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Advances in nanotechnology have attracted a lot of potential medical applications,
such as therapeutic agents, diagnostics, and theranostics for complex diseases.
The intersection of nanotechnologies, molecular and cell biology, and medicine
can function to improve human health and quality of life, making healthcare a
primary target of nanotechnology research. However, this seems like a promising
future, ethical, health, and safety concerns must be considered before a reasoned
evaluation of the situation can be made. Most nanostructures, however, typically
fail to reach their intended targets because they get trapped inside innate immune
cells. Since little is known about how nanomaterials and nanotechnologies change
their identity inside the biological system, there is a wide-ranging discussion on
possible concerns. In this regard, we present a perspective on how biological
systems may interact with nanoscale materials and how that interaction might
affect cellular recognition of nanostructures. We will also discuss dynamic
modifications of the nanomaterials inside biological systems and, in particular,
inflammation responses.
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Introduction

Nano-bio interfaces are where nanoscale surfaces meet biology to control metabolism,
the immune system, the cell cycle, and disease-associated pathways. The term
“nanostructures” encompasses various materials with diverse sizes and shapes.
Nanostructures of superparamagnetic iron oxide, silver, gold, lipids, carbon-based,
protein, and polymers exhibit therapeutic, imaging, and diagnostic applications (Vieira
Rocha et al., 2020). Owing to their unique characteristics like high aspect ratio, surface area,
loading capacity, and tunable surface chemistry, nanotechnology is a potential platform
against immune-related diseases and for targeted and controlled delivery of drugs and
vaccines (Li et al., 2019; Liu et al., 2020). Nanotechnology broadly focuses on improving the
physicochemical properties of drugs, such as aqueous solubility, pharmacokinetics,
therapeutic index, targeted and controlled delivery to the site of interest, the half-life for
clearance, and the residence time of the drug in circulation (Patra et al., 2018; Anderson et al.,
2019). However, in current scenario, nanotechnology is going through an identity crisis
inside the biological system. In all cases, nanostructures are primarily engulfed by tissue-
resident macrophages, neutrophils and circulating monocytes (Weissleder et al., 2014; Bilyy
et al,, 2020). What was first viewed as a disadvantage for nanosystems as medicines quickly
evolved into a valuable tool for combating diseases by altering the immune system. Since the
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immune cells can self-regulate, it is conceivable to overcome the
limited effectiveness of nanosystems by modulating immune cells.

Additionally, due to their critical function in all pathogenic and
inflammatory circumstances, immune cells play a significant part in
the progression of various diseases. Monoclonal antibodies, cancer
vaccines, cytokines, and anti-inflammatory small molecules can all
be used in immunotherapy. However, uncontrolled off-target
activation of immune cells is usually present with these therapies.
The use of nanotechnology in conjunction with therapeutic
applications can aid in the resolution of these issues. In addition,
owing to their small size, nanostructures can assess areas of the body
far from their point of entry. According to Kreyling et al. (2013), the
translocation of nanoparticles across membranes is also greatly
aided by biomolecules’ binding to nanoparticles. Top-down and
bottom-up are the two strategies for the synthesis of nanostructures.

This article considers the possibility of how the biological
identity of a nanoparticle system could alter dynamically in a
biological system through the adsorption and desorption of
proteins on the surface of the nanoparticles. To comprehend the
mechanism by which nanostructures affect immune cells, we will
also discuss how nanomaterial interactions with biological systems
could influence immunotherapy. Finally, we will also go through
potential  barriers their

to practical implementation and

consequences for the logical design of nanomaterials.

Why do we need the tag of “nano”?

To create the legal jargon for patents and commercialize
products using nanotechnology, precise definitions of terms are
crucial. For regulatory purposes, it is also required to define
nanotechnology and associated words because, at this scale,
specific properties of the materials differ from those of their bulk
equivalents. The “1-1000 nm rule” is based on the prefix “nano,”
which stands for one billionth of a meter and is most readily
understood by users from a wide range of disciplines. The shift
to nanotechnology can be characterized as a “step crossing the limit”
and entering a domain where new laws, such as the quantum size,
are in effect. According to the National Nanotechnology Initiative,
nanotechnology is the study of phenomena and materials at the
nanoscale and the development of technology at the atomic,
molecular, or macromolecular levels, in the length scale of
1-100 nm, in order to create and use structures, devices, and
systems with novel properties and functions as a result of their
small and/or intermediate size. The critical length scale for novel
properties and phenomena may, in some specific cases, be smaller
than 100 nm or larger than 1nm (for example, nanoparticle-
reinforced polymers due to the local bridges or bonds between
the nanoparticles and the polymer) (Schmid et al., 2003). Because of
the influence of quantum effects, the surface properties, and the
collective qualities of the structures, nanoscale materials exhibit
variable (new) properties as opposed to the bulk material’s
properties, which are governed by only classical laws. Despite
being a subfield of nanotechnology, nanomedicine nonetheless
includes a wide range of tactics for managing healthcare, such as
nanotherapeutics, nanodiagnostics, and nanomaterials for
pharmaceutical uses. The National Institutes of Health. (2006)
nanomedicine as a highly

roadmap programme defines
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specialized molecular intervention for drug delivery or diagnosis.
Despite this scientific justification, there are still additional elements
that affect how terminology connected to nanotechnology is defined.
Science, the general public, and regulation can all be distinguished as
three distinct purposes (Balogh, 2010).

Behavior of nanos inside the human
body: Immune system perspectives

Influence of protein corona

Although much research is ongoing on the pre-clinical or
clinical trials for nanomaterials, many challenges still exist.
Nanostructures do not reach the target site in the same form
when entering the body. Once inside the body, nanostructures
will first come across a dense protein network, thus, producing a
protein corona layer on the nanostructure’s surface (Caracciolo
et al, 2017) (Figure 1). The protein corona will lead to
physiological recognition and thereby could be recognized by the
immune system and removed by the macrophages. Owing to the
importance of protein coronas in the immune system, many efforts
are being made to understand the immune system’s response to
nanoparticles (Hussain et al., 2012). The protein corona on the
surface of nanoparticles depends on their binding affinities and
equilibrium constants (Lynch and Dawson, 2008). Also, the
association and dissociation rate of the nanostructures with
protein and the content of the diverse protein strongly influence
the protein corona features (Nel et al, 2009). It has also been
reported that protein corona and aggregation are entirely
prevented by the cyclic poly(2-ethyl-2-oxazoline) brushes because
they produce NP shells that are denser and more compact than their
linear equivalents (Schroffenegger et al., 2020). Another study
that The polymers (PEI),
polyvinylpyrrolidone (PVP), and poly(2-vinyl pyridine)-b-
poly(ethylene oxide) (PEO-b-P2VP) shells strongly repel model
protein adsorption (Batista et al., 2020).

demonstrates polyethyleneimine

Cai et al. (2020) evaluated how the protein corona of
nanostructures affects macrophages’ phagocytosis and immune
response toward the nanostructures. Protein corona could
reportedly change the internalization of gold nanorods through
macrophages via cell membrane receptors. The adsorption mode of
the protein corona could also influence the secretion of cytokines
from macrophages, showing the increased release of interleukin-1f
(IL-1B). Similarly, in a most recent study, silica nanoparticles’
surface structure strongly influences the protein corona’s
composition and subsequent inflammatory responses. Silica
nanoparticles rich with carboxylic acid surface significantly raised
the pro-inflammatory cytokines secretions and subsequently
lowered the number of lipoproteins. In contrast, amine-rich silica
nanoparticles upregulated expressions of anti-inflammatory
markers (Gonzdlez-Garcia et al., 2022). Likewise, introducing a
hydroxyl shell in the cationic nanoparticles could effectively
reduce the adsorption of a protein corona and also affect the
activation of the immune response by regulating the complement
proteins (Liu et al., 2021). Thus, the activity of nanoparticles could
arise from either themselves as a whole structure or from the soluble

ions released from them, or due to both. So, we can conclude that the
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FIGURE 1
Role of protein corona on nano-bio interactions.

surface chemistry of the nanoparticles influences the immune
system, which should also be reviewed.

Influence of size and shape of nanomaterials

Before cellular interaction, a crucial stage is the efficient contact
of nanoparticles with the cell membrane. Some types of
nanoparticles have demonstrated significant involvement in
cellular uptake, cell proliferation (Hou et al., 2013), apoptosis
(Wang et al., 2012), and other biological pathways depending on
where they are located - on the inner or outer membrane surface or
outside of the cell membrane. Phagocytosis, diffusion, and fluid
phase endocytosis are the three main methods by which cells absorb
nanoparticles (He et al., 2009). Reticuloendothelial systems readily
absorb microparticles, but macrophages frequently fail to recognize
nanoparticles as foreign substances even though they can enter
macrophage cells through membrane gaps (Choi et al, 2009).
Smaller particles have more surface area, and larger surfaces
make it easier for particles to diffuse into cells (Behzadi et al,
2017). For instance, 30 nm single-walled carbon nanotubes (SWNT)
are internalized more readily than 50 nm ones in cells and nuclei
(Donkor 2014).
microspheres with a diameter of less than 200 nm; however,

and Tang, Clathrin-coated pits  control
the caveolae-mediated
in the

internalization of cells (Rejman et al., 2004). In addition,

when the size increases to 500 nm,

mechanism becomes the dominating phenomenon

clathrin-targeted nanoparticles with a diameter of 50 nm
effectively kill human mesenchymal stem cells without relying on
endocytosis (Lu et al., 2007). Gold nanoparticles (AuNPs) of 10 nm
and 50 nm were reportedly internalized via a clathrin-dependent
mechanism by dendritic cells. However, the results also showed that
the uptake of 10 nm-sized particles was higher than 50 nm particles
per cell. In both the MCF-7 and MDA-MB-231 tumor cell lines, the
cellular absorption of AuNPs was shown to be size dependent, with
the 20-nm-sized AuNPs having lower cellular uptake than the 50-
nm-sized AuNPs. Smaller GNPs have a reduced surface area to
engage with cell membrane receptors, which causes cells to need less
energy to engulf NPs. Another study found that due to their
enhanced passive transport, single AuNPs between 4 and 17 nm

in size were taken up by cells at higher rates.
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Phagocytosis in
macrophages

Similarly, the shape of the nanoparticles, such as spherical, rod-
like, discoid, wires, tubes, and nano-needles, also significantly
impacted the internalization (Truong et al., 2014). Moreover, a
shape-dependent effect was also observed on receptor-mediated
endocytosis of nanocarriers (Cho et al, 2010). Compared to
spherical nanoparticles, the elongated nanoparticles are more
effective at adhering to the cells due to their increased surface
area, which facilitates their multivalent interaction with the
surface of cells (Agarwal et al, 2013). Hela and caco-2 cells
absorbed rod-like nanoparticles with higher aspect ratios far
more effectively than smaller particles and nanoparticles with
lower aspect ratios, which had minimal effect on cellular
absorption (Gratton et al., 2008). In addition, in vitro and in vivo
tests with rod-shaped nanoparticles on endothelial cells revealed
greater affinities and efficacy (Kolhar et al., 2013). Comparing the
cellular uptake of spherical nanoparticles with various aspect ratios
revealed that the extent and rate of absorption of the nanoparticles
with higher aspect ratios were, respectively, greater and quicker
(Augustine et al.,, 2020). According to recent studies, ellipsoidal
nanoparticles are more difficult for cells to absorb than spherical
nanoparticles (Desai et al., 2018). In the following sequence, the
exterior morphology of AuNPs may directly affect absorption into
cells: rods/spheres, cylinders, and cubes (Chithrani et al., 2006;
Gratton et al., 2008; Qiu et al., 2010).

Similarly, the size and shape of the nanostructures also greatly
influence the biological safety and inflammatory response (Figure 2).
Small NPs are more likely to interact with nearby biomolecules and,
as a result, cause adverse reactions because of their large surface area.
Reports suggested that larger, 15-nm AuNPs exhibit minimal
toxicity, whereas smaller, 1.4-nm AuNPs were extremely toxic
and mostly caused fast cell death by necrosis within 12h (Pan
et al,, 2007). Similarly, 4-nm AgNPs were observed to significantly
increase ROS generation and interleukin-8 secretion compared to
20- and 70-nm AgNPs. A size dependent toxicity was also identified
for SiO, and polymer NPs (Ariano et al., 2011; Bhattacharjee et al.,
2012). However, as indicated by the production of the pro-
inflammatory gene products IL-1, IL-6, and TNFa, macrophage
immunological responses to AgNPs in the 3-25 nm size range were
not substantially different (Yen et al, 2009). Although 20 nm
spherical AuNPs did not significantly harm any organs or cells in
mice, they were linked to a considerable reduction in body fat and a
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FIGURE 2

Effects of protein corona and strategies to improve the nanomaterials behavior inside the living system.

suppression of inflammatory effects (Chen et al., 2013). Oh et al.
(2010) found that the 50-nm silica-titania hollow nanoparticles had
the highest toxicity on macrophages when studied with uniform
diameters of 25 nm, 50 nm, 75 nm, 100 nm, and 125 nm.

The shape of different nanostructures may also impact the
immune response in biological systems (Mostaghaci et al., 2015;
Moyano et al, 2016). Bartneck et al. (2010) revealed that the
nanorod uptake by macrophages was higher than that of
nanospheres. Aluminum oxyhydroxide nanomaterials in different
shapes, including rods, plates, and polyhedra, nanorods showed to
activate NLRP3 inflammasome and trigger IL-1f release in THP-1
cells and BMDCs (Sun et al,, 2013). Here, nanorods reportedly
reduced phagocytosis and elicited cytokine secretion (IL-6 and IFN-
y) (Sun et al., 2013). Similarly, another study compared spherical,
rods, and disks-shaped polystyrene nanoparticles for complement
activation. All the shapes of nanoparticles induced complement
activation. However, rods and disks showed higher effects than
spheres (Wibroe et al, 2017). Another study reported effects of
AuNPs of different shapes coated with West Nile virus envelope (E)
protein on cytokine release (Niikura et al., 2013). They reported that
the rod-shaped AuNPs
inflammasome-related  cytokines

secretion of the
1 and IL-18,
however, spherical or cubic AuNPs induce the secretion of the

enhanced the
interleukin

pro-inflammatory cytokines (Niikura et al., 2013). More recently, it
has been shown that short rod-shaped thiolated poly(methacrylic
acid) capsules provoked TNF-a and IL-8 secretion when compared
with spherical and long rod-shape capsules (Chen et al., 2016).
Another study showed that spherical AuNPs were much more
internalized than cylindrical AuNPs in RAW 264.7 macrophages
(Li et al., 2016). Compared to spherical or short cylindrical AuNPs,
long cylindrical AuNPs provoked a higher release of IL-6 (Li et al.,
2016). Sun et al. (2016) studied the role of the plasma membrane and
shedding of cells due to graphene oxide (GO) in RBL cells, MDA-
MB-231, and NIH-3T3 cells. The results showed peripheral
membrane fragment generation. The study with AuNPs showed
that smaller particles discourage LPS-induced dendritic cell
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2014).
nanoparticles with a size range between 50 nm and 125 nm leads

maturation (Tomi¢ et al, Similarly, silica-titania
to higher ROS generation and release of inflammatory cytokines (IL-
1, IL-6, and TNF-a) in J774.1 cells (Oh et al., 2010).

Reactive oxygen species (ROS) is the hallmark of the
inflammatory response by macrophages to nanomaterials (Liu
et al, 2017). In this regard, Kim et al. (2011) synthesized
polypyrrole (PPy) nanoparticles of different size ranges. PPy
nanoparticles of nearly 60 nm in size elicited the highest ROS
generation and upregulated the expression CD40 and CD80 in
macrophages. Introducing a hydrophobic zwitterionic group in
the nanoparticle surface will raise the LPS-induced inflammatory
outcomes. However, in contrast, hydrophilic groups generate a
minimal inflammatory response in vivo (Moyano et al, 2016).
Yoshida et al. (2012) showed that particle size was a significant
factor in determining the intracellular distribution of amorphous
silica and its induction of ROS production, which resulted in DNA
damage in human skin HaCaT cells. Additionally, when the size of
nanoparticles decreases, bactericidal or hazardous effects become
more pronounced (Auffan et al., 2009). According to Li et al. (2010),
ROS and oxidative stress were responsible for the wire-shaped
nanomaterial’s ability to cause cytotoxicity, DNA oxidative
damage, and death in HeLa cells. In cultured fibroblasts, long
nanowires result in defective cell division, DNA damage, and a
rise in ROS; in contrast, vertical nanowire arrays promote cell
motility and proliferation rate (Persson et al., 2013). According
to Jiang and others, an S-shaped curve dependency for ROS
production per unit surface area occurred as a function of
particle size (4-195nm) for a fixed total surface area (Braydich-
Stolle et al., 2009). The photocytotoxicity of nano-TiO, in human
skin keratinocytes was investigated by Yin et al. (2012) using nano-
TiO, of four different sizes (25 nm, 31 nm, 100 nm, and 325 nm)
and two distinct crystal forms (anatase and rutile). Smaller-particle
nano-TiO, caused more cell damage than larger-particle versions.
Compared to the rutile form, nano-TiO,’s anatase form caused more
photocytotoxicity.
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Influence of surface properties of
nanomaterials

Basically, surface properties such as surface

hydrophilicity, and nanostructure modifications like PEGylation,

charge,

aliphatic chains, peptide moiety, or coating of other entities could
minimize the side effects and affect future clinical translation (Yin
etal., 2019) (Figure 2). The alteration of nanoparticle surface charge
greatly impacts the immune response. Positively charged
nanoparticles are known to trigger the immune system’s
inflammatory response, whereas neutral or negatively charged
nanoparticles cause greatly less inflammation (Yue et al., 2011;
Hwang et al., 2015). Likewise, the positive surface charge on the
nanostructures may interact with the nucleic acids and anionic
proteins, thereby leading to an inflammatory response. Kedmi
et al. (2010) modified the surface of the nanomaterials with a
positive charge, and they observed that these could activate
interferon type I response. Compared with negatively-charged
nanostructures, the mRNA levels of interferon-responsive genes
that

inflammatory

were increased. They conclude the positive charge

nanomaterials induce an response through
TLR4 activation. However, one study reported that instead of the
absolute magnitude of a cationic carbon NP’s -potential, the surface
charge density might be a more useful descriptor for determining
lung toxicity (Weiss et al, 2021). Moreover, the electrostatic
interaction between cationic nanoparticles and the anionic cell
membrane increased their uptake in macrophages and DCs (Xu
et al., 2016; Fytianos et al., 2017). Interestingly, another work
showed that the cationic iron oxide nanoparticles promoted
penetration into DCs, however, anionic nanoparticles undergo
rapid autophagy (Mou et al., 2017).

The

biological systems is said to be hydrophobic interaction, which

strongest long-range noncovalent interaction in

is advantageous for biomolecule adsorption, improving
interaction/adhesion with cellular membranes, enhancing the
cellular uptake, as well as customizing drug release rates (Nel
et al, 2009). Rough mesoporous hollow silica nanoparticles
exhibit remarkable hydrophobicity compared to a smooth
surface with the same hydrophilic composition (Ahmad Nor
et al., 2015). This leads to increased adsorption of various
hydrophobic compounds and regulated release of hydrophilic
molecules. Another study conducted in vitro and in vivo reported
that the treatment of hydrophilic nanogels reduced the
immunological reactions brought on by LPS (Li et al., 2018).
Comparatively to the cationic and NPs, a negative surface charge
resulted in more accumulation in inflamed skin hair follicles
(Abdel-Mottaleb et al., 2012). On a therapeutic level, negatively
and positively charged particles outperformed noncharged
in IL-8
expression when positively or negatively surface-charged SiO,
NPs were introduced to differentiated Caco-2 cells (Tada-Oikawa

et al., 2020). A linear relationship between hydrophobicity and

carriers. Another report suggested an increase

immune system activation has been reported (Moyano et al,
2012). In the case of AuNPs, increasing hydrophobicity causes an
immunological response to be more pronounced at lower log P
levels. However, at higher levels of hydrophobicity, the
dependency is less obvious, and a maximal immunological
response is shown.
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The surface modification of nanoparticles with the PC-COOH
group showed more internalization in macrophages than THP-1
cells, whereas the PS-NH, surface showed more uptake inside THP-
1 cells (Lunov et al, 2011). Further research revealed that
macrophages uptake depends on the interactions with the CD63,
however, in the case of THP-1 cells, it depends on dynamin-
dependent endocytosis. Also, the same study observed the
accumulation of PS-NH2-modified nanoparticles in tumor
xenografts. The surface modification of nanostructures with
CD47 significantly reduced phagocytosis of nanoparticles via
binding to signal regulatory protein a (SIRPa) (Liu et al.,, 2015).
Similarly, the surface modification of nanoparticles with TLR
agonists, elevated cytokine secretion, expression of activation
markers (CD40, CD80, and CD86), and upregulation of
immunoregulatory genes (CXCL1, CCL4, and CD14) (Siefert
et al, 2016). Ag, TiO,, and ZnO nanoparticles elicit pro-
via NF-kB at
concentrations (Giovanni et al., 2015). It was observed that the

inflammatory responses extraordinarily low
titanium sulfonate ligand (TiL4) on the surface of black phosphorus
nanosheets decreased inflammation reaction and conferred
biocompatibility (Qu et al., 2017).

Many research groups focused on PEGylation, which reduces
the protein-corona effect, increasing the circulation time of
nanostructures and stability in the biological system. In this
context, computational and experimental investigation of MoS,
nanoflakes showed that PEGylation inhibits the penetration into
the macrophage membrane and enhances cytokine secretion and
ROS generation (Gu et al., 2019). In a similar study, PEGylated GO
nanosheets induced cytokine secretion irrespective of their
internalization. Thus, surface modification did not always inhibit
immunological toxicity to nanostructures (Luo et al., 2017).

Wang et al. (2017) synthesized MnO,-CpG-silver nanoclusters
conjugated with doxorubicin and observed antitumor efficiency due
to immune modulation. Toll-like 9 receptors recognized CpG and
therefore, has been used for targeted delivery. Similarly, silica
nanosheets alone and coated with carbon were evaluated for
biocompatibility in peripheral blood mononuclear cells (PBMCs)
(Al Soubaihi et al., 2018). The results revealed that carbon coating
enhanced biocompatibility and less

hemoglobin release,

cytotoxicity, and no direct acute immune response.

Addressing challenges for sustainable
nanomedicines

Nanotechnology is one of the most promising innovations that
can offer breakthroughs in almost every field, like healthcare, energy,
environment, engineering, etc. However, there are several technical
challenges that we need to address. The road from lab studies to
clinical translation requires understanding how we can control the
material to dictate its role in the body and how the body will react to
this material. For this, we need to study nanomaterials at the
molecular level for their effectivity, then at the size and structure
level for product designing, and finally at the bulk processing level
for manufacturing. Many molecules come daily for their
pharmacological activity; among them, only a small fraction
reaches the clinic for patients. In this regard, nanoformulations
play a big picture by improving their properties.
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Owing to their smaller size, nanostructures-based drug delivery
systems can be routed by both invasive and non-invasive modes of
administration, however, the bioavailability and tissue distribution
would be different for different modes, which influences the
therapeutic outcomes. So far, the focus is mainly dedicated to the
invasive administration of the therapeutics, however, still the major
concerns exist, such as limited vascular permeability and phagocytic
uptake (Chrastina et al., 2011). The choice of administration via the
oral route lies in its compliance due to the availability of a larger
surface area for absorption. Apart from the considerations in the
routes of administration, the stability of the nanosystems is also a
key factor for the efficient delivery of therapeutic agents.

Biodegradability and biocompatibility are the two crucial
considerations for nanomaterial
applications.
predominantly influences both factors. The crystallinity and

chemistry for practical
The chemical structure of the nanomaterial
hydrophobicity also affect the properties. The aspect ratio of the
nanostructures influences the in vitro and in vivo stability. Also, a
very high surface area can also make them thermodynamically
unstable, resulting in agglomeration. Agglomeration could lead to
settling, crystal growth, and dose differences (Wu et al., 2011).

With regard to the uptake of nanostructures by the biological
systems, studies should consider aggregation and agglomeration,
which might co-occur in the media (Limbach et al, 2005). The
concentration and the size of the nanoparticles also influence the
rate of agglomeration and could be avoided by electrostatic or steric
stabilizers (Tam et al., 2010). Another critical question in the use of
nanoparticles is their safety, however, if the benefits offered by the
nanosystem outweigh the associated risk factors, they should be
accepted. Apart from this, efforts are also needed for bio persistence
and environmental impacts while using nanostructures. Also, real-
time imaging is needed to track the fate and location of injected
nanoparticles in vivo (Yin et al., 2023).

Recently, studies focused on modifying the flocs to increase the
stability of the nanosuspensions (Engstrom et al., 2009). Surface curvature
or geometry of the nanostructures is also an important factor that controls
phagocytosis by macrophages. The curvature of the nanoparticles at the
initial contact with the cells influences macrophage uptake (Guo et al,
2023). The question is how much of this research will translate the
nanoparticles to the clinic. For internalization, nanostructures have to
cross cellular barriers to reach the target site, therefore, research is also
needed in this direction in different cell lines with nanotherapeutics
destined to reach their target site.

Equal efforts are also needed to bring nano-based therapeutics,
sensors, and other products to the lab scale. The industrialization of
nanotechnologies at the industrial level is currently lacking for
successful clinical usage. Therefore, successful industrial scaling
for large-scale production of the nanoparticles is needed to reach
the market for these systems. Also, it is challenging to develop
animal models to investigate the environmental hazards of
nanomaterials where a proper consideration of the dose, time
span, and route of administration is crucial.

The crucial challenges encountered by nanotechnology are not just
confined to science, but instead, there are also concerns regarding
communication, regulations, ethics, patenting, and marketing strategy
(Balogh, 2011). There is an urgent need to revise the patenting laws to
restrict the claims to research data only rather than including a whole
range of applications. This could save time and resources for practical
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applications of existing inventions already. At this junction, we should
concentrate on the underexplored essential first- and second-generation
nano-based systems before we get to the more complicated third and
fourth-generation systems. Therefore, we promote more applied
research that is problem-driven and user-informed, as well as closer
integration of problem-driven and curiosity-motivated basic research.

Conclusion

Regarding how nanomaterials interact with biotic (cells, tissues,
and organisms) and abiotic (pH, ionic strength, size, shape, etc.)
environments, it is evident that fate at the nano-bio-eco interface is
far more intricate than the predictions. It is necessary to have a
thorough understanding of the biological and synthetic “identity” of
manufactured nanomaterials. Without considering the biological
effects, synthetic nanostructures dominated the early stages of
nanomedicine. However, as knowledge of the biocompatibility,
biodegradability, and toxicity of nanomaterials has grown, safer
delivery methods are now becoming more common. In this article,
we explore how a nanoparticle’s (NP) “biological identity"—defined
by the protein corona and other biomolecules on the NP’s
surface—affects its cellular absorption and dynamic changes in a
living system, which is hypothesized to correlate with toxicity, in
particular to inflammation. We have not to look at problems for
solutions from pure nanotechnology perspectives but also need to
think for sustainable solutions for overall societal benefits. The
“technology push”
knowledge
stakeholders’ perspectives on the most urgent risks to human
health and the environment, and the social acceptability of

approach can be avoided if bodies of

about market needs, commercial imperatives,

potential technological solutions are all brought into the lab early
and translated in ways that shape research designs.
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