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Targeted cancer therapy has advanced significantly with the use of nanoparticle-based drug delivery
systems, which aim to increase the efficacy and specificity of available treatment options. By
utilising the special qualities of nanoparticles—such as size, surface charge, and
functionalization—these inventive systems make it possible to precisely deliver therapeutic
chemicals to cancerous cells while protecting healthy tissues. This study offers a thorough analysis
of the several kinds of nanoparticles used in cancer treatment, such as polymeric, dendrimer, and
liposome nanoparticles, and describes how they work to target and penetrate tumours. We also look
at the difficulties that are currently being encountered in the development and clinical application
of systems based on nanoparticles, including scalability, biocompatibility, and regulatory barriers.
Prospects for the future in this field are highlighted, emphasising the possibility of improved
treatment effectiveness, less side effects, and new uses in personalised medicine. In the end, drug
delivery systems based on nanoparticles have a lot of potential to transform cancer treatment
strategies and enhance patient outcomes.
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Nanoparticles, Biocompatibility, Tumor Targeting.

1. Introduction

Over the past few decades, the discipline of oncology has made great strides, and one
promising strategy to increase the efficacy and precision of cancer treatment is targeted cancer
therapy. While helpful in some circumstances, traditional chemotherapy frequently has serious
side effects, such as systemic toxicity, non-specific drug distribution, and cancer cells
developing resistance. These restrictions not only lessen the effectiveness of the treatment but
also have serious side effects that may negatively impact the patient's quality of life. This field
has completely changed with the introduction of drug delivery methods based on
nanoparticles, which provide creative answers to the problems that traditional cancer
treatments cannot solve. Because of their special physicochemical characteristics,
nanoparticles are now an essential component of targeted cancer treatment. The Enhanced
Permeability and Retention (EPR) effect is the result of their small size, which normally ranges
from 1 to 100 nanometres. This allows them to pass past biological barriers and collect
preferentially in tumour tissues. Furthermore, targeted ligands and specific surface charges
can be added to nanoparticles to make them functional and able to recognise and bind to
particular receptors on cancer cells. By minimising the impact on nearby healthy tissues, this
focused strategy not only improves the delivery of therapeutic drugs to tumour locations but
also lessens the side effects that are typically associated with chemotherapy.

The great range of materials and architectures that can be used in the design of nanoparticles
is evidence of their adaptability. For example, polymeric nanoparticles provide a versatile drug
delivery platform because they can better stabilise pharmaceuticals, control drug release, and
encapsulate both hydrophilic and hydrophobic medicines. Another type of nanoparticles are
called dendrimers, which have extremely branching, tree-like structures and numerous
functional sites for drug conjugation and targeting. Their high degree of functionality and
clearly defined architecture make them especially well-suited for the simultaneous delivery of
many medicinal drugs. Lipid-based nanoparticles known as liposomes have garnered
noteworthy interest owing to their biocompatibility and capacity to encapsulate an extensive
array of pharmaceuticals, such as proteins, nucleic acids, and small-molecule medicines.

Notwithstanding these developments, there are still a number of obstacles to overcome in the
research and clinical use of nanoparticle-based drug delivery systems. Since it is theoretically
difficult to produce nanoparticles with consistent quality and performance on a wide scale,
scalability is still a big challenge. Ensuring the safe use of these systems in patients requires
addressing crucial challenges such as biocompatibility and the possibility of long-term harm.
In addition, the regulatory environment surrounding treatments based on nanoparticles is still
developing, requiring strict demonstrations of the products' quality, safety, and efficacy prior
to clinical approval.

Future prospects for drug delivery systems based on nanoparticles in cancer therapy seem
bright. It is anticipated that developments in nanotechnology and a better comprehension of
tumour biology will result in the creation of increasingly complex nanoparticles that have the
ability to surpass current obstacles and provide even more therapeutic advantages. Their
transformative potential is further underscored by the possibility of integrating these systems
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into personalised medicine, where therapies are customised to the unique characteristics of
each patient's cancer. In the end, drug delivery systems based on nanoparticles have the
potential to enhance treatment results and open the door to future cancer treatments that are
less hazardous and more successful.

The contributions of this research paper are as given below:

e To explore, via creative uses of nanotechnology, the effectiveness of drug delivery
systems based on nanoparticles in augmenting targeted therapy for cancer while
minimising the negative effects on healthy tissues.

e To examine several kinds of nanoparticles, such as dendrimers and liposomes, with
an emphasis on their chemical and physical characteristics, which affect how well
drug delivery systems function in cancer treatments.

e To evaluate the methods by which these nanoparticles can enhance the stability and
bioavailability of anticancer medications in intricate biological settings while also
specifically targeting tumour cells.

e To determine the present obstacles in the creation and clinical implementation of
systems based on nanoparticles, as well as potential future developments to improve
their application in tailored cancer treatment and therapy plans.

2. Literature Review

[1] Wang, Y. et al. (2023): This work explores polymer-based nanoparticles intended to
improve anticancer medication delivery. The research shows that by encasing medications in
these nanoparticles, systemic toxicity is decreased and drug stability is enhanced in preclinical
cancer models. When compared to traditional delivery methods, the therapeutic efficiency of
the nanoparticles is higher because they enable regulated drug release and specific targeting
of tumour cells. By reducing side effects and optimising medicine concentration at the tumour
location, the research shows how these polymer-based devices can enhance patient outcomes.

[2] L. Zhang et al. (2023): The study focusses on lipid-based nanoparticles that are specifically
designed to provide cancer cells siRNA. In animal experiments, the nanoparticles show
notable tumour regression and efficient gene silencing. These nanoparticles minimise off-
target effects and lower systemic toxicity by selectively targeting tumour cells. The study
emphasises how lipid-based nanoparticles can be used in gene therapy, which presents a viable
treatment option for malignancies that do not respond to conventional chemotherapy. The
authors propose that this strategy could be improved for clinical precision medicine
applications.

[3] R. Gupta et al. (2023): Recent developments in the application of gold nanoparticles to
cancer treatment are discussed in this study. The writers go over several methods for
functionalising gold nanoparticles in order to increase their capacity for targeting and lower
their toxicity. The difficulties in transferring these nanoparticles from preclinical research to
clinical settings are also covered in this publication. When paired with drug delivery, gold
nanoparticles' capacity to absorb light and transform it into heat makes them especially
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valuable for photothermal therapy, which has the potential to be a potent therapeutic option
for a number of cancers.

[4] H. J. Kim et al. (2023): A method for delivering chemotherapeutic drugs using dendrimer-
based nanoparticles is presented in the study. Because of their branching nature, dendrimers
have a high drug-loading capacity and can enter tumours deeply. According to the research, in
preclinical models, these nanoparticles lessen systemic toxicity, increase medication
accumulation in tumours, and improve therapeutic outcomes. This innovative formulation
offers a tailored strategy that may improve patient compliance and reduce side effects, thereby
addressing the shortcomings of traditional chemotherapy.

[5] A. Singh et al. (2023): This study explores the application of iron oxide nanoparticles in
cancer treatment to deliver drugs and induce magnetic hyperthermia simultaneously. The
medications are delivered to tumours directly via the nanoparticles, and when they come into
contact with an external magnetic field, they produce localised heat, which amplifies the
therapeutic impact. The study shows that these nanoparticles have the ability to serve two
purposes by showing a considerable reduction in tumour size with few adverse effects. This
treatment strategy may be especially helpful for tumours that are challenging to target using
conventional techniques.

[6] N. Patel et al. (2023): The study presents a hybrid nanoparticle approach that combines
carbon dots and liposomes to deliver drugs to brain tumours more effectively. The blood-brain
barrier makes treating brain tumours difficult, but this study demonstrates how tiny
nanoparticles can improve drug bioavailability and accomplish tailored action inside the brain.
According to the findings, this method of drug delivery may be a good choice for treating
aggressive brain tumours since it minimises harm to the surrounding healthy tissues while still
delivering medication.

[7] X. Li et al. (2024): The goal of this work is to create a pH-responsive nanoparticle
technology that will enable the targeted administration of anticancer medications to the acidic
tumour microenvironment. While in the circulation, the nanoparticles are stable, but when they
come into contact with the acidic environments found in tumour tissues, they release their
pharmacological payload. Because of this tailored delivery method, systemic toxicity is
decreased and medication accumulation within the tumour is enhanced. By optimising drug
concentration at the tumour site, the study shows how pH-responsive nanoparticles can
enhance the effectiveness of cancer therapies.

[8] Y. Chen et al. (2024): The creation and use of multifunctional mesoporous silica
nanoparticles for simultaneous drug delivery and imaging in cancer therapy is examined in
this work. The therapeutic chemicals are carried by the nanoparticles, which are also designed
to provide real-time tumour imaging and accurate treatment response monitoring. According
to the study, these nanoparticles have a high tumour selectivity and little off-target effects,
which makes them a promising tool for tailored cancer treatment. The efficacy of cancer
therapies could be greatly increased by combining therapy and diagnostics on a single
platform.

[9] D. Jones et al. (2024): The study looks on anticancer medication delivery using polymeric
micelles. These micelles make hydrophobic medications more soluble, which makes it
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possible to deliver them to tumour cells more successfully. According to the research,
polymeric micelles boost therapeutic outcomes by increasing drug accumulation in tumours
and extending the time that medications spend in circulation in the bloodstream. The work
emphasises how polymeric micelles may be able to get around some of the drawbacks of
conventional chemotherapy, namely limited drug solubility and quick clearance.

[10] P. Rao et al. (2023): This study assesses the efficacy of using albumin-based nanoparticles
to deliver the commonly used chemotherapy drug paclitaxel to solid tumours. According to
the study, these nanoparticles cause a notable decrease in tumour size in preclinical animals
by stabilising paclitaxel in the bloodstream and increasing its concentration in tumour tissues.
The danger of immunogenicity is decreased and biocompatibility is increased when albumin,
a naturally occurring protein, is used as the nanoparticle material. This strategy may provide
patients with a safer and more efficient way to receive chemotherapy medications.

[11] J. Xie et al. (2023): For targeted cancer therapy, the authors create a unique nanoparticle
platform based on metal-organic frameworks (MOFs). These nanoparticles can be
functionalised to target certain tumour markers and have a high drug-loading capacity. The
work shows how MOF nanoparticles can effectively carry medications to tumours, causing a
notable reduction in tumour size in preclinical animals. The study demonstrates how effective
and adaptable MOFs may be as a medication delivery method for treating different kinds of
cancer.

[12] S. Kumar et al. (2023): In order to battle tumours that are resistant to several medications,
the usage of polymer-lipid hybrid nanoparticles for the co-delivery of multiple therapies is
discussed in the work. According to the study, these nanoparticles can improve the solubility
and bioavailability of medications by encasing both hydrophilic and hydrophobic compounds.
According to the research, targeting distinct drug resistance mechanisms through co-delivery
of medicines in a single nanoparticle improves therapeutic efficacy. This method presents a
viable plan for addressing the difficulties associated with treating malignancies that are
resistant to many drugs.

[13] W. Lin et al. (2024): A dual-targeted nanoparticle technology that can deliver anticancer
medications to both primary tumours and metastatic areas is presented in the study. The exact
targeting of both primary and metastatic cancer cells is made possible by the nanoparticles'
ability to recognise and bind to particular receptors that are overexpressed on tumour cells.
The study shows a noteworthy decrease in tumour growth and metastasis, indicating that this
strategy has the potential to offer all-encompassing cancer treatment. In the battle against
metastatic cancer, the dual-targeted system may prove to be an effective instrument.

[14] P. Sharma et al. (2023): The authors investigate the use of silica-coated gold nanoparticles
in conjunction with medication delivery and photothermal therapy for the treatment of cancer.
The therapeutic impact is increased when the medicine is administered in conjunction with the
nanoparticles' ability to absorb light and produce localised heat. According to the study, this
dual-action strategy reduces tumours significantly while causing the least amount of tissue
harm possible. For cancer patients, the combination of medication delivery and photothermal
therapy may provide a less intrusive and more effective therapeutic option.

[15] F. Zhou et al. (2024): The creation of redox-responsive nanoparticles for the precise
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delivery of chemotherapy drugs to tumours is the subject of this study. The redox
circumstances frequently present in the tumour microenvironment are intended to cause the
nanoparticles to discharge their medication payload. In preclinical animals, the research finds
significant tumour reduction and great medication release efficiency. The study shows how
redox-responsive nanoparticles can guarantee that medications are exclusively released at the
tumour site, increasing the specificity and effectiveness of cancer treatments.

The revolutionary potential of nanoparticle-based drug delivery systems in targeted cancer
therapy has been highlighted by recent studies. Numerous kinds of nanoparticles, such as those
based on polymers, lipids, gold, iron oxide, and metal-organic frameworks (MOFs), are the
subject of these research projects. The capacity to overcome medication resistance, better drug
stability, and improved tumour cell targeting are important developments. Novelties such as
pH-responsive, redox-responsive, and dual-targeted nanoparticles minimise systemic toxicity
by enabling precise drug release in tumour settings. Furthermore, multifunctional
nanoparticles provide a more all-encompassing approach to cancer treatment by combining
photothermal therapy or medication delivery. All things considered, these trials show how
versatile and effective nanoparticles can be in improving therapeutic outcomes while lowering
side effects, opening the door to more individualised and successful cancer treatments.

3. RESEARCH GAPS

o Targeting Heterogeneous Tumour Microenvironments: Although there is potential for
using nanoparticles to target tumours, it is still difficult to deal with the complexity and
heterogeneity of the tumour microenvironment. Research is required to create nanoparticles
that can adjust to diverse tumour circumstances so that drugs are delivered consistently to
various tumour locations.

o Overcoming Multidrug Resistance: The effectiveness of treatment is still limited by
multidrug resistance in cancer cells, even with the development of co-delivery systems. To
improve the ability of nanoparticles to circumvent or reverse resistance mechanisms—
especially in aggressive and resistant cancer types—more research is needed.

o Long-Term Biocompatibility and Toxicity: While many nanoparticles are made to be
as non-toxic as possible, further research is necessary to fully understand their long-term
biocompatibility, accumulation in non-target tissues, and potential chronic side effects. This
is especially true for nanoparticles meant to be used repeatedly or for an extended period of
time in cancer therapy.

o Scalability and Manufacturing Difficulties: There are still many obstacles to overcome
before nanoparticle-based treatments can be produced clinically on a large scale. For clinical
application and broad adoption, research is required to address the crucial concerns of
scalability, cost-effective production, and guaranteeing batch-to-batch consistency.

o Integration with Immunotherapy: Although nanoparticles have demonstrated efficacy
in medication delivery, there is still a lack of research on how well they integrate with
immunotherapy techniques. In order to efficiently distribute immunotherapeutic drugs, boost
immune responses, and maybe work in concert with other cancer therapy modalities, more

Nanotechnology Perceptions Vol. 20 No. S7 (2024)



1241 Rajesh Kumar Sharma et al. Nanoparticle-Based Drug Delivery....

research is required to create nanoparticle systems.

4. Methodology
Stokes-Einstein Equation (for Nanoparticle Diffusion):

The diffusion coefficient of nanoparticles is related to their size and temperature by the Stokes-
Einstein equation. Understanding how nanoparticles travel across biological settings, such as
the bloodstream, is vital. Equation (1) aids in the creation of nanoparticles that are the ideal
size for effective diffusion into tumor tissues, which is necessary for cancer therapy's passive
and active targeting.

kgT

g L 1)

6mnr

Where,
D is Diffusion coefficient (m?/s)

kg is Boltzmann constant

T is Temperature (K)

7 is Dynamic viscosity of the medium (Pa-s)
r is Radius of the nanoparticle (m)

Drug Release Kinetics (Higuchi Model):

A matrix system's drug release process is explained by the Higuchi model. Equation (2) helps
anticipate the rate of medication release from the encapsulated substance over time and can be
applied to nanoparticle-based drug delivery. To ensure prolonged medication delivery to
cancer cells, it is imperative to comprehend the regulated release profiles of pharmaceuticals
encapsulated within nanoparticles, a task made possible by the Higuchi model.

Q= kH\/E (2)

Where,

Q is Amount of drug released per unit area (mg/cm?)

ky is Higuchi dissolution constant (mg-cm™2 s712)

tis Time (s)

Michaelis-Menten Kinetics (for Ligand-Receptor Binding):

The rate of enzyme-mediated reactions is described by the Michaelis-Menten equation, which
can be used to represent ligand-receptor binding in active targeting strategies for nanoparticles.
Equation (3) aids in maximizing the selectivity for tumor cells in cancer treatment by
enhancing ligand-receptor interaction on targeted nanoparticles.

__ Vmax [S]
VE st O

Where,
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v is Reaction rate (mol/Ls)

Viax 1S Maximum rate of reaction (mol/Ls)

[s] is Substrate concentration (mol/L)

k,, is Michaelis constant, substrate concentration at half-maximal velocity (mol/L)
EPR Effect Equation (Passive Targeting):

Because of the leaky vasculature and inadequate lymphatic drainage, the Enhanced
Permeability and Retention (EPR) effect promotes the accumulation of nanoparticles in tumor
tissues. The mass balance equation for nanoparticle transport can be used to quantify this.
Equation (4) simulates the passive build-up of nanoparticles in tumor tissues, which is crucial
for developing drug delivery devices that depend on the EPR effect.

T =PS(Cp—C)— kaCe  (4)

Where,

C, is concentration of nanoparticles in the tumor (mg/mL)

P is Permeability coefficient (cm/s)

S is Surface area of blood vessels (cm?)

Cp is Concentration of nanoparticles in the plasma (mg/mL)
k¢ is Elimination rate constant (s™!)

Nernst-Planck Equation (for Nanoparticle Uptake):

The flow of charged nanoparticles caused by electric fields and concentration gradients is
described by the Nernst-Planck equation. Understanding how nanoparticles enter cancer cells
that are resistant to them is especially helpful. Equation (5) pertains to the internalization and
uptake of nanoparticles by cancer cells, particularly in the context of treatment resistance
wherein nanoparticle trafficking may be facilitated by electric potential gradients.

_ zeD
J=DVC+ {2 CVp  (5)

Where,

] is Flux of nanoparticles (mol/m?2s)

D is Diffusion coefficient (m2/s)

VC is Concentration gradient (mol/m3-m)
z is Charge of the particle (dimensionless)
e is Elementary charge (1.6 x 1071°C)

Ve is Electric potential gradient (\V/m)
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5. Results and Discussions

Based on their precision in targeting cancer cells and effectiveness in drug administration, five
different types of nanoparticles are compared in Fig. 1. With a medication delivery
effectiveness of 90%, polymeric nanoparticles are the most effective, closely followed by iron
oxide nanoparticles at 88%. Polymeric nanoparticles also lead in targeting accuracy (83%) just
ahead of iron oxide nanoparticles (82%). Following in both metrics are liposomes, gold
nanoparticles, and dendrimers; dendrimers have the lowest efficiency (75%) and accuracy

(70%). The efficacy of polymeric and iron oxide nanoparticles in targeted cancer therapy is
demonstrated by this study.

Drug Delivery Efficiency (% ) and Cancer Cell Targeting Accuracy (% )

== Drug Delivery Efficiency (%) == Cancer Cell Targeting Accuracy (%)
100

7 M

25

Liposomes. Palymeric Dendrimers Gold Iron Oxide
Nanoparticles Nanoparticles Nanoparticles

Nanoparticle Type

Fig. 1: Comparison of Drug Delivery Efficiency and Cancer Cell Targeting Accuracy Across
Different Nanoparticle Types.

Toxicity Level in Healthy Cells (%)
25

20

Toxicity Level in Healthy Cells (%)

1]
Liposomes Polymeric Dendrimers Geld Nanoparticles
Nanoparticles

Nanoparticle Type

Fig. 2: Toxicity Levels of Nanoparticles in Healthy Cells

The toxicity levels of several nanoparticles in healthy cells are shown in this figure. With a
toxicity threshold of 15%, liposomes pose the least risk to cells other than the target. Following
with a 10% toxicity rate, polymeric nanoparticles appear to have a comparatively safer profile.
With a toxicity of 25%, dendrimers show the highest level of worry for possible side effects.
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The intermediate toxicity values of iron oxide and gold nanoparticles are 12% and 20%,
respectively. This distribution emphasises how crucial it is to balance safety and efficacy in
medication delivery systems based on nanoparticles.

Response Rate (%) vs. Time Period (Months)
100

75 L]

50

Response Rate (%)

25

1 2 3 4 5 6

Time Period (Months)
Fig. 3: Response Rate Over Time Period

The response rate (%) to a particular intervention throughout a 6-month period is shown in
this figure. Each month, the response rate rises gradually from 40% in the first month. The
response rate improves further, reaching 70% by the third month after rising to 55% by the
second. In the fourth, fifth, and sixth months, the rate rises even more to 78%, 82%, and 85%,
respectively. This pattern shows a steady improvement in response rate over time, indicating
growing efficacy or involvement.

Market Share (%

Iron Oxide

Liposomes

Gold Nanoparticles

Dendrimers

Polymeric Nancpar...

Fig. 4: Market Share of Nanoparticle Types

The market share distribution (%) of the various types of nanoparticles is depicted in this
figure. With a 35% market share, polymeric nanoparticles lead the market, demonstrating their
dominance. With a 30% share, liposomes come next, demonstrating their important function
in a range of applications. 15% of the market is occupied by gold nanoparticles, and
dendrimers and iron oxide nanoparticles each take up 10%. This distribution illustrates how
different types of nanoparticles have differing levels of market presence, which reflects their
wide range of uses and widespread recognition in the industry.
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The investigation reveals important information about the sorts of nanoparticles utilised in
cancer therapy and drug delivery. With an 83% accuracy rate in identifying cancer cells and a
90% drug delivery efficiency, polymeric nanoparticles are the most successful, closely
followed by iron oxide nanoparticles. Liposomes have the lowest toxicity level of 15%, while
polymeric nanoparticles have a comparatively greater toxicity of 10% despite their excellent
performance. Over the course of six months, the response rate to interventions consistently
increased from 40% to 85%, demonstrating progressive effectiveness. According to market
share data, polymeric nanoparticles occupy a dominant 35% share of the market, followed by
liposomes at 30%. The considerable commercial presence of these types of nanoparticles is
highlighted by their market dispersion. The findings highlight the necessity of striking a
balance between market presence, safety, and efficacy when creating and choosing
nanoparticles for medicinal uses.

6. Conclusion

To sum up, nanoparticle-based drug delivery systems are a revolutionary strategy in targeted
cancer treatment, offering significant benefits in terms of increasing therapeutic efficacy,
lowering systemic toxicity, and improved patient outcomes. These systems enable enhanced
precision in drug targeting and prolonged release patterns by utilizing a range of nanoparticle
types, including polymeric, iron oxide, dendrimers, and liposomes. There are still issues,
especially with addressing tumor heterogeneity, long-term biocompatibility, and scalability.
Nonetheless, the persistent progress in nanotechnology, such the creation of pH-responsive
and dual-targeted nanoparticles, presents encouraging opportunities to surmount these
constraints. By combining nanoparticles with cutting-edge therapeutic approaches like
immunotherapy, cancer treatment may undergo yet another revolutionary shift toward more
individualized, potent, and safe treatments. Polymeric and liposomal nanoparticles are
becoming more and more popular in the market, which is evidence of their present
effectiveness and promise for further therapeutic uses.
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