Journal of Engineering, Science and Sustainability

ISSN: A/F
Volume 1, Issue 1, Jan-Jun 2025 pp. 26-30
Journal homepage: https://sprinpub.com/jess

Review article

Nanoparticles in Drug Delivery Systems: Challenges, Innovations, and

Surface Modification for Targeted Therapeutics

Dr Diksha Jindal

L))

Check for
Updates

Professor, Adesh Institute of Pharmacy and Biomedical Sciences, Adesh university, bathinda,Punjab, India

ARTICLE INFO ABSTRACT

Keywords:

Nanoparticles; Drug delivery
systems; Targeted therapeutics;
Biocompatibility; Surface
modification; Stimuli-responsive
systems; Controlled release;
Nanomedicine

Article History:
Received: 01-02-2025
Accepted: 20-04-2025
Published: 16-05-2025

Nanoparticle based drug transport structures have revolutionized the field of therapeutics via
offering several benefits, together with better solubility, bioavailability, targeted transport, and
managed release. These structures can encapsulate an extensive variety of healing agents, from small
molecules to huge biomolecules together with proteins and nucleic acids, making them flexible gear
in present day remedy. But, the scientific translation of nanoparticle based drug transport structures
faces tremendous demanding situations, together with biocompatibility, toxicity, balance, scalability,
and reproducibility. This text targets to offer a complete review of the key problems impeding the
large use of nanoparticles in drug transport. We are able to talk revolutionary strategies, together
with stimuli responsive structures, ligand conjugation for energetic concentrated on and surface
modification techniques that address these demanding situations. Furthermore, the destiny of
nanoparticle-based therapeutics is explored, that specialize in their integration into customized
remedy and theranostic packages. Subsequently, we are able to take a look at the regulatory and

manufacturing hurdles that must be triumph over to recognise the overall capacity of nanoparticle

drug transport structures.
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1. Introduction

Nanoparticles (NPs) have received great attention in latest many
years as drug delivery cars due to their specific physicochemical
homes. These include their small length, high floor region to
extent ratio, and the potential to regulate their floor characteristics
to decorate drug delivery efficiency. In contrast to traditional drug
delivery systems, NPs can conquer numerous limitations, along
with poor solubility, rapid clearance, and constrained
bioavailability, via supplying managed drug release and the
opportunity of targeting precise tissues or cells. Consequently,

delivering RNA based totally healing procedures and gene editing
tools, along with CRISPR. But, whilst NPs have proven good sized
promise in preclinical and early segment medical trials,
translating these formulations into powerful healing procedures
remains difficult. Some of the key boundaries are issues
approximately the toxicity of NPs, there in-vivo balance, their
potential to penetrate tissues successfully, and their ability for
non-precise accumulation in non-goal organs. Moreover, whilst
the pharmaceutical enterprise has made great strides in
developing NP formulations, many challenges stay related to their

NPs are utilized for an expansion of purposes, starting from .rnasls p rod.uctio%b ) regulatory  approval, ~and  medical
improving the pharmacokinetics of chemotherapeutics to implementation. (Table1)
(Table 1: Key Nanoparticle Types and Their Applications in Drug Delivery)
Nanoparticle Size Materials Used Applications Advantages
Type
Liposomes 50nm-5um Phospholipids, Cancer treatment, vaccine Biocompatibility, ability to
cholesterol delivery, gene therapy encapsulate both hydrophilic
and hydrophobic drugs
Polymeric 50 nm - 200 nm Poly (lactic-co-glycolic | Controlled drug release, Biodegradable, customizable
Nanoparticles acid) (PLGA), gene delivery, targeting surface properties, sustained
polyethylenimine (PEI) | tumor cells release
Dendrimers I nm - 10 nm Poly(amidoamine) Cancer therapy, gene High surface area, precise
(PAMAM), polyester- delivery, targeting specific drug loading, multi-
based dendrimers cells functionalization
* Corresponding Author:

Email: pharma.diksha@gmail.com (D. Jindal)

© 2024 The Authors. Published by Sprin Publisher, India. This is an open access article published under the CC-BY license

https://creativecommons.org/licenses/by/4.0


https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://sprinpub.com/jess
mailto:pharma.diksha@gmail.com
https://creativecommons.org/licenses/by/4.0
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://sprinpub.com/jess/article/view/496
https://creativecommons.org/licenses/by/4.0
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com
https://crossmark.crossref.org/dialog/?doi=jjbrpac.v1i5.334&domain=sprinpub.com

D. Jindal

Journal of Engineering, Science and Sustainability, Volume 1, Issue 1, Jan-Jun 2025 pp. 26-30
g S O 7

Solid Lipid 50 nm - 1 pm Lipid-based materials Controlled drug release, Enhanced drug stability,

Nanoparticles targeting tumors and controlled release over

(SLNs) infections extended periods

Nanocapsules 10 nm - 1 um Polymers, lipids Drug encapsulation, Ability to encapsulate a variety
targeted delivery to tumors | of drugs, reduced toxicity in

normal tissues
Micelles 10 nm - 200 nm Amphiphilic Drug delivery for poorly Enhanced solubility of
copolymers soluble drugs, cancer hydrophobic drugs, targeting

therapy capabilities

2. Challenges in Clinical Translation of Nanoparticle based
Drug Delivery
2.1 Biocompatibility and Toxicity

The biocompatibility of NPs is one of the most important
elements influencing their clinical fulfilment. The interplay
among NPs and organic systems is complex and might range
relying on their length, surface charge, material composition, and
functionalization. Upon administration into the body, NPs are
regularly diagnosed by way of the immune gadget that could cause
their fast clearance via phagocytosis by way of macrophages or
their accumulation in numerous organs, which include the liver,
spleen, or lungs. This may cause toxicity troubles, inclusive of
organ damage, inflammation, and immune responses.

Cationic nanoparticles, particularly, generally tend to have
higher cytotoxicity due to their interplay with the negatively
charged cell membranes that could disrupt cell integrity and cause
inflammatory responses. In evaluation, anionic or impartial NPs,
whilst commonly much less toxic, may also have decreased cell
uptake, affecting their therapeutic efficacy. Consequently, surface
change strategies are being explored to enhance the
biocompatibility of NPs by way of lowering their immunogenicity
and enhancing their interactions with goal cells [1][2].

2.2 In Vivo Stability and Aggregation

In vivo stability is every other essential venture for NP
primarily based drug shipping structures. Once NPs are added
into the bloodstream, they may be subject to various physiological
forces which could have an effect on their size, form, and
aggregation conduct. For instance, NPs can be lined by using
plasma proteins, forming a "protein corona" that alters their floor
homes and, in a few cases, renders them more liable to fast
clearance by using the reticuloendothelial machine (RES).
Moreover, NPs can combination within the bloodstream, main to
reduced efficacy and accelerated danger of embolism or other
negative outcomes. To overcome these challenges, various
techniques, such as PEGylation (the attachment of polyethylene
glycol to NP surfaces), were hired to improve the stableness of NPs
in stream. PEGylation reduces the formation of the protein corona
and facilitates hold the hydrophilicity of NPs, hence prolonging
their stream time and enhancing their healing potential. however,
current research have raised concerns approximately the
immunogenicity of PEG, as patients may additionally increase
antiPEG antibodies, probably main too fast clearance of
PEGylated NPs. alternative floor adjustments, such as zwitterionic
polymers, were proposed as a promising method to improve NP
stability and biocompatibility [ 3][ 4].

2.3 Targeting Precision and Controlled Release

One of the maximum massive blessings of NPs is their
capability to deliver tablets to particular tissues or cells,
minimizing off goal consequences and lowering systemic toxicity.
This idea, referred to as targeted drug delivery, is based at the
capability of NPs to apprehend and bind to particular biomarkers
or receptors overexpressed on diseased cells, such as tumour cells

or inflamed cells. However, reaching efficient and particular
focused on remains a massive undertaking, mainly in strong
tumours, in which NP penetration is often hindered by using the
dense extracellular matrix and excessive interstitial pressure. To
address those problems, researchers have advanced a variety of
techniques, together with floor change with ligands that
concentrate on particular receptors on diseased cells. As an
example, NPs can be functionalized with antibodies, peptides, or
small molecules that apprehend overexpressed receptors on
tumour cells. Twin focused on approaches, in which NPs are
functionalized with awesome ligands to goal unique markers,
have additionally shown promise in improving the specificity of
drug delivery [5].

Similarly, to focused on, managed drug release is a key
function of NP based drug delivery systems. Many NPs are
designed to release their drug payload in reaction to particular
physiological stimuli, such as modifications in pH, temperature,
or the presence of particular enzymes. Those stimuli responsive
systems permit particular manage over the timing and location of
drug release, minimizing aspect consequences and improving
therapeutic outcomes. However, reaching dependable and
predictable drug release profiles remains a massive undertaking,
as elements such as the size, shape, and floor homes of NPs can
impact their release kinetics [6].

2.4 Scalability and Regulatory Hurdles

Scalability is some other important challenge in the
development of NP based drug transport systems. At the same
time as NPs may be easily synthesized in small portions in
laboratory settings, generating them on a larger scale with regular
fine and overall performance is a long way more complex.
Troubles together with batch-to-batch variability, reproducibility
of NP size and floor houses, and fee effectiveness ought to be
addressed to facilitate the commercial production of NP
formulations. Furthermore, the regulatory panorama for NP
based drug transport systems is still evolving. Regulatory bodies,
together with the U.S. meals and Drug management (FDA), have
mounted a few guidelines for the approval of Nano medicines, but
there may be no complete regulatory framework specially tailored
to Nano medicines. The unique houses of NPs, together with their
capacity to cross biological barriers and their ability for lengthy
time period accumulation in tissues, gift challenges for safety
evaluation. Moreover, the shortage of standardized methods for
characterizing NPs' physicochemical houses and comparing their
pharmacokinetics and toxicity hinders the regulatory approval
manner [7].

3. Innovations in Nanoparticle Design
3.1 Stimuli-Responsive Nanocarriers

Stimuli-responsive nanoparticles are designed to launch their
drug payloads in reaction to precise physiological conditions.
These structures offer unique manage over drug launch,
minimizing side consequences and improving therapeutic
efficacy. Numerous sorts of stimuli-responsive nanoparticles had
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been evolved, consisting of pH sensitive, redox sensitive, and
thermo sensitive nanoparticles.

pH sensitive nanoparticles are designed to launch their drug
payloads in reaction to modifications in pH, which can be
exploited to target precise regions of the frame, together with the
tumour microenvironment, that's generally more acidic than
normal tissues. These nanoparticles regularly incorporate acid
labile linkers or polymers that go through an conformational
change in reaction to the acidic pH, triggering drug launch [8].

Redox sensitive nanoparticles take benefit of the accelerated
stages of glutathione within the intracellular surroundings to
trigger the release of encapsulated pills. Glutathione can break
disulfide bonds or cleave different linkers within the nanoparticle
shape, facilitating drug launch within the cytosol [9].

Thermo sensitive nanoparticles are aware of temperature
modifications. Those structures are designed to launch their drug
payloads upon publicity to accelerated temperatures, which may
be executed via external heating methods, together with magnetic
hyperthermia or infrared radiation [10].

3.2 Active Targeting via Ligand Conjugation

Active focused on involves the conjugation of unique ligands
to the floor of nanoparticles that could apprehend and bind to
overexpressed receptors or biomarkers on diseased cells. This
method enhances the specificity and performance of drug
transport, reducing off target outcomes and improving healing
consequences. Several styles of ligands had been used for lively
focused on, including antibodies, peptides, and small molecules.
Antibody conjugated nanoparticles can mainly bind to tumour
associated antigens, which include HER2 or EGFR, that are
overexpressed on sure styles of most cancers’ cells. Peptide
primarily based nanoparticles had been evolved to target integrin’s
or different cellular floor receptors which might be concerned in
cellular adhesion and migration. Small molecule ligands also can
be used to target unique enzymes or receptors, which include
folate receptors that are overexpressed in sure tumour sorts [11].
(Figurel)

Figure 1: Schematic evaluation of nanoparticle- based totally drug shipping mechanisms. This infographic illustrates the vital tactics

worried in nanoparticle-mediated drug shipping systems, together with synthesis techniques, focused on strategies (passive and lively),

drug release mechanisms (which includes pH- touchy and enzyme-responsive systems), and predominant medical applications like most

cancers remedy, gene shipping, and vaccine management. The discern highlights the integrative nature of nanotechnology in enhancing

therapeutic efficacy and placement- particular focused on.
4. Surface Modification Strategies

4.1 PEGylation and NextGeneration Stealth Coatings

one of the maximum common surface change techniques for
boosting the in vivo stability and circulate time of nanoparticles is
PEGylation, the attachment of polyethylene glycol (PEG)
molecules to the surface of NPs. PEG acts as a "stealth”" coating
that reduces the popularity of NPs through the immune system
and prolongs their circulate time, letting them attain their goal
sites greater efficaciously. But, PEGylation has several barriers,
consisting of the potential for immune system reputation of PEG
molecules and the improvement of antiPEG antibodies in a few

sufferers that can cause rapid clearance of PEGylated
nanoparticles [12]. Next generation stealth coatings, including
zwitterionic and biomimetic coatings, are being explored as
alternatives to PEG. Zwitterionic substances, that have each
effective and bad expenses, resist protein adsorption and decrease
immunogenicity, while biomimetic coatings, derived from herbal
organic membranes, in addition assist in evading immune
detection through mimicking the frame’s own cells [13,14].

5. Future Directions and Conclusion

Nanoparticle based drug delivery structures preserve super
ability for revolutionizing medicine via permitting particular,
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centred delivery of therapeutics. But, the scientific translation of
these structures remains hindered via numerous challenges,
together with toxicity, stability, scalability, and regulatory issues.
Future research need to focus on addressing these challenges via
growing more biocompatible and strong nanoparticles, improving
focused on accuracy, and optimizing drug launch profiles. The
combination of nanomedicine with personalized cures and
theranostic applications (i.e., combining diagnostic and healing
abilities) will likely represent the next frontier in the subject.
Moreover, standardization of nanoparticle characterization and
streamlined regulatory frameworks are important for the success
scientific adoption of nanomedicines.

In end, while many obstacles continue to be, endured
advances in nanoparticle layout, surface amendment techniques,
and our expertise in their interactions with biological structures
are paving the manner for the a success translation of nanoparticle
based drug delivery structures into scientific exercise. As
innovations continue to emerge, it is likely that these structures
will play a central position in the treatment of complex sicknesses,
in particular most cancers, neurological disorders, and continual
situations, supplying the promise of more powerful, safer, and
personalized cures.

5.1 Personalized Nanomedicine and Theranostics

One of the maximum interesting prospects for the future of
nanoparticle-based drug shipping is the combination of
personalized nanomedicine. Using nanoparticles to tailor
treatments to the character patient’s genetic, environmental and
lifestyle elements hold the capacity to appreciably enhance clinical
consequences. Personalized treatments may want to involve
optimizing the composition, length, and surface properties of
nanoparticles for each patient, ensuring the most therapeutic
impact with minimal unfavourable effects. Furthermore,
theranostic nanoparticles, which integrate each therapeutic and
diagnostic function in an unmarried platform, represent a
singular and exceedingly promising approach.

Those nanoparticles may be designed to no longer simplest
supply drugs to focus websites but additionally to reveal the
progress of the disease or the remedy in real time. For instance,
nanoparticles may be functionalized with imaging marketers
consisting of fluorescence or magnetic resonance imaging (MRI)
comparison marketers, permitting clinicians to track the region
and distribution of the nanoparticles in vivo. This twin capability
complements remedy efficacy by using permitting nonstop
monitoring and presenting dynamic comments for adjusting
remedy regimens.

5.2 Overcoming Challenges in Scalability and Manufacturing

Notwithstanding the amazing promise of nanoparticle based
totally drug transport structures, the challenges of scalability and
price effective production stay significant hurdles. As referred to
earlier, while laboratory scale synthesis of nanoparticles is well
hooked up, transferring to big scale production while preserving
regular first rate, size, and stability presents a significant project.
Innovations in nonstop drift synthesis and microfluidic structures
are predicted to play an key position in overcoming these troubles,
bearing in mind excessive throughput production of
nanoparticles with precise manipulate over their homes. The
automation of synthesis processes, coupled with advances in first
rate manipulate technologies, will assist ensure reproducibility
and limit batch to batch variability, making it possible to produce
nanoparticles at commercial scales. Additionally, bioreactors and
modular production platforms that combine more than one
production and purification steps right into an unmarried,
nonstop machine will assist streamline nanoparticle production
and decrease charges. Making sure that these methods are price
effective may be essential in making nanoparticle based totally

remedies less expensive and accessible to a broader affected
person population.

5.3 Regulatory Considerations and Safety Assessment

The regulatory framework for nanoparticle primarily based
drug transport structures continues to be evolving. Given the
particular residences of nanoparticles, such as their capacity to
move biological boundaries and acquire in tissues, regulatory
corporations should broaden new tips tailored specifically to the
needs of nanomedicines. The FDA and the ecu medicines
company (EMA) are operating closer to establishing extra
comprehensive tips that cowl the safety and efficacy assessment of
nanomedicines, but a good deal work stays to be completed. Key
challenges in regulatory approval encompass the want for
standardized physicochemical characterization of nanoparticles,
in addition to the assessment of their long-term balance and
ability toxicity. Nanoparticles may additionally acquire in organs
over time, and their long-term outcomes on human health are
nevertheless not fully understood. Regulatory corporations
should therefore broaden comprehensive threat tests that do not
forget not best the fast term safety and efficacy of nanoparticles
but also their long-term biological interactions. Further to safety,
the manufacturing system of nanoparticles needs to be
reproducible and scalable. The status quo of true production
practice (GMP) requirements specifically for nanoparticles will be
crucial in facilitating the approval of these structures. Moreover,
the development of nano particular biomarkers and analytical
methods will resource in tracking the conduct of nanoparticles
inside the body and help manual regulatory choices.

5.4 Emerging Trends in Nanoparticle Drug Delivery

A promising vicinity of research in nanoparticle-based drug
delivery is the improvement of nanocarriers for RNA based
treatment options, along with mRNA vaccines and gene
enhancing technology like CRISPRCas9. Nanoparticles are
especially properly suited for RNA delivery because of their
potential to guard fragile RNA molecules from degradation and
facilitate their uptake by means of cells. Numerous nanoparticle
structures, along with lipid nanoparticles (LNPs), have already
shown fulfilment in the delivery of mRNA vaccines, exemplified
by means of the speedy improvement of COVID19 vaccines.
However, challenges related to the efficient delivery of RNA to
goal cells, warding off immune responses, and attaining sustained
expression of the therapeutic RNA remain large. Furthermore, the
use of nanoparticles in the delivery of biological therapeutics,
along with monoclonal antibodies and biologics, is any other
thrilling vicinity of increase. Nanoparticles can serve as
companies to improve the bioavailability, balance, and 1/2 life of
biologics, especially in the context of persistent sicknesses like
cancer or autoimmune issues. additionally, the potential of
nanoparticles to penetrate tissues and move mobile barriers, along
with the blood mind barrier (BBB), has raised hopes for the
improvement of novel treatments for neurological sicknesses,
including Alzheimer’s and Parkinsonss.

5. Conclusion

Nanoparticle based totally drug transport structures represent
a transformative technique to trendy medicine, presenting
answers to many demanding situations associated with traditional
drug transport methods. The ongoing development of stimuli -
responsive nanoparticles, focused transport structures, and
revolutionary floor changes holds wonderful promise in
overcoming the modern-day boundaries of nanoparticle based
totally healing procedures. But, big demanding situations stay in
making sure their biocompatibility, balance, performance, and
scalability. The course ahead would require a multidisciplinary
technique that combines engineering, materials technological
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knowhow, pharmacology, and scientific studies to cope with these
demanding situations and unencumber the total capacity of
nanomedicine. As the sector progresses, the combination of
customized nanomedicine, theranostics, and RNA transport will
be pivotal in supplying tailor made remedies for an extensive
variety of sicknesses. Ultimately, the fulfilment of nanoparticle
based totally drug transport structures will rely no longer simplest
on advances in technology but also at the regulatory, production,
and safety frameworks that assist their sizable adoption in
scientific exercise.
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