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1. Introduction
 Nanoparticles (NPs) have received 
considerable attention recently due to their 
distinctive properties and potential applica-
tions in diverse fields, particularly in medi-
cine. Defined as particles ranging from 1 to 
100 nanometers in size, NPs exhibit unique 
physical and chemical characteristics that dif-
fer significantly from their larger-scale coun-
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terparts. These properties, such as their high 
surface area-to-volume ratio, quantum effects, 
and ability to bind with various biological mol-
ecules, enable NPs to interact with biological 
systems in innovative and often advantageous 
ways (1).
 Their potential in medicine spans drug 
delivery systems, diagnostic tools, and thera-
peutic agents. For example, NPs can be engi-
neered to deliver drugs directly to specific cells 
or tissues, thereby enhancing treatment effec-
tiveness and reducing side effects. In diagnos-
tics, NPs improve the accuracy and sensitivity 
of imaging techniques, aiding in early disease 
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detection and monitoring. Furthermore, NPs 
themselves are being investigated as therapeu-
tic agents, such as in the application of photo-
thermal therapy for cancer treatment. Despite 
these promising applications, the interaction 
of NPs with biological systems is intricate and 
multifaceted, occurring at molecular, cellular, 
and tissue levels. Understanding these inter-
actions is essential for the safe and effective 
development of nanomedicine applications. 
At the molecular level, NPs interact with 
proteins, lipids, and nucleic acids, which can 
significantly alter their biological behavior 
and identity. These interactions influence how 
NPs are taken up by cells, their distribution 
throughout the body, and their potential tox-
icity. The physicochemical properties of NPs, 
including their size, shape, surface charge, and 
coatings, dictate the nature of these interac-
tions (2). Once inside cells, NPs can induce 
oxidative stress, provoke inflammatory re-
sponses, or even cause cell death, underscor-
ing the need for thorough assessment of their 
biocompatibility and potential cytotoxicity. 
Factors such as NP size, surface characteris-
tics, and the body's physiological conditions 
determine their distribution across different 
organs and tissues. Understanding the mecha-
nisms governing NP accumulation in specific 
tissues, such as the liver, spleen, and brain, is 
crucial for designing NPs that exhibit desired 
biodistribution profiles with minimal adverse 
effects. Given the complexity of NP interac-
tions with biological systems, a comprehen-
sive understanding of these mechanisms is 
imperative for advancing nanomedicine (3). 
This review aims to provide a detailed explo-
ration of NP interactions at molecular, cellular, 
and tissue levels, drawing on recent studies to 
elucidate these interactions. By enhancing our 
understanding of NP behaviour in biological 
contexts, we can better leverage their potential 
for medical applications while mitigating as-
sociated risks.

2. Molecular Level Interactions
 When nanoparticles (NPs) enter bio-
logical fluids, they quickly become coated 
with a layer of biomolecules, primarily pro-
teins, forming a "protein corona." This co-

rona defines the biological identity of the NP 
and influences its interactions with cells and 
tissues. The protein corona's composition is 
highly dynamic, evolving over time and in dif-
ferent biological environments. Initially, pro-
teins with a high affinity for the NP surface 
bind rapidly, forming a primary corona. As the 
NP circulates through various biological com-
partments, proteins with lower affinity may 
replace or layer on top of the primary corona, 
creating a secondary corona (4). This dynamic 
process results in a complex and heteroge-
neous mixture of proteins on the NP surface. 
Recent studies have shown that the protein co-
rona can alter the hydrodynamic diameter and 
surface charge of NPs, which in turn affects 
their cellular uptake and biodistribution. Key 
factors influencing protein corona formation 
include NP properties, the composition of the 
biological fluid, and surface modifications of 
the NP. The protein corona mediates the bio-
logical identity of NPs, affecting their recog-
nition and clearance by the immune system, 
their cellular uptake mechanisms, and their 
overall biodistribution in vivo. It can also in-
fluence the therapeutic efficacy and safety of 
NP-based treatments and diagnostics (2). For 
instance, NPs with different protein coronas 
exhibit varying degrees of cellular uptake and 
inflammatory response.

2.1. Interactions with Lipids and Nucleic Acids
 Beyond proteins, NPs also interact 
with lipids and nucleic acids, which can affect 
cellular membranes and genetic materials.

2.1.1. Lipid Membrane Interactions
 NPs interact with cellular lipid mem-
branes through mechanisms such as direct 
penetration or endocytic uptake pathways. 
The physicochemical properties of NPs, in-
cluding size, shape, and surface charge, de-
termine their interaction with lipid bilayers. 
Some NPs can disrupt lipid bilayers, leading 
to membrane damage and potential cytotoxic 
effects (5). Understanding these interactions 

74



Trends in Pharmaceutical Sciences 2025: 11(1): 73-86.

Multiscale Mechanisms of Nanoparticle Interactions-a review

trostatic interactions or encapsulation within 
particles like liposomes and polymeric NPs, 
protecting the nucleic acids from enzymatic 
degradation and enhancing stability in bio-
logical environments (8). For instance, lipid-
coated polymeric NPs have been used to de-
liver mRNA vaccines to dendritic cells, with 
the lipid coating protecting the mRNA and 
promoting uptake by immune cells, leading 
to potent antitumor immune responses. NPs 
carrying nucleic acids may trigger innate im-
mune responses via pattern recognition recep-
tors (PRRs). Surface modifications and for-
mulation strategies are employed to mitigate 
immunogenicity and improve therapeutic out-
comes. Functionalizing NPs with targeting li-
gands such as aptamers or antibodies enhances 
their specificity for cells expressing particular 
receptors, facilitating targeted delivery of nu-
cleic acids to diseased tissues (9).

2.2. Cellular Level Interactions
 NPs primarily enter cells through en-
docytosis, but the specific pathway depends 
on NP size, shape, and surface chemistry. En-
docytosis involves the invagination of the cell 
membrane to form vesicles that internalize 
NPs, including subtypes such as clathrin-me-
diated endocytosis, caveolae-mediated endo-
cytosis, and macropinocytosis (10). Phagocy-
tosis, performed by specialized immune cells 
like macrophages, engulfs larger particles, in-
cluding NPs, as a defense mechanism. Once 
inside the cell, NPs are trafficked to various 
organelles, impacting their biological activity 
and potential toxicity. NPs often travel through 
endosomes and lysosomes, encountering acid-
ic environments and degradative enzymes, 
with some NPs able to escape into the cyto-
plasm (11). Interactions with the endoplasmic 
reticulum (ER) and Golgi apparatus can disrupt 
protein folding, modification, and trafficking, 
leading to cellular stress. For example, a study 
on the cellular uptake and behavior of quan-
tum dots (QDs) used for imaging and sens-
ing found that QD uptake mechanisms var-

is crucial for assessing NP biocompatibility 
and designing safer nanomedicine formula-
tions. Surface modifications with lipids or 
lipid-like molecules can enhance NP stability 
and biocompatibility. Lipid-coated NPs mimic 
biological membranes, potentially reducing 
immune recognition and improving circula-
tion time in vivo. Lipid-based NPs are used 
in drug delivery systems due to their ability to 
encapsulate hydrophobic drugs and target spe-
cific cells or tissues. For example, liposomes, 
which have a lipid bilayer structure, provide 
stability to encapsulated drugs and enable tar-
geted delivery, highlighting the significance 
of lipid-NP interactions in therapeutic appli-
cations. NPs can interact with high-density 
lipoprotein (HDL) and other lipoproteins in 
biological fluids, altering their biodistribution 
and clearance profiles. These interactions can 
impact NP pharmacokinetics and therapeutic 
efficacy. A study investigating the renal clear-
ance of quantum dots (QDs) after systemic 
administration found that lipid-PEG (polyeth-
ylene glycol) coated QDs exhibited prolonged 
circulation times due to reduced recognition 
by opsonins and enhanced interaction with li-
poproteins, underscoring the role of lipid coat-
ings in NP biodistribution (6).

2.1.2. Interactions with Nucleic Acids
 NPs are used as vectors for delivering 
nucleic acids (e.g., DNA, RNA) into cells for 
gene therapy applications. Surface modifica-
tions and complexation strategies enable NPs 
to protect nucleic acids from degradation and 
facilitate their intracellular delivery. NPs can 
deliver small interfering RNA (siRNA) or mi-
croRNA (miRNA) to silence specific genes in 
therapeutic interventions. For effective gene 
silencing, nucleic acid-NP complexes must ef-
ficiently enter cells and release their cargo (7). 
NPs protect siRNA from enzymatic degrada-
tion and facilitate cellular uptake, illustrating 
the importance of NP-nucleic acid interactions 
in enhancing therapeutic gene silencing. NPs 
can complex with nucleic acids through elec-
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ied with size and surface chemistry. Smaller 
QDs (<10 nm) were internalized via clathrin-
mediated endocytosis, while larger QDs (>20 
nm) were taken up through macropinocytosis. 
PEGylation reduced nonspecific binding and 
enhanced QD stability and biocompatibility. 
Intracellular trafficking showed QDs local-
ized in endosomes and lysosomes, affecting 
their cytotoxicity and biocompatibility. NPs 
can induce cytotoxicity through oxidative 
stress, inflammation, and cell death pathways 
(12). They can generate reactive oxygen spe-
cies (ROS), causing oxidative damage to cel-
lular components, including lipids, proteins, 
and DNA. NPs can activate immune cells to 
produce pro-inflammatory cytokines, lead-
ing to inflammatory responses that may cause 
tissue damage, and can trigger programmed 
cell death (apoptosis) or necrotic cell death 
through various molecular pathways, disrupt-
ing cellular homeostasis (13).

2.3. Tissue Level Interactions
 NPs exhibit unique biodistribution 
profiles influenced by their physicochemical 
properties and the biological characteristics of 
different tissues. Understanding NP accumu-
lation in specific tissues is crucial for target-
ed delivery and minimizing off-target effects 
(14). For instance, a study on the tissue distri-
bution and pharmacokinetics of pegylated li-
posomal doxorubicin (Doxil), a common NP-
based chemotherapy, found that pegylation 
prolonged circulation time and modified tis-
sue distribution compared to conventional li-
posomes. Doxil showed enhanced tumor ac-
cumulation due to the enhanced permeability 
and retention (EPR) effect but also prolonged 
circulation in the liver and spleen, affecting 
therapeutic efficacy and toxicity (15). NPs tend 
to accumulate in organs like the liver, spleen, 
and lungs, with the liver and spleen being pri-
mary sites due to their roles in blood filtration 
and high phagocytic activity. The ability of 
NPs to cross the blood-brain barrier (BBB) is 
critical for treating neurological diseases but 

raises concerns about potential neurotoxicity. 
For example, it was demonstrated that poly-
sorbate-coated NPs could cross the BBB and 
deliver drugs to the brain, enhancing the treat-
ment of central nervous system disorders. This 
review discusses various nanoparticulate sys-
tems designed to overcome the BBB and im-
prove drug delivery to the brain, highlighting 
their potential in neurotherapeutics (16). NPs 
can interact with immune cells, either activat-
ing or evading the immune system, impacting 
their use in vaccines and immunotherapies. 
The review covers the immunological proper-
ties of engineered nanomaterials and their im-
plications for tissue interactions. NPs can trig-
ger immune responses, including complement 
activation and cytokine release, affecting their 
biodistribution and biocompatibility. Surface 
modifications like PEGylation can mitigate 
immune recognition, prolong NP circulation, 
and enhance tissue-specific targeting. NPs can 
be recognized by pattern recognition receptors 
(PRRs) on immune cells, leading to immune 
activation, beneficial for vaccine adjuvants 
but potentially causing unwanted inflamma-
tion. Certain NPs are designed to evade im-
mune detection, enhancing circulation time 
and targeting efficiency, with surface modifi-
cations like PEGylation helping achieve this 
(17). NPs are also used in tissue engineering 
and regenerative medicine due to their ability 
to interact with and modulate cell behavior, 
promoting tissue repair. Incorporating NPs 
into scaffolds can enhance mechanical prop-
erties and bioactivity, aiding tissue regenera-
tion. NPs can deliver growth factors, drugs, or 
genes in a controlled manner, enhancing the 
healing process in damaged tissues (18).

2.4. Variety of NPs interact with membrane 
and biological macromolecules 
2.4.1 Polymeric nanoparticles (PNP)
 Polymeric nanoparticles are among 
the most adaptable and studied types of nano-
materials for drug delivery and biomedical 
purposes. The normal size ranges from 10 
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es endocytosis but likely disrupts membrane 
integrity and causes cytotoxicity (21). Such is-
sues may be partly resolved by surface modi-
fications, including PEGylation. PEGylation 
decreases the surface charge and hydrophobic-
ity of the PNPs, consequently decreasing their 
nonspecific interaction with the cell membrane 
and improving their biocompatibility. The size 
of the PNP affects cellular uptake and biodis-
tribution. Smaller PNPs (<200 nm) are easily 
internalized within the cells through clathrin-
mediated endocytosis, which is a commonly 
used pathway for nanoparticle uptake. Where-
as this, due to cell type and nanoparticle sur-
face properties, larger PNPs can be taken up 
through alternative mechanisms like macro 
pinocytosis or phagocytosis.

2.4.3. Interaction of Proteins
 In the event of contact between PNPs 
with biological fluids, they highly tend to ad-
sorb proteins on their surface forming some-
thing about "protein corona." This layer of ad-
sorbed protein helps in modifying nanoparticle 
surface properties and, due to its nature, de-
termines its biological identity. The composi-
tion of protein corona is dynamic and depends 
mostly on the physicochemical properties of 
PNPs and available proteins in the biological 
environment. The protein corona can affect 
cellular uptake and biodistribution of PNPs. 
The presence of opsonins, or opsonic pro-
teins leads to rapid recognition and transport 
of PNPs through macrophages and decreases 
circulation time and therapeutic efficacy. In 
contrast, protein binding without consecutive 
immune recognition may result in prolonged 
circulation and accumulation of PNPs in tar-
get tissues. In addition, protein corona medi-
ates the interaction between PNP and cellular 
receptors. This may lead to increased or in-
hibited cellular uptake, depending on the na-
ture of proteins forming the corona and their 
affinity to specific cell surface receptors (22). 
Understanding and controlling protein corona 
formation is therefore a key factor for the de-

to 1,000 nanometres. They usually consist 
of biodegradable polymer where therapeutic 
agents are encapsulated against deterioration 
and hence their release, providing control 
while offering targeting. In fact, the interac-
tion of biological membranes and macromol-
ecules like proteins and nucleic acids will 
establish their functionality, hence their effi-
cacy. PNPs can be prepared from a wide ar-
ray of both natural and synthetic polymers. 
Currently, three general polymers used for 
drug-carrying nanoparticles are PLGA, PCL, 
and chitosan. The nature of physicochemical 
properties-size, surface charge, and hydropho-
bicity-of the nanoparticles depends on the type 
of selected polymer. This again will have im-
plications for their interaction with biological 
systems. PLGA is one of those kinds of poly-
mers preferred for their biocompatibility and 
biodegradability and good consideration in 
drug delivery. This can facilitate the delivery 
of drugs in a sustained way through gradual 
degradation (19). Such structural diversity in 
PNP offers various methods of drug loading, 
including encapsulation, adsorption, and co-
valent attachment of drugs to the polymer ma-
trix. This flexibility in the design allows for 
the formulation of PNP able to bear a wide 
range of therapeutic agents, including small 
molecules, proteins, and nucleic acids.

2.4.2. Interaction with Biological Membranes
 Such interaction of the PNP with cell 
membranes plays an important role in deliv-
ering active therapeutic agents. The general 
route of internalization of the PNPs into the 
cells is majorly through endocytosis, in which 
invagination of the cell membrane is seen to 
happen in vesicular form, thereby internaliz-
ing the nanoparticles (20). This efficiency de-
pends on factors such as surface charge, size, 
and shape of the nanoparticles. Due to their 
surface charge, cationic PNPs have a positive 
surface charge and therefore interact well with 
the negatively charged phospholipid bilayer of 
cellular membranes. In principle, this enhanc-

77



Trends in Pharmaceutical Sciences 2025: 11(1): 73-86.

Mohammed Khalid et al.

sign of PNPs with optimal therapeutic perfor-
mance.

2.4.4. Interaction with Nucleic Acids: Gene 
Delivery Applications
 PNPs are also intensively under study 
as vectors of nucleic acids in applications 
of gene therapy. The capability of PNPs to 
complex and protect nucleic acids, including 
DNA, RNA, and siRNA, against enzymatic 
degradation is a significant premise for ac-
complishing successful delivery of these bio-
macromolecules to the cellular target. One can 
engineer the release of nucleic acid cargo from 
PNPs under specific intracellular conditions, 
such as pH or redox potential. This makes 
the process of gene transfer so effective. In 
other words, this interaction of PNs and NA 
is a consequence of electrostatic interactions 
between the positively charged surfaces of the 
nanoparticles with negatively charged nucleic 
acids. It allows condensation of the nucleic 
acids to compact structures efficiently inter-
nalized by cells. Once inside the cell, PNPs 
must escape the endosomes and deliver their 
cargo into the cytoplasm, where the nucleic 
acids will act (23). Other than encapsulation 
of nucleic acids, PNPs can also be functional-
ized with targeting ligands such as peptides, 
antibodies, or aptamers, which enhance their 
specificity toward any type of cell or even tis-
sues. Targeting increases the therapeutic index 
of these gene therapies through a greater nu-
cleic acid concentration within diseased cells 
while minimizing off-target effects. While a 
considerable number of benefits are associated 
with drug delivery and gene therapy, the bio-
compatibility and potential cytotoxicity of the 
PNPs must be closely monitored. The interac-
tion of cell membranes, biological macromol-
ecules, and PNPs may provoke a host of ad-
verse effects such as inflammation, oxidative 
stress, and apoptosis. Usually, these unwanted 
side effects are reduced by PEGylation or by 
using biocompatible polymers, hence increas-
ing the safety profile of PNPs.

3. Polymeric Micelles
 Polymeric micelles are an exciting 
class of nanoscale delivery systems exhibit-
ing increasing interest in nanomedicine due 
to their unique structural features and their 
ability to solubilize hydrophobic drugs. Typi-
cally, the diameter of these globular structures 
is between 10 and 100 nanometres and results 
from the self-association of amphiphilic block 
copolymers in aqueous medium. These am-
phiphilic copolymers possess hydrophobic 
and hydrophilic segments capable of undergo-
ing spontaneous self-association into micelles 
with hydrophobic segments at the core and 
hydrophilic segments at the corona or shell. 
The core-shell architecture typical for poly-
meric micelles is eminently useful in enclos-
ing poorly water-soluble drugs and protecting 
such drugs from degradation with an enhanced 
bioavailability.
 Basically, the polymeric micelles can 
be formed from the block copolymers that are 
made up of two or more chemically distinct 
polymer segments by covalent bonding. The 
hydrophobic segment constitutes the core of 
the micelle where hydrophobic drugs can be 
encapsulated, while the hydrophilic segment 
forms the outer shell interacting with the sur-
roundings in an aqueous environment (24). 
PEG-PLA, PEG-PCL, and PEG-P(Asp) are 
some of the common block copolymers used 
for micelle formation. The polymeric micelles 
result as a result of a thermodynamically fa-
vored process above the concentration of 
block copolymers called critical micelle con-
centration, CMC. Above the CMC, hydropho-
bic segments of copolymers associate in order 
to minimize their exposure with aqueous envi-
ronment and form a micellar core (25). Hydro-
philic segments extend outwards, stabilizing 
micelle in solution.
 It has been noticed that polymeric mi-
celles have an advantage in the encapsulation 
of hydrophobic drugs inside their core, en-
hancing its solubility and stability in biologi-
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cal fluids. Drugs can be physically entrapped 
within polymeric micelles or otherwise can be 
entrapped by chemical conjugation or through 
electrostatic interaction, depending on the na-
ture of the drug and copolymer used. General-
ly, drug release from polymeric micelles may 
be controlled by degradation of the micellar 
core, drug diffusion out of the core, or envi-
ronmental stimuli such as pH or temperature 
change (26). For instance, pH-sensitive poly-
meric micelles undergo structural changes in a 
tumor environment where the pH is normally 
significantly lower than in healthy tissues. This 
might lead to the drug's release directly within 
the tumor tissue with improved therapeutic ef-
fectiveness and reduced systemic toxicity.

3.1. Interaction with Biological Membranes
 Thus, the principal interaction of poly-
meric micelles with biological membranes is 
by the process of endocytosis, in which the 
cells ingest the extracellular substances by 
forming vesicles around them (27). The cel-
lular uptake and biodistribution of polymeric 
micelles are considerably influenced by their 
dimensions, surface charge, and surface modi-
fications. A similar aspect applies in the case of 
PEG, where the hydrophilic shell in micelles 
resulted in longer circulation times within the 
bloodstream due to reduced recognition by 
RES and reduced protein adsorption-a phe-
nomenon well known as the "stealth" effect. 
Because of the stealth property, polymeric mi-
celles avoid recognition by the body's immune 
system, allowing their favored accumulation in 
places such as tumors via the enhanced perme-
ability and retention effect (28). Attachment of 
targeting ligands like antibodies, peptides, or 
small molecules on the surface of polymeric 
micelles can allow them to target cell types 
or tissues. The fact that micelles target certain 
receptors expressed on the cellular membrane 
leads to receptor-mediated endocytosis, which 
enhances the delivery of encapsulated drugs at 
the active site.
 Like most of the other nanoparticles, 

polymeric micelles can also adsorb proteins 
from the biological fluids onto their surface; 
this process is named the so-called protein co-
rona. It is actually this protein layer that can 
dramatically alter the biological identity of 
micelles and hence their biodistribution, cel-
lular uptake, and overall therapeutic efficacy 
(21). It also depends a lot on physical-chem-
ical properties of the micelles, such as their 
size, surface charge, hydrophilicity of the sur-
face. Presence of PEG on the micelle surface 
was reported to prevent protein adsorption, 
and thus preserves stealth character of mi-
celles and extends circulation time. In another 
situation, protein corona may alter the active 
targeting capability of functionalized micelles. 
Adsorbed proteins reduce specific interactions 
mediated by targeting ligands on the surface of 
micelles (29). Therefore, the development and 
regulation regarding a protein corona should 
be taken into account for optimizing design 
and performance in the biomedical application 
of polymeric micelles.
 Indeed, the polymeric micelles are 
highly versatile and powerful platforms in 
drug delivery, especially for hydrophobic 
drugs that could not be formulated by other 
conventional methods. This unique core-shell 
structure, together with the possibility of sur-
face modification for targeted delivery and 
long circulation, makes it an attractive choice 
for manifold therapeutic applications.

4. Dendrimers Some recent innovations in 
herbal oil extraction
 Dendrimers are a unique class of syn-
thetic polymers with highly branched struc-
tures in a tree-like configuration. They are 
formed by the central core from which layers, 
otherwise known as generations, emanate as 
symmetric, three-dimensional architecture. 
Well-defined and controlled architecture, un-
like in other classes of polymers pays a high 
dividend in their versatility for a range of bio-
medical applications in drug delivery, gene 
therapy, and diagnostic imaging.
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 The general structure of dendrimers 
can be based on a wide variety of mono-
mers; among the most investigated, there are 
poly(amidoamine) and poly(propylene imine) 
dendrimers. The surface functional groups of 
dendrimers can be modified with a wide range 
of chemical moieties comprising drugs, target-
ing ligands, or imaging agents, with aims at 
enhancing the interaction with biological sys-
tems (30). Hydrophobic drugs included within 
the internal cavities of dendrimers exhibit in-
creased solubility and stability. This property 
is particularly helpful in drugs with low wa-
ter solubility, wherein the bioavailability is 
enhanced by dendrimers to make them more 
therapeutically effective. More interestingly, 
dendrimers could be prepared to release drugs 
in response to changes in pH, temperature, or 
enzymatic activity, enabling targeting of drugs 
with reduced systemic toxicity (31). 

4.1. Interaction with Biological Macromol-
ecules
 Interactions of dendrimers with pro-
teins, nucleic acids, and lipids among other 
biological macro molecules preordinate their 
fate within the biological system. In general, 
the nature of the interactions is controlled by 
the size of the dendrimer, its overall charge, 
and the nature of its surface functionality (32).
 The interactions between dendrimers 
and proteins are through electrostatic, hydro-
gen bonding, or hydrophobic interactions, 
resulting in the formation of complexes. The 
latter can cause changes in the protein con-
formation, activity, or stability. For example, 
negatively charged proteins interact with posi-
tively charged dendrimers, which may result 
in protein aggregation or denaturation. How-
ever, chemical modifications on the surface of 
dendrimers reduce such interaction, for exam-
ple, PEGylation enhances its biocompatibility 
(33).
 Nucleic Acid Interactions: Dendrimers 
are especially handy for gene delivery be-
cause of the possibility of the interaction be-

tween dendrimers with nucleic acids-DNA 
and RNA-by complexation. Most of the den-
drimers have a positive charge on their sur-
face, which participates in electrostatic inter-
actions with the negatively charged phosphate 
backbone of nucleic acids, by which stable 
dendrimer-nucleic acid complexes, so-called 
polyplexes, are formed (34). These complexes 
can protect the nucleic acids from enzymatic 
degradation and promote their cellular uptake, 
hence making dendrimers prospective vectors 
in gene therapy. one of the important factors 
concerning their cellular uptake and delivery 
efficiency is interactions of dendrimers with 
cell membrane lipid bilayers (20). The nature 
of the latter depends on the surface charge and 
hydrophobicity of the dendrimer. Water-sol-
uble cationic dendrimers are, in fact, able to 
interact and disrupt the packing of lipid bilay-
ers, facilitating membrane destabilization and 
cellular penetration. This particular property 
has now led to cytotoxicity. These effects have 
been overcome through the design of neutral 
or anionic surface modifications that minimize 
membrane disruption and support effective 
cellular delivery (35).

4.2. Dendrimer-Based Therapeutics and Di-
agnostics
 Dendrimers have exhibited huge po-
tentials in a wide range of therapeutic and 
diagnostic modalities. Targeting drug deliv-
ery with dendrimers into particular tissues is 
achieved either through the modification of 
a number of targeting ligands on their sur-
face, such as antibodies, peptides, and small 
molecules. Such targeted deliveries will have 
immense specificity at the site of action and 
lessen off-target aspects, hence increasing the 
therapeutic benefit of the therapeutic agent. 
This minimizes off-target effects and enhances 
the therapeutic benefit of the therapeutic agent 
by targeting drugs to appropriate tissues (36). 
Applications include gene therapy, where nu-
cleic acids are being delivered into target cells 
using dendrimers as non-viral vectors. Their 
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workability regarding protection against the 
degradation of nucleic acids and efficient cel-
lular entry makes them a superior option com-
pared to viral vectors because of the safety con-
cerns about immunogenicity and insertional 
mutagenesis. Other uses of dendrimers could 
be in diagnostic imaging, where they may be 
coupled with contrast media or fluorescent 
dyes for MRI techniques (37). Multivalency 
allows multiple imaging agents to combine 
onto a dendrimer and, hence amplifies the in-
tensity of the signal toward sensitive detection 
of a disease state. Materials like MNPs would 
therefore be of huge interest in diagnosis.

5. Metal-based Nanoparticles (MNP)
 Metal-based nanoparticles can refer 
to a broad, extremely important category of 
nanomaterials that have cores from metallic 
elements among which one can find the most 
included categories such as gold, silver, iron, 
platinum, and zinc oxide. These nanoparticles 
have special other physicochemical reactivity, 
including SPR, large surface area-to-volume 
ratio, and interaction in a size- and sometimes 
shape-dependent way with biological mol-
ecules. Properties like these make MNPs par-
ticularly useful in a wide range of applications 
that include drug delivery, imaging, and diag-
nostics, besides their use as therapeutic agents 
themselves in areas such as oncology and an-
timicrobial therapy.

5.1. Interaction with Biological Systems
 Metallic nanoparticles interact with 
biological systems through their size, shape, 
surface charge, and coating. Each of these fac-
tors plays a very important role in determining 
their biocompatibility, biodistribution, cellular 
uptake, and ultimately their overall therapeu-
tic efficacy (38).
 Cellular Uptake: Size, shape, and sur-
face properties are the major determinants for 
proper cellular uptake of MNPs. The smaller 
nanoparticles possess a size of less than 100 
nm, and hence easily pass through the cellular 

membranes with mechanisms of endocytosis. 
Larger particles require special mechanisms of 
uptake or may remain at the surface of cells. 
More precisely, modifications to the surface, 
like ligand attachment-that is, targeting to 
specific cells or tissues-increase the therapeu-
tic index; for example, antibodies or peptides 
(39).
 The interaction with biomolecules af-
ter MNPs enters the biological environment 
involves the immediate adsorption of various 
proteins and other biomolecules to form pro-
tein corona. This might alter the surface prop-
erties of the nanoparticles and determine their 
interaction with cells, biodistribution, and 
immune recognition. The composition of the 
protein corona is rather dynamic and strongly 
depends on the size, shape, and surface chem-
istry of MNPs (40).
 The most relevant problems related to 
MNPs concern biocompatibility and cytotox-
icity, with particular reference to the case of 
systemic administration. Thanks to the intrin-
sic properties of the metal core, cytotoxic ef-
fects can be induced-for example, through the 
release of toxic metal ions by AgNPs, Ag+-
or through the generation of reactive oxygen 
species able to induce oxidative stress and cell 
damage. While such effects can be consider-
ably reduced through surface modification, ei-
ther by PEGylation to reduce the binding sites 
for serum proteins, or by coating with poly-
mers that have biocompatible properties to 
reduce the MNPs' direct contact with cellular 
components. 
 Imaging: MNPs go through a wide 
range of applications in diagnostic imaging 
due to their unique optical and magnetic prop-
erties. AuNPs have very strong surface plas-
mon resonance and therefore are suitable for 
application in optical imaging techniques such 
as SERS-surface-enhanced Raman scattering, 
photoacoustic imaging. IONPs are used as 
MRI contrasting agents whose magnetic prop-
erties improve the contrasts between different 
tissues and hence enhance the resolution of 
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images taken.
 Therapeutic agent: Besides drug carri-
ers, MNPs can act as a therapeutic agent per 
se. For instance, AgNPs have been used in 
wound dressings and coating of medical de-
vices due to its broad-spectrum antimicrobial 
activity. AuNP has also been studied in photo-
thermal therapy where NPs absorb light and 
convert it into heat so as to selectively destroy 
cancer cells. Also, some MNPs were designed 
for their catalytic properties and applied in 
some cancer treatments in conjunction with 
other diseases (41).
 Theranostics: This is a rapidly growing 
area of research pertaining to the combination 
of a diagnostic with a therapeutic function on 
one single nanoparticle platform known as the 
theranostics. Due to the possibility of combin-
ing the imaging and therapeutic functions un-
der single navigation, MNPs are uniquely suit-
able for such purposes of theranostics. In this 
sense, AuNPs would serve in SERS imaging 
and photothermal treatment, thus enabling in 
real time the monitoring of the response of the 
treatment. With regards to this, IONPs may be 
used for MRI imaging and for targeted drug 
delivery, thus providing a more multifunction-
al approach in disease management.
 Among all the nanoparticles, the met-
al nanoparticles probably represent one of 
the most useful and versatile tools in nano-
medicine. The unique advantages of metal 
nanoparticles have a wide range of applica-
tions in drug delivery, imaging, and therapeu-
tic applications. Due to their controlled and 
targeted interaction with biological systems, 
they have great value in the development of 
next-generation diagnostics and therapeutics.

6. Carbon Nanotubes (CNTs)
 Carbon nanotubes represent one of 
the most interesting and versatile classes of 
nanomaterials. This is due to their exceptional 
mechanical, electrical, and thermal properties. 
Structurally, CNTs are cylindrical molecules 
composed of rolled-up sheets of single-layer 

carbon atoms or graphene. Those also may be 
separated into two general categories depend-
ing on the number of layers of graphene: SW-
CNT and MWCNT. The properties variable 
for CNTs render them highly suitable in very 
wide ranges of applications-from the material 
sciences and electronics to biotechnology and 
medicine.

6.1. Structural Characteristics and Properties
 The single-walled carbon nanotubes 
consist of a graphene sheet rolled onto a cylin-
drical tube with a diameter normally from 0.8 
to 2 nm. Depending on chiralities, the angle 
at which the graphene sheet has been rolled, 
they hold exceptional electronic properties 
and, hence, an ability to conduct like metals 
or semiconductors. This makes SWCNTs of 
great importance in such areas as nanoelec-
tronics and as components in field-effect tran-
sistors, FETs (42).
 Multi-Walled Carbon Nanotubes: 
MWCNTs basically consist of a number of 
concentric graphene cylinders nested inside 
one another, with their diameters lying in 
the range of 2 to 100 nm. In MWCNTs, the 
spacing between successive layers has the 
same value as that between graphene layers in 
graphite, approximately 0.34 nm. Normally, 
MWCNTs are stronger and easier to synthe-
size than SWCNTs, which makes this material 
more feasible for industrial-scale applications. 
However, its electronic properties are less well 
defined compared with the electronic proper-
ties of SWCNTs (43).

6.2. Interactions with Biological Systems Cel-
lular Internalization
 The interactions of CNT with biologi-
cal systems depend on several factors, such as 
size, shape, surface charge, and functionaliza-
tion of the CNT. According to cell type and 
surface properties, the functionalized CNTs 
penetrate into the cells either by the pathway of 
endocytosis or directly across cell membranes. 
Their intracellular fate depends, as it will be 
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discussed later, on surface modification and 
targeting strategies, determining whether they 
localize in the cytoplasm or in the nucleus.

6.3. Toxicity and Biocompatibility
 Although CNTs have enormous poten-
tial for medicine and biomedicine, it is their 
toxicity which might handicap the great appli-
cation possibilities. Pristine CNTs are hydro-
phobic, while, due to fiber morphology, may 
cause oxidative stress, inflammation, and cy-
totoxicity, with the aspect ratio similar to as-
bestos fibers. Nevertheless, the aspect can be 
reduced by surface functionalization and thus 
improve biocompatibility in drug delivery, im-
aging, and tissue engineering applications.
 Drug Delivery: Targeting the high sur-
face area, capability for cell internalization, 
and possibilities for functionalization of CNTs 
served as a requirement for study in the ap-
plication of CNTs as drug delivery vectors. 
Drugs can be loaded onto the CNT surface 
either through covalent attachment or through 
noncovalent interactions, such as π-π stack-
ing (44). Functionalized CNTs can be ren-
dered capable of targeting cells or tissues with 
particular features, thus allowing therapeutic 
agents to be delivered in a very precise way. 
Such an approach appears very appealing in 
cancer treatment, whereby CNTs are allowed 
to deliver the chemotherapeutic drugs inside 
the tumor cells while minimizing systemic 
toxicity. Biosensors and Imaging: The unique 
electronic and optical properties of CNTs are 
amenable to biosensors and other imaging ap-
plications. The sensors prepared from CNTs, 
owing to their transducing capability of bio-
logical events into quantifiable electrical sig-
nals, exhibit ultrasensitivity and high specific-
ity in the detection of biomolecules. Besides, 
due to the strong absorption capability of 
CNTs in the NIR region, CNTs can act as con-
trasting agents in a few modes of imaging, for 
instance, in NIR fluorescence imaging, there-
by enhancing good imaging of biological tis-
sues (45).

 Carbon nanotubes represent one of 
the most promising classes of nanomaterials 
whose unique properties find applications in 
almost all sections of materials science, elec-
tronics, and biotechnology. Within the bio-
medical sector, some key CNTs apply in the 
fields of drug delivery, tissue engineering, and 
cancer therapy. However, toxic and scalabil-
ity issues have hampered the improvements in 
the use of CNTs for therapy. It is the necessary 
research and innovations to overcome these 
obstacles that will ensure this promising nano-
material becomes functional in medicine and 
beyond.

7. Safety and Toxicology Considerations
 While NPs offer significant biomedi-
cal advantages, their potential toxicity and 
long-term effects must be carefully evaluated. 
Studies on biodistribution, accumulation, and 
elimination are essential to ensure the safety 
of NP-based therapies (46). Comprehensive 
toxicity studies assess the impact of NPs on 
different organs and systems, identifying po-
tential risks. Regulatory agencies have devel-
oped guidelines for evaluating and approving 
NP-based products to ensure their safety and 
efficacy.

8. Conclusion
 Nanoparticles interact with biologi-
cal systems at multiple levels, from molecular 
to tissue interactions. These interactions are 
complex and influenced by the physicochemi-
cal properties of the NPs. Understanding these 
mechanisms is crucial for developing safe 
and effective nanomedicines. Future research 
should focus on elucidating these interactions 
in greater detail and developing strategies to 
mitigate potential risks associated with NP ex-
posure.
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