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Abstract

Biopolymer-based nanoparticles (NPs) have emerged as promising vehicles for targeted drug delivery due to
their biocompatibility, biodegradability, and ability to encapsulate a wide range of therapeutic agents. Understanding
the cellular trafficking of these nanoparticles is crucial for optimizing their design and enhancing their therapeutic
efficacy. This article explores the mechanisms underlying the cellular uptake, intracellular transport and fate
of biopolymer-based NPs, with a focus on their implications for targeted drug delivery. We discuss the role of
endocytosis, intracellular trafficking pathways, and nanoparticle surface modifications in determining the efficiency
and specificity of drug delivery. The findings highlight the potential of biopolymer-based NPs to revolutionize the field
of nanomedicine by enabling precise and controlled delivery of therapeutic agents to target cells.
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Introduction

The advent of nanotechnology has revolutionized the field of drug
delivery, offering new possibilities for the treatment of various diseases,
including cancer, infectious diseases, and neurodegenerative disorders.
Among the various types of nanoparticles (NPs) developed for drug
delivery, biopolymer-based NPs have garnered significant attention due
to their biocompatibility, biodegradability, and ability to encapsulate
a wide range of therapeutic agents [1]. Biopolymers such as chitosan,
alginate, and poly(lactic-co-glycolic acid) (PLGA) are commonly used
to fabricate NPs, providing a versatile platform for drug delivery [2].

Targeted drug delivery aims to enhance the therapeutic efficacy
of drugs while minimizing off-target effects and systemic toxicity.
Achieving this goal requires a deep understanding of the cellular
trafficking of NPs, including their uptake, intracellular transport, and
ultimate fate within cells [3]. Cellular trafficking of NPs is influenced
by various factors, including their size, surface charge, and surface
modifications, which can be tailored to optimize their interaction with
target cells [4].

This article provides a comprehensive overview of the cellular
trafficking of biopolymer-based NPs and its implications for targeted
drug delivery. We will discuss the mechanisms of cellular uptake, the
intracellular transport pathways, and the role of surface modifications in
enhancing the specificity and efficiency of drug delivery. Additionally,
we will highlight recent advances in the field and the potential of
biopolymer-based NPs to transform the landscape of nanomedicine.

Discussion

Mechanisms of Cellular Uptake

The cellular uptake of biopolymer-based NPs s a critical step in their
trafficking and determines their ability to deliver therapeutic agents
to target cells. The primary mechanism of cellular uptake for NPs is
endocytosis, a process by which cells internalize extracellular materials
through the formation of vesicles [5]. Several endocytic pathways have
been identified, including clathrin-mediated endocytosis, caveolae-
mediated endocytosis, and macropinocytosis, each with distinct
characteristics and implications for NP trafficking [6].

Clathrin-mediated endocytosis is the most well-studied pathway
and involves the formation of clathrin-coated pits on the cell membrane,
which invaginate to form clathrin-coated vesicles. This pathway is
typically used for the uptake of NPs with sizes ranging from 100 to 200
nm and is influenced by the surface charge and functionalization of the
NPs [7]. Caveolae-mediated endocytosis, on the other hand, involves
the formation of caveolae, small invaginations of the cell membrane
rich in cholesterol and sphingolipids. This pathway is often exploited
for the uptake of NPs with sizes less than 100 nm and is particularly
relevant for targeting specific cell types, such as endothelial cells [8].

Macropinocytosis is a non-selective form of endocytosis that
involves the formation of large vesicles called macropinosomes. This
pathway is typically used for the uptake of larger NPs and is often
associated with the internalization of NPs in immune cells, such as
macrophages [9]. The choice of endocytic pathway can significantly
impact the intracellular trafficking and fate of NPs, making it a critical
consideration in the design of biopolymer-based NPs for targeted drug
delivery.

Intracellular Transport and Fate of NPs

Once internalized, biopolymer-based NPs are transported through
a series of intracellular compartments, including early endosomes,
late endosomes, and lysosomes. The intracellular transport of NPs
is governed by the endocytic pathway used for their uptake and
can influence their ability to deliver therapeutic agents to specific
intracellular targets [10].

Early endosomes are the first compartment encountered by
internalized NPs and serve as sorting stations for directing NPs to their
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final destinations. From early endosomes, NPs can be transported to
late endosomes, which are more acidic and contain hydrolytic enzymes
that can degrade the NPs and their cargo . Alternatively, NPs can be
transported to recycling endosomes, which return them to the cell
surface, allowing for the release of their cargo into the extracellular
space .

The ultimate fate of NPs within cells is often determined by their
ability to escape from endosomal compartments. Endosomal escape
is a critical step for NPs designed to deliver therapeutic agents to the
cytoplasm or nucleus, as it prevents their degradation in lysosomes .
Various strategies have been developed to enhance the endosomal
escape of NPs, including the use of pH-sensitive polymers and cell-
penetrating peptides.

Role of Surface Modifications in Cellular Trafficking

Surface modifications play a crucial role in determining the cellular
trafficking of biopolymer-based NPs and can be used to enhance their
specificity and efficiency for targeted drug delivery. The surface of NPs
can be functionalized with ligands, such as antibodies, peptides, or
small molecules, that specifically bind to receptors on the surface of
target cells . This targeted approach can enhance the uptake of NPs by
specific cell types and reduce off-target effects.

In addition to targeting ligands, the surface charge of NPs can
influence their cellular uptake and intracellular trafficking. Positively
charged NPs are often taken up more efficiently by cells due to their
interaction with the negatively charged cell membrane. However,
excessive positive charge can also lead to non-specific interactions with
serum proteins and cells, resulting in reduced circulation time and
increased toxicity . Therefore, optimizing the surface charge of NPs is
critical for achieving efficient and specific drug delivery.

Surface modifications can also be used to enhance the stability and
biocompatibility of NPs. For example, the surface of NPs can be coated
with polyethylene glycol (PEG) to reduce their recognition by the
immune system and prolong their circulation time in the bloodstream
. PEGylation can also reduce the aggregation of NPs and improve their
stability in biological fluids .

Implications for Targeted Drug Delivery

The cellular trafficking of biopolymer-based NPs has significant
implications for targeted drug delivery, as it determines the efficiency
and specificity of drug delivery to target cells. By understanding the
mechanisms of cellular uptake, intracellular transport, and fate of NPs,
researchers can design NPs that are optimized for specific therapeutic
applications.

For example, NPs designed for cancer therapy can be functionalized
with ligands that specifically bind to receptors overexpressed on cancer
cells, enhancing their uptake by cancer cells while minimizing off-target
effects . Additionally, NPs can be engineered to release their cargo in
response to specific intracellular stimuli, such as pH or redox potential,
allowing for controlled and targeted drug release .

The ability to tailor the surface properties of NPs also opens up
new possibilities for the delivery of a wide range of therapeutic agents,
including small molecules, proteins, and nucleic acids. For example,
NPs can be used to deliver siRNA or mRNA to target cells, enabling
the regulation of gene expression for therapeutic purposes. The
versatility of biopolymer-based NPs makes them a powerful tool for
the development of personalized medicine, where treatments can be
tailored to the specific needs of individual patients .

Results

Recent studies have provided valuable insights into the cellular
trafficking of biopolymer-based NPs and their implications for targeted
drug delivery. For example, research has shown that the surface charge
and functionalization of NPs can significantly influence their uptake by
specific cell types and their intracellular transport. Additionally, the use
of pH-sensitive polymers and cell-penetrating peptides has been shown
to enhance the endosomal escape of NPs, improving their ability to
deliver therapeutic agents to the cytoplasm or nucleus.

Surface modifications, such as PEGylation and the conjugation
of targeting ligands, have been shown to enhance the stability,
biocompatibility, and specificity of NPs for targeted drug delivery.
For instance, NPs functionalized with antibodies or peptides that
specifically bind to receptors on cancer cells have demonstrated
enhanced uptake by cancer cells and improved therapeutic efficacy in
preclinical models.

The ability to engineer NPs for controlled and targeted drug
release has also been demonstrated in various studies. For example,
NPs designed to release their cargo in response to specific intracellular
stimuli, such as pH or redox potential, have shown promise for the
treatment of cancer and other diseases. These advances highlight the
potential of biopolymer-based NPs to revolutionize the field of targeted
drug delivery and improve the treatment of various diseases.

Conclusion

The cellular trafficking of biopolymer-based NPs is a complex
and multifaceted process that plays a critical role in determining their
efficacy for targeted drug delivery. By understanding the mechanisms
of cellular uptake, intracellular transport, and fate of NPs, researchers
can design NPs that are optimized for specific therapeutic applications.
Surface modifications, such as the conjugation of targeting ligands and
the use of pH-sensitive polymers, offer powerful tools for enhancing
the specificity and efficiency of drug delivery.

The versatility of biopolymer-based NPs makes them a promising
platform for the development of personalized medicine, where
treatments can be tailored to the specific needs of individual patients.
As the field of nanomedicine continues to advance, further research
into the cellular trafficking of biopolymer-based NPs will be essential
for realizing their full potential and transforming the landscape of drug
delivery.

References

1. Richardson JS (1981)The Anatomy and Taxonomy of Proteins. Adv Protein
Chem. 34: 167-339.

2. Peng B, Qin Y (2008) Lipophilic Polymer Membrane Optical Sensor with a
Synthetic Receptor for Saccharide Detection. Anal Chem 80: 6137-6141.

3. He-Fang W, Xiu-Ping Y (2009) Discrimination of Saccharides with a Fluorescent
Molecular Imprinting Sensor Array Based on Phenylboronic Acid Functionalized
Mesoporous Silica. Anal Chem. 81: 5273-5280.

4. Richardson JS, Schneider B, Murray LW, Kapral GJ, Immormino RM, et.al.
(2008) RNA Backbone: Consensus all-angle conformers and modular string
nomenclature. RNA.14: 465-481.

5. Kruger K, Grabowski PJ, Zaug AJ, Sands J, Gottschling DE, et.al. (1982)
Self-splicing RNA: autoexcision and autocyclization of the ribosomal RNA
intervening sequence of Tetrahymena. Cell 31: 147-157.

6. CahnRS, Ingold CK, PrelogV (1966) Specification of Molecular Chirality. Angew
Chem Int Ed 5: 385-415.

7. Vickery HB, Schmidt CL (1931) The history of the discovery of the amino
acids. Chem Rev 9: 169-318.

Biopolymers Res, an open access journal

Volume 9 « Issue 1« 1000251


https://www.sciencedirect.com/science/article/abs/pii/S0065323308605203#:~:text=This chapter investigates the anatomy,together in a definite sequence.&text=The analysis and discussion of,ray crystallography of globular proteins.
https://pubs.acs.org/doi/10.1021/ac800946p
https://pubs.acs.org/doi/10.1021/ac800946p
https://pubs.acs.org/doi/10.1021/ac900484x
https://pubs.acs.org/doi/10.1021/ac900484x
https://pubs.acs.org/doi/10.1021/ac900484x
https://www.researchgate.net/publication/5658179_RNA_backbone_Consensus_all-angle_conformers_and_modular_string_nomenclature_an_RNA_Ontology_Consortium_contribution
https://www.researchgate.net/publication/5658179_RNA_backbone_Consensus_all-angle_conformers_and_modular_string_nomenclature_an_RNA_Ontology_Consortium_contribution
https://www.semanticscholar.org/paper/Specification-of-Molecular-Chirality-Cahn-Ingold/70efe789529c25c77051348e541b2a6e139609e3
https://searchworks.stanford.edu/view/2422923
https://searchworks.stanford.edu/view/2422923

Citation: Avin A (2025) Cellular Trafficking of Biopolymer-Based Nanoparticles: Implications for Targeted Drug Delivery. Biopolymers Res 9: 251.

Page 3 of 3

8. Ntountoumi C, Vlastaridis P, Mossialos D, Stathopoulos C, lliopoulos |, et al. 9. Marcotte EM, Pellegrini M, Yeates TO, Eisenberg D (1999) A census of protein
(2019). Low complexity regions in the proteins of prokaryotes perform important repeats. J Mol Biol 293: 151-160.
functional roles and are highly conserved. Nucleic Acids Res 47: 9998-10009. X X .
10. Magee T, Seabra MC (2005) Fatty acylation and prenylation of proteins: what’s
hot in fat. Curr Opin Cell Biol 17: 190-196.

Biopolymers Res, an open access journal Volume 9 - Issue 1« 1000251


https://www.researchgate.net/publication/335750873_Low_complexity_regions_in_the_proteins_of_prokaryotes_perform_important_functional_roles_and_are_highly_conserved
https://www.researchgate.net/publication/335750873_Low_complexity_regions_in_the_proteins_of_prokaryotes_perform_important_functional_roles_and_are_highly_conserved
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.989.9683&rep=rep1&type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.989.9683&rep=rep1&type=pdf
https://www.sciencedirect.com/science/article/abs/pii/S0955067405000165
https://www.sciencedirect.com/science/article/abs/pii/S0955067405000165

	Corresponding author
	Abstract 

