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1. Introduction

Atomic force microscopy (AFM) continues to find ever wider applications in the fields of
materials characterisation and life sciences. By using a small tip to scan across the sample's
surface, the requirement to focus light and electrons as with light and electron microscopies is
eliminated; this overcomes the Rayleigh criterion resolution limit, enabling nanometre and
sometimes atomic resolution imaging, depending on the sample and / or imaging regime, to
become routine. AFM can be operated without the need for conducting or stained samples
and therefore can be operated in physiological media. Further, the probe can be used to push
into or pull away from sample surfaces, yielding quantitative nanomechanical and adhesion
data, which can also be displayed graphically. This chapter will discuss the fundamentals of
AFM and highlight a few recent applications with relevance to pharmaceutical science.

1.1 Background

The atomic force microscope (AFM; scanning force microscope, SFM) is the principal
member of a number of related scanning probe microscopes (SPM). The first of these was the
scanning tunnelling microscope (STM), invented by Binnig and Rohrer, whom received the
Nobel Prize for Physics, in 1982 after revealing the first atomic resolution images (Binning
and Rohrer 1982). By applying a bias potential across a small gap between a sharp metallic
tip and a conducting sample, it was possible for electrons to tunnel across the forbidden
energy gap; if the probe was simultaneously scanned across the sample, the tunnelling current
yielded an image related to the topography (strictly, the local density of states) of the sample.
The technique necessitated the use of conducting specimens, with the exception of DNA,
proteins and other small molecules, and so was restrictive for the study of thicker biological
samples and other insulating materials, such as polymers. To overcome this issue, the
imaging method was developed, by the same inventors, to measure forces on a cantilever, to
which the tip was mounted, rather than tunnelling currents: this became the AFM instrument
(Binning et al. 1986). In 1992, SPMs capable of both STM and AFM, became commercially
available and very soon afterwards a vast array of derivative techniques and modes, almost
solely AFM-based, were developed. AFM has finally come of age, with new imaging modes
and related techniques continually coming to market; highlights of these are summarised later
in this chapter.

1.2 Principles of operation

Before discussing the multitude of acquisition modes, some of the fundamentals of AFM will
be presented. AFM operates by scanning a small, usually square pyramidal shaped tip,
prefabricated onto a cantilever, across a sample, mounted on a stub, which is magnetically
held into place on top of a piezoelectric ceramic scanner. Piezoelectric crystals change shape
on the application of a voltage, the relationship being roughly proportional and accurate to
0.1 A; it is this feature that provides AFM with its high resolution capability. The piezos are
arranged in the scanner (tripod or the more usual tube design) to provide X, y and z (height)
movement, the former two of which allow the scanning motion. The arrangement here
describes a sample-scanning rather than tip-scanning instrument, i.e., the sample scans a
stationary tip. It is often more convenient, however, to imagine the tip scanning the sample,
as will be discussed here.
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The cantilever is often coated with a gold layer to make it reflective, so that a laser can be
reflected from the cantilever onto a photodectector, via a mirror (Figure 1). This laser
assembly serves as a tracking system so that the position of the tip in relation to the surface
can be continuously monitored. In contact mode, the simplest of operations, the probe (tip +
cantilever) is brought into contact with the sample until a small deflection of the cantilever,
corresponding to a repulsive force (the set-point), is detected via a displacement on the
photodetector. The probe is then scanned across the surface causing the cantilever to move
vertically corresponding to variations in topography (height) of the sample. As the probe
begins to go over a high feature on the specimen, for example, the cantilever will start to
deflect more (bending will increase) causing the laser spot on the photodetector to move. So
as not to cause damage to the sample, and / or tip, a voltage signal from the photodetector is
sent to the scanner, to which the sample is mounted, causing the scanner to retract. This then
lowers the sample, relieving the increased deflection (above the set-point) on the cantilever.
Upward movement of the piezo, and sample, is also allowed when, for example, the probe
moves over a low feature, such as a pit. This cycle is repeated as the sample is scanned, so
that the deflection of the cantilever is kept constant by means of this feedback loop. The
potential required to maintain the set-point via the feedback circuit is used, alongside the x
and y coordinates, to create the contact mode AFM image. Some practical steps on how to
acquire contact mode images are given in the Appendix.
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Figure 1. A schematic of the main components of a typical AFM, with particles on a mica
surface.
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1.3 Operating modes

There are three operating modes in AFM: contact mode, Tapping Mode® (a trade mark of
Bruker, and also known as intermittent contact mode) and non-contact mode. The last two
modes are referred to as ‘ac’ techniques while contact mode is referred to as ‘dc’. Each has
their own advantages and disadvantages. Contact mode is the simplest, where the cantilever
moves along the surface maintaining a set force. If too much force or too little force is
detected, the height will be adjusted using the piezoelectric motors through the feedback loop
(Section 1.2). Tapping Mode® is probably as widely encountered as contact mode. Here, to
minimise potentially damaging lateral forces being exerted on the sample, the cantilever is
oscillated at its resonant frequency during scanning; the measurement is made only at the
moment when the tip touches the specimen, and for the most part, while the scanner moves
the sample, the tip is safely retracted. Tapping Mode® is often used for imaging delicate
biological samples, such as DNA, and this can also be carried out in physiological media.

With most commercial instruments, different image channels can be acquired at the same
time as the topography (height) image. For example, in contact mode, the error signal (raw
signal detected by the photodetector) and the friction response (or lateral force microscope,
LFM image, derived from the horizontal component of the photodetector's signal as the
cantilever twists during scanning) may be obtained. Similarly, in Tapping Mode®, in
addition to the error signal, the phase image (not to be confused with other definitions of this
term in microscopy) and amplitude image may be obtained (Schmitz et al. 1997). These
respectively correspond to the time (phase) lag and amplitude of the driven tapping sine wave
signal relative to the response wave after interacting with sample. For example, variations in
viscoelastic and / or adhesion properties of the sample across the surface may modify the
phase and / or amplitude signals. These modes often give more defined visual contrast than
their simultaneously acquired topography images, although the exact mechanism behind their
complex origin is rarely understood.

In addition to imaging, force data can be obtained by pushing the tip into or pulling the tip
away from a sample's surface; this is often referred to as force spectroscopy (Butt et al.
2005). This can be explained with reference to a force vs. distance plot (force curve; Figure
2), where a tip approaches a surface, typically experiences a short-range attraction event and
then is pushed into the surface (Cappella and Dietler 1999; Butt et al. 2005). The gradient of
the force curve in this region is a combination of indentation of the tip into the sample and
cantilever bending, and with a suitable hard reference surface and use of mathematical
models, quantitative nanoindentation (Young's modulus) data can be extracted. After a user-
defined selected total force (or deflection), the applied load on the cantilever can be reduced,
and the tip may eventually become adhered to the surface. Overcoming this force leads to an
adhesion event, the importance of which becomes significant when the tip is suitably
chemically derivatised or biologically functionalised (Section 1.4). Typically, only one-half
of the force curve (an approach or retract curve) is relevant for any given experiment.

Nowadays, force measurements are combined with the scanning capability to produce local
physical property maps, e.g., indentation, Young's modulus, adhesion and friction. These can
be quantitative or qualitative depending on the extent of pre-calibration. Instrument
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manufacturers tend to have their own trade mark names for these modes, such as Torsional
Resonance (TR) Mode® and PeakForce Tapping® (PFT).
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Figure 2. A schematic showing the some key features of an AFM force vs. distance plot: Blue
line: approach curve, red line: retract curve; regions A-B: tip approaches the surface, B-C:
tip-surface attraction, C-D: tip driven into the surface combined with cantilever bending
(where stiffness / compliance information may be extracted), D: point at which applied load
is withdrawn and tip pulled away from the surface, E: no net attractive of repulsive forces
between tip and sample, E-F: tip is adhered to sample, F: applied load overcomes adhesion
force and tip released from surface (maximum adhesion force), F-G: adhesion force, G: tip
away from surface, G-A: continued withdrawal of the tip.

In the TR mode, the tip is parallel rather than vertical to the surface, and the forces between
the tip and the sample cause a change in resonance behaviour that can be used to track the
surface at a constant distance. The TR mode has the advantage that the tip remains at a
constant distance from the surface at all times. Song and Bhushan (2006) investigated the
dynamics of the tip-cantilever system when it is operated in TR mode, with or without tip-
sample interaction, and they also descried the basic methodology to extract in-plane surface
properties in TR mode.

PFT is similar to Tapping Mode® AFM, however the PFT oscillation is performed at
frequencies well below the cantilever resonance and the force on the tip can be kept constant
which differs from Tapping Mode® AFM where the probe vibration amplitude is controlled
by the feedback loop. A continuous series of force-distance curves is produced and by
keeping the peak force constant, the modulus, adhesion force, and deformation depth can be
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calculated. In PFT, the oscillation combines the benefits of contact and Tapping Mode®
imaging by having direct force control and avoiding damaging lateral forces. PeakForce
Quantitative Nanomechanical Mapping (QNM®) (Bruker) is a recent and powerful technique
that provides quantitative characterisation of surfaces at the nanoscale level (Lamprou et al.
2013). Individual force curves can be acquired and quantitatively analysed as the tip taps
across the surface.

By attaching a ligand onto the tip, it is possible to map receptor-binding sites on cell /
substrate surfaces, with a lateral resolution of a few nanometres, whilst simultaneously
acquiring the topography image; this is known as topography and recognition imaging
(TREC) mode or single-molecule force spectroscopy (SMFS), a single-molecule interaction
method (Ebner et al. 2010; Muller et al. 2009).

Outside the scope of this short chapter lie a whole host of related probe techniques (not
strictly modes). These, as their names suggest, are able to obtain other local physical
properties; they include electrochemical AFM (EC-AFM), magnetic force microscopy
(MFM), electrostatic force microscopy (EFM), kelvin probe force microscopy (KPFM),
photoconductive AFM (pcAFM), scanning spreading resistance microscopy (SSRM),
scanning thermal microscopy (SThM), scanning capacitance microscopy (SCM) and surface
potential microscopy (SPoM).

Some of the latest developments include fast scanning, where the typical 1 Hz scan rate (ca.
10 min per scan) can be rapidly increased, and in some cases, for flat samples, to real-time
acquisition. This is achieved through the use of small cantilevers.

1.4 Cantilevers and tips

A wide variety of cantilevers and tips (often jointly named probes, although terms are used
interchangeably) are available depending on their intended application. Broadly, contact
mode probes tend to be made from silicon nitride, a hard material of approximate
stoichiometry SizNj, whereas Tapping Mode® probes are normally formed from silicon,
owing to its stiffness, although SizNy is also sometimes used.

The shapes of the cantilevers also vary, for example, V-shaped (often used for contact mode),
beam-shaped (rectangular) and arrow shaped. The cantilever’s spring constant (k, N m™), a
proportionality constant used to relate cantilever deflection to force, can be determined from
the dimensions (typically, 10 — 450 um in length and various widths) and material properties
of the cantilever. There are numerous methods for measuring k, such as the thermal noise
method, described elsewhere (Clifford and Seah 2005, Lamprou et al. 2010). Accurate
determination of this property, for which manufacturers provide approximate ranges, is
essential for all AFM studies where force measurements are required.

The tip itself can be a square pyramid (approximating at its apex to a small sphere, the radius
R of which may need to be determined for some force measurements), an oxide-sharpened tip
(small R), a high-aspect ratio tip or a colloid probe. The latter type includes small entities,
such as cells or polymer spheres that can be adhered to a tip-less cantilever to bestow
biological functionality or defined contact geometries.
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Probes can also be coated on either side for increased laser reflection (top side: Au), chemical
functionalisation (underside: Au) or to change physical properties (underside: Pt, diamond-
like coatings, magnetic Co alloys). Chemically modified probes are typically prepared by
grafting thiol self-assembled monolayers (SAMs) on to Au coated probes or by silanising the
surface OH groups of Si / SizN4 probes, which are then used to measure specific short-range
intermolecular (usually adhesion) forces. This is often termed chemical force microscopy
(CFM; Smith et al. 2003a). Florin et al. (1994) first used functionalised AFM tips and
surfaces to measure forces between biotin-avidin ligand-receptor pairs; this area has now
been extended to investigate many interacting pairs.

Many different approaches have been used to attach (bio)molecules to AFM probes. For
example Sikora et al. (2012) used AFM to investigate protein-protein (the core methylase and
the HsdR subunit) interactions within the EcoR1241 molecular motor. To do this, they
functionalised a tip with a glutathione S-transferase-HsdR complex via a NHS-PEG-MAL
linker and probed the core methylase (Figure 3). The NHS end of the PEG linker reacts with
amines on an amino-terminated, silanised SizNy tip, forming a stable amide bond, while the
MAL group forms a C-S linkage with the protein. Li et al. (2013b) used a similar linker to
attach the drug rituximab to an AFM tip.

SisN4 AFM tip, APTES-coated
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Figure 3. Surface chemistry used to immobilise proteins to a SisNs AFM tip and a mica
surface to study protein-protein interactions, in this case different subcomponents (HsdR /
HsdS / HsdM) of a molecular motor (type | restriction-modification enzyme EcoR124l).
APTES = (3-aminopropyltriethoxysilane (to form surface NH, groups), PLL = poly(L-
lysine) (a polycation to couple proteins to negatively charged mica), GST = glutathione S-
transferase. Reproduced with permission (Sikora et al. 2012).
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Riener et al. (2003) developed an ‘easy-to-use test system’ for investigating single ligand-
detectors with AFM, demonstrating this using the avidin-biotin interaction where the AFM
tip was biotinylated via a 6 nm PEG linker. Hinterdorfer et al. (1996) functionalised a tip with
an antibody via an 8 nm PEG linker and an amino-functionalised SizNi,. Cail and Hochella
(2005) added a polystyrene micro-bead to a cantilever to investigate sticking efficiency in
colloid systems; spheres were simply glued to the cantilevers with UHU 5-minute epoxy
glue. The procedure was carried out by placing a tip-less SisN4 cantilever in the AFM
apparatus, using the piezoelectric actuators to drive the cantilever into the adhesive and then
onto a glass slide covered with microspheres and picking up a single microsphere.

1.5 The need for AFM in pharmaceutical research

The potential of AFM for structural biological studies was recognised since the conception of
the technique. Indeed, it was the inability of tunnelling currents in STM to penetrate through
the thickness of biological specimens greater than the diameter of proteins that led to the
realisation of AFM. Nowadays, with the multitude of operating modes available, including
the ability for real-time imaging in physiological buffer, many questions of interest to those
engaged in pharmaceutical research can be answered. For example, ligand-receptor binding
on cell surfaces can be measured and mapped, protein-protein interactions can be studied to
provide kinetic information and AFM shows potential for use as an early diagnostic tool for
cancer and other diseases.

The remainder of this chapter is dedicated to outlining selected examples that highlight the
application of AFM in pharmaceutical research, ranging from coatings characterisation
through to nanotechnology and biological applications. Many of these investigations have
been from the past four years, both from the literature and a few from the authors’
laboratories.

2. Use of AFM in pharmaceutical sciences
2.1 Tablet coating and dissolution

Pharmaceutical solid dosage forms are usually coated to control drug release, to protect active
pharmaceutical ingredients (APIs) from degradation in the stomach or in humid atmospheres,
to provide a barrier to taste and smell, and for controlling dissolution (Romer et al. 2008).
AFM has been used mainly to acquire topography information, where it has the advantage
over SEM in that it can provide quantitative surface roughness and surface area
measurements and allow for their study in real-time (Seitavuopio et al. 2005); data on
compositional distribution and porosity may also be discerned. Seitavuopio et al. (2003)
investigated tablet surfaces using different imaging and roughness techniques, including
AFM, and concluded that KCI tablets were smoother than NaCl tablets. A summary of
surface roughness parameters that can be readily obtained from AFM topography profiles has
been described by Smith et al. (2003b).

The coating materials of tablets are frequently studied as free films so that the effects of the
tablet core can be eliminated (Kwok et al. 2004). Seitavuopio et al. (2006) used AFM
imaging to examine the surfaces of pharmaceutical tablets that were coated with different
aqueous hydroxypropyl methylcellulose films. AFM has been used to assess the quality of



Springer Controlled Release Society Book Series on Advances in Science and Technology: Analytical Techniques
in Pharmaceutical Sciences, Section 5 Imaging techniques, Chapter 21 Applications of AFM in pharmaceutical
sciences, T. Rades, A. Mullertz and Y. Perrie (Eds.), (2014), in press.

montmorillonite / poly(styrene) / poly(butyl acrylate) films prepared using dispersion
methods (Csontos et al. 2006); the influence of composition on the form and arrangement of
polymer droplets, and also the uniformity of the polymer film surface on the tablets were
investigated. AFM can also be used to investigate areas on surfaces that have different
properties, such as crystallinity and chemical composition; these are important parameters
concerning the dissolution of a tablet.

The mechanisms and dissolution rates of the cholesterol monohydrate (001) surface, of
relevance to the removal of gallstones, were investigated by Abendan and Swift (2005). The
dissolution rate was found to be closely related to local variations in topography. Danesh et
al. (2001) measured the dissolution rates of the (001) and (100) planes of aspirin crystals
(0.45 and 2.93 nm s™, respectively) in 0.05 M HCI. The (001) crystal plane dissolved by
receding step edges, whilst the (100) surface showed crystal terrace sinking. Such studies are
important as in vitro crystal dissolution is proportional to in vivo drug absorption (Levy
1961).

2.2 Crystal growth and polymorphism

Drug crystal growth, particle characterisation and tablet coatings are critical elements in the
manufacture of solid dosage forms. Thus, microscopic examination is important for the
design and evaluation of a pharmaceutical product after the steps in the drug formulation
process have been taken.

AFM was first introduced into crystal growth studies by Durbin and Carlson (1992), who
detected the growth of steps on the surfaces of lysozyme crystals. Tonglei et al. (2000) used
AFM for monitoring the crystal surface and they reported the step velocity of egg-white
lysozyme crystal planes on a nanometre-scale using a sealed vessel in the AFM and noted the
consequences of controlling the supersaturation. Land and De Yoreo (2000) used an in situ
AFM for investigating the growth and activity of dislocation sources as a function of
supersaturation during canavalin crystal growth. They reported that growth occurs on
monomolecular steps generated either by simple or complex screw dislocation sources, and
also visualised 2D nucleating islands that form onto the surface before spreading laterally as
step bunches. Onuma et al. (1995) used AFM to investigate the topography of hydroxyapatite
single crystals that had been synthesised from hydrothermal solution, and reported that
growth proceeded through a layer-by-layer mechanism. Miyazaki et al. (2011) determined
crystal growth rates of nifedipine at the surface of amorphous solids with and without
polymers using AFM; they found the technique to be useful for studying the crystallisation
kinetics of amorphous solids by targeting the crystals at the surface. Thompson et al. (2004),
utilised AFM to assess the growth on the (001) face of aspirin crystals at two
supersaturations, elucidating both the growth mechanisms and kinetics at each
supersaturation. They also assessed the capability of AFM to follow the structural
transformations of crystals that can occur in unstable pharmaceutical compounds. Thakuria et
al. (2013) used AFM to observe the phase changes at crystal surfaces where the
transformation is supplemented by changes in the spacing between layers of molecules. They
analysed the thermodynamically stable form of the caffeine-glutaric acid cocrystal
continuously insitu using intermittent-contact mode AFM. Further information on the
applications of AFM for the visualisation of crystal growth can be found in two review
papers by McPherson et al. (2001) and Chow et al. (2012).
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Different polymorphs have different physicochemical properties, which could affect the
solubility, dissolution and stability, and therefore polymorphic characterisation is an
important parameter in pharmaceutical industry. AFM can be applied both in situ and ex situ
to study the growth of crystals from solution, and in particular for investigating the
crystallisation of proteins, nucleic acids and viruses (McPherson et al. 2001). Yip and Ward
(1996) used AFM to identify the polymorphic forms of insulin and Danesh et al. (2000)
mapped the distribution of polymorphs on the drug cimetidine. The author’s group (DL) have
investigated the nanocrystalline growth of dibenz[a,c]anthracene using a FastScan AFM
(Figure 4).

10 um

0 2 4 6 8
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Figure 4. AFM image of a dibenz[a,c]anthracene crystal grown on top of a similar structure
crystal.

2.3 Particles and fibres

AFM offers particular advantages over TEM and SEM for the characterisation of particles
and fibres, such as height measurement, minimal sample preparation, the ability to operate
under atmospheric pressure and in liquids, and the acquisition of nanomechanical / adhesion
data. These advantages facilitate the study of loaded and empty delivery systems.

AFM is an excellent technique for visualising particles with sizes ranging from 1 nm to 10

um, allowing quantitative particle size measurements. These are not prone to problems
experienced when using SEM, such as conducting coating thickness, astigmatism, penetration
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depth and absence of height information. SEM and dynamic light scattering (DLS) may also
cause slight deformations of soft particles, such as liposomes (Figure 5; Onyesom et al.
2013). Since x, y and z distances maybe recorded using AFM, parameters such as diameter,
volume and surface area can be calculated. AFM is one of the most important techniques for
the characterisation of lipid drug delivery systems (Potta et al. 2011), which have been
successfully used as drug carriers for the treatment of many cancers.

Recently, AFM has been used to study the scale-up and shelf-stability of curcumin-
encapsulated poly(lactic acid-co-glycolic acid) (PLGA) nanoparticles (NPs), which were
found to be stable for periods up to 6 months; the particles were spherical and had smooth
surfaces (Grama et al. 2013). AFM has been also used to characterise Au NPs with sizes 25,
55 and 90 nm, for investigating the stability of the naked, PEGylated, and Pt-conjugated NPs
as a function of time under various conditions (Craig et al. 2012).

5.8 nm 7.0 nm

Figure 5. AFM topography images (using PeakForce QNM® mode in air) of cholesterol-
stabilised, dipalmitoylphosphatidyl choline (DPPC) Stealth liposomes. A, unloaded, B,
sirolimus-loaded. Reproduced with permission (Onyesom et al. 2013).

Tsukada et al. (2004) developed AFM colloid probe techniques to mount a 1 — 3 um spherical
polycrystalline drug particle on a cantilever to measure adhesion to an a-lactose monohydrate
layer for developing formulations for dry powder inhalers (DPI). Begat et al. (2004) used a
similar arrangement to investigate adhesive and cohesive force characteristics of DPI systems
containing budesonide or salbutamol sulphate to a-lactose monohydrate.
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AFM has recently been used for the analysis of amyloid fibrils, an important research area in
diseases such as Parkinson's, Alzheimer's, and type Il diabetes (Chiti and Dobson 2006). For
example, Mains et al. (2013) used drug-loaded lysozyme amyloid hydrogels, prepared by
misfolding lysozyme in the presence and absence of drugs, such as atenolol, propranolol
hydrochloride or timolol tartrate (Figure 6). Different amyloid fibre structures were formed
depending on the type of drug used. Josef and Mezzenga (2012) stated that AFM can
contribute to research of amyloid fibrils by providing important information concerning fibril
structure and fibrillation processes, and also to analyse some important properties of amyloid
fibrils, such as their strength and Young's modulus. The contour length is also a very useful
structural parameter of amyloid fibres that can be determined from AFM imaging; the
property can be used to interpret the cellular response to the presence of amyloid fibrils of
different sizes after fragmentation. Shorter fibrils have been found to have enhanced
cytotoxicity compared to longer fibrils (Xue et al. 2009).

12
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Figure 6. AFM height images of drug loaded amyloid hydrogels. Drugs: A, atenolol; B,
propranolol; C, propranolol, with image showing both long and short range periodicity fibres;
D, timolol. Reproduced with permission (Mains et al. 2013).

2.4 Nanomedicine

Nanomedicine is an interdisciplinary field encompassing the detection, prevention and
treatment of diseases at the nanometre scale (Karagkiozaki et al. 2012), which includes the
longer terms goals of producing personalised medicines (Janowski et al. 2012). Materials
used in this application area include polymer coatings and nanoscale drug delivery devices,
respectively, recently reviewed by Smith and Lamprou (2014) and Sitterberg et al. (2010), the
latter of which focuses exclusively on the use of AFM.

AFM phase imaging, in conjunction with TEM and other techniques, has been used to
characterise PEGylated lipoplexes for siRNA drug delivery (Belletti et al. 2013). Post-
PEGylation was found to yield improved homogeneity with regards to PEG coverage.
Karagkiozaki et al. (2013) used Tapping Mode® AFM to assess the morphology, surface
roughness and cytocompatibility of conducting polymers as nanocoatings for tissue
regeneration for cardiovascular implants. The use of these materials for this type of
application has been recently reviewed (Smith and Lamprou 2014).

The size and morphology of liposomes for transporting boronated compounds for use in
boron neutron capture therapy (BNCT) for targeted cancer treatments have been investigated
by Tapping Mode® AFM (Theodoropoulos et al. 2013). Carbon nanotubes show promise as
drug delivery devices owing to their dimensions, biocompatibility and ease of chemical
functionalisation (Bianco et al. 2005). Tapping Mode® AFM has been used to show lipids
wrapped around single-walled carbon nanotubes to increase their dispersion in aqueous
media (Tasis et al. 2008; Roldo et al. 2009; Wise et al. 2008).

Adhesion forces between hematite NPs and E. coli immobilised onto a tip-less cantilever
have been measured in phosphate buffer solution (Zhang et al. 2011). This fundamental study
investigated the interaction forces and contact mechanics of the system, and a new model to
describe the interaction was devised.

Lamprou et al. (2013) investigated the use of PeakForce QNM® for improving the
developments in the field of nanomedicines, by measuring the effect of particles into various
tissues (e.g., liver, kidney and small intestines). They also described how this detailed
imaging approach may also help scientists address growing concerns in nanotoxicology.

2.5 Nanotoxicology

Nanotoxicology is a relatively new field, developed to study the toxicolocal effects of NPs
(natural or engineered) / nanomaterials in the environment, which can differ markedly from
their bulk materials due to their small particle size and large surface area (Donaldson et al.
2004). With the rapidly increasing use of nanomaterials, currently over 1000 commercial
products, there is an urgency to determine their toxicity and to control exposure (Arora et al.
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2012). There are a number of in vitro techniques that can be used for testing, such as
proliferation assays, reactive oxygen species (ROS) generation analysis, flow cytometry,
DNA damaging potential assays, gene expression analysis, genotoxicity and microscopic
evaluation, including SEM / EDAX, TEM, fluorescence microscopy, MRI and AFM (Arora
et al. 2012). Chinnapongse et al. (2011) used AFM to investigate the persistence of citrate-
capped Ag NPs (20 nm) in natural freshwaters and synthetic aquatic media. Tetard et al.
(2010) observed single-walled carbon nanohorns and SiO, NPs buried in cells using various
AFM oscillation techniques. The morphology and particle size of TiO, NPs, which are being
increasingly used in catalysis and as a pigment, were characterised by Thio et al. (2011). The
nanotoxicological effects of graphene on human plasma were studied by Mao et al. (2013),
who found low molecular weight proteins to have a high affinity for the nanomaterial.
Parallel investigations found decreased nuclei numbers and increased ROS after prolonged
incubation with Hela and Panc-1 cell lines.

2.6 Drug-protein and protein-protein interactions

The study of protein-protein and drug-protein interactions represents one of the most
important topics in the field of pharmaceutical sciences and is critical for targeting drug
delivery (Edwardson and Henderson 2004). Proteins can be used as adapters conjugated to
NPs (chitosan, Au, liposomes, silica, self-assembly) for targeting drug delivery. Furthermore,
the interaction between protein molecules with drug carriers and cell surfaces is crucial
(Bastatas et al. 2012), since cell adhesion to surfaces depends on the availability of specific
protein-binding sites. Protein-material interactions also play a significant role in biosensors as
a diagnostic tool since ligands can be immobilised on a probe surface and used to analyse the
corresponding integrin. In addition, proteins encounter a wide range of surfaces during
processing, each of which has the potential to affect their structure if adsorption takes place.
If a loss of structure takes place upon surface adsorption, or even a small change in the native
fold, subsequent protein-protein interactions may occur, resulting in the formation of
aggregates and thus potentially an immunogenic response. Roberts (2005) identifed
challenges that need to be addressed when AFM adhesion measurements are to be used to
study single drug particles interacting with proteins or cells. Couston et al. (2012) studied the
interactions between monoclonal antibodies and albumin to surfaces of varying functionality
and hydrophobicity by monitoring the adhesion over time and found a two-step interaction
process involving an initial, rapid perturbation of the protein surface on contact with the
surface, followed by relaxation and unfolding. Fahs and Louarn (2013) investigated the
nanomechanical and adhesion properties of 2S albumin and 12S globulin. Differences in tip-
protein interaction strength with regard to the nature of the protein and pH of the aqueous
environment in terms of protein unfolding were observed. Protein-protein interactions have
been studied also by Kao et al. (2012), where B-cell / CD80 was immobilised on an AFM tip
and T-cell / CD28 was immobilised to a surface and forces were measured before and after
adding cynarine.

2.7 Live cells
The ability to image, probe ligand-receptor interactions and obtain nanomechanical

information, all in physiological media, makes AFM particularly suited for studying cells in a
therapeutic context.
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Kozlova et al. (2013) obtained contact and intermittent contact mode images of the surfaces
of red blood cells (RBCs) that had been treated in vitro with various agents (hemin,
furosemide, chlorpromazine and zinc ions) to investigate blood intoxication. Images were
filtered using a Fourier transform algorithm to detect poorly seen structures on RBC
membranes. The study showed that blood intoxication affected the nanostructures present on
the RBC membrane surfaces.

Surface roughness has been suggested to provide a diagnostic measure the health state of
cells (Antonio et al. 2012). Widespread application of this method has been limited by scan-
size dependence on surface roughness, although this has been overcome by the work of
Antonio et al. (2012).

Li et al. (2013a) used SMFS to map CD20 molecules on surfaces of cancer B cells
(fluorescently labelled; mapped area 500 x 500 nm?) obtained from patients with B-cell non-
Hodgkin's lymphoma (NHL; marginal zone lymphoma; Figure 7). CD20 can be targeted
therapeutically with monoclonal antibodies (mADb), such as rituximab. These antibodies were
covalently linked to an AFM tip via silanisation and a PEG linker; the density was such that
only one CD20-rituximab complex was formed per force curve. RBCs, which do not express
CD20, were used as controls. These studies are useful in understanding mechanisms, and
developing new anti-CD20 mAbs especially where rituximab resistance becomes a problem.

Figure 7. Measuring specific CD20-rituximab interactions on cancer cells using a rituximab
functionalised tip. A, Bone marrow cancer B cells fluorescently labelled for easy
identification; B-D, CD20 distribution map (xy: 500 x 500 nm? z: 0 - 100 pN, 16 x 16
pixels); E-G, CD20 distribution map after blocking (same scale). Reproduced with
permission (Li et al. 2013a).

Numerous nanoindentation studies of cells have appeared in the literature, many describing
differences in elastic behaviour between cancer cells and benign equivalents (Cross et al.
2007; Li et al. 2008), where the Young's modulus of the affected cells is often cited as being
ca. 70% less stiff than non-cancerous cells (Cross et al. 2007). The differences are usually
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attributed to rearrangements in the cytoskeleton network and have been suggested to be of
early diagnostic value (Cross et al. 2007; Suresh 2007).

Bastatas et al. (2012) used a combination of AFM cell stiffness measurements and cell-
substrate adhesion studies, together with calcium imaging and migration studies to investigate
prostate cancer metastasis. The Young's modulus was found to be larger for more metastatic
cells, in contrast but also in keeping with other studies, suggesting that mechanical studies
cannot be used solely as a biomarker for metastasis. Indeed, a complicated relationship is
found with adhesion and calcium dynamics also playing important key roles.

Quantitative Imaging® (JPK Instruments), a rapid tip modulation technique that acquires
nanomechanical / adhesion data simultaneously with topography, was used by Chopinet et al.
(2013) to investigate a number of different cell types, some of which had very little adhesion
to the substrate. Force-volume elasticity and adhesion maps could be obtained rapidly and at
high resolution for weakly adhered cells. Heu et al. (2012) used PeakForce Tapping®
(Bruker), similar to Quantitative Imaging® for rapidly obtaining nanomechanical data at high
resolution, to study the increase in stiffness of HaCaT keratinocytes (as a model for skin
cancer) brought about through exposure to the herbicide glyphosate. A concentration
dependence was observed and the addition of quercetin, a common flavonoid considered to
provide protection against oxidative injury and inflammation (Wang et al. 2010), reversed
this process.

2.8 Bacteria and bacterial biofilms

There are numerous reports on the use of AFM for investigating bacteria and bacterial
biofilms. A few recent highlights are provided here.

Emerson and Camesano (2004) investigated the adhesion of pathogenic microorganisms,
Candida parapsilosis and Pseudomonas aeruginosa (chosen for their clinical relevance), to
biomaterials including the P. aeruginosa biofilm to unmodified silicone rubber. The
attractive force between C. parapsilosis, adhered to a probe tip, and a bare silicon substrate
was 4.3 £ 0.25 nN, comparable to the smaller attractive forces between C. parapsilosis and
the P. aeruginosa biofilm (2.0 £ 0.4 nN), although the tip experienced repulsive forces 75 nm
away from the biofilm surface (2.0 nN). The magnitude of the attractive forces, both towards
silicone rubber and the biofilm, led the authors to suggest that they may allow adhesion and
colonisation of these surfaces which, in a clinical setting, would increase the risk of death and
disease.

The adhesion of E. coli to modified silicones using SEM and AFM was investigated by Cao
et al. (2006). Their aim was to find a bacteria-resistant surface by varying hydrophobicity
through modification. Octadecyltrichlorosilane (OTS) and fluoroalkylsilane (FAS) were
tested against hydrophilic mica, which acted as a bacteria-adhesive control surface. Adhesion
was investigated by adhering E. coli cells to the AFM probe tip and force measurements were
taken for the approach to and retraction from surfaces. With the FAS silicone, as with C.
parapsilosis and the P. aeruginosa biofilm (Emerson and Camesano 2004), a repulsive force
was observed at close proximity and the force required to remove the tip was low. In contrast,
however, when the tip was coated with heparin the attractive forces to FAS were high on both
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approach and retraction. This led the authors to conclude that hydrophobicity of a material
alone is not enough to predict bacterial adhesion.

Lau et al. (2009) used 'microbead force spectroscopy (MBFS)' to investigate the
viscoelasticity of biofilms. A glass bead coated with biofilm was attached to a tip-less
cantilever and used as a probe against a flat glass surface. The properties of a P. aeruginosa
wild-type biofilm were compared with a lipopolysaccharide (LPS)-deficient mutant strain,
wapR. Biofilms at different levels of maturity were also compared. When immature, the
wapR strain adhered to the glass slide with far more force than the immature wild-type
(ranges of 2 - 13 nN and 0 - 3 nN, respectively). As they matured, adhesion forces decreased
in both strains. AFM has also been used for investigating real-time visualisation of the
antibiotic azithromycin with various lipid domains in solution (Berquand et al. 2004).

2.9 Viruses

Viruses consist of an oligomeric protein head, called a capsid, which contains the viral
geonome; in more complex virus structures, the capsid may also contain other
macromolecules, such as proteins and molecular motors (Martinez-Martin et al. 2012; Mateu
2013). A full historical account of the development of AFM studies of viruses has been
reviewed in depth by Baclayon et al. (2010); some highlights are provided in this section.
AFM was first used to image viruses in 1992, almost immediately after the instruments
became commercially available (Thundat et al. 1992), although these studies were mostly
confined to exploiting their well-defined geometry to measure AFM tip radii. An interest in
the biological structure of viruses, however, soon followed, with contact mode imaging of
head and tail components of bacteriophage T4 (Kolbe et al. 1992). Tapping Mode® in liquid
rapidly became the mode of preference, due to reduced lateral forces (Bushell et al. 1995) and
a more relevant imaging environment (Kuznetsov et al. 2001), although contact mode is still
widely used (Mateu 2013). Topography imaging has been used to distinguish capsomers,
determine the triangulation number (T) of capsids (Kuznetsov and McPherson 2011),
revealing exposed nucleic acids subsequent to capsid stripping (Drygin et al. 1998;
Kienberger et al. 2004; Plomp et al. 2002) and to observe viral budding from living fibroblast
cells (Gladnikoff and Rousso 2008). Treatment of pinostroin, an antiviral, was shown to
cause severe disruption to HSV-1 virus morphology, as evidenced from topography and
phase imaging (Wu et al. 2011).

In addition to imaging, force vs. distance curves, both tip approach (indentation) and tip
retract (adhesion) cycles, have been acquired from immobilised viruses. Head, collar and tail
regions of ¢$29 phage virions were found to exhibit different elasticity values (Melcher et al.
2009). A decrease in Young's modulus (stiffness) was reported for E. coli after infection with
M13 (Chen et al. 2009). Concerning adhesion events, spatially-resolved force mapping was
used to examine single influenza virus particles (glycoprotein hemagglutinin, HA, surface)
using an anti-HA derivatised tip (Liu et al. 2012).

Recent developments in high-speed AFM imaging at high resolution offer even greater
opportunities for studying dynamic virus-cell interactions (Ando et al. 2008).

3. AFM combined with optical or spectroscopic techniques

17



Springer Controlled Release Society Book Series on Advances in Science and Technology: Analytical Techniques
in Pharmaceutical Sciences, Section 5 Imaging techniques, Chapter 21 Applications of AFM in pharmaceutical
sciences, T. Rades, A. Mullertz and Y. Perrie (Eds.), (2014), in press.

In the last couple of years, instruments that combine AFM with spectroscopic techniques,
such as IR and Raman, and / or improved light microscopy for studying cells conveniently in
physiological medium have been made commercially available. These instruments offer
considerable potential for in vitro studies, where high-resolution imaging can be combined
with biochemical measurements. A few examples are provided here.

Dazzi et al. (2012) showed there to be excellent agreement between conventional IR
spectroscopy with nanoscale combined AFM-IR data from polymer samples. By combining
AFM imaging with mid-IR spectroscopy, Van Eerdenbrugh et al. (2012) examined the micro-
and nanostructure and chemical phase composition of felodipine / poly(acrylic acid) blends.
Oil inclusions in streptomyces, without the need for staining, were mapped using a combined
AFM-IR instrument by Deniset-Besseau et al. (2014). A high-speed AFM for nano /
mesoscale analysis of living cell surfaces (HeLa and 3T3 fibroblasts) has been combined with
fluorescence microscopy (Suzuki et al. 2013). High-resolution fluorescence imaging (super
resolution stimulated emission depletion, STED) has been combined with nanomechanical
(stiffness) mapping to investigate COS-7 cells with immunolabelled microtubuli (Harke et al.
2012). Cell biological aspects such as dynamics of mitochondrial movement and drug uptake
have also been investigated (Matthaus et al. 2007).

4, Summary

AFM is a high-resolution imaging technique that can be used to study a variety of samples
under physiologically relevant conditions. The ability to chemically or biologically
functionalise AFM probes combined with various modes that permit the acquisition of
spatially-resolved force data allows for the study of systems at the single-molecule level.
AFM technology, now frequently using high-speed acquisition, interfaced with spectroscopic
modes and light microscopy methods for live cell imaging offer huge potential for the
pharmaceutical sciences.

Appendix: Obtaining an AFM contact mode image in air

As a practical demonstration, this section outlines a typical sequence of the steps necessary for the acquisition of
the simplest of AFM operations: a contact mode image to be obtained in air. Most of the details that make the
sequence particularly relevant for a particular instrument have deliberately been excluded. Bacteria on a mica
surface has been chosen as a suitable sample. Mica is an ideal substrate for many AFM studies since it is
atomically flat (glass coverslips can appear quite rough for many high-resolution studies); fresh, uncontaminated
surfaces can be also prepared, without the need for cleaning, by simply attaching adhesive tape and peeling
away the top layer from this layered material (Morris et al. 2001). Mica is negatively charged and so improved
adhesion to often negatively charged biological specimens, such as DNA, can be achieved by derivatising the
mica surface with a suitable polycation, e.g., poly-L-lysine (Eaton and West 2010).

1. Turn on the AFM instrument and computer, and open the software.

2. Place a piece of mica (1 cm?, cut with scissors) on a nickel stub (1.2 cm?) using double-sided adhesive tape.
Press it on firmly.

3. Cleave the mica with adhesive tape. Derivatise the mica, if required.

4. Add an aliquot (10 L) of the solution containing bacteria to the mica surface. Leave the drop of solution in
place for 2 mins.
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5. Carefully rinse the treated mica plate with distilled water to remove buffer salts, which might mask any
biological sample features.

6. Allow to air-dry or carefully use a jet of nitrogen gas.
7. Place the sample on top of the AFM scanner; the magnet will hold the nickel disc of the sample in place.

8. Select a contact mode probe (of low spring constant k, ca. 0.06 N m™) and fix into AFM head above the
sample.

9. Line up the laser (according to manufacturer's instructions).

10. Move the sample and / or probe to select imaging region of interest.

11. Select a required scan range (say, 20 um) and set the scan rate to 1 Hz. Use an image resolution size of at
least 512 x 512 pixels. Select the integral, proportional and derivative (PID, external scanner feedback; Eaton
and West 2010) settings outlined by the manufacturer (these will depend mostly on the scanner being used and
whether air or liquid is the medium).

12. Lower the probe to just above the sample surface and use the automated approach.

13. Slowly increase the PID settings to maximise image contrast to just below the level that produces noise
(piezo ringing). It should also be possible to reduce the applied load (reduce deflection) on the cantilever to
improve image quality.

14. Once image settings are optimised, obtain a complete image and save (capture) it.

15. The next typical options will either be to zoom in, move to a different area or change the sample.
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