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Abstract

The interactions between nanoparticles and macromolecules in the blood plasma dictate the
biocompatibility and efficacy of nanotherapeutics. Accordingly, the properties of nanoparticles
and endogenous biomolecules change at the nano-plasma interface. Here, we review the
implications of such changes including toxicity, immunological recognition, molecular targeting,
biodistribution, intracellular uptake, and drug release. Although this interface poses several
challenges for nanomedicine, it also presents opportunities for exploiting nanoparticle-protein
interactions.

Keywords

nanoparticles; protein corona; nano-bio interface; proteins; plasma

© 2014 Elsevier B.V. All rights reserved.

"Corresponding author: Yuliang Zhao: zhaoyl@nanoctr.cn; tel: +(86)(10)82545570; address: No. 11, Beiyitiao, Zhongguancun,
Beijing, China.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wolfram et al.

Page 2

1. Introduction

Nanoparticles present promising tools for diagnostic and therapeutic purposes. Accordingly,
the scientific literature is replete with examples of nanosystems designed for medical
applications [1-6]. Moreover, several nanotherapeutics have already received clinical
approval and many are currently undergoing clinical trials [7]. These nanoparticles are
intended for either local or systemic administration. The latter route provides a means for
targeting tissue that is inaccessible through local infusion, making it a suitable method for
treating diseases such as metastatic cancer. Upon systemic injection, nanoparticles are
subjected to a variety of forces and biological reactions in the blood. These phenomena
include, but are not limited to, mechanical stress due to rapid blood flow, enzymatic
degradation, binding to biomolecules, and uptake by immune cells [8]. This review will
focus specifically on the interactions between nanoparticles and components of blood
plasma. Since the blood contains thousands of proteins [9], it is not surprising that such
interactions occur. Notably, the nano-plasma interface may influence both the nanoparticles
and the biomolecules that they come in contact with. In essence, the characteristics of
nanoparticles as well as plasma components could markedly change at the interface. These
interactions may lower or increase the toxicity of nanosystems and in turn change the
biodistribution and efficacy of nanotherapeutics. Therefore, there has recently been an
impetus towards understanding the impact of blood molecules on nanostructures and vice
versa. Gaining a better understanding of the nano-plasma interface could aid in overcoming
challenges in nanomedicine and provide opportunities for exploiting these kinds of
interactions.

2. The protein corona

The biomolecule coating that forms around nanoparticles upon contact with biological fluids
is termed a protein corona. The corona forms due to the high surface free energy of
nanoparticles, resulting in absorption of various molecules, most notably proteins. The
binding forces that are responsible for such interactions include van der Waals interactions,
hydrogen bonds, hydrophobic interactions, electrostatic interactions, and - 7 stacking [10].
Indeed, protein shells have been reported to form around a vast array of nanoparticles,
including those comprised of metal [11-13], polystyrene [14-16], silica [14-17] and, lipids
[18]. The current hypothesis states that the corona consists of a “hard” and ‘soft’ layer (Fig.
1) [19]. These components are distinguishable in how tightly the biomolecules are
associated with the nanoparticles. In addition, the soft layer is thought to be more dynamic,
consisting of rapidly exchanging biomolecules. However, there exists controversy regarding
the heterogeneity of the hard corona that forms in human blood plasma. In this regard,
various sources report the presence of less than 100 different proteins [20-22], while others
claim the existence of more than100 [16, 23]. Notably, this disparity may be due to the
varying nature of the nanoparticles studied or differences in the methodological approaches
used to identify protein profiles. In general, the most abundant proteins in the corona are
albumin, apolipoprotein-1, complement proteins, and immunoglobulins [16, 20, 21, 23].

The composition of the protein corona varies depending on the nanoparticle material, size,
shape and surface charge [22, 24]. For instance, hydrophobic nanoparticles, e.g. carbon
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nanotubes, usually attract proteins with several hydrophobic residues [25]. In addition,
enhanced protein absorption is observed with increased nanoparticle size [26]. This size-
dependent effect can be explained by taking into account the curvature of nanoparticles.
Larger nanoparticles have reduced curvature, which enables proteins to more freely interact
with a larger surface area. The shape of nanoparticles also governs the type of protein
corona that forms. Notable, titanium dioxide nanotubes and nanorods display different
protein corona characteristics [27]. In addition, a positive surface charge is typically
correlated with increased protein absorption [28]. Moreover, while there exists a consensus
concerning the dynamic nature of the protein corona, the sequential binding events at the
nano-plasma interface are largely unknown. Interestingly, a recent study found that the
amount of protein in the corona changes over time, while the types of bound protein remain
relatively constant [16].

3. Changes to biomolecules at the nano-plasma interface

When proteins bind to nanoparticles they may undergo conformational changes. Such
changes can be either reversible or irreversible. For instance, the absorption of albumin on
the surface of gold nanoparticles changes the secondary and tertiary conformation of this
protein [29]. In addition, intracellular proteins, such as cytochrome c [30] and ribonuclease
A [31] have also been found to undergo structural changes when exposed to nanoparticles.
Notably, a correlation between nanoparticle size and protein unfolding has been observed.
Larger nanoparticles with lower surface curvature cause more conformational changes in
protein structure [32—34]. Since the structure-function relationship is strong for proteins,
nanoparticle coronas may also alter the behavior of these macromolecules. As an
illustration, iron oxide nanoparticles were found to change the conformation of transferrin,
causing the protein to prematurely release iron [35]. Moreover, the conformational alteration
is irreversible, indicating permanent damage to the function of this protein in iron transport.
In addition, as proteins come in close vicinity to each other at the nanoparticle surface, they
may cluster together. Indeed, one study found that the fibrillation of human p2-
microglobulin increases as a result of exposure to several different nanoparticles [36].

4. Changes to nanoparticles at the nano-plasma interface

The characteristics of nanoparticles tend to change considerably upon interactions with a
biological environment. In particular, properties such as the shape, size, and charge are
usually affected as a consequence of the protein corona. In general, nanoparticles become
larger as a result of protein interactions. This size increase is usually in the range of 20-70
nm [14, 16, 17, 37], suggesting that the corona consist of multiple protein layers. However,
the parameters that dictate the number of layers surrounding a nanoparticle remain elusive.
In contrast, the size of certain lipid nanoparticles decreases in a protein-rich environment,
presumably due to osmotic forces [38]. Namely, as the lipid membrane is impermeable to
proteins, an osmotic pressure is created at the nano-plasma interface. Consequently, water
flows out of the aqueous interior, causing nanoparticle compression. Furthermore, the
protein corona may trigger nanoparticle aggregation through protein bridges, resulting in the
formation of larger clusters [27, 39, 40]. Conversely, the presence of a protein corona may
also stabilize particles and prevent aggregation [41, 42]. This stabilization effect may arise
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due to changes in the nanoparticle surface charge or steric hindrance of inter-particle binding
[42].

In addition, as most proteins are negatively charged, the formation of a protein corona will
cause the nanoparticle surface to become anionic. One study showed that regardless of the
zeta potential of bare nanoparticles (ranging from —=28 mV to 51 mV), upon exposure to
plasma proteins the zeta potential become negative (ranging from —24 mV to -6 mV) [16].
Although certain trends are evident regarding protein-induced changes in nanoparticle
characteristics, it is difficult to form general rules about the behavior of particles in plasma.
The vast array of nanoparticles and experimental conditions used to study the nano-plasma
interface inevitably lead to variable conclusions regarding protein-particle interactions.

5. Implications of the nano-plasma interface

As discussed in the previous sections, the properties of nanoparticles and endogenous
macromolecules change at the nano-plasma interface. Such changes may impact the efficacy
and biocompatibility of nanotherapeutics. Consequently, the development of successful
nanodrugs necessitates an increased understanding of the nanoparticle-corona complex. The
following section will discuss some of the most important implications of protein-particle
interactions (Table 1).

5.1. Toxicity

It is important to evaluate the safety of nanomaterials, as they have unique properties that
are distinct from bulk materials [43-47]. The safety assessment of nanoparticles should be
done on the molecular, cellular and organ level. Notably, the interactions between plasma
components and nanoparticles may have implications for nanotoxicology. In fact, the nano-
plasma interface can trigger toxicity due to modification of endogenous proteins [48, 49].
Such modifications can disrupt the normal function of proteins and potentially cause
complications, since misfolded proteins have been associated with various diseases [50]. For
instance, nanoparticle-induced conformational changes in fibrinogen were shown to activate
inflammatory signaling pathways [51]. On the contrary, the formation of a protein corona
can also mitigate the cytotoxicity of nanoparticles. Especially in the case of nanoparticle-cell
membrane interactions, the presence of a protein coat can decrease cell damage [25, 52, 53].
Indeed, nanoparticles that are not pre-coated with a protein layer may instead interact with
cell membrane proteins, causing damage to these structures. For instance, it has been shown
that the toxicity of carbon nanotubes [25] and gold nanorods [54] decreases upon coating
with plasma proteins. A positive correlation also exists between protein density and
decreased toxicity [25]. In addition, whereas pristine silica nanoparticles have been shown to
activate thrombocytes and cause hemolysis, these adverse events can be prevented in the
presence of a protein coating [16]. In conclusion, the protein corona can reduce the overall
toxicity of nanoparticles, while simultaneously impairing the function of a subset of plasma
proteins.
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5.2. Immunological recognition

A major biological barrier for the successful delivery of nanotherapeutics is the
reticuloendothelial system (RES) [2]. Upon entering the body, nanoparticles are usually
engulfed by immune cells in the filtrating organs of the RES. Thus, the major portion of
systemically injected nanoparticles accumulates in the liver and spleen, rather than in the
intended target tissue [55, 56]. Notably, immunological recognition takes place through
binding of immunostimulatory proteins to the nanoparticle surface, a process termed
opsonization [57]. Examples of such proteins are the immunoglobulins, which are among
the most abundant macromolecules in the protein corona (see section 2). Immunoglobulins
can bind directly to phagocytic cells or indirectly stimulate phagocytosis through activation
of the complement system [58]. Indeed, macrophages, neutrophils, and dendritic cells
express Fc receptors, which can bind to opsonins on the nanoparticle surface, thereby
inducing engulfment [58]. In addition to receptor activation, nanoparticles can trigger
immunological recognition through non-specific interactions between surface bound
opsonins and immune cells [57]. Furthermore, it is possible that nanoparticle-induced
conformational protein alterations may activate the immune system, since the body no
longer recognizes the proteins as native biomolecules. Accordingly, one study speculated
that the complement C3 protein may bind to misfolded albumin on the nanoparticle surface,
thereby triggering an immune response [59]. In exceptional cases, nanomaterials may by
themselves bind to immune receptors, causing immunostimulation [60].

In order to prevent immunological recognition, several antifouling agents have been
developed, which reduce protein binding through the formation of a steric barrier around the
nanoparticle. For instance, polyethylene glycol (PEG) has frequently been incorporated into
various nanodelivery systems [4, 61-63]. However, the presence of stealth polymers does
not completely prevent protein binding [64, 65]. In particular, the density and shape of PEG
chains on a liposomal surface governs the degree of protein interactions [66]. Sparsely
placed PEG chains tend to display a mushroom conformation, while densely positioned
chains exhibit a brush structure (Fig. 2). The brush conformation is more effective at
protecting the nanoparticle from protein binding. Nevertheless, upon repeated administration
of pegylated nanotherapeutics the body may develop antibodies against PEG [67]. This
effect, termed the accelerated blood clearance (ABC) phenomenon, paradoxically causes an
increased immunological clearance of pegylated particles.

5.3. Molecular targeting

Over the past few decades, a plethora of targeted nanoparticles has been developed.
Unfortunately, the benefits of molecular targeting agents have not been as promising as
initially expected [68] and to date there are no targeted nanotherapeutics on the market. A
potential reason for the limited success of targeted nanosystems is the structural
modification and masking of nanoparticle surface moieties, due to the formation of a protein
corona in the blood circulation [69]. As an illustration of this phenomenon, one study
demonstrated that the targeting ability of transferrin-coated nanoparticles decreases as the
concentration of serum in the media increases [70]. In addition, other studies have shown
that coating nanoparticles with tumor-specific antibodies does not enhance tumor
accumulation in vivo [71, 72]. Notably, two of the three studies incorporated PEG in the
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nanodelivery system. Although pegylation may reduce protein binding, it may also mask or
change the orientation of surface ligands. Indeed, increased PEG density on nanoparticles
has previously been correlated to decreased targeting capability [73].

5.4. Biodistribution

An emerging idea is that the protein corona dictates the transport properties of nanoparticles,
thereby bestowing a biological identity upon them [19, 74]. In essence, the protein coating
governs the nanoparticle biodistribution, as plasma proteins exhibit distinct affinities for
different tissues. As an illustration, opsonins induce liver and spleen accumulation [57],
while apolipoproteins cause nanoparticle deposition in the brain [75]. In addition, albumin
can reduce liver deposition and prolong blood circulation times [76]. Tumors also exhibit
increased uptake of albumin, due to the enhanced permeability and retention (EPR) effect,
and receptor-mediated endothelial transcytosis of the protein [77]. This phenomenon has
been exploited for the development of albumin-bound therapeutics for cancer therapy [77].

Furthermore, protein-induced changes in nanoparticle size could impact biodistribution. The
size of nanoscale objects is a determining factor for their localization in the body. For
instance, particles smaller than 5 nm are excreted by the kidneys [78], while particles larger
than 100 nm increasingly accumulate in the liver [79]. In addition, diseases, such as
pancreatic cancer, which are characterized by hypovascularity and hypopermeability, require
treatment with particles smaller than 50 nm [79]. Overall, such size-dependent effects on
nanoparticle biodistribution suggest that nanoparticles should regularly be characterized in
the presence of plasma proteins. As a hypothetical example, a 30 nm nanoparticle is selected
for the treatment of pancreatic cancer due to its small size, which has been determined in a
buffer solution. However, upon entering the blood circulation, the nanoparticle size
increases to 80 nm, making it impermeable to the vasculature of pancreatic tumors. This
example demonstrates how the characterization of a bare material may be of little use for the
design of successful nanotherapeutics.

5.5. Intracellular uptake

The presence of a protein corona can impact cellular uptake of nanoparticles. In most cases,
a protein coating has been shown to decrease adhesion of nanoparticles to the cell
membrane, thereby reducing cellular internalization [53, 76, 80-82]. One study
hypothesized that serum proteins interfere with cell membrane interactions that are required
for scavenger receptor-mediated uptake of DNA-gold nanoparticles [82]. Accordingly, a
correlation has been found between the amount of proteins covering the nanoparticle and the
degree of cellular uptake [83]. On the contrary, other studies have shown that the uptake of
particles increases in the presence of a protein coating [16, 84, 85]. Moreover, the protein
corona can change the mechanism of cellular internalization. It has been demonstrated that
the DNA transfection efficacy of cationic liposomes increased when they were coated with
serum proteins [86]. The authors speculated that the protein interactions cause a change in
the route of cellular uptake, from clathrin to caveolae-mediated endocytocis, thereby
affecting the efficiency of DNA delivery. Although this change was attributed to a size-
dependent effect caused by protein-induced nanoparticle aggregation, it serves to illustrate
the impact of a protein corona on nanoparticle interactions with the cellular machinery.
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5.6. Drug release

There are several ways in which protein-nanoparticle interactions may influence drug
release. As the characteristics of nanoparticles change (e.g. size, charge and shape), drug
release may be impeded or accelerated. For instance, liposomal particles that are subject to
shrinkage due to osmotic forces could potentially undergo a burst-release effect when
entering the blood [38]. In essence, therapeutics that are embedded in the aquatic core may
be released as water is forced out of the nanoparticle. Similarly, hydrophobic agents in the
bilayer could be released as the lipids compress upon liposomal shrinkage. In addition,
serum-induced destabilization of particles may trigger premature drug release. As a
counterexample, the binding of proteins to porous silicon particles was shown to delay drug
release [87]. Namely, the absorbed proteins clogged the pores of the particle, preventing the
release of the entrapped drug.

4. Opportunities

Although the nano-plasma interface poses several problems for nanodelivery systems, an
increased understanding of nanoparticle-protein interactions may provide new opportunities
for exploiting these phenomena. For instance, the proteins that bind to the surface of
nanoparticles could provide a fingerprint of the biological milieus that the particles have
been exposed to. Indeed, as nanoparticles travel through different bodily fluids the protein
corona changes progressively [88]. However, a portion of the proteins remain attached to the
surface, providing a molecular signature of the sequential environments that the particles
have passed through [88]. This signature could be used to study the transport pathways of
nanoparticles.

Moreover, the blood encompasses several endogenous transport mechanisms for the delivery
of hormones, nutrients, and other macromolecules to specific tissues. The plasma proteins
involved in these transport routes could be exploited for tissue-specific delivery of
nanoparticles. Through increased comprehension of the interactions at the nano-plasma
interface, the surface of nanoparticles could be designed to favor the binding of certain
plasma proteins [69]. Accordingly, a systematic analysis of the protein binding properties of
different nanomaterials, surfactant coatings, and surface modifications could prove useful in
identifying nanoparticles that have increased affinity for plasma proteins of interest. Such
strategies would enable some control over protein binding, thereby providing opportunities
for improving the biodistribution, biocompatibility and efficacy of nanoparticles. For
example, coating of nanoparticles with polysorbate 80 was shown to cause preferential
binding of the plasma protein apolipoprotein E, which in turn enhanced nanoparticle
accumulation in the brain [75]. Notably, this surface-engineering strategy is equally
effective as the conjugation of apolipoprotein E to the nanoparticle prior to systemic
administration. Similarly, upon exposure to human plasma, cationic lipid/DNA particles
displayed a protein corona dominated by vitronectin [89]. Consequently, these nanoparticles
had increased uptake in cancer cells expressing receptors for vitronectin.

Furthermore, as nanoparticles with cell-specific molecular targeting agents have had limited
success, an alternative approach involving the use of molecular moieties for targeting
plasma proteins could prove more useful. Since these moieties would already make contact
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with their respective targets during the formation of a protein corona, this approach may be
more effective than conventional targeting, which occurs after a protein coating has formed
(Fig. 3). However, the targeted plasma protein should be abundant enough to cover the
nanoparticle surface, thereby limiting space for other proteins to bind. Moreover, the protein
epitopes that are important for cellular recognition should remain functional when bound to
the nanoparticle. Alternatively, the composition of the protein corona could be controlled by
the use of nanomaterials that form binding pockets for specific plasma proteins. For
instance, nanoparticle-polymer constructs that recognize riboflavin, L-thyroxine or
oestradiol were identified by screening a library of small molecules [90]. Notably, the
polymers only have affinity for these molecules when constrained onto carbon nanotubes.
An interesting application of these nanocarriers is the detection of biomarkers in the body,
which can be achieved through incorporation of fluorescent constructs [90].

5. Conclusion

The formation of a protein corona influences the characteristics of proteins and
nanoparticles. Indeed, proteins that interact with nanoparticles may undergo structural
modifications that could impair their biological activity. Such alterations to the structure and
function of native proteins could potentially trigger adverse effects. Likewise, the properties
of nanoparticles usually change dramatically at the nano-plasma interface. For instance, an
alteration to the size, shape or charge will change the biological identity of the nanoparticle.
Consequently, the protein coating will impact nanoparticle toxicity, immunological
recognition, targeting capability, biodistribution, intracellular uptake and drug release.
Therefore, nanoparticles should be characterized in environments that replicate in vivo
conditions. Accordingly, an increased understanding of nanoparticle-protein interactions
will be essential for the design of biocompatible and efficacious nanotherapeutics.
Furthermore, the nano-plamsa interface may provide unique opportunities for controlling
nanoparticle accumulation, through utilization of endogenous transport mechanisms.
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Figure 1.
Schematic representation of the current protein corona hypothesis. A hard and soft layer of

proteins cover the surface of the nanoparticle. The proteins in the hard corona are more
tightly associated with the particle surface, making them less dynamic than the proteins in
the soft corona.
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Figure 2.
Mushroom and brush conformation of polyethylene glycol (PEG) chains on the surface of a

liposome. Low-density PEG chains form a mushroom structure, while high-density chains
develop a brush conformation. In the mushroom conformation, proteins can more easily
access the nanoparticle surface.
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Figure 3.
Targeting approaches for nanoparticles. A) Conventional targeting strategy. Cell-specific

targeting ligands on the nanoparticle surface are masked by a protein coating. The targeting
moieties make contact with their respective targets after the protein corona has formed. B)
Targeting of plasma proteins. Targeting ligands on the nanoparticle surface bind to plasma
proteins, which also have cell-specific affinity. The targeting moieties make contact with
their respective targets during corona formation, potentially making this strategy more
effective.
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Table 1
The nano-plasma interface
Components | Changes Implications
: Size . Toxicity
. Shape . .
. . Immunological recognition
Nanoparticle . Charge
. Molecular targeting
* Aggregation . Biodistribution
. Structural modifications : Intraceflular uptake
i . . Drug release
Proteins . Aggregation

—Loss of functional activity

—Biocompatibility and efficacy
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