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Abstract The transformation of nanoparticles (NPs) in physiological milieu is a
dynamic phenomenon that is the subject of intense investigation. When introduced
into the body, NPs can undergo a variety of changes, such as, protein adsorption, dis-
solution, agglomeration/aggregation, structural deformities and redox reactions. It is
these changes that subsequently determine the uptake, bioavailability, translocation
and fate of NPs, which ultimately determine their therapeutic efficiency, diagnos-
tic efficacy or toxicity. This chapter will consider the colloidal interactions at the
interface of NPs with the contents of biological milieu, the practical and theoretical
considerations required to modify analytical and imaging techniques to detect and, if
possible, quantify NPs in this complex environment, and the requirement for a highly
interdisciplinary approach to understand the behaviour at the bio-nano interface.
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Abbreviations

AFFF Asymmetric flow field-flow fractionation
AFM Atomic force microscopy
AUC Analytical ultracentrifuge
BSA Bovine serum albumin
BSE Backscattered electrons
CD Circular dichroism
CCM Cell culture media
DC Disc centrifuge analysis
DDLS Depolarized dynamic light scattering
DLS Dynamic light scattering
DLS-zeta potential Laser-Doppler velocimetry
EELS Electron energy loss spectroscopy
ESEM Environmental scanning electron microscope
EXAFS Extended X-ray absorption fine structure
FBS Foetal bovine serum
FCS Fluorescence correlation spectroscopy
FRET Förster resonance energy transfer
LIT Lock in thermography LM: light microscopy
NPs Nanoparticles
SANS Small-angle neutron scattering
SAXS Small-angle X-ray scattering
SE Secondary electrons
SERS Surface-enhanced Raman spectroscopy
SLS Static light scattering
SPIONs Superparamagnetic iron nanoparticles
sSAXS Synchrotron small angle X-ray scattering
STEM Scanning transmission electron microscope
STXM Scanning transmission X-ray microscopy
TDA Taylor dispersion analysis
TEM Transmission electron microscopy
TiO2 Titanium dioxide
TRPS Tuneable resistive pulse sensing
UV-Vis Optical extinction spectroscopy in the UV-Visible range
XAS X-ray absorption spectroscopy
XANES X-ray absorption near edge structure
XRD X-ray diffraction
XRM X-ray microscopy
ZnO Zinc oxide
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5.1 Introduction

The unique properties of nanoparticles (NPs) have provided the opportunity for
the creation of materials with properties that far surpass the bulk material. These
materials, in turn, can influence and interact with biological systems on the colloidal
(sub-micron) level. The successful application of nanotechnology has can be found
in both industrial and biomedical settings, for instance, in the case of nanomedicine
the safety and efficacy of the drug is determined by the properties of the NP, not the
encapsulated drug [1, 2].

Although the promise and potential of NPs to significantly improve the quality of
life is immense, the limited success of NPs from the plethora of academic literature is
staggering. Whilst we are able to understand the behaviour of these engineered NPs
in ideal conditions, it is more difficult to “observe” NPs behaviour in physiological
media. This begs the question, how do we observe and quantify how the NPs are
behaving in actuality?

Upon exposure to physiological fluids, NPs undergo a variety of colloidal interac-
tionswith different components, specifically, salts, sugars and proteins. This interface
between the ‘bio-nano’ comprises the dynamic physicochemical interactions, kinet-
ics and thermodynamic exchanges between nanomaterial surfaces and biological
components. These interactions can have a devastating effect on the stability of the
NPs in vivo. Fundamental physical chemical studies are generally performed in ideal
conditions in order to maintain the integrity of the particle design and conjugation,

Fig. 5.1 Nanoparticles in complex fluids undergo multiple interactions when they encounter phys-
iological fluids. These interactions can be illuminated and investigated by multiple techniques
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however it is the alterations to the particle when exposed to physiological fluids that
ultimately determine the biocompatibility and biodistribution of these particles [3].

The purpose of this chapter is to promote interdisciplinary communication
between the physical chemistry and the biology communities concerning the devel-
opment of NPs for bio-applications. In the first instance, the physiological challenges
to NP stability will be briefly explored. Then, this chapter will explore the life of NPs
in complex media that mimic in vivo environments. Thus, the following topics will
be explored: physiological milieu as complex, crowded fluids; the potential influence
of complex environments upon NP; current and emerging methods that are available
to assess NP stability; and how to translate this data to help develop NPs from bench
top to the clinic. Discussion surrounding methods is split into four foci: scattering,
spectroscopy and separation, microscopy and dynamic methods (Fig. 5.1).

5.2 Biological Fluids: Composition as Colloids

In a biomedical context, NPs will enter a number of “complex” environments
when administered in vitro or in vivo. In vitro, the most common solution NPs will
encounter is cell culture media (CCM), which usually contains foetal calf or bovine
serum required for optimal cell growth. Depending on the biomedical application of
the particle system, it may be necessary to test their performance and behaviour in
simulated physiological solutions. Finally, for particles that are introduced into the

Fig. 5.2 Biological media are comprised of cell culture media, physiological fluids (i.e. human
blood or plasma), as well as various synthetic/artificial fluids. These solutions can vary significantly
in their composition and thus impact their effects on NP. a Estimated based on the inorganic salt
concentrations in the media composition assuming no protein interactions in supplemented media;
b assuming a 5–20× dilution of standard foetal bovine serum into cell culture medium; c estimated
from the ion concentrations provided by [4]
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human circulatory system, understanding what NPs may encounter in whole blood
or plasma is critical to inform the rational design of particle systems. The human
body comprises many dynamic solutions where biomacromolecules, ionic strength,
changes in pH, and active biological processes can act to (de)stabilise, dissolve, and
transform particles. In order to assess the effect of biological and physiological fluids
on particles, it is therefore important to understand the composition of these fluids,
where some of the differences are summarised in Fig. 5.2.

5.2.1 Cell Culture Media

There are a wide range of CCM, where Yao and Asayama have provided an excel-
lent review of their history and use [5]. Synthetic CCM are comprised of a mixture
of inorganic salts, amino acids, vitamins, and sugars. Media was initially derived
from natural physiological solutions (e.g. blood plasma). The findings that cell pro-
liferation could be improved by exchanging the CCM [6] or adding extracts from
physiologically relevant fluids to the growth media [7] instigated a search to under-
stand what biological components led to successful cell culture. Fischer first pio-
neered a method to understand the necessary components of CCM for cell viability
and growth by using a dialysed serum that controlled the amount of low molecular
weight components (amino acids, vitamins) added [8].

Initial attempts at CCM were comprised of balanced salt solutions, primarily
inorganic salts thatwere possibly supplementedwith glucose [5]. Research in the past
century has resulted in the development of numerous “basal” media, that is, CCM
containing the minimum essential components to promote cell growth, including
proliferation and differentiation. Thus, these balanced salt solutions and basal media
are high ionic strength solutions that can have an adverse effect on particle stability.
In the presence of high ionic strength solutions, the electrical double layer of NPs
can be compressed, resulting in particle colloidal destabilisation and aggregation [3].
If only accounting for the contribution of inorganic salts and not factoring potential
interactions of salt ions with biomacromolecules, the ionic strength of basal media
can vary between 140 and 170 mM.1 Thus, NPs need to have mechanisms to prevent
aggregation due to high salt content.

These basal media are commercially available, and for conventional cell culture
they are traditionally supplemented with protein-rich serum such as foetal bovine
serum (FBS) or pooled human serum, generally at a rate of 5–20%. This equates to
a protein concentration of approximately 0.15–1.00 g/dL [9].

Generally, basal medias are also buffered to maintain pH of 7.4, but optimal cell
growth pH can vary between 7.0 and 7.7 [10]. Changing pH can have dramatic
ramifications on particle colloidal stability. Usually, the isoelectric point of the NP
material will in part dictate particle surface charge, and changing pH can alter the
particle surface charge, which can in turn stabilise or destabilise NPs.
1Based on inorganic salt concentrations of several common basal media formulations, such as
DMEM, MEM, RPMI-1640, DMEM/F-12, Medium 199 with Earle’s salts.
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5.2.2 Model Physiological Fluids

In some cases, model physiological fluids are employed in order tomimic certain bio-
logical environments. In the context of NPs for biomedical applications, by studying
NPbehaviour in these fluids, realistic particle behaviour can be examined, such as dis-
solution/degradation, aggregation, release of active pharmaceutical ingredients, and
targeting efficiency. These include artificial lysosomal fluid (ALF), artificial alveolar
fluid, artificial synovial fluid, artificial interstitial fluid, and artificial gastric juices.
The composition of these artificial biological fluids vary based on pH, inorganic salt
concentrations, and presence of other biopolymers [11]. For example, ALF, meant
to mimic the endo-lysosomal compartments of cells through which most NPs will
be trafficked upon internalization, has a pH from 4.5 to 5.0. Artificial gastric juices,
which mimic stomach acid, have a pH even lower at 1.5. These low pH values can
severely degrade or dissolve NPs, thereby destabilising them. Moreover, varying salt
concentrations can act to destabilise particle solutions.

5.2.3 Human Blood and Plasma

When considering NPs entering the body, blood is the primary tissue with which
these particles will first come into contact. Blood comprises of approximately 7%
of a person’s body weight (~5 L) [4], which is in turn comprised of 60% plasma
(water, proteins, glucose, clotting factors, and electrolytes) and 40% red blood cells
(RBCs). Plasma contains high concentrations of sodium and chloride ions (142 and
108 mOsm/L, respectively), as well as a mixture of proteins (6.4–8.3 g/dL) [12] that
are mostly comprised of serum albumin, immunoglobulins, receptor ligands, and tis-
sue leakage proteins [13]. Blood also contains assorted phospholipids (0.28 g/dL) and
cholesterol (0.15 g/dL), macromolecules with the potential to adsorb onto NPs and
in part mediate their biological fate [14]. Human blood has a tightly regulated at pH
7.4, however certain pathological conditions can result in acidosis or alkalosis [15].

The cellular component of blood could also factor into particle interactions
within this biological space. RBCs vastly outnumber leukocytes, the immune cells
responsible for defending against foreign pathogens, at approximately 700–1. How-
ever, leukocytes play a major role in mediating NPs fate in the body. The cellular
components of blood (e.g. RBCs and leukocytes), may interact with particles that
are introduced into intravascular flow. Upon introduction to blood, opsonin proteins
can adsorb onto the particle surface—these proteins act as ‘flags’ for leukocytes to
sequester particles from circulation and tissues [16]. Some have even exploited the
potential of naturally circulating cells to transport NPs to physiological targets [17,
18].
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5.3 Fate of NPs in Electrolyte and Protein Crowded
Environments

NPs are similar in size to intra- and extracellular biological species, which can result
in interactions with biological components such as cells and proteins, thereby affect-
ing cellular processes. This has two major consequences: firstly, it makes them very
attractive candidates for medical applications; secondly, the increasing use of engi-
neered NPs has raised serious concerns about their safety for human health and the
environment. Both nanomedicine and nanotoxicology are complementary disciplines
aimed at the prevention and treatment of diseases, which require the development
and/or study NPs in physiological environments.

The behaviour of the NPs and their potential physiological impact are determined
by the physicochemical properties of the particles (such as size, surface, crystallinity,
shape etc.) and the interaction with their environment. Due to the complexity of the
environment, it is almost impossible to predict particle behaviour in a particular cell
or physiological medium [19]. Thus, it is crucial to first discuss the most prominent
possible consequences arising from NP incubation in complex biomimetic and/or
physiological fluids (Fig. 5.3).

Particle aggregation
Once the NPs are incubated in complex physiological fluids, their surfaces are

exposed to significant amounts of salts, proteins, vitamins etc. This encounter can
induce NP aggregation (see previous chapter), which is a common phenomenon and
has important consequences with for the particles and the cellular dose [3]. In a study
comparing carbon nanotube aggregates with bundles of the same carbon nanotubes,
Wick et al. has correlated the dispersion state to the cytotoxicity of the material [19].
Teeguarden et al. showed that 15 nm silver NPs appear ca. 4000 times more potent
than amicron sized particle on a cm2/mLmedia basis [20]. Albanese et al. studied the
impact of NP aggregation on particle uptake and cytotoxic behaviour. They could not
show unique toxic responses but were able to correlate uptake patterns with particle
aggregation [21].

Nanoparticle dissolution
As the size of a material decreases, its surface area and volume decrease. How-

ever, the surface area to volume ratio will develop by a ratio of 3/r, with r being
the radius. Consequently, an increased number of all atoms that constitute the par-
ticle will be surface atoms. NP size and surface area to volume ratio, respectively,
influence particle dissolution kinetics. Typically, a decrease in particle size correlates
with an increase in particle dissolution [22]. Although the underlying mechanisms
responsible for this inverse correlation are not yet fully understood, it is widely
accepted that (a) aggregation decreases dissolution and (b) metal NPs can undergo
oxidative dissolution [23]. However, several parameters play an important role and
are often hard to separate. For example, particle dissolution and consequently ion
release was shown to correlate not only with particle size, but also with its shape,
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Fig. 5.3 Schematic illustration of possible consequences arising from nanoparticle incubation
in physiological fluids. a Formation of protein corona which can both shield targeting
moieties or antibodies as well as denature proteins; b nanoparticle aggregation; c nanoparticle
dissolution; d removal or exchange of surface ligands

surface coating, in addition to environmental factors such as temperature, pH, ionic
strength, dissolved oxygen, and the presence of proteins [24].

Removal or exchange of surface ligands
In many cases, anchoring ligands are not firmly chemically bound to the par-

ticle surfaces but ligand grafting relies on relatively weak interactions with the
surface atoms of the particles. Consequently, it is imaginable that the presence of
biomolecules (or high affinity ligands) could remove surface grated ligands. For
example, physiological concentrations of thiol-containing molecules such as cys-
teine have been shown to displace thiolated polyethylene-glycol from the surface of
gold NPs [25]. The partial loss of the ligand, however, has far-reaching consequences
as it impacts colloidal stability of the NPs, modifies the adsorbed protein profile, and
ultimately results in the complete loss of biochemical or analytical function such as
targeting ligands (e.g. antibodies), or fluorescent dyes [26]. Kreyling et al. attributed
the degradation of a NP grafted polymer coating in vitro and in vivo, on proteolytic
enzymes of endosomal and lysosomal cellular compartments [27].
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5.4 Interaction with Biomolecules: The Corona of Proteins
and More

5.4.1 The “Protein Corona”

The consequent fate ofNPs is determined by how they react to biological components
they encounter in physiological systems. Upon interaction with biological media (i.e.
human blood/plasma, cell culture media, etc.), the surface of a particle will become
rapidly opsonised, that is coated with biomacromolecules, in preparation for their
removal by immune cells [28]. This forms the “protein corona,” a layer of tightly
bound and immobile biomacromolecules (e.g. proteins) comprising the hard corona
and a weakly associated mobile layer known as the soft corona [29]. The interac-
tion of particles with biological systems is widely attributed to the physicochemical
characteristics of the NP; that is, the size, surface charge, surface functionalisation,
shape, and material. However, because the protein corona forms a biological layer
around particles, it is fair to state that physicochemical characteristics drive nano-bio
interactions through the protein corona. In fact, work done by the group of Warren
Chan has shown that the protein “fingerprint” (i.e. characteristic NP protein corona)
is the optimal indicator for predicting particle-cell interaction [30, 31].

5.4.2 Factors Affecting Protein Corona Formation

The formation of the protein corona is driven by particle physicochemical charac-
teristics at the particle surface [32]. When particles are introduced into a biological
fluid, proteins will adsorb rapidly onto their surface due to van der Waals interac-
tions, Columbic forces, hydrophobic interactions, and hydrogen bonding. Protein
adsorption can result in changes to the protein conformation or alter protein sol-
ubility, which can have major consequences on protein function by altering their
secondary and tertiary structures [33–35]. Significant research has been pursued in
order to understand how particle physicochemical characteristics influence protein
corona formation, and several excellent reviews on the particle protein corona exist
[36, 37].

The formation of the corona is not only driven by physicochemical factors, but
also experimental conditions such as experimental temperature, exposure time, par-
ticle concentration, and method of isolating particles for analysis [37–39]. However,
in the most basic sense, the formation of the protein corona is a study of protein
interactions with a (nano)surface. An early study by Lück et al. [40] showed that
latex particles with different surface charge densities altered protein adsorption, and
Gessner et al. [41] likewise investigated the effect of different surface chemistries
on corona formation around latex particles. They showed that Columbic interactions
between the particle surface functional groups and proteins were a critical in deter-
mining protein corona formation. Tenzer et al. [42] investigated the effect of particle
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size, surface charge, and incubation time on the formation of protein corona on sil-
ica and polystyrene NPs in human plasma. They observed that the protein corona
forms rapidly (~30 min) and remains rather consistent over time. Isolating particles
at time points earlier than 30 min, where there may be protein exchanging between
abundant proteins and higher affinity proteins (i.e. the Vroman effect) [43, 44] is
a non-trivial challenge. A study investigating polystyrene particles with different
functional groups (carboxy, amino, sulfonate, and phosphonate) showed that amino
and sulfonate groups enriched the adsorption of apolipoproteins; proteins that can
reduce the uptake by phagocytic cells and so prolong circulation time [45]. Thus,
Coloumbic andhydrophobic interactions, dictated by the particlematerial and surface
functionalisation, seem to be the key drivers mediating protein corona formation.

Often, polymers are chemically coupled or adsorbed to particle surfaces to enable
a so-called “stealth” effect [46]. Poly(ethylene glycol) (PEG) is the gold standard for
particle shielding, reducing particle clearance and prolonging blood circulation time
while reducing the adsorption of opsonins (which facilitate particle clearance). Inter-
estingly, it seems that the protein corona, and not merely reducing protein adsorption
due to polymer shielding, is responsible in the stealth effect observed with polymers
such as PEG or poly(ethyl ethylene phosphate) [47]. It has been shown that PEG
conformation on a particle surface in part mediates particle circulation time in vivo
[48], and other evidence shows that this could be due to variations on the protein
corona based on PEG conformation [49]. Furthermore, PEG chain length and surface
coverage dictate protein corona formation (and subsequent biological interactions) in
part [50]. The use of other stabilising molecules (e.g. surfactants, which can adsorb
onto particles via hydrophobic interactions, electrostatic or van der Waals forces)
has also been shown to mediate protein corona formation [51, 52].

Particle size has been investigated for its role in mediating protein corona forma-
tion; however, results vary as to what effect size has. Cedervall et al. [29] showed
that the total amount of protein adsorption onto polymeric particles was determined
by size (scaling with the amount of particle surface available), however the pattern
of proteins adsorbed remained consistent. A study on different sized gold NPs (5,
15, 80 nm) showed that protein corona composition changed across the different
size regimes [53]. Thus, it appears that particle size (largely due to the amount of
surface area and also the material) can play a role in corona formation but the effect
is not consistent. Similarly, particle shape may influence protein corona formation.
Miclăus et al. [54] showed that protein adsorbed preferentially to silver nanocube
faces as opposed to edges at early time points (<1 h), though it is unclear if this dif-
ference is due to the particle geometry or due to displacement of particle-stabilising
polyvinylpyrrolidone which has a different affinity to the particle surface depending
on the crystal plane to which it is adsorbed. However, another study showed via 2D
gel electrophoresis that there was a difference in protein adsorption onto titanium
dioxide nanoparticles, nanorods, and nanotubes, i.e. due to particle shape [55].

It is difficult to draw any type of universal guiding rule for protein corona for-
mation; rather particles are currently investigated on a case-by-case basis noting the
particle material, surface functionalisation/properties, shape, size, etc. However, it
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is possible to make some predictions for particle interaction with biological systems
based on the bimolecular corona.

5.4.3 Beyond Proteins: Other Components of the Corona

Lipids, sugars, vitamins and other small organic molecules can or may also adsorb
on the NP surfaces, thereby affecting immunogenicity and potentially hampering
targeting abilities of administrated NPs, and in part mediating nano-bio interactions
[51, 56]. For example,Müller et al. [51] showed that the lipid-domains of lipoproteins
were also responsible for adsorption processes, indicating that lipid-like molecules
can comprise the protein corona. These data are supported by the fact that surfactants
and hydrocarbons are often used to adsorb stabilising macromolecules, ligands, and
polymers onto particle surfaces [52, 57]. Studies on lipoprotein binding onto hydrogel
particles revealed that high-density lipoproteins and, cholesterol, and triglycerides
are present in the bimolecular corona, and are speculated to govern particle interaction
with, for example, lipid transport pathways [14]. Investigations into the glycosylation
of proteins, the natural and frequent modification of proteins with sugar molecules,
showed that protein coronas that were deglycosylated (i.e. sugar molecules removed
from corona proteins) were less stable and increased the adhesion of particles to
cells [58]. It is therefore evident that biomolecules beyond proteins may yet play an
important role in our understanding of fundamental bio-nano interactions.

5.4.4 Biological Effects of the Protein Corona

Even after extensive characterisation ex vivo, the eventual biodistribution of the
NP plus biomacromolecule corona can result in unexpected in vivo behaviour. This
rearrangement has been shown to affect their pharmacological activities, interaction
with their environment (i.e. other proteins) and other biological responses [59, 60].

When the NP reach their target, it is the corona that the cells actually ‘see’. The
corona may contain opsonins, which can enhance the uptake of the NP-corona-
complex by cells of the reticuloendothelial system (RES) [61, 62]. This “molecular
signature” is recognised by immune cells and so determines the route of particle
internalisation, its pharmacokinetics, namely, volume of distribution, organ dispo-
sition, and rate of clearance from the blood and body [63, 64]. Recent studies have
also demonstrated that surface adsorbed biomolecules can shield NP functionality,
reduce cell selectivity [65] and impact cellular uptake kinetics [45]. Thus, the type
and number of proteins that the NP attracts determines its biodistribution. It follows
that there have been and continues to be a plethora of studies and reviews into under-
stand exactly what physicochemical properties of different kinds of NPs determines
the composition of their protein corona [3, 66].
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In terms of biocompatibility, the formation of the corona can be advantageous
or disadvantageous [67]. Attached biomacromolecules that are not recognized by
any receptors make the particle less attractive to the cell. For example, Salvati et al.
demonstrated that proteins can shield NP derivatised transferrin from binding to its
receptors on cells end entirely lose its targeting specificity [68]. On the other hand,
if a developed corona contains the right biomarkers, they can activate the endocytic
pathway of the target cell, where it consequently effects haemolysis, thrombocyte
activation, nanoparticle uptake and endothelial cell death [42]. Several studies have
demonstrated enhanced biocompatibility of protein coated NPs compared to the
originally protein-free synthesised NPs [69]. For instance, the pre-coating of blood
proteins on the surface of carbon nanotubes greatly alter their cellular interaction
pathways and result in much reduced cytotoxicity [70]. In a landmark study, Wang
et al. deliberately manipulated the corona of positively charged polystyrene NPs in
order to traffic them into the lysosomal compartments of target cells [71]. In addi-
tion to the surface character of the single particles, aggregation also determines their
biodistribution. This is elaborated upon in Sect. 6.5. As can be seen, it is insufficient
to characterise NP designed for in vivo use solely in pristine conditions as the bio-
logical identity conferred onto the surface of the NP by the components of the corona
determines their fate. Thus, in the following sections, methods to characterise the
protein corona and their changing colloidal identities will be discussed.

5.4.5 Characterising the Protein Corona

Given the importance of the corona surrounding the NP, the investigation of its com-
position is key to understand the biological impact of nanomaterials. In general, the
following processes are taken in order to characterise the NP-corona. Firstly, the NPs
are incubated with the representative complex media of choice for a defined period.
The complexes then have to be separated from the unbound proteins in the matrix.
Different protocols achieve this by initially washing and centrifuging the sample,
followed by further processing such as magnetic separation (limited to magnetic NP
[72]), microfiltration, ultracentrifugation, chromatography and/or electrophoresis,
where the latter two techniques allows for the exquisite and more gentle separation
and isolation of NP-biomacromolecule-complexes from unbound components. Pro-
tein corona separation and characterisation is summarised below and in Table 5.1,
and is reviewed in more detail in these informative references [37, 73–76].

5.4.5.1 Separation

Chromatography separates components based on the differences in their interactions
with stationary phase of the column through which they are travelling. The main
method to separate unbound biomacromolecules from the NP-corona is size exclu-
sion chromatography (SEC), and to a lesser extent ion exchange chromatography
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(IEC) and reverse phase liquid chromatography (RPLC). SEC separates components
based on size. Larger molecules are unable to interact with the stationary phase and
thus move rapidly through the column, whereas smaller molecules such as unbound
proteins are able to fall into the pores in the mobile phase and thus move slower
through the column [29]. IEC separates components based on their affinity to the ion
exchanger, where the elution of components can be easily manipulated by changing
the ionic strength of the mobile phase [77]. RPLC separates components based on
their polarity through their interaction with the hydrophobic stationary phase [78].

Recent studies have utilised flow field-flow fractionation to separate NP from pro-
tein solutions. Field-flow fractionation is a chromatography-like method that sepa-
rates components in a fluid suspension or solution by applying a field (e.g. temper-
ature, gravity, centrifugal) perpendicular to the direction of flow of the sample in a
long and narrow channel. This causes separation of the components present in the
fluid depending on their differing mobility under the force exerted by the field. This
method allowed for the differentiation of the corona proteins on SPIONS based on
their relative dissociation rates from the NPs [79]. A more advanced version of this
technique, asymmetric flow field-flow fractionation (AFFF), is described in more
detail in the Sect. 5.6.5. This method has a lower shear force on the sample and thus,
remarkably, was able to keep the soft protein corona on a polystyrene NP intact for
further analysis [39].

Electrophoresis separates proteins by their migration in an electric field depend-
ing on their electrophoretic mobility, size or charge. Most commonly, capillary elec-
trophoresis (CE), 1D and 2D gel electrophoresis is used. CE separates components
based on charge and friction and is performed in submillimetre diameter capillaries.
It has been used to separate polymeric [80–83] and metallic NPs [80, 84] from the
different components of plasma. 1D and 2D gel electrophoresis differ in complexity
and sensitivity. 1D separation is simpler and faster to run and separates components
through a polyacrylamide gel based on molecular weight, 1D gels can be used to
detect between 1 and 50 ng for a single protein band. Whereas 2D provides higher
separation of components as it separates components in a polyacrylamide gel based
on molecular weight and isoelectric point. 2D gel electrophoresis is nominally used
when protein mixtures are more complex. Gel electrophoresis has been wildly used
in order to separate a wide variety of particles from metallic NP [85, 86], liposomes
[87], carbon nanotubes [88, 89] and polymeric particles [90, 91]. Images of the 2D
gels can then be analysed via readily available software that compares the image to a
2D master map of human plasma proteins [76, 92] and/or linked with spectroscopic
techniques described below.

5.4.5.2 Protein Quantification

Separation techniques are subsequently coupled with mainly spectroscopic methods
in order to identify the composition and/or conformation of protein in the corona.
Protein identification is achieved by mass spectroscopy (MS) and proteomics. MS
ionizes chemical species and then sorts the ions based on their mass-to-charge ratio.
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The MS spectra is then analysed and proteins identified via a database search [93].
Following the separation of the NP-corona-complex from free protein, the corona
thenneeds to be separated from theNP.This is achievedby either the use of surfactants
and subsequent separation using gel electrophoresis and then MS analysis of the
fractions [29, 90, 94]; or by “shotgun proteomics” which is the in situ digestion
of the NP-corona-complex by a protease (trypsin) followed by separation of the
individual proteins and peptides by liquid chromatography MS [95]. Thus far, MS
is the only method that can provide single protein identifications.

5.4.5.3 Protein Conformation

NP bound proteins can change their 3D structure when compared to the native pro-
teins in solution, thusmany techniques are used to investigate conformational change
as an indication of binding to the NP.

Fourier transform infrared spectroscopy (FTIR) measures the wavelength and
intensity of the absorption of infrared (IR) radiation by a sample. The absorption of
IR radiation excites vibrational transitions in molecular bonds, where the vibrational
frequency depends on the strength and polarity of the vibrating bonds, they are influ-
enced by intramolecular and intermolecular effects. Protein molecules exhibit many
vibrational frequencies and it is through identifying these vibrations that proteins con-
formation can be elucidated [96, 97]. In a similar manner, Raman spectroscopy (RS)
identifies protein secondary structure by probing molecular vibrations to provide a
molecular fingerprint of biomolecules at the surface of NPs [98]. When these pro-
teins are adsorbed on plasmonic NPs, a surface-enhanced RS (SERS) effect occurs,
enhancing the Raman signal, thereby allowing the study of the NP-protein complex
at low concentrations. However, Raman and FTIR spectroscopy differ in some key
fundamental ways. RS investigates changes in polarisability of a molecule, whereas
IR spectroscopy looks at changes in the dipole moment. RS measures relative fre-
quencies at which a sample scatters radiation, whereas FTIR measures absolute
frequencies at which a sample absorbs radiation. FTIR spectroscopy is particularly
sensitive to heteronuclear functional group vibrations and polar bonds, especially
OH stretching in water. Raman on the other hand is sensitive to homonuclear (e.g.
C–C, C=C and C≡C) molecular bonds.

Fluorescence spectroscopy is used to look at protein conformation as fluorescent
signals are exquisitely sensitive to the immediate environment of the probe, have a
high signal to noise ratio, and the time scale of emission is in the nanosecond range
[99, 100]. This technique has been used to probe the kinetics of protein attachment
[101].

Circular dichroism (CD) occurs as a consequence of the interaction of polarised
lightwith chiralmolecules.Asproteins are chiralmolecules, changes in the secondary
structure of proteins can be identified via CD spectroscopy [102]. It is thus utilised
for the rapid evaluation of structural and stability changes when the proteins form
stable, noncovalent, complexes with NPs [103, 104].
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Nuclear magnetic resonance spectroscopy (NMR) observes local magnetic fields
around atomic nuclei. The intramolecular magnetic field around an atom in a
molecule changes the resonance frequency, thus giving access to details of the elec-
tronic structure of a molecule and its individual functional groups, allowing for the
observation of not only chemical identity, but also structure, dynamics, reaction state,
and chemical environment of molecules. Thus, it has been used to observe the corona
of liposomes [105], lipids in the corona surrounding polymeric particles [14], as well
as hydroxyapatite surfaces [106]. On the flip side, a recent study has utilised 19F dif-
fusion NMR to look at changes in the hydrodynamic radii of gold NP upon exposure
to complex media as opposed to changes in proteins attached to the NP [107].

The kinetics of protein attachment to NPs can be identified by isothermal titration
calorimetry (ITC). ITC identifies the thermodynamic parameters (binding affinity,
enthalpy changes and binding stoichiometry) of interactions in solution by measur-
ing a change in heat upon the addition of a component to another one in solution.
Consequently, it has been used to study the binding of proteins to particles [108,
109].

The protein corona is recognised as a critical factor in understanding fundamen-
tal interactions between nanomaterials and biological systems. Whether exposing
particles to cells, injecting particles into a living organism, or evaluating the effect
of particles on an ecosystem, the biomolecular or protein corona will serve as the
interface between nanomaterial and biology. Within this chapter we focus on the
characterisation of particles in complex biological media, and there is simply not
enough space to cover the complex and nuanced depth of the protein corona topic.
For that the readers are directed to several excellent reviews mentioned in the begin-
ning of this section. However, it is important to understand that the protein corona
will drive the interaction of particles with a biological system, and so mediate parti-
cle colloidal behaviour (i.e. colloidal stability/aggregation, cellular interaction, etc.).
One crucial aspect of corona formation is its impact on colloidal stability, where the
presence of proteins can either enhance or reduce colloidal stability, the following
sections of this chapter will discuss the colloidal behaviour of NP in more detail and
how it is analysed.

5.5 Theoretical Considerations with Regards to Colloidal
Stability in Physiological Media

5.5.1 Fundamentals of Nanoparticle Aggregation

Given that the behaviour of a NP cannot be decoupled from its surroundings, describ-
ing NPs in the context of their actual environment is crucial. For example, while par-
ticles may quickly aggregate in water, they may become completely stable in CCM,
due to the high excess of proteins that alters particle interactions and stabilises the
dispersion [114]. The opposite of this is also frequent, and NP aggregation is immi-
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nent as soon as particles dispersed in CCM [115]. In both cases, the resulting protein
covered NPs have completely differently physical properties from individual NP.
Consequently, experimental characterisation must give an accurate account of sev-
eral fundamental properties regarding the chemical and physical behaviour of the
NPs, as it is these properties that influence their efficacy [116], specifically:

• chemical composition of the core and surface
• surface charge
• density and conformation of functional groups
• phases found in/on the particle (amorphous vs. crystalline phases)
• porosity, structure of porosity (fractal vs. ordered)
• size and its distribution
• shape and its uniformity/heterogeneity
• colloidal stability in terms of aggregation
• physical stability and chemical integrity (dissolution, ligand exchange)
• optical and magnetic properties.

Therefore, characterisation should be performed in both in ‘ideal’ conditions and
in complex CCM. Interested readers are directed to several reviews introducing the
available techniques briefly introduced below for the physicochemical characterisa-
tion of NPs in complex biological media [117, 118].

5.5.2 Consequences of Nanoparticle Aggregation on Cell
Studies: Dosimetry of Single Particles Versus
Aggregates

The influence of NPs internalized by cells is frequently studied by using in vitro
models. In these models, establishing dose–response relationships are of paramount
importance, where the metrics of the administered dose are NP number, mass, vol-
ume, and surface area. Due to the nature of cell culture experiments, the dosimetry
metrics must be ascertained at three different sites: the dose administered to the cell
culture, the dose delivered to the cell surface, and the dose internalised by the cell,
whereas the two latter are the most relevant for the subsequent cellular interaction
and induction of responses [119, 120]. The measurement of NP properties at these
three sites is increasingly difficult, and the achievable accuracy and precision fall
quickly with polydispersity, typical for aggregates and agglomerates.

Mathematical models are used to estimate these parameters, assuming that in
in vitro models, particle delivery is driven by diffusion and sedimentation [121],
regardless of whether the particle is stable or not [122]. The rate of diffusion and
sedimentation of a particle are determined by the hydrodynamic radius and effective
mass density, where the adsorption of proteins will alter both metrics. The rate of
transport, and thus, the rate of particle delivery can be estimated via modelling,
provided that these hydrodynamic properties are known [123–127].
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The delivery profile of NPs is also determined by the ability of the cell to inter-
nalise the particles. From the point of view of the NP, uptake is dependent on size,
shape, elasticity, and surface chemistry [126, 128–133]. Thus, the physicochemical
characteristics of NPs in CCM strongly impacts their deposition and interactions on
the outer cellmembrane, aswell as the potential induction of cellular responses [134].
From the point of view of the cell, the principal mechanisms whereby NPs interact
and impact upon target cells occurs through their interaction with cell membranes,
endo-lysosomal vesicles, nucleus and organelles [135–137]. Cell types also differ-
ent in lipid and receptor composition of the membrane, where modifications have
been shown to alter the membrane fluidity and cellular functions and consequently
NP uptake [138–140]. Additionally, NPs adhering to the outer cell membrane also
can induce adverse responses [141], for instance, a pro-inflammatory response via
oxidative means [142], the fibre paradigm [143] and genotoxicity [144]. The use of
reliable methods and realistic test conditions to study possible effects of NPs on cells
have recently been reviewed in several publications [145, 146] and are covered in the
Chapter titled, “Molecular and Cellular Aspects and Methodological Approaches”.

The intracellular fate ofNPs upon interactionwith cells (uptake, retention, release,
intracellular degradation, transfer to other cells, and/or translocation across tissue
barriers) is still poorly understood but there seems to be an agreement that solubility,
size and surface charge are the most important determinants of a material’s fate
in vitro aswell as in vivo [147]. Therefore, it is imperative that the characterisation and
understanding of NP in complex media is performed as accurately and realistically
as possible in order to understand the physicochemical phenomena driving their
interaction with cells.

5.6 Measuring NP in Complex Cell Culture Media:
Different Methods, Pitfalls and New Developments

In this section, available methods for the characterisation of NP in complex media
will be discussed. It is divided into four parts: scattering, separation, imaging and
dynamic methods.

5.6.1 Scattering and Spectroscopic Methods

Light scattering instruments are well-established techniques for the characterisation
of NP and consequently are the most frequently used to obtain information about the
behaviour of NPs in complex media.

The average size (hydrodynamic diameter) of NPs can be characterised by
dynamic light scattering (DLS), depolarized dynamic light scattering (DDLS), flu-
orescence correlation spectroscopy (FCS), small-angle neutron scattering (SANS),
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small-angle X-ray scattering (SAXS), static light scattering (SLS), X-ray diffraction
(XRD) and UV-Vis spectroscopy in case of plasmonic NPs. Characterizing polydis-
persity and size distribution is not as straightforward with FCS, XRD, and UV-Vis.
DDLS is especially well-suited to studies in CCM when the NPs exhibit optical
anisotropy, such as gold, silver, ZnO, TiO2. In this case, the experimental accuracy
benefits from the fact that the scattering of depolarized light from the CCMs is weak,
and thus, an excellent ‘contrast’ in favour of the NPs can be obtained [115, 148].
Information about stability, protein adsorption, aggregation, integrity, such as disso-
lution and loss of ligands, can be obtained with techniques that are used to measure
particle size.

Information about particle shape can be obtained via DLS, DDLS, SANS, SAXS,
and SLS. Additionally, plasmonic and anisotropic NPs, such as metallic nanorods
and nanostars, have unique signatures in the UV-Vis spectrum. For metallic NPs, the
red shift of the plasmon resonance peak in the UV-Vis spectrum can either signal
aggregation or the formation of a thick protein or polymer shell around the particle.
In the case of particle agglomerates, the “fractal dimension” is a measure of the
density of packing of the primary particles that could be redefined as the porosity
of the aggregates. This information can be obtained with SLS, SAXS and SANS.
Structural information about the protein corona beyond its thickness, (e.g. density
as a function of distance from the particle surface), can also be obtained via SANS
[148–151].

Another important aspect is that these techniques give a holistic representation of
the sample; consequently, the protein-rich background signal must be very carefully
and justly addressed. Figure 5.4 compares the dynamic light scattering analysis of
silica particles in water to its scattering in complex CCM. While the particles are
relatively large (100 nm in diameter) the CCM scatter nearly as much as the particles
themselves, and therefore, strongly interfere with the signal (called the correlation
function) to be analysed in order to characterise the NPs.

Fig. 5.4 a The intensity of light scattering from silica particles in water, from the CCM, and from
the particles in CCM. (SiO2 NPs, 100 nm, 20 μg/ml, scattering angle: 90°, CCM: RPMI suppl.
with 10% foetal calf serum). b The corresponding signals to be analysed (correlation function). c
Due to the strong scattering from proteins, the NPs in CCM appear to be smaller than in water
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5.6.2 Zeta Potential—Describing the Surface Charge of NP

The surface charge of a particle is usually described by measuring the zeta potential,
which is the electrokinetic potential at the slipping plane, not the true potential found
at the particle surface itself (Fig. 5.5). Consider a negatively charged NP immersed
into a complex media. Due to its charge, ions and molecules with the opposite charge
form a strongly adhered layer (Stern layer) around the particle. Beyond the Stern
layer, a loosely bound and mobile layer develops, comprised of both negative and
positive charges. The edge of this layer is known as the slipping plane. When the
particle moves, ions and molecules within this plane move along with the NP, but
ions and molecules beyond the slipping plane do not, thus, it is at this point the zeta
potential is measured. When NPs enter CCM, different proteins and other organic
molecules can adhere to their surfaces. The properties of the corona highly depend
on the surface characteristics and on the type of the CCM [90]. As can be seen, the
zeta potential is exemplary case demonstrating that this physicochemical property
of the NP cannot be decoupled from the context of its actual environment.

5.6.3 Measuring the Effect of Proteins on Zeta Potential

The understanding of the zeta potential of a particle is an important tool for under-
standing their long term colloidal stability and efficiency on surface functionalisation
[152]. However, the zeta potential obtained for NP in CCM can be easily misinter-

Fig. 5.5 The arrangement of ions surrounding a negatively charged particle. The important parts
of the electrical double layer are highlighted. Adapted from [3]
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preted. The ideal NP sample for zeta potential analysis using electrophoresis is as
follows: (1) monodisperse in size and with high light scattering properties; (2) dis-
persed at low salt concentration (conductivities (�) < 1 mS/cm); and (3) dispersed
in a particulate-free, polar dispersant (e.g. high purity water). Particles delivered in
CCM clearly do not meet all of these criteria and thus, may not give high quality
zeta potential data. Common challenges with this type of sample are:

• CCM contain high salt concentrations and as a consequence high sample con-
ductivity (� is 1.5 S/cm) [153], which raises the likelihood of Joule heating (the
process where the energy of an electric current is converted into heat as it flows
through a resistance) and consequently lead to electrode polarisation and degra-
dation due to the movement of the conductive ions.

• In many cases, NPs selected for biological applications usually have a diameter
of <20 nm, which have a high mobility in suspension due to the applied field and
Brownian motion [154] and so have very low light scattering properties [155].
Therefore, the electrical field needs to be applied for long integration times to
increase the signal-to-noise ratio. Consequently, Joule heating of the sample may
also occur. Since the mobility is calculated directly from the sample viscosity,
this temperature increase creates a substantial systematic uncertainty in the elec-
trophoretic mobility measurement.

• Proteins can aggregate immediately at the electrodes even at extremely low volt-
ages and due to the integration times required for weakly scattering NPs. These
protein aggregates can migrate into the optical detection region of the cell, leading
to measurement of the electrophoretic mobility of the aggregates, rather than that
of the NPs [156].

• Zeta potential is only obtained by using mathematical models to extract it from
the electrophoretic mobility of the particle. In general, a proportionality between
electrophoretic mobility and zeta potential is assumed. While this proportionality
is dependent on ionic strength, for high values of zeta potential, electrophoretic
mobility can either be independent of zeta potential, or non-monotonic behaviours
can occur, which limit the accuracy of the obtained zeta potential value.

Due to the aforementioned challenges, it is important to understand the strengths
and limitations of zeta potential measurements of NPs in CCM when interpreting
results. For this, a “special” sample preparation is recommended in order to improve
data quality in terms of accuracy and reproducibility:

• The CCM should be filtered before adding to remove the possible protein aggre-
gates and any visible particulates.

• The dilution of CCM to decrease the conductivity is a way to protect the electrode
and typically improves data quality. It is important to re-measure the pH after
dilution.

• The characterisation of hydrodynamic size of the NPs before and after measuring
zeta potential can reveal any interaction between the sample and the electrode
material (e.g. protein and formation of NP aggregates).
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• Centrifuging the sample and reconstituting in “clean media” is a method of “wash-
ing” theNPs and reducing conductivity. It isworth noting that this procedure should
not have an effect on the original colloidal stability and the original pH.

5.6.4 Choosing Scattering Methods for Nanoparticles
in Complex Media

Nanoscience is intrinsically an interdisciplinary approach, therefore the range of
skills and expertise within a research group are becoming more and more multidisci-
plinary. Probably the best thing that the typical researcher engaged in nanomedicine
and nanotoxicology can do is to collaborate closely with instrument scientists hav-
ing the necessary theoretical and experimental expertise in the techniques of choice.
Basic guidelines that outline the function and utility of scattering techniques are
summarised in Table 5.2.

5.6.5 Characterisation Methods Based on Separation

A different approach to extract information about NP is to separate them via external
fields and use their response to the field to gain information about their size and size
distribution. Three fields are commonly used for this purpose: centrifugal force, flow
fields and electrical fields.

5.6.5.1 Analytical Centrifugation

Centrifugal force is used in analytical ultracentrifuge (AUC) and disc centrifuge (DC)
analysis [176–180]. The principle of analytical ultracentrifugation is to expose NP to
a very strong acceleration (up to a million times that of gravity). Under these condi-
tions, particles and macromolecules experience an enhanced sedimentation velocity,
which is proportional to their mass minus their buoyancy, and inversely proportional
to their hydrodynamic radius. Therefore, any difference in either their mass or their
hydrodynamic radius is enormously amplified in an ultracentrifuge. This permits the
separation of particles with differences in mass, in density, or simply in their hydro-
dynamic radius. In its basic configuration, an analytical ultracentrifuge is coupled to
a UV-Vis detector operating at single wavelength, or to a refractive index detector,
which allows one the determination concentration of all particles passing through a
detection window. Determining the concentration clearly requires the knowledge of
the object shape, which defines the amount of light scattered and adsorbed by it. The
most advanced versions of the analytical ultracentrifuge canmeasure full UV-spectra
at multiple wavelengths all along the sample tube, thus providing sedimentation pro-
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files with full UV-Vis characterisation of the centrifugate [177, 179]. This method
has been used to characterise gold NP undergoing aggregation, as well as mixtures
of quantum dots.

Disc centrifugation is a cheaper and simpler variation of ultracentrifuge, operating
at a much lower number of revolutions per minute, where particles are injected in
proximity to the centre of a spinning disk, and a single wavelength detector is used
to measure their concentrations at a given passage point [180]. While unable to
provide the same amount of information as ultracentrifuge, this technique is highly
versatile, and suitable for separation and characterisation of NP covering a broad
range of sizes, especially high density inorganic NP. One particularly interesting
feature of centrifugation-based characterisationmethods is the possibility to separate
NP from clusters with two, three, four particles, thus allowing a much more precise
assessment of the cluster mass distribution in the case of aggregation. This is one of
major advantages compared to scattering techniques, which probe solutions without
any separation of the different components.

The disadvantages of centrifugation techniques are that: (1) they usually require
dilution of the sample, which could change the quantity and composition of proteins
and ions adsorbed on their surface, and (2) quantitative interpretation of the data is
only possiblewhen the shape of the particles and clusters is known, which determines
their hydrodynamic radius. Except for very simple shapes, the determination of
hydrodynamic radius is usually a complicated problem, and irregular particles are
characterised by sedimentation velocity that are a function of their orientation.

5.6.5.2 Taylor Dispersion Analysis (TDA)

Taylor dispersion analysis is another method that can be used to determine the size
and size distribution of particles [173, 174]. The principle is based on the injection
of concentration pulse of particles in an empty capillary, where a parabolic flow
profile leads to a dispersion of the particles. Because particles close to the middle
of the channel travel faster than those close to the walls, a concentration gradient
in the radial direction is created. This concentration gradient is compensated by
particles diffusion, which tends to create a uniform concentrations profile in the radial
direction. Therefore, a measurement of concentration at two different positions along
the channel allow one the determination of the particle diffusion coefficient and its
distribution, from which size is extracted. While the technique has been widely used
to determine the molecular weight of biological macromolecules, the application to
particles is only recent. Some configurations exist, where Taylor dispersion has been
used in combinationwith capillary electrophoresis, which can be used to speed up the
analysis. The method represents a reliable alternative to DLS in the determination of
particles diffusion coefficient, because it requires a much simpler setup, but suffers
from the usual limitations of how to relate the diffusion coefficient to particle shape. In
addition, since particles are exposed to a shear rate, adsorption of molecules on their
surface could be affected be the flow field. Furthermore, compared to the analytical
centrifugation method, TDA cannot fractionate the samples, thus is less accurate in
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determining the particle size distribution, even though a recently introducedmoment-
based method to obtain more accurate size information has been proposed [173, 185,
186].

5.6.5.3 Asymmetric Flow Field-Flow Fractionation (AFFF)

This technique is able to fractionate a sample by exposing it a laminar flow field
and perpendicular cross-flow in order to determine particle size distribution in
biologically-relevant samples [181].A small sample of particles in solution is injected
in a channel with a laminar parabolic profile. Perpendicularly to the flow direction,
another flow filed is applied. As a result, large particles tend to be driven towards the
bottom part of the channel, while smaller ones, having larger diffusion coefficients,
stay closer to the centre of the channel. Large particles take longer times to flow
through the channel than smaller ones. The perpendicular cross flow is obtained by
removing part of the main flow in the channel through a membrane positioned on
one of the sides of the channel. The cut-off of the membrane determines the min-
imum size of particles of macromolecules that can be detected. AFFF can be used
to separate particles from clusters, to determine the size of particles, including the
presence of a coating on the particles. Quite often, is AFFF coupled to detectors,
such as DLS and multi-angle light scattering, in addition to more common refractive
index detectors, used in chromatographic processes. While in the oldest versions of
the methods a calibration of the elution time was necessary to determine the size
of the eluting particles, similar to what used in gel permeation chromatography, the
use of modern detectors allows one to measure the absolute values of the size of
the particles that elute, and also to obtain information about their shape. The elution
time of the particles can be further controlled by tuning the flowrate and the extent of
crossflow. Therefore, the combination of the fractionation ability of the AFFF with
the presence of these advanced detectors, make this method one of the most versatile
and powerful in the characterisation of particles.

However, the method has also some limitations. The exposure of particles to
shear forces, as well as the intrinsic dilution that the particles are subject to, can
easily lead to desorption of proteins from particles exposed to complex media. This
has been exploited to distinguish between strongly bound proteins versus weakly
bound proteins, which have been both detected separately [79, 178]. In addition, the
interaction of particles with themembrane in the channel is one of themajor concerns
of the AFFF. Depending on the material of the membrane, particles can be repelled,
or can adhere to the membrane, thus resulting in partial loss of analyte, and difficulty
in assessing whether the analysis of the sample is thorough.

5.6.5.4 Tuneable Resistive Pulse Sensing (TRPS)

A completely different approach is the one used by Tuneable Resistive Pulse Sensing
(TRPS) [182]. In this case, particles immersed in an electrolyte solution are exposed
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to an electric field and forced to move through a narrow pore. The measurements
are done at such a low concentration that only one particle at a time passes through
the pore. The presence of electrolytes in the solution leads to a steady passage of
electrical current through the pore. However, as one particle passes through the pore,
a drop in the electrical current ensues, which is proportional to the volume of the
particle.Additionally, the shape of the resistance pulse depends on the electrophoretic
mobility (and zeta potential) of the particles. This technique enables not only a
precise determination of the particle size, provided that the particles are stable under
electrolyte conditions using during the measurement, but also the assessment of the
particle concentration. Interestingly, the size determination is independent of particle
shape and material. Because the method is based on counting individual particles, an
accurate determinationof size distribution, even in the case ofmultimodal distribution
of particles, is possible.

The technique can also create maps of particles based on not only their size, but
their zeta potential too [183, 184]. This opportunity has been used to characterise
particles with a protein corona obtained by exposing them to bovine serum, and the
results have been compared to those obtained by DLS and by analytical centrifuga-
tion. The main drawbacks of TRPS are the following: (1) particles with a size lower
than 30 nm cannot be detected, and, additionally, (2) small sized particles require
high electrolyte concentrations, which might hamper their colloidal stability. Addi-
tionally, pore size must be not much larger than the particles, otherwise the limits of
detection will be hit, and the presence of clusters of particles will result in blocking
of the pore.

5.6.6 Microscopic Methods

5.6.6.1 Advancements in Light Microscopy (LM)

The theoretical resolution limit of light (~200 nm) defines the size limit of objects
that can be resolved by standard light microscopic methods. The resolution limit can
be improved by capturing the absorption/scattering of light by an object in a Fourier
plane by the objective lens and converted into a real plane image by the ocular
lens, thereby providing additional resolution on nanostructures in a technique called
Fourier plane imaging [187]. This requires the use of a rotating grating to obtain
inaccessible high-resolution information that are encoded into the Fourier plane.
Combining these images in the Fourier space yields information that is converted
into a higher resolution of the (real) image [188] and is applicable to a biological
complex setting [189]. Such computational approaches push the 200 nm size limit
of a standard light microscope to somewhere around 50–100 nm.

Besides computational advancements, additional hardware can provide improve-
ment in resolution. The detection of strongly scattering NPs, such as gold NP and
multiwall carbon nanotubes, profits from cardioid condensers provided in enhanced
darkfield microscopic imaging [190]. The oblique illumination reaches a resolution
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around 90 nm and accentuates the effects of strongly scattering particles and reduces
the contribution of themuch less strongly light scattering complex environment [191,
192]. With this method, it is also possible to determine the aggregation state of the
particles.

If the information on the absorbance and/or reflection of the incoming electro-
magnetic wave is insufficient, one must rely on a signal inherent and exclusive to
the NP. In the case of superparamagnetic iron NP (SPIONs), the inherent ability to
convert electromagnetic energy into heat can be exploited for their detection. Hence
the usage of such particles in clinical settings as contrast enhancers in magnetic res-
onance imaging. More recently, lock in thermography (LIT) uses this ability to study
the heating power of clinical applications of SPIONs [193].

The bioimaging of NPs rely on an exclusive light signal originating from the
particles, typically achieved by covalent bonds with fluorescent dyes [194, 195].
Unfortunately, these approaches are of limited interest to natural NP in complex
media since NP in consumer products are seldom tagged with such fluorescent dyes.

5.6.6.2 X-Ray Microscopy

Owing to the smaller wavelength of X-rays, X-ray microscopy (XRM) resolves
objects up to a spatial resolution of about 30 nm without the need for a vacuum (as
in electron microscopy, see below) [196]. Scanning transmission X-ray microscopy
(STXM) has been used, for example, to monitor copper NP in river biofilms [197].

5.6.6.3 Scanning Probe Microscopy

Scanning probe microscopy, especially atomic force microscopy (AFM), is an often-
used method to measure NP. AFM provides a three-dimensional surface profile by
raster-scanning a sharp tip (few nm to 10s of nm) over a surface with a feedback loop
to adjust parameters needed to image a surface. Atomic forces are used to map the
tip-sample interaction and can be used for all types of nanomaterials.

Most AFMs use a laser beam deflection system where a laser beam is focused on
the back of the reflective AFM lever onto a position-sensitive detector. The acquired
height map can provide the height of NP with unprecedented accuracy and precision.
Although AFM can operate both in air and in solution, the former procedure is much
more present in literature owing to an easier procedure [198].

5.6.6.4 Electron Microscopy

The wavelength of electrons in an electron microscope is another 1000 fold smaller
than the wavelength of X-rays in XRM and 10,000 fold smaller than photons in
optical light microscopy. Therefore, electrons can convey much smaller information
providing sub-Ångstrom resolution. Two types of electronmicroscopy are commonly
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utilised: scanning electron microscopy (SEM) and transmission electron microscopy
(TEM).

A scanning electron microscope operates by registering the interaction between
the sample and a focused electron beam that scans over the sample. Dedicated detec-
tors can collect back scattered electrons and secondary electrons. Backscattered elec-
trons (BSE) are electrons provided by the focused electron beam that are slingshot
back under the influence of positively charged atomic nuclei. The BSE yield relates
to the proton density: the heavier the atoms the brighter BSE the signal [199]. This
relationship can be used to differentiate between two components, e.g. a metal NP in
a carbon-based medium. Secondary electrons (SE) are electrons that derive from the
inelastic collision of the electron beam with the electron shell. They originate from
the atoms within the samples and will result in ionisation events. SEs mainly contain
topographic information on the surface of the object. SEM provides a unique view
on the surface of particles and allows for size estimation, surface structural analysis
and surface defects detection for particles of a few nm diameter or higher.

In a TEM, the shadow of the object, as witnessed by the electron beam, is imaged.
TEM provides the highest resolution of all known microscopic methods: around
0.2 nm in conventional instruments and even 0.05 nm in high-end aberration cor-
rected instruments [200]. Darkfield approaches, similar to in light microscopy, such
as scanning transmission electron microscope (STEM) and variants such as high-
angle annular darkfield provide high contrast in function of the atomic number
thereby permitting differentiation between the signal of non-carbon-based NPs and
the typically carbon-based medium in the image [201].

Electrons have a much stronger interaction with matter than the other electro-
magnetic waves described above. Consequently, electron microscopes must operate
under a vacuum as electrons will be scattered by the atmosphere. However, water
will evaporate at room temperature in the vacuum of an EM. This implies that aque-
ous samples require complete dehydration prior to measuring [202]. If removing the
aqueous medium is not an option, for example because it is an integral structural
component as in liposomal preparations, cryo-electron microscopy can be useful.
Water in frozen samples will remain in its solid form at liquid nitrogen temperatures,
even at the low pressures inside the electronmicroscope. Cryo-EM has the additional
advantage that drying-induced aggregation or structural changes are prevented. Such
low temperature approaches are possible both in SEM, TEM and STEM.

Another possibility to image without removing the aqueous solution is to sacrifice
resolution for the presence of water in the sample, a concept which is applied in the
environmental scanning electron microscope (ESEM). Differential pumping permits
to have the electron optics under high vacuum but the sample chamber under a
poorer vacuum: typically around 50–100 mbar, 1/20 of the ambient pressure. A 10-
fold reduction in resolution compared to conventional SEM is the main drawback
(in the range of 50–100 nm), along with a very limited penetration depth of the
beam. Efforts were made to develop sample chambers, WetSEM™ capsules, which
enclose the sample including the liquid environment inside the vacuumof the electron
microscope. These capsules are equippedwith an electron-transparentmembrane that
allows electrons to pass into the sample. More recently, liquid TEM holders have
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been developed, based on a similar principle of shielding the aqueous samples from
the vacuum in the instrument by means of silicon nitride windows [203].

5.6.6.5 Analytical Methods

The microscopic approaches discussed above result in images that reflect the absorp-
tion, reflection and/or scattering of the incoming electromagnetic waves. Most imag-
ing modalities can be complimented with analytical tools, often of spectroscopic
nature. These analytical tools provide ameans to characterise thewavelengths present
in the image-forming waves, i.e. the spectral fingerprint. The analytical microscopy
concept turns the 2D micrographs into 3D data cubes, with the third dimension a
spectrum for each pixel that can be matched with existing libraries.

Light microscopic methods can be complemented with visual and infrared range
spectroscopy (400–1000 nm). Such spectroscopic analyses have been used in com-
bination with dark field microscopy to study the interaction between cells and NP
in the absence of a fluorescent probe [204], where the spectrum can be influenced
by the surrounding matrix [205]. Other spectroscopic possibilities, such as Raman
spectroscopy or Fourier transformed infrared spectroscopy can be used.

The interaction of an electron beam with the inner shell electrons of atoms can
result in the expulsion of X-rays which are characteristic of the atom. The specific
X-ray energy can be detected and quantified by a silicon drift detector, an analytical
method known as electron dispersive X-ray or EDS. EDS provides the chemical
characterisation for each pixel in the image, resulting in elemental maps, and can
be found in SEM and STEM setups. A second spectroscopic method in found TEM
and STEM based on electron interactions with atoms is called electron energy loss
spectroscopy (EELS). Electrons in a high voltage, coherent electron beam hitting
outer shell electrons of atoms will lose energy by inelastically scattering electrons in
a way that is characteristic for the interacting atom. Peaks in the absence of a specific
energy band quantify elements in the sample [206].

5.6.6.6 Advice for Sample Preparation for Imaging Techniques

Unlike scattering methods, microscopy provides results on a per particle basis. This
necessitates the creation of proper sampling schemes: each nano-object must have
the same chance to be sampled, independent of its size or other characteristics.
Omission bias (larger objects are favoured) or convenience sampling (searching for
a convenient example) render data unsuitable for generalisation and hence useless
to represent the entire nanomaterial. The key to overcome such bias is to record data
according to a (computer-) generated randomised scheme [207]. A summary of the
discussed techniques can be found in Table 5.3.
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Table 5.3 Summary of imaging techniques used in the elucidation of colloidal interactions at the
bio-nano interface
Technique Information Pro Cons Pitfalls

Structured illumination
microscopy

Presence of NP Sub 100 nm
resolution

Will not
resolve NP

Processing
time. Artefacts
due poor
grating
position

Darkfield microscopy
imaging

Presence and
localization
(unresolved) of
NP

Light
microscopy
based, easy
sample prep

Only strongly
scattering NP

Interpretation
of the data can
be arduous

Fluorescence
microscopy (including
laser scanning
microscopy and super
resolution microscopy
(STED, PALM,
STORM)

Presence and
localisation
(unresolved) of
NP

Light
microscopy
based, easy
sample prep.
<100 nm
resolution in
super
resolution LM

Necessity for
fluorescent
dyes

Fluorescent
staining of NP
in complex
media can be
difficult

Magnetic resonance
imaging

Presence and
(crude)
localisation of
NP

Non-invasive,
and very
specific

Poor
resolution,
limited to
paramagnetic
NP

Lock in thermography Presence and
thermal
signature of
paramagnetic
and plasmonic
NP

Sensitive,
reliable

Poor
resolution,
limited to
paramagnetic
particles

Atomic force
microscopy

Presence,
localisation,
size

High
resolution, in
aqueous
solutions

Bias in height
values due to
deformation by
the cantilever
tip [138]

User influence
on the data
processing
[139]

XRM XRSM Presence,
aggregation,
size
distribution

No sample
prep needed

Synchrotron or
advanced light
source needed

Scanning electron
microscopy

Presence,
aggregation,
size
distribution,
surface
analysis,
surface defects
detection,
material
contrast
information

Resolves
single
particles, high
resolution,
Bulk samples

Vacuum
needed,
meaning
drying of the
particles, may
induce
aggregation.
Samples may
need
conductive
coating,
destructive
method
(samples
cannot be
reused)

Size estimation
can be
complex for
non-spherical
NPs

Environmental
scanning electron
microscopy

Presence,
aggregation
and size of
(larger) NP

In situ electron
microscopy

Loss of
resolution

Complex
image
interpretation

(continued)
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Table 5.3 (continued)
Technique Information Pro Cons Pitfalls

Transmission electron
microscopy

Presence,
aggregation,
size,
morphology,
3D structure

High
resolution

Sample
preparation:
water must be
removed

Only thin
objects (<200
nm thick)

Scanning transmission
electron microscopy

Presence,
aggregation,
size,
morphology,
3D structure

High
resolution,
thicker
samples (up to
1 μm)

Sample
preparation:
water must be
removed

Radiation
damage of the
sample

wetSEM Presence,
aggregation
state, size,
morphology

Electron
microscopy
without the
need for
dehydration

Loss of
resolution

Sensitivity of
the membrane
to radiation
damage

Liquid holders TEM Presence,
aggregation
state, size,
morphology,
3D structure

Electron
microscopy
without the
need for
dehydration

Dedicated
chips needed
for each
sample

Interaction of
electron beam
on enclosed
water
complicates
interpretation

5.6.7 Dynamic Methods

The interactions of NPs in vivo have been shown to be a dynamic affair, where the
faster moving proteins arrive first, forming the ‘soft corona’, and then are replaced by
less motile proteins that have a higher affinity for the surface and become electrostat-
ically bound, forming the ‘hard corona’, over the course of several hours [208–210].
Full understanding of any dynamic behaviour necessitates its study in space and

Table 5.4 Summary of dynamic techniques

Technique Information Pros Cons Pitfalls

Synchrotron
techniques

NP properties,
chemical
composition and
protein
aggregation

High flux allows
for excellent
resolution in
space and time

Samples are
easily damaged
by synchrotron
radiation
Beamtime is not
easily awarded

Data
deconvolution
can be complex

Microfluidics Interfacial
phenomena

Can be coupled
with scattering
and imaging
techniques
Can overcome
sample
preparation issues
found in bulk

Interdisciplinary
knowledge of
optics, and fluid
mechanics in
addition to your
own expertise are
required

Devices are not
‘plug and play’
units
Resolution is
limited to the
detection method
Detection
methods are
limited by chip
material
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in time. As the interaction of NPs with components in physiological media is a
dynamic phenomenon, scientists are utilising advanced, high energy synchrotron
techniques, coupling microfluidic technologies with scattering or imaging methods,
and/or sophisticated software to analyse images in order to obtain time resolved
data (Table 5.4).

5.6.7.1 Synchrotron radiation

The brilliance of synchrotron radiation has significantly shortened the analysis time
of a multitude of scattering techniques in specialised facilities that can be found
around the world. Synchrotron light is produced by the acceleration of electrons
under the direction of a magnetic field to 99.9% of the speed of light. This results
in the production of radiation that has high flux, a wide energy spectrum, highly
collimated and polarised, which can produce short pulses. Such radiation allows for
the fast illumination of NP at the bio-nano interface, where data deconvolution allows
for the separation of signal between the protein and NP. Because of the advantages
of high spatial resolution, high sensitivity, excellent accuracy, low matrix effects
and non-destructiveness, synchrotron radiation analytical techniques are increasingly
becoming valuable tools for investigating the bio-nano interface.

By selecting and directing specific wavelengths of light to specific instruments,
called ‘beamlines’, one can utilise specific wavelengths of radiation, to analyse the
bio-nano interface within one facility. Of particular utility for the dynamic analysis
of NP in complex media are the following methods.

Synchrotron Small Angle X-Ray Scattering (SAXS)

High brilliance synchrotron sources coupled with advanced detectors has ensued
the adoption of time resolved synchrotron SAXS data to observe a multitude of
dynamic processes, thus helping us to understand the link between nanostructure
and the properties of the materials [211]. Synchrotron SAXS, coupled with SANS,
has been used to observe changes in morphology of gold NP upon interaction with
physiological proteins [150]. This detailed study employed complex data deconvo-
lution in order to elucidate protein dissociation constants, and the stoichiometry of
the NP-protein complex, where the authors developed their custom built software in
order to make this technique accessible to non-experts in small angle scattering. In a
more straightforward manner, highly ordered nanomaterials can particularly benefit
from dynamic study with synchrotron SAXS, where changes in scattering are more
evident. This method has been used in the determination of the kinetics of disorder-
order and order-order phase transitions in lipidic liquid crystalline NP, upon exposure
to lipases [212, 213].
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Synchrotron X-Ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy detects change in the local electronic environment,
coordination geometry and bond distances of absorbed atoms in materials [214].
Because of its unique chemical sensitivity, synchrotron XAS provides precise finger-
print measurements of the NP structure, shedding light on the molecular mechanism
of physicochemical interactions, such as adsorption, dissolution, phase transforma-
tion, and oxidative-reductive reactions, at the interface betweenNP and physiological
milieu [215]. Additionally, synchrotron X-ray sources can be focused to spot sizes
ranging from mm2 down to the nm2 range [216]. XAS reveals specific information
of specific sites in three different energy regions: the pre-edge region, which reflects
electronic structure and oxidation state; the X-ray absorption near edge structure
(XANES) and the extended X-ray absorption fine structure (EXAFS), providing
geometry and coordination of the local structure. An important advantage of XAS is
that samples of all states of matter (gas, liquid, soft matter and solid) can be analysed.

For instance, XANES has been used to differentiate the chemical states of iron
on the surface of two types of Fe2O3 NPs (α-Fe2O3 and γ-Fe2O3) in the presence of
biological reducing agents cysteine and NADPH [217]. Binding sites of BSA upon
gold nanorods have also been identified via XANES in combination with a least
squares linear fitting [218]. XANES experimental data combined with simulations
revealed that the hydrophobic interaction between a streptavidin and the hydrophobic
surface of single-walled carbon nanotubes induced changes in the C=O double bond
of the streptavidinwhich subsequently led to a small, but relevant structural distortion
of the protein [219]. As can be seen, XAS is a powerful tool for characterizing the
chemical states of NP and proteins at the interface between NP and biological milieu.

Synchrotron Circular Dichroism (CD)

The main advantage of synchrotron CD over benchtop instruments is that it has
the capacity to obtain structural information of proteins with only small sample
amounts in a short amount of time. By following the unfolding of different classes of
human plasma proteins upon exposure to gold and silverNP at different temperatures,
Laera et al. demonstrated that albumin, transtyrethrin and lysozyme are significantly
destabilised when interacting with silver NP, whilst its stability is not affected when
interacting with gold NP [110]. Time resolved synchrotron CD has been utilised
to observe rapid changes in the folding of BSA in the corona, attributed to the
transformation of protein disulfide bonds to Au–S coordination [218]. Thus, the
rapid acquisition of CD data can be used to reveal the molecular mechanisms of
interfacial reactions of proteins.
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Advances in Synchrotron Techniques

Recent developments in synchrotron instrumentation have afforded scientists the
ability to visualise NP on a single particle level. Coherent X-ray diffraction is a
powerful method of measuring the three dimensional structure of NP, where 2D or
3D reconstruction of the scattering pattern allows for the elucidation of an image
of nanoscale structures [220]. The most recent advances in this field have been in
X-ray free-electron lasers, where femtosecond flashes of X-ray light have been used
to provide single particle analysis on nanoscale particles, in this case, a crystalline
gold core and a differently shaped palladium shell to a resolution of 7 nm [221].
These advances in synchrotron science will allow for a faster and more focussed
understanding of interaction at the bio-nano interface.

5.6.7.2 Microfluidics

Microfluidics has facilitated the development of nanomaterials through the ability to
accurately manipulate nanolitre volumes in microscale fluidic channels in turbulence
free conditions, resulting in well-defined and well-controlled fluid-fluid interfaces
to be made and manipulated [222]. Without agitation or obstacles within the chan-
nels, interaction between these interfaces at microfluidic length scales results only
in diffusion controlled mixing. Microfluidic devices have thus been used in the cre-
ation of nanoscale materials, as fine control of the interfaces can be achieved through
the directed introduction of valves, mixers and pumps on the chip in order to form
uniform droplets and precipitates, and consequently, the precise control of NP syn-
thesis [223] and separation [224]. In terms of looking at bio-nano interactions, chips
can be designed and created in order to accurately mimic in vivo environments and
processes, where the flexible and modular nature of microfluidic devices provides
opportunities to create increasingly realistic models, including multi-tissue devices,
which have been used to assess NP as drug delivery vehicles [225, 226].

Microfluidic chips can be combined with either scattering or optical techniques
in order to understand how engineered particles behave in complex environments.
Investigating NP dispersions under microfluidic laminar flow conditions coupled
with florescence spectroscopy has previously been established as a technique known
as flow cytometry [227], however the use of MF chips allows for this investigation in
a more complex manner. The integration of sample preparation and delivery with the
analytical mechanism results in the synergistic enhancement of function and perfor-
mance of extremely small detection volumes (femtolitres to nanolitres). In order to
monitor intra- and intermolecular reactions occurring in microfluidic reactors, they
have been coupledwith spectroscopicmethods [228], surface-enhancedRaman spec-
troscopy (SERS) detection [229], Förster resonance energy transfer (FRET) [230],
light scattering [231] and small angle x-ray scattering [232]. Thus, the flexibility
of microfluidic chips allows them to be coupled to a wide range of characterisation
techniques for the dynamic characterisation of NP at the bio-nano interface.
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5.7 Conclusions and Future Directions

This chapter has:

• demonstrated that physiological fluids contain elements that alter the stability of
NPs in in vivo conditions and that complex CCM have been formulated to reflect
these conditions;

• demonstrated that colloidal chemistry phenomena of NPs are altered by elements
in complex CCM;

• highlighted analytical techniques that are particularly useful to look at NPs in com-
plex CCM; uncertainty surrounding colloidal interactions requires investigation
by multiple techniques in order to get the complete picture;

• provided practical advice as to how these techniques need to be modified in order
to take into consideration the effect of naturally occurring salts, surfactants and
proteins upon the colloidal stability of NP in vivo;

• given insight into developing techniques that can be used to characterise the chem-
ical and structural changes of the components at bio-nano interface;

In this way, a solid foundation for the long-term advancement of nanotechnology
into effective new products both in medicine and industry can be established.
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