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Abstract

This thesis describes the fabrication of a variety of “nanotool” structures

which are fabricated on Atomic Force Microscope (AFM) probe tips. The struc-

tures are fabricated on standard AFM probes using a method of electron beam

induced deposition (EBID), forming an amorphous carbon structure on the probe

tip. Experiments are described which demonstrate the successful application of

these probes for a variety of different manipulation applications, focussing on the

nanomanipulation of biological cells.

A variety of tools are described, including “nanoscalpel” probes able to cut

and section biological materials on very small scales, “nanoneedles” which func-

tion as high aspect ratio AFM probes or as probes of intracellular structures,

“nanotweezers” and a “nanotome” which can be used to remove thin layers of

material from a biological sample.

A variety of techniques to fabricate complex nanotool structures and to

strengthen the structures against large applied forces are described. Using these

tools, the investigation of a variety of cell types including smooth muscle cells,

megakaryocytes and corneocytes has been performed. Results are presented

showing the “nanodissection” of these cells to expose their internal structures

for in situ AFM imaging, and the detection of the mechanical properties of intra-

cellular structures by indentation using nanoneedle probes. Extraction of samples

from the outer cornified envelope of corneocyte cells using a nanoneedle probe is

also demonstrated.

The mechanical properties of the amorphous carbon making up these nan-

otools are also characterised using AFM manipulation, and their elastic bending

modulus determined using models based on the Euler-Bernoulli beam bending

equation. The structures are shown to be highly flexible, with thin nanoneedle

structures able to buckle elastically under large tip-sample forces in a manner

similar to the high aspect ratio carbon nanotubes which are currently used as

AFM probes.
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Chapter 1

Introduction

In recent years there has been great interest in the manipulation of biological cells

at a nanoscale level. Advances in many techniques, particularly those developed

for nanofabrication and investigation of artificial structures and materials, have

expanded this capacity. It is now possible to manipulate single cells, individual

organelles, and even single membrane proteins, leading to many new insights into

the structure and function of cells and other biological structures.

Of the many different techniques available to biologists, the Atomic Force Mi-

croscope (AFM) offers the highest precision in both imaging and manipulation.

AFM is a scanning probe technique which can both image and manipulate biolog-

ical samples under a wide range of conditions, including in liquids at physiological

temperatures, with a resolution of a few nanometres. AFM has been widely ap-

plied for manipulation and nanoscale dissection of cells and biological structures.

In particular, AFM has been applied for measurement of elastic modulus and

other mechanical properties of cells and tissues by indentation. These properties

are of interest as they reflect the internal cellular organisation, in particular its

cytoskeleton. Reorganisation and disruption of the internal cell structure, and

the associated changes in mechanical properties, are known to be a symptom of

disease states such as malaria, sick cell anaemia and cancer; therefore the cell

mechanical properties can serve both as a diagnostic marker and a means to

investigate the pathology of these diseases.

However, the shape of standard AFM probes is typically not ideal for high-

precision manipulation; in particular the low aspect ratio of the tip prevents it

penetrating deep into cells without inflicting damage to the cell over a large area.
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This prevents, for example, mapping of mechanical properties of intracellular

structures with high resolution; this would be desireable as the cell internal or-

ganisation is hierarchical, comprising many structures of a range of sizes from

the microscopic to the nanoscale. Several groups have investigated approaches

to improve the aspect ratio of AFM probes, modifying them to create needle-like

structures which can penetrate deep into cells without significant damage to the

cell, allowing it to remain viable and unperturbed.

This thesis discusses experiments to modify AFM probes for a variety of ap-

plications to the manipulation of biological structures. The probes are modified

by fabrication of specialised structures on the tip apex using a method of electron

beam induced deposition (EBID). These structures are composed of amorphous

carbon whose source is the adventitious hydrocarbon molecules present as ad-

sorbed contamination in the electron microscope system used for the nanofabri-

cation. Decomposition of these hydrocarbons using an electron beam allows the

deposition of solid material to form a three-dimensional structure on the probe

tip. A variety of applications of these probes are discussed and demonstrated on

different cell types, especially corneocyte cells from the outer layer of skin (the

stratum corneum).

EBID has great versatility in the variety of probe shapes that can be created.

Described in this thesis are the fabrication of probes incorporating high-aspect ra-

tio “nanoneedles”, blade-like “nanoscalpels”, “nanotweezers” and a “nanotome”

capable of separating thin layers of material from the surface of a biological struc-

ture. The nanoscalpel probes can be used to cut and section biological structures

with nanometre precision, and the nanoneedles can penetrate cells to large depths

without significant loss of lateral precision.

It is proposed that indentation using nanoneedle probes could allow the mea-

surement and mapping of mechanical properties with high lateral precision over

a range of depths below the cell surface, described as “mechanical tomography”.

The nanoneedles could also be used to target specific intracellular structures (es-

pecially if AFM measurements were combined with optical imaging techniques)

such as organelles or cytoskeletal structures and measure their mechanical prop-

erties in situ.

Other nanotools such as a the nanoscalpel and nanotome can be used for the

“nanodissection” of biological structures, removing their outer layers to expose
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their intracellular structure for imaging using AFM techniques. Experiments

showing these applications are also described in this thesis, and some possible

techniques for nanodissection have been developed and discussed.

Chapter 2 discusses the background knowledge important to the work de-

scribed in this thesis. The principles of AFM imaging, and the process of electron

beam induced deposition (including its discovery, mechanism, and applications)

are described. Relevant models used for analysis of indentation data are also

described. A brief description of the structure and function of the cell types used

for the experiments in this thesis is also included. Chapter 3 then describes the

experimental and analytical techniques used for AFM imaging, indentation and

manipulation and EBID nanofabrication.

Chapter 4 describes in more detail the methods used to fabricated AFM “nan-

otool” probes using a method of electron beam induced deposition. Experiments

investigating the effects of the deposition rate and primary electron beam current

on the dimensions of the resulting structures are described. The fabrication of a

variety of different “nanotool” structures is described in detail.

Chapter 5 is devoted to the nanoneedle structures fabricated on AFM probes

as tools for imaging, manipulation and nanoindentation. Thin nanoneedles are

shown to undergo elastic buckling above a critical tip-sample force, which is an

advantage as it limits the tip-sample force and therefore prevents damage to the

AFM probe and sample. The dynamics of this buckling are compared to a model

based on the buckling of homogeneous columns obeying the Euler-Bernoulli beam

equations and shown to be in good agreement. Techniques for the stabilisation

of the nanoneedles against buckling so that they can exert larger forces on a

sample are described, and the applications of these nanoneedle probes for studies

of biological cells are discussed.

Chapter 6 describes the experiments carried out to measure the elastic mod-

ulus of nanoscale cantilevers fabricated using EBID. A numerical method is used

to model the nonlinear bending behaviour of the cantilevers at large deflections.

The structures are shown to be highly flexible; their application as nanoscale

springs, nanoelectromechanical system (NEMS) components or cantilever-based

sensing devices is proposed.

Chapter 7 describes experiments using nanoneedle probes as indentation tools.

Indentation experiments suggest that they can be used to measure the mechanical
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properties of corneocyte cells, and are sensitive to the mechanical properties of

structures beneath the surface as well as to the viscoelastic effects which occur

during deformation of these cells. This suggests that they can be used as probes

to investigate the intracellular structure and mechanical properties of biological

cells.

Chapter 8 describes other experiments performed using modified AFM probes

for the manipulation of biological cells, or “nanosurgery”. These experiments

suggest that AFM manipulation can be used for many purposes to investigate

the cell structure, including the removal of material from the outer layers of a

cell. This allows the extraction of samples from a cell, and the imaging by AFM

of intracellular structures beneath the surface layer of cells.

Chapter 9 summarises the work described in this thesis and the most impor-

tant conclusions drawn from the experiments carried out. It also discusses some

possible future work which would further extend the experiments carried out and

support the conclusions drawn.

The work in this thesis presents also several novel probe designs such the

nanotome probe, together with applications of these modified AFM probes. Fur-

thermore, while high-aspect ratio nanoneedle probes have been applied by several

groups for microinjection of biomolecules into cells, they have not previously been

used for the measurement of mechanical properties of cell structures. The elastic

buckling of these structures has also not been previously described or system-

atically studied. In addition, the methods of characterisation of the mechanical

properties of the deposited carbon have not been applied to EBID structures

before, and the observed flexibility of EBID structures has not previously been

reported (although it has been observed in structures deposited using focussed

ion beams).

These new designs and applications of specialised AFM probes could find

application in many areas of cell biology. The thesis also proposes other novel

applications for the elastic nanostructures such as nanocantilever sensing devices

and components for NEMS systems.
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Chapter 2

Background

2.1 Scanning Probe Microscopy

Scanning probe microscopy (SPM) refers to a set of techniques distinct from elec-

tron and optical microscopy. An SPM system typically consists of a microfabri-

cated probe which is scanned across the surface of a sample using a piezoelectric

positioning system, sensing interactions between the probe and sample. In 1981,

while working for IBM, Gerd Binnig and Heinrich Rohrer developed the scan-

ning tunneling microscope (STM), which is regarded as the first SPM device.

The STM operates using a fine conducting probe able to measure tunneling cur-

rents between the probe and a conductive sample. This instrument was the first

to achieve atomic resolution imaging, and as a result Binnig and Rohrer were

awarded the Nobel Prize in 1986, which they shared with Ernst Ruska for his

work in the invention of the electron microscope. [1]

From its earliest days, artifacts arose in STM imaging resulting from other

interactions between the probe and sample. Observation of these effects led to

the development of the Atomic Force Microscope (AFM) in 1986. [2, 3] Instead

of a conducting tip, the AFM uses a microfabricated cantilever which acts as a

force sensor. Attached to the cantilever is a sharp tip which is placed close to the

sample surface. Forces acting between tip and sample cause displacement of the

cantilever end leading to a deflection of the cantilever.

A variety of different techniques can be used to detect the deflection; the

earliest AFM used an STM tip mounted above the cantilever. Other techniques

which have been used include detection of piezoelectric and piezoresistive effects
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in the cantilever itself and changes in capacitance between the cantilever and

a separate electrode. However, the deflection of the cantilever is most often

detected using optical methods, via a laser beam reflected from the back of the

AFM cantilever (the back of which is sometimes coated with a thin aluminium

or gold layer to increase its reflectivity). The deflection can then be measured

using interferometric techniques, or using a split photodiode which detects small

displacements of the laser spot. [3]

AFM systems can operate in a number of different modes for different imaging

applications. In static or contact mode AFM, the cantilever deflects under the

action of tip-sample forces. For small deflections, the deflection is proportionate

to this force. The probe tip is scanned over the sample surface using a piezo-

electric scanner; as it is scanned in the x and y directions, an electronic feedback

loop controls its z-position to keep the deflection fixed at a certain value (the

“setpoint” value). This allows the tip to trace an accurate profile of the surface

of a rigid sample.

AFM systems can also operate in dynamic mode, in which the cantilever is

oscillated using an external driving force at a frequency close to its resonance. [4]

In this mode, tip-sample force gradients act to create shifts in the cantilever

amplitude, phase or oscillation frequency; these are then used as the controlled

setpoint for AFM profiling. The advantage of this technique compared to static

mode AFM is that the tip-sample forces are much smaller, and lateral friction

between tip and sample is almost eliminated, allowing the imaging of delicate

samples which would otherwise be damaged by the AFM probe. This mode is

often used for the imaging of biological cells and other delicate structures. In this

mode, the AFM can operate in non-contact mode (sensing Van der Waals interac-

tions without surface contact) or intermittent contact mode (also called Tapping

Mode) where the tip apex touches the surface during each cycle of oscillation.

AFM demonstrates significant advantages over other microscopy techniques,

including other SPM techniques such as Scanning Tunneling Microscopy. The

attainable resolution is determined by the probe tip size, typically a few nanome-

tres, and so is comparable to that attainable using electron microscopy techniques.

Since it is the tip-sample force and not the tunneling current which is measured,

surface profiling can be performed on insulating, semiconducting and conducting

substrates, unlike STM which is limited by the electron transport properties of
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the samples.

Using dynamic mode imaging, soft samples such as biological materials can be

imaged without damage. [5] The ability to image in liquid even allows the imaging

of living cells, which would not survive imaging techniques requiring high vacuum

(such as electron microscopy). [6–9] By capturing successive AFM images, dy-

namic processes such as the extension of cytoplasmic processes (lamellipodia and

filopodia) from the cell can be observed. [5, 10] By using appropriately designed

or modified tips, AFM systems can also detect, measure and map different forces

acting close to the surface of a sample. For example, a tip containing magnetic

material can be used to detect magnetic forces (a technique known as Magnetic

Force Microscopy or MFM), [11, 12] or a tip coated with biological ligands can

detect specific binding forces associated with receptor sites on the surface of a

cell (a technique known as Topography and Recognition Imaging or TREC). [13]

2.2 Electron Beam Induced Deposition

2.2.1 Discovery

It was noted from the earliest days of experimentation with electron beams that

deposits of material formed on surfaces irradiated by the electron beam. [14–18] It

was discovered that these deposits arose as a result of decomposition of contam-

inants present in the vacuum chamber of electron-beam systems by the electron

beam. [17, 19] Originally considered to be a disadvantage of electron microscopy

techniques, since it decreased resolution and contaminated samples, it was later

used as a technique for the deposition of material to fabricate nanoscale struc-

tures. Christy demonstrated the deposition of insulating thin films using this

technique [20], and Baker et al are credited as the first to use it for the de-

position of metallic structures. [21] Broers et al later used EBID contamina-

tion to form etch masks on Au-Pd films with 8-nm resolution. [22] Since these

early experiments, modern experimentation has led to widespread research into

EBID applications and techniques, and it is becoming a mainstream nanofabri-

cation technique which promises higher attainable resolution than conventional

electron-beam lithography techniques as well as greater versatility in the range

of structures which can be fabricated. [23]
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Figure 2-1: Schematic of a typical AFM system (not to scale).
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2.2.2 Interaction of the Electron Beam and Sample

When a high-energy beam of electrons is incident on an atom in a sample, a

number of different effects can occur. The electron may not be deflected signifi-

cantly and may pass close to the atom without significant scattering (transmitted

electrons). Some electrons are scattered, sometimes by very large angles of up to

180 degrees (backscattered electrons).

The electrons in the beam (referred to as “primary electrons”) may also cause

the emission of shell electrons from the atom. In some cases, energy is transferred

from a primary electron to a K-shell electron, which can be ejected from the atom

as a result. These emitted electrons are termed “secondary electrons”. These

electrons have much lower energies than those in the primary beam, typically

having energy of 1-50 eV. This also causes the emission of x-ray radiation as

outer shell electrons undergo transitions to fill the vacancy left by the ejected

secondary electron; alternatively, the transition energy can be transferred to an

outer shell electron, which is also ejected from the atom (these electrons have

energies corresponding to the electron energy transitions in the atom and are

known as “Auger electrons”). Other significant effects caused by the arrival of

an electron beam on a sample include the induction of surface plasmons, induced

currents, emission of continuum or bremsstrahlung X-ray radiation, heating of

the sample, and even the emission of visible light (cathodoluminescence). [24]

2.2.3 Deposition

The energy of electrons interacting with a substrate can be transferred to molecules

adsorbed on its surface, referred to as precursor molecules or precursors. These

molecules can be present as contamination arising from the environment; for in-

stance contamination arising from greases in vacuum systems and outgassing of

contaminants from the vacuum chamber walls. [17,19] They can also be deliber-

ately introduced to the vacuum chamber.

The energy of the electron beam can cause decomposition of these molecules;

heavier fractions of the molecule then remain on the substrate, while lighter

fractions are able to evaporate from the surface. In the case of hydrocarbon

contamination, the heavier carbon-rich fractions of the molecule remain on the

surface, becoming polymerised into a carbonaceous residue. The resulting deposit
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is composed of amorphous carbon, [17] usually also containing some hydrogen and

oxygen.

There is considerable evidence that deposition is mainly caused by the sec-

ondary electrons which are produced when the primary electron beam interacts

with atoms in the sample. The size of deposits usually extends some distance

around the primary electron beam spot, which is usually smaller than 1 nm in

diameter. [25] The width of the deposited structures is instead noted to correlate

with the penetration range of secondary electrons. [26] In addition, the interaction

cross-section of hydrocarbon precursor molecules is significantly larger for lower

energy electrons. [26,27] The dissociation energies of these bonds lie in the range

of 50-100 eV. [27, 28] These energies are much closer to those of the secondary

electrons, resulting in a greater probability that a secondary electron will induce

breakdown of these bonds and decompose the precursor molecules. These results

indicate that the secondary electrons generated from the substrate atoms are the

primary contributors to the deposition process. However, despite the evidence

that the secondary electrons are the dominant cause of electron-beam induced

deposition, it is recognised that some deposition is also caused by primary and

backscattered electrons. [29]

Growth of high aspect ratio structures by EBID usually uses one of two tech-

niques. Irradiation of a single spot on a flat substrate using a stationary electron

beam deposits carbon around the beam spot. Over time, carbon accumulates to

form a pillar. [30–36] Alternatively, the beam spot can be focused onto a sub-

strate close to an edge, and then moved slowly beyond the edge into free space.

This deposits a line of carbon; due to induction of deposition by the secondary

electrons, the carbon is deposited around and ahead of the beam spot. When the

deposition reaches the edge of the substrate some deposition occurs beyond the

edge, creating a structure on which further deposition can occur. This results

in the fabrication of a freestanding pillar or plate-like structure extending out

from the substrate edge. [37–43] These two different techniques are illustrated

schematically in figure 2-2.

A third technique for the fabrication of high-aspect ratio filaments is to ir-

radiate a large area of a strongly insulating surface using the electron beam,

causing the growth of branching, tree-like structures. Random irregularities in

the deposition process create sharper points on the deposit. Due to the insulating
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Figure 2-2: Illustration of two main techniques used to fabricate high-aspect ratio
structures using electron-beam induced deposition. The most commonly used
technique is to focus a stationary beam at a point on a flat substrate, creating a
vertical pillar along the beam axis. A second method is lateral growth of a pillar
from a substrate edge by moving the electron beam spot.

substrate, charge accumulation from the primary beam creates a strong electric

field around these points, attracting precursor molecules ionised by the beam.

The result is the increased growth of EBID carbon from each point, creating a

branching structure. [44–49] This method generally can only fabricate randomly

branching, “dendritic” (tree-like) structures composed of many nanoscale fila-

ments.

2.2.4 Replenishment of Precursor Supply

The source of carbon or other materials for deposition by EBID is the precur-

sor molecules which adsorb onto the substrate surface. This imposes a limit on

the quantity of available precursor, which must be replenished after depletion

by the electron beam. Replenishment occurs by diffusion processes, either along
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the surface of the substrate or by diffusion from traces of gaseous precursor in

the surrounding vacuum. Of these two routes, there is significant evidence that

surface diffusion is the dominant process; for example, deposition over an area

of a flat substrate results in a structure with raised edges due to more rapid

replenishment of the precursor at the deposit edges by diffusion across the sur-

face. Further evidence of the importance of surface diffusion during deposition

was shown in experiments using EBID to fabricate concentric rings on surfaces;

which reduces the growth rate of structures grown inside the ring immediately

afterwards. [50,51] This can be explained by the depletion of precursor molecules

during the deposition of the ring structure, which reduces the supply of surface-

adsorbed precursor molecules available for deposition inside the ring. Finally, in

our experiments we have found that free-standing carbon filaments will not grow

beyond a certain length as the surface diffusion path becomes longer and the

surface density of the precursor decreases. More detail on these experiments can

be found in chapter 4. All of these effects suggest that surface diffusion plays the

major role in the replenishment of the precursor supply.

2.2.5 Other Similar Techniques

It is possible to achieve similar effects to EBID deposition using ion beams, a

technique known as ion-beam induced deposition (IBID). This technique has even

been used to fabricate nanosized three-dimensional scale models, including one of

the Starship Enterprise. [52] Ion beams can also be used to directly etch material

from a substrate; electron beams generally cannot achieve this as the momentum

of electrons at energies normally used in SEM systems is not sufficient to displace

atoms from the substrate. In some cases, particularly if the adsorbed molecules

present on a surface contain oxygen (e.g. water), then an electron or ion beam

can induce an etching reaction between these molecules and the substrate. This

technique is known as electron- or ion-beam induced etching (EBIE or IBIE). [53]

2.2.6 Applications

As a direct-write nanolithography process, EBID has been applied to fabricate

or modify a wide variety of nanoscale structures. EBID has been used to fabri-

cate nanoscale dots, [54, 55] nanowires, [38, 56, 57] and more complex structures
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including three-dimensional structures. [40, 58] EBID structures have been used

in the fabrication of Hall sensors, [59] superconducting quantum interference de-

vices, [60] photonic crystals, [61] and electronic devices. [23] It has been used for

the repair of lithographic masks, [62] for the deposition of high-resolution resist

patterns onto substrates prior to etching, [22] and for the modification of AFM

probes (see subsection 2.2.7).

EBID can also be used for the immobilisation of nanostructures, depositing

a carbon layer to “weld” them onto the substrate. This has been used for EBID

fixation of nanowires and nanotubes to AFM probes and microcantilevers, either

for measurement of their mechanical and electrical properties under tension [58,

63–65] or in order to improve tip aspect ratio. It has also been used to join carbon

nanotubes and nanowires [38,66], and to increase the binding strength of specific

nanoparticles in monolayers to their substrate so that a nanoparticle pattern can

be formed after removal of the unwelded particles. [67]

Control of the precursor gas content allows the deposition of a wide va-

riety of different materials. Modifying SEM systems or using Environmental

SEMs (ESEMs) allows introduction of different precursor gases and control of

the gas concentration and pressure within the SEM chamber. Using a met-

allocene or metal halide compound as a precursor, for example, will result in

the deposition of a metal-containing structure by EBID. [54, 68, 69] Metals de-

posited by this technique in previous experiments include tungsten, copper, [43]

gold, [38,56] cobalt, [59] platinum, [61,70,71], palladium, molybdenum, rhenium

and chromium. [37] It is also possible to deposit silicon-based structures using

this technique. [42, 72] Usually, deposition using metal-containing precursors re-

sults in a metal-carbon composite; however, pure metallic structures have been

successfully fabricated by EBID techniques. One mechanism proposed for the

formation of pure metallic structures is the heating of the sample by the beam,

which decomposes and desorbs light contaminant molecules. [43] Deposition in

an atmosphere including water vapour has also been reported to produce struc-

tures with solid gold cores. [38, 56, 58] Post-processing by heating the deposited

structures can also be used to remove carbon impurities. [37,71]

The resolution attainable by EBID suggests that it can be used to produce

extremely small structures, even smaller than those attainable by “resist-based”

electron beam lithography (EBL). Using thin substrates, short exposure times,

20



and high primary beam energies, sub-nanometre dots have been fabricated using

electron beam induced deposition. [69,73] These resolutions were achieved using

high energy primary electron beams in a Scanning Transmission Electron Mi-

croscope (STEM) system, and by fabricating nanodots on thin substrates which

limit the volume in which the primary electrons are scattered (and so there-

fore decreases the volume of the substrate which generates secondary electrons).

Theoretical predictions suggest that these techniques could be used on thick sub-

strates as well. [74] These nanodots are fabricated using very small beam dwell

times; this generally means that high-aspect ratio structures with diameters this

small cannot be fabricated by EBID. However, using high-energy beams, high-

aspect ratio structures with a lateral size of ∼10 nm can be fabricated. [40, 75]

One group has reported the fabrication by EBID of ∼5 nm diameter pillars; in

this study larger-diameter metal-carbon composite pillars were initially deposited

by ion beam induced deposition and then used as a support for the fabrication

of the thin pillars using EBID. These results indicate that EBID has great future

potential for fabrication of nanodevices at scales smaller than those attainable

by conventional EBL techniques. [76]

2.2.7 Modification of AFM Probes

EBID is also widely used for the modification of AFM and STM probes. By

fabricating a pillar on the probe tip, a high-aspect ratio probe is created, capable

of profiling surface features with steep gradients such as vertical steps. These

cannot be profiled accurately using standard unmodified probes, which typically

have a pyramidal shape.

In order to produce a high-aspect ratio probe, deposition is usually performed

using a stationary beam spot to fabricate a pillar on the tip. [30–35, 68] Carbon

is deposited around the beam spot, forming a pillar which grows along the axis

of the beam. The pillar is usually cylindrical with a conical tip, with a radius

determined by the escape depth of the secondary electrons produced around the

primary beam path through the central axis of the pillar. During this growth

process, the radius of the pillar is enlarged until its radius reaches the limit of the

escape depth of the secondary electrons. [25, 26, 33] Once this radius is reached,

the secondary electrons generated along the central axis of the pillar can no longer
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reach the surface of the pillar to cause further deposition.

Wendel et al were able to improve the tip radius of EBID probes using oxy-

gen plasma etching after growth, creating tips which could be applied for both

imaging and lithography. [35] Recently, our group applied EBID to fabricate

blade-like structures on the apex of AFM probes; this structure was applied as

a “nanoscalpel”, which could be used for mechanical lithography on metal films,

and as a nanoscale surgical scalpel for the dissection of biological objects. [77]

We have also been able to fabricate very slender (<15 nm diameter) high-aspect

ratio “nanoneedle” AFM probes using this technique. [78]

2.3 Indentation

2.3.1 Development of Indentation Models

Indentation techniques are now widely used to characterise the elastic and other

mechanical properties of solid materials. The materials which have been charac-

terised by indentation include glasses, metals, polymers, and biological materials

including cells and tissues. Indentation techniques can be applied at a nanoscale

level, a technique known as nanoindentation; nanoindentation can be applied

to thin or heterogeneous samples due to the small indentation depth and probe

size. Indentation works by pressing a highly rigid indenter of known geometry

into the material to be tested; mechanical properties such as the tensile elas-

tic modulus of the material can then be calculated from its deformation at a

given applied indentation force. [79] Nanoindentation studies can be performed

using purpose-designed nanoindenter systems, but are often performed instead

using AFM systems which provide very precise force and displacement sensing

combined with simultaneous high resolution imaging of the sample.

The deformation due to elastic contact between spheres was first analysed

by Hertz and Boussinesq, whose work became the foundation of the “contact

mechanics” used to model indentation studies. Hertz considered the problem of

two elastic spheres being pressed together by a loading force and the resulting

deformation. By assuming one sphere to be infinitely large (approximating a flat

surface), and one to be absolutely rigid (infinite elastic modulus) then the model

can be applied to the case of a rigid spherical indenter which elastically deforms a
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comparatively soft flat surface. In this simplified model, the relationship between

the applied indentation force and the depth of indentation is given by

F =
4

3

E

1− ν2
√
Rh

3
2 (2.1)

where F is the force applied during loading or unloading, h is the vertical

deformation of the sample by the indenter, R is the indenter radius of curvature,

and ν is the Poisson Ratio of the sample. This relation can be used to calculate

the tensile elastic modulus of the sample, E, from the force-deformation curve.

This model was then generalised to other indenter geometries by Sneddon,

who calculated the deformation as a function of applied force for other indenter

geometries including conical and cylindrical indenters. [80] For conical indenters,

F =
2Etanθ

π(1− ν2)
h2 (2.2)

where θ is the half-cone angle of the indenter, and for cylindrical indenters

F =
2ERh

1− ν2
(2.3)

In general, a material will deform purely elastically until its “elastic limit”

is reached, after which permanent deformation occurs. This is referred to as

“plastic” deformation, which does not disappear when the applied indentation

force is removed. Indentation studies are often made using forces which cause

plastic deformation of the sample.

It is often assumed that all plastic deformation occurs during the loading pe-

riod where the applied force is raised from zero to a maximum value, and that all

deformation during the unloading of the indenter is elastic. Therefore, the elastic

modulus can be determined from the deformation during the unloading process.

This procedure is often performed using the method developed by Doerner and

Nix [81] and refined by Oliver and Pharr [82]. Their technique, known as the

“compliance method”, calculates the elastic modulus from the gradient S of the

force-deformation curve during the unloading process, at the point of maximum

force Fmax (see fig 2-3).

S =
dF

dh
=

2√
π
Er
√
A (2.4)
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Figure 2-3: Schematic of typical force-displacement curve used to measured elas-
tic modulus using the “compliance model”.

where Er is the “reduced elastic modulus” and A is the “projected contact

area” (projected area of the indenter surface in contact with the sample) at the

point of maximum load.

Er is defined by

1

Er
=

1− ν2

E
+

1− ν2i
Ei

(2.5)

where Ei and νi are respectively the elastic modulus and Poisson ratio of the

indenter. For a highly rigid indenter, Ei is often considered infinite, reducing the

equation to

Er =
E

1− ν2
(2.6)

The deformation rate of many materials depends not only on the applied load

but the rate at which the load is applied. This is referred to as viscoelastic or

viscoplastic behaviour, and is not included in the models described above. This
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Figure 2-4: Schematic illustration of the Maxwell model which considers a ma-
terial as an elastic spring and damping element which simulates the sample vis-
coelasticity.

behaviour is common in biological cells and tissues. [5, 83–88]

In order to compensate for this behaviour Oyen and Cook suggested a model

for conical indenters which considers the deformation as a linear sum of viscoelas-

tic, elastic and plastic deformation. Deformation by the indenter in this case can

be considered as a convolution of elastic, plastic and viscoelastic deformation,

and a number of models can be used to calculate the effect of each on the sample

deformation.

Oyen and Cook [87, 89] derived a model for conical indenters taking into

account viscous effects, based on the “Maxwell model” which assumes that vis-

coelastic deformation can be modeled as a spring and damper linked in series

(shown schematically in figure 2-4). In chapter 7, a model is derived for cylin-

drical indenters based on the Oyen-Cook model; this has been applied to the

deformation of corneocyte cells using AFM probes with “nanoneedle” structures

fabricated on the AFM tip using electron beam induced deposition. These probes

can indent to large depths within cells without loss of lateral precision, and mea-

sure mechanical properties of structures deep within the cell.

2.3.2 Indentation of Biomaterials

In recent years, a great many studies have used AFM nanoindentation techniques

to determine mechanical properties of biological cells and other biological mate-

rials. Some of the earliest research in this area was pioneered by measurements

on cells by Weisenhorn et al [90] and on bone by Tao et al [91] Further devel-

opments in this area have led to investigations of many different cell types using
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AFM. [92, 93] The AFM probe can be used to induce controlled deformation of

the cell structure, simultaneously measuring the applied force. The techniques

described in section 2.3.1 can be used to determine elastic modulus and other

mechanical properties of the cell. The measured properties reflect the cell’s inter-

nal structure, especially its “cytoskeleton”, the network of polymerised protein

filaments threaded throughout the cell, which provides a structural support for

the cell as well as providing a driving force for cellular locomotion, cell division

and morphological changes. [94] There is significant evidence that the mechanical

properties of cells can be used to determine the overall state of the cell. Several

groups have recorded a decrease in elastic modulus in cancer cells compared to

healthy cells of the same type. [88,95,96] Changes in mechanical properties have

also been reported between metastatic cells (cancer cells which are able to mi-

grate and spread the disease beyond its original site) and non-metastatic cancer

cells. [97] The same study reported that different types of healthy cell could also

be distinguished by their different mechanical properties, and proposed the use of

cell deformability as a criterion for the sorting of large populations of cells by cell

type. Many other diseases can cause changes in stiffness and other mechanical

properties of various cell types, including arthritis, asthma, cancer, malaria, sickle

cell anaemia, and also spherocytosis and elliptocytosis (two conditions in which

the shape of red blood cells is altered and their function impaired). [98] In some

cases, the change in mechanical properties is a cause of the disease symptoms;

for example the increased stiffness of malaria-infected erythrocytes (red blood

cells) prevents them from deforming to traverse narrow vascular capillaries. It is

likely that these changes arise from the re-organisation of the cellular organisa-

tion (such as the cytoskeleton structure) that occurs due to these disease states.

In many cases (particularly cancer) early diagnosis is vital for the treatment of

disease, and so there is potential application of nanomechanical measurements as

a tool for the early detection of the onset of these conditions.

2.4 Nanomanipulation of Cells

“Nanosurgery” refers to the manipulation of biological cells on extremely small

scales. A diverse range of techniques exist for this purpose; for many years,

micropipettes have been used to hold cells in place using negative pressure or for
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injection of biomolecules (including DNA) into cells. [99, 100] In recent years, a

wider array of techniques have been used for direct manipulation on cellular and

subcellular scales, including optical tweezers, laser microscalpels, and the atomic

force microscope. A major advantage of these techniques is their ability to operate

on subcellular levels, with a precision comparable to the size of intracellular

organelles, which decreases damage to the cell structure as a whole.

Optical tweezers (OTs) use a focused laser beam to confine a dielectric particle

at the beam focus; this confinement occurs due to the transfer of momentum

from the scattered light, and the electric field gradient which will tend to draw

polarised particles to the beam focus. [101] The use of OTs to manipulate cells has

attracted great interest in recent years; they have been used for the confinement

of single cells in suspension allowing them to be imaged or examined using optical

spectroscopy over long periods of time, [102, 103] or repositioned to form a cell

cluster. OTs are also widely applied for cell sorting and for the “stretching” of

cells in order to investigate their mechanical properties; for a review see Zhang

et al. [104]

In general OTs have been applied for manipulation of whole cells rather than

individual intracellular structures; however, some groups have created “nanotool”

structures which can be manipulated using optical tweezers which could be used

for manipulation of smaller structures in cells. [105] In addition, particles trapped

in OTs have been used as force-sensitive probes which can profile and image bi-

ological samples, with additional application to mapping of their elastic and vis-

coelastic properties. This application is known as a “photonic force microscope”

(PFM). [106–108] Optical tweezers have also been used to manipulate organelles

isolated from cells using other nanosurgical techniques. [109] However, the ma-

nipulation of subcellular structures has generally been demonstrated using other

techniques, such as laser microscalpels or AFM.

Laser microscalpels are usually short-duration pulsed lasers which are used to

cut or destroy intracellular structures. Ablation of biological structures by a laser

beam occurs due to generation of plasma in ionisation cascades induced by the

beam energy [110] or by selective heating of the sample. [111] These have been

used to selectively delete organelles or cut cytoskeleton filaments within cells, and

also to make incisions in the cell membrane [111–115] or the cell wall of plant cells.

[116] Laser microscalpels have also been used to dissect isolated chromosomes.
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[117] Similar results can be achieved using focussed ion beams as microscalpels to

remove material from a biological sample. Laser microscalpels can also be used

to destroy single organelles within cells without affecting cell viability; this has

been used to demonstrate that mitochondria in the cells studied were discrete

entities rather than a linked network as had previously been believed, [118] as

well as to destroy single chloroplasts in plant cells. [116] Using a combination of a

laser microscalpel and optical tweezers, single organelles have also been isolated

from cells using nanosurgery. [109] The cells targeted in these experiments were

often observed to suffer no loss of viability after nanosurgery.

There are limits to the precision attainable using laser microscalpels. Firstly,

optical techniques are subject to diffraction limits, which determine the minimum

beam spot size. However, the distribution of energy across the beam spot (often

Gaussian) can confine the highest energy densities to a region smaller than the

beam spot. [111] A certain threshold energy is required to initiate the ablation

effects; Maxwell et al demonstrated that increasing the beam energy will cause the

ablation of material over a larger volume. [118] Therefore, the minimum incision

width is limited to that attainable at the threshold energy for ablation; TEM

measurements of incisions on fixed cells showed that ∼200 nm-wide incisions

could be attained close to the threshold energy. The requirement to exceed the

threshold energy and the focussing limits of the laser beam would suggest that

this approaches the minimum incision width, and therefore the limit of lateral

precision, attainable using a laser microscalpel. In addition to this limitation,

laser scalpels can induce heating and bubble formation in cells, which can induce

significant damage to the overall cell structure.

The atomic force microscope has also found widespread application in the

manipulation of biological structures including cells. AFM has been used in the

dissection of chromosomes, [117, 119] plasmids [120, 121], virus particles [122],

bacterial photosynthetic reaction centres in isolated membranes [123, 124] and

collagen fibrils. [125] The successful dissection of collagen fibrils in the study

cited here using AFM indicates its usefulness as a “nanoscalpel”, which was

used to make incisions on a collagen fibril, and then manipulate its upper layers

to enlarge the incisions and expose its internal structures for AFM imaging.

AFM manipulation has also been used to dissect outer layers of bacterial cell

walls in situ, exposing the periodic peptidoglycan strands which comprise the cell
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wall ultrastructure for AFM imaging. [126] Using a spherical AFM tip coated

with phospholipidase enzyme, Alfin et al were able to selectively break down

the phospholipid structure of the cell membrane, creating holes of several micron

diameter. [127] Following fixation of the cells using glutaraldehyde, it was possible

to image intracellular filament structures using AFM and SEM. AFM has also

been used to extract material from biological samples; for example, extracting

DNA from isolated human chromosomes [119] and the mRNA from the cytoplasm

of cells. [128]

Compared to optical techniques, the AFM is capable of much higher precision

as the tip has a radius of a few nm, and can be positioned with sub-nanometre

accuracy. This allows manipulation to be performed at the level of individual bio-

logical molecules, or at the level of the nanoscale structures, such as cytoskeleton

filaments, found within biological cells. However, while the AFM tip itself is

small, the pyramidal shape of the tip decreases its precision if the tip penetrates

deeper into a sample. [77] This loss of precision not only decreases the accuracy of

the manipulation but also inflicts significant damage on the target structure. In

the case of a cell, this can affect its living processes or even kill it. [129] Just as in

macroscopic surgery and dissection, high precision tools are therefore desireable

in nanosurgery.

In order to improve the lateral precision of AFM probes, various approaches

have been used to improve the AFM probe aspect ratio for biological nanomanip-

ulation. “Nanoneedle” AFM tips have been produced using focussed-ion beam

milling to modify the tip shape, and have been applied for the injection of

molecules into cells, including the injection of DNA into the nuclei within liv-

ing cells. [130–133] These tips demonstrate far less effect on the cell structure,

and the survival rate for cells after nanosurgery using nanoneedles is high. Similar

nanoneedles for biological applications have been fabricated using carbon nan-

otube probes; [129] these probes are often stiffened by application of carbon [134]

or polymer coatings [135] to prevent them buckling during nanomanipulation.

Nanoneedle probes for cellular manipulation have also been fabricated by attach-

ing cadmium sulphide nanorods to microbeads which can be manipulated using

optical tweezers. [105]
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2.5 Descriptions of Biological Cells

This section describes in brief the structure and function of the cells used in the

experiments described in this thesis. Details of the protocols used to isolate and

prepare cells in our experiments can be found in appendix A.

2.5.1 Smooth Muscle Cells

Smooth muscle cells make up a muscular layer (thicker in arteries than in veins)

that surrounds the thin epithelium and internal space (or lumen) of blood vessels.

Contraction of these muscles causes vasoconstriction (narrowing of the blood ves-

sel) which is used to maintain homeostasis of blood pressure in the circulatory

system. The cells have a well-developed internal cytoskeleton which interfaces

with a membrane skeleton lying just beneath the cell membrane. The membrane

skeleton consists of two “subdomains”; dense plaque regions and regions possess-

ing many small invaginations of the cell surface (caveolae). The plaque regions

form “adherens junctions” which bind to other nearby cells and to the underly-

ing cytoskeleton. The cytoskeleton forms the structural support for the smooth

muscle cell, composed of filaments of polymerised actin and vimentin protein.

The actin filaments are able to interact with myosin protein filaments, forming

contractile structures which provide the driving force for the contraction of the

muscle cell. [136]

2.5.2 Megakaryocytes

Megakaryocytes are cells found in bone marrow; these cells are responsible for

the biogenesis of blood platelets (small cell-like objects 2-3 µm in diameter found

in blood which facilitate blood clotting, also called thrombocytes). The cells

produce blood platelets in a process which first involves the enlargement of the

cell to ∼100 µm in size, followed by the formation of a “demarcation membrane

system” in which the cell extrudes numerous tubules of cell membrane. These

tubules form small bud-like “proplatelets” at the end of the tubules. The tubules

are able to form multiple branches, increasing the number of proplatelets, a pro-

cess described as “proplatelet amplification”. Eventually (after 4-10 hours) the

whole cell structure is composed of this tubule network, with tubules reaching
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lengths of 200-250 µm (the cell nucleus is actually extruded out of the cell as

part of this process). The proplatelets eventually detach, forming true blood

platelets. [137,138]

2.5.3 The Stratum Corneum

The stratum corneum is a thin (in humans, ∼20 µm thick) tissue which forms

the outermost layer of the skin in mammals. It acts as a barrier to evapora-

tive water loss from the body as well as protecting from harmful pathogens and

environmental conditions. Species lacking such a waterproof layer (such as am-

phibians or those with genetic defects that prevent its formation) cannot survive

in conditions of low humidity as they rapidly dehydrate. The stratum corneum

is a highly sophisticated and complex tissue. In humans, the stratum corneum is

composed of 40-50 layers of cells known as corneocytes. These cells are generated

in a basal layer of keratinocyte cells, and migrate upwards towards the outer

skin surface during their life cycle. During this process, their internal structure

is replaced by a matrix of keratin filaments, while a polymerised protein layer

forms at the cell surface. [139] This renders the corneocyte impermeable to wa-

ter. The continual upward migration of corneocytes allows rapid replacement

of the layer if damaged; corneocytes continually detach in the stratum corneum

surface layers and are eventually lost to the surrounding environment. Corneo-

cytes are bound to one another by corneodesmosome structures; these are protein

clusters which span the cornified envelopes of adjacent corneocytes and maintain

adhesion between the cells. [140]

The corneocytes are surrounded by lipids covalently bound to the corneocyte

envelope. [141] The overlapping corneocytes embedded in this lipid matrix to-

gether form a structure described as a “brick and mortar” model. This structure

is highly resistant to water loss from diffusion; the overlapping corneocytes in-

crease the length of the diffusion path so that it is much larger than the thickness

of the stratum corneum itself, and the lipid molecules resist the passage of water

due to their hydrophobicity. [142]

Monolayers of corneocytes can be easily isolated from the skin surface using

an adhesive stripping procedure. Adhesive tape, or a glass slide coated with an

adhesive, is pressed onto the skin surface and then peeled away, removing with
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it a layer of corneocyte cells. [143] Since the stratum corneum provides a strong

diffusion barrier against water loss from the underlying tissue, and this barrier

function remains approximately constant with depth [144], the removal of the

stratum corneum by tape stripping increases trans-epidermal water loss (TEWL)

due to evaporation. Thus, measurement of TEWL can be used to accurately

determine the depth from which the corneocytes have been isolated.

Modelling the stratum corneum as a homogeneous membrane, Fick’s 1st Law

can be used to describe the diffusion across the stratum corneum. This can be

used to derive

1

Tx
=
H − x
K∆C

(2.7)

where Tx is the TEWL measured after a thicknes x of stratum corneum has

been removed, H is the total stratum corneum thickness, ∆C is the concentration

gradient across the stratum corneum, and K is a constant determined by the

properties of the stratum corneum and the diffusivity of water. [144,145] If T0 is

the TEWL of the unstripped skin surface, where x = 0, then

T0 =
K∆C

H
(2.8)

therefore the percentage of the stratum corneum removed is given by

x

H
= 1− T0

Tx
(2.9)

In our experiments, TEWL measurements were used to control the depth from

which corneocyte samples were taken from the skin.
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Chapter 3

Methodology

3.1 Atomic Force Microscopy

The experiments described in this thesis were carried out using a Veeco Multi-

mode IIIa Atomic Force Microscope (AFM), controlled by dedicated Nanoscope

software. The images were analysed using the freeware WSxM program created

by Nanotec Electronica S.L. Manipulation was perfomed using predefined macros

included with the Nanoscript function in the Nanoscope software; these macros

were incorporated into programs written using C++. Samples were imaged in

air at room temperature in a clean room environment.

Imaging and manipulation were carried out in Tapping Mode using standard

Tapping Mode cantilevers, with a spring constant of ∼40 N/m and a resonant

frequency of ∼300 kHz. For determination of the critical buckling force of thin

nanoneedle probe tips (see chapter 5) lateral force microscopy tips with a spring

constant of ∼3 N/m and a resonant frequency of ∼75 kHz were used.

3.2 Scanning Electron Microscopy

Scanning Electron Microscope (SEM) imaging was carried out using a Hitachi

S4300-SE Scanning Electron Microscope. For normal imaging, a beam current

of 70-150 pA and an accelerating voltage of 20 kV were used. The beam current

can be controlled by adjusting the SEM condenser lens setting.
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3.3 Electron Beam Induced Deposition

Electron-beam induced deposition (EBID) was used in the experiments described

in this thesis to fabricate three-dimensional nanostructures.

3.3.1 Freestanding structures

Freestanding structures were grown in the AFM system using programs written in

the Raith nanolithography software. This software controls the Raith lithography

system which has been installed as part of the SEM. Structures were grown using

the same range of beam conditions (current and accelerating voltage) as were

used for imaging. Before deposition, beam currents were measured using the

“Faraday cup” built into the SEM stage.

3.3.2 Stabilisation

Stabilisation of “nanoneedle” structures by depositing additional amorphous car-

bon (described in more detail in chapter 5) was performed by imaging them

at high magnification (150,000-300,000x) in the SEM under high beam current

conditions (100-150 pA).

3.4 Cantilever calibration

In order to calculate the force applied to a sample by the AFM probe, it is nec-

essary to know the cantilever spring constant kc. The spring constant is specified

by the probe manufacturer within certain tolerances; however, between individ-

ual probes of the same type it can vary considerably. It is therefore necessary to

calculate the spring constant of individual probes used for nanomanipulation if

the tip-sample force is to be determined.

If the dimensions and resonant frequency of the cantilever in vacuo are known,

the spring constant can be determined using

kc = 0.2427ρcbhLω
2
v (3.1)

where ρc is the density of the cantilever material, b is the width of the can-

tilever, h is the cantilever thickness, L the cantilever length, and ωv the cantilever
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resonance in vacuo. However, equation 3.1 relies on highly accurate measurement

of the vacuum resonance frequency, which is often difficult to achieve.

Due to this difficulty, a variety of other methods have been used to determine

the spring constant in previous AFM studies. Sader et al investigated how equa-

tion 3.1 could be modified for cantilevers oscillating in air, and derived a method

of calculating kc using only the cantilever dimensions and resonance peak proper-

ties in air. [146,147] This method relies on a model of the hydrodynamic damping

properties of the AFM probe in a fluid environment. For a rectangular cantilever,

the resonant frequency when oscillating in fluid is given by

ωv = ωf (1 +
πρfb

4ρh
Γr(ωf )) (3.2)

The cantilever thickness, h, is also often difficult to measure and so Sader

makes use of the relationship

ρh =
πρfb

4
[QΓi(ωf )− Γr(ωf )] (3.3)

which can be substituted into equation 3.2 to eliminate ρh. In equations 3.2

and 3.3, ωf is the cantilever resonant frequency in fluid, Q is the quality factor of

the oscillation, ρf is the fluid density, and Γr and Γi are the real and imaginary

components of the “hydrodynamic damping function” Γ.

The Γ function for a cylindrical beam, Γcirc, is given by [146]

Γcirc = 1 +
4iK1(−i

√
iRe)√

iReK0(−i
√
iRe)

(3.4)

where i2 = −1, K0 and K1 are modified Bessel functions of the second kind,

and Re is Reynold’s Number, given by

Re =
ρfωfb

2

4η
(3.5)

where η is the fluid viscosity. However, AFM cantilevers are rarely cylindrical.

Sader therefore modified the Γ function to apply it to cantilevers with rectangular

cross-sections by adding a correction factor Ω(ωf ), which is a sum of real and

imaginary polynomials of τ where τ = log10Re. Therefore, Γ = Ω(ωf )Γcirc(ωf ).

Ω(ωf ) is a 12th-order polynomial and therefore rather complex; for full details

see Sader’s paper. [146]
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Figure 3-1: Hydrodynamic damping function calculated using Sader’s method.

Although this calculation is complex, it is based on only a small number of

initial variables (L, b, Q and ωf ) which can be measured to a high degree of

accuracy. The resulting error on the cantilever spring constant is therefore quite

small. The calculation is also independent of the material or composition of the

cantilever. Cantilevers are often inhomogeneous due to metal coating on the

upper side to improve laser reflectivity; since the Sader method is independent of

the cantilever composition, it can be used without taking the cantilever coating

into account.

In our experiments, measurement of Q and ωf were carried out using the Au-

totune function in the Nanoscope AFM control software. b and L were measured

using the SEM system for each cantilever used for manipulation. The cantilever

tuning was carried out in air at room temperature, and standard values of ρf

and η for air at room temperature were used. Calculation of the spring constant

based on this data was calculated using a spreadsheet template in Microsoft Ex-

cel. Figure 3-1 shows the damping function calculated using this spreadsheet for

a range of Re values; this curve is identical to that in Sader’s paper indicating
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that the calculation is accurate.

3.5 Indentation

Nanoindentation on the surface of biological cells was carried out using a ded-

icated program written using the NanoScript package, which forms part of the

Nanoscope software. A graphical user interface (GUI) was implemented in these

programs to allow the user to control the indentation parameters such as the

approach rate and applied force. The program first retracts the AFM probe 100-

200 nm from the surface, then moves it downwards towards the sample surface.

When the probe contacts the surface, the tip-sample force causes a deflection of

the AFM cantilever, increasing the deflection signal detected at the AFM photo-

diode. The indentation program monitors and outputs the cantilever deflection

and amplitude signal from the AFM system, and stops the approach when a cho-

sen target deflection signal (corresponding to a certain applied indentation force)

is attained. Approach rates in the range of 2-1000 nm/s were used to perform

indents on cells.

The force applied to a sample during indentation can be determined by

F = kcD (3.6)

where D is the cantilever deflection and kc is the cantilever spring constant.

kc was determined in our experiments using the method developed by Sader,

described in section 3.4. [147]

3.5.1 Calibration

Deflection of the AFM cantilever is detected using a four-quadrant photodiode

built into the AFM system, which detects a laser beam which is reflected from

the back side of the AFM probe cantilever. During initial alignment of the

laser system, the laser beam spot is positioned on the photodiode such that

the difference between the signal detected on the diode quadrants is minimised.

Deflection of the cantilever causes a displacement of the beam spot, which is

detected as a change in the signal from the different quadrants.
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In order to accurately determine the force applied to a sample it is necessary

to determine the deflection of the probe from the deflection signal. The actual

deflection of the cantilever can be determined by measuring the signal recorded

as the probe tip is pressed down on a rigid surface which does not significantly

deform under the applied force. An example of such a calibration curve is shown

in figure 3-2. Since there is no deformation of the sample, the vertical movement

of the sample by the piezoelectric scanner will be equal to the deflection of the

cantilever; the sample movement can be accurately determined from the scan-

ner calibration. This allows a “cantilever calibration factor” to be determined

as the rate of increase of the deflection signal for a given scanner displacement.

Our AFM system gave a typical calibration factor of 0.1 V/nm deflection; due

to different positioning of the cantilever, different laser alignments and different

cantilever geometries this could vary from 0.07-0.12 V/nm for different experi-

ments.

In our experiments, silicon wafers were used to provide a sufficiently rigid

surface for this calibration process. The wafers were cleaned before use by low

powered sonication for ∼3-5 minutes each in acetone and isopropyl alcohol (IPA).

3.5.2 Determination of sample deformation

The deformation of a sample beneath the AFM probe can be determined using

the cantilever deflection recorded during the calibration curve and during the in-

dent on the sample. During the calibration curve, the deformation of the sample

is assumed to be negligible as it is recorded on a rigid sample; during an indent

on a softer sample such as a cell, there is also deformation of the sample and

so the AFM scanner travels a greater distance in the z-direction before the tar-

get cantilever deflection is attained. A comparison between a calibration curve

recorded on a rigid surface and a softer sample (a corneocyte cell) is shown in

figure 3-3. The difference in this z-axis movement for a given cantilever deflection

(corresponding to a given applied indentation force) between the calibration and

indentation curves gives the vertical deformation of the sample.

The deformation can be calculated using

h = [zi(D)− z1]− [z1 − zc(D)] (3.7)
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Figure 3-2: Outputted deflection signal from AFM system during calibration
indent on rigid sample surface (a clean silicon wafer).

where h is the vertical deformation of the sample, z1 is the point of contact

with the sample surface, zi(D) is the z-position of the scanner during the indent

for a given deflection, and zc(D) is the scanner z-position during calibration.

For the calibration curve, the z-movement of the scanner is equivalent to the

cantilever deflection D; substituting D = z1 − zc(D) reduces this to

h = zi(D)− z1 −D (3.8)

In chapter 6, this procedure is used to determine the vertical deformation of

EBID carbon blades fabricated on AFM probes during nanomanipulation. The

blades are fabricated on the side of AFM probe tips, and deformed by bending

them against a 200 nm step on the sample surface. The principle here is exactly

the same, except that part of the probe (the carbon blade) deforms rather than

the sample; a calibration curve is recorded far from the step without deformation
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Figure 3-3: Calibrated deflection data during calibration curve recorded on a
silicon wafer and during indentation on a corneocyte cell.

of the carbon blade, and then the deformation of the blade against the step is

determined with reference to the calibration curve using the method presented

here. For more details of this process see chapter 6.

The residual depth of the indentation can be regarded as the inelastic defor-

mation of the sample. This is the depth of penetration of the needle when the

applied tip-sample force returns to zero during the retraction of the AFM probe,

in other words at D = 0. The inelastic deformation hi can therefore be calculated

by

hi = z2 − z1 (3.9)

where z2 is the z-position of the scanner when the cantilever deflection returns
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to zero during the retraction of the probe. Finally, the elastic recovery of the

sample he in the vertical direction can be determined by

he = h− hi (3.10)

3.5.3 Decontamination of AFM Probes

During imaging and manipulation of biological samples, a commonly encountered

problem is the adhesion of biological contamination to the tip apex. This can

alter the probe shape; in the case of an EBID-modified probe, this can cancel

out the specialised shape of the probe tip. In nanoindentation experiments, soft

material adhering to the probe tip can deform during the indent instead of the

sample, creating a misleading result when the sample deformation is calculated.

To remove contamination the AFM probes were cleaned after performing 6-10

indents. The following cleaning procedure, based on a standard procedure used to

clean silicon wafers before photolithographic patterning, was found to be highly

effective. The probes were placed in a purpose-built brass holder and cleaned

using gentle sonication at room temperature in trichloroethylene (TCE) for 5-10

minutes, followed by acetone for 3-5 minutes and finally isopropyl alcohol for 3-5

minutes. The probes were then allowed to dry in air at room temperature in a

clean room environment. This procedure was also used to clean contaminated

probes prior to electron microscopy imaging (as the deposition of carbon would

otherwise cause “welding” of the contamination to the probe tip, making it much

harder to remove).

3.6 Manipulation with AFM

In the course of the experiments discussed in this thesis, the suitability of EBID-

modified AFM probes for manipulation of biological samples was investigated.

“Nanoscalpel” probes were used to create incisions in biological structures, and

several methods were tested which could be applied to remove outer layers from

biological samples to expose underlying structures for AFM imaging.

41



3.6.1 Incisions

In order to create an incision on the surface of a biological sample, a program

was developed which could cut into the sample with a chosen cutting force, which

would be maintained at a constant setpoint during the cut. This allowed the

depth of the cut to be controlled, and prevented the force on the AFM tip be-

coming too large, which could damage the tip.

Incisions were made using the following procedure:

1) The manipulation program stops the AFM scan and moves the probe to the

centre position of the AFM scan, with feedback enabled.

2) The probe is passed back and forth along the intended cut path with the feed-

back still enabled. This allows the profile of the undamaged sample surface to be

recorded.

3) Feedback is disabled and the probe is raised a short distance (100-300 nm)

above the surface.

4) The probe is lowered down a distance that takes it below the sample surface,

cutting into a soft sample. The tip-sample force causes a deflection of the can-

tilever. This approach stops when a target deflection signal (corresponding to a

desired cutting force) has been attained.

5) The probe is moved slowly (at a rate of 5-20 nm/s) along the cutting path. A

feedback loop implemented in the manipulation program controls the z-scanner

position so that the deflection signal is kept at a constant setpoint value (see

chapter 8 for more details on the operation of the feedback loop).

6) The probe is retracted from the sample surface; feedback is re-enabled and

normal imaging resumes.

During stages 4-6, the cantilever deflection and amplitude, scanner z-position

and the correction in the z-position implemented by the feedback program are all

recorded.

3.6.2 Surface removal

A number of methods were tested to remove the surface layer from cell samples.

The results of these experiments, including images of structures revealed by this

“nanodissection” technique, are shown in chapter 8. The first method which was
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tried was the use of the Interleave controls in the AFM system to increase the

tip-sample force during the Retrace scan. Each AFM scan line consists of two

scans, a “Trace” scan along the initial scan path and then another in the opposite

direction along the same path, the “Retrace” scan. The Interleave controls can

be used to set different parameters during the Retrace scan; for example, the

probe can be lifted a short distance (known as the “Lift Height”) above the

surface during the Retrace scan in order to sense long-range forces (for example

magnetic forces if a tip containing magnetic material is used). [148]

By setting a Lift Height less than zero, the probe can be pressed into the

surface during the Retrace scan to increase the tip-sample force, displacing ma-

terial from the surface. Scanning areas of the surface of fixed cells using negative

Lift Height was therefore used to remove material from the cell surface to expose

internal structures for AFM imaging.

Another method that was used was a “raster scan”-type technique using the

AFM NanoScript program to sweep the tip over both Trace and Retrace paths,

scanning a rectangular area with large tip-sample force. This also displaces ma-

terial from the surface to expose internal structures.

Surface removal using the “nanotome” tool (described in detail in chapter

4) was performed in the same manner as the nanoscalpel incisions described in

section 3.6.1. After making an incision on the surface using this tool, the surface

layer is separated from the layers beneath; this layer can then be moved aside

using the tip of the AFM probe by passing it across the surface perpendicular to

the initial incision.
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Chapter 4

Fabrication of Nanotools by

Electron Beam Induced

Deposition

Electron beam induced deposition (EBID) is a nanofabrication process which

allows the growth of nanoscale structures using a single-stage process within a

standard unmodified SEM system. Using this technique (which is described in

more detail in chapter 2), AFM tips can be easily modified to improve their aspect

ratio or suitability for mechanical lithography by fabricating nanostructures on

the AFM tip apex. [30–36] This chapter describes the design and fabrication of

a number of novel EBID probes optimised for nanomanipulation and imaging

applications. In particular, this chapter discusses the fabrication and application

of “nanoscalpel” and “nanotome” probes, which can be used to make incisions

on the surfaces of biological objects and for nanosurgical removal of the outer

layers of biological structures. EBID probes have not previously been applied

for these purposes; however, they demonstrate several advantages over standard

AFM probes due to their optimisable shape and robust mechanical properties.

The basis of the EBID growth procedure described here is the fabrication

of free-standing blade-like or needle-like structures, which can then be modified

by further EBID processes for different applications. When fabricated on AFM

probe tips, these specialised structures have a wide range of different applications

as “nanotools”, which can be used for AFM imaging, lithography, indentation,

and the manipulation of biological objects (“nanosurgery”). [77]
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4.1 Fabrication Process

In order to create a free-standing structure, the electron beam is focused on

a point a short distance (∼100 nm) from the edge of the deposition substrate

(typically a silicon wafer or AFM tip apex), and then a line of amorphous carbon

is deposited by moving the beam toward and then beyond the edge at a rate

of 1-10 nm/s. This process is shown in figure 4-1. Interaction of the primary

beam electrons with atoms in the sample produces secondary electrons; these

secondary electrons cause deposition of carbon in a radius of 10-30 nm around

the primary beam spot, as described in more detail in chapter 2. When the

beam reaches the edge of the substrate, carbon is deposited beyond the edge

ahead of the primary beam creating a structure on which further deposition can

occur. [37, 39, 40, 42, 58, 68, 70, 72, 149,150] The result is the fabrication of a free-

standing structure extending beyond the substrate edge; an array of free-standing

structures fabricated on the edge of a silicon wafer is shown in 4-2.

The electron beam is moved in small steps (1 nm in our experiments) along a

path which in our experiments ranged from 0.3-1.5 µm in length. The beam spot

position, velocity and total path length are controlled using a standard electron-

beam lithography system. It is possible to control the velocity at which the beam

spot is moved by varying the time taken for each step (beam dwell time), which

for these experiments is typically of the order of 100-1000 ms per step. Deposition

occurs wherever the secondary electrons generated along the primary beam path

are able to reach the surface, as long as there are adsorbed molecules present

to provide the precursor supply. Growth therefore occurs around the entry and

exit points of the beam on the top and bottom of the deposited structure. Some

secondary electrons generated inside the structure are able to exit through the

sides as well, increasing the lateral thickness of the deposited structure. Finally,

deposition occurs at the tip of the structure ahead of the primary beam.

4.2 Nanoscalpel

Figure 4-3 shows a carbon blade fabricated on an AFM probe using this process.

This probe had previously been damaged during its use in AFM imaging; in

most of our experiments, damaged probes were used for this process so that

45



Figure 4-1: Growth process for carbon blade, shown from b) top (parallel to beam
direction), b) side and c) in cross-section. The blade-like shape results from the
absorption of the secondary electrons in the deposited material at the sides of
the carbon blade, restricting its growth in this direction, while deposition occurs
around the beam spot at the top and bottom of the structure.

they could be “recycled” by fabrication of structures on the tip. Due to their

blade-like shape and applications, these structures are termed “nanoscalpels” by

our group. When fabricated on AFM probes, it was previously demonstrated

by our group that these nanoscalpels can be used to cut nanoscale objects, for

example creating nanoscale gaps in metal films which can be used as contacts

in nanoelectronic devices. [77] It is difficult to reproducibly create such gaps by

conventional nanolithography techniques such as photolithography and electron
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Figure 4-2: Array of free-standing carbon structures grown from the edge of a
silicon substrate.

beam lithography. Chapter 8 describes how these nanoscalpels can be used in the

manipulation of biological structures (“nanosurgery”) where they have a function

similar to a macroscopic surgical scalpel.

Amorphous carbon is a robust material compared to the more brittle, crys-

talline silicon or silicon nitride used in standard AFM probes, which are often

damaged during nanomanipulation. This means that the nanoscalpel blades can

be used for manipulation without any detectable damage to the carbon blade.

Their shape and high aspect ratio also allows them to cut a sample down to large

depths without loss of lateral precision, which is impossible using standard AFM

probes due to their pyramidal shape which results in a wider incision as the cut

depth increases. [77]
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a)

b)

Figure 4-3: Carbon blade imaged from the edge immediately after growth on a
damaged AFM probe (a) and from the side after re-mounting the probe rotated
90 degrees (b). Note the presence of parallel striations in the surface of the carbon
blade, which appear a short distance from the blade base.
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4.3 Carbon Blade Dimensions

The lateral thickness of the deposited blade depends on the escape depth of the

secondary electrons. Due to their low energy, these electrons are not able to travel

far from the primary beam path through the deposited structure. This means

that the growth of the structure is restricted in the lateral direction. However,

secondary electrons are able to escape more easily close to the entry and exit

points of the primary beam, meaning that more rapid growth occurs on the top

and bottom of the structure. This results in a flat, blade-like structure which

grows in the plane of the primary beam. The growth process is shown in the

diagram in figure 4-1.

In our experiments, we investigated the effect of time for each step of the

deposition process (beam dwell time) on the dimensions of the carbon blades.

Increasing the dwell time increases the time available for the deposition of carbon.

Deposition on the upper and lower edge results in an increased blade width with

increased beam dwell time (shown in figure 4-4). The thickness of the blade is

also increased at lower beam spot velocities.

Figure 4-4 shows the evolution of the thickness of the deposited blade as a

function of the beam dwell time. The thickness is observed to follow a very

similar trend to that often observed in the fabrication of other structures by

electron-beam induced deposition, such as nanopillars grown by stationery beams

[19,26,29,33]; an initial nucleation phase followed by rapid growth and saturation.

Similar evolution of thickness was noted by Gazzadi et al in the deposition of

free-standing structures. [42] The lateral thickness of the blade saturates due to

the limitations of secondary electron escape depth, which prevents the secondary

electrons reaching the blade surface at the sides of thicker blade.

In figure 4-5, the same results for the blade width and thickness are presented

as a function of the beam spot velocity (which is inversely proportional to beam

dwell time). Of interest is that a regime exists at high beam spot velocity where

the width and thickness are similar; the resulting structure has a high-aspect

ratio “needle-like” shape which makes an ideal probe for AFM imaging of steep

topographic features on a sample surface. These structures are discussed in more

detail in section 4.7 and in chapter 5.

For very small dwell times, no growth extends beyond the substrate edge. This
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Figure 4-4: Width and thickness of the deposited carbon blades as a function of
beam dwell time.
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Figure 4-5: Effect of beam spot velocity on dimensions of deposited carbon blades.
At high beam spot velocity, “nanoneedle” structures are fabricated with a circular
cross-section.

indicates that the beam has overtaken the rate of deposition of carbon, probably

because there is insufficient time the formation of enough deposit beyond the

substrate edge to support the structure.

4.4 Effect of Primary Beam Current

Increasing beam current could be expected to increase the rate of deposition

of carbon by increasing the primary electron flux, and therefore increasing the

rate of production of secondary electrons. However, several studies have showed

that this applies only at small beam currents (∼10 pA); at larger beam currents,

the deposition rate decreases with increasing current [33, 35]. This has been at-

tributed to heating effects from the primary beam causing a decrease in precursor

concentration [33].

In contrast, our experiments indicated a clear increase in carbon blade width

with increased beam current, even for currents from 80-150 pA. This is shown

in figure 4-6. This result contradicts the findings of previous authors; however,
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Figure 4-6: Effect of primary beam current on the width of the deposited carbon
blades.

their experiments concentrated on the growth of pillars parallel to the electron

beam using a stationary beam spot, which results in the whole structure being

irradiated by the primary electron beam for the full duration of the growth.

If heating effects are the cause of the decreased deposition rate, it would be

expected that these would be more significant in this situation. Deposition of a

free-standing structure using a moving beam spot (as in our experiments) exposes

only part of the whole structure to the beam at any time, and the exposure time

of any one part of the structure to the primary beam is shorter. This would

tend to reduce the impact of heating effects. With the depletion of the precursor

molecules as a result of heating reduced, the increased secondary electron flux at

higher beam currents causes an increase in the rate of deposition.

4.5 Structure of a Carbon Blade

The structure of the deposited blades is of interest since wider blades are observed

to grow as an array of parallel filaments, which can grow close enough to form a
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blade, or separately. [37,40,42,58,149] A carbon blade composed of such filaments

produced in our experiments is shown in figure 4-3. This phenomenon has not yet

been satisfactorily explained. It was noted by Gazzadi et al that filaments did

not form in deposited platinum structures but were visible in structures deposited

using a tetra-ethyl-ortho-silicate (TEOS) precursor, while Mølhave et al observed

them in gold nanostructures. [42, 58] The separation into filaments often occurs

after the blade has already grown some distance from the substrate, suggesting

that the effect is due to decreasing precursor supply as precursor molecules are

decomposed in the deposition process. Möllenstedt suggested that diffusion of

the precursor causes a reduction in precursor concentration around growth sites,

preventing growth in the regions between filaments. [149]

Another effect that occurs occasionally when fabricating free-standing struc-

tures is the growth of several separated parallel structures in place of a single

blade. This tends to occur when the growth substrate does not possess a well-

defined edge to support the growth. The high-energy primary electron beam can

penetrate deep into the growth substrate, and deposition can occur at any point

where the secondary electrons generated are able to reach the surface. Using the

formulae derived by Kanaya and Hawakatsu [151, 152], it can be shown that the

penetration range of a 20 kV electron beam into both amorphous carbon and

silicon is ∼5 µm.

When growing free-standing structures by the method described above, it is

therefore possible that there is more than one site where secondary electrons reach

the substrate surface, creating multiple parallel growths. This effect is particu-

larly pronounced when attempting to grow a carbon blade on a pre-existing blade,

as the corrugations observed in the first blade create multiple deposition sites for

the growth of subsequent blades. Examples of both these effects are shown in

figure 4-7. Similar parallel growths were observed by Lui et al and Mølhave et

al when growing free-standing tungsten structures from thin substrates and ver-

tical pillars, which were also attributed to the presence of more than one growth

site. [40, 58] This technique has been exploited to deliberately produce multiple

structures in a single exposure. [153]

The parallel growths which are produced tend to remain separated and do

not merge during growth. These blades are also tend to be narrow, creating a

fragile structure which is not generally suitable as a tool for nanomanipulation
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a) b)

c)

Figure 4-7: Growth of multiple carbon structures on AFM tips. a) and b) show
multiple growths forming on the same tip due to the present of multiple sites
for the nucleation of carbon. c) shows the division of growing structures into
separate carbon filaments.

since it is too delicate, and not suitable for use as an AFM probe due to the

presence of multiple blades which create imaging artifacts. This may be caused

by the accumulation of charge close the the beam spot during the deposition,

which would tend to repel secondary electrons (and possibly also ionised precursor

molecules) and so prevent deposition in the gaps between the blades. This effect

has also been proposed as an explanation of the formation of the filament-like

structures in single blades. [42]

It is possible that these two phenomena are related, with the uneven deposi-

tion resulting in an increased number of nucleation sites for growth, each of which

grows a filament.

Since the resulting multiple growths are generally too brittle for use in nanoma-
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nipulation, it is desirable to avoid these effects. This requires that the substrate

edge from which a carbon blade is grown is relatively sharp, with only a single site

from which the growth will originate. This can be achieved by careful selection

of the growth site and probe shape; however, if the nanotool is to be fabricated

on a damaged probe this is not always possible.

Therefore, in our experiments we developed a process which produces a well-

defined growth site by the initial growth of a short pillar on a tip, which is then

used as the growth site. The pillar is grown using a spot exposure to a height of

∼100 nm; an example is shown in part a) and b) of figure 4-8. Following this,

the probe is remounted to image the pillar from the side, and a carbon blade is

grown from the pillar (see part c) of figure 4-8). It can be seen in part d) of this

figure that this process results in the growth of a single wide blade due to the well-

defined single growth site. This method unfortunately will result in a nanoscalpel

with a very narrow, brittle base. However, the base can be strengthened by the

deposition of further carbon“buttress” structures to reinforce adhesion of the

carbon blade to the AFM tip; this is shown in figure 4-9.

4.6 Observation of cut off in extended struc-

tures

When attempting to grow free-standing structures by electron-beam induced de-

position, it was observed that structures tended not to grow beyond ∼500 nm

for small beam dwell times. In order to grow longer structures, it is necessary to

increase the beam dwell time, decreasing the beam spot velocity. [58] This effect,

and the maximum stable length attained for filaments grown with different beam

spot velocities, is shown in figure 4-10. This limit on the length of free-standing

structures grown by this technique was also noted by Mølhave et al, Gazzadi et al

and Lui et al. [40,42,58] Lui et al noted that it could be exploited to create struc-

tures with very small tip diameters (1-2 nm) since the diameter of the deposited

filament decreases as the precursor is depleted. In chapter 5, the fabrication of

nanoneedles with very small diameters is demonstrated using this technique.

Since it occurs most significantly in rapidly-grown structures, this cut-off effect

cannot be attributed to instabilities due to drift in the electron beam lithography
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a) b)

c) d)

Figure 4-8: a) Growth of short pillar on damaged AFM probe apex using sta-
tionary spot exposure. b) Pillar imaged from side. c) Growth of carbon blade on
pillar imaged immediately after growth. d) Image of blade from side.
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Figure 4-9: Growth of additional carbon structures reinforcing adhesion of a
carbon blade to the AFM probe. The three images show reinforcement of the
same carbon blade shown in figure 4-8.
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system, as drift effects should become more significant for slower beam spot

velocities. It is most likely that this effect occurs due to depletion of precursor

molecules to the extent that no further growth can occur. In the case of rapid

growth, there is insufficient time for the diffusion of hydrocarbon molecules to

replenish the available precursor.

There is significant evidence that the principle route of replenishment of hy-

drocarbons for EBID is the diffusion of adsorbate molecules across the substrate

surface, rather than diffusion of gaseous contaminants present in free space within

the vacuum chamber. [50, 51] In the case of longer free-standing structures, the

increased length of the diffusion path further restricts the supply of precursor

molecules, and the precursor supply decreases as the filament becomes longer.

Eventually, the deposition is not sufficient to create a stable free-standing struc-

ture and the filament growth stops.

4.7 Nanoneedles

In figure 4-5, it is clear that there is a regime of growth at the highest beam spot

velocities in which the carbon nanostructures deposited by EBID have approxi-

mately equal width and thickness. These structures have a circular cross-section

with a diameter of 20-40 nm. When fabricated on AFM tips, these structures

can be used as high-aspect ratio AFM probes with a small tip radius. These

slender “needle-like” probes demonstrate elastic buckling behaviour under large

tip-sample forces, similar to probes modified by attaching a carbon nanotube to

the probe tip. [154,155] This behaviour protects the tip and sample from damage

by limiting the tip-sample force.

Imaging these structures after their fabrication results in the deposition of

more carbon around the needle, increasing its diameter. This stabilises the needle

and prevents buckling, allowing it to exert larger forces on the sample. This also

allows the strengthened needle to function as a rigid indenter which can be used

to determine mechanical properties of samples, including biological structures.

This application of the nanoneedle probe is discussed in more detail in chapter

7.

Nanoscale needles mounted on AFM tips fabricated by other techniques such

as focussed ion-beam milling have also been used in previous studies for other
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a)

b)

Figure 4-10: a) Filaments growth using different beam dwell times. In each
case, the target length of the filament was 1.5 µm. b) Attainable lengths of
free-standing structures at different beam dwell times.

biological applications such as the injection of biomolecules adsorbed onto the

needle into biological cells, in a similar manner to a macroscopic hypodermic
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needle. [130–132] Carbon nanotube probes stabilised against buckling by polymer-

or carbon-coating [134, 135] have also been applied for this purpose, and EBID

nanoneedles and other nanostructures have been used for the extraction of DNA

from cell nuclei. [153]

The fabrication, buckling dynamics and applications, including biological ap-

plications, of nanoneedle AFM probes are discussed in more detail in chapter

5.

4.8 Other nanotool designs

One application of AFM manipulation is the removal of surface layers of biological

objects to reveal underlying structures for imaging and further manipulation.

[125,126] A variety of techniques for achieving this goal using AFM nanosurgery

are discussed in chapter 8. It is desirable to achieve this goal as quickly as possible

due to both experimental time constraints and the drift in AFM systems, and

therefore a nanotool which can remove an area of surface quickly would be useful

for this application.

In order to fabricate such a tool, the EBID process described here was used to

fabricate two parallel blades supporting a single suspended filament of amorphous

carbon, which can separate surface layers from a biological object in the manner

of a vegetable peeler. The parallel blades separate the sides of the layer from

the surrounding surface while the suspended filament cuts beneath the layer to

separate it from the structures underneath. This structure has been termed a

“nanotome” by our group.

This structure was fabricated by first depositing the two parallel blades at

the apex of an AFM tip, and then remounting the tip after rotating it so that a

carbon filament can be deposited across the tips of the blades. Rotating the tip

ensures that only a single point on each blade is exposed to the primary beam,

preventing the growth of multiple filaments originating from different deposition

sites (see section 4.5 for more information on this phenomenon). The diagrams

in figure 4-11 show the fabrication process for this structure. Examples of these

structures are shown in figures 4-12. Similar suspended structures have been

previously fabricated by EBID on pre-existing EBID structures, though usually

supported by cylindrical pillars rather than flat blades. [40,70,72]
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Figure 4-11: Two stages of the process of fabricating a suspended carbon filament
“nanotome”. a) Deposition of parallel carbon blades on an AFM probe tip. b)
Deposition of a single carbon filament across carbon blades after rotating the
structure such that only the tips of the carbon blades are exposed to the primary
beam.

As well as its applications in nanomanipulation, this structure could also

be applied as a nanoscale resonator. Tranverse oscillations could be induced

in the flexible, elastic carbon filament by periodic excitation e.g. mechanical

or electromechanical oscillation. The fundamental resonant frequency of a 500

nm-long, 20 nm-diameter filament of carbon suspended in this way would be

∼120 MHz assuming an elastic modulus for the deposited carbon of ∼28 GPa (as

measured in chapter 6). [156] The potential applications and advantages of EBID

structures as resonating components in nanoelectromechanical sensing systems

are discussed in more detail in chapter 6.

The flexible nature of the carbon blades also suggests that they can be used as

nanomechanical elements in a tweezer-like device fabricated on an AFM tip. Such

devices have been fabricated previously using EBID structures, and also carbon

nanotubes, as the jaws of the tweezers. These can be opened and closed using

piezoelectric elements, thermal expansion effects, or by charging the tweezers

such that they are opened by electrostatic repulsion and close elastically when

the charging potential is switched off. [157–159] Such tweezers have been used for

the manipulation of nanospheres and other nanoscale objects.
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a) b)

c) d)

Figure 4-12: a) Parallel growths on edge of silicon wafer. b) Suspended filament
growth between carbon blades shown in a) after tilting the structure to expose
the tips of the carbon blades. c) Same structure imaged from above using SEM,
showing that only a single carbon filament extends between the upright carbon
blades. d) Suspended filament and carbon blades on AFM tip, forming a nanotool
which can be used to remove layers of surface material from a cell.
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Figure 4-13: Process of picking up a nanoparticle using mechanical EBID nan-
otweezers. Force applied to the probe opens the tweezers around the nanoparticle,
and their elasticity closes them around the particle when the force is removed.
The same process is used to release the particle at a chosen site.

Another route proposed here for the actuation of such nanotweezers is purely

mechanical actuation based on the flexibility of the carbon blades. A carbon

structure could be fabricated such that the jaws of the tweezers are forced open

when a large force is applied to the nanotool using the AFM system. When this

force is removed, the elasticity of the blades would cause them to return to their

original shape, closing the tweezers around the nano-object to be manipulated.

This elastic behaviour would allow them to maintain a firm grip on the nanoobject

until it is released at a desired site by further application of sufficient force. The

process of picking up and releasing a nano-object using such a nanotweezer device

is shown in figure 4-13.

Figure 4-14 shows the fabrication process for the proposed mechanical nanogrip-

per. Initially, two diverging carbon blades are fabricated from the edge of silicon

wafer used as a test substrate. In order to be used for nanomanipulation, such

a structure could be fabricated on an AFM tip instead. In the second growth

stage, additional growths are deposited on the carbon blades, which act as the

“jaws” of the nanogripper, creating a gap of ∼200 nm.

The ability to fabricate these different structures for different nanomanipula-

tion applications illustrates the adaptability of EBID structures for a wide variety

of different purposes. The flexibility of the carbon blades would also allow them to
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Figure 4-14: Fabrication of “nanotweezers”.

act as components in nanomechanical devices, including sophisticated mechanical

nanotools such as a the nanotweezers described above.

4.9 Summary and Conclusions

This chapter describes the fabrication processes for a variety of free-standing

structures using a method of electron-beam induced deposition (EBID). This

technique can be used to modify AFM probes for different manipulation applica-

tions, creating nanoscale tools. These tools demonstrate several advantages over

standard unmodified AFM probes; their shape can be controlled and optimised

for specialised applications, and the amorphous carbon that makes up the probes

is robust compared to the comparatively brittle silicon or silicon nitride used in

standard AFM probes.

Fabrication of a free-standing blade-like carbon structure on an AFM probe

creates a “nanoscalpel” probe which can be used to cut and dissect objects imaged

in an atomic force microscope. Their use in manipulation of biological cells is

discussed in more detail in chapter 8. The dimensions of this structure can

be controlled by varying the beam current and beam spot velocity used in the

growth process. Optimisation of this process can create a “nanoneedle” probe

with a circular cross-section, small diameter and tip radius, and high aspect ratio,

all of which are highly desirable properties for AFM probes. These probes are
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further discussed in chapter 5.

A diverse range of other nanotools can be fabricated for different nanomanip-

ulation applications, including “nanotweezers” and a novel “nanotome” device

consisting of a suspended carbon filament supported between two nanoscalpel

blades. The nanotome is designed to separate the upper layers of a biological

sample from those underneath, in order to expose internal structures for imaging

in situ.

It is therefore shown that electron beam induced deposition can be used to

fabricate a wide variety of specialised “nanotool” AFM probes for different ap-

plications. These tools can be applied for AFM imaging, nanomanipulation and

nanoindentation studies, and present advantages over standard AFM probes due

to their robust nature and specialised design.
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Chapter 5

Nanoneedles

In chapter 4 it was noted that free-standing carbon blades fabricated using

electron-beam induced deposition became thinner and narrower when grown more

rapidly, due to decreased time for the deposition of carbon and replenishment of

the precursor supply. At higher beam spot velocities, a regime of growth is

observed in which the thickness and width of the deposited structure are very

similar, resulting in a filament-like or needle-like structure with a circular cross-

section, instead of a flat blade. This effect can be seen in figure 4-5.

The resulting structures are termed “nanoneedles” by our group. These struc-

tures are of diameters ∼20–40 nm, and function as ideal high-aspect ratio AFM

probes for tapping mode imaging. These structures can be fabricated with tip di-

ameters <10 nm. It is advantageous for an AFM probe tip to have a high aspect

ratio as this allows it to accurately profile steep gradients on sample surfaces,

such as high vertical steps. Typically, these cannot be accurately profiled using

standard AFM probes due to the probes’ pyramidal shapes. The modification

of AFM probes to improve their aspect ratio has been achieved in the past by

electron-beam induced deposition, [30–36] by focussed ion beam milling, [130,131]

and by the attachment of carbon nanotubes to the AFM tip. [154, 155, 160, 161]

Of these techniques, EBID provides the simplest method for the fabrication of

very thin needles, requiring only a single growth stage.

The flexibility of the deposited nanoneedles also gives them advantages when

used as AFM probes. In our experiments we were able to show that the needle

will buckle if the force applied to it by the AFM system becomes too large, and

that much of this deformation recovers elastically when this load is removed.
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This suggests that thin nanoneedle tips are resistant to breaking, since they will

bend and recover elastically under large forces rather than break, similar to the

behaviour observed for probes using a carbon nanotube as the AFM tip. [154,155].

This property of high-aspect ratio probes is similar to that which is often observed

in carbon nanotube AFM probes, which are also subject to buckling under large

forces.

Nanoneedle probes can be used for biological applications, as discussed in

section 5.7. Similar needle-like probes fabricated by focussed ion beam milling

or attachment of carbon nanotubes have been used to inject small quantities of

biomolecules (such as DNA) into cells or cell nuclei. [130–135] In chapter 7 it is

demonstrated that the nanoneedle probes can also be used as indenter tools to

probe the mechanical properties (e.g. elastic modulus) of biological structures.

Due to their shape, they can penetrate deep into such objects to measure the

properties of their internal structures, without causing extensive damage to the

cell structure. However, the buckling of the needle limits the maximum force

which can be exerted by the needle. In order to stabilise the nanoneedle probe

against buckling so that it can exert large forces on a sample, additional carbon

can be deposited onto it by SEM imaging after fabrication. This coats the needle,

increasing its diameter. This stabilisation process is described in section 5.4.

5.1 Growth of Nanoneedles

In a similar manner to the fabrication of a carbon blade, a nanoneedle is fabricated

by moving an electron beam beyond the edge of the growth substrate or AFM tip,

causing deposition of a free-standing carbon filament extending into the vacuum

of the SEM chamber. If the beam spot velocity is high, the resulting structure is

not blade-like but instead forms a thin filament with an approximately circular

cross-section. Figure 5-1 shows a nanoneedle fabricated on an AFM probe tip.

For very high beam spot velocities, no growth extends beyond the substrate

edge. This indicates that the beam has overtaken the rate of deposition of carbon,

probably because there is insufficient time for diffusion processes to replenish the

precursor supply. The thinnest nanoneedles can be grown close to this cut-off

point where the beam spot velocity is highest.

The circular cross-section of the filaments grown with high beam spot velocity
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a)

b)

Figure 5-1: Nanoneedle fabricated on AFM probe imaged from side immediately
after growth (a) and front after rotating 90 degrees (b).
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suggests that deposition is occurring at a uniform rate on all sides of the structure,

indicating that the secondary electron flux is also uniform around the needle

circumference. This may be due to the small diameter of these structures, which

means that regardless of their point of origin along the primary beam path, and

the path they take in order to escape from the structure, the secondary electrons

will not be absorbed in the deposited structure but will instead reach the surface.

This results in a uniform secondary electron flux, and therefore deposition rate,

around the circumference of the needle.

This method of fabrication of nanoneedle tips is significantly different from

the widely-used technique of growing the needle parallel to the beam direction.

In the case of growth of a needle parallel to the beam, a stationary electron beam

is used to create a pillar of deposited carbon which grows around the beam spot,

as described in chapter 2. [29,30,33,35] The technique of growing a free-standing

needle perpendicular to the electron beam axis has several advantages over this

method; pillars grown by a stationary beam spot generally grow more slowly, and

so their shape is subject to greater distortion due to drift and instabilities in the

electron beam system. In addition, the diameter of longer pillars is determined

by the maximum escape depth of the secondary electrons and so the pillars are

generally thicker. Fabrication of thinner pillars by this method requires additional

post-processing stages such as sharpening the probe using etching techniques. [35]

In contrast, the technique presented here can produce much thinner needles

more quickly. The quicker fabrication reduces the effect of drift on the shape of

the needle, making it easier to produce straight needles. The resulting straight

needles with a small tip radius are ideal for application as AFM probes.

5.2 Nanoneedle Probes for AFM Imaging

In our experiments, we were able to use nanoneedles fabricated on AFM probes

as tips for the imaging of samples in dynamic (Tapping) mode. The needle acts

as a high-aspect ratio AFM probe, allowing the accurate profiling of high, vertical

features on the surface of a sample.

For high-resolution AFM imaging, it is desirable that the tip has a small ef-

fective tip radius. In order to determine the tip radius of the fabricated nanonee-

dles, gold nanoparticles with a known, narrow size distribution (∼20 nm diam-
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eter) were deposited from solution on a freshly cleaved highly-ordered pyrolytic

graphite (HOPG) surface, and imaged using a nanoneedle probe. An example of

an image of these particles is shown in figure 5-2. The tip radius can be deter-

mined from these images using a simple calculation, modeling the tip apex as a

spherical surface. This method of tip characterisation is often used to determine

AFM tip sharpness. [162] In this experiment, the tip radius was calculated to be

13 ± 3 nm. To demonstrate the capability of EBID nanoneedle probes to image

samples with high, steep features, a standard AFM calibration grid sample was

successfully imaged in Tapping Mode using these probes (an example of such an

image is shown in figure 5-3.)

It has been shown that it is possible to grow free-standing structures of smaller

diameters (8-10 nm) using high-energy electron beams in scanning transmission

electron microscopes (STEM) [40, 75], and that the sharpness of EBID probes

can be improved by oxygen plasma etching [35] after growth. This would allow

the creation of probes with even smaller tip radii for higher resolution imaging.

In section 5.3, experiments in the fabrication of thinner needles using our EBID

technique are described.

It is possible to obtain high-aspect ratio carbon nanotube tips with very small

tip radii (1-2 nm) but their fabrication is more complex compared to single-stage

fabrication of a nanoneedle probe by EBID. Typically, carbon nanotubes are

either fabricated separately and then manipulated onto the tip using microma-

nipulation systems [154] or grown on the tip apex in situ using chemical vapour

deposition techniques [160, 161]. The latter requires prior patterning using pho-

tolithography or electron beam lithography to deposit a catalyst onto the tip

apex. Both of these are multi-stage, time-consuming processes, compared to the

rapid fabrication of EBID nanoneedles using a single pass of the electron beam.

5.3 Growth of Needles with Small Tip Radii

It is possible to fabricate very thin needles by exploiting the decreasing surface

precursor concentration as the needle grows longer. This is due to the increasing

length of the diffusion path for the precursor molecules along the needle surface,

and is discussed in more detail in chapter 4. Figure 5-4 shows a needle the

diameter of which decreases significantly towards the tip, resulting in a very
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a)

b)

Figure 5-2: a) Image of gold nanoparticles deposited onto HOPG surface, cap-
tured using nanoneedle AFM probe. b) Topographic profile of a single nanopar-
ticle.
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a) b)

Figure 5-3: a) Calibration sample pit imaged using nanoneedle AFM probe.
(Imaged area is 8x8 µm.) b) Profile across edge of pit.

small tip radius (measured in the SEM as <5 nm.) Therefore, if a very long

needle is fabricated, its diameter will decrease as it becomes longer. This effect

was noted by Liu et al, who suggested it could be used to produce structures with

very small tip radii. [40] Figure 5-5 shows a needle fabricated with a long target

length.

Using this technique, nanoneedles could potentially be produced with tip radii

as small as those attainable using carbon nanotube AFM probes (1-2 nm). This

would allow nanoneedle probes to be used for high resolution imaging of samples

with very steep surface gradients.

5.4 Effect of Exposure after Growth

Carbon deposits will form on almost any structure irradiated by the electron

beam. [14–16, 19] If a fabricated structure is exposed to the primary electron

beam after growth by imaging using the SEM in normal scanning mode, addi-

tional carbon is deposited. The structure is enlarged, increasing in both width

and thickness, as shown in figure 5-6. It can be seen from figure 5-7 this effect

preserves the shape of the structure’s cross-section; nanoneedle structures retain

their circular cross-section, although their diameter is enlarged.
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a) b)

Figure 5-4: a) SEM image of needle grown with very small tip radius. b) Image
with increased magnification. Measurement in the SEM showed that the tip
radius is <5 nm.

Figure 5-5: Needle grown to a length of 1.5 µm. The needle diameter decreases as
the growth extends further from the substrate due to decreasing surface precursor
concentration.
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a) b)

c) d)

Figure 5-6: Process of thickening nanoneedle by imaging using SEM to deposit
additional carbon. Image a) shows the needle immediately after growth; images
b)-d) show the effect of b) 5 minutes, c) 15 minutes, and d) 30 minutes exposure.
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Figure 5-7: Thickened needles on the edge of of a silicon wafer imaged along the
needle axis, showing circular cross-section.

Enlarging a nanoneedle would seem to be detrimental to its usefulness as an

AFM probe because the tip radius is increased. Smaller tip radii are generally

desirable for AFM probe tips as they improve the attainable resolution of an

AFM image. However, the increased diameter increases the resistance of the

needle to bending, allowing it to exert larger forces on the sample. Specifically, the

critical buckling force which will cause the needle to begin bending is significantly

increased, even if the diameter of the enlarged needle is as little as 40 nm, as

discussed in section 5.6. Such a needle can be used as a rigid indenter to determine

mechanical properties of a sample, such as the hardness or elastic modulus, from

analysis of AFM force curves. An example of a needle fabricated on an AFM

probe and then stabilised in this way is shown in figure 5-8.

The preservation of a circular cross-section during exposure suggests that

the rate of carbon deposition is uniform on all sides of the deposited structure,

and not concentrated only on the surfaces irradiated directly by the primary

electron beam. Scanning the beam over the structure during imaging stimulates

secondary electron production at all points on the exposed upper surface of the

structure. Due to their high energy, the electrons in the primary beam penetrate

the structure without significant attenuation and cause production of secondary

electrons at both their entry and exit points, meaning that deposition also occurs
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a) b)

Figure 5-8: Nanoneedle on AFM probe a) before and b) after exposure for ∼25
minutes (depositing additional carbon). The needle diameter has increased from
30 nm to 75 nm at the tip. Note that a ring of additional carbon is deposited
around the needle base due to exposure of the AFM tip itself to the beam during
imaging.

at the same rate on the lower face of the structure which is not directly exposed

to the primary beam.

Figure 5-9 shows the evolution of the needle dimensions as a function of

exposure time. The needle diameter initially increased rapidly, but gradually

the rate becomes slower as the supply of precursor molecules absorbed onto the

needle is depleted by the primary beam faster than they can be replenished by

diffusion effects.

There is also a tendency for initially relatively cylindrical nanoneedle struc-

tures to become thicker at the needle base during exposure. This effect can be

explained if one considers the depletion of the concentration of adsorbed precursor

on the surface of the needle by the deposition process. Once depleted, the pre-

cursor is replenished by diffusion of molecules across the structure and substrate

surface, resulting in a gradient of precursor concentration with the greatest con-

centration, and therefore the highest deposition rate, near the needle base. This

effect is similar to that noted in many experiments during the deposition of car-

bon over an area by imaging in the SEM, where the deposition rate is highest at

the edges of the exposed area. This increased deposition rate can be explained

due to more rapid replenishment of the precursor supply at the edges of the ex-

posed area. This replenishment is mainly due to surface diffusion of precursor
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a)

b)

c)

Figure 5-9: a) Evolution of tip diameter measured for 4 different nanoneedles
thickened by exposure to electron beam. (Different symbols indicate different
needles.) b) Final tip diameters measured parallel and perpendicular to beam,
indicating circular cross-section of the resulting needles. c) Diameter of needle
base.
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molecules and therefore occurs more rapidly at the edges of the deposit due to

diffusion of precursors from the surrounding substrate. [50,51,64]

5.5 Buckling Effects in Nanoneedle Probes

In the case of a high-aspect ratio nanoneedle probe, the flexibility and elasticity

of the carbon filament makes the probe much more resistant to damage than

its fragile appearance would suggest. In the event of the AFM tip-sample force

becoming too large, the nanoneedle will buckle rather than break.

Figure 5-10: Variation of cantilever deflection and amplitude during indentation
on a rigid substrate using a nanoneedle AFM probe of ∼20 nm diameter. The
saturation of the deflection curve is caused by buckling of the nanoneedle probe,
preventing the tip-sample force from increasing above the critical buckling force.
Note the lack of significant hysteresis in the curves (particularly the deflection
curve) indicating elastic recovery of the needle. The small hysteresis observed in
the amplitude curve is most likely due to drift in the AFM piezoelectric scanner
during the indent.

The force curves shown in figure 5-10 demonstrate the buckling of the nanonee-

dle during an indent on a rigid silicon wafer. The probe was approached toward

the surface in tapping mode, with the cantilever oscillated close to its resonant

frequency. On making contact with the surface, the amplitude of the oscillating

cantilever drops to zero. Once the amplitude reaches zero, the cantilever deflects.

The tip-sample force is increased until the needle buckles (the inflection point

labeled in the deflection curve in figure 5-10). After buckling, an increase in the
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oscillation amplitude is noted as the buckling of the needle allows the cantilever

to oscillate again (at the point labeled in the amplitude curve in figure 5-10).

On withdrawal from the surface after a small deformation of the needle, both

the deflection and amplitude recover without hysteresis in the force curve, indi-

cating that the needle has returned to its original length. This indicates that

the needle is deformed elastically. Similar buckling behaviour is observed for

carbon nanotubes mounted on AFM probes, which demonstrate similar force

curves [155].

When the deformation of the needle becomes larger, hysteresis is observed in

the deflection curve. However, only very small hysteresis occurs in the amplitude

curve between the approach and retract. This would indicate that the needle is

still deformed elastically as it is able to return to its original length. The hysteresis

in the deflection curve is therefore attributable to slipping of the needle tip across

the surface when the buckling effect becomes large enough. This effect is shown

in figure 5-11. In region A of the force curve in this figure, no buckling occurs;

once the force increases, the needle buckles. Under small tip-sample forces, the

needle tip is stabilised against slipping across the surface during buckling by

friction and adhesion forces (region B of the curve). As the tip-sample force

increases, the lateral force on the needle tip overcomes this and the needle tip

becomes free to slide over the surface. This reduces its resistance to deformation,

allowing some of the cantilever deflection to relax; this is observed in region C of

the deflection curve. During the retract, the needle does not return to the state

shown in diagram B of figure 5-11, and this results in a different force response

of the AFM cantilever which is observed as a hysteresis effect in the deflection

curve (region D). However, the needle is still able to recover its original length

elastically (diagram E).

At very large deformations, the needle undergoes some inelastic deformation.

In our experiments the threshold for inelastic deformation seemed to be vertical

deformation equal to ∼60% of the length of the nanoneedle, determined by the

onset of hysteresis between the approach and retract amplitude curves recorded

during buckling of the needle.

If the needle is fabricated not on the tip apex but instead offset by a few

hundred nm, then the bending of the needle under an applied force eventually

brings the rigid silicon tip into contact with the surface, preventing further bend-
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Figure 5-11: Effect of a ∼30 nm diameter nanoneedle tip becoming free to slide
across the surface during buckling, resulting in a hysteresis effect between ap-
proach and retract deflection curves. Diagrams A-E correspond to different re-
gions of the deflection curve, showing the shape of needle during buckling (region
outlined on main graph, enlarged in inset). These regimes are discussed further
in the main text.

ing of the needle. This prevents the needle from bending enough that it deforms

inelastically or breaks, or exerts sufficient strain on the needle base to detach it

from the AFM tip. This means that in the event of a “tip crash”, where the

tip-sample force becomes large enough that the tip or sample might be damaged,

the needle will remain unbroken and can be used for further AFM imaging.

5.6 Buckling Mechanics

If a thin column is subjected to a load parallel to its longest axis (described as an

“axial load”) then the Euler-Bernoulli equation predicts that column will begin

to bend if the load exceeds a maximum value, described as the “critical buckling

force”, Fc. This force is given by the equation [163]

Fc =
π2EI

(KL)2
(5.1)
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Figure 5-12: Illustration of some different conditions for buckled columns and
the corresponding values of the column effective length factor K. Dashed line
indicates column in non-buckled state.

where L is the column length and K is the “column effective length factor”. K

varies with the anchorage of the column ends; K = 0.5 for a column with fixed

ends, K = 2.0 with one end fixed and the other free to move laterally, and

K = 0.699... if one end is fixed and the other is able to rotate freely about its

base. Figure 5-12 shows these different conditions and the corresponding values

of K. [163]

Equation 5.1 shows that the critical buckling force is proportionate to I, the

area moment of inertia of the column. For a cylindrical column, I = πr4/4 and

so increases with the fourth power of the needle diameter. A small increase in

diameter can therefore prevent the needle from buckling, allowing the exertion

of larger forces on a sample. In section 5.4, a process is described which deposits

additional carbon onto nanoneedle tips, increasing their diameter. Chapter 7

shows that these enlarged needles can be used for nanoindentation studies on

corneocyte cells. Due to their shape, these needles are able to penetrate the

sample down to depths of several hundred nanometres and measure the elastic

modulus of structures at these depths.

Similar techniques have been used for the stabilisation of carbon nanotubes,

in particular to allow them to be used for microinjection of biomolecules into

biological cells. In this case, the carbon nanotube is stabilised by coating with a
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polymer or by deposition of a carbon coating using chemical vapour deposition

techniques. [134,135]

Figure 5-13a shows approach curves measured for nanoneedle tips with differ-

ent diameters fabricated using EBID. For diameters larger than 40 nm, buckling

is not observed over the range of forces tested. The linearity of the approach

curve after contact in these cases suggests that there is no deformation of these

thicker needles within this force range. For thinner needles, the failure of the

needle due to buckling can be seen as a saturation of the cantilever deflection as

the buckled nanoneedle no longer supports the cantilever.

Using equation 5.1 the critical buckling forces for the nanoneedles could be

estimated, assuming the needle to be a homogeneous prismatic column. For this

calculation, a value of K = 0.7 (the case of a needle fixed at one end and hinged

at the other) was taken to correspond closely to the nanoneedle in contact with

the substrate surface at one end and bonded to the AFM probe at the other. The

best fit to the experimentally measured critical buckling forces was attained for an

elastic modulus E=18 GPa. A comparison of the calculated and experimentally

measure buckling forces is shown in figure 5-13b.

This value is close to the value of E = 28 ± 10 GPa determined by controlled

bending of carbon blades by AFM manipulation, which is described in chapter 6.

However, it is slightly lower; there are a number of possible reasons for this dis-

crepancy. As discussed further in chapter 6, the elastic moduli of nanostructures

are often measured to decrease in smaller structures due to the increased domi-

nance of surface effects over bulk properties. [164–166] As the nanoneedles have a

smaller cross-section than the carbon blades studied in chapter 6, surface effects

could be expected to be more significant in the case of the smaller nanoneedle

probes. Furthermore, the properties of amorphous carbon deposited using EBID

vary with the deposition conditions; [64, 167] the rapidly grown needles receive

only a small electron dose and this could result in different mechanical properties

(as discussed further in chapter 6).

Finally, it can be seen in equation 5.1 that the critical buckling force is strongly

dependent on how the ends of the column are fixed, which determines the column

effective length factor, K. Our calculations assumed the ideal case corresponding

to K = 0.7. If a value of E = 28 GPa is assumed, a value of K = 0.87 pro-

duces good agreement between the calculated and experimental buckling forces.
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Therefore, the elastic modulus of the carbon which comprises the nanoneedle and

that of the carbon blades examined in chapter 6 may be more similar than the

calculated values would suggest.

5.7 Biological Applications of Nanoneedles

Nanoneedle probes produced using focussed ion beam (FIB) milling to modify

silicon probes have previously been applied for indentation on cells [130] as well

as for microinjection of DNA into cell nuclei [131]. Similar experiments have also

been performed using carbon nanotubes stabilised by the deposition of polymer

or carbon coatings onto the nanotube. [134, 135] The EBID technique can be

used to fabricate needles of smaller diameters than those previously fabricated

using FIB milling, and is less complex than the multi-stage processing needed to

fabricate stabilised carbon nanotube probes.

The small size of nanoneedle probes decreases the damage to the cell structure

as a whole, allowing penetration of living cells without affecting their viability.

Their high aspect ratio allows penetration deep into the cell, and also means

they can maintain high lateral precision even when penetrating a sample to a

large depth, unlike standard AFM probes whose pyramidal shape results in a

loss of lateral precision as the indentation depth increases. Chapter 7 describes a

method for the use of nanoneedles to determine mechanical properties of biologi-

cal cells, particularly if reinforced by exposure to the primary beam after growth.

Standard AFM probes are also used for this process; however, the nanoneedle

probes demonstrate advantages over unmodified AFM probes due to their small

size and high aspect ratio. In chapter 7, results are presented which suggest that

they can be used to measure mechanical properties of structures deep inside the

cell, as well as those on the surface of cells.

5.8 Combining Needles with Other Nanotools

A disadvantage of many of the AFM nanotools discussed in this thesis (e.g. the

“nanoscalpels” and “nanotome” described in chapter 4) is that the AFM tip

shape is altered, decreasing the resolution of the AFM image and introducing

distortion of the image due to convolution with the tip shape. This is a problem

83



a)

b)

Figure 5-13: a) Force curves for AFM probes with nanoneedles of different di-
ameters. For diameters >40 nm, no buckling effect is observed. Inset shows
enlargement of curves for 30 nm and 40 nm diameter needles. b) Critical buck-
ling forces multipled by needle length squared (L2) to compensate for variations
in L between different needles and illustrate dependendence on needle radius
alone. Inset shows comparison of critical buckling forces for needles of 30-40 nm
diameter to theoretical prediction without compensation for L.
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since the use of the nanotool probe for normal AFM imaging allows the align-

ment of the tip at the required manipulation site and subsequent imaging of the

sample after manipulation. To obtain a high resolution image of the sample after

nanomanipulation it is often necessary to replace the AFM tip with an unmod-

ified, sharp probe, which is a time-consuming process as the new tip must be

re-aligned over the site where the manipulation has been performed. In the case

of a time-dependent sample like a biological cell, it might be almost impossible

to replace the tip in time to observe the results of the manipulation.

This problem does not occur for thin nanoneedle probes; these are effectively

ideal AFM probes due to their small tip radius and high aspect ratio. In addition,

if a nanoneedle probe is fabricated on the same tip as another nanotool, then it

can be used for normal imaging until the applied force is increased for nanoma-

nipulation. At this point, the needle will buckle and fold away from the main tip.

When the manipulation has been performed and the tip is retracted, the elastic-

ity of the nanoneedle causes it to spring back to its original shape, allowing the

area where the manipulation has been performed to be imaged using AFM. This

would eliminate the need to exchange the nanotool tip for an unmodified sharp

AFM probe.

In this way, it is possible to have a single AFM probe which can perform

multiple specialised functions, being suitable for both AFM imaging and manip-

ulation. This can be regarded as a “multitool” probe, with extra tools which can

be folded away when not needed. An example of such a probe is shown in figure

5-14.

5.9 Conclusions

The width and thickness of nanoscale carbon blades fabricated using the EBID

techniques described in chapter 4 decreases in the case of more rapid growth using

a higher beam spot velocity. At large beam spot velocities, the resulting structure

is a thin needle-like carbon filament. Optimisation of this growth process allows

the growth of filaments ideal for use as high-aspect ratio AFM probes, allowing

the imaging of steep gradients on the surface of a sample. High resolutions are

attainable using these probes, as tips with radii of ∼13 nm were successfully used

for imaging, and needles with tip radii of <5 nm could be fabricated. Our group
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a)

b)

Figure 5-14: a) Needle fabricated on a (damaged) nanoscalpel blade. b) Needle
after nanoscalpel tip was moved 1 µm over silicon surface with large force ap-
plied so that needle was deformed enough to bring nanoscalpel into contact with
surface.

refer to such structures as “nanoneedles”.

It was discovered that under large axial loads, nanoneedles were subject to
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buckling instabilities in a similar manner to carbon nanotube probes. This pro-

tects the tip and sample from damage by preventing the tip-sample force becom-

ing too large. The elasticity of the needle allows it to recover from deformations,

preventing it from becoming permanently damaged. While the tip radius of these

AFM probes is larger than that of carbon nanotube-tipped probes, the fabrication

of carbon nanotube probes is much more complex and requires multiple process-

ing stages. In contrast, nanoneedles fabricated using EBID require only a single

deposition stage, and there is potential to produce nanoneedle probes with tip

radii as small as those of carbon nanotube probes.

The critical buckling forces of nanoneedle probes were found to be in accor-

dance with those calculated using the Euler model. From this model, the elastic

modulus of the needle material was calculated to be E = 18 GPa, a value sim-

ilar to that of 28 ± 10 GPa calculated for EBID structures in chapter 6. The

lower value calculated for the needle material may be due to different deposition

conditions or surface effects as discussed in this chapter and chapter 6.

Needles resistant to buckling can be fabricated if the needle diameter is in-

creased by exposure to the electron beam after growth to deposit additional

material onto the tip. As predicted by the Euler model, a small increase in nee-

dle diameter drastically increases the maximum axial load, allowing the needle to

exert large forces during nanomanipulation. Such needles can be applied as rigid

nanoindenter probes, capable of determining the elastic modulus of soft samples

including biological cells. Due to their high aspect ratio these probes are able

to penetrate deep into a sample for mechanical testing of internal structures.

Their use for this application is discussed in more detail in chapter 7. It should

be noted, however, that the low elastic modulus of the needles means that they

are probably unsuitable for indentation on harder materials e.g. metals or sili-

con which have elastic moduli comparable to or greater than that of the needle

material. Potentially, deposition of harder materials by EBID or ion-beam in-

duced deposition could be used to create nanoneedle indenters suitable for these

applications.

These needles have much smaller diameters than those previously fabricated

for biological applications using techniques such as focussed ion beam milling.

Similar-sized needles have been fabricated by using carbon nanotube probes which

have been coated with carbon or polymer to stabilise them against buckling ef-
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fects; however, the fabrication process for such tips is more complex, expensive

and time-consuming. Both of these needle types have been used for microscale in-

jection of small quantities of material (such as DNA) into cells, and have demon-

strated the ability to target individual intracellular organelles such as the cell

nucleus. [130,131,134,135]

It can be concluded that EBID nanoneedle probes have several advantages

for imaging and biological applications.
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Chapter 6

Characterisation of Nanotools

AFM nanotools are subject to significant forces during their using in nanoma-

nipulation or indentation. It is essential that they be sufficiently resilient to

withstand the forces applied to them without breaking, detaching from the AFM

tip or deforming so that their specialised shape is altered. Therefore, experiments

were designed to measure the effect of applied bending forces on electron-beam

deposited structures.

There are few previous studies of the mechanical properties, including elas-

tic modulus, of structures fabricated using EBID. Ding et al. used a method of

nanoindentation on areas of EBID carbon deposited on a graphite substrate to

determine the elastic modulus and hardness of the deposited material. [64] This

study noted that both elastic modulus and hardness tended to increase with in-

creasing primary electron beam energy; this was attributed to different ratios of

sp2 to sp3-bonded carbon in the deposited material. Controlled bending studies

have also been used to measure the elastic modulus of pillars deposited using

focused ion beam induced deposition (IBID). [65, 168, 169] However, there are

currently few studies of the mechanical properties of free-standing EBID nanos-

tructures; those that have been performed were based on determination of the

structure’s resonant frequency and did not examine the effect of large deforma-

tions on the structures. [76]

This section describes a series of experiments to measure the elastic modulus of

electron beam deposited nanostructures. This is achieved by controlled bending of

the structures using AFM nanomanipulation. In the course of these experiments,

it was discovered that the deposited carbon structures are extremely flexible. It
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was possible to bend carbon blades up to 75% of their total length without either

breaking the blade or detaching it from the AFM tip.

This flexibility indicates that the nanotools fabricated on AFM probe tips

using electron beam deposition are extremely robust, capable of withstanding

large deformations. As shown in chapter 5, this flexibility allows slender high-

aspect ratio “nanoneedle” probes fabricated by EBID to buckle elastically under

large applied forces. This behaviour is well known for carbon nanotubes used as

AFM probes; however, this is the first observation of this effect in high-aspect

ratio probes produced by EBID. This effect is considered advantageous as it

prevents the tip-sample force from becoming too large and damaging the sample

surface, while the elastic recovery of the needle prevents the tip from becoming

permanently damaged.

In addition, this flexibility suggests a number of other potential applications

for these structures, such as nanoscale springs, force-transducing cantilevers or

components of nanoscale resonator devices. These structures are currently of

great interest for a large number of nanotechnological applications. [170–172]

6.1 Elastic Modulus of EBID Nanostructures

This section describes the methodology used to determine the elastic modulus

of free-standing carbon nanostructures fabricated using EBID. This technique

uses AFM nanomanipulation to apply a force perpendicular to the long axis of

a carbon blade, bending the blade while allowing measurement of its deflection

and the applied bending force. The bending of the carbon blade is then modelled

using a numerical technique which allows determination of the deflection of the

free end of the blade, and its elastic modulus.

In order to allow manipulation of a free-standing carbon nanostructure, car-

bon blades were fabricated on AFM probes, close to the tip apex, such that the

blade lies parallel to the plane of the sample surface when the probe is used for

AFM imaging. An example of a carbon blade fabricated for this experiment is

shown in figure 6-1. The tip can then be used to image a standard AFM cal-

ibration grid in Tapping Mode. If an approach-retract force curve is recorded

when the tip is close to a 200 nm step on the sample surface, the carbon blade

comes into contact with the upper edge of the step, and the force acting on the
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blade causes it to bend. This process is illustrated schematically in figure 6-2.

The deflection of the AFM cantilever and the vertical position of the piezoelectric

scanner are recorded during the bending of the blade, and allow calculation of the

loading force applied and deflection of the blade at the load point. This provided

the information necessary to model the blade bending process and calculate its

material properties.

a) b)

Figure 6-1: SEM images of a carbon blade fabricated on the side of an AFM
probe. Image a) shows the blade immediately after growth. Image b) shows the
same carbon blade observed from beneath the tip apex.

Figure 6-2: Setup for bending of a carbon blade against the edge of a pit in the
surface of a calibration grid.

The AFM profiles of the calibration grid allow the position of the AFM tip
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relative to the step to be determined. The modification of the tip shape alters the

profile of the step, as shown in figure 6-3; the single edge appears as a double step.

The lower step is measured as the carbon blade contacts the upper edge of the

step during imaging. It is clear that there is some deformation of the blade during

normal imaging as this step is profiled, as evidenced by the characteristic periodic

artefacts visible in figure 6-3, which are often observed when imaging soft samples

which are deformed by the probe. As the approach-retract curve is measured from

the centre of the image, the load point position x0 can be determined from the

position of this step with reference to an AFM image recorded just before each

approach-retract cycle.

The force curves recorded during the cantilever bending allow the calculation

of the vertical deflection of the carbon blade by comparison to a calibration

curve recorded on the calibration grid surface far from any step features, so that

only the rigid silicon tip (and not the carbon blade) came into contact with the

sample. This curve also allows the calibration of the AFM photodiode output,

from which the deflection of the cantilever can be calculated, as described in

Chapter 3. Determination of the AFM cantilever spring constant, using the

method described by Sader et al [147] allows calculation of the applied bending

force (see section 3.4 for details).

From the gradient of a force-deflection curve recorded as the carbon blade is

deflected, an “effective spring constant” for the carbon blade can be calculated.

An example of a force curve, and the effective spring constants calculated from

approach and retract curves recorded for a single blade are show in figure 6-4.

Using this to calculate the applied bending force from the cantilever deflection,

the value of E can be determined using the models described below. To cal-

culate E it also necessary to determine the second moment of inertia, I. This

property is calculated from the carbon blade dimensions measured using SEM

imaging immediately after growth, assuming a rectangular cross-section, using

the relationship [173]

I =
wt3

12
(6.1)

where w and t are the width and thickness of the carbon blade respectively.

In many force curves, inflection points are noted. These can be attributed

to the rapid slipping of the carbon blade down the step, altering the load point
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a) b)

c)

Figure 6-3: a) AFM image of AFM calibration grid taken using a probe with
attached carbon blade, causing a “double step” to appear on one edge of the
grid. b) Profile along the blue line in a) showing the step structure. c) Close up
of double step showing periodic artefacts caused by deformation of the carbon
blade during normal imaging mode.

position on the carbon blade.

6.2 Modelling the Bending of a Cantilever Beam

The bending of macroscopic cantilever beams is a subject which has been studied

in much detail, and is of great importance in many fields of engineering. The

basis of the standard model of such beams is the “Euler-Bernoulli Beam Bending

Equation” derived c. 1727 [174]; its discovery allowed significant advances in
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a)

b)

Figure 6-4: a) Approach-retract deflection curve. Smaller inset diagrams show
deflection of carbon blade at different regimes of the curve; in (i), the carbon blade
is not in contact, in (ii) a small increase in the AFM cantilever deflection occurs
as the blade is bent, and in (iii) the rigid silicon tip comes into contact with
the sample surface, causing a rapid increase in the AFM cantilever deflection.
Note the inflection in the curve caused by slipping of the blade down the step
during the approach-retract cycle. b) Effective spring constants of carbon blade
calculated from force-deflection curves.

the field of architecture and mathematics [175], including the construction of the

Eiffel Tower. This equation can be written as [173]
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EI
dϕ

ds
= M (6.2)

where E is the elastic modulus of the beam, ϕ is the angle of the beam with the

horizontal, s is the length of the curved beam (such that dϕ/ds is the curvature

of the beam), M is the bending moment, and I is the second moment of inertia,

which is defined by the geometry of the beam cross-section. Solving the equation

can be used to relate the deflection of the beam to the applied bending force.

Figure 6-5: Geometry of a deflected cantilever beam.

A commonly encountered situation is that of a beam fixed at one end and

with the other free to move due to bending of the beam under a force applied at

a point some distance from the fixed end. Such a beam is termed a “cantilever”.

A macroscopic example of such a beam would be a the horizontal arm of a con-

struction crane lifting a heavy load. An example from the field of nanotechnology

is the flexible cantilever used as a force sensor in AFM; the Euler-Bernoulli model

can be used to determine the effective spring constants of AFM probe cantilevers
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based on their dimensions and known material properties. [176] It has also been

applied to determine the elastic properties of carbon nanotubes and other rod-like

nanoscale structures [177–179] illustrating its applicability to nanoscale objects.

The geometry of a cantilever deflected by an applied force F is shown in figure

6-5.

The solutions to the equation are simple for small deflections of the beam.

For small deflections, the applied force can be related to the deflection by

y0 =
Fx30
3EI

(6.3)

Solutions to this equation for larger deflections have also been derived for a

cantilever beam loaded at one end. [180] This model was originally derived by

Bisshop et al and has been shown to be in good agreement with experimental

results. [181, 182] In our case the beam is not loaded at the free end but instead

some distance between the free end and fixed base; however, if it is assumed that

there is no strain in the cantilever between the free end and the load point, this

model can still be applied. Bisshop showed that equation 6.2 can be solved to

find s in terms of ϕ:

s =

√
EI

2F

∫ ϕ

0

dϕ√
sinϕ0 − sinϕ

(6.4)

s0 =

√
EI

2F

∫ ϕ0

0

dϕ√
sinϕ0 − sinϕ

(6.5)

x =

√
2EI

F
(
√
sinϕ0 −

√
sinϕ0 − sinϕ) (6.6)

y =

√
EI

2F

∫ ϕ

0

sinϕdϕ√
sinϕ0 − sinϕ

(6.7)

If x = x0, then ϕ = ϕ0. Therefore, from equation 6.6

x0 =

√
2EI

F

√
sinϕ0 (6.8)

To calculate E based on the experimental data, it was necessary to find ϕ0
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from the values of x0 and y0, which could be determined from the experimentally

recorded AFM images and force curve data respectively. Rearranging for E gives

E =
Fx20

2Isinϕ0

(6.9)

Substituting this equation into equation 6.5 and 6.7 gives y and s0 in terms

independent of E,F , and I.

y =

√√√√ x20
4sinϕ0

∫ ϕ

0

sinϕdϕ√
sinϕ0 − sinϕ

(6.10)

s0 =

√√√√ x20
4sinϕ0

∫ ϕ0

0

dϕ√
sinϕ0 − sinϕ

(6.11)

From this equation, it is possible to find the angle ϕ0 given the load point

position, x0, and the deflection at the load point, y0. Given ϕ0, the value of s0

can also be found. Using the relationship derived by Bisshop et al. [180]

∫ ϕ0

0

dϕ√
sinϕ0 − sinϕ

− 2
√
α = 0 (6.12)

where

α =

√
Fs20
2EI

(6.13)

the elastic modulus can be determined.

The evaluation of the integrals in equations 6.10, 6.11 and 6.12 to determine

α and s0 was implemented using a simple program written in C. The source code

for this program is shown in appendix B. For each force curve recorded during

deflection of a carbon blade a distance x0 from the blade base, values of ϕ0 from 0

to π/2 were tested, and equation 6.10 evaluated for each value of ϕ0 until a value

of ϕ0 corresponding to the final deflection, y0, was found. Equation 6.11 can then

be evaluated by the program to find s0, and then equation 6.12 evaluated to find

E.
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6.3 Experimental Results

The calculated spring constants of a carbon blade were fitted to equation 6.3.

Fits for spring constants calculated from approach and retract force curves are

shown in figure 6-4. These fits were performed using Origin, to the function

F

y0
=
A

x30
(6.14)

where A = 3EI and is the only variable which is adjusted to fit the data,

and F/y0 is the calculated spring constant for the carbon blade. The resulting

values of A were used to calculate values for E for the approach and retract

curves of 27.6 ± 1.4 GPa and 23.8 ± 1.5 GPa respectively. The errors on these

values are estimated from the possible range of A coefficients which would fit the

experimental data.

Figure 6-6 shows values of the elastic modulus calculated for a carbon blade

deflected by forces applied over a range of distances from the blade base (x0).

These results were calculated by numerical evaluation of equations 6.11 and 6.12

using experimentally measured values of x0, F and y0. The results show good

agreement between values determined from the approach and retract curves and

that the calculated value of E do not vary much even for very large deflections

resulting from loading the beam at a small x0. This indicates that the model

used to determine the elastic modulus remains accurate even for large deflections

of the carbon blade. The average value of E calculated was 28 ± 10 GPa for this

carbon blade. This value of elastic modulus is in good agreement with the values

of E determined using a fit to equation 6.14. It is also close to the value of 18

GPa fitted to the results for the buckling of EBID nanoneedle AFM probes in

chapter 5.

There is, however, significant scatter of the calculated elastic moduli around

the average value. This can be attributed to several factors; firstly, there is

significant noise in many of the approach-retract curves from which the carbon

blade effective spring constant was calculated, resulting in error in this value.

Furthermore, there is uncertainty in the position of the loading point since it

varies during the bending process and must be calculated using equation 6.11.

Finally, the Euler model assumes a thin beam whose thickness is much smaller

than its length; this is not necessary true for the carbon blades investigated in
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Figure 6-6: Elastic moduli calculated from experimental results for a single carbon
blade using numerical model.

these experiments, and could introduce significant variation of the beam bending

behaviour which, combined with the other uncertainties in the experimental pa-

rameters, could cause variation of the calculated elastic modulus. It is possible

that the different elastic moduli calculated for the approach and retract curves

using equation 6.14 is also due to variation in the load point position during the

bending of the blade, resulting in inaccuracies in the value of x0.

The numerical model also allows calculation of the final angle, ϕ0, of the

carbon blade, and the deflection at the free end of the blade, yf . These results

showed that the carbon blade could be deflected by large distances; in one case,

a blade ∼480 nm in length was deflected up to ∼365 nm by applying a force

∼65 nm from the blade base. This indicates a lateral deflection of ∼75% of the

cantilever length at its free end. In this case, the carbon blade did not break and

the force curve recorded during the indent shows very little hysteresis, indicating

that the majority of the deflection recovered elastically (see Figure 6-7).
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a) b)

Figure 6-7: a) AFM force curve recorded during lateral deflection of a 480 nm
length carbon blade up to 75% of its total length. Only weak hysteresis is visible
in the curve, indicating that most of the deflection recovers elastically. b) Final
angle and percentage deflection of carbon blade.

6.4 Shape of Deflected Blades

Knowing ϕ0, the shape of the deflected blade between the base and load point

can be calculated from equation 6.10 and

x =

√√√√ x20
sinϕ0

(
√
sinϕ0 −

√
sinϕ0 − sinϕ) (6.15)

which is derived by substituting equation 6.9 into equation 6.6. From equation

6.15 and 6.10, values of x and y can be found in terms of ϕ. These equations

were also evaluated using a C program to simulate the shape of the deflected

carbon blades under the conditions of some of the indents performed in these

experiments. The calculated blade shapes are shown in figure 6-8; it is assumed

that the blade remains straight between the loading point and the free end.

6.5 Discussion of Results

These experimental results indicated that the nanoscale EBID structures de-

scribed here are highly robust, capable of withstanding large deflections and

recovering their shape elastically. In chapter 5, the fabrication by EBID of high-

aspect ratio “nanoneedle” probes ideal for imaging samples with high steep fea-
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Figure 6-8: Calculated shapes of deflected carbon blades for different load point
positions (arrowed).

tures is discussed. The flexibility of the deposited structures means that if the

tip-sample force becomes too large, the needle will buckle elastically rather than

break. This prevents the force increasing beyond this needle’s critical buckling

force and so protects both the tip and sample from damage.

In addition, the buckling of these probes can be exploited to create a “mul-

titool” probe, incorporating a nanoneedle tip which can fold under a large tip-

sample force, allowing a more rigid silicon tip or EBID nanotool tip fabricated

on the same probe to be brought into contact with the sample surface and used

for manipulation. The fabrication and testing of such a probe is also described

in chapter 5.

The calculated value of the elastic modulus E of the amorphous carbon pre-

sented here is 28 ± 10 GPa, smaller than that measured by nanoindentation on

larger EBID amorphous carbon deposits by Ding et al who reported E values of

∼60 GPa for the same primary beam energy (20 kV). [64] However, they also

found that the hardness and elastic modulus of the deposited material tended

to increase with increasing primary beam energy; this would indicate that the

mechanical properties of the deposit are strongly dependent on the deposition

conditions. In addition, Ding’s group used a different measurement technique
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(nanoindentation) which may have lead to variation in the measured parameters.

In support of the idea that the properties of EBID carbon are dependant on

the deposition conditions, Ding et al also found that the proportion of sp2 to sp3

bonds in the carbon deposit varied with the primary beam energy. In their study,

more “diamond-like” sp3 bonding was detected in the harder deposits fabricated

with higher beam energies. Other experimenters have also demonstrated that

electron bombardment can significantly alter the bond structure of amorphous

carbon. [167]

The deposition of free-standing structures occurs under different conditions

to those used to deposit over larger areas, as in the paper by Ding et al. In

particular, during area deposition the entire deposit is exposed to the primary

beam and generated secondary electrons for the whole duration of the deposition.

In the case of free-standing structures grown laterally from an edge, as in our

experiments, the time over which any part of the deposit is exposed to the beam

is much shorter. This could result in a different sp2/sp3 bond ratio.

Previous experiments have shown that the elastic modulus of amorphous car-

bon is dependent on sp2/sp3 bond ratio in the material. [183] These different

deposition conditions, and the associated difference in bond structure within the

carbon blade, could therefore explain the discrepency between the elastic modulus

measured in our experiments and that reported by Ding et al.

It has also been noted that the measured elastic modulus of nanostructures

can decrease with decreasing structure size. For nanoscale structures, different

mechanical properties of the surface layers tend to reduce the overall stiffness of

the structure. [165,166] The surface effect becomes more and more significant as

the structure becomes smaller and the surface layer represents more and more of

its overall volume. Surface effects can be highly significant during beam bending

since the surfaces undergo the largest stresses during the bending of the beam.

Important surface effects which can affect the stiffness of the structure include

residual surface stress [164] and dangling bonds at the surface. These effects can

be modelled by a decrease in the effective elastic modulus of the material close to

the surface, reducing the overall stiffness and therefore the elastic modulus mea-

sured by beam bending studies. This size-dependent effect could also account for

the smaller elastic modulus of 18 GPa determined for nanoneedle probes in chap-

ter 5, as these structures have even smaller dimensions than the carbon blades
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and so surface effects would be more significant for the nanoneedle structures.

6.6 Other Applications

The flexibility of the carbon structures fabricated by EBID suggests several appli-

cations other than their use as AFM probes. They could be employed as mechan-

ical components in nanoelectromechanical systems (NEMS) such as nanoscale

springs or as nanoscale AFM cantilevers. Additionally, a free-standing elastic

structure can be employed as a mechanical resonator.

There is considerable interest in using resonating cantilevers and other mi-

croscale or nanoscale resonating structures as sensing devices. In particular, they

can be used as chemical or biochemical sensors. In order to act as a chemical

sensor, a resonating microcantilever or nanoscale cantilever is functionalised with

binding sites appropriate to the a target molecule [170–172]. The cantilever is

then oscillated close to its resonant frequency using periodic electrical or me-

chanical excitation. The binding of a target molecule to the cantilever causes a

change in the cantilever effective mass, shifting its resonant frequency. This shift

can then be detected as a change in cantilever resonant frequency, oscillation

phase or amplitude. The sensitivity of these devices increases with higher reso-

nant frequencies and so is improved for smaller, stiffer cantilevers; mass changes

equivalent to a single molecule can be detected by such devices. [184, 185] Using

carbon nanotubes as cantilevers, it has been shown that mass changes of 100

zeptograms (100× 10−21 g) can potentially be detected. [186]

Fabrication of cantilevers for these sensing devices is usually performed using a

complex multistage process, involving patterning of the a substrate by electron-

beam lithography or photolithography and multiple etching stages to free the

cantilever from the base to form a free-standing structure. EBID fabrication of

a free-standing cantilever is a much simpler and therefore quicker process, which

can also produce much smaller structures.

6.7 Conclusions

A novel method for the measurement of the elastic modulus of deposited amor-

phous carbon structures has been developed, using controlled bending of cantilever-
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like carbon blades fabricated on AFM probes. A numerical model based on the

Euler-Bernoulli beam bending equation was used to determine the elastic modu-

lus of the blades based on the deflection and applied force determined from the

AFM force curves.

The elastic modulus measured by this method differed significantly from that

measured on similar materials by other experiments. [64] However, the values

of elastic modulus here are supported by experiments to determine the elastic

modulus of EBID nanoneedle probes by measuring their critical buckling force,

which determined a similar (though slightly smaller) elastic modulus. The vari-

ation in elastic modulus between these experiments could be due to variation of

mechanical properties for nanoscale structures compared to the bulk due to the

increased significance of surface effects. It may also be due to different deposi-

tion conditions for the free-standing structures; for instance, the time in which

any part of the carbon deposit is exposed to the electron beam and associated

secondary electrons is much shorter in our experiments. Further experiments on

structures of different sizes, deposited under a range of beam energies, would

further clarify the effect of the deposition conditions and scale of the structures

on their mechanical properties.

It was discovered that the carbon blades could be deflected up to ∼75% of

their length without breaking, and that most of this deformation would recover

elastically. Similar behaviour was noted in high-aspect ratio “nanoneedle” AFM

probes fabricated using EBID, which would buckle and recover elastically under

large axial loads, similar to carbon nanotube-tipped probes. This behaviour

would protect both the tip and sample from damage during imaging.

This is the first description of this high flexibilty in EBID structures. Elastic

flexibility has been observed (for smaller deflections) in amorphous carbon struc-

tures deposited by ion beam induced deposition (IBID) and was attributed to

the bending and rotation of the carbon bonds. [65]

The large flexibility of these structures suggests that they can be used for other

applications. Their elasticity could be exploited in spring-like components in

nanoelectromechanical systems, and they could also be applied as nanocantilever

sensors for the detection of chemical and biological substances. Their single-stage

fabrication by EBID is simpler than the multi-stage etch processes typically used

to create such devices, and also allows the creation of smaller structures.
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Chapter 7

Nanoindentation

Nanoindentation is a technique which has been widely applied to determine the

mechanical properties, such as hardness and elastic modulus, of many different

structures and materials. Originally developed as a technique to measure the

properties of inorganic materials, it has become a widely used technique for the

measurement of these properties in biological cells. [90, 92, 93] A large variety of

different models have been developed to describe the force-deformation response

of different materials, incorporating different indenter shapes and taking into

account elastic, inelastic and viscous deformations. [80–82, 89] These properties

are of great interest as they reflect the internal organisation of the cell, and

have been shown to vary significantly between healthy cells and those in disease

states e.g. cancerous cells. [88,95–98] It is therefore likely that the study of these

properties will provide new insight into the organisation of biological cells and

the pathology of different diseases. The cell structure is highly complex and

inhomogeneous, and much of it consists of nanoscale structures; therefore it is

desirable to study its mechanical properties on scales ranging from whole cells to

the nanoscale level of individual structures such as cytoskeleton filaments.

This chapter describes experiments examining the penetration and deforma-

tion of corneocyte cells using nanoneedle AFM probes fabricated using electron

beam induced deposition (EBID). These probes represent a novel and attrac-

tive tool for the nanomanipulation and investigation of cells; previous studies

using high aspect ratio needle-like structures on AFM probes produced by other

nanofabrication techniques have shown that they allow penetration deep into the

cell without significant damage to the cell structure as a whole. [130–135] Cor-
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neocytes are an ideal target for these experiments as they can be easily isolated

(using the protocols described in appendix A) and imaged in air using AFM with-

out dehydration or fixation. They also have a relatively simple structure lacking

internal organelles such as nuclei; this lack of inhomogeneities simplifies analy-

sis of the experimental data. Corneocytes have previously been imaged under

ambient conditions using AFM [187,188] and their surface mechanical properties

studied using AFM indentation techniques. [189]

The results presented here suggest that nanoneedle probes can be used to

penetrate to large depths within the corneocyte cells, piercing their outer layers to

probe mechanical properties of their internal structures. Experiments have been

carried out on these cells to determine their elastic modulus at various depths

below the surface. It is shown that the depth of penetration of the needle into the

structure can be determined and controlled by varying the applied indentation

force.

Results are presented which suggest that the elastic modulus of structures

below the corneocyte’s outer layers can be determined using this technique. Both

the depth of penetration and measured elastic modulus are also shown to vary

significantly with the approach-retract velocity of the AFM probe, indicating

viscoelastic behaviour of the corneocyte structure. The observed variation of

elastic modulus measured as a function of depth can be related to the different

layers known to make up the corneocyte structure. In future, this technique

could be used to investigate the mechanical properties of intracellular structures

such as single organelles, or to perform “mechanical tomography”, measuring the

elastic properties of the cell structure or other biological structures at a range of

depths below its surface.

It is also demonstrated that the indentation techniques described in this chap-

ter can detect changes in the elastic modulus of the internal corneocyte structure

similar to those which occur in corneocytes as a result of skin conditions such as

dermatitis. This suggests that indentation using nanoneedles could be used to in-

vestigate the changes in cell structure and mechanical properties associated with

disease states in cells, and in future could be used to investigate the pathology

of these diseases.
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7.1 Procedure

In order to create an indent on a cell, the AFM piezoelectric scanner is used to

move the sample at a constant velocity, such that the AFM probe is pressed into

the sample surface. When the deflection of the AFM cantilever (measured by the

photodiode sensor in the AFM system) reaches a chosen value (corresponding to

the peak indentation force Fmax) then the approach is stopped and the probe is

retracted at the same rate. During the approach and retract process the ampli-

tude of the oscillating cantilever, and its deflection, are recorded by the AFM

system. The data recorded during the indent (referred to as a “force curve”) can

be used to determine the force applied to the cell, and its associated overall and

inelastic deformation in the vertical direction, using the methods described in

chapter 3. Figure 7-1 shows images of a typical indent created on a corneocyte

surface using a nanoneedle probe.

7.2 Force Curves

An example of a force curve recorded on a corneocyte is shown in figure 7-2.

From the force curves, the deformation of the corneocyte h at any point during

indentation can be calculated by comparison to a calibration curve recorded by

indentation on a rigid substrate (see section 3.5.2 in chapter 3 for details). The

applied indentation force F can be determined from the cantilever deflection

and spring constant, and the residual inelastic indentation depth from the curve

hysteresis.

In many of the approach curves recorded on corneocytes, peaks and steps are

noted at small cantilever deflections. Similar inflections have been noted by other

experimenters in force curves recorded while using AFM probes to penetrate the

membrane of living cells, and are thought to correspond to the rapid yielding of

the cell membrane as the tip penetrates through it. [130, 190] It could also be

attributed to rapid depolymerisation of the cellular cytoskeleton; however, we do

not believe that this is the case in corneocyte cells as these are rather inactive

compared to many other cell types. The yielding of the cell surface causes a

relaxation of the deflection of the AFM cantilever, causing a decrease in the slope

of the approach curve. We refer to these points as “penetration events”. When
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a) b)

c)

d) e)

Figure 7-1: a) Surface of corneocyte before indentation. b) Surface including
indent. c) Profile across indent in b). d) and e) Pseudo-3D view of surface before
(d) indentation and (e) afterward.
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a)

b)

Figure 7-2: a) Example of approach-retract curve recorded on corneocyte cell
using a nanoneedle probe. The penetration of the AFM probe through the outer
cornified protein envelope is seen as a peak in the force curve at low cantilever
deflection. Comparison to the calibration curve recorded on a rigid substrate
allows calculation of the overall deformation of the sample while the residual
inelastic deformation can be calculated from the hysteresis between the approach
and retract curves (see section 3.5.2 for details). b) Calculated deformation of
the sample during the approach and retraction of the AFM probe.
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indenting on corneocytes, it is likely that these penetration events correspond to

the nanoneedle tip breaking through the outer cornified envelope which surrounds

the corneocyte, indicating that the nanoneedle is able to pierce this layer.

It is also clear that there is significant adhesion of the needle to the sample

during the retract, as can be seen by the region of negative deflection during the

retraction of the AFM probe in figure 7-2. This is likely due to frictional forces

between the needle and the sides of the hole created in the cell which resist the

pull-out of the needle from the cell material, and also adhesion forces between

the tip and sample material. These forces might vary with the tip-sample wet-

ting properties (hydrophilic and hydrophobic interaction between tip and sample

materials), dependent on the composition of different structures within the cell.

Potentially, this could be used to investigate these properties in intracellular

structures.

The tip-sample adhesion could also lead to the attachment of contaminant

from the sample to the AFM tip. This would tend to change the tip-sample

interaction, altering the adhesion effects between tip and sample, as well as al-

tering the specialised tip shape. It could potentially also lead to the contaminant

deforming as well as the sample during indentation, leading to inaccuracies in

the measurement of the sample mechanical properties. To avoid contamination

effects becoming too significant the AFM probes were cleaned every 6-10 indents

using organic solvents, as described in section 3.5.3.

7.3 Depth of Penetration

As described in chapter 3, it is possible to determine overall, elastic and inelastic

deformation of the sample in the vertical direction by reference to the force curve

recorded during the indent. The residual inelastic deformation will approximate

to the depth of penetration of the needle tip into the corneocyte structure. Indents

with different peak indentation forces were recorded on corneocyte cells in order

to determine the depth of penetration of the needle into the cell.

As might be expected, both the overall deformation and force curve hysteresis

(related to the inelastic deformation of the cell) are observed to increase with

increasing applied force (see figure 7-3a). Indentation with needles of different

radii showed that the indentation depth was a function of the applied pressure
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beneath the needle tip. The pressure P is approximated here as

P =
F

2πR2
(7.1)

where R is the tip radius and F is the applied force. This equation assumes

uniform distribution of the force over a hemispherical tip surface. Figure 7-3b

shows the inelastic deformation as a function of pressure; the similarity between

the pressure-deformation relationships indicates that the deformation is a func-

tion of pressure rather than purely a function of the applied force.

In these experiments, it was also observed that the depth of penetration is

related to the indentation approach rate. This effect is shown in figure 7-4.

At slower velocities, the tip penetrates deeper into the corneocyte for a given

applied indentation force. This suggests a significant viscous effect, as the cell’s

deformation under the needle tip is time-dependent. With a force applied over

a longer period of time, the needle sinks deeper into the cell. This effect is

often observed in polymers and other viscoelastic materials; when it occurs under

constant applied force, the deformation observed is known as “creep”. Cells and

biological tissues are often also reported to deform in a viscous or viscoelastic

manner with associated creep effects, and it is likely that this is the source of

the variation in deformation as a function of the loading rate observed in our

experiments. [5, 83–88,191]

Figure 7-5a shows the elastic deformation recorded on cells from 4 volunteers

as a function of applied force; part b of the same figure compares the elastic, in-

elastic and overall deformation. For low forces, the inelastic deformation recorded

on the cells is low; with increasing applied force, the inelastic deformation in-

creases while the elastic deformation saturates as the force exceeds the elastic

limit of the corneocyte material, as shown in figure 7-5a. However, there is still

some elastic recovery of the sample material even after indentation with a large

applied force, as can be seen in figure 7-5b.

It should be noted that in all the measurements of the overall, inelastic and

elastic deformation of the cell there is a distribution of values of the measured

deformation under a given tip-sample force or pressure. This occurs most likely

due to variation between individual volunteers, individual corneocytes, and at

different sites on the corneocyte surface due to variations in its structure and

mechanical properties.
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a)

b)

Figure 7-3: a) Inelastic penetration into a corneocyte (as measured from curve
hysteresis) as a function of applied indentation force for different needle diameters.
b) Inelastic penetration as a function of applied pressure; data compiled for 4
volunteers.

7.4 Elastic Moduli at Surface

At small deformations (less than the radius of curvature, R, of the nanoneedle

tip), much of the deformation is elastic as required by the Hertz model. Fitting

the initial region of the approach curves to equation 2.1 shown in section 2.3.1

allowed calculation of the reduced elastic modulus at small deformations using

this model. An example of a fit to the Hertz model is shown in figure 7-6.
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Figure 7-4: Inelastic deformation of corneocytes cells recorded for a ∼40 nm
diameter needle for different approach-retract velocities. Data shown here is a
typical example from a single volunteer.

The Hertz model does not take into account time-dependent (viscoelastic)

properties of the sample, and therefore the elastic modulus calculated using

the Hertz model for a viscoelastic sample should vary significantly for different

approach-retract rates. Elastic moduli calculated for a range of approach-retract

velocities from 2-1000 nm/s are shown in table 7.1 and figure 7-7. It is clear from

this result that there is significant variation of the calculated elastic modulus

with the rate of deformation.

Table 7.1: Measured elastic modulus using Hertz model. Data is compiled from
indents on corneocytes from 5 volunteers; N indicates number of indents. SD is
standard deviation, SE is standard error.

Velocity [nm/s] Mean Er [MPa] SD SE N
2 85.15 47.91 15.15 10
4 135.25 116.0 19.34 36

15 232.20 132.04 28.81 21
1000 838.95 529.34 176.445 9
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a)

b)

Figure 7-5: a) Elastic deformation of corneocyte cells by nanoneedle probes as a
function of pressure below probe tip; data compiled for 4 volunteers. b) Com-
parison of elastic, inelastic and overall deformation as a function of pressure for
corneocytes from a single volunteer. Inset shows compiled data from volunteers
showing percentage of deformation which recovers elastically as a function of
depth of penetration; this data is compiled from 4 volunteers.
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a) b)

Figure 7-6: a) Deformation-force curve calculated for approach on a corneocyte
using a ∼75 nm diameter nanoneedle AFM probe. b) Enlarged region showing fit
to Hertz model. Error bars calculated from noise in deflection signal of cantilever
when the tip is not in contact with the sample surface.

a) b)

Figure 7-7: a) Histogram of measured elastic moduli calculated using the Hertz
model for different approach-retract velocities at the surface of corneocytes. Note
that data for 1000 nm/s approach-retract velocity is not shown so that the other
sets can be shown more clearly. b) Average elastic moduli as a function of
approach-retract velocity. Error bars show standard error from averaged results;
data compiled for 5 volunteers.

The significant variation in the measured elastic modulus of the corneocyte

surface with the approach-retract velocity indicates the viscoelastic nature of the

sample material, and therefore is consistent with the viscous behaviour of the

corneocyte mentioned in section 7.3 above. It should be noted that there is a

distribution of measured elastic moduli over a significant range for each velocity,
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most likely again due to variation between individual cells, individual volunteers,

or between different sites on the surface of a cell.

The values of elastic modulus presented here are rather different to those

reported by a study of surface mechanical properties of corneocytes by Gaikwad

et al. [189] However, this study used extremely low penetration depths (<10

nm). At these depths, Gaikwad et al determined much lower values of elastic

modulus (24-70 MPa at fast approach rates) using a modification of the Hertz

model incorporating adhesion effects.

The surface of corneocytes is coated with lipid molecules, consisting of ce-

ramides, fatty acids, cholesterol and cholesterol sulphate. [141] These molecules

are covalently bound to the corneocyte protein envelope, creating a thin outer

layer of lipids. Due to the small penetration depth in the experiments of Gaikwad

et al, much of what was measured in their experiments may have been these very

soft lipids on the outer surface of the corneocyte. In our study, therefore, it is

likely that the larger depth of penetration has led to detection of a convolution

of the properties of the stiffer internal structure and softer outer structure even

at small indentation depths, increasing the measured elastic modulus.

7.4.1 Effect of Indenter Diameter

An important parameter for analysis using the Hertz model is the radius of curva-

ture of the indenter. In our experiments, nanoneedles of two different diameters

were used; ∼40 nm and ∼70 nm, which have radii of curvature of half these

values. The Hertz model should compensate for the different pressure beneath

indenters of different radii, resulting in similar derived elastic modulus for similar

samples.

The graph in figure 7-8 shows the elastic moduli calculated from approach-

retract curves at an approach rate of ∼4 nm/s for two different needle tip diam-

eters. The overlap of this data would seem to indicate that the needle diameter

does not have a strong effect on the calculation of elastic moduli at the corneocyte

surface using the Hertz model, suggesting that this model is able to adequately

compensate for the different tip radii of the nanoneedle indenters.

116



a) b)

Figure 7-8: a) Histogram and b) box plot of elastic moduli calculated for needles
of two different diameters. The Hertz model produces similar values of elastic
modulus in either case.

7.5 Multiple Indents

One application of the nanoneedle AFM probes that we propose is “mechanical

tomography”, recording the mechanical properties as a function of depth beneath

a chosen site on the cell surface. If such a measurement can be carried out for

multiple sites on a cell, a three-dimensional map of the mechanical properties of

the cell could be constructed.

In order to examine mechanical properties at a range of depths below the

surface of a sample, a process was designed which indented multiple times at the

same site on a cell, allowing the applied force to return to zero before the next

indent but without withdrawing the probe from contact with the cell surface. This

process allowed multiple approach-retract curves to be recorded for indentation at

a single site. An example of a force curve recorded using this multiple indentation

technique is shown in figure 7-9.

In this process, each indent was carried out using a larger force than the

previous one, and the needle penetrated further into the cell with each indent.

However, the force curves appeared to show that further inelastic deformation

would only occur when the force exceeded that of the previous indent. This is

shown by the lack of hysteresis between each retract curve and the following

approach curve (see figure 7-9); the inflection of the approach curve and onset of
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Figure 7-9: Force curve recorded using multiple indentation on a single site on
the surface of a corneocyte cell, with an approach-retract rate of ∼4 nm/s. The
onset of hysteresis indicating inelastic deformation during each approach occurs
only when the applied force (which is proportionate to the cantilever deflection)
exceeds the peak force of the previous approach.

hysteresis indicative of inelastic deformation occurs only once the peak load of

the previous indent has been surpassed.

This would appear to indicate that once the cell material has undergone in-

elastic deformation during the approach process, in which the applied indentation

force is raised from zero to a peak loak, the material will then behave elastically

until an indentation force greater than the peak load is applied again. A purely

elastic response during the unloading of a sample is often assumed in models of

indentation, such as the “compliance model” described in chapter 2. This would

suggest that these models can be used to determine the elastic properties of the

sample.

When performing these multiple indents, it was often clear that there were

two regimes of principally elastic deformation (where very little hysteresis was

visible in the force curve) separated by a single approach-retract cycle exhibiting

large inelastic deformation (as evidenced by its large hysteresis). Figure 7-10

shows an example of this effect. This would seem to indicate two layers of elastic

118



Figure 7-10: Force curves recorded during multiple indentation. Note that these
curves appear to show that the sample consists of two layers of elastic material,
separated by a penetration event and a single approach-retract cycle with large
hysteresis indicating inelastic deformation (circle symbols). An example of an
approach-retract curve on the outer layer (solid black line), and one recorded on
the inner layer (square symbols) are shown. Inset graph shows the full curve
recorded by the AFM; the main graph shows an enlarged view.

material, with the tip eventually breaking through the outer surface layer when

the applied force becomes large enough and afterward making contact with the

layer underneath. This outer layer is likely to be the corneocyte’s cornified enve-

lope, while the inner layer is probably the internal keratin matrix which is known

to make up the corneocyte intracellular structure (see chapter 2 for a detailed

description of this structure).

This would support the results from single indents showing clear inflections

corresponding to penetration through an outer layer (see section 7.2). It would

also suggest that the nanoneedle can indeed be used for mechanical tomography of

a biological sample, penetrating its outer layers to detect intracellular structures

present beneath the sample surface.
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7.6 Elastic Moduli of Internal Structure

Previous studies of the mechanical properties of corneocytes using AFM were

limited to the surface. [189] The nanoneedles in our experiments penetrated cells

to depths of >300 nm, causing significant inelastic deformation. Even at these

large deformations, there was some recovery of the deformation of the corneocyte

material, which we attributed to elastic recovery of the cell structure. It is also

possible that some of the recovery may have been due to the regeneration and

repair of the cellular material by processes within the corneocyte, but this can

be expected to be negligible for corneocytes over the time period of the probe

retraction as the cells are not particularly active. The elastic recovery of the

cell material allowed the estimation of the elastic modulus using the compliance

model, which was performed for some corneocyte samples. However, the calcu-

lated elastic modulus of corneocytes was found to vary strongly with the rate at

which the corneocyte is deformed, due to the time-dependent viscous properties

of the sample material.

In order to separate time-dependent and time-independent components of

the deformation of the corneocyte, a model was derived for indentation using

a nanoneedle based on that derived by Oyen and Cook for viscoelastic-plastic

deformation of samples. [89] Oyen and Cook used the “Maxwell model” to derive

expressions for the force-deformation behaviour of viscoelastic-plastic materials

under conical indentation (see diagram in figure 2-4 in section 2.3.1).

7.6.1 Derivation of Model

In the model derived here, the nanoneedle is assumed to be cylindrical. Sned-

don [80] showed that elastic deformation using a cylindrical indenter is directly

proportionate to the applied force, such that

Fe = khe (7.2)

In this case k is the spring constant of the elastic spring element in a “Maxwell

model”, Fe is the force on the spring element, and he is the deformation of the

spring element. The Maxwell model is illustrated in figure 2-4 in section 2.3.1.

The cylindrical approximation can be applied since, for deformations greater
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than the radius of curvature of the nanoneedle tip, the cylindrical shape of the

nanoneedle means that the projected contact area will not change with depth

of penetration and so the value of A in equation 2.4 (see section 2.3.1) remains

constant, as for a perfectly cylindrical indenter.

Oyen and Cook assumed that for conical indenters

Fe = kQh
2
e (7.3)

Fv = µQ(
dhv
dt

)2 (7.4)

where kQ is the “quadratic spring constant” of the spring element, µQ is the

“quadratic coefficient of viscous damping” in the damping element in the Maxwell

model, Fv is the force on the damper element, t is time and hv is the deformation

of the damper element. Oyen and Cook assumed equation 7.4 is the case for

time-dependent deformation of the sample material by a conical indenter, based

on the derivation of 7.3 by Sneddon. In other words, they assumed that the

viscoelastic deformation will have a similar variation with applied force to that

for the elastic deformation. In our derivation for a cylindrical indenter, we make

the similar assumption based on 7.2 that

Fv = µ
dhv
dt

(7.5)

where µ is the damping coefficient of the damper element in the Maxwell

model. For a linear combination of the elastic spring and viscous damper, the

total deformation h is given by

h = he + hv + hi (7.6)

where hi is the inelastic (plastic) deformation of the sample. As with the

compliance model, it is assumed that all inelastic deformation occurs during the

initial approach, and that deformation during the retraction of the probe is elastic

i.e. dhi
dt

= 0 during the retraction of the AFM probe. This is shown to be the

case for the corneocyte material in the results presented in section 7.5. Therefore

during the retraction of the AFM probe
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dh

dt
=
dhe
dt

+
dhv
dt

(7.7)

Since the spring and damper elements are linked in series, both experience

equal force (therefore F = Fe = Fv). Substituting this, 7.2 and 7.5 into 7.7 gives

dh

dt
=
F

µ
+

1

k

dF

dt
(7.8)

If we assume a constant “loading rate” R, then, during the retraction of the

probe

F = R(2tf − t) (7.9)

and

dF

dt
= −R (7.10)

where tf is the time taken to for the force to decrease from the peak load to

zero, then equation 7.8 becomes

dh

dt
=
R(2tf − t)

µ
− R
k

(7.11)

Integrating equation 7.11 with respect to t gives

h = −Rt
2

2µ
+

2Rtf t
µ
− Rt

k
+ C (7.12)

where C is a constant of integration. This equation can be written as the

2nd-order polynomial

h = p1 + p2t+ p3t
2 (7.13)

where

p1 = C (7.14)

p2 = R(
2tf
µ
− 1

k
) (7.15)
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p3 = −R
2µ

(7.16)

By fitting the curve of the deformation of the corneocyte sample as a function

to time to the function 7.13, the coefficients p1, p2 and p3 can be determined.

From equation 7.16, µ can be determined. Knowing µ, equation 7.15 can be used

to determine k.

The relationship defined in the compliance model (see equation 2.4 in section

2.3.1) for elastic deformation can be used to find E. This equation is

k =
dFe
dhe

=
2√
π
Er
√
A (7.17)

where Er is the “reduced elastic modulus” Er = E
1−ν2 where ν is the Poisson

ratio (see section 2.3.1) and A is the projected contact area of the indenter. If

the nanoneedle is assumed to have a circular cross section then A = πR2 where

R is the needle radius. Therefore

k =
2√
π
Er
√
πR2 = 2ErR (7.18)

Therefore, the reduced elastic modulus can be determined from the deformation-

time curve corresponding to the retraction of the AFM probe. In section 7.6 this

model is used to determine the elastic modulus of structures at depths of >300

nm below the surface of corneocytes.

7.6.2 Results from Analysis Incorporating Viscoelasticity

Figure 7-11 shows an example of a fit of the calculated deformation of a corneocyte

during the retraction of the AFM probe to the viscoelastic model derived in

section 7.6.1. Examination of data from nanoneedle indentation on corneocytes

showed less variation of the calculated elastic modulus with the approach-retract

velocity compared to analysis using the compliance model, as illustrated in figure

7-12. This would indicate that the viscoelastic model is able to compensate

reasonably well for the time-dependence of the deformation of the viscoelastic

material of the corneocyte. However, there is still some variation indicating that

this model does not completely separate the time-dependent viscous effects from

the time-independent effects.
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Figure 7-11: Deformation as a function of time for indentation on a corneocyte
using nanoneedle probe, including fit to viscoelastic model described in section
7.6.1.

Elastic moduli calculated using the model incorporating viscoelasticity for 5

volunteers over a range of depths and applied forces are shown in figure 7-13.

At small indentation depths, the elastic moduli calculated using this method

agree reasonably well with those calculated using the Hertz model for the same

approach-retract velocity (∼4 nm/s), as described in section 7.4. However, as the

nanoneedle penetrates deeper into the cell the elastic modulus appears to increase

over the range of inelastic deformation from 0-100 nm. For inelastic deformations

greater than ∼100 nm, the elastic modulus becomes relatively constant again at

a value of ∼500 MPa.

This variation in elastic modulus may occur as the needle encounters different

structures within the corneocyte. The lower elastic modulus at the surface may

correspond to the softer external cornified protein envelope, while the higher

elastic modulus is measured once the needle penetrates the outer layers of the

corneocyte and deforms the stiffer keratin fibrils within the corneocyte. This

result is discussed in more detail in section 7.8.
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a)

b)

Figure 7-12: Elastic moduli calculated for indents on a corneocyte sample for
different approach-retract velocities for a) the compliance model based on the
gradient of the retract curve b) the model incorporating viscoelastic effects. Sig-
nificant variation of elastic modulus is observed at different indentation velocities
in (a) due to viscoelasticity of the sample. In (b) there is less variation of the
calculated elastic modulus for different approach rates. Data shown is for a single
volunteer.
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Figure 7-13: Elastic moduli calculated from multiple and single indentation as
a function of the calculated inelastic deformation (indentation depth) for an
approach-retract velocity of ∼4 nm/s. Data is compiled from 5 volunteers. Data
for both single and multiple indents is shown to be in good agreement. Inset
graph shows example of trend of data for one volunteer.

These results demonstrate that indentation using a nanoneedle probe allows

the determination of the elastic modulus of structures at a known depth below

the surface of the corneocyte. This indicates its usefulness as a tool to study

the internal mechanical properties of biological cells. However, it is clear from

the variation of calculated elastic moduli with approach-retract velocity that the

viscous and elastic deformation of the structures cannot be completely separated

using the models described here; it is likely that more complex models will be

needed to more accurately describe the deformation of biological structures during

indentation.
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a) b)

Figure 7-14: Schematic of method of double indentation. a) shows the movement
of the AFM scanner while the tip is in contact with the sample, while b) shows
the applied force as a function of scanner position.

7.7 Double Indentation

As a test of the usefulness of the model incorporating viscoelastic deformation

described here, a new indentation technique was developed in which a second

indent of much lower force is made at the same site as the first indent, before

the needle is fully withdrawn from the sample surface. This is achieved by first

lowering the probe until the tip-sample force reaches the target deflection value

corresponding to an applied force F1, then raising the probe until the cantilever

deflection returns to zero, and then repeating the process with a much lower

target force F2 (see figure 7-14).

The purpose of this was to test if the increased elastic modulus occurred due

to hardening of the corneocyte material under the increased pressure necessary

to penetrate the corneocyte. The second indent was therefore performed at a

similar depth to the first, with a much smaller final force (and therefore much

smaller pressure). An example of a force curve recorded using this technique is

shown in figure 7-15.

From the first indentation cycle with large deformation and strong viscous

effects, the elastic modulus of the material beneath the nanoneedle tip can be de-

termined using the viscoelastic model. The force-deformation curve of the second

indent was highly linear and therefore the second indent was fitted to the compli-

ance model for elastic deformation using a cylindrical indenter, which predicts a

127



Figure 7-15: Example of force curve recorded during double indentation on a
corneocyte. The second indent follows the path of the retract curve of the first
indent, indicating that deformation after the initial inelastic deformation during
the approach is elastic.

linear relationship between force and deformation under these conditions. Figure

7-16 shows the results of applying this method to indentation on a corneocyte

sample.

There are two important points to note from these results. Firstly, using a

linear fit to the force-deformation curve during the second indent, the compli-

ance model gives values of Er similar to those calculated using the viscoelastic

model. This would indicate that the measured elastic modulus is not a function

of the pressure applied to the corneocyte; rather, it is a function of the inelastic

deformation, which reflects the depth of penetration into the cell.
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Figure 7-16: Comparison of elastic moduli Er calculated from application of
viscoelastic model to first indentation (at high force) and from the application of
the compliance model to the second indentation (at low force); both indents are
recorded on corneocyte cells. Data shown is from a single volunteer.

7.8 Discussion of Mechanical Tomography of Cor-

neocytes

The results discussed in this chapter support a “two-layer model” of the corneo-

cyte structure. In this model, the corneocyte surface is composed of a softer outer

layer, which deforms elastically under small applied indentation forces. This is

supported by the data for multiple indentation at the same site on the cell sur-

face, shown in section 7.5, which indicates elastic deformation of the outer layer

at small forces and inelastic deformation at larger forces. The inelastic deforma-

tion of the outer layer corresponds to the penetration of the needle tip through

this layer; this is the cause of the inflections and peaks in the AFM approach

curves described as “penetration events” in section 7.2. Upon penetration of the

surface layer, the needle makes contact with an internal layer; calculation of the

elastic modulus using the viscoelastic model, as described in section 7.6, shows
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this layer to be stiffer than the outer layer, and also thicker (with increased elastic

modulus detected over a range of 100-300 nm below the surface).

It is possible that this effect arises from the different layers of material known

to exist below the corneocyte surface. Electron microscope studies have shown

that corneocytes have an external protein envelope covalently bonded to lipid

molecules which fill the intracellular spaces of the stratum corneum. This en-

velope surrounds a matrix of keratin intermediate filaments which make up the

corneocyte cytoskeleton. [141,192] Keratin is a structural protein known to have a

high stiffness (1.7-2.5 GPa). [193] The elastic modulus of the keratin network will

also depend on the filament density within the cytoskeleton and the mechanical

properties of the proteins which bind the filaments to the cornified envelope, so

may be lower than this value. However, it is still likely that the measured elastic

modulus of the keratin intracellular structure of the corneocyte would be higher

than that of the softer protein envelope. One interpretation of the results shown

in figure 7-13 is that the lower elastic modulus measured at small indentation

depths corresponds to that of the outer protein envelope, while that at larger

depths indicates that of the keratin intermediate filaments.

It is noted that figure 7-13 shows a smooth transition from the elastic modulus

measured at the outer layer to that of the inner layer as the indentation depth

increases, rather than an abrupt transition as might be expected from a system

with two distinct layers. This may be due to increasing deformation of both

the inner and outer layer as the deformation of the outer layer by the needle

increases, with the stiffer internal layer providing a greater resistance to the

deformation of the whole structure. This would mean that the needle increasingly

detects a convolution of the mechanical properties of the inner and outer layers

as it penetrates deeper into the outer layer, resulting in a smooth transition

of the measured elastic modulus from one to the other. It is possible that a

more sophisticated analysis (e.g. incorporating a finite element model of the

corneocyte structure) would allow the properties of these layers to be determined

more accurately.

However, the results presented here indicate that the needle can be used to

measure the elastic properties of structures over a range of depths within a cor-

neocyte, and therefore could potentially be used to probe mechanical properties

of other intracellular structures e.g. nuclei, mitochondria, or cytoskeletal struc-
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tures. The process of determining mechanical properties over a range of depths

below the surface of a sample has been termed “mechanical tomography”. It has

been shown here that EBID nanoneedles fabricated on AFM probes can be used

for mechanical tomography of biological samples. This could be used to construct

three-dimensional maps of the elasticity or other mechanical properties of the cell.

The small diameter and high aspect ratio of the nanoneedle probes would allow

this mapping to be performed with high spatial resolution and without causing

significant damage to the overall cell structure.

7.9 Effect on Corneocyte

It was noted that penetration events, recorded as steps or peaks in the approach

curve, were most likely to be observed during the first indent on an individual

corneocyte. This was effect was confirmed by examination of 70 force curves

recorded on corneocytes from 5 different volunteers. As shown in figure 7-17, the

probability of observing a step decreased with each indent.

It is unlikely that the surface of the cell was not penetrated by the sub-

sequent indents, since there is still large hysteresis between the approach and

retract curves, indicative of inelastic deformation. However, it is possible that

the penetration occurs without an observable step in the force curves as the nee-

dle was able to penetrate more smoothly into the cell, without as much resistance

from the corneocyte surface.

This would indicate that each indent perturbs the integrity of the corneocyte

lipid-protein envelope, decreasing the resistance of the envelope as a whole to

deformation. This would seem to suggest that the needle is changing the cell

surface as a whole rather than on a local level, which would be a problem if the

nanoneedle is to be used to investigate the cell organisation as the presence of

the needle would disrupt the cell.

However, the same level of disruption would not be expected on other cell

types which lack the cornified envelope of the corneocyte but instead have a

lipid-based cell membrane. This membrane is organised by hydrophobic and

hydrophilic interactions between the phospholipids which make up the membrane;

these tend to form a continuous bilayer with the hydrophilic parts of the molecule

exposed to the cell’s aqueous environment and cytoplasm and the hydrophobic
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Figure 7-17: The probability of observation of a step corresponding to a pene-
tration event in force curves decreases with increasing number of indents on the
same cell. Inset graphs show typical curves with (upper) and without (lower)
detectable penetration events. Error bars show standard error on the average
probability of observing a penetration event.

parts within the membrane itself. A hole in such a membrane represents an

energetically unfavourable state and the lipid molecules around the hole will

tend to move to reseal it. This would allow local damage to the membrane by the

nanoneedle tip to be repaired, allowing the cell to remain viable after indentation.

[94] It is also likely that the perturbation of the corneocyte internal structure

is likely to be much less than that of the surface, as the corneocyte surface

is composed of a single continuous protein layer while the internal structure is

composed of individual keratin fibrils.

As the approach curves suggest a change in the mechanical behaviour of the

surface following the initial indent, it could be expected that the measured elastic

modulus of the surface would change. However, we were not able to detect

any difference in the surface mechanical properties as measured using the Hertz

model (as described in section 7.4), nor in the internal mechanical properties as

measured using the model incorporating viscoelasticity (see section 7.6) between

force curves with and without visible penetration events. Graphs comparing
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a) b)

c) d)

Figure 7-18: a) Histogram and b) box chart comparing elastic moduli determined
at the corneocyte surface using the Hertz model for approach curves with and
without penetration events. c) Histogram and d) box chart comparing internal
elastic moduli of corneocytes determined using the viscoelastic model.

the measured elastic moduli for curves with and without steps corresponding to

penetration events are shown in figure 7-18; there is significant overlap between

the elastic moduli measured in these two cases.

One reason that there is no detectable change in mechanical properties may be

that these indentation techniques are not sensitive enough to pick up this change

in properties. However, it is also possible that while the surface mechanical

behaviour been affected over large areas of the corneocyte surface, the properties

of the surface material at a very local level (immediately beneath the needle

tip) may not have been significantly altered. Any change which is present might

become clearer if more experiments were performed to increase the sample size.
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7.10 Changes in Elastic Modulus of SLS-Treated

Corneocytes

The elastic modulus and other mechanical properties of biological cells are known

to vary significantly in disease states, such during oncogenesis (the onset of can-

cer). [88,95–98] These changes in mechanical properties are thought to arise from

changes in the cell’s internal organisation.

Sodium lauryl sulphate (SLS, also known as sodium dodecyl sulphate) is a

mild irritant to skin present in many hygiene products e.g. toothpastes, sham-

poos, hand washes and shaving foam. It is known to disrupt lipids in the skin

and is often used as a “model irritant” in dermatological studies. [194] Use of low

concentration SLS over a period of several weeks can induce irritation which can

function as a model for chronic irritant contact dermatitis; this is similar to the

widespread skin condition of atopic dermatitis. SLS-treated skin can therefore

serve to simulate changes in the skin and stratum corneum arising from atopic

dermatitis.

Sites on the forearms of a group of volunteers were treated with 0.1% SLS

over a period of 3 weeks to induce these changes. This was carried out as part of

a study in the Department of Pharmacy and Pharmacology studying biochemical

changes in the treated skin using AFM, infrared spectroscopy, mass spectrom-

etry and fluorescence microscopy. Sampling of corneocytes was carried out on

this arm, with samples taken from the other (untreated) arm of the same volun-

teer which acted as controls. Full details of these experiments can be found in

appendix A.

Indentation to depths of up to 300 nm was carried out on these samples using

nanoneedle probes with tip diameters of ∼75 nm. The elastic moduli of these

samples were calculated using the viscoelastic model described in this chapter.

The calculated reduced elastic modulus shows systematically lower mean values

for SLS-treated samples compared to controls (see table 7.2 and figure 7-19) for

all but one of the volunteers.

Although the elastic modulus of the treated cells is lower than that of the

control cells for all but one of the volunteers, there is significant variation of

elastic modulus of both control and treated cells between individual volunteers.

Therefore, in order to compare the data between the treated and control cells a
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Volunteer 1 2 3 4
Control Samples
Mean Er 526 185 256 150
SD 352 38 56 27
SE 144 17 23 11
N 6 5 6 6

SLS Treated Samples
Mean Er 296 163 191 270
SD 97 43 38 77
SE 40 18 16 31
N 6 6 6 6

Table 7.2: Elastic moduli calculated from SLS-treated and control samples.

Figure 7-19: Calculated elastic moduli for 4 volunteers as function of indentation
depth.

normalised elastic modulus Enormalised was calculated using

Enormalised =
Er

Ērcontrol
(7.19)

where Ērcontrol is the mean elastic modulus for the control sample for a given

volunteer. Enormalised can be regarded as the fractional change in elastic modulus

for the SLS treated cells compared to the control cells for a given volunteer.
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Figure 7-20: Calculated elastic moduli normalised to the control values for 4
volunteers as function of indentation depth.

Figure 7-21: Histogram showing normalised elastic moduli for treated and control
samples.

Figures 7-20 and 7-21 show the values of normalised elastic modulus. Figure

7-21 suggests a significant difference between the elastic moduli of the SLS-treated

and untreated cells. However, an independent t-test on these data sets suggested

that there was no significant difference between the these cells (p=0.885, see table

7.3).

If data from volunteer 4 (the only volunteer who did not show a decrease
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Table 7.3: T-test results comparing normalised elastic moduli for control and
treated samples.

Mean Variance N
SLS Treated 1.02 0.30 24
Control 1.00 0.03 21
t = -1.146
p = 0.885

in elastic modulus between control and SLS-treated cells) is treated as out-

liers and ignored, an independent t-test comparing the treated and control cells

shows a clear difference between the data sets for SLS-treated and untreated cells

(p=0.001, see table 7.4). It is possible that this volunteer was less susceptible to

the effect of the SLS treatment on the cells.

Table 7.4: T-test results comparing normalised elastic moduli for control and
treated samples, ignoring data from volunteer 4.

Mean Variance N
SLS Treated 0.76 0.05 18
Control 1.00 0.03 15
t = 3.524
p = 0.001

This data suggests that the internal structure of the treated cells is rendered

much softer by the treatment compared to the controls, although it is likely that

further experimental data is needed to confirm this effect.

7.10.1 Discussion of Results from SLS Treated Skin

The changes observed in the elastic modulus of corneocytes from skin treated with

sodium lauryl sulphate (SLS) are likely related to changes known to be induced

in the keratinocytes of the basal layer of the epidermis. These cells are respon-

sible for the production of corneocytes, and electron microscope studies have

shown them to undergo changes in morphology after treatment with SLS. SLS

treatment can also cause parakeratosis of the stratum corneum (the appearance

of nucleated cells in the stratum corneum, which is unusual as corneocytes lack

nuclei). [195] It is likely that these changes lead to the formation of an abnormal
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keratin cytoskeleton in the corneocytes, decreasing their stiffness and so lowering

their elastic modulus. SLS is also known to act as a protein denaturant [196–198]

and may have directly caused breakdown of the intracellular cytoskeleton in the

corneocytes themselves, either by affecting the keratin filaments themselves or

the proteins which anchor the keratin filaments to the cornified envelope. This

would also reduce the overall integrity and measured stiffness of the intracellular

structure.

In a broader context, this experiment illustrates that indentation using

nanoneedle AFM probes is sensitive to changes in the mechanical properties of

the intracellular structure of cells, particularly to those associated with changes

in the cell’s internal organisation due to disease. This indicates the suitability

of the nanoneedle probes as a tool to detect and investigate these conditions,

suggesting they could be used in many areas of biological and medical research.

7.11 Conclusions and Summary of Results

This chapter discusses experiments to study the penetration of EBID-modified

AFM probes into isolated corneocyte cells. The probes were modified to create

rigid, high-aspect ratio “nanoneedle” structures on the probe apex.

The experiments shown here demonstrate that the needle is able to penetrate

the outer layers of these cells, and these “penetration events” are visible in the

AFM force curves as peaks or inflections in the approach curve. By analysis

of the force curve using the methods discussed in chapter 3 it was possible to

determine the overall vertical deformation of the cell and separate it into elastic

and inelastic components. The inelastic deformation can be viewed as the depth

of penetration of the needle into the cell. Our measurements showed that the

needles could penetrate the corneocyte structure to depths of ∼300 nm. It is

likely that penetration to larger depths is possible; the depth of penetration is

likely limited principally by the length of the nanoneedle.

The overall and inelastic deformation is a function of the applied pressure

beneath the needle tip. This permits the depth of penetration of the needle to be

controlled; by setting a maximum applied force, the needle will penetrate to the

corresponding depth and probe the intracellular structure of the cell. Our exper-

iments also showed that the deformation is also increased for slower approach-
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retract velocities of the AFM probe. This suggests that the corneocyte material

deforms in a time-dependent viscous manner, appearing harder and stiffer if a

deforming force is applied to it more rapidly. This property is common in many

materials, including polymers as well as biological cells and tissues. [5,83–88,191]

Using the Hertz model for an indenter with a spherical surface (approximating

to the hemispherical tip of the needle) the elastic modulus at the corneocyte sur-

face was determined and found to also vary significantly with the approach-retract

velocity, with much higher elastic moduli calculated at high approach-retract ve-

locities. This is also consistent with viscoelastic behaviour of the corneocyte

material.

As mentioned above, the needle tip is able to penetrate beyond the corneocyte

surface and indent on structures deeper inside the corneocyte. This occurs in the

presence of significant inelastic deformation of the cell; to analyse the mechanical

properties of structures inside, two models were compared. The compliance model

of Doerner and Nix [81] showed significant variation in elastic modulus with the

approach-retract velocity, consistent again with viscoelastic behaviour. In order

to try to separate the time-dependent viscoelastic and time-independent elastic

deformations of the intracellular material, a model was derived based on that of

Oyen and Cook, incorporating viscoelastic effects. Effective reduced elastic mod-

uli calculated using this model showed smaller variation with approach-retract

velocity. However, there was still some variation of the elastic modulus with ve-

locity; it is likely that a more sophisticated model than the relatively simple one

used here is needed to fully compensate for viscous effects.

In order to investigate mechanical properties at a range of depths below the

surface of the corneocyte, indentation was performed multiple times on the same

site, with steadily increasing force and therefore increasing penetration into the

cell. It was noted that after an approach-retract cycle of indentation, further

indentation was elastic until the applied tip-sample pressure became larger than

that of the previous indent. This effect indicates that deformation during the

retraction of the AFM probe (where the tip-sample decreases from the peak

value at the end of the approach) is elastic, as required by the models used here.

In order to determine if the measured elastic modulus was a function of the

pressure applied to the corneocyte material (due to hardening of this material

under pressure) double indents were also performed, with a large pressure exerted
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during the first indent to allow the needle to penetrate deep into the corneocyte,

and a smaller pressure exerted in the second indent. Analysis of these two indents

showed good agreement between the elastic moduli measured at large and small

pressures. It would seem from this result that the elastic modulus is a function

of the depth below the surface of the corneocyte at which the measurement is

made, rather than the applied pressure.

The elastic modulus measured using these different techniques showed an in-

crease from ∼100 MPa to ∼500 MPa from the corneocyte surface (zero inelastic

deformation) to ∼100 nm below the corneocyte surface. Following this depth

the elastic modulus did not vary much, remaining at the value of ∼500 MPa.

This suggests that the needle probes a softer outer layer of the corneocyte at low

deformations, sensing the harder internal structure as the deformation increases

and the probe penetrates through the outer layer. This two-layer model is sup-

ported by the presence of penetration events in the approach curves (indicating

penetration through the outer layer). The force curves recorded during multiple

indents on the same indentation site also suggest the presence of two layers of

material, both of which deform elastically, with the needle able to inelastically

deform and penetrate the outer layer to make contact with the internal layer.

This proposed two-layer model is supported by the known structure of corneo-

cytes. The corneocyte possesses an external protein envelope covalently bonded to

lipid molecules. This layer is likely to be softer than its internal structure, which

is composed of bundles of keratin intermediate filaments. The cornified envelope,

therefore, is likely to be the softer external layer detected in our experiments,

while the more rigid homogeneous internal layer is probably the intracellular

keratin filament structure.

It was noted that the resistance to penetration of the outer layer of the cor-

neocyte apparently decreased following an initial penetration by the needle; there

was less chance of observation of a peak or step in the approach curves of single

indents with each new indentation on the cell. This would suggest that the pore

created by the first indent disrupted the integrity of the cornified envelope, at

least locally, and there was thereafter less resistance to the penetration of the

needle in subsequent indents. This would seem to indicate that indentation using

the nanoneedle damages the cell on a wider level than its small size would suggest.

This is a problem as it was hoped that small size and high aspect ratio of the
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Figure 7-22: Examples of potential targets for manipulation using nanoneedle
probes, in order to investigate mechanical properties of the target structure. a)
shows the bending of a cytoskeleton fibre bundle b) shows the manipulation of a
mitochondrion c) shows deformation of the nuclear envelope surrounding a cell
nucleus.

needle would allow it to penetrate cells to large depths without significant dam-

age to their structure as a whole. However, as discussed further in section 7.9, it

is likely that other cell types would be less affected than corneocytes as they are

more able to regenerate their outer surfaces. That there is little negative effect

on these cell types has been demonstrated in other studies using nanoneedles

fabricated by techniques other than EBID. [130–135]

The experiments shown here demonstrate that nanoneedles fabricated on

AFM tips using EBID can be used to penetrate the outer layers of biological

structures. Force curves recorded during this process reflect the internal struc-

ture of the cell as it is penetrated by the nanoneedle. Results are presented here

showing that the mechanical properties of intracellular structures can be investi-

gated using indentation with nanoneedles. In future, nanoneedles could be used

to probe these properties in more complex structures in other cell types, for exam-

ple cytoskeleton filament structures, and organelles such as mitochondria or the

cell nucleus (see figure 7-22). Their small size and high aspect ratio would allow

them to penetrate to large depths within the cell without significant damage to

the cell structure as a whole, and to break through the cell membrane and outer

layers of the cell to make contact with structures deeper inside. This overcomes
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a limit of conventional AFM tips whose pyramidal shape means that they will

cause significant damage to a larger area of the cell surface if they penetrate deep

inside. The nanoneedles therefore demonstrate similar advantages in cellular ma-

nipulation to high-aspect ratio AFM probes fabricated by other techniques e.g.

focussed ion beam milling [130–133] or attachment of carbon nanotubes to the

tip. [134, 135] Integrating the EBID needles into an AFM system allows them

to be used for the imaging and investigation of living cells at a nanoscale level

under physiological conditions, a major advantage of AFM over other imaging

techniques (e.g. electron microscopy).

It was demonstrated that the indentation techniques described here are sen-

sitive to changes in elastic modulus of the corneocyte internal structure which

are associated with disease symptoms. In particular, we demonstrated a decrease

in elastic modulus at depths of 50-300 nm below the corneocyte surface after

treatment of the skin with low concentration sodium lauryl sulphate to induce

symptoms similar to those of atopic dermatitis. This suggests that nanoneedle

indentation could be used to investigate changes in cell structure and mechanical

properties associated with harmful diseases.

In future, the needles could also be used to perform “mechanical tomogra-

phy” on cells, mapping the elastic modulus and other mechanical properties of

structures at a range of depths below the cell surface. There is also potential to

use nanoneedle probes for microinjection into cells, as demonstrated by several

groups. [130–134], or, if coated with conductive material, as probes of intracellu-

lar electrical activity. High aspect ratio “nanoneedle” probes of this type could

therefore become powerful tools for the investigation of many aspects of the in-

ternal structure of biological cells.
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Chapter 8

Manipulation of Biological

Structures

In recent years there has been great interest in the capability to manipulate indi-

vidual cells, and the smaller biological structures which make up their fine struc-

ture. Using the atomic force microscope as a dissecting tool, a variety of biological

structures have been targeted. These have included collagen fibrils, [125] chro-

mosomes, [117] protein complexes, [123] plasmids, [120,121] virus particles, [122]

and bacterial cell walls. [126] In some of these previous studies, AFM has been

successfully applied to manipulate the outer layers of these structures to expose

their internal structural details for in situ AFM imaging. [125,126]

This chapter describes experiments performed to expose sub-surface struc-

tures in biological cells by manipulation of the surface using AFM. Using a num-

ber of different techniques, it has been possible to remove upper layers from

smooth muscle cells and corneocytes, and expose structures underneath, which

were successfully imaged in situ using AFM.

In these experiments we have made use of AFM probes modified to create

“nanotool” structures on the AFM tip. We show in this chapter that it is possible

to use “nanoscalpel” probes (the fabrication of which is described in chapter 4)

to create incisions in biological materials, and that this manipulation can attain

narrower incisions than those attainable using either unmodified AFM probes or

laser microscalpels. It is also demonstrated that the “nanotome” probes (also

described in chapter 4) can be used to separate the upper layers of a corneocyte

cell from those lying underneath, and that the separated layer can be manipulated
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using the AFM tip to expose the underlying structure.

These “nanosurgical” techniques have the potential to be used to dissect bi-

ological structures on very small scales to investigate their internal organisation,

as well as for other applications in biological research.

8.1 Incisions

The cutting and manipulation of biological structures using AFM probes is lim-

ited by the pyramidal shape of the probe, which necessarily increases the cut

width as it penetrates deeper into the sample. In addition, the crystalline ma-

terials, such as silicon, used to fabricate AFM probes are relatively brittle and

so can be easily damaged during manipulation; [119] this further reduces the

precision of the manipulation by blunting the probe tip.

Our experiments demonstrated that probes modified using an EBID process

to fabricate “nanoscalpel” blades on the probe tip (as described in chapter 4) can

be used to make incisions in the surface of biological structures. The high aspect

ratio of these probes allows them to create deep cuts into biological structures

without loss of lateral precision. In addition, as shown in chapter 6, the amor-

phous carbon nanoscalpel blade is highly robust; the structure will bend rather

than break and can recover from such deformations elastically.

In order to demonstrate the capability of nanoscalpel AFM probes to make

incisions in biological materials, experiments were carried out to create parallel

incisions in the surfaces of fixed cells. The protocols used for the isolation, culture

and fixation of these cell samples are described in detail in appendix A. We were

also able to make incisions in the outer protein envelope of non-fixed corneocyte

cells. Incisions were made using both unmodified AFM probes and nanoscalpel

probes, in order to compare the relative advantages of these techniques; this work

is described in a paper published by our group. [77] Examples on incisions on fixed

cells and non-fixed corneocytes are shown in figure 8-1.

Figure 8-2 shows incisions made on the surface of a fixed cell using an unmod-

ified silicon probe, and using a nanoscalpel probe. The incisions created by the

nanoscalpel probe are much narrower, approximating to the width of the scalpel

blade itself. The nanoscalpel AFM probes therefore demonstrate improved lateral

precision compared to both unmodified AFM probes and to previous experiments
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a) b)

c)

d)

Figure 8-1: a) AFM image of incisions on the surface of a fixed megakaryocyte
cell, performed and then imaged using the same AFM nanoscalpel probe. b)
Topographic profile across the blue line in (a), showing width of incisions. c)
Pseudo-3D AFM image of cuts. d) Nanoscalpel incision on a corneocyte.
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a)

b)

Figure 8-2: a) Incision made on a fixed smooth muscle cell using an unmodified
silicon probe. b) Incisions made on fixed megakaryocyte cell using a nanoscalpel
probe.

using laser microscalpels, which can attain a minimum incision width of ∼200

nm. [118]

It would probably not be possible to make an incision in the plasma mem-

brane of a living cell using this technique. The membrane is composed of amphi-

pathic phospholipid molecules, which self-assemble in aqueous environments to

form a two-molecule thick “lipid bilayer”. This structure exposes the hydrophilic

“heads” of the molecules to the cell’s aqueous environment and cytoplasm, with

their hydrophobic “tails” inside the membrane. A hole in this bilayer repre-

sents an energetically unfavourable configuration for these molecules, and so the

molecules in the bilayer will very rapidly move to close any such hole. [199]

However, it has been shown that AFM probes can penetrate the membrane

[6,128,130–134,190]; nanoscalpel probes could therefore be used to cut structures

below the membrane, such as the polymerised protein filaments which make up

the cytoskeleton and nuclear envelope. These filaments have been successfully

severed using laser microscalpel techniques. [113, 114] The filaments and other

structures do not regenerate as fast as plasma membranes, and can be located in

AFM images since they become visible as the tip deforms or weakly penetrates

the cell membrane. [5–10] It has been shown in some cases that rather than

regenerating, they tend to recoil due to the release of tension, and then retract

further after this elastic recoil, as though depolymerising at the cut ends. [118]
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Henderson et al reported the formation of a “hole” through a cell after penetration

with an AFM tip, without loss of cell viability. [6] This was explained as the

penetration of both upper and lower membrane bilayers by the AFM tip, with

the membrane sealing at the edges of the hole to maintain a continuous surface.

This would imply that using AFM manipulation it would be possible to isolate a

section of the cell using the nanoscalpel, especially in the case of cells with long

cytoplasmic protrusions (e.g. megakaryocytes).

Manipulation of the internal structures of the cell using nanoscalpels (and

other specialised nanotools) could provide insight into their mechanical and bio-

chemical function within the cell. Combined with optical techniques and fluores-

cent labelling, specific structures within the cell could be targeted and ablated

or manipulated using the nanoscalpel probe. These structures could potentially

be isolated from the cell using AFM manipulation for further investigation, or

selectively damaged in order to observe the response of the cell as a whole.

8.1.1 Force feedback

During an incision on a rough surface such as the surface of a biological structure,

the cantilever deflection can vary considerably. This can result in the tip-sample

force becoming too large, which can break the nanoscalpel blade or detach it from

the AFM tip. During normal AFM imaging, the tip-sample force is controlled

using a feedback loop which repositions the tip or sample using the piezoelectric

scanner to maintain the tip-sample force at a constant value. This is achieved by

using the cantilever deflection (or amplitude, phase or resonance frequency) as

the input signal for a feedback loop which controls the piezoelectric scanner.

Such a feedback loop can be implemented in the manipulation program to

control the force applied to the nanoscalpel during the cutting process, maintain-

ing it at a chosen setpoint value. The feedback loops used in AFM systems are

often complex, employing proportionate and integral gain controls.

In our experiments, a simple proportionate gain-type correction step was im-

plemented using the NanoScript software controlling the AFM system, with the

correction of the piezoelectric scanner position being proportionate to the devia-

tion of the cantilever deflection signal from a chosen setpoint voltage.

Figure 8-3 compares the cantilever deflection during cuts made on cell sur-
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Figure 8-3: Cantilever deflection during cuts on a fixed cell. Without feedback,
the rough surface of the cell causes large variation in the cantilever deflection
(and therefore the tip-sample force), which eventually causes saturation of the
photodiode signal. With feedback active, the cantilever deflection is held at a
fixed setpoint value.

faces with and without feedback control. Without feedback, there is significant

variation in deflection due to the roughness of the sample. With feedback active,

the cantilever deflection is held constant throughout the cutting process. Con-

trolling the cantilever deflection, and therefore the applied cutting force, in this

way prevents the nanoscalpel from breaking. It also allows the depth of the cut

to be controlled, as the cut depth increases with the vertical tip-sample force

applied during an incision. This is described in more detail in subsection 8.1.2.

8.1.2 Depth of Incisions

In the course of our experiments, we investigated the relationship between the

force applied during cutting and the depth of the incision created in the cell. This

required the design and implementation of a technique to accurately measure the

depth of incisions.
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Unfortunately it is not generally possible to accurately determine the depth

of an incision by imaging it in the AFM system after manipulation; it is unlikely

that the AFM probe will penetrate back into the incision during normal imaging,

and so its depth will not be accurately profiled. It is also likely that the elastic

recovery of material at the sides of the incision will push the sides together,

closing the gap created by the nanoscalpel blade.

Therefore it is necessary to determine the vertical deformation of the cell

by the scalpel using data recorded from the AFM system during the cut. If

the cantilever deflection and the vertical position of the scanner during normal

imaging and during cutting are compared, this can be used to track the position

of the nanoscalpel blade during the cutting process, and so determine the distance

below the surface to which the nanoscalpel penetrates.

In order to allow the cut depth to be calculated using this technique, the

manipulation program first moves the AFM probe along the path of the incision

with normal feedback enabled, recording the surface topography. After this has

been performed, the probe repeats the profile as it returns along the same path,

creating trace and retrace profiles of the undamaged topography.

Following this, the cantilever is pressed down into the sample until the target

cantilever deflection (corresponding to the desired cutting force) is measured at

the AFM photodiode. After this, the tip is moved along the cut path with the

cantilever deflection held at this value by the feedback loop implemented in the

nanomanipulation program (as described in subsection 8.1.1) This allows the

nanoscalpel blade to create an incision in the surface. During this processes,

the z-position of the scanner is recorded as it is controlled by the feedback loop,

allowing the vertical position of the AFM tip to be determined.

In a similar manner to the calculation of the deformation of a sample dur-

ing indentation, the deformation of the cell at any point along the cut can be

determined by

δ = zt − zc −D (8.1)

where δ is the deformation of the sample, zt is the scanner z-position during

the initial topographic profile, zc is the scanner z-position during the cut, and D

is the cantilever deflection.

Figure 8-4 shows that the depth of incisions made on the surface of a corneo-
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cyte increases in approximate proportion to the applied force. It should be noted

that, while the majority of the deformation is inelastic (as noted in chapter 7),

some elastic recovery of the deformation is likely to occur. Therefore, the val-

ues in the graph shown in figure 8-4 are likely to be slight over-estimates of the

depth of penetration of the nanoscalpel. However, these results indicate that by

controlling the cutting force using a feedback system, the depth of the cut can

therefore also be controlled.

8.2 Surface Removal

Previous studies have used AFM to remove the surface of biological structures

by two routes; increasing the tip-sample force to displace material from an area

of the surface during scanning, [126] or separating part of the sample by making

incisions in the surface and then using the tip to move part of the surface to

expose internal structures. [125]

In our experiments, we attempted to use these techniques for the removal of

surface layers from biological objects. Initial experiments were carried out on

fixed cells to determine if it would be possible to expose internal structures by

AFM manipulation.

The first technique which we used was line-by-line displacement of surface

material, by increasing the tip-sample force during AFM scanning with a low scan

rate. Initially, we tried increasing the applied force during the “retrace” scan line

only, by applying a negative lift height in Retrace Lift Mode in the Interleave

control in the Nanoscope software which controls the AFM system. By setting a

negative lift height, the probe tip is moved downward into the sample surface at

the beginning of each retrace scan line, therefore displacing material as it scans.

This process is described in more detail in chapter 3.

Figures 8-5 and 8-6 show part of the surface of a fixed aortic smooth muscle

cell (SMC) on which two areas of surface material have been removed using

this technique. By replacing the AFM probe (which was damaged during the

manipulation) with a new, sharp probe, the exposed sites could be imaged in

detail. In both cases, the removal process began at the lower edge of the target

area, and material was displaced by cutting from the right-hand side of the figure

to the left-hand side. The area labelled B in figure 8-5 was exposed by cutting
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a)

b)

Figure 8-4: a) Comparison of z-position of scanner during initial topographic pro-
file along cut path and during incision. b) Depths of nanoscalpel cuts measured
on corneocyte surfaces as a function of applied cutting force. Open and closed
circles indicate data from 2 different corneocytes; error bars indicate variation in
depth during cut.
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with the angle of the AFM scan rotated 45 degrees.

It was noted that in both cases raised areas are present at the upper and

left-hand edges of the exposed areas. These can be explained as surface material

“piling up” ahead of the probe as it is displaced, and being deposited at the edge

of the exposed areas.

In both areas A and B, filament-like structures can be seen in the target area

after manipulation. These would appear to be present below the surface of the

SMC. It is of interest that, although the direction of the retrace scan in area B

was at 45 degrees to that in area A, the filaments appear to run in a similar direc-

tion in both areas. This would suggest that they are actual subsurface features

rather than an artefact created by damage to the surface caused by the AFM

probe, as such an artifact could be expected to take the form of furrows running

parallel to the direction of cutting in both cases. It is known that parallel bundles

of filaments, composed of actin and myosin proteins, are indeed present within

SMCs; it is possible that this nanodissection has exposed parts of a filament

bundle, allowing it to be imaged using AFM. [136] A comparison of the filament

structures between the two exposed areas is shown in figure 8-7.

A second technique which was used was an increase in tip-sample force using

a slow raster scan, with the increased force applied during both trace and retrace

scan lines. Figure 8-8 shows the result of applying this technique to a corneocyte,

in an attempt to remove its outer protein envelope and expose the internal keratin

structures. As in the previous experiment, the AFM images were taken after

manipulation by replacing the AFM probe used for manipulation with a new,

sharp probe. This revealed that the manipulation had again successfully removed

the surface layer, exposing some ultrastructural details beneath.

These experiments suggested that AFM manipulation can be used to expose

internal cellular structures for AFM imaging in situ. However, the manipulation

processes in these experiments were very time-consuming due to multiple passes

of the AFM probe tip required. It would be useful to demonstrate the removal of

an area of surface with a single pass of the tip, during which the cutting force can

be controlled using the feedback loop as in the manipulation program used for

the incisions, as this process would be relatively quick. This would be especially

advantageous if larger areas of the outer surface are to be removed. This was

achieved using a “nanotome” probe, modified using EBID to include a specialised
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a) b)

c) d)

Figure 8-5: a) Area of surface of fixed aortic smooth muscle cell, showing two
rectangular regions whose surface has been removed by multiple passes of the
AFM probe in “Retrace Lift” mode. b) Profile across area A (along dashed
line in a)), showing raised area at one edge of the exposed region where surface
material has been deposited. c) Pseudo-3D view of area shown in (a). d) Image
of area A with increased magnification, showing filament-like structures exposed
below surface.

nanotool which can separate the upper layer of a sample from those underneath

using a single pass of the probe tip. This process is described in the next section.
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a) b)

c)

Figure 8-6: a) Image of area B highlighted in figure 8-5. b) Magnified image
showing filament-like structures. c) Topographic profile along line in a).

8.2.1 Nanotome

In chapter 4, the fabrication of a “nanotome” probe is described. This probe was

modified using EBID to deposit two parallel nanoscalpel blades on the probe tip,

and then to fabricate a single suspended filament between them. The probe is

designed to separate the outer layers of a target structure from those underneath,

with the suspended filament cutting beneath the outer layer. This process is

illustrated in figure 8-9.

Moving a nanotome probe across the surface of a corneocyte created two

parallel cuts due to the twin amorphous carbon blades. Unfortunately, in this

experiment the nanotome was detached from the AFM probe when it withdrew
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A

B

Figure 8-7: Pseudo-3D images of areas A and B shown in figures 8-5 and 8-6.
These images have the same orientation relative to one another. The subsurface
filaments revealed by nanodissection using AFM manipulation are visible. The
filaments run in a similar direction (into the page) in both areas, even though
the retrace scan direction during the surface removal was performed in a different
direction between the two areas.
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a)

b) c)

Figure 8-8: a) AFM image of area of corneocyte surface highlighting area exposed
by multiple passes using AFM probe. b) Profile across removed area. c) Enlarged
pseudo-3D view of exposed area, showing exposed internal structure.

from the corneocyte surface after making these cuts; fragments of the broken

blades are visible as the bright regions in figure 8-10a.

Passing the (damaged) probe tip across the cuts appeared to remove parts of

the surface layer between the two cuts. This process is shown in figure 8-10a and

b. It also removed the fragments of the damaged probe; as these were not visible

on the surface after manipulation then it is likely that they adhered to the probe

tip.
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Figure 8-9: Schematic of nanotome operation. a) Cross-sectional view. b) View
from above.

The removal of the surface layer would seem to indicate that the suspended

filament between the two blades of the nanotome probe was able to separate this

layer from the structures beneath. Imaging of the area of the corneocyte interior

which was revealed was then be carried out by replacing the nanotome probe

with a sharp unmodified AFM probe. Figure 8-11 shows a three-dimensional

view of the site where manipulation was performed. It is clear in this image that

the surface layer has been successfullly removed, and that some of the structure

beneath is visible.

This experiment showed that the nanotome probe can be used to separate the

upper layers of a biological sample from those beneath. It has been shown here

and by previous studies that removal of these layers by AFM manipulation can

expose internal structures for imaging using AFM. [125, 126] Nanotome probes

could find application in the investigation of the ultrastructure of biological struc-

tures, including cells, with the potential to expose large areas of their internal

organisation for AFM imaging.

8.3 Manipulation with Nanoneedles

In some of our experiments, indents using nanoneedles were performed on the

small circular structures visible on the surface of almost all the imaged corneo-

cytes, as described in chapter 7. It was theorised that these might be the outer

structures of corneodesmosomes, structures spanning the surface envelope of cor-
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a) b)

c)

Figure 8-10: a) Parallel cuts created using nanotome. b) and c) Passing the
AFM tip across the corneocyte surface perpendicular to the initial cuts (along
the paths of the arrows) removes the surface layer between the cuts.

neocytes which function as site of adhesion for the corneocyte to the surrounding

cells. [140] It was shown that indentation using a nanoneedle probe on such a

structure initially caused it to disappear, leaving an indent or pore in the surface

as with other indentation experiments.

However, after this indent had been performed, a second indent at approxi-

mately the same site appeared to deposit an object on the cell surface. Images

of the cell surface before and after these indents are shown in figure 8-12. There

158



a) b)

Figure 8-11: a) Pseudo-3D image of corneocyte after removal of an area of surface
material using a nanotome. Imaged area is 1.6x1.5 µm. b) Image of the removal
region with increased magnification, showing structures beneath surface layer.
Imaged area is 1x1 µm.

was no damage to the probe during this process, so the object cannot be a part

of the probe which has detached; it must have originated as contamination from

the cell.

The general appearance and size of the object deposited suggests it is actually

the initial target structure. This would suggest that it was pulled out of the cell

surface by the first indent and adhered to the probe until it was detached during

the second indent.

This process illustrates that the nanoneedle probes can be used for sampling

of material from surface of biological cells, and potentially also from inside the

cell. This process has been achieved in the past using unmodified AFM probes

to extract genetic material from the cytoplasm of cells [128] and from isolated

chromosomes [119]. To improve its suitability as a sampling tool, the needle could

be functionalised with biological molecules to improve its binding or adhesion to

the target structure, as often used for AFM imaging of molecular binding sites

on cells [13]. The observation of extraction of material from corneocytes is of

particular interest as the strongly cross-linked cornified envelope is often highly
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a) b)

c)

Figure 8-12: a) Surface of corneocyte before indentation using nanoneedle. b)
Surface after indentation on structure in centre of image a). c) Surface after
second indent, showing object (possibly original surface structure in a) deposited
on surface.
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resistant to typical chemical extraction techniques, requiring the use of high tem-

perature treatment to remove molecules for biochemical assays. [140] Sampling

by mechanical removal using AFM would represent an alternative technique with

high spatial selectivity which could extract small quantities of material from the

corneocyte.

8.4 Conclusions

In this chapter, experiments to manipulate biological structures using AFM ma-

nipulation are described. It has been shown that EBID nanotools can be used

for specialised manipulation of these structures.

High-aspect ratio “nanoscalpel” probes can be used to create incisions in the

surface of biological structures. This has been demonstrated by making incisions

on the surface of fixed cells and on non-fixed corneocytes. These incisions are

narrower than those which can be attained using either unmodified AFM probes

or laser microscalpels. Unmodified probes are limited by the low aspect ratio

shape of the probe, while laser microscalpels are limited in precision by the fo-

cussing limits of the beam and the threshold energy needed to ablate biological

materials; the nanoscalpel is able to overcome both these limitations. While

other high-aspect ratio probes exist and have been applied to the manipulation

of biological cells, their needle-like shape limits them to exerting force along the

needle axis; they would be too brittle for lateral manipulation. [130–133]

The use of an AFM system for manipulation allows the force applied to the

probe to be controlled. Use of a force-feedback control while making an incision

allows the applied cutting force to be maintained at a setpoint value, controlling

the depth of penetration of the nanoscalpel below the surface of the structure

and preventing the tip-sample force becoming too large (which could damage the

nanoscalpel).

AFM manipulation was also successfully applied to remove surface material

from cells, exposing structures beneath. This was achieved using both line-by-

line removal of material using a large tip-sample force during normal scanning,

and also the separation of the surface layer from the underlying structures using

a specialised EBID-modified “nanotome” probe.

Extraction of material from the surface of a cell using a nanoneedle was also
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demonstrated, indicating that high-aspect ratio nanotool probes can be applied

for this purpose as well. This could potentially be used to sample locations within

cells deep beneath the cell surface to extract material from the nucleus or other

organelles. These extraction sites could be highly localised due to the high aspect

ratio and small diameter of the probe, allowing the location of sampling to be

precisely controlled.

The successful application of these techniques demonstrates that EBID-modified

probes can be used for sophisticated nanomanipulation of biological structures.

In future, these tools could be used for a variety of different applications; for

example, the isolation of individual cells, ablation or isolation of single organelles

or cytoskeletal structures, and the dissection of biological structures to expose

internal structures for AFM imaging.

In future, AFM nanomanipulation with nanotool probes could be combined

with laser microscalpel, optical imaging, and fluorescent labelling techniques.

This could be applied for highly sophisticated nanosurgery and dissection, target-

ing both internal and surface structures in cells and other biological structures.
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Chapter 9

Conclusions

This chapter summarises the most important results and conclusions from this

thesis. The experiments described in this work have concentrated on the fabri-

cation and application of specialised novel AFM probes, created from standard

AFM probes modified using electron beam induced deposition. Experiments

have also been carried out to determine the mechanical properties of the de-

posited structures, which have not been previously studied. These “nanotool”

probes represent a new approach to nanomanipulation; combined with optical

imaging and manipulation, these tools could be used in new techniques for the

investigation of biological cells.

9.1 Summary of Results and Conclusions

In this thesis we have investigated the use of electron beam induced deposi-

tion (EBID) for the modification of atomic force microscope probes for advanced

nanomanipulation applications. This work builds on that already performed in

our group, which focused on the use of specialised EBID probes for nanolithog-

raphy on soft metal films. [67, 77]

The EBID process is highly versatile, allowing the creation of a wide variety

of nanoscale tools for different nanomanipulation applications. The deposited

material (amorphous carbon) proved highly robust, able to withstand large lateral

and vertical forces without damage or breaking free of the AFM tip, making it

more suitable for nanomanipulation applications than the comparatively brittle

silicon or silicon nitride that is generally used for AFM probes.
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A number of different nanotool structures were fabricated and investigated

for different nanomanipulation applications. Blade-like nanoscalpel tools were

fabricated and their application for making incisions on fixed animal cells and

non-fixed corneocyte cells demonstrated. Using a force feedback program, it was

shown that the applied force on the nanoscalpel probe could be controlled during

manipulation, allowing the control of the penetration depth of the nanoscalpel

into biological structures. The lateral and vertical resolution of the nanoscalpel

was shown to be better than that attainable using current “nanosurgical” tech-

niques such as laser microscalpels. These nanoscalpels have the potential to be

used for the nanoscale surgery of biological structures, for instance to isolate parts

of cells, delete specific intracellular structures, or dissect biological structures to

expose their internal organisation for further examination.

The nanoscalpel blades provided the basis for other nanotools. Experiments

were carried out to determine the effect of deposition conditions (principally the

primary beam dwell time and beam current) on the dimensions of the carbon

blades. These parameters could be controlled to create a variety of different

shapes from a flat blade to a cylindrical high-aspect ratio “nanoneedle”.

These structures are grown by beginning the deposition close to an edge of

a growth substrate and moving the electron beam spot beyond the edge into

empty space, growing a nanostructure perpendicular to the beam axis. While

similar structures have been fabricated using the same electron beam induced

deposition technique by other groups, our group is the first to investigate their use

as probes for AFM imaging and manipulation. In particular, the work presented

in this thesis represents the first use of EBID nanoneedle probes fabricated by this

method for imaging and manipulation; previously high-aspect ratio EBID probes

had been fabricated by growing pillars on AFM tips parallel to the electron beam

using a stationary beam spot. The technique of growth perpendicular to the

beam allows for more versatility in the structures that can be fabricated as well

as allowing high-aspect ratio pillars of much smaller diameters to be created.

These experiments also added to the body of previously existing evidence

that the principle source of replenishment for the EBID hydrocarbon precursor

molecules is the diffusion of adsorbed molecules across the surface of the growth

substrate. It was also shown that it is essential to have a single well-defined

growth site for the fabrication of an EBID structure with a particular shape.
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These are important factors which must be considered if EBID is to become a

more widely-used techique for nanofabrication. In our case, these insights into the

careful control of the EBID process allowed the fabrication of complex nanotools

such as “nanotweezers” and a “nanotome” incorporating a single suspended fil-

ament deposited between two nanoscalpel blades. This nanotome was designed

to separate a thin outer layer from a sample by AFM manipulation, similar to a

macroscopic vegetable peeler. The fabrication of different nanotools is described

in detail in chapter 4.

Nanoneedle probes fabricated using nanofabrication methods other than EBID

have been used by other groups for a variety of manipulation applications in bio-

logical cells, particularly in the injection of biomolecules into cells. In our experi-

ments, the high-aspect ratio nanoneedles fabricated by EBID were demonstrated

to be capable of penetration into biological structures, using corneocyte cells as

a test sample. The small size and high aspect ratio of these needles would allow

them to penetrate deep into cells and other biological structures in order to in-

vestigate their internal structure, without causing damage to the cell structure

as a whole. The fabrication of the needles is discussed in chapters 4 and 5.

The vertical deformation of the cell could be determined from the approach-

retract force curve recorded by the AFM system during penetration of a needle

into the cell. The inelastic and elastic components of this deformation could

also be determined from the force curve. Experiments demonstrated that the

penetration of the needle into the corneocyte depended strongly on the rate at

which the tip-sample force was applied, indicating viscoelastic or viscoplastic

properties of the corneocyte material. These experiments are described in chapter

7.

The nanoneedle probes function as a high-aspect ratio AFM probe with a

small tip radius which can be used for the accurate imaging of samples with

steep, high features. These probes are shown to buckle elastically if the tip-

sample force becomes too large, preventing damage to the tip or sample. This

behavior is similar to that of high-aspect ratio AFM probes fabricated by the

attachment of a carbon nanotube (CNT) to the probe apex, but the single-stage

fabrication of EBID tips is much simpler than the multi-stage processes needed

to produce CNT probes.

In order to exert forces larger than the critical buckling force for thin needles

165



the needles could be strengthened by carbon coating using EBID. This was im-

plemented by imaging the needle at high magnification and beam current in the

SEM, which resulted in an even coating of amorphous carbon on the needle tip.

This allowed “tuning” of the needle diameter, making it more rigid and increasing

the maximum force which it could exert on a sample.

In chapter 7, it is shown how analysis of the force curves recorded during pene-

tration of the nanoneedles into corneocyte cells was performed using models based

on those derived for determination of the elastic modulus of materials by nanoin-

dentation. These experiments showed increase in elastic modulus with increasing

rate of application of the indentation force, indicating viscoelastic behaviour in

the corneocytes. The process also indicated the presence of a layered structure

within the corneocyte; there was evidence of a sudden penetration through an

outer layer with a lower elastic modulus, with the nanoneedle able to detect a

second layer of stiffer material beneath. This reflects the known structure of cor-

neocyte cells, with an outer cornified envelope surrounding a stiffer intracellular

keratin filament structure.

This study indicates that the nanoneedle probes can be used for “mechanical

tomography” of biological cells, probing deep into the cell structure to determine

elastic modulus or other mechanical properties of intracellular structures. This

application has not previously been investigated using nanoneedle probes. It was

also demonstrated that the measured elastic properties of corneocytes changed

significantly upon treatment with sodium lauryl sulphate to simulate irritation

of the skin. This indicates that indentation using nanoneedles can be used to

investigate the changes in mechanical properties of the internal structures of cells

which are associated with disease states; these changes reflect alterations to the

nanoscale internal ultrastructure of the cell.

Using both unmodified AFM probes and nanotool probes, experiments were

carried out to investigate the removal of surface layers from fixed cells and un-

fixed corneocytes in order to expose internal structures for AFM imaging. These

experiments are described in chapter 8. It was shown that this removal was pos-

sible; AFM images taken afterwards suggested that the internal structure of the

cells could be observed using this technique. This kind of “nanosurgery” has been

previously performed on bacterial cell walls and isolated collagen fibrils, but this

is the first demonstration of the localised removal of the surfaces of animal cells

166



by mechanical (rather than chemical) methods. In particular, the “nanotome”

tool was sucessfully used to separate the outer layer of a corneocyte from struc-

tures beneath; the separated layer was then removed using nanomanipulation

with the AFM tip. It is also demonstrated that nanoneedle probes can be used

for recovery of samples of material from the cell surface.

Experiments were also carried out to determine the elastic modulus and flex-

ibility of the nanoscale structures fabricating using EBID; this was performed

by controlled bending of carbon cantilevers fabricated by EBID using AFM ma-

nipulation. This process also demonstrated the flexibility of these structures,

which could recover most of their deformation elastically after being deflected

up to 75% of their length. This flexibility has not been systematically investi-

gated previously in EBID structures. This result suggests other applications for

free-standing EBID structures, such as nanoscale springs, force transducers or

nanocantilever oscillators for biological and chemical sensing applications. These

experiments are described in chapter 6.

9.2 Concluding Remarks

The work described in this thesis has demonstrated several novel AFM probe

designs by EBID, and demonstrated their successful application for nanomanip-

ulation of biological cells. Experiments have been carried out that advance the

present understanding of electron beam induced deposited structures and suggest

new applications for these structures. These probes open up new capabilities for

the investigation of the internal structure of biological cells and are likely to find

application in many areas of biology and medicine.
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Appendix A

Biological Protocols

A.1 Isolation of Smooth Muscle Cells

Smooth muscle cells are extracted from aortic tissue. Male Wistar rats were

humanely killed by cervical dislocation in accordance with Home Office regula-

tions, and then dissected to remove the aorta (handling and dissection of the

rats was performed by a licensed technician). The tissue was immersed in antibi-

otic/fungicide solution and sectioned and cleaned of external connective tissue.

An air bubble was passed through the aorta to destroy its internal layer of ep-

ithelial cells and then the tissue was divided into ∼4 mm rings and incubated in

a 2 ml Ca2+, Mg2+-free saline buffer solution containing 1 mg/ml bovine serum

albumin (BSA), 2 mg/ml collagenase (type XI), 1 mg/ml papain, 1 mg/ml dithio-

threitol and 0.5 mg/ml trypsin inhibitor (all from Sigma, UK) for 20 minutes at

37 ◦C. Using gentle agitation with a pipette, the digested tissue was separated

into individual cells. For AFM experiments, cells were deposited on glass cover

slips and allowed to adhere for ∼30 minutes. This process is routinely used for

tissue isolation at the University of Bath Department of Pharmacy and Phar-

macology; this work was performed in collaboration with Dr SV Smirnov in this

department. [200]

A.1.1 Cell Culture

Some cells samples were fixed for imaging immediately. However, some were

cultured for ∼24 hours, allowing them to adhere to the slides and propagate.
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This reduces their overall height (making them easier to image with AFM as our

AFM scanner is limited to 5.5 µm vertical displacement). The cells were cen-

trifuged twice at 1100 rpm to separate them from solution, and then transferred

to DMEM/F-12 culture media (Invitrogen, UK) and deposited on circular glass

cover slips for AFM experiments.

These cells were incubated at 37 ◦C in a CO2 atmosphere in culture media for

∼3 days. Before fixation for AFM imaging, the culture media above the cells was

removed by aspiration, and the cells were then transferred to clean phosphate-

buffered saline (PBS).

A.1.2 Fixation for AFM Imaging

Cultured cells were fixed using 3% paraformaldehyde (PFA) for 40 minutes at

room temperature, then dehydrated using increasing concentrations of ethanol

(25%, 50%, 75%, 100%) then acetone (25%, 50%, 100%, omitting the 75% step),

before rinsing in DI-H2O and drying in air. Non-cultured cells were not PFA-fixed

but were dehydrated using the same protocol.

A.2 Preparation of Megakaryocyte Samples

Preparation of megakaryocyte samples was performed in collaboration with Dr A

Mackenzie of the Department of Pharmacy and Pharmacology at the University

of Bath.

A.2.1 Preparation of Substrates

In order to improve adhesion by the megakaryocytes, the cover slips which served

as substrates for AFM imaging were coated with fibrinogen. This was performed

by depositing 200 µl 0.1 mg/ml fibrinogen solution (sterilised by filtration using

a 0.22 µm filter) in PBS onto the coverslip under sterile conditions. ∼2 hours

was allowed for adhesion of the fibrinogen to the glass slide.
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a)

b)

Figure A-1: Optical microscope images of non-cultured (a) and cultured (b) fixed
aortic smooth muscle cells. (x1000 magnification)
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Figure A-2: Optical microscope image of megakaryocyte cell in the process of
platelet production. Visible are the long proplatelet protrusions which extend
from the cell as it differentiates. (x500 magnification)

A.2.2 Megakaryocyte Preparation

Megakaryocytes suspended in culture media were centrifuged at 1200 rpm for

4 minutes, and the supernatant media removed by aspiration. The cells were

resuspended in 4 ml culture media, then 1 ml of the cell suspension added to

4 ml culture media in petri dishes containing the fibrinogen-coated glass slides.

The cells were incubated at 37 ◦C in a CO2 atmosphere in culture media for ∼3

days, as for the smooth muscle cells. During this time the megakaryocyte cells

adhere to the substrate, propagate and form the demarcation membrane system.

The cultured megakaryocytes were fixed using PFA using the same procedure

as for the the smooth muscle cells (see section A.1).

A.3 Isolation of Corneocytes

Corneocyte sampling for mechanical testing was performed using a tape- strip-

ping process on the left ventral forearms of 8 healthy human volunteers aged 19-54

years. The subjects were provided with detailed information on the process be-

forehand and any questions raised were answered appropriately. All subjects gave
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written consent beforehand, and the sampling process was performed with ap-

proval from the relevant ethics committees (REC references: 04/MRE04/70 from

Trent Research Ethics Committee and EP 10/11 54 including amendment EP

10/11 55 from the Research Ethics Approval Committee for Health (REACH))

and was performed in collaboration with Prof RH Guy of the Department of

Pharmacy and Pharmacology at the University of Bath. An area 10x10 mm2

was marked on a hair-free area of skin on the left ventral forearm surface. Com-

mercially available adhesive tape (Scotch Tape from 3M) was then pressed onto

this area, and then removed. Tape-stripping was used in combination with Trans-

Epidermal Water Loss (TEWL) measurements to determine the depth of removal

of the stratum corneum. These TEWL measurements were performed using a

Biox AquaFlux Condenser Chamber TEWL probe to monitor and control the

depth of removal of the corneocytes (using the method described in chapter 2);

these measurements were performed every 1-5 strips. When the desired depth

(corresponding to 20% removal of the stratum corneum) had been reached, com-

mercially available hair removal wax (Parissa Strip Free Wax, Boots UK Ltd.)

heated to 65 ◦C was used as an adhesive to remove corneocytes for AFM imag-

ing. This wax hardens on cooling to a rigid substrate for the cell samples. These

sampling procedures are routinely used in the Department of Pharmacy & Phar-

macology at the University of Bath.

In order to examine differences in mechanical properties in irritated skin, a site

on the left ventral forearm of 4 volunteers was treated with a low concentration

of the mild irritant sodium lauryl sulphate (SLS) (0.1% w/v concentration, 250

µl, QMX Laboratories, UK) for 6 hours per day for 4 days per week (Tuesday-

Friday) over a 3-week period. SLS treatment of the skin was performed by Mrs

Q Yang of the Department of Pharmacy and Pharmacology at the University

of Bath as part of a larger study examining biochemical changes in the irritated

stratum corneum using infrared spectroscopy, mass spectroscopy and fluorescence

microscopy on the isolated corneocytes (approved under Ref: EP10/11 54 includ-

ing amendment Ref: EP 10/11 55 from the Research Ethics Approval Committee

for Health (REACH)). During this period, TEWL measurements were carried out

to mitigate against strong irritation; if an increase in TEWL of >50 g/m2hr−1

was detected, the applied SLS concentration was halved. The right arm was not

exposed to SLS and therefore was used to provide control samples. Tape stripping
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Figure A-3: Optical microscope image of isolated corneocytes on wax surface.
(x100 magnification)

was then used to remove 75% of the stratum corneum on both control and treated

sites, before wax was again used to remove samples for AFM measurements as

described above.

174



Appendix B

Program for Integration of Beam

Bending Equations

The program shown below was used to find solutions to the Euler-Bernoulli beam

bending equations for large deflections of a cantilever beam as derived by Bis-

shop et al. [180] This is performed by integrating equations 6.10 and 6.12 found

in section 6. The program is written using C in the CodeBlocks open source

development environment and is intended to run in a Windows operating system

(Windows 7 and XP were used in our experiments).

#include <stdio.h>

#include <stdlib.h>

#include <math.h>

#include <windows.h>

int main()

{

double phi0_min=0, phi0_max=M_PI/2;

double phi, d_phi, phi0, d_phi0;

double output1=0, output2=0, phi0_output=0;

double output1_0, output2_0;

int E_found;

double i1, i0;

int i, j, k, fp;

int n=25,phi0_n=256, phi_n=2.0e6;
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// x and y arrays hold experimentally measured values of load point

// position (x) and deflection of beam at the load point (y) for each indent

// x and y are defined in the program code; substitute value1, value2 etc.

// for experimentally measured values

double x[30]={value1, value2...value29,value30};

double y[30]={value1, value2...value29,value30};

double d;

double output1_min, output2_min, output1_max, output2_max,

phi0_output_min, phi0_output_max;

// Set text colour to green (just a personal preference)

SetConsoleTextAttribute (GetStdHandle(STD_OUTPUT_HANDLE),

FOREGROUND_GREEN);

// Open output file

fp=fopen("output.txt", "w");

// Write a file header

fprintf(fp, "x(nm), y(nm), d(nm), phi0(rads) min, phi0(rads) max,

output1 min, output1 max, output2 min,

output2 max\n");

// Set stepsize for phi0

d_phi0=(phi0_max-phi0_min)/phi0_n;

// Start loop through measured x values

for (k=0;k<n;k++) {

output1_min=0;

output2_min=0;

phi0_output_min=0;

output1_max=0;

output2_max=0;

phi0_output_max=0;
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// Start loop through possible phi0 values

for (j=0;j<phi0_n;j++){

//Calculate phi0 and stepsize for phi

phi0=j*d_phi0;

d_phi=(phi0-phi0_min-1.0e-14)/phi_n;

//Store values of output1 and output2 from previous phi0 step

output1_0=output1;

output2_0=output2;

//Zero outputs

output1=0;

output2=0;

phi0_output=0;

// Start loop through possible phi values from zero to phi0

for (i=0;i<phi_n;i++) {

// Calculate phi

phi=i*d_phi+phi0_min;

// Calculate 2*sqrt(alpha) values at phi, phi+d_phi

i1=1/sqrt((sin(phi0)-sin(phi)));

i0=1/sqrt((sin(phi0)-sin(phi+d_phi)));

// Integrate using trapezium method

output1=output1+(i1+i0)*d_phi/2;

// Calculate output for y values
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i0=sin(phi)/sqrt((sin(phi0)-sin(phi)));

i1=sin(phi+d_phi)/sqrt((sin(phi0)-sin(phi+d_phi)));

// Integrate using trapezium method

output2=output2+(i1+i0)*d_phi/2;

// End loop through phi values

}

// Calculate 2*sqrt(alpha) values at phi, phi+d_phi

// i1=1/sqrt((sin(phi0)-sin(phi+d_phi)));

// i0=1/sqrt((sin(phi0)-sin(phi+1.999999*d_phi)));

// Integrate using trapezium method

// output1=output1+(i1+i0)*d_phi/2;

// Calculate output for y values

// i0=sin(phi+d_phi)/sqrt((sin(phi0)-sin(phi+d_phi)));

// i1=sin(phi+1.999999*d_phi)/sqrt((sin(phi0)

-sin(phi+1.999999*d_phi)));

// Integrate using trapezium method

// output2=output2+(i1+i0)*d_phi/2;

// Calculate d corresponding to x for this phi0 value

d=x[k]*sqrt(1/(4*sin(phi0)))*output2;

// If y has passed d, output maximum values

if(d>y[k]){

phi0_output_max=phi0;

output1_max=output1;

output2_max=output2;

break;

}
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output1_min=output1;

output2_min=output2;

phi0_output_min=phi0;

// fprintf(fp, "%f, %f, %f, %f\n", phi0, d, output1, output2);

// End loop through phi0 values

}

// fprintf(fp, "\n", "");

// Output results to file and screen

printf("%i, %f, %f, %f, %f, %f, %f \n", j, phi0_output_min,

phi0_output_max, output1_min, output1_max,

output2_min, output2_max);

fprintf(fp, "%f, %f, %f, %f, %f, %f, %f, %f, %f \n", x[k], y[k], d,

phi0_output_min, phi0_output_max, output1_min,

output1_max, output2_min, output2_max);

// End loop through x values

}

// Close output file

fclose(fp);

// End program

return 0;

}
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