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ABSTRACT:

Nanoparticles are platforms that are well suited for cancer targeting and diagnostic applications.
However, on average, less than 5% of all nanoparticles accumulate in the tumour. Here we
explore the interactions of blood components with nanoparticles and describe how these
interactions influence solid tumour targeting. In the blood, serum proteins adsorb onto
nanoparticles to form a protein corona in a manner dependent on nanoparticle physicochemical
properties. These serum proteins can block nanoparticle tumour targeting ligands from binding to
tumour cell receptors. Additionally, serum proteins can also encourage nanoparticle uptake by
macrophages, which decreases nanoparticle availability in the blood and limits tumour
accumulation. The formation of this protein corona will also increase nanoparticle hydrodynamic
size or induce aggregation, which makes nanoparticles too large to enter the tumour through
pores of the leaky vessels, and prevents deep penetration into tumours for cell targeting. Recent
studies have focused on developing new chemical strategies to reduce or eliminate serum protein
adsorption, and rescue the targeting potential of nanoparticles to tumour cells. An in depth and
complete understanding of nanoparticle-blood interactions is key to designing nanoparticles with
optimal physicochemical properties with high tumour accumulation. The purpose of this review
article is to describe how the protein corona alters the targeting of nanoparticles to solid tumours

and explains current solutions to solve this problem.
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1. INTRODUCTION:

Nanotechnology is a rapidly growing field that has captured worldwide attention.
Governments and institutions are devoting significant resources to develop nanotechnology-
based tools to solve some of the greatest problems in cancer'”. Nanomaterials possess unique
optical, electronic, and magnetic properties, and are able to store therapeutic or imaging agents.
These properties can be exploited to produce nanoparticles that function as bright contrast agents
and as targeted drug delivery vehicles that improve cancer detection and treatment. An example
of an FDA approved nanoparticle is Doxil, which is a liposome nanoparticle that is loaded with
doxorubicin. It has been shown to significantly increase blood half-life and minimize
cardiotoxicity compared to standard doxorubicin treatment’. Unfortunately, it is unable to
improve patient survival rate’. This limited therapeutic efficacy is a trend found across many
nanoparticle formulations®, and there is insufficient knowledge to explain why these fine-tuned
structures do not function as intended. In order to advance cancer nanomedicine, it is crucial to

elucidate the reasons behind these discrepancies.

One problem that contributes to this discrepancy is the poor targeting capabilities of
nanoparticles. On average, less than 5% of an injected dose accumulates within the tumour™® and
it is expected that an even smaller number of nanoparticles will reach the desired cells. Simply
injecting more nanoparticles to offset targeting inefficiency will minimally improve therapeutic
efficacy, and may result in toxic side effects, as a larger dose of nanoparticles will accumulate in
healthy tissues. In order to better understand the factors that affect biodistribution, it is
imperative to study the interactions that exist between intravenously injected nanoparticles and

the blood, because these interactions change the targeting and transport capabilities of
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nanoparticles. In fact, the interactions themselves change as nanoparticles travel through
different regions of the body’ . These complex dependencies must be studied in further detail in

order to develop solutions to these barriers.

Traditionally, researchers synthesize nanoparticles and subsequently study how their
physicochemical characteristics affect cellular and physiological function. It is expected that
characteristics such as size, shape, and surface chemistry will dictate nanoparticle behaviour
within the body. The first reported speculation of the serum protein effect on nanoparticle
cellular interaction was by Chithrani et al using simple protein assays to show gold nanoparticles
are coated with serum proteins when introduced into media containing serum'. Cedervall et al.
then showed that nanoparticles are coated with a diverse population of proteins and they coined

the term “protein corona”''

. Walkey et al. evolved the terminologies to “synthetic identity” and
“biological identity” to describe the surface characteristics of the nanoparticles before and after
exposure to serum'?. This field of research has evolved in the last ten years and continues to
have interest in the chemistry, materials, engineering, biology, and medical research
communities. Fundamental studies of the interface between nanoparticles and serum proteins are
important because they have a significant influence on how nanoparticles interact within
biological systems. Furthermore, in order to design nanoparticles to function within the body,
there is a need to sufficiently design their surfaces to prevent blood-nanoparticle interactions.
This requires a full understanding of the mechanisms of nanoparticle-serum protein interaction to
develop solutions to mediate these interactions (Figure 1). The lack of knowledge of the

interactions of nanoparticles with blood components leads researchers to assume that these

interactions inhibit nanoparticle efficacy. However, novel chemical design strategies may
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overcome these interactions and enable the nanoparticle to target tissues without interference
from blood components. This review will describe the effect of nanoparticle-blood interactions

on solid tumour targeting.
2. THE BLOOD:

When nanoparticles are intravenously injected, they first encounter the blood, which is a
highly complex fluid composed of both cellular and acellular elements (Figure 2). It maintains
pH and temperature, and also facilitates the transport of gases, nutrients, and wastes throughout
the body. The cellular portion of the blood contains red blood cells to transport gasses, white
blood cells to protect the body against infection, and platelets to close wounds. Conversely, the
acellular plasma is composed of 91% water, a small percentage of biomolecules, and a complex
concoction of over 1100 unique and multifunctional proteinsB. When nanoparticles are exposed
to the blood, they rapidly attract many different proteins to their surface. These interactions with
blood plasma proteins contribute the most to changes in nanoparticle properties such as the
aggregation state, surface charge, surface chemistry, and targeting capabilities, which lead to
changes in function'*. Additionally, the cellular and acellular elements will also interact with

each other on the nanoparticle surface changes protein conformation, binding affinity,

7,15-20 21,22

function , and blood physiology”"*. These changes in both blood and nanoparticle
properties generates a complex system of biological interactions. This review article will focus

on these interactions, but from the perspective of the nanoparticles.

3. THE NANOPARTICLE-BLOOD INTERACTIONS:
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3.1 The Nanoparticle Synthetic Identity: The ‘synthetic identity’ of a nanoparticle is
comprised of its intentionally designed physicochemical properties, which include size, shape,
surface chemistry, and surface functionalization. In order to maintain this identity, and ensure
monodispersity and biocompatibility in aqueous environments like the blood, researchers coat
nanoparticle surfaces with surface passivating groups (i.e. polyethylene glycol [PEG]), and
ligands (antibodies, peptides, DNA, or other bio-recognition molecules) that target or react with
a cell of interest. Prior to any in vivo applications, the synthetic identity is characterized to ensure
the quality of the end product. Nanoparticle size and shape are analyzed using electron or atomic
force microscopy and the hydrodynamic diameter and surface charge are measured by dynamic
light scattering (DLS) and zeta potential. Finally, their dispersity can also be determined using
absorbance spectrophotometry, transmission electron microscopy (TEM), DLS, and gel
electrophoresis. Nanoparticles are typically used once these characterizations are done, and the

“synthetic identity” has been established.

3.2 The Basis of Protein Corona Formation: Although it is currently assumed that
nanoparticles will present their synthetic identity once injected into the body, the adsorption of

blood proteins onto the nanoparticle surface forms a ‘protein corona.’ Protein corona formation

23,24

is  energetically favourable and features proteins in low energy state

7,16,19,20,25,26

conformations with stable protein-particle interactions’. This structure provides a

23,27,28

‘biological identity’, which increases nanoparticle size by 3-35nm , and changes the surface

charge to -10 to -20mV>**". This biological identity is presented to the body, and can cause

unexpected changes in cellular interactions, cellular wuptake, biodistribution, and

21,23,30-32

immunogenicity The overall protein corona profile drives these changes®, and
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influences nanoparticles to bind to a wide variety of cells®*. For example, protein coated DOPE-
DC cholesterol functionalized liposomes achieve 13-fold increased uptake in PC3 prostate
cancer cells3> compared to uncoated liposomes. Additional examples include non-
functionalized, protein-coated liposomes*’, and iron-oxide nanoparticles®’, which exhibit 6 and
10 fold increased interaction respectively in isolated liver macrophage cell culture. Improved
cellular binding occurs across a wide variety of nanoparticle types and affects a range of

biological processes in both harmful and beneficial ways'*">**¥**

Quantum dots
functionalized with DHLA or cysteamine increase in size after exposure to serum proteins,
which prevents renal clearance’’. Additionally, when bare graphene oxide, a generally
immunotoxic material, is incubated with 10% fetal bovine serum, ROS production is greatly
attenuated and cell viability improves by over 50% . Similarly, the formation of the protein
corona on plasma treated silica and polystyrene beads show between 5 and 7-fold increased cell

uptake, a major reduction in complement and coagulation pathway activation, and close to 40%

increased cell viability*'.

The composition of the protein corona is influenced by many factors, including the
duration of blood exposure’”, the local environment’”, as well as the physicochemical

. 7,18,232426-28,42-57
properties

of nanoparticles themselves. The corona is a temporally dynamic
complex™® whose formation and ultimate structure are governed by protein abundance and
binding affinity'®. Protein coronae composed of low affinity, high abundance proteins® are
‘soft’, whereas coronae with high affinity and low abundance proteins are ‘hard’. A soft corona

will form on the nanoparticle surface upon intravenous injection. This corona “hardens” over

time as low affinity, high abundance proteins are replaced by ones of higher affinity and lower
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abundance (Figure 3)7’9. In a static environment, it is possible for the corona to reach an
equilibrium state®, composed of proteins with the highest affinity. However, the composition of
blood continuously changes due to convection and cellular metabolism®, which constantly
evolves the protein corona composition (Figure 3). These temporal- and spatial-dependent effects
are rarely considered in conventional engineering processes, which assume that biological
function is directly related to synthetic identity. To design effective nanoparticles for therapy, the

synthetic identity should be tailored to produce a nanoparticle with a desirable biological

14,23

identity, by taking both the targeted environment ™~ and the protein corona into consideration.

3.3 The Relationship Between the Synthetic and Biological Identities: Although the protein
corona and the biological identity determine nanoparticle behaviour within the body, it is

possible to design a desirable biological identity using the synthetic identity. While material

23,42 7,26,43—49

composition™"", surface chemistry , and shape’*” have the most important effects on

20,24,25,35,39,41,42,60

protein corona composition®, other physical properties such size , radius of

18:23.26:28.33351 " surface roughness®’, and hydrophobicity'®**!! (Figure 4) (See Table 1)

curvature
directly impact the biological identity as well. For example, a 200nm silica particle will have an
ApoA-1 and serum albumin rich corona, whereas 200nm polystyrene nanoparticles have high
levels of fibrinogen-o/f*. Nanoparticle charge and size change what proteins bind to their
surface. Anionic and cationic charged nanoparticles favour proteins with pl < 5.5 and pl >5.5

134246 " Smaller nanoparticles with greater curvature favour protein adsorption,

respectively
because of reduced protein-protein interactions and steric destabilization’*. As size and surface

charge change, nanoparticles may begin to repel serum protein, actively bind proteoglycans*, or

form corona with varying abundances of HDL, LDL, and acute phase protein526. A rougher



ChemComm

surface favours protein adsorption,”’ and increases the potential for cellular interaction®"**. The
hydrophobicity of the nanoparticle also exerts effects on the protein corona by stabilizing protein
binding and encouraging opsonin interaction®. For example, more hydrophobic surfaces exhibit
greater binding affinity for fibrinogen, whereas less hydrophobic nanoparticles favourably bind
serum albumin'®®*. Increasing the ratio of NIPAM:BAM increases the hydrophobicity of cross-
linked copolymer nanoparticles, and will increase protein corona density and change its
composition. Cumulatively, all of the properties of the synthetic identity drive protein corona
formation, and indirectly dictate in vivo nanoparticle behaviour. Knowledge regarding the
relationship between these two identities is still sparse, and should be further developed to create

design rules that facilitate the creation of more effective targeting nanoparticles.

4. THE INFLUENCE OF BLOOD ON SOLID TUMOUR TARGETING AND CLEARANCE:

4.1. Mechanisms of nanoparticle tumour targeting. Nanoparticles are conventionally
injected into animals where they circulate in the blood, and if they are small enough, they will
extravasate into tumours through the pores of blood vessels and are retained within the tumour
tissue for a certain period of time. This process is known as the enhanced permeability and
retention (EPR) effect. The mechanism of particle retention in a tumour is dependent on whether
the nanoparticle is designed for a passive or active targeting mechanism (Figure 5). In passive
targeting, nanoparticles enter the tumour via the leaky vasculature that is formed when cancerous
tissues undergo rapid vascularization®. This process leads to large pores in the vessel walls
(~200 nm, depending on the stage and type of tumour) that allow foreign materials to diffuse into

the tumour milieu®. For this process, a nanoparticle is commonly coated with the polymer PEG
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that prevents its uptake by cells of the reticuloendothelial system (macrophages and dendritic

cells) and allows for long circulation in the blood**®”.

Passive targeting is usually limited by the diffusion of the agent into and out of the
tumour. In contrast, for active targeting, the nanoparticle surface is coated with molecules or
ligands that bind to endothelial cells on the tumour vessels, in the tumour site (e.g., extracellular
matrix), on the surface of cancer cells, or inside the cancer cells®®. While the EPR effect has
driven the development of many nanotechnologies, the EPR effect is becoming a controversial
concept in nanoparticle targeting because its presence across different species has yet to be
established. Additionally, an EPR-based nanoparticle tumour targeting theory simplifies the
effects of tumour and tissue heterogeneity, tumour architecture, differential tissue perfusion,
hemodynamic regulation, and lymphogenesis* on nanoparticle biodistribution. This theory also
neglects the importance of blood-nanoparticle interactions, which plays an active role in

nanoparticle behaviour.

4.2 How does nanoparticle-blood interaction influence tumour targeting? There are
several mechanisms that describe the influence of blood components on nanoparticle tumour
targeting. (1) Serum proteins adsorb onto the surface of active targeting nanoparticles and block
the bio-recognition molecule from binding to the tumour cell receptor®. (2) Nanoparticle surfaces
are not coated with a high enough density or long-enough anti-fouling polymer (a threshold
unique for each nanoparticle type), which encourages blood protein adsorption, which induces

24,67

nanoparticles to be taken up by macrophages™"'. (3) Serum blood protein adsorption and small

ions causes an increase in overall hydrodynamic size and/or nanoparticle aggregation, which
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increases macrophage uptake rate and decrease the ability to enter and/or penetrate into the

tumour 21.

4.2a Serum proteins block nanoparticle active targeting. Nanoparticles are commonly
synthesized to target cells via a passive or an active targeting mechanism. Active targeting relies
on surface-functionalized ligands, which bind to cell-surface receptors to induce receptor-

69,70

mediated endocytosis and increase tissue-retention’ . Nanoparticles functionalized with

antibodies, peptide sequences, oligonucleotides”', and polyelectrolytes can trigger protein-

signaling cascades, induce cell uptake through receptor-mediated endocytosis’>"*

, and target
sub-cellular organelles and molecules’ (Figure 5a). However, the presence and formation of a
protein corona at the nanoparticle surface will cause new interactions with off-target cells and

deviate the nanoparticle from its intended target®*

(Figure 5b). Serum protein adsorption to
nanoparticles coated with targeting ligands may block bio-recognition molecules from binding to
the target receptor through steric effects®’®. This can occur when the surface of nanoparticles are
not coated with a high enough density of the targeting molecule. The uncoated surface can
adsorb to the serum protein and the protein corona can mask the nanoparticle surface by
sterically hindering receptor access to targeting ligands, and inhibit nanoparticle targeting
capabilities by decreasing the probability of a favourable receptor-ligand binding event’.
Additionally, the protein corona could potentially force a premature release of the drug payload
via ligand exchange, in which the stability and integrity of the nanoparticle is disrupted due to

protein corona interference with surface-adsorbed ligands, thereby severely diminishing

therapeutic efficacy’ .
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4.2b Serum protein adsorption affects passive targeting. In passive targeting,
nanoparticles are typically coated with anti-fouling polymers such as PEG. These polymers are
hydrophilic and have near neutral charges. When these passive targeting nanoparticles are
designed, they tend to have longer blood half-lives because serum proteins interactions are
mostly eliminated, thus preventing macrophages from recognizing the nanoparticles (Figure
5¢)**7"8  However, it has recently been shown that the density and length of the anti-fouling
polymer on the surface of nanoparticles determines the efficiency of preventing protein-
nanoparticle interaction. To reduce serum protein adsorption and macrophage uptake, Walkey et
al. and Yang et al. showed that gold and polystyrene nanoparticles require a PEG-polymer that is
larger than 5 kDa with a density of ~0.64 PEG/nm’, and a 2 kDa PEG with a density of ~1 PEG/
nm?, respectively’"®2. Others have noted that the greatest reduction of non-specific serum protein
adsorption occurs at an optimal surface density, in which the PEG conformation on the
nanoparticle surface is at an intermediate conformation between the ‘mushroom” to “brush”
configuration”*’. Optimizing the surface density and length of PEG on nanoparticle surfaces
effectively minimizes macrophage-nanoparticle interactions (Figure 6)°’. Interestingly, the PEG
density and length also determines the type of serum proteins adsorbed to the nanoparticle
surface. It remains unclear how the differences and diversities of these serum proteins influence
their in vivo trajectory and cellular binding. Nevertheless, these studies demonstrate the

importance of nanoparticle surface design in avoiding serum protein adsorption and macrophage

sequestration.

4.2¢ The influence of nanoparticle size in mediating tumour accumulation. The transport of

nanoparticles into the tumour is heavily dependent on nanoparticle size. The leaky vessels in the
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tumour vasculature have pores that range in size from 50 to 500nm, which depend on the stage
and type of tumour®'. Nanoparticles over the optimal tissue penetration diameter of 30-60nm>
internalize slower®, exhibit delayed diffusion kinetics® and altered surface charge density**%.
Metal nanoparticles with core diameter larger than 100nm are found near the blood vessel and do
not appear to penetrate into the tumour®'. Once nanoparticles enter the tumour, they will need to

penetrate into the tumour for it to target the cells. The rate of movements of nanoparticles

through tumours also depends on size®.

Nanoparticles that acquire a protein corona exhibit an increased hydrodynamic

25,82,86 16,17,24 24,86

diameter , and change shape and charge™™", which leads to unexpected changes in
tumour accumulation (Figure 5d). Nanoparticles can aggregate in the presence of serum
protein®’, and this increase in size impedes their penetration into tumours, and increase their
chances to be taken by macrophages (as macrophages prefer to take up larger structures). There
must be more investigations into this relationship, since these protein corona-induced changes in
physicochemical parameters can potentially limit extravasation and penetration of nanoparticles

in tumours as well as encourage clearance from the blood by macrophage uptake.

4.3 Current ‘solutions’ to the problem. While the influence of the protein corona on targeting
is clear, researchers are now starting to focus on developing solutions to this potential problem.
The problem is likely to due to a chemistry design issue, where the nanoparticles’ surface is not
sufficiently coated with the optimal type, or density of molecules to resist non-specific protein
adsorption. Consequently, the nanoparticle surface would have space for serum proteins to
adsorb and build a corona. Two solutions have been recently proposed: (a) the backfilling of

antibody-coated nanoparticles with smaller | KDa methoxy terminated PEG to fill spaces on the
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nanoparticle surface that minimizes serum proteins from binding”. And, (b) coating of
nanoparticle surface with benzyl moieties to make the nanoparticle resistant to protein binding’®.
Specifically, it has been demonstrated that serum protein adsorption on Herceptin conjugated
gold nanoparticles is drastically reduced after back-filling the leftover bare nanoparticle surfaces
with small 1 KDa methoxy terminated PEG. This method does not reduce targeting specificity,
and improves receptor-mediated nanoparticle binding by two to five fold compared to

unpassivated, and 5 and 10 kDa pegylated nanoparticles®™

. Alternatively, aromatically
functionalized cationic gold nanoparticles’® with careful manipulation of electron withdrawing or
donating benzyl moieties can also reduce unwanted protein interactions. In both cases, neither
surface passivation method can completely eliminate nanoparticle-protein interactions® " but
were good enough to minimize serum protein adsorption and enable cellular targeting. Further
investigation on the in vivo behaviour of nanoparticles with these new surface chemistries are
required to determine whether these designs improve tumour-targeting efficiency. Nevertheless,

an opportunity exists for researchers to focus on better surface chemical designs to reduce

protein corona formation and macrophage uptake, in order to improve tumour cell targeting.
5. THE INTERACTIONS OF NANOPARTICLES WITH CIRCULATING BLOOD CELLS.

The formation of the protein corona changes the presented identity of the nanoparticle
and can trigger responses from circulating blood cells. Upon intravenous administration,
opsonins - a class of blood proteins composed of non-specific antibodies and complement
proteins - bind to the nanoparticle surface and flag nanoparticles as foreign entities’ . Within

. 5 . . .. . 92 .
minutes’ following intravenous administration, erythrocytes™*, and resident phagocytes such as
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macrophages, monocytes, granulocytes and dendritic cells engulf and phagocytose nearly

95% of the injected dose and prevent them from reaching the tumour™*.

In addition to the effect of the corona on nanoparticle circulation, the interactions of
nanoparticles with blood cells may also influence their ability to target tumours and tumour cells.
Smith et al. physisorbed CY5.5 onto the surface of single-walled carbon nanotubes and injected
them into tumour-bearing mice and showed using flow cytometry that a subset of non-neutrophil
circulating monocytes, which represent only 3% of all blood cells, showed nearly 100% uptake
of the injected dose (Figure 7)°*. Although specific nanoparticle-blood interactions cannot be
derived from this data, nanoparticles are shown to be delivered to the tumour through these
monocytes, independent of the EPR effect. In another study, Bischof and co-worker showed that
white blood cells were able to uptake 30 nm gold nanoparticles ex vivo, but were unable to
uptake the nanoparticles in vivo’”. A difference in the results may be due that the fact that
nanoparticles are in flow in vivo while they are stagnant ex vivo. While there needs to be further
studies on blood cell nanoparticle-interactions, we can speculate that circulating phagocytic cells
may take up the nanoparticles in transit in the blood. Essentially this reduces the amount of

nanoparticles available for tumour targeting.
6. DISCUSSION:

Advancements in nanotechnology have led to the development of many different types of
nanoparticles for cancer therapy. However, there is a general lack of clinical efficacy of these
nanoparticles in vivo. Although these nanoparticles have been extensively characterized and
designed to target tumours, the large amount of off-target accumulation cannot be ignored. For

this reason, the biological environments that interact with the nanoparticles en route to the
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tumour must be examined with closer scrutiny. The first such environment is the blood, and it
has been demonstrated many times in this review that blood proteins will change a nanoparticle’s
presented identity by adsorbing to the nanoparticle surface. To better understand the
ramifications of the biological identity on nanoparticle biodistribution and tumour targeting
efficacy, there is a need to link the synthetic characteristics of each type of nanoparticle to its
protein corona composition, and the resultant biodistribution pattern. In order to achieve this, a
database will likely need to be developed for serum protein-to-nanoparticle interactions. The
adsorption of serum proteins on different nanoparticles should be identified with different
biological function (e.g., cell uptake and biodistribution). This database will allow the use of
QSAR (Quantitative Structure Activity Relationship) methods to correlate the synthetic identity,
biological identity, and cellular behaviour. This will enable the prediction of biological function
based on nanoparticle design. Without this large database set, it will be difficult to correlate these

nano-bio relationships.

In 2014, Walkey and colleagues developed the first example of such a database. They
investigated over 80 different gold nanoparticle designs to develop a QSAR model using
nanoparticle fingerprints to predict cellular interactions. Nanoparticle fingerprints are
derived from corona protein composition and abundance heat maps using liquid
chromatography tandem mass spectroscopy (Figure 8). Their work showed that material
composition, surface chemistry, and size have the greatest influence on protein corona
structure. For example, when exposed to a constant serum source, gold and silver
nanoparticles of the same size and charge differ in protein corona composition by 63.1%.

Cationic amine and anionic carboxy functionalized gold nanoparticles acquire protein
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coronae that differ in composition by 52.8%. Finally, 15nm and 30nm gold nanoparticles
differ by 25.3%, whereas 30nm and 60nm gold nanoparticles differ by 13.3%. This library
of nanoparticle fingerprints led to the development of a QSAR model that was used to
predict the binding capacity of hyaluronan-functionalized nanoparticle to A549 cells. Alone,
the QSAR model achieved 50% more predictive power than standard characterization
methods, such as DLS, zeta potential, TEM and absorbance spectrophotometry. However,
when these two models were used in tandem, accuracy significantly improved (Q2Loo of
0.86). Interestingly, in this study, the researchers showed that protein fingerprinting of
gold nanoparticle cannot predict how other particle types associate with cells. This
suggests the need to create libraries of serum protein interactions with different
nanoparticle types (Figure 9). This would lead to a complete database of nanoparticle-
serum protein interactions that can be used to predict nano-bio interactions. Nevertheless,
this study shows how the biological identity has a direct effect on cellular interaction®, and its
effects can be simulated using computer modelling techniques. Other researchers are starting to

adapt this research strategy to study the protein corona on liposomes.”

The development of a nanoparticle protein corona database would be an extremely
beneficial tool for nanoparticle research. By building this database, it may be possible to predict
the composition of the protein corona on a nanoparticle in a certain biological system, and
determine how this specific protein corona will affect the biodistribution of the nanoparticle.
These predictions could lead to the development of more efficient drug delivery vehicles. The
work performed by Smith et al. showed carbon nanotube uptake by a specific population of

monocytes’ . If this behaviour can be pinpointed to a set of proteins within the corona of the
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nanotube, it may be possible to target these monocytes by grafting these specific proteins onto
other nanoparticles, or be extended to target other cell populations. This database could also be
used to associate specific nanoparticle characteristics with specific blood proteins. Furthermore,
these associations between the synthetic identity and biological identity could allow researchers

to rationally engineer nanoparticles to specifically target tumours and avoid off-target organs.

There is contentious debate surrounding the importance of the protein corona. Some
argue that it is a constant occurrence, whereas others believe it is the result of ineffective design.
This database may show that protein interaction is a by-product of misguided synthesis and not
the result of an uncontrollable natural phenomenon. In any case, many areas of nanomedicine
could be dramatically improved if the interplay between the physicochemical properties of
nanoparticles, the protein corona composition, and the subsequent biological behaviour of the
nanoparticles are empirically determined. A concerted global effort is required to build this

database, and take the next leap in the development of nanotechnology for cancer applications.
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Figure 1: Blood-nanoparticle interactions change nanoparticle identity and affect
physiological responses. When nanoparticles are injected intravenously, blood proteins
bind to the surface and form a protein corona. The proteins bound to the surface provide
the nanoparticles with a biological identity, which changes its interactions with cells,
biological barriers and the body (figure taken from Walkey et al. 2012 with permission)7s.
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Figure 2: The molecular composition of whole blood. The molecular composition of whole
blood can be broken down into its acellular and cellular elements. The acellular plasma contains
91% water, a small percentage of biomolecules, and a complex concoction of over 1100 unique
and multifunctional proteins. The cellular elements contain primarily red blood cells and less
than one percent white blood cells and platelets.
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Figure 3: When pristine nanoparticles are exposed to a biological environment, proteins rapidly
bind to the surface to form a protein corona. This converts the synthetic identity to a biological
one. The nanoparticle physicochemical identity, exposure time and the local environment drive
this process. A) In a static environment, the protein corona forms within minutes of exposure,
and is composed of high abundance low affinity proteins. Over time, equilibrium is achieved
when this soft corona is replaced by high affinity low abundance proteins to form a hard corona.
B) In a dynamic environment, convection and cellular metabolism constantly change blood
content, preventing an equilibrium composition from forming. When nanoparticles are injected
intravenously, the protein corona that forms is related to location of administration and local
environment. As it travels through the body, and nearby other organs, the unique cellular
metabolism and proteins of each area constantly evolves the protein corona.
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Figure 4: Nanoparticle synthetic identity influences protein adsorption. Nanoparticle
physicochemical properties dictate interfacial interactions with proteins adsorbing to the surface
and consequently nanoparticle fate. Material composition influences protein binding the greatest
followed by surface chemistry and shape, other physical properties such as crystallinity, size,
charge, hydrophobicity, surface instability, electronic states, surface roughness and radius of
curvature also contribute in different ways to protein binding and corona formation and
composition (figure taken from Nel ez al. 2009 with permission)®.
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Particle type Size (nm) Surface Chemistry Effect on Biological Identity Source
Polystyrene 50 Bare High Acute Phase and Ig proteins found in corona Lundqvist 2008,2010
Polystyrene 50 Carboxyl Modified High acute phase, low Ig, LDL/VLDL proteins found Lundqvist 2008,2010

in corona
Polystyrene 50 Amine Modified High HDL, low Apo A-1. complement and Ig Lundqvist 2008,2010
Polystyrene 100 Sulfonated High HDL, low complement, hydrophobic surface Monopoli, 2011
favours protein binding
Polystyrene 200 Sulfonated High Fib-o/B Monopoli, 2011
Polystyrene 80-110 NH,/NHR/NR»/NR3/ Increase surface charge density results in more protein Gessner, 2003
binding to the surface (Pi>5.5 HIGH immune protein
CO07/S037/S04* interaction/Pi<5.5 high albumin and lipoprotein)
Polystyrene 250 Non-functionalized High IgG and High Fibrinogen with Low Albumin and Gref, 2000
High Apolipoprotein
Polystyrene 250 ABA Block Co- Low IgG and Low Fibrinogen with High Albumin and Gref, 2000
Polymer (Poloxamer High Apolipoprotein
407)
Polystyrene 60 Poloxamer Increase hydrophobicity increases the number of Blunk, 1993
(184/188/407) protein bound to the surface (IgG major)
Fluorescent 40 NH, Rapidly bind CS proteoglycans/anionic serum Fleischer, 2012
Polystyrene protein/bind scavenger receptor
Fluorescent 87 COOH Bind native protein receptor/repel serum protein Fleischer, 2012
Polystyrene
Fluorescent 200 NH, Rapidly bind CS proteoglycans/anionic serum Fleischer, 2012
Polystyrene protein/bind scavenger receptor
Fluorescent 200 COOH Bind native protein receptor/repel serum protein Fleischer, 2012
Polystyrene
Silica 6 Bare High Apo A-1 binding Lundqvist 2010
Silica 50 Bare High Apo A-1 binding Monopoli, 2011
Silica 200 Bare High Apo-1, serum albumin Monopoli, 2011
Silica 50/100 NH,/COOH Size had a greater effect on protein binding than charge Zhang, 2011
Silica 15-165 Hydrophobic/ As radius of curvauture increases, protein stability Roach, 2006
changes/Increase hydrophobicity protein
Hydrophilic molecules/particle increases
Amorphous 9.6 Bare High complement binding Tenzer, 2011
Silica
Amorphous 15.7 Bare High lipoprotein binding Tenzer, 2011
Silica
Amorphous 54.9 Bare Cellular component/Tissue leakage/Disease response Tenzer, 2011
Silica

PMAPHOS- 15.8 NH3/Trimethyl High cell uptake Huhn, 2012

stat-PLMA-stat- Ammonium

PgMA)-Gold
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Nanoparticle
PTMAEMA- 10.2 Phosphonate/COOH Forms small agglomerates Huhn, 2012
stat-PLMA-stat-
PgMA-Gold
Nanoparticle
Quantum Dot 4.4-8.7 DHLA/Cysteamine/Cy Changes corona size, biodistribution Choi, 2007
steine/DHLA-PEG
50:50 70/200 NIPAM/BAM HSA (LOW) HDL (HIGH) Dell'Orco, 2010
Copolymer FIBRINOGEN (N/A)
Packing density decreases as size increases or radius
decreases
Increased Hydrophobicity increases surface packing
density
Fe/Pt and 10/20 COOH Increase in particle radius was 3.3nm ~ thickness of Rocker 2009
CdSe/ZnS structure to form a sphere
Gold 15/30/60/9 Methoxy PEG As PEG concentration increases, protein family Walkey, 2012
0 changes. High PEG elicits low complement and high
immunoglobulin binding. Low PEG, however has high
complement binding and low immunoglobulin
Gold 10/60/200 Citrate/PEG Curvature/surface chemistry/size Benetti, 2013
Gold 4/10 (+) AUT (-) MUA | >10nm low protein adsorption/High radius of curvature Casals, 2010
<10nm High protein adsorption/Low radius of
curvature
Gold 15/30/60 67 Surface Ligands Results show that protein composition is influenced Walkey, 2014
(+/-/n) most by material composition then size then surface
chemistry
Gold 30 Citrate Z-average diameter 76.1/after trypsin 49.6/more Dobrovolskaia, 2009
proteins bound to surface
Gold 50 Citrate Z-average diameter 100/after trypsin 87.3/less proteins | Dobrovolskaia, 2009
bound to surface
Gold 10/60/200 Citrate/PEG Smaller particles bind greater number of blood protein Benetti, 2013
Gold Nanorods 10X36 CTAB Decrease surface curvature, increases protein binding Gagner, 2011
Gold 10.6 CTAB Decrease surface curvature, increases protein binding Gagner, 2011
Nanospheres
Gold 5-100 Citrate coated Decrease surface curvature, changes protein Goy-Lopez, 2012
conrformation
Silver 24 Citrate/PVP BSA had a lower binding affinity to electrostatically Podila, 2012
stabalized particles
Titanium 20/200 Vitronectin coated Reduced adsorption Tedja, 2012
Dioxide
Iron Oxide 7-12. TREG High immunoglobulin and fibrinogen binding Jansch, 2012
Oil-in-water 280 ABA Block Co- High apolipoprotein binding Harnisch, 2000

emulsions

Polymer (Poloxamer
407)
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Liposome 102-109 (+) DOPE/Lipid- High charge density (fibrinogen) and Low charge Capriotti, 2012
Cholesterol density (complement and immune proteins)
Liposome 96 (+) DOPE/Lipid High apolipoprotein binding Caracciolo, 2013
Liposome 223 (+) DOPE/Lipid- High fibrinogen binding Caracciolo, 2013
Cholesterol
Spherical 100-200 Alumina/Silica/Latex Interactions is reduced by surface roughness because Hoek, 2007
the particle substrate interfacial separation is
effectively larger rough surfaces more favourable for
colloid deposition because of VDW

Table 1. A list of the various nanoparticle physicochemical influences on protein adsorption and
protein corona composition.
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Figure 5: Ideal versus actual nanoparticle-tumour targeting strategies. In tumours, the
unique fenestrated vasculature facilitates nanoparticle extravasation from the blood and into the
interstitium. The poor lymphatic drainage and high intratumoural pressure help retain the
nanoparticles within the mass. In an ideal situation without nanoparticle-blood interactions: A)
Nanoparticles are surface functionalized with ligands, to bind to cell surface receptors and
undergo receptor mediated endocytosis for selective entry. B) Nanoparticles are surface
passivated with PEG to increase half-life, and provide greater opportunity to extravasate through
leaky tumour endothelium and penetrate tumour cells. /n vivo nanoparticle-blood interactions
cause protein corona formation and C) sterically hinders and masks surface bound ligands, limits
cancer cell receptor mediated interactions and supports off-target effects. D) Nanoparticles
increase in size, become more negative, and exhibit delayed diffusion kinetics, which limits
extravasation through leaky tumour endothelium and contributes to off-target cell
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Figure 6: Different PEG molecules exhibit different optimal PEG densities on nanoparticle
surfaces. At a specific PEG/nm” cell uptake is minimized (figure retrieved from Yang et al. 2014
with permission)®”’.
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Figure 7: Nanoparticle uptake in various blood cells. Flow cytometry plots in the blood
showing preferential uptake of SWNTs in neutrophils (RED) and non-neutrophil populations
(MAUVE). Neutrophils, natural killer and other myeloid cells (PURPLE), Ly—6C1_°W monocytes
(YELLOW) and dendritic cells (GREEN) show minimal uptake, whereas Ly-6C™€" monocytes
(BLUE) appear to show selective uptake (figure adapted from Smith et al. 2014 with
permission)”®.
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Figure 8: Nanoparticle fingerprint library. Liquid Chromatography Tandem Mass
Spectroscopy heat-map shows nanoparticle serum protein fingerprint. Rows indicate different
serum proteins and columns are unique nanoparticle formulations. The rows are defined as
follows: (1) RED, anionic gold nanoparticles; (2) BLUE, cationic gold nanoparticles; (3)
GREEN, neutral gold nanoparticles; (4) ORANGE, silver nanoparticles. The more intense the
yellow the greater the abundance (figure taken from Walkey et al. 2014 with permission)**.
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Figure 9: The design of QSAR models using nanoparticle libraries. A variety of nanoparticle
types can be processed similarly to Walkey et al. 2014. This model should provide perspective
towards designing a library to evaluate nanoparticle physicochemical properties influence on
protein binding, and how protein binding influences cellular interaction. Biological identity has a
direct effect on cellular interaction®, and its effects can be simulated using computer modelling
techniques. Evaluating biological outcomes to better design experiments and algorithms will
advance cancer-nanomedicine (figure taken from Walkey et al. 2014 with permission)*.
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