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Atomic force microscopy (AFM) an analytical 
technique based on probing a surface or interface 
with a microcantilever, has become widely used 
in formulation engineering applications such 
as consumer goods, food and pharmaceutical 
products. Its application is not limited to imaging 
surface topography with nanometre spatial 
resolution, but is also useful for analysing material 
properties such as adhesion, hardness and surface 
chemistry. AFM offers unparalleled advantages 
over other microscopy techniques when studying 
colloidal systems. The minimum sample preparation 
requirements, in situ observation and flexible 
operational conditions enable it to act as a versatile 
platform for surface analysis. In this review we will 
present some applications of AFM, and discuss how 
it has developed into a repertoire of techniques for 
analysing formulated products at the nanoscale 
under native conditions. 

1.Introduction

Formulation engineering (or product engineering) 
is an approach for developing structural products 

based on fundamental understanding of the 
physical, chemical and biological properties of 
the compounds involved (1, 2). The properties of 
formulated products such as texture and rheology 
are determined by the microstructure. However, 
this correlation is often poorly understood. The 
formulation engineering approach is used to 
develop innovative new products with enhanced 
properties and address challenges such as replacing 
key product constituents and reducing energy 
consumption during manufacture. Examples are 
the development of low fat mayonnaise or the 
replacement of environmentally harmful chemicals 
(3, 4). 
Despite the wide range of physical instruments 

available to characterise formulations, very few of 
them can be used to analyse complex structures 
at the required submicron resolution. Conventional 
optical microscopes were limited by the wavelength 
of light to approximately 200 nm resolution due to 
the diffraction of light, although the development 
of super-resolution microscopy has increased the 
resolution range down to 20–50 nm (5). Electron 
microscopy techniques, including both transmission 
electron microscopy (TEM) and scanning electron 
microscopy (SEM), can interrogate samples with 
nanometre resolution. However, they generally 
have to be operated under vacuum conditions and 
often require a conductive coating on the sample, 
which causes a significant practical challenge for 
the development of formulations that are usually 
liquid based. Other experimental approaches, such 
as ellipsometry and interferometry, could be used 
to examine a specific property of the formulation.
 Atomic force microscopy (AFM) has become 

a versatile technique used in various disciplines, 
ranging from medical research to atom 
manipulation. AFM can be used to image solid-
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liquid or solid-gas interfaces with nanometre 
lateral resolution and quantify the interfacial 
forces. AFM belongs to the family of scanning 
probe microscopy, which includes scanning 
tunnelling microscopy (STM), scanning near field 
optical microscopy (SNOM) and magnetic force 
microscopy (MFM) (6). The first scanning tunnelling 
microscope was invented in 1981 by Binnig and 
Rohrer (7, 8), whereby a conducting tip is brought 
into close proximity with a surface. A tunnelling 
current is generated by the applied bias between 
the tip and the surface which is used to control 
the tip as it scans over the surface, generating a 
surface topography map. The working principle 
has since been expanded, utilising various physical 
parameters (such as electrical field, magnetic field 
and atomic or molecular interactions) between the 
tip and the surface to acquire surface properties.
New possibilities of using AFM to interact with 

samples have been developed which offer a range 
of advantages over other imaging techniques (9). 
Because the AFM tip is in direct contact with the 
sample, it can provide a range of other information 
regarding the tip-sample interaction and even 
allows the direct manipulation of the sample at the 
atomic or molecular level. However, what really 

puts AFM in a class of its own is that it can perform 
under a broad range of environments (gas, vacuum 
or liquid) and does not require any complicated or 
invasive sample preparation, while the sample can 
be reused after imaging. This versatility presents 
opportunities in many scientific and technological 
areas. It is now very common to see AFM in an 
industrial setting, due to the importance of 
nanoscale properties on the success of products. 
This review aims to demonstrate the burgeoning 
range of AFM applications in understanding 
formulations at the nanoscale.

2. Technique

The core component of AFM is a nanoscopic 
tip mounted on the end of a flexible cantilever 
(Figure 1), most commonly V-shaped or beam-
shaped, made from silicon or silicon nitride. The 
tip is brought into contact with the surface using 
a piezoelectric actuator (‘piezo’) (10). Once 
the sample and the tip are in contact, the piezo 
moves in the x and y direction to raster scan 
over the selected area. During scanning, the 
cantilever flexes as the tip follows the surface 
topography, monitored by an optical lever system 
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Fig. 1. (a) Schematic diagram describing the operating principle of an AFM. The laser is reflected off the 
backside of the cantilever (often coated with reflective gold) towards the photodetector. SEM images of AFM 
chip: (b) with five different cantilevers attached; (c) end of cantilever showing the sharp tip; (d) image of tip

(c) (d)
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that is composed of a laser source, the reflective 
backside of the cantilever and a photodetector 
(Figure 1) (11). The photodetector detects the 
vertical movement and the lateral or torsional 
bending of the cantilever from the displacement 
of the reflected laser beam. The deflection of the 
laser beam amplifies the cantilever deflection angle 
which is the source of the high sensitivity of AFM. 
The imaging modes of the AFM can be classified 
as contact or dynamic modes, depending on the 
oscillation of the cantilever (12).

2.1 Contact Mode

Contact mode is the simplest and most basic AFM 
imaging mode, during which the tip is in constant 
contact with the surface (Figure 2) producing a 
topographical image with nanometre resolution.
As the tip scans across the surface, contact with 

the surface is maintained by adjusting the vertical 
position of the cantilever which is controlled by the 
measured deflection of the cantilever. Contact mode 
is generally used to image hard samples, or particles 

that are well adhered onto a surface. It can provide 
valuable information concerning different frictional 
properties of a surface from the lateral deflection 
of the cantilever (13). However, contact mode 
can cause surface deformation or displacement of 
molecules or particles chemi- or physisorbed to the 
surface, due to the force applied by the tip during 
the scanning process (6). Therefore, when imaging 
a soft or easily deformable sample, the dynamic 
modes are preferred.

2.2 Dynamic Modes

Dynamic modes were developed to address the 
issues arising from contact mode imaging. In 
dynamic mode, the cantilever oscillates near its 
resonance frequency and then is brought into 
either intermittent contact with the surface or no 
contact.
• Intermittent contact mode, or amplitude-

modulation AFM (AM-AFM): The cantilever 
oscillates at a set point, periodically contacting 
and disengaging from the surface at intermittent 
(or tapping) frequencies (shown in Figure 3(a) 
and 3(b)). This is one of the most frequently 
used modes when imaging biological systems 
due to the minimal sample disturbance and the 
ability to operate in liquids

• Non-contact mode, or frequency-modulation 
AFM (FM-AFM): The cantilever oscillates at a 
reduced amplitude. Instead of making direct 
contact, the tip interacts with the surface 
through long range interactions which cause a 
phase shift between the driving and oscillatory 
frequencies (shown in Figure 3(c)). The 
advantage of non-contact mode is that surface-
tip interactions are minimised. However, this 

Fig. 2. Graphical representation of AFM imaging 
with contact mode
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Fig. 3. (a) Intermittent contact mode showing the free oscillation of the cantilever away from the sample 
near its resonance frequency; (b) when the cantilever approaches the surface its frequency is dampened;  
(c) non-contact mode. The cantilever is oscillating above the sample near its resonant frequency
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is usually only valid in optimal conditions such 
as in ultrahigh vacuum (UHV), although recent 
developments in the technique have resulted in 
liquid imaging with good resolution (14).

Dynamic modes can also provide information 
regarding the surface properties of a sample 
by observing the phase shift during scanning. 
Despite the advantages over contact mode 
imaging, dynamic mode imaging in liquid can be a 
challenging task (12). New imaging capacities are 
being developed, for instance bimodal AFM where 
the cantilever is excited at several eigenmodes, 
which allows several material properties such as 
topography and Young’s modulus to be accessed 
simultaneously (15). AFM has spawned a range of 
related imaging techniques such as scanning ion 
conductance microscopy (SICM) and conductance 
mapping which will be detailed in later sections.

2.2.1 PeakForce Quantitative Nanoscale 
Mechanical Characterisation

Improvements in AFM equipment in noise 
reduction, data acquisition and processing speeds 
have unlocked new possibilities in AFM imaging, 
including PeakForce Tapping AFM. This is a 
relatively new technique developed by the AFM 
manufacturer Bruker, USA, and is only available 
on some newer AFM equipment. Its advantages 
include fast image acquisition and control of the 
surface engagement force. Similar to tapping mode 
AFM, the cantilever oscillates in a sinusoidal shape 
and so is in intermittent contact with the surface, 
which minimises lateral forces on the sample. It 
differs from tapping mode because the cantilever 
oscillation frequency is much lower than the 
resonant frequency (typical oscillating frequency 
is 2 kHz) (16). This enables much finer control of 

the normal force of the tip on the sample because 
it avoids filtering effects and the dynamics of a 
resonating system (17). 
PeakForce refers to the method used to control 

the z-position of the tip. The AFM system constantly 
records the forces exerted on the tip during the 
oscillation. During oscillation of the cantilever, the 
tip will periodically be in contact with the surface 
which produces a repulsive contact force. When 
this force reaches a maximum pre-set trigger 
value, the controller causes the tip to disengage 
from the surface. This means that, unlike any 
standard tapping, with Peakforce Tapping the 
maximum force of the tip on the surface can be 
directly controlled, which is a significant advantage. 
Additionally, the software extracts a force curve 
(see Section 2.3) from each oscillation of the 
cantilever. This can be used to calculate surface 
nanomechanical properties for each point on the 
surface and therefore map the adhesion and elastic 
properties of the surface, at the same time as 
producing a topographical image.

2.3 Force Spectroscopy

Besides the acquisition of surface images with high 
resolution, AFM can be used to measure the surface 
forces with piconewton sensitivity, which provides 
an insight into the properties of the sample, the tip, 
or the medium in between. In force spectroscopy 
measurements, the tip approaches a sample in the 
normal direction, makes contact and then retracts 
away from the surface. A representative force 
curve is shown in Figure 4(a), demonstrating the 
key features as the tip interacts with the surface.
• At point A, the tip-substrate separation is large 

with no interaction detected 
• During the approaching stage, the tip is 
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Fig. 4. Schematic representation of force curves. The red line shows the approach of the cantilever towards 
the surface and the blue line the retraction: (a) idealised force curve for a non-deformable sample exhibiting 
adhesion; (b) example of force curve against a soft sample exhibiting protein detachment
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brought towards the sample (red line) and 
starts to experience attractive interactions (in 
close distance) that eventually overcomes the 
stiffness of the cantilever, which results in a 
‘jump to contact’ event on the surface (point B) 

• Between points B–C, the tip is in contact with 
the surface whilst the cantilever is bent to a 
certain degree

• From point C, the cantilever withdraws from the 
surface (blue line). Tip-surface adhesion keeps 
them in contact (points D–E)

• Eventually, the force induced by the piezo 
overcomes the tip-surface adhesion and the tip 
jumps off the surface at point E. The difference 
between the maximum deflection at E and the 
baseline at A is quantitatively measured as tip-
surface adhesion.

Due to the characteristics of a surface, various 
force curves can be acquired. Figure 4(b) shows 
a representative force curve collected between a 
standard tip and a soft sample. An incremental 
repulsion could be found during the approaching 
process, which is due to the resistance upon 
compression by the tip. Multiple peaks could 
be observed in the retraction part, indicating 
multiple detachment events. This is characteristic 
of detaching and unfolding of molecules such as 
polymers or proteins.
The AFM cantilever, within the operational limits, 

can be treated as a spring (18). Therefore, the 
deflection of the cantilever can be translated into 
force using Hooke’s law (Equation (i)):

F = kx (i)

where F is the force experienced by the cantilever, 
k is the spring constant of the cantilever and x is 
the deflection of the cantilever. Consequently, the 
z piezo displacement and the cantilever deflection 
can be converted into sample-tip distance and 
force by knowing the sensitivity of the laser 
alignment and the spring constant of the cantilever 
(19). The nominal spring constant is provided by 
the manufacturer of the cantilever, but the actual 
value of the spring constant can vary considerably 
from the stated value This is due to the strong 
dependence of the spring constant on the exact 
thickness of the cantilever. The actual spring 
constant can be calculated using measurements 
of the thermal fluctuation of the cantilever (20, 
21). Another method, developed by Sader (22), 
is also routinely used, which uses the measured 
geometry and resonant frequency of the cantilever 
in ambient conditions to calculate the spring 
constant (23).

3. Imaging Soft Matter Interfaces

AFM is compatible with almost any sample, producing 
images under native conditions. Formulated 
products are often soft, containing complex mixtures 
of chemicals, meaning they will be susceptible 
to damage when using other imaging methods 
where sample preparation is required. Electron 
microscopy techniques, for example, require the 
sample to be imaged under vacuum conditions, 
causing dehydration and freezing. Super-resolution 
microscopy requires fluorescent labelling which 
can lead to bleaching and toxicity (24). For these 
reasons, AFM imaging could potentially be the most 
appropriate method to characterise the formulation 
of a wide range of product types.
Nanostructures in formulations are key to the 

textural perception of the product and so to 
consumer satisfaction. When one ingredient in a 
formulation is replaced by a seemingly very similar 
ingredient, the consumer experience can be 
altered radically, for example in eggless cakes. Lin 
and coworkers (25, 26) investigated the possibility 
of using pea proteins and plant polysaccharide 
mixtures as egg substitutes in cakes. AFM images 
were acquired to evaluate the morphology of glutens 
in eggless cakes and a conventional egg-containing 
cake. Figure 5(a) shows the structure of glutenin 
aggregates in a conventional egg-containing cake, 
in which large pores are observed, indicating an 
open structure. The authors were able to mimic this 
porous structure in eggless cake formulations using 
pea proteins with other additives such as xanthan 
gum and emulsifiers (shown in Figures 5(b) and 
5(c)). These formulations also had similar textures 
indicating the link between glutenin morphology 
and macroscale properties. For the eggless cake 
using only pea protein substitutes, the glutenin 
appeared to be too compacted to produce any 
pores. In a similar study, Sow and co-workers (27) 
used AFM to compare the structure of modified 
fish gelatine to mimic that of beef gelatine. The 
diameter of the spherical aggregates and the 
presence of other nanostructures were found to 
strongly influence the gelatine texture. 
Material characterisation using AFM can be 

used to highlight changes in the structure and 
mechanical properties under different conditions. 
Tapping mode AFM is highly sensitive to changes 
in material properties such as adhesion and 
viscoelasticity due to the change in phase lag (28). 
Figure 6 shows AFM phase images of carbon fibre 
reinforced polymer when it is exposed to a 100% 
relative humidity environment, where the material 
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structure is changed due to moisture absorption 
over time. Bright regions in the image demonstrate 
that the resin is not well bound to the carbon fibres. 
These changes in structure would be difficult to 
detect with other methods as the changes are in 
the local mechanical properties, not topography. 
PeakForce Tapping® mode AFM is useful for 

analysing the microdomains of block copolymers 
(29–31). It has also been applied to hardened 
cement paste to quantify the nanomechanical 
properties of the microphases in the material (16). 
The researchers analysed the topography, the 
adhesion force, the sample deformation and the 
Young’s modulus of a 20 µm area of the surface. 
Four microphases were found on the surface and 
these were identified using energy-dispersive X-ray 
spectroscopy (EDX). Using the PeakForce Tapping 
AFM data, the researchers were able to quantify 
the elastic moduli of the four identified phases. 
Peakforce Tapping AFM can also be applied to 

soft surfaces because the force of the tip on the 
surface can be directly limited in the software to a 
relatively small value.
In another application, AFM has been used to 

investigate the dissolution of crystal surfaces. 
Standard AFM tips can map the change in the 
crystal surface structure if the kinetics involved 
are slower than the image acquisition rate (close 
to equilibrium conditions) (32). Integrated 
electrochemical AFM (EC-AFM), on the other hand, 
allows rapid changes in solution concentration 
and topography to be investigated. This technique 
uses a conductive platinum coated tip which, 
through electrolysis, creates a local ion depletion 
region which creates the driving force for crystal 
dissociation (33).
A wide range of surface properties can be 

mapped on the nanoscale using modified AFM tips. 
For example, by using a conductive metal coated 
AFM tip, the distribution of surface potential can 
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be acquired by applying a potential to the tip. This 
potential creates an electric force between the tip 
and charges on the surface (34). This electric force 
has been used to investigate the static build up 
on treated and untreated hair surfaces. AFM can 
also be operated under extreme environments. 
For example, high temperature AFM has been 
developed for operation up to 850°C (35). The 
set-up is the same as a standard AFM but with 
the sample being tightly attached to a furnace 
while the piezo is cooled by water flowing through 
plastic tubes. By applying a sinusoidal alternating 
current to a conductive tip that scans across the 
surface, high resolution conductance images of 
solid oxide cells were collected at 650°C, shown 
in Figure 7 (36).
Minimising the force exerted by the tip is a 

key goal when imaging ‘soft’ samples because 
any significant force introduced by the tip will 
cause deformation and a reduction in resolution. 
Scanning ion conductance microscopy (SICM) is a 
non-contact imaging mode developed to overcome 
this problem. This technique is advantageous for 
biological systems as the tip does not deform the 
soft surface or cause contamination (24, 37). 
This non-contact is achieved by scanning a 
nanopipette, containing an electrolyte, over the 
surface whilst monitoring the ohmic resistance 
between the inside of the pipette and a reference 
electrode in the bulk solution. As the tip is brought 
close to the surface, the ionic flow decreases 
which causes an increase in the resistance. This 
change in resistance is used to control the tip’s 
position above the surface. Figure 8 highlights 

the main differences between SICM and AFM 
images of fibroblast cells. As well as imaging 
living cellular systems in an unperturbed state, 
SICM has also been used for nanoscale studies in 
electrochemistry and the detection of ions and pH 
with specialised electrodes (38).
To establish the distribution of functional groups 

on a surface, it is possible to use AFM tips that 
are chemically modified, for example with self-
assembled monolayers (SAMs) (39). These tips 
probe the chemical interactions between the 
chemically modified tip and the surface functional 
groups. This technique is referred to as chemical 
force microscopy (CFM) and it has been used to 
study surface characteristics of hair fibres (40) 
and the effect of chemical hair treatment such as 
bleaching. Using cantilevers functionalised by a 
methyl terminated SAM, the hydrophobicity of the 
hair surface was mapped – hydrophobic regions 
tend to generate strong adhesion. A positively 
charged ammonium terminated (-NH3

+) SAM was 
also used to detect the presence of charged ionic 
groups on hair (Figure 9). This tip was used to 
map the bleached hair surface which showed highly 
densely packed ionised cysteic acid (SO3

–) regions 
and bare keratin areas of 10–30 nm width.

4. Interfacial Forces

Understanding and quantifying the fundamental 
forces involved at interfaces is critical for many 
applications. Experiments at the macroscopic scale 
have been used for decades to provide useful empirical 
knowledge. However, the molecular interactions 
between individual components in a formulation 
underpin the design and processing of any structural 
products (41). AFM can be used to establish the local 
chemical and mechanical properties of a surface. 
The adhesion force is a key parameter, which can be 
extracted from AFM force curves (see Section 2.3). 
For spherical tips (or any well described smooth 
non-planar geometry), the work of adhesion and the 
contact area can be calculated from the curvature 
of the tip and the pull-off force based on contact 
mechanics considerations, assuming the substrate 
is smooth and flat, by using elastic deformation 
models. The models developed by Johnson-Kendall-
Roberts (JKR) and Derjaguin-Müller-Toporov (DMT) 
are commonly used, depending on the system 
examined. The JKR theory can be used for colloidal 
tip and soft substrates which exhibit large adhesion 
(19, 42) (Equation (ii)):

Fad = 3πRW (ii)
2

Fig. 7. (a) and (b) Conductance images of 
a microelectrode obtained at 650°C in air; 
(c) corresponding SEM image and (d) topography 
image. (Reprinted from (36), Copyright (2016), 
with permission from Elsevier)
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Fig. 8. Comparison of images of the same fixed fibroblast cell taken using: (a) SICM; and (b) tapping mode 
AFM. Both techniques achieve a similar resolution, however some detail is lost in the AFM image. The 
cell body also appears much lower in the AFM image as shown more clearly in the corresponding height 
profiles: (c) SICM and (d) AFM. AFM images on the other hand, show more clearly the fibre-like structure 
of the underlying cytoskeleton in the zoomed in images shown in: (e) SICM and (f) AFM. (Reprinted with 
permission from (37). Copyright (2011) American Chemical Society)
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where R is the tip radius, W is the work of adhesion 
per unit area and Fad is the adhesion force. It 
should be noted that the work of adhesion is 
directly proportional to the normalised pull-off 
force (Fad/R) which is valid for whichever contact 
model is chosen, making it a useful quantity for 
direct comparison.
The interactions of fine powders with solid surfaces 

are unpredictable but are of great importance to 

many industrial processes. AFM has been used in 
several studies to investigate the forces between 
single microparticles and solid surfaces (43–47). 
The colloidal tip technique is a commonly employed 
variant of AFM which measures the force between 
a microparticle glued to the cantilever and the 
surface. This technique is used for a number of 
reasons (19):
• If the diameter of a smooth microsphere colloidal 
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particle is known, the force can be analysed 
quantitatively as the contact area is known

• The total force measured is generally higher due 
to the increased contact area, which increases 
the sensitivity of the measurement

• Almost any microparticle (diameter range 
of 5–50 µm) can be attached to the end of 
an AFM cantilever enabling this technique to 
investigate almost any system where particles 
are involved. 

The colloidal tip technique has been used to 
investigate fouling of equipment during thermal 
food processing (48). Stainless steel and glass 
microparticles of 30 µm diameter were glued to 
AFM cantilevers to produce tips which replicate 
the surface of the food processing equipment. The 
adhesion of the colloidal tips to three different 
food deposits immobilised onto glass slides 
was measured. The effect of contact time with 
the surface was investigated. The experiments 
were conducted at four elevated temperatures 
by incorporating a heating stage in the AFM. 
It was predicted that the adhesion force of the 
fouling deposits would increase with temperature 
and this was found to be true for whey protein, 
which denatures and aggregates above ca. 75°C, 
significantly increasing adhesion to all materials 
tested. For caramel and condensed milk deposits, 
the greatest adhesion was at low temperatures 
and long contact times because of the increased 
material viscosity. In a similar study, Tejedor 
et al. (49) in 2017 used a stainless steel colloidal 
tip to investigate the mechanism and strength of 

adhesion of different pharmaceutical powders to 
metal punches during tableting.
A variety of microscopic objects have been used 

to produce colloidal tips to model specific systems. 
Hair fibre cantilevers have been prepared (41, 50) 
by laser cutting a hair fibre and fixing a fraction 
to the end of the AFM cantilever with the aid of a 
micromanipulator. This technique has been further 
adapted to produce a nanoindenter to investigate 
how hair fibres interact with skin (50) (Figure 10). 
An ion beam was used to trim the fibre to about 
50 µm and produce a cut resembling the effect of a 
razor-cut facial hair.
Individual emulsion droplets have been attached 

to an AFM cantilever, enabling direct measurements 
of the interaction between droplets in the presence 
of surfactants (51, 52). The AFM cantilever was 
made hydrophobic following pre-treatment, which 
allows the cantilever to pick up a droplet that was 
deposited on a substrate. This droplet tip can then 
be brought into contact with another droplet on 
the surface. By relating the forces observed to 
theoretical analysis (droplet deformation and film 
drainage), the interplay of forces of stabilisation can 
be analysed. This analysis can be used to investigate 
the effect of surfactant concentration in both oil-in-
water and water-in-oil emulsion systems.
An understanding of the wettability of rocks and 

minerals is important for applications such as 
enhanced oil recovery and froth flotation. However, 
due to the porosity and heterogeneity of rock 
surfaces, macroscopic techniques such as contact 
angle measurements are not always able to 

(a) Topography 2D Adhesion force
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Fig. 9. Fig. 9. (a) Corresponding topography; and (b) adhesion force map (400 nm × 400 nm) of ionic 
interactions on bleached hair. The image shows two distinct areas with ~80% of the area covered in 
negatively charged groups (green). (Reprinted with permission from (40). Copyright (2014) American 
Chemical Society)
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consistently provide quantitative data concerning 
the surface energy. CFM has been used to probe 
the adhesion force between mineral surfaces 
and functionalised tips which mimic the chemical 
properties of oil in the presence of salt (53–55). 
This approach has revealed possible mechanisms 
for the increased water wetting behaviour in low 
salt conditions. In another study a novel colloidal 
tip was fabricated to quantify the work of adhesion 
between calcite surfaces (Figure 11) (56). A 
natural particle was attached to the cantilever 
and shaped into a smooth hemisphere using a 
focused ion beam, which ensures a well-defined 
contact area with flat surfaces for consistent 
measurements. Xie et al. (57) used an AFM tip 
functionalised with methyl-terminated SAMs to 
investigate the nanoscale distribution of hydrophilic 
and hydrophobic domains on sphalerite mineral, 

after treating with activators and collectors. This 
analysis revealed a non-uniform distribution of the 
activator xanthate on the particle surface shown by 
two distinct hydrophobic and hydrophilic regions.
As well as the tip, the surface of interest must 

be prepared so it is suitable for AFM. Most real 
surfaces are highly rough at the nanoscale, making 
them unsuitable for AFM measurements (58). The 
surface interactions in lignocellulosic systems are 
of interest in paper technology. However direct 
measurements by Neuman et al. in 1993 (59) 
using spin-coated cellulose prepared from dissolved 
trifluoroacetic acid solution onto mica substrates 
produced unstable surfaces. Later studies were able 
to prepare more suitable surfaces using techniques 
such as Langmuir-Blodgett depositions of 
trimethylsilyl cellulose on to mica and measuring the 
surface force between two cellulose spheres. Using 
these model surfaces the principle short distance 
surface forces were investigated. Looking at the 
effect of pH and ionic strength the electrostatic, van 
der Waals and steric forces could be distinguished. 
There is still a focus on developing more realistic 
model cellulose films incorporating the crystallinity 
of the real surface and the development of novel 
lignocellulosic materials (58).

5. Polymer Adsorption

AFM is well suited to investigate the adsorption of 
macromolecules because it is highly surface sensitive 
and can produce clear images of nanoscale molecular 
assemblies. Polymers are used in a multitude of 
applications to modify surface properties of solid-
liquid interfaces by adsorbing onto surfaces. Certain 
polymers are widely used to stabilise colloidal 
systems by introducing a repulsive force between 
the particles (60). Adsorbed polymer surfaces are 
also used to tailor the hydrophobicity of a surface.
AFM can reveal nanoscale structures formed by 

polymers and proteins on surfaces by mapping 
the topography, yielding height data related to the 
swelling of the polymer chains and molecular self-
assembly on the surface (61). The adsorption of 
macromolecules is dependent on a number of factors 
such as solvent quality and competitive adsorption 
from other molecules. Therefore, to understand 
the process, the experimental conditions should be 
as close as possible to native conditions. Proteins 
can be covalently bonded to AFM tips through a 
condensation reaction between amine groups in 
the protein and carboxylic acid terminated SAM 
surfaces (62, 63). This enables the molecular 
interaction between the protein and surface to be 

(a)

Fig. 10. SEM images of: (a) hair fibre segment 
vertically attached to AFM tip; and (b) after cutting 
fibre using ion beam to produce 100 μm long 
nanoindenter . (Reprinted from (50), Copyright 
(2016), with permission from Elsevier).

(b)

50 mm

50 mm
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probed. Model surfaces utilising SAMs have been 
used to study specific interactions and tailor the 
surface wettability (62, 64, 65). Complex surfaces 
such as polymer substrates can be characterised 
by high resolution AFM topography images and 
wettability measurements, enabling the adhesion 
of proteins to these surfaces to be related to well-
defined nanoscale surface properties (63). 
Diblock copolymer films, such as polystyrene-block-

poly(methyl methacrylate) (PS-b-PMMA), exhibit 
microphase separation at the surface because the 
polymer blocks are immiscible and consequently self-
assemble into well-ordered micropatterned domains 
(66). Many studies have investigated the adsorption 
of different single proteins to these micropatterned 
surfaces using AFM imaging (Figure 12) (66–69). 
It was found that some proteins selectively adsorb 
to a preferred polymer microphase, while the 
other proteins show concentration-dependent 
adsorption behaviour. In a study investigating 
competitive adsorption of two protein species 
to a diblock copolymer surface, adsorption and 

displacement processes were observed (69) due 
to the Vroman effect. Fast-diffusing proteins which 
initially immobilise on the surface are subsequently 
replaced by larger proteins that have a slow diffusion 
coefficient. The nanoscale diblock copolymer surface 
was found to significantly increase residence time 
of initially bound proteins when compared to 
macroscopic uniform polymer surface.
Surfactants and polymers are often used in 

conjunction to achieve the desired properties in 
colloidal dispersions. The colloidal tip technique 
has been used to directly investigate the surface 
forces in these systems. Sakai et al. (70, 71) have 
investigated the force between alumina surfaces in 
the presence of anionic surfactant sodium dodecyl 
sulfate (SDS) and polymers. Addition of only SDS 
introduces an attractive force between the alumina 
surfaces, suggesting that the SDS screens the 
positive charges present on the surface. When SDS 
was added in conjunction with the non-ionic polymer 
poly(N-vinyl-2-pyrrolidone), the effect of the polymer 
dominated and so a repulsive force was observed 

Fig. 11. SEM images of: (a)–(c) calcite particle attached to AFM cantilever, (d) polished and shaped into a 
4 µm hemispherical probe. (Reprinted from (56), Copyright (2016), with permission from Elsevier)

(a) (b)

(c) (d)
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Fig. 12. Selective adsorption of (a)–(b) 4 μg ml–1 

and (c)–(d) 20 μg ml–1 IgG molecules onto preferred 
polymer microphase on diblock copolymer surface. 
The images were captured in tapping mode AFM 
at different scan sizes and imaging modes: (a) 
2 x 2 μm phase, (b) 1 x 1 μm phase, (c) 1 x 1 μm 
topography and (d) 500 x 500 nm phase images. 
(Reprinted with permission from (66). Copyright 
(2005) American Chemical Society)

(a) (b)

(c) (d)

26.5°C 30.1°C 32.0°C

33.0°C 36.5°C 40.1°C

50 nm

0 nm

Fig. 13. 2 µm × 2 µm AFM images of poly(N-isopropylacrylamide) layer grafted on silicon. The structure 
of the polymer layer transitions as the temperature is increased. (Reprinted with permission from (77). 
Copyright (2007) American Chemical Society)

between the surfaces. Liu et al. (72) investigated the 
structures formed by cationic polyelectrolytes and 
cationic surfactants adsorbing on silica substrates. 
The authors imaged the micelle structures formed on 
the surface and used force curves to reveal the time 
required for the micelle layer to desorb after rinsing, 
from the disappearance of long range repulsive 
forces. It was found that the cationic surfactant 
adsorbed to the surface and formed the same micelle 
structure, regardless of the presence of the cationic 
polyelectrolyte or the order of addition.
AFM is also used in many studies to probe 

the mechanical properties of polymer layers, 
measuring the friction as the tip is scanned over the 
surface (73–76). AFM has been used to investigate 
thermo-responsive polymers in aqueous solutions 
such as poly(N-isopropylacrylamide) by imaging 
the transition of the polymer structure as the 
temperature is increased (Figure 13) (77). 
Polymers have also been grafted directly to the 
silicon nitride surface of AFM tips (78). In another 
study, a thermo-responsive polymer was grafted 
onto AFM tips and silicon substrates (79) to assess 
the effect of nanoscale curvature of the AFM tip 
on the dynamic polymer brush properties. The 
curvature of the tip was found to decrease the time 
required for the polymer layer to swell or contract 
in response to temperature changes.
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6. Conclusion

AFM has quickly become a versatile tool for 
analysing structures and forces from the nanoscale 
to the microscale. Due to its ability to be used in 
ambient air or in liquid, most systems relating to 
formulation engineering can be analysed under 
native conditions. This versatility has unlocked the 
ability to assess the effect of process conditions 
such as humidity and temperature and analyse 
complex soft formulations such as food and 
biological samples. New techniques and imaging 
modes in AFM are being developed, pushing the 
limits of AFM resolution, precision and scanning 
speed. The colloidal tip technique has proved to be 
highly effective at modelling different industrially 
relevant systems to generate important information 
about soft matter interfaces. It is a highly 
adaptable technique with many examples of novel 
tip design. Although the origins and magnitudes of 
forces at nanoscale separations are generally well 
understood, scientists are still in the dark about how 
these can lead to some of the properties observed 
in natural systems and products. Using the toolbox 
of techniques that AFM offers, these systems can be 
reverse engineered, an approach that is beginning 
to provide answers to many of these questions.
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