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differences are dependent on the particle size.” ’ From a
biological and medical applications viewpoint, the primary
interest in nanoparticles stems from the fact that they are small
enough to interact with cellular machinery and potentially to
reach previously inaccessible targets, such as the brain.*” There
are numerous areas where nanoparticulate systems are of sig-
nificant scientific and technological interest, specifically for
biomedicine leading to concern for the design of safe nano-
biomaterials. Nanoparticles also find large scale use in informa-
tion technology applications and in several industry areas with
potential for unintentional exposure to the environment or living
matter during processing or at the end of a nanotechnology-
containing product’s life cycle. In fact, the large use of nanomater-
ials in industrial processes has promoted the study of nanotox-
icology and highlighted the need for safety assessment research to
be performed in parallel to development of applications.'”"'"

It is now well-recognized that the surfaces of biomaterials (e.g,,
implants and medical devices) are immediately covered by
biomolecules (e.g., proteins, natural organic materials, deter-
gents, and enzymes) when they come in contact with a biological
medium.'”~'® The absorption of biomolecules to such surfaces
confers a new “biological identity” in the biological milieu, which
determines the subsequent cellular/tissue responses.'”*° Due to
their extremely high surface to volume ratio, NPs have a very
active surface chemistry in comparison to bulk biomaterials;
hence, in biological applications they tend to reduce their large
surface energy by interaction with the medium components in
which they are dispersed.*"”** Thus, the dispersion of NPs in a
biological medium results in their surfaces (as with bulk materials)
being covered by a complex layer of biomolecules.

Interestingly, the interaction between nanomaterials and en-
vironmental biomolecules results in the formation of a biological
corona on the NP’s surface that is quite dramatically different from
that adsorbed on a flat surface of the same bulk material in the
same experimental conditions the adsorbed protein layer that
forms on flat surfaces of the same bulk material, in both protein
composition and organization of the associated proteins, with
quite different biological consequences.”® Therefore, what a
biological entity, such as cells, tissues, and organs, actually “sees”
when interacting with NPs is completely different from the original
pristine surface of the NPs. This new biological identity of the NP
is achieved by creation of a new interface between the NPs and the
biological medium, the so-called “bio-nano interface”.!>*372¢

Formation of the corona is a dynamic, competitive process. The
proteins present in a biofluid compete for the NP surface to form a
bio-nano interface, the so-called “protein corona”.'****”*® This
protein corona evolves rapidly from that which forms upon initial
introduction of the NPs into the biological fluid, due to exchange
of low-affinity high-abundance proteins that bind immediately by
lower abundance proteins with a higher affinity for the NP surface,
as well as ongoing exchange between the NP-adsorbed proteins
and free proteins in the medium. It is notable that this corona
constitutes the primary contact to the cells,'*"***** including
interaction with cellular receptors during uptake.'>**>* Although
there are several thousand proteins in human biological fluids
competing to bind to the NP’s surface, the protein corona is
usually enriched with about 10— 50 proteins that have the highest
affinity for the surface. However, the formation of the corona is a
complex dynamic process, and a deep understanding of both the
thermodynamics and kinetics of the protein corona evolution and
its subsequent biological impacts requires, development of new
advanced tools to investigate the bio-nano interface, giving special

attention to screening of the outer amino acid sequences
(epitopes) that are in contact with living systems. In this regard,
very few reports are available,**** and an additional complication
is that single protein—NP interactions are not helpful to predict
the formation of the corona for which cooperative effects are
expected to provide the driving force.

The potentially high concentration of proteins adsorbed on the
surface of NPs, together with their low dimensionality, can enhance
the probability of partial protein unfolding. This can potentially lead to
faster protein association with the formation of new protein clusters,
which may be recognized as harmful products (and can potentially
contribute to the progress of diseases such as amyloidoses® *') or
could introduce new biological interactions, as a result of new protein
surface presentations (new epitopes) at the bio/nano interface.**

The biological responses to NPs are highly affected by the
main forces at the bio-nano interface (e.g, hydrodynamic,
electrodynamic, and electrostatic or steric forces and solvent
and polymer bridging) and also by the intrinsic characteristics of
the NPs (e.g, size, shape, charge, coatings, surface modifications
with targeting ligands, crystallinity, electronic states, surface
wrapping in the biological medium, hydrophobicity, and
wettability), which drive the formation of the protein corona.
Therefore, a better understanding of the NP—protein comglex is
essential to the development of functional and safe NPs.”

The importance of the physiochemical characteristics of NPs on
the nature of the corona formed is discussed in detail, followed by
comprehensive descriptions of the currently available evaluation
methods for assessing the protein corona. The limitations of
available methods (e.g, spectroscopy methods (UV/vis, Raman,
fluorescence, mass spectrometry, nuclear magnetic resonance,
etc.), dynamic light scattering, circular dichroism, differential
centrifugal sedimentation, scanning and transmission electron
microscopies, X-ray crystallography, chromatography, etc.) for
assessing NP—protein (biomoelcule) complexes in situ are probed
in detail, followed by a discussion of the possibilities for enhancing
the current methods and a request for new techniques. Further-
more, the advantages and disadvantages of the protein—NP
interaction phenomena are explored and discussed in terms of
the corresponding biological impacts. This review also presents a
broad overview of both in vitro and in vivo data on the role of
protein—NP interactions in determining NP fate and behavior.
Readers will obtain a deep understanding of the effect of the NP
physicochemical properties (i.e., size and size distribution, shape,
composition, surface chemistry, coatings, etc.) on the final struc-
ture, composition and function of NP-protein complexes present
in biological fluids and on their possible impact on the NPs fate
and behavior in vivo (e.g, conformation and function) they
preferentially adsorb to their surfaces, with the advantages and
disadvantages of the outcome for the various proteins following
their interaction with NPs. In addition, the reader will discover the
further steps required to fully understand the role of protein—NP
interactions in determining NP fate and behavior.

2. FORMATION OF THE PROTEIN CORONA

It is now well-recognized that the ability to generate ever-
smaller NPs, together with increasing control of their physiochem-
ical properties, has been driven by the development of an
increasing range of potential applications of nanotechnology.**
By reducing the size of the NPs, the number of atoms located at the
surface is considerably increased, leading to a significant enhance-
ment of their chemical reactivity. NPs designed for use in
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Figure 1. (a) Schematic representation of a gold surface with thiol-tethered particles and associated proteins over which buffer is flown to remove the
unbound proteins and to determine the dissociation kinetics. (b) Gel filtration of NP—protein mixture. NPs (beige) are applied to an SEC column in a
protein mixture, symbolized by a large blue protein of low abundance and medium off rate, a red protein of high abundance and higher off rate, and a
green protein of high abundance and low off rate. In the eluate, the green protein is preferentially enriched on the particles, whereas the faster dissociating
proteins elute later. Reprinted with permission from ref 12. Copyright 2007 National Academy of Sciences.

biomedical applications, more specifically for targeted drug deliverg
and imaging purposes, will likely require intravenous injection.***
Upon entrance of the NPs into the biological environment, such as
into the bloodstream (plasma), their surfaces will be rapidly covered
by selective sets of blood plasma proteins, forming the so-called
“protein corona”.'****33%4%% Eor other routes of exposure, before
coming into contact with the plasma proteins, the NPs have to pass
through the physiological barriers of the body (i.e., skin, gastro-
intestinal tract, lung), picking up biomolecules as they are
transported.”® The protein-coated particles may transmit a number
of biological effects, due to variation in the nature of the adsorbed
proteins or variations in adsorbed protein conformations (in either a
reversible or irreversible manner), exposure of new epitopes, and
perturbation of protein function, together with potential avidity
effects arising from the close spatial repetition of the same protein.'*
It has been shown that the protein corona is composed of an inner
layer of selected proteins with a lifetime of several hours in slow
exchange with the environment (hard corona) and an outer layer of
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weakly bound proteins which are characterized by a faster exchange
rate with the free proteins (the soft corona).*’ Due to the long
lifetime of the hard protein corona, it is now believed that the hard
corona rather than the pristine NP surface interacts with cellular
receptors and defines the fate of NPs in a biological environment.
Therefore, identification of the adsorbed proteins and their lifetimes
and conformations at the NP surface is considered a vital research
question with deep implications for the design of safe nanomedicines
and nanoenabled consumer products. By understanding NP—pro-
tein interactions, one can potentially define and predict NP—cell
interactions and elucidate the safety considerations for biomedical
applications, resulting in NPs that are “safe by design”.

Several parameters can influence the characteristics of an NP—
protein corona, including the physiochemical properties of the
specific NPs and the distinctiveness of the adsorbed proteins.**>*

It is notable that the biological impact of protein-coated NPs is
mainly related to the proteins with the highest affinity (i.e., the
hard corona) and their specificity and suitable orientation for a

2 dx.doi.org/10.1021/cr100440g |Chem. Rev. 2011, 111, 5610-5637
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particular receptor response, rather than to effects from low-affinity
high-abundance proteins, which might bind initially but are quickly
replaced by lower abundance and higher affinity proteins. Thus,
evaluation of protein lifetimes on the surface of NPs is a critical
matter for the assessment of NP biological response, as proteins that
exchange rapidly with respect to the time scale of the cellular
processes will not be decisive, while more strongly bound proteins
(hard corona) will likely mediate the NP interactions with living
matter.*® Hence, a deep understanding of the structure and affinity
of the adsorbed proteins on the surface of NPs is needed, and at
present, the proteins must be isolated from the surface of the NPs to
achieve this characterization.

Isolation of the nanoparticle—protein complex process is a
complicated task and not easy to achieve. For instance, the
common method is centrifugation and washing of NPs, which
allows the removal of unbound proteins and those with low
binding energy.Sk54 More recently, it was shown that, using
differential sedimentation centrifugation (DCS), essentially iden-
tical results for the protein corona in situ in plasma and following
isolation by centrifugation and washing were obtained, indicating
how robust the “hard corona” is and confirming that approaches
where the protein—NP complexes are removed from unbound
proteins for physicochemical characterization are appropriate and
provide meamngful information on the in situ NP—protein
complex.*® There is great interest to develop new methods for
investigation on of both soft and hard coronas in order to shed light
on the complex mechanism of competitive binding among the
plasma proteins when the system is under kinetic or thermodynamic
control.">** In addition, the developed methods should have the
capability to separate proteins with various affinities, without any
disruption of the protein—NP complexes, as well as av01d1ng the
creation of new binding opportunities. Cedervall et al.'* pro-
posed size-exclusion chromatography (SEC), isothermal titra-
tion calorimetry (ITC), and surface plasmon resonance (SPR) as
suitable methods to determine various aspects of NP—protein
interactions, including the affinities of various proteins for the NP
surface. Four different tailored N-isopropylacrylamide (NIPAM)/
N-tert-butylacrylamide (BAM) copolymer NPs of increasing
surface hydrophobicity were employed, and it has been shown
that ITC is suitable for probing the stoichiometry of the proteins
bound to the surface of NPs. However, limitations of this method
are that, to provide detailed thermodynamic and stoichiometric
information, an enthalpic change must result from the interaction
between the NP and the protein and that single-protein—NP
studies are needed to provide quantitative information,” as
whole plasma studies resulted in data averaged over all proteins.
Moreover, the protein exchange rates and affinities for the NP
surface were determined by employing SPR technology with the
NPs thiol-linked to a gold chip and through size-exclusion
chromatography of protein—NP mixtures (see Figure 1a). The
results from this early study on NP—plasma interactions con-
firmed that SEC is potentially less perturbing of protein—particle
complexes than centrifugation. In addition, SEC—gel filtration
was employed to define both the characteristics of the proteins
on the surface of NPs with the exchange rates with free plasma
proteins (see Figure 1b). Subsequent systematic studies have
shown that a robust protocol with careful centrifugation and
washing steps can yield similar highly reproducible coronas.'>*"**
The isolation yield of SEC—gel filtration can be enhanced by
optimizing the column dimensions and relative concentrations of
both proteins and NPs followed by proteomics/mass spectro-
metry methods for identification of the bound proteins.

Figure 2. Experimental setup for determination of the proteins bound
to magnetic NPs (SPIONs). The MACS columns are composed of a
spherical steel matrix; by inserting a column in a MACS separator, a
high-gradient magnetic field is induced within the column which retains
the SPIONSs. Reprinted with permission from ref 3S. Copyright 2011
Royal Society of Chemistry.

Further advances in both quantitative and qualitative analyses
(e.g, the conformation and geometry of proteins) of the soft and
hard coronas are emerging. Mahmoudi et al.** introduced a method
for characterization of protein coronas surrounding magnetic NPs.
It is notable that superparamagnetic iron oxide NPs (SPIONSs) have
been used, due to their special magnetic properties together with
their very good biocompatibility, which made them preferential to
other magnetic NPs,'¥*"283035464935-60 1 this approach, after the
interaction of the magnetic NPs with proteins for the desired time,
the protein-associated magnetic NPs were run through a strong
magnetic field using magnetic-activated cell sorting (MACS),
leading to fixing of the magnetic NPs in the magnetic column
(see Figure 2). Subsequently, the flow-through fraction which
contains the free (non-NP-bound) proteins was collected, and the
trapped NPs were washed with various molarities of protein washing
solutions (e.g, various molarities of KCI) to define the binding
affinity of the proteins to the various SPIONS.

2.1. Thermodynamic and Kinetic Aspects of the NP—Protein
Corona

Defining both the thermodynamics and kinetics of the forma-
tion of NP—protein coronas is considered of crucial importance
for determination of the corona composition and subsequent
environmental or biological impacts. For instance, the kinetics of
reactions occurring at the bio-nano interface, including compe-
titive binding processes and concurrent exchange with free

5613 dx.doi.org/10.1021/cr100440g |Chem. Rev. 2011, 111, 5610-5637
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Figure 3. Fluorescence quenching of histone (H3) by gold NPs of (A) 5 nm, (B) 10 nm, (C) 20 nm, (D) 60 nm, and (E) 100 nm and (F) expanded and
normalized emission spectra of histone in the absence or presence of gold NPs showing a shift of the emission peak. The normalization is defined so that
the emission peak intensity is divided by the maximum of the fluorescence emission spectrum intensity such that the normalized peak intensity equals 1.
The protein concentration was fixed at 0.01 mg/mL, and the NP concentration was varied over the range (A) from 0to 4.7 x 10> M (5 nm), (B) from 0
t0 5.8 X 10 ° M (10 nm), (C) from 0 to 3.7 x 10 ° M (20 nm), (D) from 0 to 5.2 X 10 * M (60 nm), and (E) from O to 1.8 X 10 * M (100 nm).

Reprinted from ref 34. Copyright 2010 American Chemical Society.

proteins in the media, have an important role in determining the
interactions of NPs not only with biological surfaces but also with
cellular receptors.”® The stoichiometry, affinity, and enthalgy of
protein—NP interactions can be determined using ITC.'>**
The kinetics of protein adsorption on the surface of NPs is
recognized to be critical for the prediction of the fate of NPs in
biological fluids. A complete understanding of the mechanism of
formation and exchange of the soft corona is hard to achieve due
to the interplay of various phenomena; however, there is con-
siderable knowledge regarding competitive }Z)rotein binding to
surfaces from the medical device community.""**” The Vroman
effect describes how proteins that adsorb first to the surface are
later replaced by other proteins with higher affinity for the
surface. The Vroman effect is dependent on the concentration
of the proteins relative to the available surface area together with
their diffusion coefficients, which can affect the affinity of
proteins for the surface, and applies to macroscale surfaces.*>*'
However, the high surface curvature and the very large surface
area of NPs mean that different behaviors emerge with NPs,'?
and indeed, the interplay of the different factors can lead to
different consequences for different NPs. For instance, due to its

high affinity, fibrinogen is rapidly depleted near surfaces of
polystyrene NPs with various functional groups (e.g, COOH
and CHj3), hence allowing lower affinity proteins with higher
abundance (e.g, albumin) to adsorb provisionally, to be subse-
quently replaced by fibrinogen.*® The effect of the protein
concentration to NP surface area ratio also plays a role here,
with a deep decrease in the affinity of fibrinogen for sulfonated
polystyrene nanoparticles with increasing plasma concentration
(at constant particle surface area).”

3. EFFECTS OF NPs ON CORONA COMPOSITION

There are several different components that affect the
complex interactions at the bio-nano interface, such as the
physiochemical properties of the NPs themselves, the compo-
sition of the biological fluid, and the resulting protein corona
with possible reversible/irreversible conformational changes
of the proteins after interaction with NPs.>® In this section, the
most important physical-chemical characteristics of the NPs
influencing the nature of NP—protein coronas are discussed in
detail.

5614 dx.doi.org/10.1021/cr100440g |Chem. Rev. 2011, 111, 5610-5637
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3.1. Effects of NP Composition

The affinities and amounts of proteins adsorbed on the
surfaces of NPs are highly dependent on the nanomaterial
composition and its surface chemistry.”>%>%* For instance, the
corona that formed around copolymer NPs was shown to be
sensitive to the surface hydrophobicity and the availability of
-CH3 groups (reminiscent of fatty acid chains) present at the NP
surface, with apolipoproteins having highest affinity for the most
hydrophobic NPs.12, 24 copolymer particles, cerium oxide
particles, quantum dots, and carbon nanotubes, are all found to
reduce the lag (nucleation of fibrils) phase of human
B,-microglobulin, and the observed reduction was highly depen-
dent on the amount and nature of the particle surface.**

3.2. Effect of NP Size

The curvature of the NP surface, which is dependent on the
size of the NPs, can have a significant influence on the adsorption
of biomolecules, which undergo different conformational
changes from their native structure with respect to those
observed for the protein adsorbed onto flat surfaces of the same
material.2%*%*® Gold NPs of various sizes (ie, S, 10, 20, 30, 60,
80, and 100 nm) were incubated sequentially with common
blood proteins, including albumin, fibrinogen, y-globulin, his-
tone, and insulin.** According to the results, the gold NPs had
significant interaction with each of the proteins; the binding
constant and the degree of cooperativity of protein—NP binding
(i.e., the Hill constant, 1), depended on the NP size. It has also
been confirmed by fluorescence F3 443 quenching of histone by
gold NPs that the thickness of the protein corona gradually
increased with increasing size of the NPs. Figure 3 shows the
photoluminescence (PL) quenching patterns for gold NPs of
various sizes and concentrations treated with histone. According
to Figure 3, a progressive decrease in the emission maximum
intensity has been observed with decreasing NP size, where the
quenching effect is related to direct interaction of the gold NPs
with chromophore residues of the proteins having an interaction
radius less than 10 nm.®* The change in the maximum of the
fluorescence emission spectrum intensity arises from conforma-
tional changes of the different proteins upon binding to the gold
NP, 6568

Determination of the binding association constant, k, for all
protein—NP pairs should give an idea of the exchange rates
of the proteins (about 3700) in blood plasma, but would be very
time consuming, and would not account for competitive
effects.** The k values for the binding of the plasma proteins to
gold NPs, with various sizes and coatings, were probed by several

5615

zcgroups.25’34’67’69’70 For instance, the k values for the binding of
chymotrypsin to amino acid functionalized gold NPs and bovine
serum albumin to citrate-coated gold NPs are in the range of 10*
to 107 (mol/L) ~".*”%° In addition, the k values were tracked for
the binding of common blood proteins to gold NPs with a size
range between S and 100 nm.>* According to the results which
are presented in Figure 4, the k values increased gradually with
increasing NP size between 5 and 60 nm. In contrast, the k values
showed an irregular trend for gold NPs in the size range
60—100 nm; the authors claimed that the conformational state
of the adsorbed proteins was responsible for the irregular changes
with the larger NP sizes.** However, other reports confirmed the
regular enhancement in k constants by increasing the size of gold
NPs, for example, the binding of herceptin-coated gold NPs (size
range of 2—70 nm) with ErbB2 receptor or the binding of citrate-
functionalized gold NPs (size range of 2—20 nm) with
polyfluorenes.”>”® In addition to the binding association con-
stant, the Hill coefficient, n, is also a frequently utilized measure
of binding cooperativity. The Hill coefficient is also related to the
size of the NPs (see Figure 4A). Anticooperative binding was
defined for human serum albumin (HSA), fibrinogen, histone,
and y-globulin proteins, and the results indicated within the
frame of the Hill model that the association energy per NP
gradually decreases with further protein adsorption (n < 1);
however, the opposite trend was detected for insulin.®>* These
results highlight two of the challenges of single-protein—NP
studies, that quite different results can be obtained depending on
the specific protein—NP pair, meaning that every single-
protein—particle combination would need to be determined
using this approach, and that even should this be done, the
constants determined in this manner do not account for compe-
titive or cooperative binding effects whereby the presence of one
protein at the NP surface may impede or enhance the binding of
another protein to the NP surface.

Cedervall et al.'> used NPs with various hydrophobicities and
probed the protein adsorption on their surfaces. According to their
results, there was a distinct difference in the degree of protein
surface coverage of the NPs depending on their size, with a larger
degree of protein coverage on the larger particles. By decreasing
the NP size from 200 to 70 nm, a curvature-induced suppression of
the protein adsorption was observed. Klein®' claimed that the
curvature of smaller NPs may entirely suppress the adsorption of
certain proteins, especially for larger or less conformationally
flexible proteins; hence, both the NP size and surface composition
(e.g, hydrophobicity) of NPs are very important parameters in
defining the composition of the formed protein corona.

dx.doi.org/10.1021/cr100440g |Chem. Rev. 2011, 111, 5610-5637
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3.3. Effect of NP Shape

The shape of NP has a great impact not only on its physio-
chemical characteristics but also on the way that proteins adsorb
onto its surface and consequently on the way that cells interact
with it. For instance, the shape of gold NPs has a great impact on
their interactions with cell layers; more specifically, a peak in cell
association for S0 nm spherical gold NPs will be decreased by
changing the shape of the NPs to the rod geometry.”*

3.4. Effect of NP Crystallinity

Mahmoudi et al> showed that a high amount of poly(vinyl
alcohol) (PVA) as a coating, usually with a polymer/iron mass ratio
greater than 3, reduces the crystallinity of SPIONs and affects the
cytotoxicity profile of the obtained materials due to the effect of the
crystallinity on the protein adsorption profile on the particle surfaces.”

3.5. Effect of NP Surface Area

The particle agglomeration behavior can be different for
varying particle/protein ratios.”> Thus, the particle surface might
not be independent of the protein concentration used, and the
determination of the protein affinity might be hindered by this. It
has also been observed that, for some NPs, the protein concen-
tration to NP surface area ratio has quite dramatic effects on the
nature of the adsorbed protein corona. The patterns of binding
observed at in vitro protein concentrations (3—10% proteins)
were very different from those observed at in vivo (S5—80%
proteins) concentrations for sulfonated polystyrene NPs.**

3.6. Effect of Surface Defects

Nireoja et al.” investigated the possible effects of well surface
defects, well edges, and denaturation of capture antibodies on the
specific binding activity of antibodies. Their first aim was to find out
if surface defects can be attributed as an origin of nonspecific binding
of the bioconjugated nanoparticle label on the capture surface.
Therefore, microtiter well surfaces and their patterns were studied
with scanning probe microscopy (atomic force microscopy, AFM)
and fluorescence microscopy. The second line of approach was to
determine to what extent denaturing of surface-bound and soluble
antibodies caused unwanted nonspecific binding and to study if the
nonspecific binding of bioconjugated nanoparticles having a large
surface area compared to soluble label antibodies was connected to
the specific binding activity of an antibody.

The same authors have previously studied the effect of the
bioconjugated nanoparticle size and fragmented antibodies on non-
specific binding. Neither assay com};onent showed a significant effect
on increasing nonspecific binding.”* The same conclusion can be
drawn from this study: microtiter plate surface defects and denatura-
tion of capture protein did not increase the nonspecific signal in a
sandwich immunoassay utilizing bioconjugated nanoparticle labels.”*

3.7. Effects of NP Surface Properties

3.7.1. Effect of Charge The surface charge of NPs is very
important for defining the composition of the formed protein
corona and also has an impact on their subsequent biodistribu-
tion. For instance, some positive NPs are rapidly identified by
opsonins, leading to the removal of the particles by the reticu-
loendothelial system (RES) and mononuclear phagocytic sys-
tems, with their final destination being the liver and spleen,
causing a si_gniﬁcant decrease in the application yield of these
NPs.'>?7?%”> Many NPs are stabilized in physiological condi-
tions by functionalization with negatively charged groups
(carboxylated, sulfate, phosphate, etc.), resulting in a negative
C potential of about 30—S0 mV in physiological buffer. Gen-
erally, despite their negative surface charge, these NPs are

immediately covered by plasma proteins when in contact with
biological fluids, resulting in a significant reduction of their
¢ potential to about 5—10 mV negative upon formation of the
NP—corona complexes: thus, the colloidal stability of these
complexes cannot be due to a pure electrostatic effect, but it is
closely connected to the complex nature of the protein corona.*
To inhibit opsonization, the surface of the NPs can be coated by
suitable polymers such as polyethylene glycol (PEG) to reduce
nonspecific binding and allow specific surface groups at the NP
surface to bind specifically to receptors at cell surfaces.”*”¢~7

3.7.2. Effects of Smoothness/Roughness. Surface effects
can also be altered by nanoscale surface roughness (that is, local
protrusions or depressions with radii smaller than that of the
particle).”*® Indeed, small-radius surface asperities dictate the
strength of nanoparticle—cell interactions, likely as a result of
differences in the composition of the corona shell on the surface
of the NPs.*® Simulations of NPs interacting with synthetic
membranes suggest that nanoscale surface roughness greatly
minimizes repulsive interactions (for example, electrostatic,
hydrophilic), thereby promoting adhesion, which might translate
into easier engulfment by cells.”

3.7.3. Electron Transfer Capability. Electron transfer cap-
ability is mostly observed with TiO, and SiO, NPs, which are one
of the most important categories of nanomaterials due to their
wide use as electrochromic materials, catalysts, pigments, phar-
maceuticals, food additives, sunscreens, and cosmetics.®! It is
proposed that either electron confinement or the formation of
electron—hole pairs at the surface of these NPs, could lead to
severe damage of the structure of biomolecules and consequent
generation of reactive oxygen species (ROS).**"® For instance,
cytotoxicity in vitro of TiO, NPs (mean diameter of 63 nm) to
the human lung epithelial cell line A549 was probed.”” DNA
damage and oxidative lesions were determined using the Comet
assay, and intracellular production of ROS was measured using
the oxidation-sensitive fluoroprobe 2/,7-dichlorofluorescin dia-
cetate (DCFH-DA). Results confirmed extensive DNA damage;
however, little ROS was detected by DCFH-DA.*” The toxic
effect of TiO, NPs is size dependent, and by increasing their size
from 63 to 200 nm, the absorption of proteins and Ca>™ ions (i.e.,
the presence of a divalent ion is found to be important for
adsorption of proteins such as albumin and fibronectin)®**~*° on
the surface of TiO, NPs increased, leading to higher induced
oxidative damage.”" ~*° Other reports indicate the production of
ROS, glutathione depletion, and toxic oxidative stress caused by
electron—hole pairs, photoactivity, and redox properties in
semiconductor NPs, respectively.”®®” Therefore, when a protein
is denatured on the surface of a NP, the exposure of new
antigenic sites (cryptic epitopes) may initiate an immune re-
sponse and can promote autoimmune disease.”’

The surface of TiO, NPs can be capped/coated by surfactants,
polymers, complexing ligands, low-molecular-weight antioxi-
dants, enzymatic scavengers, etc. to reduce the conformation
changes in the protein upon adsorption.”®®’

3.7.4. Effects of Hydrophobicity/Hydrophilicity. A clear
correlation between the affinities of biomolecules (e.g., proteins)
for the surface of NPs and the extent of structural changes has
been found.”® Due to their high affinities for hydrophobic
surfaces, adsorbed proteins can have a less native structure than
when adsorbed on hydrophilic surfaces, leading to severe protein
denaturation.” In addition, NP surfaces may take up proteins
depending on their isoelectric points in a rather narrow pH

100 . .
range. It has also been observed that an increase in
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Figure 5. (a) Schematic representation of the effect of decreasing
protein to SPION surface ratio on the conformation changes induced
in human transferrin. (b) SDS—PAGE for human transferrin and
remaining proteins on the surface of trapped bare and coated SPIONs
(with various concentrations): N-CP (10—100), extract of the PVA-
coated NPs from MACS after washing (PVA-coated NPs with a
10—100-fold increase in concentration (protein amount is constant);
N-BP (10—100), extract of the bare NPs from MACS after washing
(bare NPs with a 10—100-fold increase in concentration (protein
amount is constant) ). Reprinted with permission from ref 35. Copyright
2011 Royal Society of Chemistry.

electrostatic interaction is generally accompanied by a reduction
of the modification of the native structure.'®"

According to literature reports, hydrophobic interactions tend to
dominate the energy balance in most cases tested to date;'>**'**
however, the effect of electrostatic interactions cannot be ignored.103
Cedervall et al. used ITC to show that the number of protein
molecules bound (stoichiometry) increases with the particle hydro-
phobicity and that there was a clear difference in the protein affinities
for polymeric particles of different hydrophobicities."*

3.7.5. Protein/NP Ratio. The concentration of NPs (i.e.,
protein/NP surface area ratio, r) also influences the binding
properties (ie., affinity). Lundqvist et al.>® studied NP—protein
complexes using several protein/NP ratios to optimize the char-
acterization of the bio-nano interface; the results showed that the
optimal protein solution to NP surface ratio for 50 and 100 nm
polystyrene nanoparticles of various surface charges was at 2.8 mL/
m”. This is a necessary step for characterization using centrifugation
to separate the NP—protein coronas from the unbound proteins,
although the optimal ratio will depend on the nanoparticle density
and the amount of proteins that bind to the nanoparticles.

Mahmoudi et al.”® investigated the interaction of SPIONs with
iron-saturated human transferrin using an optimized protein to NP
surface ratio. To check the r effect, the concentration of SPIONs
was increased 10- and 100-fold (decreasing r), leading to increased
relaxation of the conformation of transferrin upon adsorption. The
authors claimed that, by decreasing r, the number of proteins per
NP is significantly decreased; therefore, more energy is transferred
from the NPs to each protein molecule, resulting in a stronger

binding and more conformational changes of the proteins on the
NPs (see Figure Sa). On the other hand, for the lower ratios, the
stronger binding between protein and NPs does not allow the
proteins to be released during the magnetic separation method
(see Figure 2). To support this hypothesis, the authors used
sodium dodecyl sulfate—polyacrylamide gel electrophoreses
(SDS—PAGE) (Figure Sb). The results suggest that, by decreas-
ing the r ratio, the protein amount on the surface of SPIONs (after
separation of magnetic NPs with MACS) increased significantly,
due to the enhancement of the binding energy between proteins
and SPIONS. Interestingly, the SDS—PAGE bandwidths of the
proteins were decreased for the poly(vinyl alcohol)-coated
SPIONSs in comparison with the bare ones. From the results, it
was found that, besides the physicochemical properties of NPs,
their concentration can have an important impact on the protein
corona and the binding affinity and association/dissociation
constants, although again the issue of how these effects hold u
under competitive binding conditions remains to be addressed.”
In addition, variation of the protein to NP surface ratio could
change the composition of the corona. For instance, proteins such
as HSA and fibrinogen may cover the surface of NPs for short
periods of time, whereas lower abundance proteins with higher
affinities and slower kinetics may ultimately displace them. On the
contrary, by decreasing r, lower affinity binding proteins, such as
albumin, may dominate the surface of NPs,'*

3.7.6. Effect of Functional Groups and Targeting Moi-
eties. Ehrenberg and co-workers™ used cultured endothelium cells
as a model for vascular transport of polystyrene NPs with various
functional groups (ie., carboxyl, amidine, amine, lysine, cysteine,
methyl, and PEG). According to the results (see Figure 6), the
capacity of the various NP surfaces to adsorb proteins was indicative
of their tendency to associate with cells. They concluded that
NP—cell association was not reliant on the identity of the adsorbed
proteins. Furthermore, quantification of the adsorbed proteins
showed that high-binding NPs were maximally coated within
seconds to minutes, indicating that proteins on the surface of NPs
could mediate cell association over much longer time scales.

4. CONFORMATIONAL CHANGES OF PROTEINS UPON
BINDING TO NPs

Lynch et al.'** hypothesized that the function and fate of NPs
in biological environments is related to the nature and composi-
tion of their surface protein corona; the protein-modified surface
of NPs, with possible dysfunction of the bound proteins. Thus,
the NP-protein complex interacts with the living system (e.g.,
cells, tissues, organs, etc.) rather than the bare NP surface, and
this is a key phenomenon that scientists need to understand in
order to develop smart nanomedicines and to ensure the safe
implementation of nanotechnology. However, one of the sig-
nificant challenges in this case is the determination of protein
conformation changes after interaction with NPs and whether
they are reversible or irreversible conformational changes. Since
protein function is explicitly linked with protein conformation,
understanding the type of conformational changes undergone by
the proteins upon interaction with NPs is important, as the
irreversible alteration of protein conformation is a recognized
molecular mechanism of injury and can contribute to disease
pathogenesis*>'* ™" following protein dissociation from the
surface of the NPs. The subsequent biological responses to the
unfolded proteins are highly affected by their conformational
changes. Therefore, a better understanding of the consequences
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Figure 6. (a) Size enhancement (characterized by DLS; initial distributions are shown in solid black, the size after approximately 10 min in 25% fetal
bovine serum (FBS) and washing is shown in dashed orange, and subsequent measurements after 2, 3, and 4 h are shown in dotted gray) and (b) shifts of
the § potential (results shown in solid black initially, in dashed orange after 2 h in FBS, and in dashed—dotted green after a subsequent washing) due to
the interaction of NPs with various surface functional groups with FBS proteins. (c) Association of NPs with various functional groups with cells over
tens of hours. (d) Electrophoresis gel of the proteins from FBS adsorbed to the NP surface which demonstrates that particles with COOH functional
groups adsorbed the most protein, PEG-coated NPs adsorbed the least protein, and methyl- and lysine-coated NPs adsorbed intermediate protein
amounts. (e) Size measurements during HSA adsorption demonstrate an increase in size for all of the binding chemistries studied. Particle size
distributions are initially shown in black and in dashed orange after adsorption of HSA. Reprinted with permission from ref 45. Copyright 2009 Elsevier.

of interaction with NPs on the protein conformation and activity is
essential to develop functional as well as safe NPs.

4.1. Reversible Conformational Changes

The conformational changes of bovine serum albumin (BSA)
in albumin—gold nanoparticle bioconjugates were investigated in
detail by various spectroscopic techniques, including UV/vis ab-
sorption, fluorescence, circular dichroism, and Fourier transform

5618

infrared spectroscopies.'* The studies suggested that, upon physical
adsorption to form BSA—gold bioconjugates, BSA underwent
substantial conformational changes at both secondary and tertiary
structure levels. BSA was found to adopt a more flexible conforma-
tional state on the boundary surface of gold nanoparticles. The
conformational changes at pH 3.8, 7.0, and 9.0, at which different
isomeric forms of albumin exist, were investigated to probe the pH
effect on the conformation of BSA. The results showed that the pH of
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Figure 7. CD spectra of (a) pure human transferrin (iron-saturated) and buffer medium and (b) various magnetic NPs: pure human transferrin,
SPIONS, suspension of transferrin and SPION NPs, and pure treated transferrin after MACS magnetic separation for the (c) 1B, (d) 1C, (e) 2B, and (f)
2C samples. Comparison of CD spectra of (g) suspensions containing transferrin and SPION NPs and (h) suspensions after MACS magnetic
separation. UV /vis spectra (i) showing the absorbance changes associated with iron release for the SPION-treated transferrin due to its conformation
changes and (j) showing the peaks of (i) in the 400—600 nm range. The numbers 1 and 2 are representative of smaller and larger NPs, respectively.
Reprinted with permission from ref 35. Copyright 2011 Royal Society of Chemistry.

the medium greatly influenced the conformational changes, and
fluorescence and circular dichroism studies further indicated that the
changes were larger at higher pH. DellOrco et al'” developed a
simple and effective dynamic model of the nanoparticle protein corona
in a body fluid. The model predicts the time evolution and equilibrium
composition of the corona on the basis of protein—surface affinities,
stoichiometries, and association/dissociation rate constants. An appli-
cation to the interaction of human serum albumin, high-density
lipoprotein (HDL), and fibrinogen with 70 nm N-isopropylacryla-
mide/N-tert-butylacrylamide copolymer nanoparticles is presented.

AB,_4-coated 20 nm gold colloidal nanoparticles exhibit a
reversible color change as the pH is externally altered between 4
and 10.""" This reversible process may contain important informa-
tion on the initial reversible step reported for the fibrillogenesis of
AP _40, which is a hallmark of Alzheimer’s disease. The reversible
color change was observed by microscopic investigations. AFM
images on graphite surfaces revealed the morphology of AS
aggregates with gold colloids. Transmission electron microscopy
(TEM) images clearly demonstrate the correspondence between
the observed spectroscopic features and conformational changes
of the protein, due to the presence of the gold colloid.

4.2. Irreversible Conformational Changes

The first study on conformational changes of a specific protein
(i.e., human iron-saturated transferrin) due to interaction with
SPIONS was reported by Mahmoudi et al.** Transferrin, with a
molecular weight of 75000—80000 depending on the species, is a
protein found in the blood of all vertebrate species.''" Transfer-
rin contains two iron-binding sites which appear to be equal and
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independent in their iron-binding mode. As iron is bound to
these sites, bicarbonate is bound to an anion-binding site in close
proximity to each of the iron-binding sites, forming a red complex
with an absorption at 465 nm."'> Centrifugation has been used as
the favored method to separate the NPs from the protein
suspensions, which can affect the outcome by the duration of
washing and the amount of solution volumes used in these steps."”
However, the main problem of the -centrifugation tech-
nique is the loss of the proteins which are adsorbed to the surface
of NPs with weak binding,'*** The distinguished feature of
SPIONS is their superparamagnetic properties, which enable us
to separate them without centrifugation, using external magnetic
field gradients; hence, potentially more reliable results are
obtained.*®

The various SPIONSs (bare (with diameters of S and 8 nm) and
PVA-coated (with diameters of 8 and 10 nm)) were incubated
with pure human transferrin (iron-saturated).”® The samples
(see the descriptions in Table 1) were run on the MACS system
(see Figure 2), and the various solutions were analyzed by
circular dichroism (CD) to track the changes in protein con-
formation due to interaction with the magnetic NPs. The CD
spectra of human transferrin confirm the existence of its closed
compact conformation (Figure 7a). It is notable that the human
serum transferrin is composed of two similar, but nonidentical,
globular lobes, and each lobe (which bears an Fe(III)-binding site
in a cleft between its domains )" '*!'* is divided into two domains
consisting of f3-sheets overlaid with a-helices."">~ """ By releas-
ing the iron from the transferrin structure (apotransferrin), the
compact conformation is relaxed; more specifically, the two
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Table 1. Description of Sample Abbreviations”

sample description

B bare NPs

C PVA-coated NPs

BP protein interacted with bare NPs

cp protein interacted with PVA-coated NPs

BP-Mag extract of the interacted proteins with bare NPs using MACS

CP-Mag extract of the interacted proteins with PVA-coated NPs using MACS

BP-KCl washing of the trapped bare NPs in MACS with 1 M KCl solution

CP-KCl washing of the trapped PVA-coated NPs in MACS with 1 M KCI solution

N-BP extract of the bare NPs from MACS after washing

N-Cp extract of the PVA-coated NPs from MACS after washing

BP-10 using bare NPs with 10-fold increased concentration (protein amount is constant)

CP-10 using PVA-coated NPs with 10-fold increased concentration (protein amount is constant)
BP-100 using bare NPs with 100-fold increased concentration (protein amount is constant)
CP-100 using PVA-coated NPs with 100-fold increased concentration (protein amount is constant)

“ Reprinted with permission from ref 35. Copyright 2011 Royal Society of Chemistry.

domains of each lobe achieve an open jaw conformation.""* CD
spectra of the diluted phosphate-buffered saline (PBS) and all
SPIONs (Figure 7b) show curves near the zero baseline, thus
confirming their negligible effect on the CD spectra. According to
the CD spectra (Figure 7c—h), by introducing SPIONSs to a
transferrin solution, the conformation of the iron-saturated protein
is changed. The significant decline in peak intensity at a wavelength
of around 210 nm for the NP-bound proteins confirms the opening
of the compact transferrin conformation. After removal of the
magnetic NPs using the MACS system, the conformation of pure
treated proteins is not recovered, showing the irreversible changes in
transferrin  conformation after interaction with the SPIONSs
(Figure 7h). The UV/vis spectra of the pure transferrin and
SPION:-treated transferrin after removal of SPIONS are illustrated
in Figure 7ij. The characteristic peak at a wavelength of 465 nm is
due to the iron-bearing lobes of iron-saturated transferrin. There-
fore, the release of iron from the two tyrosine ligands causes a
decline of the peak."'”'*® According to the CD curves, the exposure
of iron-saturated human transferrin to SPIONSs results in the release
of iron, and more specifically, it changes the compact conformation
of transferrin to the open conformation of the iron-free lobe.
Furthermore, the decline of the characteristic peak of the transferrin
(at 465 nm) is dependent on the size and surface properties of the
SPION:S. For instance, the most significant protein conformational
changes are obtained upon interaction with the bare NPs (ie,
Figure 7j). The PVA-coated NPs cause less conformation change in
transferrin, probably due to their lower surface energy in comparison
to the bare magnetic NPs; the same effect of the size of the SPIONs
are detected in coated NPs. According to the results, the authors
confirmed that the exposure of iron-saturated human transferrin to
the SPIONS results in the release of iron, which caused irreversible
changes to the main function of this protein, i.e., the transport of iron
among cells.*® Furthermore, transferrin changes from a compact to
an open conformation. After removal of the magnetic NPs, the
original protein conformation is not recovered, indicating irrever-
sible changes in the transferrin conformation after interaction with
the SPIONS.

5. ANALYTICAL METHODS FOR CORONA EVALUATION

Upon contact with biological fluids (serum, plasma, lung lining
fluids, etc.), NPs interact strongly with proteins and other

biomolecules, which dramatically change their surface properties.
Thus, the NP’s surface acquires a new biological identity which
most likely will influence its stability and interaction with living
matter affecting the nanoparticle biodistribution in in vivo experi-
ments. For example, the adsorption of opsonins, such as immu-
noglobulins, complement proteins, fibrinogen, etc., can enhance
the phagocytosis with immediate removal of the particles from the
bloodstream, while the adsorption of proteins, such as serum
albumin and apolipoproteins, and other protein carriers of the
bloodstream, can elongate NP circulation. Moreover, protein
adsorption onto curved NP surfaces may induce conformational
changes of the protein native structure with possible exposure of
novel epitopes which may transmit biological signals.'* The result-
ing perturbed signaling transduction in cells may have adverse
effects on cellular function and cause toxicity in vitro and in vivo.
Therefore, it is essential to apply and develop analytical methods
with new protocols to investigate NP—protein interactions in order
to understand the mechanistic basis for the possible biological
activity of these complexes and to achieve a safety assessment of
the nanomaterials used for biological applications. Li et al.'*'
summarized recent progress in the development of analytical
strategies to investigate NP —protein interactions.

‘When nanomaterials are meant for biological applications, it is
necessary to investigate their physicochemical properties in the
biological milien. As explained earlier, many studies have been
performed to shed light on the protein—NP association/dissocia-
tion processes in serum, plasma, etc. The determination of binding
rates, affinities, and stoichiometries of protein association with, and
dissociation from, nanoparticles in biological fluids is particularly
complex since more than 3700 proteins in different concentrations
coexist and compete for binding to the NP’s surface. Recently, both
gold NPs and quantum nanodots have been shown to give unique
optical profiles with a shift of the typical surface plasmon resonance
(SPR) peak in protein solutions. This shift has been related to the
modification of the surface environment upon protein adsorption.
Similarly, the increase of the NP hydrodynamic diameter measured
by photon correlation spectroscopy (PCS) also provides evidence
of protein adsorption.'**'**

One strategy commonly used to prevent unwanted protein
adsorption is to coat the NP’s surface with long polymer chains
such as PEG.'** Similarly, other surface-immobilized biomolecules,
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such as proteins, polysaccharides, and lipids, may be used to
reduce nonspecific protein adsorption and therefore unwanted
biorecognition of nanosystems.

5.1. Spectroscopy Methods

5.1.1. UV/Vis. Protein binding to NPs induces changes in the
absorption spectra of the NP or proteins, and these changes can
be used to evaluate the binding.*”'**'*5713¢ The shift and
broadening of the absorption spectra of the NP—protein com-
plex depend on the NP size and aggregation state and the local
dielectric environments.'””"*° For example, it was shown that
the red shift and the widening of the peak in the absorption
spectra of azurin (Az)—gold NP solutions depend on the Az
concentration. UV/vis spectroscopy can thus be used to analyze
NP—protein binding, although quantitative and conclusive re-
sults are difficult to achieve. In fact, protein—nanoparticle
complexes are characterized by a different size distribution
compared to the bare nanoparticles, with possible formation of
NP —dimer and NP—trimer conjugates, which will give a differ-
ent scattering contribution to the overall absorption spectra.
Compared with other methods, UV/vis is faster, more flexible,
and less complicated, but it is not conclusive and needs to be
performed in association with other complementary spectro-
scopic and structural investigations.

5.1.2. Fluorescence. Labeling proteins with fluorescent
probes allows the use of fluorescence spectroscopy to study their
structural and dynamic properties. The fluorescent labeling has
to be well designed to avoid introducing major conformational
changes to the native structure of the protein. Moreover, we can
also argue that the addition of a dye can affect the interaction of
the protein with the NP, if the dye has higher affinity for the NP
surface than the protein’s functional groups. Fluorescence spec-
troscopy is sensitive to protein dynamics because the excited
fluorescent state persists for nanoseconds, which is the time scale
of many important biological processes, such as the rotational
motion of protein side chains, molecular binding, and conforma-
tional changes.%®'%%13%137~ 14 When NPs are intrinsically lumi-
nescent or labeled with fluorescence probes,'*” fluorescence
emission can also be detected from the NPs. NP—protein
binding can be monitored by stead?f-state or time-resolved
fluorescence spectroscopy,108’130’138’14 ~146198 fluorescence re-
sonance energy transfer (FRET),“’MQ’150 or stepwise single-
molecule photobleaching."*" Intrinsic protein fluorescnce from
Trp groups can also be used to monitor changes in the protein
microenvironment upon binding to NPs.

Recently, fluorescence correlation spectroscopy (FCS) has
been used to study the interaction between proteins and NPs in a
physiological buffer. FCS measures the intensity of fluorescently
labeled particles in a very small confocal volume. When a labeled
NP passes into or out of that volume, a change in the measured
fluorescence is observed, and therefore, the time taken for the
particle to traverse the volume can be measured, assuming
Stokes—Einstein diffusion structural information regarding the
object can be extracted.

Rocker et al.'”have elegantly analyzed the adsorption of
human serum albumin onto small (10—20 nm) polymer-coated
FePt and CdSe/ZnS NPs using FCS, showing the formation of a
protein corona monolayer with a thickness of 3.3 nm. They have
also performed a time-resolved fluorescence quenching study,
showing that the proteins bind to the negatively charged NPs
with micromolar affinity and reside on the particle for ~100 s.
Jiang et al. have quantitatively analyzed the adsorption of human

transferrin onto small polymer-coated FePt NPs also using
FCS."*> Here, transferrin was shown to bind to the negatively
charged NPs with an affinity of approximately 26 mM in a
cooperative fashion and to form a monolayer with a thickness of
7 nm. Thus, it appears clear that FCS has potential to be used in
the future to obtain quantitative data on the dynamics of the
protein corona in a biological environment, which would be
useful for a multitude of protein (nano)science applications.
This, surely, implies further development of the methodology
and the design of experiments with both nanoparticle and protein
fluorescent labels so that cross-correlation fluorescence spectros-
copy could help to shed light on the dynamics of association/
dissociation to and from NP surfaces.

5.1.3. Fourier Transform Infrared and Raman Spectros-
copy. Vibrational spectroscopies, Raman and Fourier trans-
form infrared (FTIR), can be useful methods to get
information about the surface properties of NP—protein
complexes and to detect protein binding onto the NP surface.
Although both techniques investigate vibration modes, they
give complementary information. In fact, they have different
selection rules and specific advantages and disadvantages for
biological applications. Generally, the usual experimental pro-
blem associated with vibrational spectroscopy of a protein is
spectral crowding. However, resonance Raman or isotope
editing, among other approaches, yields unambiguous struc-
ture-specific assignments.'** There are two main advantages of
Raman over FTIR for studying NP—protein interactions: its
ability to measure the protein—NP complexes in aqueous
solution and the greater spectral simplicity in Raman spectra
than IR spectra because the localized vibrations of double or
triple bonds or electron-rich groups generally produce more
intense Raman bands than the vibrations of a single bond or
electron-poor groups.">* FTIR has been used to monitor the
structure of NP-bound proteins,®®'?*'557157 and the protein
secondary structures are estimated on the basis of the absorp-
tion of amide bonds. Among the amide I, II, and III bands, the
amide I vibrational band (1700—1600 cm ') is the most
sensitive and is frequently used to determine protein confor-
mation. Raman spectra of proteins consist of bands associated
with the peptide main chain, aromatic side chains, or sulfur-
containing side chains.">**%® For example, the interaction
between human hemoglobin (Hb) and bare CdS quantum
dots (QDs) has been investigated.158 The spin state of the
heme iron of Hb does not change by binding to the surface of
the CdS QDs, but the binding induces an orientation change of
heme vinyl groups from in-plane or close to in-plane to out-of-
plane.'*® Not only are these spectroscopic methods used to
detect conformational changes, they also confirm the protein
attachment onto NPs through the appearance of additional
characteristic bands.

5.1.4. Circular Dichroism. Different protein secondary
structures (O-helix, 3-sheet, etc.) have their own characteristic
CD spectra in the UV region. This method has been widely used
for monitoring conformational changes induced by protein—NP
interactions, 65:6%/86/125,129,131,138,140,133,146,159-163 "N1Ps are not
usually chiral in nature and thus do not affect the protein CD
spectra, although, if their size is large, they can give a scattering
contribution which can affect the CD signal. The approximate
fraction of a specific secondary structure present in the protein
can thus be determined by analyzing its far-UV CD spectrum as a
sum of fractional multiples of reference spectra typical of the
secondary structural type. Like all spectroscopic techniques, the
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CD signal reflects an average of the entire molecular popula-
tion. Thus, while CD can determine if a protein contains about
50% a-helix, it cannot determine which specific residues are
involved in the at-helical portion. The CD spectrum of a protein
in the “near-UV” spectral region (250—350 nm) can be
sensitive to certain aspects of tertiary structure. At these
wavelengths the active chromophores are the aromatic amino
acids and disulfide bonds, whose CD signals are sensitive to the
overall tertiary structure of the protein. In particular, signals in
the 250—270 nm region are attributable to phenylalanine
residues, in the 270—290 nm region to tyrosine, and in the
280—300 nm region to tryptophan. Disulfide bonds give rise to
broad weak signals throughout the near-UV spectrum. The
near-UV CD spectrum can be sensitive to small changes in
tertiary structure due to protein—protein interactions and/or
changes in solvent conditions. Although CD cannot be applied
on complex protein mixtures, it can provide useful information
on protein structure changes resulting from adsorption to a NP
surface.

5.1.5. Nuclear Magnetic Resonance. Hellstrand et a
showed, using size-exclusion chromatography and nuclear mag-
netic resonance (NMR), that copolymer NPs bind cholesterol,
triglycerides, phospholipids and lipoproteins from human plasma
and that the binding reaches saturation. The lipid and protein
binding patterns correspond closely to the composition of HDL.
By using fractionated lipoprotein complexes, they also showed
that HDL binds to copolymer NPs with much higher specificity
than other lipoprotein complexes (LDL, VLDL). Apolipopro-
teins have been identified as strong binders to many other NPs,
suggesting that lipid and lipoprotein binding is a general feature
of NPs under physiological conditions, possibly as a result of the
similar size range and curvatures of NPs compared to the
naturally occurring lipoprotein complexes which have sizes in
the range of 8—100 nm.'%*

Stayton et al.'®*have utilized solid-state NMR to provide ir situ
secondary-structure determination of statherin peptides on
biologically relevant hydroxyapatite (HAP) surfaces. In addition
to enabling a direct structural study, molecular dynamics studies
have provided considerable molecular insight into the protein-
binding footprint on hydroxyapatite. This also led to the design
of biomimetic fusion peptides that utilize nature’s crystal-recog-
nition mechanism to display accessible and dynamic bioactive
sequences from the HAP surface.

5.2. Other Methods

5.2.1. Dynamic Light Scattering. In dynamic light scatter-
ing (DLS) experiments, the normalized time autocorrelation
function g,(q,t) of the scattered intensity is measured according
to

164
l.

_ (15(3.9) I(g,1)
wlat) =0 1)

For ergodic systems, this function can be expressed in terms of
the field autocorrelation function g;(g,t) through the Siegert
relation

() = AL+ Bg(q,t)’] (2)

where A is the baseline and 3> is the coherence factor, which is
dependent on the scattering geometry and details of the detec-
tion system. When the spectral profile of the scattered light can
be described by a multi-Lorentzian curve, then g;(q,t) can be

written as the Laplace transform of the spectrum of relaxation
times:

o) = / Cw(t) e dr 3)

where 7 is the relaxation time characteristic of the system and
w(7) is its weight factor in the relaxation time distribution. To
obtain a distribution, w(7), of decay rates, a constrained regular-
ization method, CONTIN, developed by Provencher”’ is used to
invert the experimental data. If the motion of a nanoparticle is
diffusive, it is possible to calculate the translational diffusion
coefficient, D, from the relaxation time. It is commonly agreed
that D provides access to the hydrodynamic size, dy, through the
Stokes—Einstein relationship D, = KgT/67t1sdy, for spherical
NPs, with 77, being the solvent viscosity and Ky the Boltzmann
constant.

Thus, DLS experiments give access to the particle hydrody-
namic size distribution through an inverse Laplace transform of
the autocorrelation intensity function.

When proteins bind to the NP surface, the size of the NP
increases, changing its Brownian motion, which can be detected
by DLS. DLS has also been used to monitor the binding ratio of
protein—NP complexes, since the increase in the hgrdrodynamic
size stops when the binding is saturated.®®"*”"3*!°0~1 None-
theless, scattering data are dominated by the contributions from
larger objects since the intensity increases as Ry, so for poly-
disperse systems, the particle size distribution is shifted towards
larger size and the amplitudes of the populations are not reliable.
The hydrodynamic diameters from DLS represent the sizes of
the objects moving in the solution and include the hydration and
counterion shells and are generally larger than the sizes obtained
by microscopy.'®® Some of the newer instruments released into
the market are designed to be used also by a nontrained user,
allowing easy access to the machine. DLS measurement requires
very clean samples (dust contamination can significantly alter the
results), dilute samples, and a monodisperse population. In sum-
mary, DLS represents a fast, cheap, and somewhat reliable method
to measure the size distribution of NP—protein complexes in
physiological buffers and to detect possible aggregation issues.

Sometimes, NP dispersion in a biological environment results
in some aggregation or a shift in the particle size distribution.
Such unexpected aggregation can have a significant effect on the
available nanoparticle dose and on interpretation of any results
obtained thereafter in terms of NP interactions with living
systems. Unlike classical light-scattering techniques, the nano-
particle tracking and analysis (NanoSight NTA) technique
allows nanoparticles to be sized in suspension on a particle-by-
particle basis, allowing higher resolution and therefore better
understanding of aggregation than ensemble methods (such as
DLS). Montes-Burgos et al. showed how the NTA technique can
be extended to multiparameter analysis, allowing for character-
ization of the particle size and light scattering intensity on an
individual particle basis, including in the presence of plasma.'”>
This multiparameter measurement capability allows subpopula-
tions of nanoparticles with varying characteristics to be resolved
in a complex mixture. Changes in one or more of such properties
can be followed both in real time and in situ.

5.2.2. Isothermal Titration Calorimetry. Isothermal titra-
tion calorimetry (ITC) can be used to directly measure the
binding affinity constant, enthalpy changes, and binding stoichi-
ometry between NPs and proteins in solution.”>*#5"171 Op
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the basis of the measurement of small changes of temperature,
Gibbs energy and entropy changes can be easily calculated. To
quantify protein binding as a function of the NP characteristics,
typically a protein is titrated into the NP solution and the heat
response is recorded. The heat changes are then fitted to the
isothermal function, and thermodynamic parameters are ob-
tained. In a study of QD—HSA interaction, the thermodynamic
parameters of the system were calculated at different tempera-
tures. Results indicated that electrostatic interactions played a
major role in the binding reaction because negative enthalpy and
positive entropy values were obtained.%

Cedervall et al.'> showed that ITC is suitable for studying the
affinity and stoichiometry of protein binding to NPs. Lindman
et al,”® further showed that ITC is a straightforward method for
measuring protein adsorption to nanoparticles in a quantitative
manner. In particular it can be used to derive specific effects
driving adsorption and give accurate degrees of adsorption and
provide good complement to more qualitative or structural
methods.

5.2.3. £ Potential. Many nanoparticles in solution bear an
electrostatic charge on their surface that hampers the inter-
particle interaction/aggregation by electrostatic repulsion.
However, ions and ionic surfactants in the solution can adsorb
onto the NP surface, modifying the overall surface charge and
forming an electrical double layer around each particle. This
consists of an inner layer, called the Stern layer, more strongly
bound to the surface and an outer diffuse layer less firmly
bound to the NP surface. Within the diffuse layer, there is a
boundary, the slipping plane, inside which the ions and
particles form a stable entity (and travel together under an
electrical field), and the { potential measures the electric
potential at this slipping plane. Generally, NPs characterized
by a large § potential repel each other and do not flocculate,
thereby forming a stable dispersion. Thus, the { potential gives
information on the surface charge of the NPs and can be used
to detect protein binding to the NP surface as this will change
the overall surface charge. For example, the interaction of
negatively charged BSA and positively charged lysozyme with a
range of metal oxide particles (such as alumina, silica, titania, or
zirconia) was studied by { potential measurements.’® The
adsorbed proteins changed the { potentials and the isoelectric
points of the oxide6particles.36

Lundqvist et al.*® studied the protein corona formed from
human plasma for a range of NPs that differ in surface properties
and size. Six different polystyrene NPs were studied: three
different surface chemistries (plain polystyrene, carboxyl-modified
polystyrene, and amine-modified polystyrene) and two sizes of
each (50 and 100 nm), enabling the authors to perform systematic
studies of the effects of the surface properties and size on the
detailed protein coronas. They concluded that both the size and
surface properties play a very significant role in determining the
coronas on the different NPs of identical underlying material
composition.

5.2.4. Differential Centrifugal Sedimentation. Walczyk
et al.*® have studied the structure and stability of protein—NP
complexes in human plasma and those washed free of excess
plasma (leaving the so-called hard corona complexes) to under-
stand the strength of binding of the corona and thus its impact on
the interaction of NPs with living matter. Using a method called
differential centrifugal sedimentation (DCS), they determined
that the protein corona is about 10 nm thick for some nanoma-
terials (e.g, polystyrene and silica), and once the corona has

formed and equilibrated, this thickness does not change with
time. DCS is probably one of the few techniques that allows
measurement of the size distribution of NP—protein complexes
in a semiquantitative way in the presence of the complex protein
mixture, ie. in situ. Particles differing in size by less than 5%
can be resolved as single peaks, allowing distinction between
protein—NP monomers, dimers, and trimers which would not be
discriminated with DLS. Moreover, the possibility to measure
NP—protein complexes in the biological fluid enables compar-
ison of their size distribution to that of complexes free of excess
plasma to understand if they are representative of what occurs in

the biological milieu.

5.3. X-ray Crystallography

X-ray crystallography is now used routinely to determine how
a drug interacts with its protein tar&et and what changes in the
drug structure might improve this.'”>'"*

In a recent study,'’* diastase enzyme was immobilized on
nickel-impregnated silica paramagnetic NPs and characterized
using Fourier transform infrared spectroscopy and X-ray crystal-
lography. Analysis of the nature of enzyme binding with these NPs
under different physiological conditions revealed that the binding
pattern and activity profile varied with the pH of the reaction
mixture. The immobilized enzyme was further characterized for its
biocatalytic activity. Paramagnetic nanoparticle-immobilized en-
zyme showed a higher affinity for the substrate than the free

enzyme.

5.4. Chromatography

Size Exclusion Chromatorgraphy (SEC), also known as gel
filtration chromatography, is an old and versatile technique routinely
used in chemical and biological laboratories to separate chemical
compounds, polymers, or biological polymers, such as proteins,
polysaccharides, and nucleic acids, on the basis of their size. There
are several stationary phases (e.g, dextran, agarose, and poly-
acrylamide) that allow separation of biomolecules in different size
ranges.”**'37140 Besides separating bound proteins, SEC is also
able to detect the preferential binding and exchange rate during
NP—protein interactions. Such properties can be analyzed on
the basis of the elution profile of proteins.'> Each protein is
eluted with a characteristic volume depending on its molecular
weight. In the presence of NPs, the elution volume of proteins is
smaller following interaction between the protein and the NP,
as the NPs elute in the void volume, being too large to enter the
pores of the separation phase. This approach is particularly
useful when the NPs have an electrostatic interaction with the
stationary phase.

In reversed-phase chromatography (RPC) and ion exchange
chromatography (IEC) biomolecules, mainly proteins and pep-
tides, are separated on the basis of different retention times
resultin§ from their hydrophobicity (RPC) and their charge
(IEC).'*>'%% RPC requires a polar stationary phase on which a
nonpolar domain adsorbs, and proteins are progressively eluted
by injecting a linear gradient of polar mobile phase. IEC separa-
tion is based on Coulombic attraction between the biomolecule
and the stationary phase, and the bound substances are progres-
sively eluted by applying a buffer gradient with high ionic
strength. On the basis of the charge of the matrix IEC, positively
or negatively charged molecules are retained and subsequently
eluted by applying a linear gradient of high salt concentration. As
the protein charge status depends on the pH of the solution
(molecules have a positive charge below their isoelectric point
and a negative charge above it), the pH of the mobile phase has to
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be carefully monitored. Although this technique has been largely
used for protein purification from a complex mixture, it is now
routinely coupled with mass spectrometry. By adjusting the pH
or ionic concentration of the mobile phase, various protein
molecules and NP—protein complexes can be separated. IEC
includes cation exchange chromatography and anion exchange
chromatography: the former retains cations (positively charged
proteins or NP—protein complexes) using a column of nega-
tively charged beads; the latter retains anions using positively
charged beads. For example, IEC was used to separate gold NPs
(Au NPs) with various peptide cappings.'”

5.4.1. Electrophoresis. Electrophoresis is the most widely
used method for the separation and analysis of complex protein
mixtures, where charged molecules dispersed in a fluid migrate
under an electric field. Capillary electrophoresis (CE) and gel
electrophoreses (one-dimensional gel electrophoresis (1-DE)
and two-dimensional gel electrophoresis (2-DE)) are commonly
used for analyzing NP—protein complexes.

5.4.1.1. Capillary Electrophoresis. CE segarates proteins on
the basis of their charge and frictional forces."”*'”” Separation by
CE can be detected using UV or fluorescence detection. CE was
used to study the adsorption of the major plasma protein albumin
onto poly(methoxypolyethylene glycol cyanoacrylate-co-hexade-
cyl cyanoacrylate) (PEG-PHDCA) NPs. CE allowed the direct
quantification of adsorbed proteins without the requirement for a
desorption procedure.'’”” However, one drawback of CE is that
proteins are easily adsorbed onto the inner surface of the capillary,
and as such the detection sensitivity is not high.

5.4.1.2. One-Dimensional Gel Electrophoresis. SDS—PAGE
is probably the most common technique in several laboratories,
where protein mixtures are separated by molecular weight under
an electric field.**>*" 1137178181 The proteins migrate through
a vertical gel of acrylamide cross-linked with bisacrylamide and
are separated according to their size due to their different
electrophoretic mobilities. The proteins must be denatured
and negatively charged, which can be achieved simply by boiling
them with a reducing agent (dithiothreitol (DTT) or
p-mercaptoethanol) and an anionic detergent (SDS). While
the reducing agent will only reduce the disulfide bonds within
cystine residues, SDS denatures the proteins by binding to the
amino acids, causing electrostatic repulsion and thus protein
unfolding. The same recipe has been successfully applied to
denature and detach proteins adsorbed onto NP surfaces. The
negative charge of the proteins given by SDS causes protein
repulsion and thus detachment from the NP surface. The
proteins resolved in the gel can be stained with one of several
available stains (Coomassie brilliant blue, silver nitrate staining,
deep purple, etc.), and densitometry analysis is routinely used to
quantify protein abundance.”> SDS—PAGE is an extremely
quick, cheap, and reliable technique that allows up to 14 protein
coronas from different samples to be resolved simultaneously
within the same gel. Although it has several advantages, it suffers
from poor protein separation if the protein complex is too rich,
resulting in comigration in the same gel bands of several proteins.

5.4.1.3. Two-Dimensional Gel Electrophoresis. 2-DE is a
powerful and common technique for large-scale studies in
proteomics where more than 5000 proteins can be separated
within the same gel.51’176’177'182’183 The proteins are separated in
two steps or dimensions. In the first dimension the proteins are
separated according to their charge by isoelectric focusing (IEF)
and in the second dimension are further separated according to
their size (molecular weight) by SDS—PAGE.

After the proteins are separated, a staining method must be
used so that the protein spots can be visualized in the gel and
converted into a digital image. An ideal staining method should
be sensitive enough to detect low-abundance proteins in the
sample and also have a linear dynamic range throughout all the
spots of different intensity in the gel. Such a linear dynamic range
ensures that the spot intensity is linearly correlated with the
protein abundance. Additionally, if the staining is compatible
with protein identification, the spot of interest can be excised
directly from the gel and analyzed to obtain the identities of the
protein spots of interest.

While Coomassie blue staining suffers from low sensitivity,"**
ammoniac silver staining and several of the fluorescent approaches
ensure high sensitivity, detecting less than 1 ng of proteins, and
also have a linear dynamic range of intensity of 4 orders of
magnitude,'®>'* ensuring high quality and reliable results. An-
other attractive approach is difference in gel electrophoresis
(DIGE), which uses cyanine fluorophor dyes (CyDyes) that
covalently bind proteins in a complex mixture prior to IEF and
2-D PAGE. There are now three dyes available with the same mass
and charge but differing in their emission and excitation spectra.
They are also extremely bright so that only 3—5% of the protein
needs to be labeled. A typical DIGE experiment requires the
labeling of each individual sample with one of the three CyDyes,
and then three samples are pooled and run on a 2-D gel. After the
protein migration is performed, the gel is scanned using a
fluorescent scanner, obtaining three different images from the
same gel using the emission and excitation settings for each of the
three CyDyes."®” This approach is particularly attractive because if
two sample conditions are run in the same gel, it is possible to
identify spot changes, thereby reducing any error that is caused by
running samples in different gels. After image capture, the gel
images have to be imported into an image analysis software which
quantifies the spot intensity and compares spot abundances from
different gels, and the matching of the same spots across the gels,
which can be quite challenging. Gel spots that are significantly
different between gels can be analyzed afterward by mass spectro-
metry to obtain the protein identity.

Because it is unlikely that two molecules are similar in two
distinct properties, molecules are more effectively separated in
2-DE than in 1-DE. Plasma and serum proteins bound to poly(p,
t-lactic acid) (PLA) NPs were analyzed by 2-D PAGE." Protein
bands on a scanned image of 1-DE gel or protein spots on a
scanned image of 2-DE gel could be determined to quantify
individual proteins. Because of more effective separation, 2-DE is
more suitable for %uantitative analysis.

Gessner et al."® investigated changes in the plasma protein
adsorption patterns resulting from surface hydrophobicity variation.
Latex particles with decreasing surface hydrophobicity were synthe-
sized as model colloidal carriers. Physicochemical characterization
was performed, and considerable differences in the protein adsorp-
tion patterns on the particles were detected using 2-D PAGE.'®®

Although the 2-D gel technique provides reproducible protein
migration in a gel and protein identities can be obtained relatively
quickly, obtaining high gel quality can be quite time-consuming,
has several technical difficulties, and requires specific equipment
especially if using fluorescent staining approaches, and the image
analysis to obtain spot changes within gels is quite expensive.
Spot matching is also a difficult and time-consuming job and is
prone to human error.

5.4.2. Mass Spectrometry. While in the past mass spectro-
metry (MS) has been predominantly used for chemical analysis,
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Table 2. Continued

analytical

refs

disadvantages

advantages

method

177, 176

proteins are easily adsorbed onto the inner surface of the capillary, and the detection

suitable for separation of complicated protein mixtures; suitable for qualtitative and

electrophoresis

sensitivity is not high

quantitative analysis

sensitivity of the system with a detection limit restricted to 1—10 nM of a 20 kDa protein

sensitive to changes in the refractive index of the medium surrounding the sensor and to

SPR

and even higher for smaller molecules, particularly when the receptor displays a weak

affinity

the thickness of the sensor layer; as any change in protein conformation will bring a

modification in this parameter, SPR has also been extensively used to study the

conformation of immobilized proteins in various environments

variations in interfacial parameters, such as surface roughness, surface free energy,

simple, cost-effective, high-resolution mass sensing technique; ease of setup and

QCcM

surface charge, and viscoelasticity, hamper interpretation of QCM results

operation and low cost; QCMs are capable of measuring mass changes as small as a

fraction of a monolayer or single layer of atoms; allows a label-free detection of

molecules

in the last decade it has become a powerful and essential
instrument in life science and proteomics studies, where it is
used as an high-throughput, analytical tool to identify proteins.
The MS analysis process consists of an initial generation of gas-
phase analytes from either a crystalline solid form (MALD]I,
matrix-assisted laser desorption ionization) or a liquid solution
(electrospray ionization, ESI). For protein identification pur-
poses, generally a protein sample needs to be first digested into
smaller peptides with a proteolytic enzyme (normally trypsin)
in order to reduce the size of the analytes and make it more
suitable to the useful mass range of the instrument. Peptides are
ionized in the ion source and are then introduced into a region
of high vacuum. The ions are then separated on the base of their
mass to charge ratio (m/z) under either a strong electromag-
netic field or in a long drift tube, according to the mass analyzer
used. Most of the instruments available on the market perform a
so-called tandem or multiple stage (MSn) fragmentation of
chosen precursor ions, producing fragments whose size differ
from one another by the mass of a constituent amino acid. Upon
scanning of the fragments produced, a tandem mass spectrum is
obtained, which contains all the information necessary to
decipher the primary sequence of each given peptide in the
mixture. The raw data are then searched against the database
of the species used in the experiment to obtain the protein
identities.

There are now several mass spectrometers of different kind
available that satisfy any particular need, ensuring high resolu-
tion, reduced costs, and small size, although all require a highly
trained user to run the instrument.

MS is the technique of choice for protein corona studies as it
provides qualitative and quantitative information regarding the
protein mixture. It has been successfully applied to indentify NP
protein coronas using non-gel and gel-based methodologies. The
gel-based methodology, which is a classic one, requires previous
sample separation on SDS—PAGE. The bands of interest are cut,
followed by in-gel trypsin digestion to extract the peptides and
analysis by mass spectrometry. The non-gel-based approach
requires in-solution trypsin digestion of the proteins while they
are still adsorbed on the NP surface. As the proteins are quite
compacted on the NP surface, the domains for trypsin digestion
may not be accessible, and thus, protein denaturation is neces-
sary. The choice of the denaturing agent has to be made carefully
to avoid reduction of trypsin efficacy 2#26137176178189,190,176,179,130,151
As peptide mixtures can be too complex for a single-run MS
analysis, peptides can be separated using 2-D high-performance
liquid chromatography (HPLC), generally strong ion exchange
followed by reversed-phase chromatography at the interface of
the MS.

In both approaches, MS provides qualitative (protein
identities) and semi or quantitative values that reflect protein
abundance. Quantitative MS can be obtained by pre-labeling the
peptide with isotope-coded tags (iTraq) or in a label free manner
that relies on spectral counting and measuring of chromato-
graphic peak areas.””

5.4.3. Surface Plasmon Resonance. SPR technology is
based on the change of oscillation of surface plasmon waves that
are caused by the adsorption of molecules onto a metal surface.
SPR was used to study the kinetics of NP—protein
binding.'>**"**NPs are anchored on the gold surface of the
sensor chip, and proteins are injected to flow over the NP-
modified surface. Human plasma proteins were injected into the
flow chamber and allowed to bind to and release from NIPAM/
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BAM copolymer NPs.'” This confirmed that the more hydro-
phobic NPs bound more significant amounts of protein and that
the association and dissociation rates were clearly dependent on
the hydrophobicity of the particles."”

5.4.4. Quartz Crystal Microbalance. Quartz crystal mi-
crobalance (QCM) is a sensing technology based on the
piezoelectric effect. It measures the resonant frequency shift
that can be correlated with mass changes at the oscillating
quartz surface.'”*'"? Either proteins or NPs are immobilized
onto a gold surface on a quartz crystal. The binding partner
(NP or protein) is then injected into the flow-chamber and
flown over the quartz surface. The frequency is monitored in
rea] time. Real-time and quantitative NP—protein binding
profiles are obtained, and the association and dissociation
constants can be determined by fitting to the Langmuir
adsorption isotherm. The advantages of QCM over SPR are
the ease of the setup and operation in addition to low cost and
the possibility to use material surfaces other than gold. QCM
also allows for multilayer adsorptions (QCM showed no
reduction of sensitivity at even 400 nm thickness, whereas
SPR showed significant peak broadening at 200 nm
thickness). However, the instrumentation and software of
SPR are more advanced.'?>'??

5.5. Advantages and Limitations of the Available Methods
The advantages and limitations of the available methods are
summarized in Table 2.

5.6. Request for Possible New Methods

There is tremendous growth in the development of nanoma-
terials with enhanced performance characteristics. Many “legacy
materials” have already found widespread commercial use with-
out a full understanding of their biological reactivity and potential
impacts. Although industry desires the safe, widespread use of
nanotechnology, it will not occur unless surface characterization
and corona identification are possible using simple and accessible
laboratory equipment. Static and single-point measurements/
single NP—protein measurements are insufficient; the inter-
mediary regimen must accommodate the dynamic and meta-
stable states present at the bio-nano interface in complex
biological milieu.**

Many technologies are emerging that will enable a better
understanding of the bio-nano interface, but there is still the
need to develop new methodologies to study the interactions
between biomolecules and nanoparticles that result in the
formation of a protein-modified surface such as occurs when
NPs are incubated in human bodily fluids. Additionally,
methods to provide detailed descriptions of the biointerface
at the NP surface, and how this interacts onward, i.e., with
other proteins and cellular receptors, is required. One ap-
proach that may help to achieve this is by screening NP—cor-
ona complexes against arrays of potential binding targets (e.g.,
proteins, antibodies) and identifying their binding partners.
The great potential of this approach resides in the parallel
investigation of multiple biomolecule targets competing for
association with the NP surface, thereby mimicking the living
medium and hence giving us important information about the
interaction pattern and the kinetics aspects of the binding of
NP —corona complexes and their subsequent interactions with
cell surface receptors. Protein and antibody arrays have been
extensively exploited as analytical tools to detect tiny amounts
of molecular species in solution and to study the expression of
biological functions (biomarker identification), but they have

Figure 8. A GCN4 protein binds a DNA at specific sites. The
simulation box contains the protein (1728 atoms), DNA segment
(1270 atoms), water molecules (38193 molecules), and 61 sodium
ions. The picture was taken after relaxation of an NVT (N, number
of particles; V, volume; T, temperature) ensemble for about S0 ns
at 293 K.

never before been used to “map” the interaction of NPs with
biological binders. The rational study of several selected NPs
with arrays of binding targets can potentially give new results
that will have a high impact in the promising and important
fields of nanomedicine and nanotoxicology. By combining
protein microarray technology with the use of large human
protein expression libraries, we can profile nanoparticle inter-
actions against an almost complete repertoire of human
proteins, hopefully identifying key recognition interactions,
with major implications for targeted therapy for intractable
diseases.

From a more structural point of view, AFM, where a cantilever is
vibrated independently at a slightly different frequency, allowing
the AFM tip to reveal the accompanying contrast in acoustic
impedance as nanoscale heterogeneity, can be used to study the
interaction strength between protein-modified NPs and a lipid-
supported bilayer (as a model of the cellular membrane).'”’
Surface-enhanced Raman scattering (SERS) is being used increas-
ingly for bioimaging of cells. This technique measures the en-
hanced Raman scattering of molecules adsorbed on metal surfaces.
This method is sensitive enough to detect single NPs (PEGylated
Au and Ag NPs, for example'”’). Recent tumor imaging with
radiolabeled single-walled carbon nanotubes (SWCNTs) suggests
that SERS may be a promising molecular imaging technique in
living subjects.'”® However, such techniques are not routinely
available, require skilled workers, and may not be applicable across
a broad range of NPs. Ideally, approaches combining chemical
mapping and particle sizing in a complex milieu are required
to accommodate the broad range of different NPs being devel-
oped around the world (estimates place this at being >30000
different NPs).

6. SIMULATION OF NP—PROTEIN INTERACTIONS

Investigation of the dynamics, thermodynamics, and mecha-
nical properties of bio-nano systems at different spatial
and temporal resolutions is necessary to understand and control
both the applications and the risks of NPs in contact with living
systems. In particular, the interaction of nanoparticles with the
binding sites/functional units of proteins is very important to
understand. As experimental methods to study in detail
the interactions and conformational changes of individual nano-
particle—protein conjugates are so limited at present, a natural
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Figure 9. Fullerene permeation through a lipid membrane. A single fullerene is captured in the membrane interior after it escapes quickly
from the water environment (a), but the clusters permeate much more slowly (b). Fullerene is shown in red, the lipids are shown in cyan
with blue head groups (phosphodiester groups), and water is yellow. Reprinted with permission from ref 209. Copyright 2008 Nature

Publishing Group.

alternative is computer simulation. However, at present,
such simulations are also limited to single-protein—NP studies,
which are not fully representative of the situation in complex
biofluids.

NPs and proteins are more complicated than simple hard
spheres, which are the typical unit of simulations. In recent
years, there have been large efforts dedicated to understanding
the structure and the dynamics of these objects by means of
different simulation methods.® For many crystalline NPs,
quantum ab initio methods are relatively successful at providing
some information about both the mechanical and electronic
structure,>*%% although this is not feasible for proteins be-
cause of the lack of symmetry of proteins, each of which has a
highly controlled, primary, secondary, and tertiary structure,
and also as a result of the size of the systems in question. For
example, a typical protein with 100 residues in an aquatic
medium consists of about 10> atoms in a simulation. Figure 8
shows a snapshot of a protein—DNA molecular dynamics
(MD) simulation. The figure shows how a GCN4 leucine
zipper which is a transcriptional regulator protein recognizes
a DNA specific site and binds to it.

Proteins have different residues with different hydrophobi-
cities, and they do not carry a uniform charge. MD is a powerful
tool to simulate such systems; however, the goodness of the

results depends greatly on the size of the system and also on
the force field parametrization.”®> Thus, the most efficient
simulation methods for individual NP and protein systems
are different, which makes NP—protein simulations even more
challenging.

There are numerous nonspecific interactions between NPs and
proteins, and the nature of many of them is not yet completely
understood. Amino acid side chains may bind to NPs, noncovalently
or covalently. NP surfaces are also not perfect; they can have
multicrystalline structures with vertices, steps, edges, and defects as
well as impurities,”* and an additional complexity comes from the
size distribution of most (all) NP dispersions, as well as the tendency
of many nanoparticles to aggregate in biological fluids, thereby
altering the available surface area for interaction with proteins.
Atoms, sitting at different positions, have different chemical affinities
to interact with different protein domains. In many cases, NPs are
coated by li(gands which act as an interface in NP—protein
interactions.”***® Moreover, when nanomaterials are being intro-
duced into biological systems, the water solubility of the particle is
also an important issue.

For many systems, simulating all of the NP atoms is
computationally very expensive (because of the size of the
NP); however, for large enough particles, the details may be
washed out. In this way, an extended particle may be presented
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Figure 10. Chicken eggshell ovocleidin-17 protein acts as a catalyst in the transformation of amorphous calcium carbonate to calcite crystals. Reprinted

with permission from ref 220. Copyright 2010 Wiley-VCH.

as a surface. For example, it was shown that interaction of yeast
cytochrome ¢ with hydrophilic surfaces is stronger than with
hydrophobic surfaces.”’° However, a limit of this approach is
that potentially important effects such as those resulting from
surface curvature and packing efficiency are diluted or re-
moved. Therefore, this approach is not entirely representative
of the true NP—protein interaction, especially for smaller NPs
with higher surface curvature where the size of the NP comes
close to the size of larger proteins (e.g, fibrinogen and
HSA).2%¢

6.1. Simulation Results for NP—Protein Interactions

The adsorption or covalent binding of a protein onto a NP’s
surface can strongly alter the physio-chemical and structural
properties of both of them. It can even unfold the protein. On

the other hand, a protein can also change the crystal structure
of the NP. To reduce the complexity of the problem, it is
usually simplified by considering one of the objects as being
unperturbed.

This is a good approximation for highly stable NPs such as
fullerenes or carbon nanotubes (CNTs). Energetically favorable
binding modes between antibodies and fullerene have been
identified both in MD*”" and in combined MD—docking
studies.””® The thermodynamics and mechanism of permeation
of fullerene aoggregates (Figure 9)** and CNTs through cell
membranes®'**!! and also water molecule transport through
carbon nanotubes®'* have been described where the NPs are
considered as being rigid or coarse-grained (CG). In comparison
to more detailed atomistic models, CG models make simulations
feasible at longer time and/or length scales.”'® The appropriate
scales, advantages, and disadvantages of the different simulation
methods are compared in Table 3.

There are also other ways to accelerate atomistic simulations.
If the question is related to equilibrium states or transition

pathways between protein folding states, the topology of the
free energy landscape214 or its projections on some given
reaction coordinates may have enough information to help
understand the system. This can be performed using methods
such as Monte Carlo (MC), Brownian dynamics, metadynamics,
or umbrella sampling.”**'® Metadynamics samples the free
energy landscape and projects it onto a subspace of a few reaction
coordinates to find transition pathways between different states
and could potentially be used to assess conformation changes of
proteins upon binding to NPs. The method shows good perfor-
mance for modeling the clustering of inorganic ions on
biomolecules.>’” The contribution of native proteins to
crystal nucleation of mineral NPs has been reported
experimentally,”'**'” but the time scale is not accessible to
ordinary atomistic molecular dynamic simulations. It has been
shown that the process can be investigated using
metadynamics,”*® where the results propose that chicken egg-
shell protein ovocleidin-17 acts as a catalyst by binding to
CaCOj; NPs, causing crystal nucleation, and then leaves it to
grow (Figure 10).

One particular issue in NP—protein interactions is conjuga-
tion, where proteins are covalently linked to the NP. This
can affect both the structure and function of the protein, and
typically several different protein orientations are observed.””
Despite these complications, the model usually oversimplifies the
situation, and proteins are often assumed to be fully folded, which
may cause the loss of relevant information for physics and
biology.”*"

For covalently linked proteins, it is shown that linkage can
affect the charge distribution of the ligands and the overall charge
of the NPs. MD simulations show that even labeling sites may
affect the protein conformation and would contribute (e.g.
labelling of the proteins might itself affect the protein
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conformation and thus its binding to NPs).”*' As an example, in
labeling cytochrome ¢ by Au NPs, there are key motifs on the
protein that induce local denaturation if they are labeled.
Simulations propose that in order to preserve protein structure,
flexible and loosely folded motifs should be labeled instead of
folding nucleation centers.”*!

First-principle calculations, which are widely used for investiga-
tion of subatomistic detailed structure of nanoscaled systems,”** can
be applied to tiny systems of NP—biomaterials. A good example is
the interaction of DNA base pairs with the outer surface of CNTs,***
which can be studied by the application of density functional theory
(DFT).** In addition to reporting on the protein structure, such ab
initio quantum calculations are able to find charge density and may
help to realize the nature of the chemical forces driving the
interactions.”**

6.2. NP Self-Assembly

DNA sequences can be attached to gold NP to form novel
DNA—NP assemblies.””> The known DNA oligonucleo-
tides are chemically attached to metallic NPs (mostly Au)
to create DNA probes with the capability to self-assemble into
aggregates.”*® The particles interact with each other thr-
ough base-pairing. The base-pair interactions make the as-
sembly programmable as the nature of the interactions
(DNA melting and hybridization) makes it tunable and
controllable.**>**”

Parameters such as temperature or concentration not only can
control transitions in the system, but may also enable the
particles to self-assemble into preprogrammed structures.
Although the length and time scales of the systems do not allow
detailed atomistic simulations, there are successful efforts to
investigate the interesting physics of the sgrstem by means of
coarse-grained MC or MD simulation.”****

6.3. NPs in Larger Biological Systems

As mentioned previously, NPs may be harmful when ad-
sorbed to the membrane of living cells in cases where such
interactions were not intended. Thus, the interaction of NPs
with the membrane has attracted huge interest in recent
years.”>

By means of Brownian dynamic simulations, it has been shown
that adhesive NPs induce morphological change of the vesicle
membrane.”*' Spherical NPs, which interact with the hydrophilic
part of the bilayer, induce wrapping of the membrane around the
NP, and formation of pore openings was observed during the
simulation.**'

In a more detailed atomistic MD simulation, interaction
between a carbonaceous NP and a pulmonary surfactant mono-
layer has been investigated.*” Here also, the lipid membrane
wrapped around the NP during the simulation.

7. OUTCOME OF PROTEIN—NP INTERACTIONS

Although NPs have significant potential for use in many
medical applications, there are also potential “toxic” phenomena
that are observed®**>>*” (overexpression of inflammatory
factors,***** production of reactive oxygen species,******!
uncontrolled aggregation or amyloidosis diseases***) and whose
biological and physiological implications must be understood.
NPs possess large surface/volume ratios (for example, there
are 800 m” of surface area per liter of 1 wt % dispersion of
70 nm particles).** In a physiological medium, NPs are coated
with proteins whose conformation may be disrupted or

induced to aggregate, which can trigger unexpected cellular
responses.'** The adsorbed proteins are similar enough to the
native protein that the cells do not recognize them as dena-
tured, but may be sufficiently different from the native form
that they trigger an inappropriate cellular process. Linse et al.**
reported that NPs enhance the probability of appearance of a
critical nucleus for nucleation of protein fibrils from human b2-
microglobulin in solution. These phenomena increase the risk
of toxic clusters and amyloid formation, although whether this
also occurs under competitive binding conditions has not yet
been shown.

Kreuter et a showed that (i) transport across the
blood—brain barrier was initiated by surface-bound apolipro-
teins, which can be taken up by brain capillary endothelial
cells, and (ii) the antinociceptive effect of the enkephalin
analogue dalargin was significantly enhanced when loaded
into apolipoprotein-coated NPs. A recent study using iron
oxide NPs modified with chlorotoxin to image brain tumors
showed transport across the blood—brain barrier for excellent
tumor imaging.”** However, the mechanism of transport
was not clear. It is possible that circulating apolipoproteins
may have contributed to the uptake of these NPs. These
studies are examples of using serum protein binding as an
advantage. However, the protein corona surrounding the NP
is often uncontrolled and thus not beneficial for targeting
because it can lead to accumulation in the reticuloendothelial
system.245

243
L.

8. WHAT NEXT?

The developments in nanotechnology are leading to potential
applications in multiple areas, such as in composites, coatings,
electronics, information technology, and more recently health
care and the life sciences. Due to its rapid propagation into all
branches of science, the current century may have cause to be
named the “Nanotechnology Age”. The number of publications
in the field of nanotechnology has increased rapidly in recent
years; however, the majority of these investigations are focused
on the synthesis, characterization, and surface properties of
NPs, whereas the biological issues have been the subject of less
attention. Due to the importance of the potential toxicity of
NPs and the need to ensure the safe implementation of
nanotechnologies, their biological behaviors are currently re-
cognized as a crucial issue that needs to be addressed
urgently.>*® As described in this paper, the biological impacts
of NPs are mostly related to, and determined by, the modified
surface of NPs following interaction with biological molecules
(i.e., by the formation of a protein corona), rather than by the
composition or characteristics of the original surface of the NP
itself.

Early work published in 2007 brought attention to the
biological impact of the formation of a protein corona on the
surface of NPs and on its huge importance for the safe use of NPs
for biomedical applications. This is now a well-established
phenomenon which is carefully considered by most researchers
in this field 2730:46,49,55—58,87,246

According to human experience throughout history, the
contribution of every new research endeavor to human science
can be truly judged only once the dust settles.”*” To date, while
the scientific findings pertaining to the NP—protein corona and
its consequent biological impacts are becoming relatively well
established, much more work is needed to really understand and
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predict biological impacts based on the composition of the
NP—protein corona. Therefore, it is not yet time to evaluate
the significance of the technological promises and the future
perspectives of this matter.

Besides those NPs which are directly used for biomedical
applications and which are now available as commercial
products, there are many other products that contain NPs,
such as sunscreens, which consist of several metal oxide
NPs.*” People and more specifically certain occupational
groups (e.g., welders and workers in steel mills) may be
directly exposed to various types of NPs.*” Hence, a deep
understanding of the potential side effects of NPs must be
achieved to prevent any negative health implications from
nanotechnology in the future.”*® Therefore, without the
appropriate biological and physiological data and conse-
quently the removal of uncertainty regarding the implications
of nanotechnology, the famous sentence of Richard Feynman
that “There’s plenty of room at the bottom” (which was the
first hint of the emergence of nanotechnology) may be
changed to “There’s a few safe NPs at the bottom!” (which
will indicate those NPs that have been shown beyond doubt
to be safe for use in medicine and diagnostics). Nanomaterials
have generated tremendous interest due to the fact that they
present an opportunity to deliver unprecedented material
performance. These opportunities are based on the unique
properties (e.g., magnetic, optical, mechanical, electronic)
that vary continuously or abruptly with changes in the size of
the material at the nanoscale. These steplike changes in
nanoscale properties provide both enormous potential and
challenges. Globally, these breakthroughs will enable key
advances in health care, such as targeted drug delivery,
diagnostics, and biosensors.

Nanomaterials designed from the “bottom up” will deliver the
specific combination of functions needed for their application.
Material developers of the future will identify the optimal
material properties for each application and select the appro-
priate building blocks and production technology to efficiently
and economically produce the material with the desired proper-
ties and function.

Revolutionary advances in science and technology enable the
solution-oriented design of nanomaterials. In-depth under-
standing of physics and chemistry fundamentals at the nano-
scale, combined with modern, robust, computational capability
across length scales, also enables the directed design and
synthesis of libraries of high-quality nanomaterial building
blocks. Understanding of the fundamentals will assist in the
development of models and tools and help to verify the
accuracy of that understanding. Knowledge of the relationships
among structure, properties, functions, and processing methods
will provide the basis for application-based protein—nanopart-
icle design.

Systems which have integrated imaging, spectroscopy, and
scattering capabilities to provide the array of information neces-
sary to characterize nanomaterial features and behavior across
relevant scales should be developed. Development of these
capabilities will evolve in steps, starting from an instantaneous
measurement of a single property at multiple nanoscale locations,
moving to multiple properties at a single nanoscale location, and
finally to generating a real-time, 3-D map of both chemical and
physical properties. Ultimately, this tool will need to meet the
requirements of a demanding range of life science and technol-
ogy studies.

9. CONCLUSIONS

The emerging fields of nanoscience and nanoengineering are
leading to unprecedented understanding and control over the
fundamental building blocks of all physical things. Nanoscience
will provide tremendous potential for biomedical research and
application. The key role of protein —nanoparticle interactions in
nanomedicine and nanotoxicity has begun to emerge recently via
the identification of the NP—protein (biomolecule) corona. This
dynamic layer of proteins and/or other biomolecules adsorbed to
the nanoparticle surface determines how a NP interacts with
living systems and thereby modifies the cellular responses to
the NPs.

We have shown here a range of different parameters which
affect protein adsorption and subsequent cellular responses to
NPs and also the methods used for characterizations of the
nanoparticle—protein “corona”. On this basis, we have shown
that there is significant new potential for understanding nano-
particle—protein interactions and thereby to influence cellular
behavior and response to NPs. In particular, there is consider-
able scope for nanomaterial “safety by design” via tailoring
of the NPs' physicochemical properties to predetermine the
nature and conformation of the proteins that adsorb, to acq-
uire a specific, desired biological identity via the protein
(biomolecule) corona.
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