoparticles have not gone very far over the
last years in overcoming most of the very important
challenges remaining as barriers to their widespread
application in the clinic. Some of the common problems
include lack of adequate biocompatibility, possible
toxicity, stability in biological environments, and also
problems in attaining controlled and targeted drug
delivery. There is no standard procedure for the synthesis
and characterization of nanoparticles. In addition, the
problem of irregular drug release profiles is also one of
the major challenges faced by these systems during the
transition from the laboratory environment to practical
clinical application. Despite much progress made in
designing and surface modifying nanoparticles,
solutions are not generally applicable, so further research
is needed to solve these problems and make
nanoparticle-based drug delivery systems more effective
therapeutically.

Significant of the study

This study is important because it will improve the
understanding and development of nanoparticle-based
drug delivery systems, which can significantly enhance
the efficacy and safety of therapeutic interventions. This
study will help identify critical areas for improvement by
examining the current challenges, innovations, and
surface modification strategies of nanoparticle drug
delivery, thereby identifying promising solutions that
may lead to more targeted, efficient, and safer treatments
for a range of diseases, particularly cancer and chronic
conditions. The study provides key inputs into the major
aspects of the nanoparticle design, especially
biocompatibility, stability, and controlled release,
aspects extremely important to counter the challenges
against translation to the clinic for these highly
sophisticated drug delivery systems.

LITERATURE REVIEW

Nanoparticles as Drug Delivery Systems
Nanoparticles have gained significant attention in drug
delivery research due to unique characteristics that
improve solubility, bioavailability, and controlled release
of therapeutic agents. Nanoparticles are very small
particles, ranging between 1 and 100 nanometers, and
possess a very high surface area. This allows for a
relatively large payload. The smaller the size of the
particles, the easier it is for them to penetrate tissue as
opposed to larger size [23]. Nanoparticles may be
engineered with numerous materials such as lipids,
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polymers, or inorganic compounds to deliver
hydrophobic and hydrophilic drugs, whichever may be
required by the real needs of the therapies [24]. For
example, lipid-based nanoparticles such as liposomes
improve the bioavailability of poorly water-soluble
drugs, whereas polymeric nanoparticles can provide a
controlled release profile that extends the activity of a
drug over a period of time [25]. The ability of
nanoparticles to protect drugs from degradation, improve
drug solubility, and enable sustained or controlled
release has made them an exciting tool that can
overcome several limitations associated  with
conventional drug delivery methods, which include poor
bioavailability, rapid clearance, and lack of selectivity
[26, 27].

Challenges in Nanoparticle-Based Drug Delivery
Systems

Although very promising, the successful implementation
of nanoparticles in a clinical context faces several
barriers. One key concern is that of biocompatibility and
toxicity. Since nanoparticles are foreign particles, their
contact with biological systems triggers adverse
responses like immune activation, inflammation, or
cellular toxicity [28]. The surface chemistry, size, and
shape of nanoparticles can influence their interactions
with the body’s immune system, leading to rapid
clearance or unwanted accumulation in organs such as
the liver, spleen, or lungs [29]. In a study by [30], they
observed that the size of nanoparticles significantly
affects their uptake by the immune system and
subsequent distribution within the body [31].
Furthermore, the stability of nanoparticles in biological
environments is another challenge. Nanoparticles may
undergo changes in size, shape, or surface properties in
response to the physiological conditions, leading to
aggregation or degradation of the drug-loaded
nanoparticles. This instability can result in a loss of drug
encapsulation and a failure to achieve the desired
therapeutic effect [23, 32].

Another significant issue is the controlled release of
drugs from nanoparticles. For many drugs, particularly
those used in cancer or chronic diseases, it is essential
that the drug be released at the site of action in a
controlled, sustained manner [33]. However, in practice,
many nanoparticle formulations do not exhibit optimal
release profiles, often leading to premature drug release,
inadequate delivery to target cells, or toxic levels of drug
accumulation [34]. Research by [35]highlighted the
challenge of achieving stable drug encapsulation and
controlled release in liposomal formulations, particularly
under in vivo conditions [36]. Finally, the scalability and
reproducibility of nanoparticle synthesis methods
remains an ongoing challenge. Producing nanoparticles
at a large scale with consistent size, shape, and surface
characteristics is complex, costly, and prone to batch-to-
batch variability [37].
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Innovations in Nanoparticle Design

Innovations in nanoparticle design have brought up more
sophisticated drug delivery systems to meet the needs of
these challenges. Stimuli responsive nanocarriers are one
of the most promising developments. These
nanoparticles can be responsive to specific
environmental stimuli, for example, changes in pH,
temperature, or enzyme activity. For instance, pH-
sensitive nanoparticles are very useful in cancer therapy,
because the tumor microenvironment is more acidic
compared to normal tissues. Designing nanoparticles
that respond to this acidic environment can preferentially
release drugs at the tumor site, thus reducing systemic
toxicity [38]. A study by [39] demonstrated that pH-
sensitive nanoparticles could release chemotherapy
agents selectively in acidic tumor environments,
significantly improving therapeutic efficacy [11].
Additionally, temperature-sensitive or enzyme-triggered
nanoparticles are being explored for various therapeutic
applications, including localized drug delivery in
conditions like inflammation or infections [40, 41].

Another important advancement in nanoparticle
design is targeted drug delivery systems. Targeting
nanoparticles to specific tissues or cells provides the
primary approach through which the efficacy and side
effects of the therapy could be improved. The surface
modification of particles with specific targeting ligands,
for instance, antibodies, peptides, or small molecules,
helps guide the nanoparticles to overexpressed receptors
on the surface of the targeted cells. Such cells may
include cancerous cells or inflammatory cells [42]. For
example, nanoparticles modified with folic acid can
selectively target cancer cells that overexpress folate
receptors, while nanoparticles coated with transferrin
can target tumor cells with high transferrin receptor
expression [43]. Research by [44] provided evidence that
folate-targeted nanoparticles were more effectively
delivered to cancer cells, enhancing the therapeutic
efficacy of the drug payload [45].

Surface modification is one of the most important
strategies to enhance targeting efficiency, stability, and
biocompatibility of nanoparticles. One of the widely
used surface modification techniques is PEGylation.
PEGylation is a method in which PEG molecules are
attached to the surface of the nanoparticles. The
attachment of PEG molecules on the surface of
nanoparticles prevents nanoparticle aggregation, reduces
immune recognition, and therefore prolongs the
circulation time of nanoparticles, improving their
bioavailability = [46]. This modification  helps
nanoparticles evade clearance by the reticuloendothelial
system (RES), which is responsible for the rapid removal
of foreign particles from the bloodstream. A study by
[47] demonstrated that PEGylated nanoparticles had
increased systemic circulation time and better drug
delivery to the tumor site [48].
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In addition to PEGylation, the conjugation of
specific ligands to the nanoparticle surface enhances the
selective targeting of nanoparticles to diseased tissues.
These ligands can be antibodies, peptides, or small
molecules that bind to receptors overexpressed on the
surface of target cells [49]. For example, antibody-
conjugated nanoparticles have shown promise in
delivering chemotherapeutic drugs directly to cancer
cells, increasing the efficacy of the drug while
minimizing side effects [50]. Furthermore, nanoparticles
can be modified with charged groups to improve their
interaction with the negatively charged cell membranes,
increasing cellular uptake [51]. A study by [52] found
that surface charge played a significant role in
nanoparticle cellular uptake and biodistribution [53].

Other surface modification strategies include the
attachment of proteins, carbohydrates, or cell-
penetrating peptides to facilitate intracellular drug
delivery. For example, the use of cell-penetrating
peptides (CPPs) can promote the entry of nanoparticles
into cells and enhance the release of encapsulated drugs
from the nanoparticles within the intracellular
environment [54]. These surface modifications
significantly improve the performance of nanoparticle-
based drug delivery systems, enabling more precise
targeting, reduced toxicity, and better therapeutic
outcomes [55].

Nanoparticle-based drug delivery systems have been
widely studied for various therapeutic applications,
including cancer, gene therapy, and the treatment of
chronic diseases. In cancer therapy, nanoparticles can
improve the delivery of chemotherapeutic agents,
overcome multidrug resistance, and provide sustained
drug release to minimize the side effects of conventional
therapies [56]. Liposomal formulations, for instance,
have been successfully used to encapsulate
chemotherapeutic drugs, such as doxorubicin, and
deliver them directly to tumor sites, improving drug
accumulation and reducing systemic toxicity [57].
Similarly, nanoparticles have been explored for gene
delivery, where they can protect nucleic acids (such as
DNA or RNA) from degradation and deliver them
efficiently to target cells for gene therapy [58].
Additionally, nanoparticle-based systems have shown
promise in the treatment of chronic diseases such as
diabetes, arthritis, and cardiovascular conditions, where
long-term drug release and sustained therapeutic effects
are essential [59].

Challenges Limiting the Clinical Application of
Nanoparticle-Based Drug Delivery Systems
Biocompatibility and Toxicity Issues

One of the primary concerns in the clinical translation of
nanoparticle-based  drug  delivery  systems is
biocompatibility and toxicity. Nanoparticles are
engineered to interact with biological systems at the
cellular level, which can sometimes lead to unintended
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effects such as immune response activation,
inflammation, or cytotoxicity. The surface chemistry,
size, and shape of nanoparticles are critical factors that
determine their interaction with cells and the immune
system. For example, small-sized nanoparticles (under
10 nm) tend to accumulate in organs like the liver and
spleen due to the body’s natural filtration mechanisms,
potentially leading to toxicity [60]. Additionally, studies
have shown that certain nanoparticle formulations can
trigger allergic reactions or cytotoxic effects, limiting
their application for long-term therapy [61]. Moreover,
nanoparticles that lack proper surface modification can
be rapidly cleared from circulation, reducing their
bioavailability and therapeutic efficacy [62].

Stability and Aggregation Challenges

The stability of nanoparticles in biological environments
is another significant challenge. Nanoparticles are
inherently unstable in the bloodstream, where they are
subject to complex interactions with plasma proteins,
ions, and other biological molecules. This instability can
result in aggregation or size changes that compromise
the drug release profile and therapeutic efficacy. For
instance, lipid-based nanoparticles can undergo lipid
oxidation or hydrolysis in the blood, leading to
instability and premature drug release [63]. Furthermore,
the aggregation of nanoparticles can increase their size,
causing them to be cleared by the reticuloendothelial
system (RES) before reaching the target site [15, 64].
Therefore, controlling the physicochemical properties of
nanoparticles, such as size, surface charge, and
functionalization, is crucial to ensuring stability in vivo
[65].

Controlled Release and Targeting Efficiency

A major hurdle in nanoparticle-based drug delivery
systems is achieving precise control over drug release
and ensuring efficient targeting to diseased tissues. Many
nanoparticle formulations fail to deliver the drug
precisely at the target site, resulting in either premature
drug release or insufficient drug exposure at the target
tissue [66]. Moreover, achieving selective drug release at
the target site is challenging, as the nanoparticle must be
able to overcome the biological barriers, such as the
blood-brain barrier (BBB) in the case of central nervous
system diseases, or the extracellular matrix (ECM) in
tumors [67] . For nanoparticles to be effective, they must
be able to precisely target cancerous or diseased cells
while avoiding healthy tissues, reducing the overall
toxicity of the therapy. However, despite significant
progress, efficient targeting remains one of the biggest
challenges in the field [68].

Innovations
Delivery
Stimuli-Responsive Nanoparticles

In recent years, stimuli-responsive nanoparticles have
been developed to address the challenges of controlled
drug release. These nanoparticles are engineered to
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release their payload in response to specific
environmental triggers, such as changes in pH,
temperature, or the presence of specific enzymes. For
example, in cancer therapy, the tumor microenvironment
tends to be more acidic than normal tissues, providing an
ideal target for pH-sensitive nanoparticles. These
nanoparticles release their drug payload only when they
encounter the acidic environment of the tumor, reducing
the risk of drug leakage in healthy tissues [69].
Researchers like [70] have demonstrated that pH-
sensitive nanoparticles can achieve selective drug
release at the tumor site, improving therapeutic
outcomes and minimizing off-target toxicity [71]. Other
types of stimuli-responsive nanoparticles include those
that respond to thermal changes or ultrasound exposure,
offering more versatile drug delivery systems for a range
of clinical applications [72] .

Targeted Drug Delivery Systems

Targeted drug delivery remains a cornerstone of
nanoparticle design, particularly for applications in
oncology. Recent innovations have focused on the
modification of nanoparticles’ surfaces with specific
ligands or molecules that can interact with overexpressed
receptors on the surface of cancer cells or other diseased
tissues. For instance, folate receptor-targeted
nanoparticles have been shown to selectively deliver
drugs to cancer cells that overexpress the folate receptor,
enhancing the drug’s efficacy while minimizing side
effects [73]. Additionally, antibody-conjugated
nanoparticles offer another approach for targeted
delivery by using antibodies that bind to specific tumor-
associated antigens. Transferrin receptor-targeted
nanoparticles are another promising strategy, especially
for glioblastoma, a type of brain cancer, due to the
overexpression of transferrin receptors in tumor cells
[74]. These targeted strategies ensure that the drug is
delivered specifically to the disease site, improving
treatment outcomes and reducing systemic toxicity.

Polymeric and Hybrid Nanoparticles

Polymeric nanoparticles have shown considerable
promise for controlled drug delivery and sustained
release due to their biocompatibility, biodegradability,
and ease of modification. Polymeric nanoparticles, such
as PLGA (poly (lactic-co-glycolic acid)), are frequently
used in controlled-release formulations, allowing for
long-term drug delivery without the need for repeated
administration [75]. Furthermore, hybrid nanoparticles
that combine different types of materials, such as organic
and inorganic components, have emerged as effective
drug delivery systems. These hybrid systems combine
the flexibility and biodegradability of polymers with the
high surface area and stability of inorganic materials,
such as silica nanoparticles or gold nanoparticles, to
provide targeted and efficient drug delivery while also
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improving the therapeutic efficacy of the encapsulated
drug [76].

Surface Modification Strategies for Enhanced Drug
Delivery

PEGylation for Enhanced Stability

One of the most widely used surface modification
techniques is PEGylation, where polyethylene glycol
(PEG) chains are attached to the surface of nanoparticles
to enhance their biocompatibility and circulation time.
PEGylation reduces the immunogenicity of
nanoparticles, preventing recognition and clearance by
the immune system, which allows nanoparticles to
circulate for longer periods, thereby increasing their drug
delivery efficiency [77]. A study by [78] demonstrated
that PEGylated liposomes could prolong the drug’s half-
life in circulation, improving tumor accumulation and
enhancing therapeutic efficacy [79]. However, it is
important to balance the PEG length to ensure optimal
drug delivery and to avoid “PEGylation-induced
immunogenicity” that might arise from prolonged
exposure to PEG chains [80].

Active Targeting with Ligand Conjugation

Another promising strategy for enhancing targeted drug
delivery is the use of ligand conjugation to modify the
surface of nanoparticles. Ligands, such as antibodies,
peptides, or small molecules, are used to bind to specific
receptors or antigens on the surface of target cells,
allowing nanoparticles to selectively accumulate in
diseased tissues. For example, HER2-targeted
nanoparticles have been proven to deliver anticancer
agents into breast cancer cells that overexpress the HER2
receptor, and thus, this improves the therapeutic
outcomes of patients with HER2-positive breast cancer
[81]. Additionally, folate, transferrin, and antibody-
based targeting are commonly used for active targeting
in various cancers, where these receptors are
overexpressed on the surface of tumor cells. This active
targeting approach enhances the selectivity of drug
delivery, ensuring that therapeutic agents reach the target
site without affecting healthy tissues [82].

Charge Modification and Cellular Uptake

Surface charge modulation is another approach adapted
for better uptake of nanoparticles in cells. The charge at
the surface of nanoparticles may affect how they interact
with cell membranes, which consequently influences the
extent to which endocytosis and drug delivery takes
place within the cell. Therefore, cationic nanoparticles
are taken up more efficiently by negatively charged cell
membranes and are preferred for gene delivery
application [83]. However, the positive charge can also
lead to toxicity and unwanted aggregation. Therefore,
charge modulation through the incorporation of neutral
or anionic functional groups can help balance the uptake
and reduce potential toxic effects while improving the
therapeutic delivery of the drug [84, 85].
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CONCLUSION

In conclusion, nanoparticle-based drug delivery systems
hold much promise for the transformation of modern
therapeutics by overcoming limitations in conventional
drug delivery methods. They offer improved
bioavailability, targeted drug delivery, and controlled,
sustained release to make them particularly appealing for
applications in cancer therapy, gene therapy, and the
treatment of chronic diseases. However, as discussed in
detail in this review, several challenges remain,
including biocompatibility, toxicity, stability, and
controlled release mechanisms, which prevent their
widespread clinical application. These issues must be
addressed to fully realize the clinical potential of
nanoparticles in drug delivery.

In relation to the first research objective, this review
has identified different challenges that still limit the
effective clinical use of nanoparticle-based drug delivery
systems. Toxicity with certain nanoparticles and
complex interactions with the immune system can make
their therapeutic use complicated. Additionally, the
stability of nanoparticles in biological environments is a
significant challenge since these systems are often prone
to undesired aggregation or degradation, which affects
the drug release profiles. Further research into
optimizing  nanoparticle  design and  surface
modifications for enhanced biocompatibility and
stability in vivo will be needed to overcome these issues.
As we discussed, although there is significant progress,
translating nanoparticle drug delivery from the
laboratory to the clinic is still an enormous challenge that
needs to be overcome.

The second research objective, focusing on the
exploration of innovation in the design of nanoparticles,
was also largely discussed in this review. The most
impressive category of responsive nanoparticles is those
that, in theory, can deliver drugs with higher precision
using environmental stimuli like pH and temperature to
release them. In addition, ligand-modified targeted drug
delivery systems in guiding nanoparticles to specific
tissues or cells have brought forth great promises of
reducing the side effects due to off-target and increasing
the efficacy of therapeutics. All these innovations
opened up new pathways to enhance the delivery of
drugs to tumors or inflammatory sites where they are
required most and also to reduce the systemic toxicity
due to drugs. Surface modification strategies were
addressed as the third research objective which formed
the culmination of the review. Modifications used in this
end comprise PEGylation, which had been widely
utilized to elongate circulation times and reduce
immunological recognition and ligand conjugation,
facilitating selective targeting to diseased tissue.
Additionally, alteration of charge at the nanoscale might
be used in enhancing cellular uptake of nanoparticles
which increases their efficacies in cell-specific delivery.
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These surface modification strategies are critical for
improving the selectivity and efficacy of nanoparticle-
based therapies, ensuring that drugs can be delivered in
a more precise manner with fewer side effects.

In summary, recent innovations and surface
modification strategies in nanoparticle design are
excellent approaches to overcoming these barriers. The
next phase of research must refine these systems,
optimize their performance, and ensure safe and efficient
translation into clinical use. By addressing challenges in
biocompatibility, stability, and targeted delivery,
nanoparticle-based drug delivery systems are poised to
revolutionize therapeutic interventions and improve
patient outcomes.

Future Implication

Nanoparticle-based drug delivery systems are the future
and are promising with significant transformation of the
personalized medicine and targeted therapies landscape.
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