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Abstract

When nanoparticles (NPs) enter a physiological environment, a complex coating of biomolecules
is absorbed onto their surface, known as the biocorona (BC). This coating alters nanomaterial
physical properties, modulating cellular viability, internalization, and immune responses. To
safely utilize NPs within medical settings, it is necessary to understand the influence of the

BC on cellular responses. Due to the variety of cell types, NPs, and physiological environments,
responses are variable; though trends do exist. This review article critically evaluates the currently
available literature regarding the influence of the BC on NP interactions with prominent cell types
that they are likely to encounter during biomedical applications. Specifically, we will examine
responses related to interactions with endothelial cells, macrophages, and epithelial cells of the
digestive tract and lung. Further, we will evaluate how the BC may influence interactions with
bacteria and fungi, as NPs have been proposed as antimicrobial agents in medical settings. The
information reviewed and discussed here may enhance the development of effective of NP-based
therapeutics and diagnostic tools.
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1| INTRODUCTION

While nanoparticles (NPs) possess a number of intrinsic qualities that make them appealing
for biomedical applications, several barriers exist to their clinical utilization. Specifically,
many nanotherapeutics that have shown significant therapeutic potential in controlled
laboratory conditions have had issues transitioning to utilization in more complex clinical
scenarios (Bisht & Maitra, 2009; Schutz, Juillerat-Jeanneret, Mueller, Lynch, & Riediker,
2013). One potential obstacle in the translation of NPs is likely the formation of the
NP-biocorona (BC). The BC is a coating of biomolecules that forms on the NP surface
following entry into a physiological environment. The composition of the BC can be altered
depending on a multitude of factors, including the character of the surrounding physiological
environment, time, and NP physiochemical properties such as coating, size, charge,
hydrophobicity, surface curvature, etc. (Kobos, Adamson, Evans, Gavin, & Shannahan,
2018; Sahneh, Scoglio, & Riviere, 2013; J. H. Shannahan et al., 2016; Walkey & Chan,
2012). Previously, the BC was modeled as an entity that, while dynamic, consisted primarily
of proteins (Lundgvist et al., 2008; Lynch & Dawson, 2008; Orco, Lundqvist, Oslakovic,
Cedervall, & Linse, 2010). Recently, newer models of the BC are being utilized that capture
its complexity by incorporating interactions between the NP and a variety of biomolecules
including proteins, lipids, and others (Hellstrand et al., 2009; Landry et al., 2015; Miiller

et al., 2018; Raesch et al., 2015). Modern computational kinetic models have begun to
understand the NP-biomolecule interactions that dictate BC formation (Monopoli, Aberg,
Salvati, & Dawson, 2012; R. Li et al., 2013; Sahneh, Scoglio, Monteiro-Riviere, & Riviere,
2015; Tavanti, Pedone, & Menziani, 2019). A number of methods exist for the study of
NP-biomolecular interactions, including ultracentrifugation, gel electrophoresis, and mass
spectrometry (Tenzer et al., 2011, 2013; Tiede, Hassell6v, Breitbarth, Chaudhry, & Boxall,
2009). Previously, a comprehensive review detailed the advantages and disadvantages of
each of these methods, as well as many others (Docter et al., 2015). Determining the exact
mechanisms of how proteins bind the NP surface is challenging, though in recent years our
understanding has significantly expanded. A number of excellent reviews have previously
been published on the subject of NP—biomolecular interactions which thoroughly detail what
is known regarding mechanisms involved in the formation of the BC on the NP surface

(Lin et al., 2018; Monopoli et al., 2012; Neagu, Piperigkou, Karamanou, & Engin, 2017;

J. Shannahan, 2017; Walkey & Chan, 2012). Modification of human serum albumin has
helped to elucidate the influence of protein charge distribution on NP adsorption (Treuel

et al., 2014). Additionally, other studies have utilized NP antibody labeling and analytical
techniques such as X-ray absorption spectroscopy to determine specific binding sites and
examine alterations in protein structure (Kelly et al., 2015; Wang et al., 2013). It is necessary
to understand these initial NP-biomolecule interactions to develop and safely utilize NPs
within medical scenarios.

Ultimately, the addition of the BC hinders the medical utilization of NPs by modifying
targeting, function, clearance, biodistribution, and toxicity (Alex, Chandrasekaran, &
Mukherjee, 2017; Amiri et al., 2013; Chakraborty et al., 2018; Salvati et al., 2013; J.
Shannahan, 2017; Westmeier, Stauber, & Docter, 2016). These unpredicted variations in
biological response result in the loss of nanotechnology benefits and raise concerns of
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adverse health effects. These variations are consequences of BC-induced alterations in NP—
cellular interactions. Overall, there is a degree of controversy regarding the role of the BC
in biomedical applications. While some researchers consider the BC solely as a barrier to
clinical adoption of NP therapeutics, others hypothesize that the BC may be modified and
utilized as an asset to NP-based biomedical applications.

Our current review focuses on the impact of the BC on NP—cellular interactions and

the influence of these modified interactions on the medical usage of NPs. Given the
increasing prevalence of NP therapeutics in medicine, this knowledge is essential to the
development and improved translation of nano-enabled therapeutics and diagnostic tools.
Based on proposed biomedical applications and delivery routes of NPs, BC-induced
alterations in NP interactions with endothelial cells, macrophages, and epithelial cells

are discussed within this review (Figure 1). Specifically, the review will focus on BC-
induced alterations in cellular responses, including viability, NP internalization, and immune
response. Additionally, this review high-lights what is known regarding the impact of the
BC on the use of NPs to target bacterial and fungal cells. Identified deficiencies within our
current knowledge that require additional evaluation will be highlighted throughout, as will
the medical implications of these modified cellular interactions.

2| ENDOTHELIAL CELLS

Endothelial cells are highly relevant in the discussion of nanomedicine, as many NP
therapeutics, including imaging agents and some cancer treatments, are intended to be
directly injected into the circulatory system. Once within the circulation, the NPs adsorb
biomolecules, which are hypothesized to alter NP—endothelial cell interactions, inducing
changes in cellular uptake, cytotoxicity, and other parameters. Further, the addition of the
BC can disrupt NP targeting, reducing therapeutic efficacy.

2.1| The influence of the BC on endothelial cell internalization of NPs

Experimental results regarding the BC’s effect on NP internalization by endothelial cells
lack consistency. While a positive correlation has been observed between the amount

of albumin protein adsorbed to the surfaces of several different polystyrene NPs and

uptake by endothelial cells, other studies have shown the opposite (Ehrenberg, Friedman,
Finkelstein, & Mcgrath, 2009). Specifically, the addition of a BC formed from human
plasma reduced the internalization of 40 and 80 nm gold NPs by human umbilical vein
endothelial cells (HUVECs; Chandran, Riviere, & Monteiro-Riviere, 2017). The implication
of this altered endothelial internalization due to addition of the BC is that the bioavailability
of the NP may be altered, resulting in modified delivery to target tissues and differential
endothelial responses. These results regarding BC-induced alterations in NP-endothelial

cell internalization suggest that albumin-rich BCs facilitate uptake, while other proteins
may reduce it. Therefore, development of NPs that associate high amounts of albumin

could be utilized to more efficiently deliver endothelial-targeted treatments. Conversely, NPs
with naturally formed BCs containing less albumin and more of other proteins are less
likely to interact with endothelial cells, thereby increasing circulation time. Modification of
the BC may be accomplished by coating NPs with polyethylene glycol (PEG), causing a
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reduction in the association of highly abundant proteins in the serum such as albumin and
thus reducing endothelial internalization (Zhou et al., 2018). With less protein binding and
increased internalization, it may seem that PEG-coated NPs are an ideal solution for the
targeting of endothelial cells. However, there is some controversy regarding the use of PEG
as a NP coating in therapeutic applications, as antibodies will eventually form against the
PEG, resulting in internalization by macrophages rather than endothelial cells (B. Lee &
Nguyen, 2017). This issue is discussed in further detail in Section 3 of this review.

Other distinct protein components of the BC other than albumin have also been studied.
One study examined three major human serum and BC proteins (albumin, fibrinogen, and
immunoglobulin) to assess how each individually influenced gold and silver NP uptake

by HUVEC:S. It was determined that a fibrinogen BC markedly decreased uptake when
compared to either the albumin or immunoglobulin BCs (Sasidharan, Riviere, & Monteiro-
riviere, 2015). The ability of superparamagnetic iron-oxide NPs to bind apolipoproteins was
determined to assist in their uptake by endothelial cells forming the blood brain barrier and
facilitate their entrance into the neuronal system (Mahmoudi et al., 2015). Some researchers
have attempted to utilize the BC to their advantage, creating an artificial biomimetic BC.
This is typically done by coating the NP with specific cellular membranes which can alter
NP—cellular interactions. The functionalization of silica NPs with leukocyte membranes was
found to enhance interactions with HUVECs, allowing the NPs to more efficiently cross an
inflamed endothelial barrier to deliver their therapeutic payload (Parodi et al., 2013). The
transmembrane protein LFA-1 was determined to be a vital component of the NP precoating,
as it induced clustering of ICAM-1 on the HUVEC surface, allowing the NP to bind to

and interact with the endothelium, facilitating internalization. Overall, this demonstrates
that the identity of the BC may alter endothelial internalization. Specifically, modulations

in endothelial cell uptake of NPs may be dependent upon the presence/absence or ratio

of distinct proteins within the NP-BC. Certain components such as immunoglobulins,
apolipoproteins, and albumin appear to promote NP internalization by endothelial cells,
while others such as fibrinogen inhibit it. The ability of specific proteins to promote certain
outcomes may indicate their importance in not only understanding the BC and its influence
over NP—cellular interactions, but in the future design and engineering of NP therapeutics.

Interactions between biomolecules and the NP surface may induce conformational
modifications in structure, influencing endothelial cell interactions and internalization.
Specifically, association of albumin with the NP surface results in structural and
conformational changes, including both misfolding and changes to the secondary protein
structure (Ding et al., 2013; Podila, Vedantam, Ke, Brown, & Rao, 2012; J. H. Shannahan et
al., 2015). This can result in increased interactions with scavenger receptors gp30 and gp18
as compared to unmodified albumin, contributing to NP uptake by endothelial cells (Figure
2; Bravo & Schnitzer, 1993). NPs can be produced that exhibit diverse properties, which
may result in a variety of biomolecule structural modifications that alter NP interactions with
specific cell surface receptors, such as scavenger receptors. In designing NPs for clinical
applications, modifications to the NP’s surface coating, charge, surface curvature, and other
properties may be able to control endothelial cell interactions via differential changes in
specific protein adsorption and structural alterations.
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2.2 | The impact of the BC on endothelial cell viability and responses

The BC has the capacity to alter the toxicity of the NP, resulting in differential cellular
responses as compared to the bare NP. A number of studies have demonstrated that a
plasma BC increases viability of HUVECs and ISO-HAS-1 cells following NP exposure
(Chandran et al., 2017; Tenzer et al., 2013). This inhibition of cell death was suggested to
be a result of BC-related reductions in cellular internalization. Additionally, gold NPs coated
with branched polyethylenimine (BPEI) cause increased expression of genes associated
with DNA damage and repair, heat shock response, mitochondrial energy metabolism,
oxidative stress and antioxidant response, and ER stress in HUVECs (Chandran et al.,
2017). Specific genes which were observed to be elevated included dual oxidase 1 and
thioredoxin interacting protein, both of which are known to alter the production of reactive
oxygen species through regulation of oxidation—-reduction reactions. Addition of a plasma
BC to the BPEI-coated gold NPs attenuated these endothelial cell responses, demonstrating
the capacity of the BC to alter responses to NP exposure. This suggests that in vitro

studies evaluating NP toxicity may overestimate cellular effects if the BC is not included,
potentially resulting in premature and erroneous removal of effective NPs from production
and development for clinical applications.

The role of specific BC proteins in terms of endothelial toxicity has been examined by
utilizing simplified BCs consisting of only bovine serum albumin (BSA). The simplified BC
had no impact on rat aortic endothelial cell (RAEC) viability following exposure to carbon
nanotubes (CNTSs), but did appear to decrease the expression of the proinflammatory gene
IL-6 and the oxidative stress marker HMOX-1 when compared to CNTs with no BC (Bai,
Wu, Mitra, & Brown, 2016). Multiple studies have performed comparisons of BCs formed
of distinct proteins that are prevalent within the circulation to evaluate their contribution

to HUVEC responses following CNT exposure. While aloumin and immunoglobulin have
both been found to reduce CNT cytotoxicity, fibrinogen is the most effective (Ge et al.,
2011; Lu, Sui, Tian, & Peng, 2018). However, the toxicity of some NPs is not attenuated
by a BC. For example, iron-oxide NPs and multiwalled CNTs with a BC formed in either
serum or pulmonary surfactant caused a greater inflammatory response than their respective
bare NPs (J. H. Shannahan et al., 2016; Vidanapathirana et al., 2012). Additionally, the
bare multiwalled CNTs induced greater endothelial expression of the cellular adhesion
molecules VCAM-1, ICAM-1, and SELE compared to CNTs with a BC (Vidanapathirana
et al., 2012). Taken together, these studies indicate a number of conclusions regarding the
impact of the BC on NP toxicity in endothelial cells. Though some proteins are found

in abundance in the BC, they are not the sole contributors to the cellular response. BC
components which are found in lower abundances play a critical role in determining the
cellular response. Secondly, some proteins appear to be more protective as BC components
compared to others. Specifically, fibrinogen within the BC appears to increase cellular
viability of endothelial cells, which is generally seen as a favorable outcome for biomedical
applications. This may have implications for the future design and use of NP therapeutics,
in either the design of the NP itself to attract specific proteins or in the preformation of
custom BCs to reduce toxicity. Overall, these studies indicate that the BC can attenuate

or exacerbate endothelial toxicity of NPs depending on the properties of the NP and the
composition of the BC. Therefore, it is essential to utilize the BC in experiments prior to
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their introduction into animal models and humans, as in vitro studies of only bare NPs may
incorrectly identify adverse responses.

2.3| The impact of disease on BC-induced endothelial cell responses

The majority of experimentation regarding biological responses to NPs has been performed
in normal, healthy scenarios. However, clinical applications will result in the introduction of
NPs into diseased environments with altered circulating biomolecules, which may influence
NP-BC formation and subsequent cellular responses (Raghavendra, Fritz, Fu, Brown, &
Shannahan, 2017; J. H. Shannahan et al., 2016). A study of iron-oxide NPs compared

the differential cellular effects of BCs formed within healthy or hyperlipidemic serum

(J. H. Shannahan et al., 2016). While addition of both BCs reduced NP internalization,

they also increased the gene expression of proinflammatory mediators such as I1L-6, TNF-
a, VCAM-1, IL-1B, and others compared to the bare particle, with the hyperlipidemic

BC being more proinflammatory (J. H. Shannahan et al., 2016). Distinct alterations

in circulating biomolecules are known to occur in disease, which may influence BC
formation. For example, lipoprotein levels are modified in metabolic diseases. A study

of the differential toxicological effects of silver NPs on RAECs investigated the impact of
lipoprotein, a specific component of the BC (Persaud et al., 2019). BCs were formed on

20 or 100 nm silver particles using fetal bovine serum (FBS) to form a complex BC, or
single protein BCs consisting of either BSA or high-density lipoproteins (HDL). The BSA
and FBS BCs reduced uptake of 100 nm particles compared to NPs without a BC. An

HDL BC did not significantly reduce internalization compared to NPs without a BC. This
suggests that lipoprotein-rich BCs that form in disease scenarios may increasingly interact
with endothelial cells, resulting in intracellular accumulation and exacerbation of cellular
responses. When endpoints of ER stress were normalized to NP uptake, it was determined
that the addition of the BSA, FBS, and HDL BCs enhanced ER stress via activation of

the IREa and PERK pathways through nonoxidative stress mechanisms. These findings
suggest that NPs with a BC may be more potent in inducing cellular responses such as

ER stress compared to equivalent amounts of NPs without a BC following internalization.
The researchers hypothesize, though do not confirm, that these effects may be the result of
the NP causing structural alterations to the proteins that adsorb to its surface. This would
align with previous research, which has demonstrated the capacity of misfolded proteins to
cause ER stress via the unfolded protein response, a process which has been implicated in a
number of chronic diseases (Haeri & Knox, 2012; Rao & Bredesen, 2014). In general, these
studies demonstrate that the differential biomolecule content of disease environments forms
unigue BCs that may induce unique endothelial cell responses. Interestingly, these studies
demonstrate that the exacerbated cellular response may result from addition of the BC,
independent of altered internalization. This suggests that NP internalization cannot always
be used as a surrogate for cellular response, as the BC may alter cellular signaling due to the
delivery of misfolded proteins into the cell.

2.4| The influence of the BC on NP—endothelial cell interactions: Conclusions

The BC impacts NP—endothelial interactions, which may influence NP-based therapeutics
delivered intravenously into the circulation. While the BC may be seen as desirable in
that it often improves endothelial cell viability following NP exposure, issues have also
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been identified. The BC may disrupt targeting and induce inflammatory responses through
the absorption of specific proteins within the BC and alterations in protein structure. The
BC also alters NP interactions with cell surface receptors and intracellular effects such

as ER stress. Together, these altered interactions with endothelial cells may result in the
development of certain inflammatory diseases, such as atherosclerosis, in which scavenger
receptor are known to be increasingly expressed (Moore & Freeman, 2006). Intravenously
delivered NPs, such as single-walled CNTSs, have been shown to alter vascular tone and
may contribute to adverse cardiovascular effects (Vlasova et al., 2014). Currently, there is a
lack of evaluation examining the influence of the BC regarding alterations in vascular tone
via changes in endothelial inducible nitric oxide synthase, endothelial nitric oxide synthase,
and endothelin-1. Further, limited research has been performed in prevalent diseased models
such as obesity, diabetes, cancer, and others. These conditions likely alter BC formation via
disease-induced modifications in the biomolecule content of the circulation and subsequent
endothelial interactions. The information from current and future studies investigating the
influence of the BC on NP—endothelial interactions will be useful for the development and
use of NP therapeutics intended for intravenous use, such as imaging agents and cancer
treatments.

3| MACROPHAGES

The interactions between NPs and immune cells are perhaps the most extensively studied
of all cell types. Macrophages are prevalently utilized for in vitro nanotoxicity studies

due to their role in phagocytosis of foreign materials and their ability to initiate the
immune response (Mills, 2012; Okabe & Medzhitov, 2016). The BC can enhance NP—
macrophage interactions through opsonization, resulting in increased recognition and
phagocytosis (Wolfram et al., 2015). It is hypothesized that BC-induced alterations in NP-
macrophage interactions could present numerous potential challenges for medical use of
NPs. Specifically, these interactions may influence therapeutic targeting and delivery by
modifying NP clearance and biodistribution while also inducing an immune response.

3.1| Impact of the BC on macrophage internalization of NPs

Immune cells, such as macrophages, internalize NPs by a variety of mechanisms, which
have been found to vary depending on the presence of the BC on the NP’s surface.
Macrophages primarily internalize NPs with BCs via phagocytosis, while NPs without a
BC are mostly taken up by alternative mechanisms such as clatharin- or dynamin-mediated
endocytosis (Yan et al., 2013). Researchers hypothesize that this may be due to the BC
changing the size of the particle, or proteins present on the particle surface activating
specific surface receptors (Lunov et al., 2011). While the biological outcome of both uptake
mechanisms is the same, not all cell types are capable of both. Endocytosis is a more
general process which is carried out by many eukaryatic cell types, while phagocytosis is
more specific and primarily performed by specialized cells of the immune system (Alberts,
Johnson, & Lewis, 2002). This may indicate that the presence of a BC may result in
increased internalization by macrophages, and that a reduction in protein binding may be

a method by which NP therapeutics could avoid detection and uptake by the immune
system. The degree to which NPs are internalized also appears to be BC-dependent, though
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studies have demonstrated variability based on BC components. For example, addition of a
serum BC on silver NPs increased uptake of NPs by RAW 264.7 mouse macrophages (J.
H. Shannahan, Podila, & Brown, 2015). This increased uptake was observed to be more
pronounced for larger particles (110 nm) than smaller ones (20 nm). However, a separate
study using the same macrophage cell line found that association of a serum BC inhibited
uptake of 5, 20, and 50 nm gold NPs (Cheng et al., 2015). These results serve to underline
the complexity of the influence of the BC on macrophage—NP interactions, as two metallic
NPs of similar size in the same environment do not produce the same effect. This indicates
that the effect of the BC cannot be inferred for each NP based upon previous evaluations of
similar NPs.

Biocorona effects on NP—macrophage interactions also appear to be modified across time
points in cell culture experiments. A study of iron-oxide NPs examined the effects of

either a normal serum BC or an LDL-supplemented serum BC on the uptake in RAW

264.7 macrophages (X.-F. S. Adamson, Lin, Chen, Kobos, & Shannahan, 2014). The study
determined that the addition of both BCs reduced NP association with macrophages at

early time points compared to NPs without a BC. However, at later time points, cellular
association of NPs with the LDL-BC was increased in comparison to the other NPs. It is
possible that NPs without a BC interact with macrophages at early time points in culture due
to faster settling velocities and/or charge-driven interactions. Specifically, addition of the BC
to the NP surface has been found to increase NP agglomeration, which may decrease settling
velocity while association of biomolecules decreases the NP’s surface charge, impacting
charge-driven interactions. BC-induced alterations in these parameters impact how in vitro
screening studies should be performed, and may influence the translatability of research
findings. This demonstrates the importance of time course assessments in the evaluation of
BC-induced alterations in macrophage interactions. The increased uptake of NPs with LDL-
rich BCs at later time points suggests preferential internalization that is LDL-dependent.
Other studies also support the role of LDL as a promoter of cellular uptake. Lipoprotein-
depleted serum (LPDS) and delipidated LPDS were used to examine the effects of LDL on
the uptake of quantum dots by RAW 264.7 macrophages (Prapainop, Witter, & Wentworth,
2012). The study demonstrated reduced NP uptake in conditions where LDL was absent,
indicating the importance of LDL in NP-macrophage interactions. The researchers also
elucidated the mechanism by which LDL facilitates macrophage uptake of NPs. The

NP coating (5,6-secosterol atheronal-B) binds apolipoprotein B-100 within LDL, causing
misfolding and exposing specific epitopes. These exposed epitopes can interact with the
CD-36 scavenger receptor on the macrophage cell surface and facilitate uptake (Prapainop
et al., 2012). This suggests that BCs with a higher LDL content may result in increased
internalization of NPs by macrophages, impacting clearance, biodistribution, and immune
activation. However, LDL is not the only component of the BC which may influence
internalization. A study examining how the absence of glycans (polysaccharides) affects

the interaction of THP-1 derived M1 and M2 macrophages with silica NPs determined

that the in situ removal of glycans from the BC decreased colloidal stability of the

NP, resulting in modified internalization (Wan et al., 2015). Specifically, NP-BCs that
underwent an enzyme treatment to remove the glycans in the BC adhered more strongly to
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the macrophage membrane and were internalized more than NP-BCs that did not experience
such a treatment.

Together, these studies demonstrate that NP internalization by macrophages is influenced
by many factors, including the specific biomolecules present within the BC, duration

of exposure, and NP properties. LDL present within the BC appears to be involved in
immune cell recognition and internalization of NPs. This is likely due to the expression

of lipoprotein receptors, such as scavenger receptors, on macrophages. These lipoprotein-
mediated responses may have implications for the use of NP therapeutics in patients

with high circulating levels of LDL. Specifically, NPs within circulation the circulation

of patients with elevated LDL may be more readily recognized and internalized by immune
cells. This presents an issue if the NP is intended to avoid immune detection, as it may result
in enhanced clearance. However, this increased uptake could potentially be a benefit if the
immune system is the therapeutic target.

3.2 | Specific biomolecular components of the BC involved in NP-macrophage
inflammation and cytotoxicity

While there are numerous biomolecules associated with the BC on NPs, albumin often
represents a major component of the BC due to its abundance in serum. Therefore, certain
studies have attempted to utilize an albumin-only BC as a surrogate for a complex BC.
Comparison of a complex BC to an albumin-only BC on silver NPs demonstrated that,
although a major component of the complex BC, albumin was not the sole contributor
macrophage responses (J. H. Shannahan, Podila, & Brown, 2015). A NP with a complex BC
formed from serum stimulated different levels of cellular uptake, activation, and cytotoxicity
than a NP with a BC of only albumin. This implies that although albumin is the primary
component of many BCs, other biomolecules contribute to macrophage responses. In a
separate study, incorporation of LDL into the BC was determined to enhance iron-oxide

NP inflammatory response compared to BCs free of LDL (S. X. F. Adamson et al., 2014).
LDL is not the only biomolecule which has been shown to alter the BC’s influence on
NP-immune cell interactions. Some studies have attempted to correlate the abundance

of specific BC components, or a lack thereof, to certain cellular outcomes. It has been
determined that a NP-BC that has been treated with enzymes to remove glycans is slightly
more cytotoxic than the untreated, stimulating greater release of proinflammatory cytokines
IL-1B in M1-type macrophages and TNF-a in M2-type (Wan et al., 2015). Together, these
evaluations demonstrate the influence of specific proteins within the BC on NP-macrophage
interactions. In vitro experiments that utilize complex BCs are likely more relevant to
clinical scenarios than those using BCs made of singular proteins; however, studies support
the conclusion that specific proteins within the BC do appear to influence interactions

and responses. Specifically, the presence of LDL and other lipoproteins appear to induce

an inflammatory response by macrophages, and NPs with BCs rich in glycans may more
efficiently interact with immune cells. This information can be applied to generate solutions
to barriers impeding the clinical application of nanotechnology by assisting in the design

of NPs that can either engage or evade the immune system. Continued evaluation of
BC-mediated NP-immune cell interactions is needed to synthesize therapeutics to attract

or repel specific biomolecules to ensure formation of a BC that will assist in treatments.
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3.3 | Alteration of the macrophage response through BC modification

Attempts have been made in recent years to engineer solutions to the issues of NP
internalization and cytotoxicity through modifications to the BC such that it may be utilized
as an aspect of treatment, rather than a hindrance. One of the main obstacles facing the use
of NP therapeutics is clearance via the immune system, preventing NPs from reaching their
target and decreasing their efficacy. For this reason, the development of NPs and/or coatings
to evade the immune system is valuable for biomedical function and applications. It has
been shown that NPs designed for drug delivery associate circulating antibodies, resulting
in increased phagocytosis by the immune system, limiting their therapeutic potential (Corbo
& Toledano, 2016). Making the NP less visible to the immune system has therefore been

a goal of biomedical engineers, because a NP that evades immune clearance is often more
therapeutically active. Addition of PEG to the surface of NPs has been increasingly utilized
in attempts to limit protein binding to the NP, thus allowing for NPs to evade the immune
system and enhancing circulation time. These attempts have had moderate success, as PEG
coating reduces nonspecific protein binding and increases blood circulation time (Besnard,
Noel, Appel, Angelo, & Couvreur, 1999; Papi et al., 2017; Runa et al., 2014). However,

the benefit of PEG is limited, as repeated administration of PEG-coated NPs results in
accelerated clearance due to an increase in circulating antibodies against PEG (B. Lee

& Nguyen, 2017). It is likely that other coatings could be developed to overcome the
limitations associated with PEG. Further, PEG could be utilized for the acute administration
of NP-based therapeutics.

Some researchers have attempted to evade the immune system by preforming BCs on

NPs prior to introducing them into the biological system. Multiple approaches have been
utilized toward this end. Some studies have been measured in their attempts, using only

a single protein or a small selection in order to try to evade immune detection. One such
study utilized CD-47 as a model to design a minimalistic peptide that would result in the
cell recognizing the NP as endogenous (Rodriguez et al., 2014). CD-47, also known as
integrin associated protein, is highly conserved between cell types and species and acts as
a self-identifier, allowing the immune system to distinguish between foreign material and
the self. Attachment of the synthesized simplified CD-47 to the surface of the polystyrene
nanobeads inhibited macrophage uptake and prolonged circulation time (Rodriguez et al.,
2014). Other researchers have eschewed simplified biomimetic coatings in favor of more
complex composites consisting of NPs, drugs, and additional compounds. For example,
BCs containing endogenous compounds, or substances meant to resemble endogenous
compounds, have generated interest in recent years. One of the main advantages conferred
by such biomimetic coatings is prolonged circulation. With the NPs disguised by the
biomimetic coating, the immune system is temporarily unable to label them as foreign,
and the NPs can remain active in the body for longer periods of time. Biomimetic coatings
may also enhance targeting capabilities and reduce nontarget effects. A variety of coatings
have been investigated for this purpose, including platelet, cancer cell, leukocyte, red blood
cell, stem cell, and bacterial membranes (Li, He, Zhang, Qin, & Wang, 2018). Much

of the research has shown promise; one study found that functionalization of silica NPs
with leukocyte membranes allowed the NPs to evade phagocytic clearance (Parodi et al.,
2013). Additionally, silica NPs surrounded by a lipid bilayer, deemed “protocells,” have
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been used to evade the immune system, allowing for enhanced delivery of mock payloads

to human carcinoma cells. Experiments demonstrated that protocells have a 10,000-fold
greater affinity for human hepatocellular carcinoma than for immune cells, resulting in
enhanced chemotherapeutic drug delivery (Ashley et al., 2011). These studies demonstrate
that decreasing and increasing the complexity of the BC may be valid approaches to enhance
NP functionality.

Preformed BCs also have the capacity for targeting cells of the immune system, though
the results of research to date have been mixed. For instance, a silica NP precoated

with gamma globulins was created in an attempt to modify opsonization and uptake by
RAW macrophages (Mirshafiee, Kim, Park, Mahmoudi, & Kraft, 2016). It was found
that additional proteins bound the surface of the modified NP, impeding the opsonins
and preventing them from interacting with the target receptors to initiate phagocytosis
(Mirshafiee et al., 2016). These attempts to design NP-based therapeutics that take
advantage of the BC have, overall, shown limited success. PEG may be a useful solution
for biomedically active NPs that are delivered acutely, though benefits are lost when
used repeatedly. The use of preformed engineered BCs is a newer approach to evade the
immune system, and while experiments so far have yielded varying degrees of success,
the fundamental concept shows promise. The future of NP therapeutic design should likely
embrace the BC and engineer it to assist in clinical applications.

3.4 | The impact of the BC on NP-macrophage interactions: Conclusions

Taken together, these studies demonstrate the complexity of the interaction of the NP-

BC with immune cells. Macrophage internalization appears to be particularly variable in
regards to the BC, though cytotoxicity appears to be more predictable, with the endogenous
BC decreasing NP toxicity in most situations. Research has demonstrated the capacity of
specific components of the BC to influence NP-immune cell interactions. It appears as
though a BC rich in fibrinogen is typically protective, increasing cellular viability following
particle exposure. Immunoglobulins appear to have the opposite effect, exacerbating the
cellular reaction to particle exposure and enhancing their toxic effects. Other biomolecule
components of the BC are also vital to NP—cellular interactions, such as LDL. Studies

have demonstrated the importance of LDL in NP’s interactions with immunological cells,
showing that the presence of LDL facilitates uptake by macrophages. The mechanism of
such interactions has been partially elucidated, as well. Misfolding of proteins following
association with the NP surface can allow for interactions to occur between specific epitopes
and immune cell receptors, resulting in internalization. Based on these previous studies,
attempts are now being undertaken to develop solutions to engineer the BC for evasion

or engagement of the immune system. These biomedical applications utilizing the BC for
therapeutic benefit appear promising and should continue to be expanded. Based upon our
current knowledge, NPs which adsorb high amounts of fibrinogen and/or low amounts of
immunoglobulins would be a logical starting point for designing NPs with BCs that evade
immune clearance and may assist in therapeutic effectiveness.
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ONARY AND GASTROINTESTINAL EPITHELIAL CELLS

Epithelial cell-NP interactions have been the subject of multiple nanotoxicology studies.
This is appropriate, as NPs have been proposed for a variety of applications in medical
settings, many of which include their delivery via inhalation or ingestion(W. Lee, Loo,
Traini, & Young, 2015; Miragoli et al., 2018). Both inhalation and ingestion of NPs would
lead to the formation of unique BCs, which researchers hypothesize could result in altered
NP—cellular interactions. Despite these proposed uses, little is known regarding the BC
that forms via these routes compared to intravenous delivery, or the impact of this BC on
subsequent cellular reactions following inhalation and ingestion exposures.

4.1 | BC-induced alterations in epithelial cell internalization of NPs

Epithelial cells provide the initial physical barrier to inhaled and ingested exogenous
materials and are often the first to interact with NPs and other exposures. Interactions

and internalization by epithelial cells are vital in determining the systemic distribution

of nanotherapeutics delivered via the pulmonary system or Gl tract. Experiments have
been performed to examine how the presence or absence of a BC affects the response of
Ab549 adenocarcinomic human alveolar basal epithelial cells to NP exposure. Carboxylated
polystyrene and silica NPs lacking a BC were internalized more efficiently and had greater
adhesion to the cellular surface than NPs with a serum BC (Lesniak et al., 2012, 2013).
This suggests that NP-based therapeutics delivered to the pulmonary system may not be
internalized to the same degree as observed in cell culture studies due to differential BC
formation.

Inhaled NPs have the ability to penetrate the lung epithelium and translocate to cause
systemic toxicity (Yang, Peters, & Williams, 2008). This translocation may possibly be
facilitated by the presence of a BC, contributing to systemic responses such as vascular
inflammation and the development of cardiovascular disease (Miller et al., 2017). One study
examining titanium dioxide (TiO5) NPs demonstrated that the formation of a BC from the
biomolecules of the endothelial cell membrane caused disruption and allowed NPs to cross
through the barriers of LA4 cells, a mouse adenoma epithelial lung cell line. Specifically,
experiments were performed that demonstrated the capacity of TiO5 particles to disrupt
lipid membranes and form lipid wraps, as well as their destructive interactions with the
membrane of live cultured epithelial lung cells (Urbanci€ et al., 2018). Tissue factor, a
transmembrane protein abundant in lung epithelium, binds to the NP surface as the NP
disrupts the membrane of the epithelial cell. The NP then translocates the protein through
the damaged epithelial cell to the endothelial cell surrounding the capillary, where it can
subsequently enter the bloodstream and activate the coagulation cascade. The researchers
hypothesize that this is a contributing mechanism to the enhanced blood coagulation that
contributes to development of cardiovascular disease following inhalation of nano-sized
particulate matter. However, precoating of NPs delivered via inhalation with endothelial
membrane components could be therapeutically utilized to deliver NPs systemically via
inhalation.

The ability of the BC to reduce cellular internalization will likely decrease bioavailability,
potentially creating an additional barrier for the use of NPs in biomedical applications and
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reducing the potential of NP therapeutic utilization though oral administration. Regarding
the effects of NPs on the digestive system, specifically on colorectal cells, experimental
results have been mixed. In some studies, the BC appears to increase uptake of magnetite
NPs (Di Silvio, Righy, Bajka, MacKie, & Baldelli Bombelli, 2016) while others demonstrate
decreased internalization of silica and chitosan NPs (Varnamkhasti et al., 2015; Ye et al.,
2017). These seemingly contradictory results could be due to a number of factors. The
former study utilized simulated digestive fluids to form a BC, while the latter used serum.
The variable results may also be attributed to differences in core NP material. Specifically,
addition of the BC on magnetite NPs enhanced internalization, while the BC reduced uptake
of aptamer-functionalized chitosan and silica NPs (Di Silvio et al., 2016; Varnamkhasti
etal., 2015; Ye et al., 2017). However, while all of the discussed studies are robust in

their design, the evaluation of magnetite NP uptake by colorectal cells is perhaps most
pertinent to the cellular response to ingested NPs, as the BC was formed using simulated in
vitro digestive fluids rather than serum, resulting in a BC more accurate to what would be
observed in an in vivo exposure.

Although numerous studies have investigated BC-induced alterations in NP internalization
by cells, few have examined the BC’s impact on NP translocation across epithelial
barriers. An understanding of mechanisms by which the BC madifies epithelial cell uptake
and translocation is necessary to control off-target effects and delivery of nano-enable
therapeutics via the routes of pulmonary and gastrointestinal administration.

4.2 Impact of the BC on epithelial cell viability and responses

The BC has been demonstrated to alter how epithelial cells interact with NPs; for instance,
differential toxicity-related effects have been examined in A549 alveolar epithelial cells
following exposure to NPs with a serum BC (Hu et al., 2011; Lesniak et al., 2012; Panas

et al., 2013). While this BC is not accurate to that which would form naturally following
inhalation, and thus the study conclusions may not be viewed as definitive, the presence

of a BC still confers an enhanced degree of biological relevance as compared to a NP

with no BC. The A549 cell cytotoxicity of graphene oxide nanosheets, silica NPs, and
poly-3-hydroxybutyrate-co-3-hydrozyhexanoate NPs is mitigated by the presence of a BC,
demonstrating the protective effect of the BC (Hu et al., 2011; Lesniak et al., 2012; Panas
etal., 2013; Peng et al., 2013). However, multiple studies utilizing relatively inert gold NPs
have determined no alterations in cell viability due to addition of the BC (Cheng et al., 2015;
Connor, Mwamuka, Gole, Murphy, & Wyatt, 2005). These studies support the assertion that
the core material of the NP appears to have the greatest influence on toxicity, with the BC
appearing to attenuate the effects of NPs which inherently cause toxicity. Additionally, these
studies effectively demonstrate the protective effect of the BC, as epithelial cells exposed to
bare NPs frequently experience adverse toxic outcomes.

While A549 cells are a relatively popular in vitro epithelial model to study lung effects,

less attention is given to colorectal cells, such as HT29 and Caco-2, for evaluation of
intestinal responses. HT29 colon cells were used to demonstrate that the presence of a

FBS BC increased viability following exposure to chitosan NPs functionalized with aptamer
(VVarnamkhasti et al., 2015). Others have attempted to generate a more physiologically
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relevant BC though the use of simulated digestive fluids. One such study incubated iron-
oxide NPs in a mixture of salts, enzymes, and other substances to form a BC prior to
examining their effect on Caco-2 colorectal cells. The uncoated NP and NP with a simulated
digestive BC-induced differential cellular morphological changes, with the pristine NP
causing slight alterations to the actin network and the NP with a BC causing an increase

in the number of vesicles in the apical membrane (di Silvio et al., 2016). This altered
morphology did not appear to translate to differences in cytotoxicity, as cell viability was
constant following exposure to bare NPs or NPs with a simulated digestive BC (Bohmert et
al., 2014). These evaluations establish that the presence of a digestive BC alters NP-induced
epithelial responses. Additional studies are needed to understand intestinal cell effects
beyond morphology. Although the digestive system often contains consumed items, few
studies have incorporated food into the study design evaluating the BC. The presence of
food components was determined to alter the internalization and cytotoxic response of
Caco-2 cells (Lichtenstein et al., 2015). Complex processes involved in the digestion (pH
changes, presence of food, active absorption by the Gl tract, etc.) likely modify the NP-BC
and subsequent interactions with epithelial cells of the digestive system and thus require
significant future study. Oral administration of NP therapeutics is a goal worth pursuing,
though the digestive BC may interfere and require certain NPs to be delivered via alternate
routes, such as injection and inhalation.

4.3 | Impact of BC composition on NP—epithelial cell interactions

While overall the BC appears to reduce the toxic effects of the NP, the BC is not
homogenous across conditions, and its effects can change depending on its composition.
Specific components of the BC have the capacity to alter cellular interactions, as seen in

a study utilizing silver NPs which were incubated in human albumin or HDL to form a

BC prior to exposure to rat lung epithelial cells (J. H. Shannahan, Podila, Aldossari, et al.,
2015). The researchers found that while all three BCs tested improved cellular viability as
compared to a bare particle, a BC formed from HDL elicited a much greater release of IL-6
than a BC of albumin (J. H. Shannahan, Podila, Aldossari, et al., 2015). HDL is not the

only BC component which has been examined as a potential influence on cellular behavior;
a comprehensive evaluation of protein components of the BC and cellular interactions
examined the contents of the BC formed on 105 types of silver and gold NPs following
incubation in serum and their impact on A549 alveolar epithelial cell internalization (Walkey
et al., 2014). The proteins present in the BC were isolated, identified, and quantified, and
the amount of associated metal (internalized metal as well as membrane-associated) was
measured. Statistical analysis was then used to identify specific proteins correlated directly
or inversely with NP association. It was determined that certain proteins, including inter-
alpha trypsin inhibitor heavy chains H1, H2, and H3, R-1 micro-globulin, and hyaluronan-
binding protein 2, seemed to act as promoters of NP association, while others, such as
complement component C3, seemed to inhibit (Walkey et al., 2014). Another analysis of
this data set identified BC proteins APOB, A1AT, ANT3, and PLMN as significant to the
degree of epithelial cell association of gold NPs (Liu, Jiang, Walkey, Chan, & Cohen, 2015).
Together, these studies demonstrate BC profiles and specific individual components that may
facilitate differential epithelial cell responses.
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4.4 The influence of the BC on NP—epithelial cell interactions: Conclusions

Taken together, our assessment of the current scientific literature demonstrates that the BC
is frequently protective for epithelial NP exposures, diminishing and delaying deleterious
cellular responses. In the absence of a BC, NPs can cause damage to the epithelial cells via
membrane disruption, ROS formation, and loss of viability. Formation of specific BCs on
inhaled NPs may assist in the translocation of NP across the alveolar epithelia, contributing
to the systemic responses. While research has been done regarding the effects of NP
exposure on lung epithelial cells, there remain numerous avenues of future investigation
required for pulmonary delivery of NP-enabled therapeutics. More research is needed
regarding the impact of the BC on the NP’s ability to penetrate the epithelial cell membranes
and cross through to the circulatory system. Also, many studies examining the effects of the
BC on NP-epithelial cell exposure have utilized a serum BC, which may not be appropriate
for all epithelial cell types. Specifically, future evaluations of the alveolar epithelium should
utilize collected bronchoalveolar lavage fluid or lung surfactants to more appropriately
mimic biological conditions within the respiratory system. Although it is a primary route

of drug delivery, very few studies have examined the effect of the BC on the epithelial

cell reactions induced following ingestion of NPs. In these studies, digestion processes

and the presence of food components within the digestive system that could influence

BC formation should be taken into account within the experimental design. Through a
thorough understanding of how the BC influences NP interactions with epithelial cells, safe
and effective therapies can be developed that allow for their delivery via inhalation and
ingestion.

5| BACTERIAL/FUNGAL CELLS

Due to the rise in antibiotic resistance, NP antimicrobials have generated a great deal of
interest among the medical and scientific communities. A number of nanomaterials have
been investigated for their antibacterial/antifungal properties, including chitosan, copper,
zinc, and silver (Kanhed et al., 2014; Qi, Xu, Jiang, Hu, & Zou, 2004; Sirelkhatim,
Mahmud, & Seeni, 2015). Of these, silver has been the subject of the most scientific testing
and commercial use (Kuek-Jun et al., 2014; W. Li, Xie, & Shi, 2010; Martinez-Castanon,
Nino-Martinez, Martinez-Gutierrez, Martinez-Mendoza, & Ruiz, 2008; Monteiro et al.,
2011; Panacek et al., 2006). Silver’s popularity is due to its high degree of antimicrobial
effectiveness coupled with its reputation for having comparatively low toxicity to humans,
though the extent of its toxic effects in higher organisms is still of concern (Clement &
Jarrett, 1994; Lansdown, 2006). Silver NPs induce cytotoxicity primarily through dissolution
and ion-mediated damage to the cell components including membranes, DNA, enzymes, and
so forth (Kittler, Greulich, Diendorf, Kollwe, & Epple, 2010; W. Li et al., 2010; Monteiro et
al., 2011; Morones et al., 2005). However, dissolution, and thus the antimicrobial properties
of silver and other NPs, may be altered by the presence of a BC, influencing their use.
Specifically, the composition of the BC changes how dissolution occurs; addition of human
or bovine albumin reduces silver NP dissolution, while the addition of HDL enhances it (J.
H. Shannahan, Podila, Aldossari, et al., 2015). It has been shown that the presence of a BC
reduces both the antibacterial and antifungal activity of NPs. For bacteria, the presence of

a BC prevents the NP from binding the bacterial membrane and subsequent internalization,
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thus reducing the antibiotic effect (Siemer et al., 2019). NPs function as antifungals by
binding fungal spores and inhibiting fungal growth. The BC reduces antimycotic activity by
inhibiting the association of fungal spores with the NP surface (Siemer et al., 2018). Though
distinct, both mechanisms are similar in that they both act primarily through preventing the
NP from binding and interacting with pathogens (Figure 3).

Using this information, researchers have attempted to design NP therapeutics which retain
their antimicrobial effects within biomolecule-rich, physiologically relevant conditions via
the use of capping agents. In a study of the antibacterial activity of silver NPs, it was
determined that while a BC significantly inhibits the in vitro antibacterial activity of
uncapped silver NPs, this reduction in activity can be attenuated by a PVVP or citrate
coating on the NP surface (Gnanadhas, Thomas, Thomas, Raichur, & Chakravortty, 2013).
The researchers attribute this to the capping agents increasing the stability of the NPs

and decreasing the interactions with the surrounding proteins, leading to decreased NP
aggregation. By reducing aggregation, more NPs were available to be internalized by
bacteria, resulting in greater antimicrobial effects. This is further supported by additional
experiments demonstrating that BSA-NP interaction had an inverse relationship with
antibiotic activity; the silver NP with the least amount of BSA interaction also had the
greatest antibacterial effects (Gnanadhas et al., 2013). Attempts have also been made to
create a synthetic BC to enhance antimicrobial effects while minimizing off-target toxicity.
Researchers have used an artificial corona of polyoxometalate (POM) in conjunction with
silver, gold, and TiO, NPs to increase bactericidal activity (Daima, Selvakannan, Shukla,
Bhargava, & Bansal, 2013; Daima et al., 2016). The addition of POM coatings to the NP
surface was found to enhance the NP’s antibacterial effects against both gram-negative and
gram-positive bacteria (Daima et al., 2014). Additional study is needed to translate these
primarily in vitro studies into in vivo environments.

While NP therapeutics have the potential to act as potent antibacterial and antifungal agents,
the BC represents a barrier to in vivo efficacy and clinical utilization. The presence of a

BC on the NP surface prevents the NPs from acting on the bacteria or fungi in question,
reducing the effectiveness of the NP. While several initial approaches have been identified
for the design and utilization of NP antimicrobials, further research is needed to refine and
perfect these strategies such that any products which are used clinically or commercially are
as safe and effective as possible.

6| OVERALL CONCLUSIONS

The impact of the BC on NP—cellular interactions is clearly significant in terms of the
biological response, impacting nanosafety research and the translation of findings to clinical
applications. Failure to account for the BC in early assessments of biomedically utilized NPs
may result in inconsistent experimental results between laboratories while also contributing
to unexpected biological responses when NPs are evaluated clinically, thus reducing their
therapeutic potential. Specifically, the addition of a BC may cause altered NP functionality,
biodistribution, and toxicity, resulting in inconsistent outcomes outside of tightly controlled
in vitro experimental conditions. Current research of the BC and its effects on cellular
interactions is far from comprehensive, and large gaps still exist in our knowledge. Studies
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to date have almost exclusively focused on the proteins present within the BC; however,
other biomolecules such as lipids are present which may contribute to cellular interactions
and responses. Specifically, copolymer and magnetite NPs have been shown to associate
multiple classes of lipids, the quantity of which varied based on HDL content of the
surrounding environment and NP hydrophobicity, respectively (Hellstrand et al., 2009;
Raesch et al., 2015). These studies indicate that lipids are also present within the BC and
that their contribution to NP—cellular interactions requires significant future evaluation.

Examination of the NP-BC has primarily concentrated on variations in NP physicochemical
properties that influence association of the BC in healthy physiological conditions. However,
due to their proposed utilization in therapeutic diseases, NPs will be introduced into disease
environments. The progression of many diseases, including obesity, diabetes, cancer, and
others, results in alterations of biomolecule content, which may influence BC formation
and subsequent cellular interactions and responses. The limited previous research on

this topic has demonstrated that the content of the BC is modified in disease states
compared to healthy, and that these variations result in differential cellular responses (J.

H. Shannahan et al., 2016). Due to the increasing prevalence of chronic diseases, expanding
research regarding disease-induced variations in NP-BC formation and cellular responses
will enhance our ability to translate in vitro-based laboratory examinations to clinical
applications. In addition to disease, other factors may modify the biological milieu and
consequently the formation of the BC, including gender, diet, age, activity level, and others
(Gordon, Castelli, Hjortland, Kannel, & Dawber, 1977; Jenkins et al., 1993; Murphy, 2014;
Tran, Weltman, Glass, & Mood, 1983). Recently, exercise was determined to alter formation
of the iron-oxide NP-BC and influence macrophage interactions and responses (Kobos

et al., 2018). This suggests that lifestyle modifications by an individual may introduce
variability in the association of biomolecules with the NP surface that impact cellular
interactions and responses. From a clinical perspective, this implies that the functionality
and biological response to biomedically utilized NPs may change over time due to common
alterations in an individual’s behavior. The existence of intraindividual variations in the
formation of the BC that may occur due to lifestyle changes is an area for future evaluation
that may assist in the development of personalized medical treatments.

Overall, the current research demonstrates that NP—cellular interactions are variable between
cell types and materials. Specific components of the BC may be linked to specific effects,
with fibrinogen in particular serving as protective and immunoglobulins exacerbating NP
toxicity. This may indicate that the inclusion of a preformed BC consisting of specific
biomolecules represents a solution to many of the problems facing the utilization of NP
therapeutics in biomedical applications. Broadly, additional research is needed examining
BCs formed following inhalation and ingestion, as fewer studies exist evaluating these
routes of exposure. The impact of the BC has implications, both for laboratory studies and
real-world applications, that are necessary to understand and utilize nanotechnologies in
biomedical settings. The composition of the BC is a factor that investigators must consider
when extrapolating their experimental results to human health effects. The complexity of the
BC dictates that results from nanosafety studies of therapeutics cannot be generalized to all
cell types, NPs, or individuals. Ultimately, the biomedical utilization of NPs is dependent
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upon both understanding and control of the NP-BC in order to regulate cellular interactions
and biological responses.
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FIGURE 1.
NPs are proposed for a number of biomedical applications which will result in their

introduction into the body via intravenous injection, inhalation, or ingestion. This results
in interactions with specific cell populations including endothelial cells, macrophages,
gastrointestinal epithelial cells, or alveolar epithelial cells. NP, nanoparticle
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FIGURE 2.

Biomolecules associated with the NP surface can be recognized by cell surface receptors
facilitating interactions and internalization. Association with the NP surface can induce
conformational alterations in biomolecule structure, allowing for receptor interactions. NP,
nanoparticle
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FIGURE 3.
The BC can inhibit NP antimicrobial properties. The BC can reduce NP interactions with

bacteria, reducing internalization and antibacterial activity. Antifungal activity is related to
the NP’s ability to associate fungal spores. The BC can inhibit these interactions, decreasing
NP antifungal properties. BC, biocorona; NP, nanoparticle
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