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Abstract: Nanotechnology is a multidisciplinary science covering matters involving nanoscale level
that is being developed for a great variety of applications. Nanomedicine is one of these attractive
and challenging uses focused on the employment of nanomaterials in medical applications such as
drug delivery. However, the uses of these nanometric systems requires specific parameters to
establish the possible advantages and disadvantages in specific applications. This review presents
the fundamental factors of nanoparticles and it’s microenvironment that must be considered to
make an appropriate design for medical applications: (i) Interactions between nanoparticles and
their biological environment, (ii) the interaction mechanisms, (iii) and the physicochemical
properties of nanoparticles. On the other hand, the repercussions of the control, alteration and
modification of these parameters in the final applications. Additionally, we here briefly report the
implications of nanoparticles in nanomedicine and provide perspectives for some particular
applications which still are challenged.
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1. Introduction

One definition of nanotechnology is the statement by the US National Science and Technology
Council [1], which states: “The essence of nanotechnology is the ability to work at the molecular level,
atom by atom, to create large structures with fundamentally new molecular organization. The aim is
to exploit these properties by gaining control of structures and devices at atomic, molecular, and
supramolecular levels and to learn to efficiently manufacture and use these devices.” Other authors
describe nanotechnology [2] as the combinatorial study and integration of scientific technological
advances and medical engineering at the nanoscale level [3]. All these definitions cover the design
and manipulation of nanomaterials. Therefore, nanomaterials are defined as materials with at least
one dimension smaller than 100 nanometers that enhance physical, chemical and biological
properties of the original material [4].

Over the last few years, nanotechnology and related disciplines have undergone an exponential
growth in applications such as nanomedicine, energy and electronics, environment and materials
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because of the unique properties of nanomaterials [5]. Nanomedicine includes the development of
nanoparticles (among other nanocomponents and devices) for molecular diagnostics, treatment and
prevention of human diseases thanks to their compatibility with biomolecules [6].

Nowadays, nanoparticles are an impacting innovation showing an increasingly presence in
many scientific design and developments [7]. In order to understand their current and potential
applications in biomedicine, it is necessary to collect information about their disadvantages, such as
the cytotoxic effects in living organisms, because they may limit their clinic use [8]. But also highlight
their important advantages which may them an ideal approach for biomedical applications, such as
their intrinsic ability to enter human body through inhalation, skin and digestive routes depending
on their physicochemical properties and they can access vital organs through the blood flow [9]. Some
key factors that must be taken into consideration are: (i) The interaction of nanoparticles with their
ecosystem, mainly with other nanomaterials and biomolecules. Some studies show the possibility of
using AgNPs as antibacterial agents thanks to be highly toxic against human pathogenic bacteria. In
this sense, Singh T. et al. have demonstrated the use of endophytic fungi Alternaria sp. to synthetize
AgNPs [10]. (ii) Physicochemical properties and the design of the nanoparticle such as particle size,
shape, dispersity, surface charge and protein corona effects. Protein corona is complex plasma
proteins layer around the nanoparticles that takes place after systemic administration, when
nanoparticles are exposed to physiological fluids, mostly blood.

The adsorption of dozens of proteins with varying identities and quantities on nanoparticles can
modify their physicochemical identity and influences the physiological response such as cellular
uptake, targeting, circulation lifetime in the blood and toxicity [11]. Dutta P. H. et al. synthesized and
characterized two types on nanoparticles, AgNPs and AuNPs, in order to design an antimalarial
potential nanomaterial. The size, shape and surface morphology of the bio-synthesized nanoparticles
were taken into consideration to optimize them. Finally, they showed that AgNPs had insignificant
and lower cytotoxicity against human cervical cancer cell line (HeLa) and rat skeletal muscle cell line
(L6) than AuNPs. [12]. And (iii) As well as interacting biocompounds (biomolecules, cells, proximal
fluids) that favour a physical, chemical and mechanical relevant process [1,5]. Mirkin showed that
siRNA-based gold nanoparticles inhibit its enzymatic degradation and facilitates it’s uptake by Hela
cells [13.]

Despite of their potential advantages and promising applications, there are still many problems
associated to the entrance of the nanoparticle in a physiological environment, which may be justified
with different intrinsic characteristics of the nanoparticles. As the nanoparticles are embedded in
human proximal fluids, inside cells, culture media among others; then, there are multiple conditions
and a huge variety of biomolecules which could interact with the nanoparticles and with other
biomolecules. Because of these inherent interactions, the nanoparticles might have a heterogeneous
morphology which is also correlated with the resulting immuno-biocompatibility of these
nanomaterials.
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Figure 1. Schematic representation of method to couple nanoparticles and biomolecules or other
nanoparticles.

Here, this mini-review is focused on global interactions of nanoparticles and biomolecules in
biological environments which play a critical role in the final applications in biomedicine.
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2. Nanoparticle-cell dynamics.

In a general way, nanoparticles enter the cells through different internalization mechanism
(Figure 2), accumulate in targeted organs and later are eliminated.
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Figure 2. Schematic representation of different ways of nanoparticles to enter in human body and
inside cells.

The small size of the nanoparticles allows them to enter the human body by inhalation,
ingestion or through the skin. Once in the extracellular fluid they are conjugated with biomolecules
presented in the media, which allows them to internalize in the cells through different mechanisms
(phagocytosis, micropinocytosis, clathrin-dependent endocytosis, caveolae-dependent endocytosis
or by direct penetration).

2.1. Cellular Internalization

The nanomedicines based on nanoparticles must cross the cell membrane to produce an effect
inside the cells [14]. Then, nanoparticles rely on several and different mechanisms for cellular entry
because commonly cell membranes are impermeable to diffusion by most of the nanoparticles (Figure
4). Hence, the cellular mechanism is very relevant on the nanomedicine application which is being
desirable the suitable mechanism for internalization avoiding the non-specific internalization
mechanisms because these ones are involved in toxicity and biocompatibility [15].

As it is expected, the size of nanoconjugate directly affects the internalization process; in fact,
several studies report that nanoparticle size in the range 10-100nm have higher efficiency for cellular
uptake, on the other hand, small ones implies a high energy cost to the cells [16]. Commonly,
nanoparticles larger than 100 nm are internalized by specialized phagocytic cells (such as
macrophages, dendritic cells).

Moreover, the optimal size for internalization inside the cells is strongly linked to the
nanoparticle’s surface chemistry. In general, Van der Waals or electrostatic forces are critical in the
interaction of the biomolecules and cells with the nanoparticles. In fact, several studies show
correlation between zeta potential and endocytosis/exocytosis mechanisms [17]. Then, specific
cellular internalization could be leaded by employing affinity ligands in order to increase
internalization of the particles by specific interactions in comparison with nonspecific interactions
(i.e. Hydrophobic). In this sense, antibody-coated nanoparticles present an internalization potential
in targeted cells 4-8 folds higher than the positively or negatively charged nanoparticles without the
affinity component [18]. Besides the use of antibodies for targeting delivery, non-specific interactions
through chemical moieties are always present and influencing targets affinities so must be always
take into consideration.
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Protein adsorption also depends on the shape of nanoparticles and consequently affects the
cellular uptake. It seems that spherical and highly homogeneous nanoparticle conjugates have better
cellular uptake than amorphous and non-geometrically symmetric nanoconjugates [19]. Moreover,
several authors claim that shape could be employed to prevent non-specific cellular internalization
in the targeted cells [17].

2.2. Tumor Accumulation

Tumor tissues have a preferential accumulation of nanoparticles in comparison with the normal
ones [20]; mainly because the vessels around the tumoral tissue have a higher permeability (than the
normal vessels) and tumors have impaired lymphatic drainage which leads to retention of the
permeated nanoparticles [21, 22]. In general, this effect is called enhanced permeation and retention
(EPR) [23].

Regarding tumor accumulation, the tumors are densely packed with cells and extracellular
matrix, then as it is expected the nanoparticles size plays an important role in the diffusion inside the
tumor. Hence, the accumulation within the tumors could be modulated by the physical dimensions
and surface chemistry of the nanoparticles. In general, diffusion and nanoparticle size are inversely
correlated [24]. Then, nanoparticles with small size can diffuse freely across tumoral tissue and can
present a widespread distribution within normal tissues; however, also because of their small size
these small nanoparticles can easily and quickly clear out. By other way, when the nanoparticles are
applied as imaging agents, the size is not as relevant as for therapeutics applications because only
with nanoparticles on the periphery of the tumor helps to distinguish normal and pathological
tissues.

As it is previously discussed, the biomolecules adsorption onto the nanoparticles surface is
directly related with the opsonization and clearance capacity, thus related with blood concentration
of the nanoparticles along time.

2.3. Elimination

In general, nanoparticles are eliminated from human body by renal and hepatobiliary routes. As
it is necessary for clinical approval, the nanoparticles might be eliminated from the body in a
reasonable timeframe. Then, the drug conjugated nanoparticles must be designed to avoid quick
clearance and long period of body maintenance.

As it is expected, the elimination of nanoparticles is also influenced by the surface chemistry,
shape and size. For example, surface chemistry is quite critical in the clearance efficiency even for
small nanoparticles and PEG coating promotes more efficient hepatobiliary clearance [25]. Another
point is the size, which is very important in secretion efficiency because the hydrodynamic size of the
nanoparticles has a strongest influence on the renal clearance, where the glomerular pores are a
physical barrier [21, 26].

3. Nanoparticle Interactions

Although nanoparticles in biological systems are surrounded by large quantities of
biomolecules, depending on the different factors that characterize the biological environment and the
nanoparticle, the nanoparticles themselves can generate interaction with each other. Multifunctional
nanoparticles as nanomedicines (see Figure 3) are embedding in human proximal fluids, inside cells
and culture media among others [27]. That implies a huge variety of different microenvironments
with additional challenges for the design and development of nanoparticles suitable to be functional
in all kind of conditions. However, depending on the conditions of the medium, pH [28], ionic
strength, oxygen levels, organic matter, etc., nanoparticles can present different forms or stages, such
as ionized [29], forming aggregates or combined into complex aggregates or even interacting with
other nanomaterials [30]. In addition, this is especially relevant because it may be the origin of a
heterogeneous morphology which might be also correlated with a lack of immunobiocompatibility
of these nanomaterials [31].
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Figure 3. Schematic representation of a multifunctional nanoparticle for biology applications.

Nanoparticle aggregation and agglomeration have been recognized to affect cellular uptake and
even potential toxicity based on the nanoparticle composition and the cell type [32]. Aggregation and
agglomeration effects are often used in nanotechnology but both terms are commonly mistaken. On
the one hand, aggregation indicates strongly bonded or fused particles [33] and it occurs when the
van der Waals attractive forces between particles are greater than the electrostatic repulsive forces
produced by the nanostructure surface [32]. On the other hand, agglomeration indicates more weakly
bonded particles [33] and it does not require a definite pattern, shape, size. Pellegrino F. et at. studied
the influence of agglomeration and aggregation on the optical properties of TiOz2 nanoparticles in
order to demonstrate that this effect can lead to an incorrect assessment of the photoactivity [34].
Zook M. ]. et al. [35] developed a bottom-up-based method to produce controllably, reproducible and
stable nanoparticle agglomerates states in an aqueous medium. Finally, they used this method to
show how silver nanoparticle agglomeration affects nanoparticle’s hemolytic activity.

The main factors that will determine the type of interaction that takes place between
nanoparticles are: the complementarity between nanomaterials, the distance between them and the
geometry [36]. In addition, it is also essential to know what the main interactions drivers are in a
nanoparticle assembly. For example, Van der Waals forces to form nanocrystal superlattice
membranes, electrostatic interactions to obtain colloidal dimers, magnetic interactions where iron
oxide nanoparticles coated with azobenzene-terminated catechol ligands can self-assemble by UV-
light-induced, or even molecular force [36].

An example that demonstrates the importance of the complementarity between the materials
and the influence of the forces used in such interaction is the one discussed by Pileni and co-workers.
They stress the difference of using octanoic and dodecanoic acids as organic ligands in magnemite
nanoparticles in absence (only with dipolar forces between the magnetic nanoparticles) and presence
of Van der Waals interactions, when the distance is small [37,38].

By other hand, interaction between molecules on surfaces is highly dependent of surface
functionalization. That implies the presence of reactive chemical moieties, being homo- or hetero-
functional depending if there is only one chemical group onto the surface or co-exist different
chemical reactive groups [39]. Due to their composition and structure, the surface may or not allow
different types of interactions. Thus, for example circulatory cells are covered by a lipid bilayer with
proteins and polysaccharides that, depending on the groups that the nanoparticle possesses, will
favor one or another interaction mechanism [40]. Another example is manifested in proteins affected
by their molecular weight, charge (there is greater adsorption near the isoelectric pH where repulsion
of charges between different adsorbed molecules is minimized) or its stability (which influences the
number of binding points [41]. A soft protein layer, which has a low structural stability, has a greater
number of active centers through which it can interact); besides affecting physicochemical factors of
the surface (i.e., humectability). The surface ratio of hydrophobicity/hydrophilic influences the


https://doi.org/10.20944/preprints201907.0195.v1
https://doi.org/10.3390/nano9101365

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 July 2019 d0i:10.20944/preprints201907.0195.v1

protein degree of reactivity and/or it’s adsorption properties. Another remarkable feature is the size,
those with a size comparable to that of the nanoparticle will be more easily adsorbed.

Finally, it is not only necessary to consider the concentration or size of NPs, but also the species
and quantity of resulting products from chemical interactions between nanoparticles.

3.1. Interaction mechanisms between nanoparticles and biomolecules

Regarding the biomolecules, there is a wide-open variety of different biomolecules which could
interact directly onto the nanoparticles surface or through other biomolecules that are coating the
nanoparticles surface (Figure 2). These layers of coating biomolecules are directly related with the
type of organism, biological fluid, cells etc., among the physicochemical conditions of the media and
nanoparticle surface, nature and structure of biomolecules.

According to the literature, most of the relevant interacting biomolecules to the nanoparticle
surfaces are proteins and nucleic acids [42]. Proteins have many different binding sites (as amino
acidic key structures and/or post-translational modifications) onto nanoparticles surfaces through
specific or non-specific adsorption [41,43]; in addition, the proteins are critical on the immune-
biocompatibility of the nanomaterials. Nucleic acids are another biomolecule of interest, which have
many different applications as a consequence of its physicochemical stability, mechanical rigidity,
easy accessibility and its high specificity of base pairing, result in a suitable receptor easily to design
for molecular nanoconstruction [44].

Regarding interactions with biomolecules of the human organism, two factors must be
considered in the description of the interaction [21]. First one is that nanoparticles in biological
systems are surrounded by multiple potentially interacting biomolecules that may modify and
saturate their surface. Therefore, these modified nanoparticles are the ones that actually interact with
the biomolecules later on. The second factor is that nanoparticles enter the human body through
multiple pathways, depending on which ones can influence the force of the interaction. For example,
nanoparticles interact strongly with the pulmonary system (proteins and phospholipids) by
inhalation.

Two immobilization mechanisms have been studied through interaction with different types of
biomolecules [43]: by simple absorption or by chemical linkages. (i) Immobilization biomolecules on
nanoparticles through adsorption is a very usable method between nanoparticles and enzymes
because it takes place through non-covalent forces (hydrogen bonding, ionic interactions and Van
der Waal forces), mainly through negatively charged phosphate groups and hydrophobic moieties,
and it does not disturb the initial structure of the enzyme or its active site. (ii) Immobilization through
chemical linkages consists of the biomolecule immobilization on a biocompatible matrix, such as
within phospholipid bilayer, that it does not interact with the biological activity and native structure
of biomolecule.

We also find two other types of mechanisms [45] to interact nanoparticles with cells: ligand-
receptor interaction and chemical conjugation. An example of this first adhesion method is the
functionalization of the surface of nanoparticles with a receptor, such as streptavidin-biotin, its non-
covalent interaction results in greater bond strength, provides resistance to pH variations,
temperature and denaturants. In addition, they together have a greater affinity for binding to cells.
Chemical conjugation simply consists of the coupling of functional groups (such as thiol groups) to
the surface of the nanoparticle, which favor subsequent binding to the cell and which, in turn, reduce
the toxicity of this interaction. A disadvantage of this method of interaction is that, in terms of
biomedical applications, the covalent binding of the drug to the nanoparticle restricts its efficient
release, limiting its effectiveness.

3.2. Nanoparticle design: influence on interaction mechanisms

Interactions between different systems and nanoparticles depend on the changes that
nanoparticles undergo in a concrete environment, for example the generation of a coating protein
corona once plasma proteins are adsorbed on its surface, so it is a must to study the nanoparticle
states and characteristics prior to interaction assays [46].
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Many nanoparticle-based investigations focus on issues affecting nanoparticle characteristics
and subsequently their impact on cellular internalization and biodistribution. Centi ]. et al. [47] and
Tatini J. et al. [48] talk about the interest of gold nanorods (GNRs) in biomedical field. GNRs are gold
nanoparticles that are elongated along one direction with characteristic optical properties which
depends on the particle size and shape [49]. They are attracting in biomedical optics because of their
special and intense absorption band near infrared light (650-1000 nm). Other important features of
GNRs include their coating which is crucial for biological applications, i.e. conjugated with
polyethylene glycol (PEG), also their shape and size is critical to modulate cellular penetration,
intracellular localization and biodistribution. GNRs may become coated with proteins which may
modify their conformation causing a loss of their biological activity. i.e. BSA is chosen as protein
target to investigate nanoparticle-PEG exposition to biological fluids, because of his importance as
the most abundant protein in blood which can transport metal compounds. Tatini J. et al article
proposes CA-125 as the molecular target cancer antigen to model in vitro some of the most critical
issues that arise from the interactions between GNRs and bloodstream with an analytical approach.

The physicochemical properties of nanoparticles (Figure 4) represent their identity and depend
on the synthetic moieties incorporated [50] among all including size, shape, surface, coating and
morphology, surface charge, solubility, chemical composition and crystalline structure and, finally,
the agglomeration status. These properties will also play a characteristic role in mechanisms such
cellular biocompatibility studies.
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Figure 4. Schematic illustration of the main physicochemical properties of nanoparticles governing
interaction mechanisms in biological systems.

3.2.1. Size

Size plays an important role in interacting with the biological system and many biological
mechanisms such as endocytosis, cellular uptake and particle processing efficiency in the endocytic
path depend on it [51]. The ion release rate, the smaller the size, the faster the release rate and the
more interaction with cell membrane too [52]. In general, size-dependent toxicity of nanoparticles
and therefore on their ability to enter in human system. As the particle size decreases, the
surface/volume ratio increases, so, their contact surface will increase, making penetration into the
body easier and increasing their toxic effect [52]. Nanoparticles sizes of less than 50 nm through
intravenous injection connect to all tissues faster and exert stronger toxic effects [53].

The size of nanoparticles indicates their distribution in vino, or pharmaceutical behaviour [54],
and their impact most direct on physiological activity. Nanoparticles sizes larger than 1um cannot
easily enter the cell but they interact with proteins that are absorbed at the cell. Nanoparticles sizes
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greater than 6 nm cannot be excreted by the kindness and accumulate in specific organs [55]. For
example, cadmium selenide quantum dots contact stays in the tissue causing hepatotoxicity [56]

Sonavane et al. carried out studies on the bio-distribution and bioaccumulation in the blood of
gold nanoparticles of different sizes. They observed that smaller one was stayed longer in the
bloodstream and accumulated to a greater extent in all organs [57].

3.2.2. Shape

Shape is a physicochemical property that influences the toxicity of materials [58]. Nanoparticles
have different shapes and structures such has tubes, fibers, spheres, planes, etc. so, it may also
influence their endocytosis process, internalization, biodistribution and elimination. For example,
spherical nanoparticles of similar size have been found to be easier and faster internalized by
endocytosis than rod-shaped nanoparticles, which is explained by greater membrane wrapping time
required for the elongated particles. In addition, the spherical ones are relatively less toxic [59].

3.2.3. Surface modification

The nanoparticle and cells interactions and solubility depend on the nature of the nanoparticle
surface [60]. Nanoparticles surface coating alteration can modify their magnetic, electrical, chemical
and optical properties, affecting their cytotoxic properties by influencing pharmacokinetics,
distribution, accumulation and toxicity [61].

Surface charges determine the response of the organism to changes in nanoparticles shape and
size in the form of cellular accumulation, called colloidal behaviour [62]. The effect of surface
chemistry on nanoparticles affects absorption [63], colloidal behaviour, plasma protein binding [64]
and crossing the blood-brain barrier [65]. The cytotoxicity of nanoparticles increased with an increase
in surface charge [66]. This suggests that higher positive charges get greater electrostatic interactions
with the cell and consequently greater endocytic uptake. However, the uptake of positively charged
nanoparticles may increase toxicity than negatively charged [67]. Nanoparticles with a positively
charged surface tended to accumulate more in tumours than negatively charged ones that most
probably because positively charged density can be more easily separated in the interstitial space and
therefore internalized by tumour cells [68].

Surface chemical modification is an important effect utilized in biomedical applications to
decreases toxicity, increase stability and to control and modulate cellular internalization [69]. Surface
functionalization is predominantly comprising of PEG, the negative carboxyl group, neutral groups
like hydroxyl group and amine groups [66]. For example, surface nanoparticle can be functionalized
by proper polymers such as polyethylene glycol (PEG) to reduce nonspecific binding and to get
specifically bindings to receptors at cell [70]

Hydrophobicity is a key factor that also affects the pharmacokinetics and biodistribution [70].
Nanoparticles with a more hydrophobic surface tend to absorb plasma proteins, reducing the time
spend in the bloodstream [71]. A computer molecular simulation studio has revealed that the surface
membrane uptake of hydrophobic C60 agglomerates is thermodynamically favoured than semi-
hydrophilic because of the hydrophobicity of the interior membrane space in cells [72].

3.2.4. Composition and crystalline structure

Nanomaterial shape, size and surface contribute significantly to their interaction with cells,
however, the nanoparticle chemistry is another fundamental factor. Regarding particle chemistry,
Griffitt et al. [73] observed different toxicity in zebrafish, daphnids and algae species for silver and
copper nanoparticles with respect to titanium oxide, which resulted in no toxicity problems.

In addition to these characteristic properties of nanoparticles, their state of aggregation must be
also taken into account. Aggregation depends on surface load, material type and size, among other
factors. It has been shown that higher concentrations of nanoparticles result in high aggregation and
consequently lower toxicity [74]. According, macrophages remove large particles more efficiently and
easily than small ones, which evade this defence mechanism more easily [75].
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3.2.5. Protein corona

Since nanoparticles are injected into bloodstream they are exposed to a large amount of
biomolecules that form a corona around them [76]. Protein corona is mainly composed by proteins
with different affinity interactions: immunoglobulin G, serum albumin, fibrinogen, clusterin and
apolipoproteins are generally present after exposure to plasma [77]. So, nanoparticles experiment
changes in their physicochemical properties and their biological identity. Therefore, in order to know
the possible adverse effects of the physicochemical, kinetic, dynamic and thermodynamic
interactions of nanoparticles, the characterization of nanoparticle-protein interactions has become
one of the main challenges of nanomedicine.
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Figure 5. Schematic protein corona formation. First, takes place the introduction of a nanoparticle to
fluid/medium enriched in protein content (I). Then, the nanoparticle is coated with proteins which
are abundant and highly mobile (II). Finally, the protein species are exchanged over time resulting in
hard corona of strongly bound proteins (III).

When nanoparticles are introduced into a biological medium a competitive dynamic process
take place to form the protein corona (Figure 5). This process is based on the affinity adsorption of
proteins on nanoparticles surface and on protein-protein interactions. According to the Vroman effect
[78], first, proteins with high concentration and low affinity are bound to nanoparticle surface and
then they are gradually replaced by higher affinity proteins present in low concentrations. The
protein corona is classified into hard and soft depending on the duration of protein exchanges. Hard
corona is a bound layer of proteins with high affinity and which has a long exchange time. Proteins
of the hard corona form the closest layer to the nanoparticle surface, so they are susceptible to
thermodynamically favourable conformational changes (irreversible) depending on the chemistry
functionalization, the hydrophobicity or hydrophily, the nature of proximal biological fluid and the
temperature [79]. Soft corona is a low affinity layer of proteins which has a fast exchange over time.
A recently model [80] suggests that hard corona is bound in a hard way to the nanoparticle surface
and the soft corona is not directly bound to the nanoparticle but with low degree of biomolecule
interactions. As a result, the protein concentration, particle size, type of nanomaterial and the surface
properties are factors that impact on the several layers of biomolecules and the density of the protein
corona [81]. The biological environment is another key factor that plays a determinant role in the
protein corona formation: the media components, temperature, pH and the physiological state of the
medium. Depending on the type of administrative routes nanoparticles are subjected to interactions
with different kind of biomolecules [82].

The “in vivo” protein corona formation of biomedical liposomes seems to be more complex than
“in vitro” [83]. In consequence, the “in vivo” protein corona characterization is fundamental for
biomedical applications.

Different methods and techniques are needed to determine proteins interactions in different
biological media because of the large number of proteins in different concentrations that compete to
functionalize at nanoparticle surface [84]. Techniques usually described for protein corona evaluation
are based on proteomic analysis [79]: centrifugation, isothermal calorimetry titration, UV-Visible
spectrometry, MS/MS quantification, SDS-PAGE electrophoresis [85].

For all that, it is essential to understand the relationship between the different properties of
nanomaterials and a concrete biological environment in order to understand their behaviour and the
results obtained in the different areas of research.
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4. Applications of nanoparticles

In this section, it is briefly described some of the nanoparticles applications in order to
understand their broad potentials. Although we have focused on nanomedical applications, we
should not forget all those other important non-biological applications that have improved the
quality of human life [86].

Nanoparticles have attracted a great interest to nanobiotechnology applications (Table 1). The
design of nanostructures by controlling their surface properties is a strategy to achieve improved
responses aimed at a medical application. Nanobiotechnology plays a central role in nanomedicine
and other areas which aspire to develop highly functional biosensors, molecular switches and tissue
analogs for organs of the body among others. The nanobiotechnological applications to disease
treatment, diagnosis, monitoring by bioimaging, biosensing and drug delivery have been referred as
nanomedicine. Nanomedicine holds significant potential to improve the efficacy of cancer
immunotherapy.

Table: Main applications of nanoparticles in nanomedicine

4.1. Nanomedical applications: immunotherapy

Immunotherapy has become one of the effective treatment modalities for cancer: cytokine
therapy, checkpoint-blockade therapy, adoptive T-cell transfer and chimeric antigen receptor T(CAR-
T) cell therapy [121]. Immunotherapy not only treats primary tumors, but also prevents metastasis
and recurrence. Other opportunity for combinatorial immunotherapy is based on nanoparticle
platforms because of their improved methods for tumor-cell detection, tumor imaging and their
ability to efficiently deliver drugs to target sites and protect drugs from endogenous enzymes [122].
Nanoparticles can release agents in response to biochemical changes in the target microenvironment
(pH, redox potential and enzymes) or to external stimuli (light, electrical and magnetic fields) [123].
Owing to that, targeted delivery of nanoparticles and controlled drug release can allow the activation
of immunotherapies in the action sites [124]. The use of nanoparticles for delivery antigens, adjuvants
and other therapeutic agents resulted in more specific targeting and better outcome in contrast to
conventional immunotherapy. Advanced biomaterials and drug delivery systems, such as
nanoparticles and the use of T cells have been designed to improve immunotherapy [125]. Moreover,
nanoparticles can deliver cytotoxic agents to tumour cells killing most or all the target cells with low
concentrations of immune-stimulating drugs thanks to their potential to amplify T cell responses
[121].

Nanoparticle physicochemical properties can be tuned to stimulate the innate immune cells and
to promote nanoparticle-immune cell interactions thus being a good therapeutic option [126]. For
example, nano-sized nanoparticle has the advantage of accumulating within the tumor
microenvironment with specific targeting minimizing thus off-target toxicity. The most common
nanocarriers allowing specificity are liposomes, micelles, dendrimers, gold nanoparticles, iron oxide
nanoparticles, carbon nanoparticles and quantum dots (nanoparticles for tumor immunotherapy).
According, the most studied functionalization for cancer immunotherapy is PLGA nanoparticles
because of their acceptance and biodegradability. Rosalia et al. [127] studied PLGA nanoparticles
functionalized with a aCD40-monoclonal antibody (mAb) agonistic vaccine targeting dendritic cells
(DCs). Two different adjuvants targeting the toll like receptor (TLR) were encapsulated into PLGA
NPs to induce potent CD8+ T cell responses. In vivo experiments in murine melanoma-OVA mouse
model indicated that active targeting of DCs and vaccine delivery resulted in efficient priming of
CD8+ T cells, tumor control, and prolonged survival of the tumor-bearing mice.

Several programs work in integrated and interconnected research focused on therapeutically
modifying the tumour micro-environment and (re)activation of anti-cancer immunity and
corresponding drug delivery system (DDS) [128]. Initially, they aim to develop new tumour-targeted
drugs to selectively block key innate and adaptive immune checkpoints, such as PD-1, TIM-3 and
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CD47, in the tumour micro-environment. Further, they aim to develop new tumour-targeted drugs
to selectively activate key co-stimulatory receptors of the TNFRSF in the tumour micro-environment.

On the other hand, suitable DDS systems could be developed using modern drug formulations
based on nanotechnology and surface chemistry to achieve tumor-localized release and optimal
localized co-stimulation of anti-cancer immunity. These developments will be attended by label free
detection of protein interactions by means of advanced bioanalysis methods [129]. That could
ensure induction and execution of anticancer immune responses in the absence of systemic immune-
related side-effects.

Finally, the knowledge and manipulation of immune system by immunotherapies and
nanotechnology may be the cause of engineering remarkable mechanisms to produce an effective
and long-lasting immune response against cancer.

5. Conclusions and perspectives

Nanotechnology has significantly impacted medicine. In the past decade, studies about
biological response to nanoparticles are greatly investigated in parallel with nano-bio interactions
which have influenced nanoparticles design. Both were in concordance with the evolution of
nanoparticles for biomedical applications. Many studies have investigated and demonstrated that
nanoparticles enter into the human system. So, the effect of nanoparticles on biological systems, such
as their physicochemical properties (size, shape, surface, coating and morphology, surface charge,
hydrophobicity, chemical composition, crystalline structure and the state of agglomeration), the
types of biomolecules presents, and the bio-identity of nanoparticle (protein corona) after enter into
contact with a biological environment, will be important to characterize in order to know how they
finally interact with cells, organisms, biological medium, biomolecules, and other biological systems
or even with other nanomaterials. These studies helped to determine their possible biocompatibility
and toxicity in biological microenvironments and to engineer nontoxic nanomaterials which may be
used in biomedical applications.

With the potentially wide application of nanoparticles in the future, nanoparticles may be
extensively used in various fields, especially in immunotherapy for clinical diagnosis and therapy
based on their size, biocompatibility, surface chemistry and adjustable toxicity. Immunotherapy
combined with nanomedicines may be used for the treatment of different types of cancer due to their
excellent efficacy in penetration, specific retention and killing of tumor cells.

The human proteome study [130] can be an arduous and discouraging task due to the high
number of proteins, encoded by around 25,000 different genes, from which multiple protein variants
are generated by post-transdutional modification. The concept of proteomics involves a
comprehensive study on the structures, localizations, post-translational modifications, functions, and
interactions of all proteins expressed by an organism at a certain time and under certain conditions.
Nanotechnology field has been expanded by providing innovative methods capable of responding
to proteomics demands. In this sense, nanotechnologies applications to proteomics has established a
novel technical platform termed “nanoproteomics”. For example, currently, detection methodologies
have become a great interest in order to overcome the limitations associated with the common used
of labels. Detection techniques without labels are useful in the study of protein interaction kinetics,
thanks to avoid steric impediments caused by the presence of labels. The design and development of
new multifunctional platforms based on nanomedicine could be of great interest in the unlabeled
detection of protein-protein interactions given the possibility of synthesizing de novo proteins in
vitro in the presence of these nanosystems.

In conclusion, the progress in nano-bio studies can potentially improve nanomedical
applications and ensure a sustainable future.
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Appendix A

Figure 1. Schematic representation of method to couple nanoparticles and biomolecules or
other nanoparticles.

Figure 2. The small size of the nanoparticles allows them to enter the human body by
inhalation, ingestion or through the skin. Once in the extracellular fluid they are conjugated
with the present biomolecules, which allows them to internalize in the cells through
different mechanisms (phagocytosis, micropinocytosis, clathrin-dependent endocytosis,
caveolae-dependent endocytosis or by direct penetration).

Figure 3. Schematic illustration of a multifunctional nanoparticle in biology applications.

Figure 4. Schematic illustration of the main physicochemical properties of nanoparticles
governing interaction mechanisms in biological systems.

Figure 5. Schematic protein corona formation. First, takes place the introduction of a
nanoparticle to protein rich conditions (I). Then, the nanoparticle is cored with proteins
which are abundant and highly mobile (II). Finally, the protein species are exchanged over
time resulting in hard corona of strongly bound proteins (III).
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