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Abstract

We have developed a method of site-specific attachment of proteins to pristine
carbon nanotube (CNT) sidewalls using genetically encoded unnatural amino acids
with functional moieties. Here, we incorporated an azido phenylalanine (AzPhe)
group at different positions in the protein to assess the importance of different
protein-CNT configurations. This site-directed mutation of the protein structure
has provided routes for direct covalent attachment to the sidewall of the CNT, as
well as providing a functional group for modification with another molecule such

as pyrene for non-covalent CNT attachment.

We have employed a variety of techniques to study these nanoscale systems in
order to gain an insight into the binding mechanism, the protein-CNT interaction
dynamics and their electronic properties. Using atomic force microscopy (AFM),
we found that the proteins bind regular patterns dictated by the position of the
phenyl azide. By integrating CNTs into electrical transistor-like devices, we have
performed electrical measurements across the CNTs to monitor the attachment of

various proteins to the CN'T sidewalls.

Using these protein-CNT systems, we have also been able to study the interac-
tion between proteins and CNTs using Raman spectroscopy and total internal
reflection fluorescence microscopy (TIRFM). Here we present evidence of covalent
attachment of proteins to CN'Ts using Raman spectroscopy to study the changes
in vibrational modes present in the CNTs. TIRFM has provided evidence of post-
cross-linking activity of proteins on CNTs using super-folder green fluorescent
protein (sfGFP) as a marker. By analysing the protein’s fluorescent properties,
we have produced evidence suggesting the importance of the orientation of the
protein with respect to the CNT, which in turn determines the distance between

the CNT interface and the active site of the protein.

The approach developed here provides a versatile and convenient generic approach
to interfacing proteins, in defined orientations, to CNTs that holds promise for

exploitation in bioelectronics tools and biomolecular sensors.



Acknowledgements

The past few years have been strange so the people I'll be thanking are those who
helped me make sense of it. I'd like to thank my supervisors Emyr MacDonald,
Martin Elliott and Dafydd Jones for pushing me along and guiding me through
this PhD. Your support kept me going and your friendship made this a lot easier.

True bros!

I have to thank Sam, Andy, Adam, Ben, Dan, Rachael and most importantly,
Harley from the Biosciences group for making sure I had something to write about
in this thesis. There have been many people to come through that group over
the past couple of years and I'm happy to have worked with them and have the
occasional beer with them. Thanks to Dave Jamieson and Oliver Castell for they’re
patience and perseverance through the countless hours of TIRF imaging. We got
there in the end! Thanks to Matteo Palma and Mark Freely of Queen Mary
University of London for all their help and guidance throughout and thank you to

Monica Craciun of University of Exeter for the many Raman measurements.

Cheers to Chris Dunscombe and Andrew Harrison for all the help and guidance
in fabricating my devices and providing all the electronics help when I needed it.
Cheers to Dave Westwood and Matthew Hunt for making sure Fridays in the labs
wasn’t chore. And cheers to everyone in the School of Physics and Astronomy
and anyone who made it to the Flute after a long Friday (and occasionally a
Wednesday). There’s too many of you to name and I'm too lazy to list you guys

but you’re all bros!

Now I'd like to say cheers to my Nanophysics family; Andry, Athraa, Rangeen,
Isam and Watheq for putting up with me for all these years. You guys have been
a second family to me and you encouraged me to succeed. I just encouraged you
guys to come to the pub! Also, not to forget; cheers to Suze, who has been the
truest of bros for the past couple of years. Thanks for keeping me sane. Much

Love!



vi

Before I mention my actual family, it’s best I mention the boys and the lads (as
they know, that’s not gender specific). Cheers to Mikey, Nathan, Owain, Nomme,
Jingham, Olly, Keelan and everyone else who’s been putting up with me over the

years. I realise this list would be a bit long if I wrote everyone’s name.

Now I wouldn’t have been able to get this far without my family pushing me and
supporting me. My mums; Julie and Sarah, my dad, Ric, and the rest of the
Beacheys and Leachs; Luke, Joe, Gemma and Joyce. You guys put me up when I
needed it and helped me with everything. Somehow inspired me to pursue Science

and Art! I've been told that’s rare but it feels natural. Everything I do is for you

guys!



Vil

List of Publications

Adam Beachey, Harley L. Worthy, Benjamin J Bowen, David Jamieson, Monica F.
Craciun, J. Emyr Macdonald, Oliver K Castell, Martin Elliott D. Dafydd Jones.
Genetically encoded designed covalent interfacing of proteins with nano-
carbon: a general strategy for functionally integrated regular nanoscale

assembly.






Contents

Declaration of Authorship

Abstract

Acknowledgements

List of Publications

List of Figures

Abbreviations

1 Introduction

1.1
1.2

Bioelectronics with Carbon Nanostructures . . . . . . . . . . . . ..
Thesis Outline . . . . . . . . . .

2 Background Theory

2.1
2.2

2.3

24

Introduction . . . . . . ...
Carbon Nanotubes . . . . . . . . ... ... .. ... ... .....
2.2.1 Synthesisof CNTs . . . . . ... ... ... ... .....
2.2.2 Electronic Structure of CNTs . . . . . . ... ... ... ..
Protein Structure and Biochemistry . . . . . . . .. .. ... .. ..
2.3.1 Hydrophobic Interaction . . . . . . . . ... ... ... ...
2.3.2 Electrostatic Interactions . . . . . . .. . ... ... ... ..
2.3.3 Proteins in Bioelectronics . . . . . ... ... ... ... ..
2.3.4 Green Fluorescent Protein . . . . ... ... ... ......
2.3.5 Cytochrome bsgo . . . . . . . . . ...
2.3.6 TEM p-lactamase . . . . . . .. ... . ... ... ......
Protein Engineering . . . . . . . . .. .. oL
2.4.1 Azido Phenylalanine . . . . ... ... ... .. .......
242 Pyrene . . . ...

1X

iii

iv

vii

xiii

xxi



Contents X
2.4.3 Single Strand DNA . . . . . .. ... ... . 23

3 Experimental Techniques 25
3.1 Introduction . . . . . . . . ... ... 25
3.2 Scanning Probe Microscopy . . . . . . . .. .. ... ... 26
3.2.1 Atomic Force Microscopy . . . . . . . . . ... ... ... .. 26

3.3 Raman Spectroscopy . . . . . . . .. ..o 28
3.4 Total Internal Reflection Fluorescence Microscopy . . . . . . .. .. 31
3.5 Carbon Nanotube Dispersion and Deposition . . . . . . . .. .. .. 33
3.5.1 Dimethylformamide Solvent Dispersion . . . . . . . . .. .. 33
3.5.2  Sodium Dodecyl Sulphate dispersion . . . . ... ... ... 37
3.5.3 sSWNT and mSWNT Suspensions . . . . ... ... .. .. 39
3.5.4 DNA suspensions . . . . . . . .. ... 39

3.6 Electrode Fabrication . . . . .. .. .. ... .. 0L 41
3.7 Dielectrophoresis . . . . . . ... oL 41
3.8 Summary ... 45
Carbon Nanotube Sidewall Functionalisation 47
4.1 Introduction . . . . . . . . .. 47
4.2 Azide Chemistry Covalent Attachment of Proteins . . . . . . . . .. 48
4.2.1 Position Defined Covalent attachment . . . . . . . . .. . .. 48
4.2.1.1 Experimental Setup . . . .. ... ... ... ... 49

4.2.1.2 Results and Discussion . . . . . . ... .. ... .. 50

4.2.2  Monitoring Covalent Attachment . . . . . ... .. ... .. 57
4.2.2.1 Experimental Setup . . . .. . ... ... ... 57

4.2.2.2 Results and Discussion . . . . . . ... .. ... .. 60

4.2.3 Photoresponce of sfGFP at Longer Wavelengths . . . . . . . 66

4.3 Non-Covalent Linker Methods . . . . . ... ... ... ... .... 68
4.3.1 Pyrene Chemistry Non-Covalent Attachment of Proteins . . 69
4.3.2 DNA-Functionalised Protein Attachment . . . . . . .. . .. 70
4.3.2.1 DNA-Acetylene Functionalisation . . . . . . . . .. 71

4.3.2.2 DNA-Azide Functionalisation . . . . .. ... ... 73

4.4 Summary ... .. 76
Optical Studies of Protein-Carbon Nanotube Systems 79
5.1 Imtroduction . . . . . . . . . ... 79
5.2  Raman Spectroscopy of Protein-CNT Hybrids . . . . .. ... ... 80
5.2.1 Experimental Methods . . . . . ... ... ... ... .... 82
5.2.2  Results and Discussion . . . . . ... ... ... ..., 83

5.3 TIRFM of stGFP on SWNTs . . ... ... ... ... ....... 89
5.3.1 Imaging of sStGFP on sSWNTs . . . . . . .. ... ... ... 91
5.3.1.1 Experimental Methods . . . . . .. ... ... ... 92

5.3.1.2  Results and Discussion . . . . . . . ... ... ... 94

5.3.2  Photophysics of stGFP on sSSWNTs . . . . . ... ... ... 98
5.3.2.1 Experimental Methods . . . . . . . ... ... ... 99



Contents xi

5.3.2.2 Results and Discussion . . . . . . . ... ... ... 99
54 Summary ... ... 110
6 Conclusions 113

6.1 Future work . . . . . . . 116






List of Figures

1.1 Three widely used methods of forming biomolecule-CNT hybrid
structures; each of which involving pre-modification of the CNT
structures.(a) Covalent linker molecules incorporated into the CNT
structure via a reduction reaction with diazonium salts. This forms
sp? defects along the CNT surface with carboxyl groups, which can
be modified to bind to a target biomolecule [20]. (b) Reaction of
SWNT with (i) 1-pyrenebutanoic acid succinimidyl ester to form a
functional group which (ii) reacts with incoming biomolecule [21].
(c) A model of a CNT decorated with gold nanoparticles, allowing
for functionalisation with thiol groups[19]. . . . .. . ... ... ..

1.2 A model of a green fluorescent protein (GFP) modified with the
unnatural amino acid, azido phenylalanine (in blue), to bind to a

2.1 Graphical representation of sp? carbon. The arrows indicate the
edges at which the graphene can be rolled up to form a CNT with
different electrical properties. # indicates the chiral angle. . . . . .

2.2 Plots of the density of states (DOS) against energy (E) for semi-
conducting and metallic SWNTs. The sharp features are known as
Van Hove singularities. . . . . . .. .. ... ... ... ...

2.3 Models of the secondary protein structure constituents (a) alpha
helix and (b) beta sheets. . . . . . .. ... ... L.

2.4 Levels of protein structure from the initial amino acid sequence to
the fully assembled protein[46]. . . . . . .. ... ... ...

2.5 Hydrogen-bound water molecules around a non-polar molecule on
the left. Energy is minimised by bringing these non-polar molecules
together through what is known as the hydrophobic interaction to
form the non-polar pair seen on the right[48]. . . . . . .. ... ..

2.6 Graphical representation created in PyMol, of the structure of sftGFP
from (a) a side on view, and (b) a top down view. The chromophore
is highlighted in the centre of the g-barrel. . . . . . . . . .. .. ..

2.7 Graphical representation created in PyMol of the structure of cy-
tochrome bsgy in (a) the long axis arrangement and (b) the short
axis arrangement. The positions of linker sites are marked in red.

2.8 Graphical representation created in PyMol, of the structure of TEM
p-lactamase with the o domain displayed in green and the «/f
domain in cyan. . . . . . ...

18

19



List of Figures

X1iv

2.9 An overview of the photochemical insertion of a protein with an
AzPhe linker molecule to a CNT sidewall. . . . . . ... ... ...

2.10 Chemical reaction for the addition of pyrene to an AzPhe group via
copper (I)-catalysed alkyne-azide cycloaddition (CuAAC) to form a
pyrene-AzPhe short linker moiety. . . . . . . . ... ... ... ...

2.11 DNA structure with sugar phosphate backbone (grey) along the
outer structure and base pairs of adenine (red) with thymine (yel-
low), and cytosine (green) with guanine (cyan), on the inside of the
structure. . . . . ... oL oL

3.1 Diagram displaying the potential energy felt between the AFM tip
and the sample. . . . . . . ... ...

3.2 Raman spectra for metallic and semiconducting SWNTs. These
spectra shows the radial breathing mode, the D-mode, G-mode and
G’-mode, as well as some weak double resonance modes such as the
M-mode[69]. . . . . . ..

3.3 Schematic of principles behind TIRF. Refractive index n, is greater
that n;. Incident angle 8 must be grater than 6. for total internal
reflection to occur. The exponentially decaying evanescent wave is
used to excite the fluorophores above the surface. . . . . .. . ...

3.4 SWNTs in DMF. (a) Solutions before sonication. (b) A solution 1
minute after sonication. This shows the SWNTs starting to sepa-
rate. (c) Solutions 1 day after sonication. . . . . . . ... ... ...

3.5 AFM images showing MWNT dispersion in DMF cast onto SiO,
substrates. (a) Large scan showing a number of short MWNTs. (b)
Smaller scan over short MWNTSs (around 500nm in length).

3.6 AFM images showing (a) MWNT bundles forming a large mesh of
aggregates and (b) SWNTs forming webs of tubes bound by van
der Waals forces . . . . . . . ..o

3.7 AFM images showing SWNT samples after solutions were centrifuged
to remove very large aggregates.(a) Edge of aggregated region of
SWNTs. (b) Large scan of sample showing very little individual
SWNTSs. . . .

3.8 AFM images showing SWNT dispersion in SDS cast onto SiO5 sub-
strates. The alignment of the CNTs follow the direction of the
droplet’s movement when drying. (a,b) Large scans showing more
individual SWNTs than that which was found in the DMF solu-
tions. (a) SWNTs aligned along y-axis. (b) Long SWNTs aligned
along the x-axis. . . . . . . . . .. . ...

3.9 AFM images of (GT)q wrapped SWNTs on SiO,. (a) View along
the length of a SWNT wrapped in DNA, showing non-uniform
heights along the structure. (b) Image of the end of a SWNTs
wrapped in DNA, showing two different thicknesses along the struc-
ture suggesting multiple layers of DNA. . . . . . ... ... ....

35



List of Figures

XV

3.10

3.11

3.12

3.13

4.1

4.2

4.3

4.4

4.5

4.6

The two different electrode designs used in this project, comprising
of either long channel or short channel gold electrodes connected to
contact pads. . . . . ...
Diagrams of droplets containing CNTs across two electrodes, con-
nected to an AC function generator. Here the red line represents
the sSSWNT and the blue line represents the mSWNT. w and w,
are the applied frequency and the crossover frequency respectively.
(a) shows negative DEP with respect to the sSSWNT, and (b) shows
positive DEP for both sSSWNT and mSWNTs. 28] . ... ... ..
AFM images of a set of gold electrodes separated by a 10um gap
after undergoing DEP in a SWNT solution.(a) shows a section of
the long channel with bridging SWNTs. (b) a close up section of the
gap between the electrodes showing alignment of CNT structures.
AFM images of narrow channel gold electrodes with a 2um gap after
undergoing DEP in a SWNT solution. There is visible alignment
of the CNTs with the field lines produced during DEP. (a) large
number of SWNTs deposited in 2um gap after 30s of DEP. (b)
Lower number of SWNTs deposited by reducing the time of applied
DEP to 10s. . . . . . . . o o

Structures of modified proteins with AzPhe group shown in yellow
and blue. (a)sfGFP-204AzPhe, (b)sfGFP-132AzPhe, (c) cyt bsee
-5AzPhe, (d)cyt bsea -50AzPhe, (e)TEM-156AzPhe. . . . . . . ..
AFM image of 1uM wt-cyt bsgo on sSSWNTs after 5 minutes incuba-
tion followed by rinsing with a flow of de-ionised water. (a) We see
some aggregates and what could be proteins binding to the CNTs.
(b) Again som aggreagates but little structure to bound debris. .
AFM image of 1uM cyt bsge -50AzPhe on sSSWNTs after incubation
with under 305nm UV illumination followed by rinsing with a flow
of de-ionised water. (a) lagre aggregates and a number of proteins
bound to CNTs with no noticeable defined spacing between them.
(b) Defined high concentration of proteins bound to CNTs with
most proteins bunching together with little spacing between them.
AFM image of sSSWNTs after 5 minutes incubation in cyt bsgo-
50AzPhe solution without UV illumination, followed by rinsing with
a flow of de-ionised water. (a) Webs of CNTs with no visible pro-
teins bound. (b) Large scan showing visible debris but no clear
evidence of protein-CNT attachment. . . . . ... ... ... ...
AFM image of 1uM sfGFP on sSWNTs after 5 minutes incubation
followed by rinsing with a flow of de-ionised water. (a) sSWNTs
with some visible attachment but little definition. (b) Again some
visible debris attached to the CNTs but very little definition. . . . .
AFM image of 1uM sfGFP-204AzPhe on sSWN'Ts after incubation
with under 305nm UV illumination followed by rinsing with a flow
of de-ionised water. (a) Visible attachment of stGFP to CNTs with
highly defined structures. (b) Large scale scan showing high degree
of protein coverage on CNTs in random distributions. . . . . . . .

44

ol

o1

52



List of Figures xvi

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

AFM images showing a comparison between (a) TEM-165AzPhe
bound to SWNTs with good coverage and definition, and (b) wt-
TEM on SWNTs showing uneven coverage and lots of aggregation. 53
AFM images of proteins on SWNTs with respective profiles of the
highlighted blue regions, showing the topography along the length
of the nanotube for (a) sfGFP-132AzPhe, (b) sfGFP-204AzPhe,
(c) cyt bsea -HAzPhe, (d) cyt bsge-50AzPhe. The plots shown in the
centre are the profiles for their respective AFM images. The models
on the right hand side show how the proteins stack on the SWNTs
with their predicted heights taken from models and measured in the
molecular modelling program, PyMol. . . . . ... .. ... .. .. 54
Histograms of heights of stGFP-AzPhe attached to SWNTs with a
normalised line fit applied to each. (a) Short axis sfGFP with an
average height of (2.4540.82)nm taken from 39 proteins. (b) Long
axis sSfGFP with an average height of (3.11£0.92)nm taken from 46
proteins . . . . ..o 55
Histograms of heights of cyt bsge-AzPhe attached to SWNTs with
a normalised line fit applied to each. (a) Short axis cyt bsee with an
average height of (2.56+0.55)nm taken from 21 proteins. (b) Long
axis cyt bsge with an average height of (3.1940.52)nm taken from
27 proteins . . . ... 56
Resistance plot over time in air using mixed SWNTs. 305nm UV
light was switched on at 200s causing a rise in the resistance across
the device. Once the UV is switched off, the device starts to recover. 60
Resistance plot over time for TEM-165AzPhe on mixed SWNTs in
buffer solution. The sample was illuminated with 305nm UV light . 61
Resistance plot over time during incubation in solution under UV
light. Here is a comparison between the resistance changes with
a buffer solution and a solution containing cyt bsga-50AzPhe on
sSWNTs. The noise seen in both curves is a beats frequency arising
from a frequency mismatch between the wave function generator

and the lock in amplifier. . . . . . ... ... 0L 62
Diagram of sfGFP with the positions of the 132 and 204 AzPhe
molecules with respect to the chromophore. . . . . . . . .. . . .. 63

Resistance plot over time of SSWNTs during incubation in solu-
tion under UV light. Here is a comparison between the resistance
changes with a buffer solution and a solution containing sfGFP-
204azPhe on sSSWNTs. . . . . . . . . . ... ... ... ... ... 64
Resistance plot over time. Here is a comparison between the re-
sistance changes with a buffer solution and a solution containing

stGFP-204azPhe on mSWNTs. . . . . . ... ..o 0. 65
AFM image of SWNT device (a) before addition of proteins and
(b) after photo cross-linking of stGFP-204AzPhe. . . . . . . . . .. 65

Plot of light absorbance for stGFP-204AzPhe over a range of wave-
lengths. . . . . . . . 66



List of Figures xvii

4.19 Plot of the effect of a 480nm light induced photo-response on a
sSWNT device with and without sfGFP-204AzPhe attached. The
480nm illumination takes place in the regions coloured in pale blue. 68

4.20 An AFM image of cyt bsee-5AzPhe (long axis) on a SWNT. (a) A
typical AFM image from top down. (b) This is a 3D representation
of a section of the protein-CNT structure taken from the same image. 69

4.21 An AFM image of cyt bsga-50AzPhe (short axis) on a SWNT. (a) A
typical AFM image from top down. (b) This is a 3D representation
of a section of the protein-CNT structure taken from the same image. 70

4.22 AFM images of SWNT-DNA-acetylene structures after CuAAC re-
action with cyt bsga-b0AzPhe at different time intervals. (a,b,c,d)

30 minute reaction. (e,f) 45 minute reaction. (g) 60 minute reaction 72

4.23 SPAAC reaction mechanism forming a triazole link without the need
for a copper catalyst. . . ... ..o oo 74

4.24 AFM images of SWNT-DNA-azide structures after SPAAC reaction
with stGFP-204SCO at different time intervals. (a) 1 hour reaction.

(b,c) 3 hour reaction. (d,e) 5 hour reaction . . . . ... ... ... 75

5.1 Raman scattering along the high symmetry direction between two
Dirac cones at K and K’ separated by a wave vector q, in reciprocal
space, representing the electronic dispersion.(a, b)(i) A photon ex-
cites an electron/hole from its occupied state (blue shaded region).

(a, b)(ii)Inelastic scattering by a phonon. (a, b)(iii) Electron/hole
recombination, (a)(iv) Red arrows indicate interaction with defect
accounting for momentum conservation. . . . . . ... .. .. ... 81

5.2 Full Raman spectra for a low concentration of SSWNTs on SiOs.

Due to the low number of CN'Ts, the low frequency spectra is dom-
inated by the substrate causing reduced intensity of CNT modes.
...................................... 83

5.3 Raman spectra for non-functionalised mSWNTs and sSWNTs dis-
playing the middle to high frequency modes. . . . . . . . .. .. .. 84

5.4 Raman spectrum at higher frequencies for pristine sSSWNT's. Lorentzian
curves were fitted to the D peak shown in region A, and the G’ peak
shown inregion B. . . . . ... .. oo 85

5.5 Comparison of the D and G’ modes between pristine mSWNTs,
and ones funtionalised with TEM-165AzPhe with and without UV
exposure. Fach curve is fitted with a Lorentzian line fit (red curves).

(a) Raman spectra around the D peak. (b) Raman spectra around
the G’ peak. The red dotted line shows the position of the pristine
mSWNT G’ peak. . . ... .. ... ... 86

5.6 Raman spectra showing the shift in the D peak for protein decorated
sSWNTs. Each curve is fitted with a Lorentzian line fit (red curves).

The red dotted line indicates the position of the unmodified sSSWNT
Dopeak. . . . . 87



List of Figures

XVviil

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

Positions of D peaks for unmodified SWNTs, sfGFP-204AzPhe on
SWNTs and cyt bsga-50AzPhe on SWNTs for (a) sSSWNTs and (b)

Raman spectra showing the shift in the G’ peak for protein deco-
rated sSSWNTs. Each curve is fitted with a Lorentzian line fit (red
curves). The Red dotted line indicates the position of the unmodi-
fied sSSWNT G’ peak. . . . . .. .. .. ... ... ... .......
Positions of G’ peaks for unmodified SWNTs, sfGFP-204AzPhe on
SWNTs and cyt bsge-50AzPhe on SWNTs for (a) sSSWNTs and (b)

Diagram illustrating the electronic transitions between the ground
state, the singlet excited state and the triplet excited state. The red
arrow indicates the “forbidden” electronic transition to the triplet

(a) Photo of coverslips being plasma treated in a plasma reactor.
(b) Picture of the TIRF microscope. . . . . ... ... ... ....
Photobleaching test of a dense array of sfGFP-204AzPhe with UV
intermediate test. (a) TIRFM images displaying the relative inten-
sities of the same area over time while being exposed to 473nm light.
(b) Plot of intensity over time. At 6 seconds, TIRF is tuned off and
a 305nm LED illuminates the sample for 5 minutes before TIRF is
turned back on and records for a further 6 seconds. The dip in the
midpoint of the plot comes from the aperture shutter opening and
closing between measurements. . . . . . ... ... ... ... ...
TIRFM images of a coverslip coated with sSWNTs. The cross is
made using a scalpel blade post-sSWNT deposition as a marker
for repeat analysis of the same area for (a) before the addition
of sfGFP-204AzPhe and (b) after the addition of 100nM sfGFP-
204AzPhe followed by induced photo cross-linking of the proteins
to the sSSWNTs. The variations in contrast between the two images
is quantified by selecting an area within the yellow squares and mea-
suring the number of counts recorded.(c) Differences in the mean,
minimum and maximum counts between the same areas before and
after the addition of sfGFP-204AzPhe. . . . . . . . .. .. ... ..
TIRFM image of marked area with sSSWNT's decorated with sftGFP-
204AzPhe molecules in air. . . . . . ... ..o
sSWNTs decorated with sfGFP-204AzPhe molecules. (a) and (d)
TIRFM image showing lighter areas where there is a higher count
of fluorescence compared with the darker background. This fluores-
cence comes from the inherent fluorescent properties of sfGFP. (b)
and (e) AFM images showing topography of the area studied us-
ing TIRFM. The white boxes show the areas imaged in (c¢) and (f)
respectably. The elongated structures are the sSSWNTs with pro-
teins along them. The proteins can be seen as small oval structures
bound along the surface of the CNTs. . . . . . ... ... ... ...



List of Figures Xix

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

TIRFM stage for protein-CNT imaging. The UV LED is positioned
above the coverslip and used for protein photo cross-linking in be-
tween TIRFM measurements. The 3D printed stage allows liquid
to drain into a surrounding reservoir. . . . . . .. .. .. ... 100
TIRFM image for the 100th frame of unbound sfGFP-132AzPhe in
buffer solution. The red circles on the image show selected single
molecules, from which the intensity/time traces on the right were
taken. A Gaussian filter was applied to individual pixels, to smooth
noisy data. This is shown as a blue line over the observed data
shown in grey. . . . . . .. . 101
TIRFM image for the 100th frame of unbound sfGFP-204AzPhe in
buffer solution. The red circles on the image show selected single
molecules; from which the intensity/time traces on the right were
taken. A Gaussian filter was applied to individual pixels, to smooth
noisy data. This is shown as a blue line over the observed data
shown in grey. . . . . . ... 102
Fluorescent intensity decay curves for stGFP-132AzPhe and stGFP-
204AzPhe. These were made from the intensity/time traces of 100
single molecules and fitted to an exponential to determine the decay
constant. . . . ... Lo 103
TIRFM images for (a)time averaged stGFP-132AzPhe with (b) the
100 selected bright molecules in red circles, and (c)time averaged
sfGFP-204AzPhe with (d) the 100 selected bright molecules in red
circles. . . . . L 104
Time averaged TIRFM image stGFP-132AzPhe bound to sSWNTs
in solution. The red circles on the image show selected single
molecules,; from which the intensity/time traces on the right were
taken. A Gaussian filter was applied to individual pixels, to smooth
noisy data. This is shown as a blue line over the observed data
shown in grey. . . . . . ..o 105
Time averaged TIRFM image sftGFP-204AzPhe bound to sSWNTs
in solution. The red circles on the image show selected single
molecules, from which the intensity/time traces on the right were
taken. A Gaussian filter was applied to individual pixels, to smooth
noisy data. This is shown as a blue line over the observed data
shown in grey. . . . . . .. L 106
Fluorescent decays of sfGFP-132AzPhe on sSSWNTs 2 different re-
gions (a and b) with their respective time averaged TIRFM images.
The red lines in the decay plots depict the fluorescent data gathered
from the proteins bound to CNTs with the black line showing the
background fluorescence. . . . . . ... ... 107
Fluorescent decays of sfGFP-204AzPhe on sSSWNTs 2 different re-
gions (a and b) with their respective time averaged TIRFM im-
ages.The red lines in the decay plots depict the fluorescent data
gathered from the proteins bound to CN'T's with the black line show-
ing the background fluorescence. . . . . . . . . ... ... 108



List of Figures

XX

5.25 Models of water channels between the chromophore and the CNT,
calculated in CAVER. (a) Tunnels between the CNT and sfGFP-
204AzPhe, shown in blue and red. (b) Tunnel between the CNT
and sfGFP-132AzPhe, shown in cyan. All CAVER calculations were
performed by Harley Worthy of the School of Biosciences, Cardiff
University.



Abbreviations

SPM
AFM
STM
TIRFM
CNT
MWNT
SWNT
sSWNT
mSWNT
sfGFP
cyt bseo
AzPhe
SPAAC
CuAAC
DBCO
DEP

Scanning Probe Microscopy

Atomic Force Microscopy

Scanning Tunneling Microscopy

Total Internal Reflection Fluorescence Microscopy
Carbon Nanotube

Multi-Walled carbon Nanotube

Single-Walled carbon Nanotube
semiconducting Single-Walled carbon Nanotube
metallic Single-Walled carbon Nanotube
superfolder Green Fluorescent Protein
cytochrome 569

p-Azido-L-Phenylalanine

Strain-Promoted Azide-Alkyne Cycloaddition
Copper-promoted Azide-Alkyne Cycloaddition
dibenzylcyclooctyne

Dielectrophoresis

xxi






Dedicated to all the bros, the lads, the boys, and the
family. . .

xxiii






Chapter 1

Introduction

1.1 Bioelectronics with Carbon Nanostructures

The development of electrical interfacing to single biomolecules or complexes in a
living cell is key to several areas of fundamental science, such as electron transfer
and physiology. It is also important in understanding the principles for devel-
oping novel biosensors for medical diagnostics. For instance, growth hormone
secretion underlies basic biological action and many human diseases (e.g. obe-
sity, diabetes, thyroid disease, dwarfism and gigantism or acromegaly) result from
altered hormone secretion patterns or hormone sensitivity, while hormone abuse
remains a pressing problem in both professional and amateur sport [1]. Growth
hormone levels in the blood can vary by a factor of two or so over a 10-30 minute
timescale[2]. Currently, single samples are sent to a laboratory with a turnaround
time of a couple of days. Another important use for diagnostics is monitoring
the single molecule interactions between the antibiotic resistance enzyme TEM
p-lactamase and its inhibitor protein (BLIP), allowing us to detect antibodies
present in infection[3][4]. These examples highlight an important area that would
benefit enormously from the development of a real-time continuous diagnostic

measurement technique having direct electrical readout.
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In aiming to develop a generic platform that could be used for such real-time
electrical sensors, one needs a stable material system having well-defined electrical
behaviour, sensitive to its molecular environment, which can be easily interfaced

to a range of proteins to act as molecular recognition sensors.

Carbon nanomaterials such as graphene and carbon nanotubes (CNTSs) are good
candidates as organic electronic materials to interface to protein with their high
surface-to-volume ratio resulting in their electronic properties being highly sen-
sitive to changes in their environment. CNTs in particular have the advantage
of having a nanoscale structure with comparable dimensions to that of biological
molecules. This has motivated much research into producing medical biosensors
with a CNT interface[5][6]. Unlike most other methods currently used for bio-
detection, CNT based devices can be modified directly with biomolecules to be
used as label-free active biosensors. This means we can create a platform for mon-
itoring biological events without modifying the target molecules[7][8]. CNTs have
the advantage of being bio-compatible with the ability to be functionalised with a
wide variety of molecules. Chemical functionalisation of CN'Ts can enhance their
bio-compatibility as well as their solubility making them easier to integrate into
an electronic device platform. This has resulted in a wide range of device types in
order to utilise the properties of the CNTs and the biomolecular functional group.
These devices include electrodes modified with CNTs[8][9], CNT-based electrodes
with adsorbed bio-molecules[10], covalent attachment of biomolecules[11] and var-
ious others. This gives us a broad range of possibilities for producing a device to
understand this biomolecular electronic interaction; each with their own advan-

tages and disadvantages.

One very important factor to consider when integrating biomolecules into an elec-
tronic device is the Debye screening length. This is the distance at which charge
from the mobile carrier is screened from the conjugated material. If the distance
between the biomolecule and the CNT is beyond this length, then there will be no
charge transfer between structures|7][12]. For this reason, the distance between
the structures should be made as small as possible, limiting the chance of charge

screening. To do this, the size of the linker between the two must be made as
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small as possible. Previous studies have shown some success with limiting this
distance by funtionalising CNTs with a linker molecule of known length prior
to the biomolecular integration [13][14][11]. This can be done using a covalent
approach involving breaking a C=C double bond to form a covalent bond to the
CNT surface,or a non-covalent approach which involves pi-stacking of a conjugated

molecule onto the CNT surface.

By using the covalent approach, a defect site is introduced to the carbon material’s
surface via the conversion of an sp? hybrid orbital structure to an sp® structure
with a highly reactive linker molecule at this defect site. This can be done using
such reactive groups as aryl diazonium salts, (figure 1.1, (a))[15], or azomethine
ylides[16]. Although this has proven to be an effective method to provide strong
linker sites for biomolecular integration, the introduction of chemically induced
defect sites across the entire structure of the CNTs can heavily detriment their
conductive properties|[15][17]. Another method sometimes used for covalent CNT
functionalisation, is by sonicating them in a solution of hydrogen chloroauric acid,
causing gold nanoparticles to form on the surface of the CNT (figure 1.1, (c)).
These nanoparticles can readily bind to thiol groups either in alkane-thiols or

those already present in a biomolecule [18] [19].

Alternatively, non-covalent approaches have been investigated which take advan-
tage of the 7 orbital nature of the sp? carbon surface (figure 1.1, (b)). By choosing
a reactive molecule with an aromatic hydrocarbon based structure, we are able to
non-covalently stack these 7 orbital systems on the CNT surface via m-7 stacking
interactions. These interactions describe an electrostatic interaction resulting in a
non-covalent attractive force between parallel aromatic rings [22]. This can effec-
tively provide a reactive linker moiety across the CN'T structure without inducing
a structural defect. The most commonly used linker molecule for this purpose is
1-pyrenebutyric acid, which contains a pyrene molecule consisting of 4 benzene
rings[23].  Another approach would be to functionalise the surface with single
strand DNA (ssDNA) which contains bases with an aromatic ring structure. Re-
active groups can easily be integrated at desired positions on the ssDNA, allowing

for control over the distribution of reactive sites on the CNT[24][25].
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Diazonium
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Gold nanoparticles Linker Crosslinker Antibody ~ Antigen

FIGURE 1.1: Three widely used methods of forming biomolecule-CNT hybrid
structures; each of which involving pre-modification of the CNT structures.(a)
Covalent linker molecules incorporated into the CNT structure via a reduction
reaction with diazonium salts. This forms sp? defects along the CNT surface
with carboxyl groups, which can be modified to bind to a target biomolecule [20)].
(b) Reaction of SWNT with (i) 1-pyrenebutanoic acid succinimidyl ester to form
a functional group which (ii) reacts with incoming biomolecule [21]. (c) A model
of a CNT decorated with gold nanoparticles, allowing for functionalisation with
thiol groups[19].

Much research has been successful in providing precise control over segregating
CNTs according to their structure and electronic properties|[26][27], as well as the
deposition of CNTs with the ability to create nanoscale architecture on which to
base these biosensors[28][29]. However, formulating a reliable method of biomolec-
ular deposition in order to measure single molecule events has proved more of a

challenge. One reoccurring factor which limits this in most cases is the lack of
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control of the individual biomolecules, with little control over their position and
orientation. Reliance on physical absorption via van der Waals forces leads to
weak poorly-defined attachment. An ideal situation would be to determine the
specific residue in the protein structure to form a stable, well-characterised bond
to the CNT, giving us an idea of position compared with the active site of the
molecule. Enzymes for example, come in a wide variety of structures with their
own specific function, dictated by their active site. Once the enzyme’s conjugate
molecule interacts with this active site, this could cause an electrostatic change
in the biomolecule. This change in the electronic dynamics can be thought of
as a transfer of charge, which would originate in this active site. Therefore, the
distance between the active site and the CNT is crucial in understanding how
this energy transfer mechanism takes place. As previously mentioned, the Debye
screening length can play an important factor here and hence it is desirable to

limit the distance at which the charge needs to travel.

For the research presented in this thesis, we took an alternative approach to CNT
functionalisation, by modifying the protein to incorporate the linker molecule in-
stead of modifying the CN'T surface. By incorporating the linker molecule directly
into the protein structure, this allowed us to gain more control over the binding and
orientation of the protein. This allows us to define how the protein binds through
to the carbon surface without needing to functionalise the entire carbon structure.
Modifying the protein instead of the CNT has the benefit of limiting the number
of defects created to one per protein attached, as well as providing it a with a
defined orientation allowing for a pre-defined distance between the CNT surface
and the active site of the protein. This method of biochemical engineering relies
on the process of site directed mutagenesis, which is used to make changes to the
DNA sequence used to form the protein. This method of bio-engineering in turn
allows us to incorporate an unnatural amino acid (uAA) into the chain of amino
acids which makes up the protein[30]. The uAA allows us to include additional

functionality which is not already present in the 20 natural amino acids.

Previous work from our group has shown this to be an effective method of bind-

ing various proteins to different substrates. Single molecule measurements have
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FIGURE 1.2: A model of a green fluorescent protein (GFP) modified with the
unnatural amino acid, azido phenylalanine (in blue), to bind to a CNT.

been performed with scanning tunnelling microscopy (STM) of a cytochrome bsgs
variant with a thiol groups at opposite ends of the protein, which enables it to
bind to a gold substrate and a platinum-iridium STM tip simultaneously[31][32].
Pre-defining the position of the linker interface molecule allowed for the electronic

pathway to be analysed shedding new light on a nanoscale system.

Another example of uAA incorporation is in the antibiotic resistance protein TEM
p-lactamase, where the uAA p-azido-L-phenylalanine (AzPhe) was introduced to
the protein, giving it the functionality to bind to dibenzylcyclooctyne pyrene. This
gave it the ability to stack onto a graphene substrate, resulting in a non-covalent

interface with a pre-defined protein orientation[33].

With the use of uAAs, we have the ability to incorporate various biomolecules into
nano-electronic systems, with the potential for transistor type biosensing technol-
ogy. This would mean the biomolecule would act to gate the current flow in
the nanomaterials with the sensitivity to detect individual quantum events. Most
sensing technologies rely on analysing bulk statistics from analyte samples by mea-
suring overall changes. Using this new method of developing protein-CNT hybrid

structures, we can reliably bind proteins to CNTs with a higher degree of control
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than alternative binding methods. Having this high degree of control over the ori-
entation of the protein can be crucial for understanding mechanisms within these
biomolecules at a single molecule level. By understanding the electron transfer in
a single molecule or how it interacts with its interface material, we could poten-
tially develop single molecule, sensing systems. This could be very important to
pick out single molecule interactions for medical detection and monitoring drug

delivery.

1.2 Thesis Outline

The work covered in this thesis branches from developing CNT based systems for
electronic analysis and scanning probe studies, to the implementation of proteins
with post deposition activity measurements. Using a variety of proteins at vary-
ing orientations, we have been able to investigate how they interact with CNTs to
give us a clearer understanding of the viability of the uAA linker method. This
is done using various techniques, including atomic force microscopy (AFM), Ra-
man Spectroscopy and total internal reflection fluorescence microscopy (TIRFM).
Simple transistor-like devices have been built to test the protein-CNT hybrids as
a viable sensing device and give a clearer understanding into the electron flow at

the interface.

In Chapter 2, I discuss the background theory behind CNTs and the proteins under
investigation. I also discuss the theory and methods behind the uAA incorporation

into the protein structure.

Chapter 3 provides an overview of the experimental techniques used and developed
for this project including AFM, Raman spectroscopy, TIRFM, CNT dispersion and

device integration.

In Chapter 4, I analyse and discuss the importance of site directed mutagenesis
to define the orientation of the protein when cross linking to the CNTs. This

is analysed using AFM, giving us convincing evidence of defined orientation of
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different proteins. These proteins are then integrated into a device and the binding
mechanism is monitored in real-time by measuring the resistance changes in a

simple potential divider circuit.

Chapter 5 covers the optical studies of these protein-CNT hybrid structures. Here,
I use Raman spectroscopy to study effect of protein cross-linking to the CNT struc-
tures by analysing their vibrational modes. I then go on to study the activity of the
fluorescent protein, super folder green fluorescent protein (sfGFP), to understand

how it behaves when bound to a CNT surface.

Finally, in Chapter 6 I provide an overview of the points discussed in this thesis
with a summary of the outcomes and their importance to further the understanding

of bioelectronics and nanomaterials.



Chapter 2

Background Theory

2.1 Introduction

In order to fully understand protein-CNT interactions, we must first establish the
background theory regarding the nanotubes and the proteins in question. In this
chapter I provide a brief introduction to CNT's in terms of their discovery, synthesis
and properties. This is followed by an introduction to proteins where I provide
information on the proteins used for this project. I have also provided further
information on the linker molecule incorporation, which was briefly mentioned in

the previous chapter.

2.2 Carbon Nanotubes

Since the early 20th century, carbon materials have been the focal point of much
research for their unique mechanical and electrical properties. The discovery of
CNTs emerged from the study of macroscopic carbon fibres formed via catalytic
chemical vapour deposition. As research into growing these fibres continued, the
growth of carbon filaments with a diameter less than 10nm was observed. These
fibres had a cross section of concentric circular fibres with the innermost fibres

behaving like CNTs[34] .
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The breakthrough in CNT synthesis came in 1991, when Sumio lijima produced
multi-walled CNTs (MWNT) using arc discharge on graphitic rods. This was the
turning point in bridging the gap between experimental observation and theoretical

studies of 1D systems[35] .

2.2.1 Synthesis of CNTs

A few methods of CNT synthesis have been developed, each with their advan-
tages. Synthesis via arc discharge or laser ablation uses very high temperatures
(>3000°C), producing CNTs with a very high degree of structural perfection. A
common method of synthesis is using chemical vapour deposition (CVD) which
uses a lower temperature (>1000°C), resulting in a higher probability density of
defects, however; this method can be done at atmospheric pressure and can result

in a larger yield in comparison with other methods[36].

These methods of synthesis have made it possible to produce SWNTs and MWNTs.
These nanotubes can reach lengths from hundreds of nanometres, to several mi-
crometres, with SWNTs having a diameter of 0.4-2nm and MWNTs with a di-
ameter of 2-100nm. It remains a challenge to grow SWNTs with a specific band
gap, though some groups have managed this using metal nano-alloy catalysts in
the growth process[37][38]. The common method of chirality separation is through
the use of post-synthesis processes such as incorporating conjugated polymers with
selective m-conjugated structures[39], able to attach to a certain chirality CNT, or

more large scale techniques like size exclusion gel chromatography[27][26].

2.2.2 Electronic Structure of CNTs

Carbon (Z=6), is a group 4 element which means it has 4 available electrons in
its outer orbital shell. These are split between the 2s and 2p orbitals. 3 of these
electrons form a hybrid orbital structure between the s and p orbitals, forming an
sp? orbital, which has a planar structure with each electron orbiting 120° away

from each other. This explains the structure of the planar sheets of carbon, with
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each carbon bonding to 3 other carbons at 120° to each other. The 4" valence
electron hybridises with the other additional valence electrons in the other carbon
atoms orbitals, forming a de-localised 7w-band. This results in the formation of a

2D, planar lattice of hexagonally bonded carbon known as graphene.

Carbon materials make up a variety of structures with a range of electrical proper-
ties. Graphene is characterised as a zero band gap semiconductor or metal as the
DOS is zero at the the Fermi level [36]. A CNT is essentially a sheet of graphene,
seamlessly wrapped to form a cylinder [40]. However, the electrical properties
of the nanotube can vary dramatically, depending on how this graphene sheet is
wrapped. Figure 2.1 shows the ways in which this can happen where the structure
is described by its chiral vector (n, m). Here, n and m are integers of the vector
equation R = na; + ma;. When n;=ns, this forms an armchair structure which
is always metallic with the Fermi level lying within the valence band. Zig-zag
structures (n;,0) can be either semiconducting or metallic and a chiral structure

(n; # ny) is always semiconducting[36] .

For semiconducting SWNTs (sSWNTs), the optical excitation wavelength varies
with chirality. The photo-absorption and photoluminescence of such materials
depends on their electronic density of states (DOS). The DOS of a 3-D semicon-
ducting material is continuous as a function of energy. For 2-D materials like
graphene, one of the dimensions in k-space is confined meaning the DOS follows
a step-like function. SWNTs are treated as 1-D materials with electronic con-
finement in two directions. This results in the DOS following an inverse square
rule and therefore is a discontinuous function of the energy, forming spikes in the

energy-DOS relationship known as Van Hove singularities[41][34].

These singularities give rise to the optoelectronic properties of sSSWNT's, defining
positions of multiple conduction and valence bands as shown in figure 2.2. Having
such sharp transitions between energy bands means the nanotubes can be photo-
excited at well-defined energies, thus meaning the nanotubes can be optically

excited at certain wavelengths, defined by the chirality of the nanotube[42].
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FIGURE 2.1: Graphical representation of sp? carbon. The arrows indicate the
edges at which the graphene can be rolled up to form a CNT with different
electrical properties. 0 indicates the chiral angle.
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FIGURE 2.2: Plots of the density of states (DOS) against energy (E) for semi-
conducting and metallic SWNTs. The sharp features are known as Van Hove
singularities.

For metallic SWNTs (mSWNTs), the DOS is non zero at the Fermi level which
results in no band gap. However, its 1-D structure still means these singularities
are present, where transitions between them produce photoluminescent properties.
A study has shown that mSWNTs optically excite at around 500nm and emit in
the near infra-red[43]. Excitation wavelengths of sSSWNTs tend to be around
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the optical red to infra-red region of the spectrum (550nm to 800nm) with some

excitation wavelengths occurring around 300nm|44].

For photoluminescent and photocatalytic properties of CNTs, we should under-
stand the idea of an electron-hole pair acting as one single quasiparticle known
as an exciton. These are formed when electromagnetic waves interact with mat-
ter. In semiconductor materials, a photon with greater energy than the band gap
is absorbed, exciting an electron from the valence band to the conduction band.
The product of this is a positively charged hole in the valence band and a nega-
tively charged electron in the conduction band, bound together by a Coulombic

attraction forming an exciton.

2.3 Protein Structure and Biochemistry

Proteins are biomolecules which function as the tools that build, operate and
maintain living organisms. They consist of a sequence of amino acids encoded
by DNA, which defines how it folds and therefore, how it functions. This initial
sequence of amino acids is known as the primary structure of the protein as shown
in Figure 2.4. The secondary structure is formed by the interaction of the hydrogen
bonds of neighbouring amino acids creating two types of stable structures known
as alpha helices and beta sheets as shown in Figure 2.3. Within an alpha helix,
the hydrogen bond network runs along the length of the helix, resulting in its
coiled shape. Alternatively, the hydrogen bond network runs in between parallel
beta sheets causing this ordered row of amino acids.From here the proteins fold
themselves into a compact 3-D domain which shields most of the carbon rich,
hydrophobic amino-acids from surrounding water molecules. This is known as the
tertiary structure and the basis of monomeric proteins. Two or more domains

within a single protein can assemble into a larger quaternary structure[45].

To understand how proteins or other biomolecules can be incorporated into nano-
electronics, we must understand the physical interactions that govern their struc-

ture and function. Amino acids are bound together with the formation of covalent
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FIGURE 2.3: Models of the secondary protein structure constituents (a) alpha
helix and (b) beta sheets.

(peptide) bonds between amino acids along the backbone, with their structure is
defined a combination of electrostatics, hydrogen bonds, van der Waals interaction

and hydrophobic interactions.
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FIGURE 2.4: Levels of protein structure from the initial amino acid sequence
to the fully assembled protein[46].

2.3.1 Hydrophobic Interaction

For proteins to form, the folding process must be thermodynamically favourable.
According to the second law of thermodynamics, the total entropy of the system
and its surroundings has to increase for a reaction to happen spontaneously. For

biological systems, we can write the change in Gibbs free energy (AG) in terms
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of the change in entropy (AS) and the change in enthalpy (AH) assuming the

temperature (7') remains constant:

AG = AH — TAS (2.1)

Water molecules cannot induce dipoles in non-polar hydrophobic material and
hence do not form bonds. However if they reorient, such that they can H-bond
to neighbouring water molecules in an ice-like dynamic structure around the non-
polar material surface, the number of H-bonds is close to that in bulk solution.
Here the enthalpy H (or total energy U) is minimised. The increased order in this
ultra-thin ordered layer contributes an decrease in entropy S, with G' minimised
at equilibrium. We compare two situations where the non-polar material is aggre-
gated into a single globule with that where the same amount of non-polar material
segregated into many smaller globules, the difference in Gibbs free energy being
AG = Goggregated —Gsegregated- AH~0 since there is not an appreciable difference
in the number of hydrogen bonds in the two cases. However AS > 0 since the
entropy decrease due to ordering is smaller in the aggregated case because of the
smaller total surface area. Hence AG = AH - TAS will be negative. Equilibrium
occurs when G is minimised i.e. when the total surface area of the hydrophobic

surface is minimised[45][47].
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FiGure 2.5: Hydrogen-bound water molecules around a non-polar molecule on

the left. Energy is minimised by bringing these non-polar molecules together

through what is known as the hydrophobic interaction to form the non-polar
pair seen on the right[48].

This free energy driven phenomenon is known as the hydrophobic effect and is seen

in many biological processes[45]. It is this process which drives the packing of the
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protein chain to form a compact globule with a hydrophobic core and hydrophillic

groups on the exterior.

2.3.2 Electrostatic Interactions

The interior of a protein is made up almost entirely of non polar residues or
localised pairs of opposing charge, with the unpaired charged residues forming
the external structure of the protein. We will only find charged residues within
a protein if they are there to bind to charged atoms like Iron or Oxygen, such
that the net local charge is close to zero[45]. This arrangement minimises G
since water molecules can bind to polar residues around the periphery and do
not come into contact with the non-polar interior. An unpaired charge within
the hydrophobic core of a protein will be excluded, as can be seen from simple

electrostatic considerations.
Consider the energy U of a sphere of radius R, charge ¢, in a medium of permit-
tivity € give by Coulomb’s law:

62

1
U_§.47T'€'R

(2.2)
for water, €, =80, and for a protein, €, ~3. If we take the radius of our ion to
be R~3A and the charge e, to be the charge of an electron, then for a charged
ion in contact with water, Uyqrer =0.03¢V whereas for the same charge within the
hydrophobic core of the protein, Uprotein ~0.8¢V. Therefore, to minimise energy,

it is favourable for the charge to be on the exterior of the protein[45][47].

2.3.3 Proteins in Bioelectronics

The nanoscale size and well-defined function of individual proteins makes them
well suited for incorporation into organic or inorganic structures for nanotechnol-

ogy. However, due to this nanoscale size, it is unclear what the mechanisms of
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energy transfer are between these molecules. There have been many studies which
incorporate proteins and other biomolecules into nano-scale devices where their
properties are utilised for biomedical targets [5], optoelectronics [49][50] and also
used to build nano-structures[51][52]. From these investigations, it is clear that
proteins can be successfully be implemented as active elements in nano-electronic
devices. Therefore, it should be essential to try to understand the fundamental

aspects of their electronic properties.

There have previously been investigations describing the current flow through
individual protein molecules which can be described as an individual electron
transfer process[31][53][54]. This showed how these molecules can be understood
as independent components in electronic devices with the potential to probe the
electronic dynamics within these molecules. These studies focused on cytochrome
bse2 (cyt bsgz) which is a redox active molecule, believed to act as an electron
transfer protein[55]. This study introduced the importance of orientation of the
protein to it’s conductive properties. By altering the geometry of the system, they
changed the electron transfer characteristics which was strongly influenced by the

inorganic ion core within the protein structure[31].

Another protein which has attracted a lot of attention is green fluorescent protein
(GFP) which can be characterised as an electron transfer protein, known for its
fluorescent properties[56]. This makes it the ideal candidate for optoelectronic
studies as a potential selective light sensor. These two proteins are the main
focus of this thesis with the addition of the antibiotic resistance protein, TEM

p-lactamase[57].

2.3.4 Green Fluorescent Protein

There are three proteins under investigation in this thesis to help understand
the flexibility of the processes used and electron transfer between these molecules

and CNTs. The primary focus of this study with be on an improved version of
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the GFP, which is isolated from the jellyfish Aequorea Victoria [58]. GFP com-
prises of 11 (-sheets forming a [-barrel model with an a-helix running through
it’s centre. The chromophore, located in the middle of the [-barrel, is a p-
hydroxybenzylideneimidazolinone formed by re-arranging Ser65, Tyr66 and Gly67
within the protein. The tight S-barrel surrounds the chromophore, shielding
it from much energy transfer between it and the surrounding molecules. This
means the chromophore should retain its fluorescence and avoiding quenching.
As the name suggests, the protein fluoresces in the green region of the optical

spectrum[56.

(2 (b)

~4.5nm S ~ NN ~2.7nm

~2.7nm ~2.7nm

FIGURE 2.6: Graphical representation created in PyMol, of the structure of
sfGFP from (a) a side on view, and (b) a top down view. The chromophore is
highlighted in the centre of the S-barrel.

The variant used in this investigation is the super folder GFP (sfGFP) which folds
more efficiently when fused to other proteins making it more robust and tolerant
to its environment. It has a major excitation peak at 475nm and an emission peak

at 508nm. The structure of stGFP is shown in Figure 2.6.

These fluorescent properties and robust structure of sfGFP makes it an ideal pro-

tein to study electron transfer between proteins and CNTs.
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2.3.5 Cytochrome bjg

Cyt bsgz is a redox-active protein produced in Escherichia coli (E-coli) which is
thought to function as an electron transfer protein. The exact mechanism of the
electron transfer in this protein is still uncertain although, previous work has
shown strong dependence on the environmental properties and the redox haem
central cofactor[55][59]. This has since led to studies of environmental effects and

orientation dependent investigations when bound to conductive surfaces[32][31] .

(a) (b)

5.2nm

2.4nm

FIGURE 2.7: Graphical representation created in PyMol of the structure of
cytochrome bsge in (a) the long axis arrangement and (b) the short axis ar-
rangement. The positions of linker sites are marked in red.

Cyt bsge is an ideal target for engineering for nanotechnology as it is extremely
stable under a large range of pH from 2.5 to 10.5, as well as being stable at

temperatures up to 55°C.

For the purpose of the experiments, the protein was engineered to incorporate
mutated residues at opposite side of the protein to for long axis (LA) and short
axis (SA) configurations as shown in Figure 2.7. This allows us to define the linker
proximity to the haem centre and therefore, the distance between the haem and

the conductive substrate.
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2.3.6 TEM p-lactamase

TEM p-lactamase is part of a group of enzymes responsible for resistance to -
lactam antibiotics such as penicillin. It does this through the hydrolysis of the
amide bond of the S-lactam ring, causing breakdown of the antibiotic. This prop-
erty makes TEM an ideal candidate to study antibiotic resistance, as well as being

a bio-sensory target to monitor the build up of g-lactam antibiotic molecules[57].

FIGURE 2.8: Graphical representation created in PyMol, of the structure of
TEM p-lactamase with the o domain displayed in green and the o/ domain
in cyan.

The structure of of TEM, shown in Figure 2.8, consists of two domains: an «
domain which is made up of six a-helices, and a o/ domain that is made up of

the N and C-termini regions.

2.4 Protein Engineering

Proteins are made up of a sequence of amino acids. In nature, there are 20 different
amino acids which form the many various protein structures; each with their own
unique function. However, having only 20 natural amino acids means chemical
diversity of these molecules is limited, which limits additional functionality[45]. In

order to functionalise carbon allotropes with proteins, additional groups must be
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added to the protein, without inhibiting its structure or function. In order to do
this, we must introduce unnatural amino acids (uAA) which serve as analogues
of natural amino acids, with an additional bound functional group. These uAAs

mimic the specific post-transnational modifications which happen naturally[30] .

In order to introduce the uAA to the protein sequence, the tRNA, used to form
the primary structure of the protein, is mutated to include a TAG stop codon.
This codon will stop the transition to form the protein unless the uAA in question
is introduced[60]. This uAA will replace the TAG codon allowing the protein to
form. With the uAA in place, the protein will fold with the functional group in a

desired position on the protein structure.

In this study, the uAA used for funtionalising the proteins is the photo reactive
molecule p-azido-L-phenylalanine (AzPhe).

2.4.1 Azido Phenylalanine

AzPhe is an analogue of the natural amino acid phenylalanine, that contains an
azide functional group at the para position of the benzene group[30]. These azide
groups are sensitive to light with a wavelength lower than 310nm, which is in
the UV region of the spectrum. When exposed to this UV wavelength, the azide
group consisting of 3 nitrogen, loses a Ny group, leaving a reactive nitrene species
with 2 lone pairs of electrons. This can then be used to cross link to other func-
tional groups via the process of click-chemistry, in order to incorporate additional

functionality.

Alternatively, the presence of this nitrene radical can cause a reaction with the
sp? carbon surface, forming a bond across the C=C double bond in the carbon
structure, resulting in a tetrahedral sp® carbon structure with a covalently bound

nitrene-phenylalanine group as shown in figure 2.9[33].

By incorporating this AzPhe group into the proteins, we can selectively covalently

cross-link proteins in defined orientations to CNTs with a short linker by simple
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FIGURE 2.9: An overview of the photochemical insertion of a protein with an
AzPhe linker molecule to a CNT sidewall.

exposure to high energy UV light. This can be done without the need to pre-treat
the CNTs, giving us a one to one defect to chemical bond ratio, effectively limiting
the number of defects introduced to the CNT. An alternative to this would be to
use a method where no defects would be introduced, via the use of a pyrene based

linker molecule.

2.4.2 Pyrene

Pyrene is a molecule consisting of 4 aromatic rings in a planar structure giving it
a 7 orbital electron structure capable of stacking onto the 7 orbital structure of a
CNT though what is known as 7-7 stacking. By using this as the linker molecule,

this would provide a way of non-covalently binding these proteins onto a defect

free CNT.
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FIGURE 2.10: Chemical reaction for the addition of pyrene to an AzPhe group
via copper(I)-catalysed alkyne-azide cycloaddition (CuAAC) to form a pyrene-
AzPhe short linker moiety.

To incorporate a pyrene molecule into a protein, it needs to link to the AzPhe

molecule. However, pyrene by itself does not readily bind with the azide group.
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To overcome this problem, the pyrene is usually functionalised with dibenzylcy-
clooctyne (DBCO)[61], to form DBCO-pyrene via a reaction of DBCO amine and
pyrene butanoic acid. This then allows strain promoted azide-alkyne cycloaddition
between the azide group on the AzPhe and the alkyne of DBCO[33]. Although
this is an effective method of incorporating the pyrene moiety into the protein,
it does introduce an additional molecule in between the pyrene and the AzPhe,
resulting in a longer linker molecule than simply using the azide linker alone. To
solve this, the pyrene as anchored onto the AzPhe molecule with the help of a
copper(I) catalyst via a process called copper(I)-catalysed alkyne-azide cycloaddi-
tion (CuAAC). This forms a pyrene-AzPhe short linker moiety without the DBCO
molecule as seen in figure 2.10. The reason this isn’t always the preferred method
of attaching the pyrene moiety is that the prolonged exposure of the protein to
a copper(I) catalyst can cause the protein to misfold[62]. To stop the catalytic
reaction, ethylenediaminetetraacetic acid (EDTA), is added to absorb the cations

and quench the reaction.

2.4.3 Single Strand DNA

Deoxyribonucleic acid, or DNA, is a linear polymer which is made up of a sequence
of four different base structures, connected by a sugar-phosphate backbone. The
four bases; adenine, cytosine, guanine and thymine, are non-polar structures con-
taining aromatic rings which gives them a de-localised 7 electron structure. They
form specific based pairs with adenine and thymine forming one pair, and guanine
and cytosine forming the other. These pairs are held together by weak hydrogen
bonds, which allows them to be reversibly broken in biochemical processes. The
overall structure is bound together though a polar sugar phosphate backbone as
shown in figure 2.11. Like with proteins, the charged polar molecules form the ex-
terior of the DNA structure with the non-polar molecules on the interior, protected

from water[45].

DNA is a useful structure to help incorporate into CNT systems, providing an

alternative route to non-covalent functionalisation, as well helping solubilise them
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FIGURE 2.11: DNA structure with sugar phosphate backbone (grey) along
the outer structure and base pairs of adenine (red) with thymine (yellow), and
cytosine (green) with guanine (cyan), on the inside of the structure.

in water[63][64]. Using single strand DNA (ssDNA), that is DNA which hasn’t
been paired up with its conjugate base pair structures, we can take advantage of
the aromatic bases to stack onto a CNT sidewall through 7-7 stacking. This will
leave the polar backbone on the exterior of the CNT, allowing for charge inter-
actions with water and helping its solubility. We can functionalise this backbone
by incorporating reactive moieties like acetylene, which is a triple bond carbon
molecule, which can bind through to an azide, present on a functionalised protein,

using CuACC (this will be discussed in chapter 4).



Chapter 3

Experimental Techniques

3.1 Introduction

In order to study the electronic interactions between proteins and CNTs, a range
of different experimental techniques were employed. This ranged from the use
of scanning probe microscopy (SPM) to characterise and confirm protein-CNT
interactions, to producing transistor-like CNT devices to study their electronic
interactions with proteins. Various other tools were used such as Raman spec-
troscopy to study molecular interactions, and total internal reflection florescence
microscopy (TIRFM), which can selectively excite fluorophores in proteins such

as GFP, allowing us to study protein activity before and after CNT conjugation.

In this chapter, I describe the techniques used, from the characterising micro-
scopies and spectroscopy, to the CNT dispersion in solution. Here I will cover the
theory behind the various techniques used and the the ways in which they were
implemented. I have also described the CNT dispersion and deposition methods

I have developed as there was no prior experience in this within my group.

25
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3.2 Scanning Probe Microscopy

A commonly used set of tools for the imaging and analysis of nanoscale systems
come in the form of SPM. These tools not only allow us to form topographical maps
of nanoscale structures; they also provide defined control over nanoscale systems
and allows us to obtain mechanical and even quantum mechanical information of

organic molecules and solid-state components.

3.2.1 Atomic Force Microscopy

Atomic force microscopy (AFM) is one of the most widely used techniques to study
the topography and mechanical properties of nanoscale structures. The AFM was
invented by G. Binnig, C.F Quate and Ch. Gerber in the early 1980s and first
implemented in experimental use in 1986 [65]. In the same year, Binnig earned

the Nobel Prize in physics for the development of the STM.

An AFM uses a sharp tip an the end of a cantilever which interacts with a surface
to scan over it. The tip is deflected as it scans the surface due to variations in
its topographical height. This deflection is monitored by reflecting a laser beam
off the cantilever and onto a position-sensitive photo-detector. As the tip scans
over the surface, the level of deflection is measured and a image is produced on a

computer|65][66].

AFM has the advantage over its precursor, the STM, that by using the defection
of the tip to map out the surface, it doesn’t need to be a conducting surface for
it to work. It can be used to study insulators as well as conductors and it can be
used to measure mechanical properties and manipulate nanoscale structures with

nanometre resolution.

As the tip approaches the surface, it experiences an attractive force due to the
potential energy of the atoms in the surface as shown in figure 3.1. At very short

distances, there is a repulsive force on the tip. There are 3 different modes for the
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AFM which each have their advantages and disadvantages; contact mode, tapping

mode (or intermediate mode) and non contact mode[67].

Repulsive force on tip

Attractive force on tip

- >
Distance

FiGURE 3.1: Diagram displaying the potential energy felt between the AFM
tip and the sample.

Contact mode AFM relies on the tip maintaining constant contact with the surface
meaning it will be applying a force as it scans. This has its advantages as it
can provide high resolution images of the surface whilst providing a method of

manipulating the structure with nanoscale control.

Non-contact mode AFM, the tip is lifted a few nanometres away from the surface
within the range of van der Waals forces where it still feels an attractive force.
The tip is driven by a small piezo element, set to oscillate the cantilever near its
resonant frequency as it scans over the surface. The attractive force from the sam-
ple dampens the oscillating tip and the changes in amplitude is used as a feedback
parameter in a feedback loop, producing a topographical image. This method is
non invasive, but has its disadvantages over contact mode[68]. In ambient con-
ditions, non-contact mode can image small unbound molecules on the sample’s
surface such as water, whereas contact mode will image the underlying surface

without seeing the contamination.

Tapping mode AFM is an intermediate between contact and non-contact mode.
For this mode, the tip oscillates near its resonant frequency close to the surface
allowing it to tap the surface as it scans. Like the non-contact mode, the forces

between tip and sample causes a dampening in the oscillation which is translated as
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an image. The difference between the drive frequency and the dampened frequency
of the cantilever can be also be recorded as a change of phase. This can be an
important tool when imaging the change in a material as softer materials can
dampen the oscillations more than a hard material. Although the tip still makes
contact with the surface, it is a less invasive mode than contact mode and for that

reason is the most commonly used mode for AFM|68][67].

During this project, the CNTs are functionalised with soft biological molecules,
for which a non invasive AFM mode is desired. For this reason, non-contact mode
and tapping mode are the preferred modes as they provide topographical images

with minimal interaction with the surface.

3.3 Raman Spectroscopy

Raman Spectroscopy has proved to be an extremely powerful tool used to probe
low frequency modes within a system such as vibrational, rotational modes in the
molecular structure. It has been widely used to probe carbon allotropes such as
graphene and CNTs, revealing many fundamental features of their structure, both

physical and electronic[69].

With this in mind, it is also an ideal tool to analyse the binding mechanism which
occurs between proteins and CNTs. This is done by studying the changes in the
Raman spectra that occur when the CNTs are functionalised. Such changes can
cause suppression or enhancement of existing modes as well as the introduction of

new vibrational modes introduced through the addition of a protein.

Raman spectroscopy is a non-destructive method used to characterise the vibra-
tional modes of materials using inelastically scattered light, also known as a Raman
Effect. This effect, first described by Chandrasekhara Venkata Raman in 1928,
describes the interaction where an incident photon is absorbed by a material and
re-emitted at a different energy. This change in energy is equal to the energy which

is required to excite a molecule to a higher vibrational mode. These vibrational
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modes are quantized, the quanta commonly referred to as phonons. There energy
quanta depend on the bonding environment of the vibrating atoms and hence,

Raman frequencies can shed light on the structure and bonding [70][66, 71, 72].

By studying the Raman spectra produced from carbon nanotubes, a large number
of properties can be obtained and studied. Data regarding quality, electronic
structure, diameter and even the chirality of the CNTs can be obtained from this

method[69][73].
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FIGURE 3.2: Raman spectra for metallic and semiconducting SWNTs. These
spectra shows the radial breathing mode, the D-mode, G-mode and G’-mode,
as well as some weak double resonance modes such as the M-mode[69].

The Raman scattering modes can be split into two groups; the primary modes and
the secondary modes. The primary modes arise from a single mode interaction
where a photon interacts with a single vibrational mode, and re-emits a photon.
These modes are formed from the combination of the breathing modes for o and
7 orbitals in the CNT structure. The secondary modes arise from one or two

phonon, double resonances, which could arise from multiple modes[70].
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The Raman spectra of a pristine CNT would be dominated by these primary
modes which, for a CNT, would be the radial breathing mode (RBM) and the
graphite-mode (G-mode) as seen in figure 3.2[69].

The RBM arises from the expansion and contraction of the entire circumference
of the CNT structure. This is a first order mode which tends to dominate the
spectrum at lower frequencies around 248cm™~!, but is dependent on the diameter of
the tube. This means that the diameter can be deduced by knowing the frequency
of this RBM[69].

The G-mode arises from the graphitic carbon and occurs at all sp* carbon sites.
It involves the in-plane stretching and contracting of C-C bond sites. As it relies
on the sp? bonds of carbon, then a six fold ring is not necessary for this mode to
occur. For CNTs, an additional peak appears here corresponding to an additional
mode arising from the folding of the CNT. For SWNTs, this peak appears around
a frequency of 1582cm™*[69][73].

Two additional modes worth mentioning are the D mode and it’s overtone, the G’
mode which appear around 1340cm ™! and 2670cm™! respectively. The D-mode is
a breathing mode near the Brillouin zone boundary. This arises from the presence
of a structural defect which would essentially mean a break in a ¢ bond orbital.
This mode occurs around 1355cm~! and can only occur in the presence of a six

fold aromatic ring structure[69][73][74].

CNTs were dispersed in 1%wt SDS solution and drop cast onto SiO, substrates
and left to dry. The samples were then rinsed under a flow of DI water to remove
any loose particles, then immersed in ethanol for 60 min to remove surfactant
molecules. These samples were sent for Raman spectroscopy measurements, per-
formed by Prof. Monica Craciun in the Centre for Graphene Science at University

of Exeter. For this, a 532nm laser was used with a 2um spot size.
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3.4 Total Internal Reflection Fluorescence Mi-

croscopy

There are many optical properties of CNTs which could tell us the more about
their electronic structure such as absorption properties, extinction and florescence.
This could then in turn tell us how the binding of a protein changes these at-
tributes and therefore, affects the electronic structure of the CNT. However, due
to the nanoscale diameter of these structures, it proves difficult to study these

with conventional microscopy techniques [71].

Despite proteins like GFP also having a nanoscale structure, their fluorescent
properties allow them to be studied using fluorescence microscopy in the visible
region of the spectrum. To study how these fluorescent properties are affected

by the interaction with CNTs, total internal reflection fluorescence microscopy

(TIRFM) was employed.

TIRFM is used to selectively excite fluorescent molecules in a region above a
solid substrate within 100nm above the surface. This presents advantages over
conventional optical microscopies such as confocal microscopy, as it can be used
to study surface bound molecular florescence in a sample with a very high signal

to noise ratio[75].

Once a solution of florescent molecules is deposited on a surface, the molecules are
free to move around the surface. Some molecules may bind to the substrate while
others travel around the solution making it difficult to measure single molecule
florescence. By limiting the depth of the observable region, TRIFM can pick out
these bound molecules and other low lying molecules within a solution, allowing
for single molecule measurements without background florescence from the rest of

the solution|[76].

This limitation in the depth of the observable region is achieved by shining light
through a known thickness of a material with a known refractive index to cause

total internal reflection. At the surface interface of the glass, there is a transition
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FIGURE 3.3: Schematic of principles behind TIRF. Refractive index ns is

greater that ny. Incident angle # must be grater than 6. for total internal re-

flection to occur. The exponentially decaying evanescent wave is used to excite
the fluorophores above the surface.

in refractive index, where the glass meets the solution/air. When the angle of the
incident light 6 is greater than the critical angle 6., total internal reflection occurs
at this interface as shown in figure 3.3. Here, the amplitude of the incident wave
equals the amplitude of the reflected wave. However, due to the finite width of
the incident light beam, there is a degree of interference at the interface. From
this, an evanescent wave is formed across the interface. For this wave to obey
Maxwell’s equations and the conservation of energy, it must be a non vanishing
field which decays exponentially with distance. This is what gives rise to this small
finite depth to the observable region and provides the energy to selectively excite

individual fluorophores within the solution[76].

With this in mind, TIRFM can be used to excite the fluorophores of a known
excitation wavelength, and apply an optical filter to only allow wavelengths that

correspond with the emission wavelength of the particle under observation.
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3.5 Carbon Nanotube Dispersion and Deposi-

tion

Multiple methods of dispersion of both SWNTs and MWNTs were investigated
in order to form solutions of separated CNT's for controlled depositions. The first
method was to make use of organic solvents; in particular di-methylformaimide
(DMF), which is a common solvent for this purpose[77]. The second method uses a
surfactant to prevent the nanotubes from aggregating and to achieve single strands
of nanotubes. For this method, the nanotubes are dispersed in 1wt% sodium do-
decyl sulfate (SDS) in de-ionised water solution[78]. These methods both have
their advantages, but our experimental results show that the SDS solution formed
the better dispersion with longer individual nanotubes with less aggregation. It is
important to achieve individual nanotubes in the dispersions to analyse single nan-
otube characteristics, and to have a better chance of observing protein attachment

using scanning probe techniques.

Additionally, in this section I discuss a third dispersion technique which involves

wrapping CNTs in short strands of DNA to disperse in a water solution to produce

protein-DNA-CNT hybrid systems.

The nanotubes used for this investigation were provided by Sigma Aldrich and were
grown using chemical vapour deposition. The data provided from Sigma Aldrich
states that the SWNT's have an average diameter of 2.0nm, and the MWNTs have

an average diameter of 9.5nm.

3.5.1 Dimethylformamide Solvent Dispersion

DMF is an colourless organic solvent, commonly used for separating and suspend-
ing CNTs. When in powder form, CNTs form large aggregates due to electrostatic
forces and van der Waals forces. Using a combination of dispersing the CNTs in
an organic solvent with ultrasonication, used to overcome these binding forces, we

can separate CN'Ts and suspend them in solution, ready for deposition.
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For the original experiments, the nanotube solutions produced consisted of 1mg
nanotubes (SWNT or MWNT), and 10ml of DMF. The solvent has excellent wet-
ting properties and proved to work very well to disperse the CNTs during sonica-
tion in an ultrasonic bath. After an hour of low power sonication, the solutions
would appear fully dispersed forming an opaque black suspension. The MWNTs
appeared to be more soluble than SWNTs, as they did not separate in solution
over long periods of time, whereas the SWNTs separated from the solution almost
immediately after sonication as seen in figure 3.4. A reason for this could be that
the SWNTs are of very high purity and therefore have a poor hydrogen bonding
ability[79]. This could be caused by fracturing of the MWNTs during sonication.
SWNTs are more flexible than MWNTs, making them less prone to fracturing
under sonication. The breaking of the CNTs can cause open bonds at the ends
which can readily bind to molecules in the solvent. As the SWNTs are less prone
to fracturing, they maintain their length and therefore, maintain a higher surface
area for binding. This could therefore cause them re-aggregate and separate from

the DMF[80].

@ _ (b)

FIGURE 3.4: SWNTs in DMF. (a) Solutions before sonication. (b) A solution
1 minute after sonication. This shows the SWNTSs starting to separate. (c)
Solutions 1 day after sonication.

Similar results were found here for dispersion of MWNTSs in ethanol[79]. CNTs
are hydrophobic structures which would make them difficult to disperse in solu-
tion without their tendency to aggregate through hydrophobic interactions. The
previous studies show that pristine tubes had lower hydrogen bonding than func-
tionalised tubes, as functionalising the structures can form hydrophillic surfaces,

thus increasing the level of dispersion in solvent.
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(b)

25.0nm

F1GURE 3.5: AFM images showing MWNT dispersion in DMF cast onto SiO,
substrates. (a) Large scan showing a number of short MWNTs. (b) Smaller
scan over short MWNTSs (around 500nm in length).

From the images in figure 3.5, it is clear that the MWNT's are present, but exist as
very short tubes generally less than 0.5um. The details of the MWNTSs supplied
by Sigma Aldrich state that they should be of length 2.5 to 20um.

This suggests that the tubes may have been fractured during the preparation of
the solutions, and/or, the long tubes are bound together as aggregates due to in-
creased surface area and therefore, higher number of van der Waals bonds. The
ultra-sonication is the crucial process, producing localised shear stressed between
adjacent nanotubes, which ultimately determines the overall level of dispersion.
This process needs to supply enough energy to the tubes to overcome the bind-
ing energy between them, while supplying less energy than the energy needed to

fracture the tubes.

Sediment formed by drop casting each solution onto SiOy and allowing to dry,
was imaged under an AFM. Figure 3.6 shows long MWNTs wound into bundles of
complex aggregates whereas the SWNT's seemed to form a web of partially aligned
tubes with a higher aspect ratio. This has been found to happen in previous

studies[80].

It seems that the longer tubes in both solutions are present but the dispersion

procedure is insufficient at separating these tubes from each other. This is likely
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FIGURE 3.6: AFM images showing (a) MWNT bundles forming a large mesh
of aggregates and (b) SWNTs forming webs of tubes bound by van der Waals
forces

to result from the van der Waals force between the tubes being greater for longer

tubes.

The next step was to try to separate the larger bundles of tubes away from the
individual tubes in the hope of finding long individual tubes. To do this, the solu-
tions were centrifuged. 1ml of each MWN'T solution was taken and centrifuged at
10,000g for 6 minutes, then decanted into separate vials. The solid left behind was
re-dispersed in DMF and the process was repeated two more times. The resulting
solutions were then diluted with DMF until a clear solution is produced[81]. The
SWNT solutions did not need to be diluted after centrifuging as they produced a

clear, colourless supernant.

As the images in figure 3.7 clearly show, this method of dispersion was more
effective with the SWN'T samples, producing numerous individual nanotubes over
1pm in length. However, these were rare and proved difficult to find without slight

aggregation.

DMF can be used to disperse carbon nanotubes and form a film of tubes and under
certain circumstances, form semi-aligned aggregates. However, for the purpose of
carbon nanotube biosensors, long, individual nanotubes need to be found in order

to bridge electrodes. To produce individual nanotubes on a substrate, the surface
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FicUre 3.7: AFM images showing SWNT samples after solutions were cen-
trifuged to remove very large aggregates.(a) Edge of aggregated region of
SWNTs. (b) Large scan of sample showing very little individual SWNTs.

energy of the tubes must be reduced and the entropy of the system needs to

decrease. To do this, a surfactant is used.

3.5.2 Sodium Dodecyl Sulphate dispersion

Surfactants such as SDS are compounds that are used to lower the surface tension
between different liquids or a liquid and a solid[78]. An example of this is the

emulsification of fat in water when soap is added.

These amphiphilic molecules are comprised of a hydrophobic tail group which binds
itself to a solid, in this case a carbon nanotube, and a hydrophilic functional group
which interacts with the water, lowering the surface tension at the interface. At
a certain concentration, the surfactant forms micelles, called the critical micelle
concentration. Omnce the surfactant surpasses this concentration, it acts as an
emulsifier, which then acts to reduce the free energy of a system. This acts to
stabilise the system while reducing the surface tension in solution. With this in
mind, it is the perfect molecule to help the dispersion of carbon nanotubes and

the separation of long individual nanotubes[78].
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For the purpose of separating nanotubes, only a small concentration of SDS is
needed. Larger concentrations would lead to micelles forming over the entire sur-
face of the nanotube, which may greatly affect the binding of additional molecules
(proteins), and will increase the resistance of the nanotube. The effect of sur-
factants on the binding of proteins to the surface is not well understood. One
idea is that the hydrophilic head groups of the surfactants would interact with the
hydrophobic surface of the proteins, holding them in a stable position[82]. This
would still have the problem of an increased, undefined resistance across the nan-
otube. However, a solution to this has been found as all traces of the surfactant
can be removed with a combination of rinsing in de-ionised water and ethanol.
Previous studies done by Zhang et.al have shown with the use of X-ray Photo-
electron Spectroscopy (XPS), that sufficient rinsing of these samples with ethanol

can removed traces of SDS molecules from the nanotubes|83].

For these experiments, the most common SDS solution used for the purpose of
dispersing SWNT's comprises of 1wt% SDS in de-ionised water. Concentrations
are sometimes quoted in terms of the critical micelle concentration (CMC), which
is the concentration at which the surfactant molecules combine to form a micelle
structure. This is required to disperse the nanotubes so the concentration of

surfactant should be larger than 1 CMCI[84].

[T 20.0nm [ 20.0 nm

@) ‘ (®)

[[15.0 [18.0

[16.0 [ 16.0

[14.0 140

[ 12.0 12.0

: 10.0
8.0
6.0
- 4.0
{
I i 2.0
S pm- — 0.0

FicURE 3.8: AFM images showing SWNT dispersion in SDS cast onto SiOq

substrates. The alignment of the CNTs follow the direction of the droplet’s

movement when drying. (a,b) Large scans showing more individual SWNT's

than that which was found in the DMF solutions. (a) SWNTs aligned along
y-axis. (b) Long SWNTs aligned along the x-axis.
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If the concentration is too low, then the SDS won’t form micelles so the nanotubes
won’t disperse. If the concentration is too high, then the surfactant will bun-
dle together reforming large aggregates[84]. SDS does not negatively affect the

nanotubes and can be washed away with de-ionised water or ethanol[83].

Typical solutions were made up of Img/ml SWNTs in 1wt% SDS solution. These
solutions were sonicated until a black suspension is achieved. This is followed by
ultracentrifugation at 10,000g for 30 minutes in order to separate larger aggregates
from the individual CNTs. The supernatant from this solution is then taken and

diluted until solution becomes clear.

3.5.3 sSWNT and mSWNT Suspensions

For the majority of the work presented in this thesis, the CNTs are separated
into solutions containing metallic SWNTs (mSWNT') and semiconducting SWNTs
(sSSWNT). These CNTs, which were grown by arc discharge and suspended in an
aqueous ionic surfactant solution (1% wt SDS) were provided by Nanolntegris.
These solutions contain 0.0lmg/ml CNTs and were separated into suspensions of

sSWNTs and mSWNTs.

3.5.4 DNA suspensions

The aim of the previous two CNT dispersion methods is to solubilise the nan-
otubes for deposition, which is then followed by post deposition biomolecule func-
tionalisation. However, it can be advantageous to form protein-CNT hybrids in
solution, minimising the post deposition processing steps, whilst maintaining a
stable environment for the protein. Using organic solvents can introduce a hostile
environment for the protein, causing it to denature. On the other hand, surfactant
solutions will form micelles around the CNT structures, preventing proteins from

attaching to their surface.
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Introducing DNA can provide a solution to this problem. Similarly to the use
of surfactants, DNA can be used to wrap around the CNT structure with its hy-
drophobic base molecules m-stacking to the sp? carbon surface, and the hydrophilic
sugar phosphate backbone on the outside. This acts to reduce the entropy in
the surrounding water, increasing its solubility and reducing CN'T aggregation.
The difference between the use of surfactants and DNA is that DNA can be pre-
modified to incorporate functional groups as described earlier in Chapter 2. An-
other advantage it has is the DNA only stacks along the areas of the CNTs where
sp? carbon is present. This means that if we were to have open ended CNTs, the
DNA would only cover the sidewalls of the nanotube, leaving the ends exposed for
end-on functionalisation. This method of functionalisation can be done in a buffer
solution which provides a stable environment to introduce proteins and create

protein-CNT hybrid structures in solution.

For my experiments, I used variants of (GT)yy, which is a repeated guanine-
thymine structure consisting of 20 base pairs. The solutions are made up of 0.1mg
CNTs in 0.1ml deionised water. This is then mixed with 50l DNA solution
(Img/ml in water), followed by 850ul of NaCl solution (0.1M in water). The NaCl
component helps to mask the electrostatic interactions between the CN'Ts under
sonication, however these tubes will re-aggregate quickly. The mixture is then
sonicated in ice for 2 hours, keeping the temperature low to minimise the energy
between the DNA and CNT structures. The solution is then centrifuged at 10,000g

to remove the insoluble material leaving a solution of DNA-wrapped CNTs.

AFM studies of (GT)qp wrapped SWNTSs can be seen in figure 3.10. Here you can
see an uneven structure covering the SWN'T which in some cases, looks like it may
consist of multiple layers of DNA. These studies show that the DNA is successful in
separating CN'Ts without the need for surfactants, which also provides a method

of alternative biomolecular functionalisation.
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FIGURE 3.9: AFM images of (GT)q wrapped SWNTs on SiO,. (a) View along

the length of a SWNT wrapped in DNA, showing non-uniform heights along

the structure. (b) Image of the end of a SWNTs wrapped in DNA, showing two
different thicknesses along the structure suggesting multiple layers of DNA.

3.6 Electrode Fabrication

Electrodes patterns were defined by photolithography onto St0Oy substrates. The
electrodes are produced using a 10nm Chromium adhesion layer and a 70nm Gold
layer, which is evaporated onto the substrates using an Edwards E306 Belljar

evaporator.

The work shown in this thesis makes use of two different electrode designs. For the
majority of the experiments, the effect of protein-CNT interactions is monitored

using webs of nanotubes across electrodes with a long channel.

The second electrode design for this thesis is a narrow point set of electrodes,
which were used to bridge low numbers of CNTs with the purpose of studying
single nanotubes and single molecule interactions. For each set of electrodes, I

produced a range of source-drain separation distanced from 2pm to 10um.

3.7 Dielectrophoresis

In order to bridge the electrodes with CNTs, the technique of radio frequency
dielectrophoresis (DEP) was employed[85]. This method is proven to effectively
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FIGURE 3.10: The two different electrode designs used in this project, compris-
ing of either long channel or short channel gold electrodes connected to contact
pads.

filter s-SWNTs from m-SWNTs. In this process, uncharged dielectric or conduc-
tive matter is placed inside an electric field where the field will induce a dipole
moment within the matter. This is independent of the conductivity of the matter
in question. When a non-uniform electric field is applied across the system, a

Coulomb force F will be introduced:

F = B(VE) (3.1)

Here, the force on the matter F is proportional to the dipole moment P of the
matter, and the gradient of the electric field. Therefore, a uniform electric field

will induce no net force on the matter[28].

For the purpose of separating s-SWNTs from m-SWNTs, we must consider a
system where the nanotubes are suspended within a droplet of water or solvent,
over two electrodes, connected to an AC waveform generator [86]. The DEP force

F is given by the following equation:

—
F =21V K V(E2,.) (3.2)
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The force is proportional to the volume V,,,, the square of the gradient of the

—
electric field V(E?

rms )7

and the Clausias-Mosotti factor K. This factor K, is
a function of the dielectric constants € of the matter, and the frequency w applied

across the electrodes[28][87].

K = Re{ 2= Cm (3.3)
() = 1€ e+ 2¢, '
where,
o
* = - 3.4
€ €+ i (3.4)

Here, p and m relate to the particle and medium in question and g is the conduc-
tivity. The dielectric constant for water ranges from 75¢y to 80¢y. For s-SWNTs,
the dielectric constant ranges from 2¢y to 5ep, and for m-SWNTs the dielectric
constant is co. Therefore, as the dielectric constant of water is in-between that of
s-SWNTs and m-SWNTs, by altering the frequency applied, a crossover frequency
w. between positive DEP force and negative DEP force exists. For s-SWN'Ts, this
frequency is in the order of 100 kHz.

By applying this theory to a SWNT-FET system, the DEP force will push the
m-SWNTs onto the electrodes, while the s-SWNTs undergo negative DEP and
can then be rinsed away[28]. This process can also aid alignment of the nanotubes
as the E-field induces a torque T across the length d of the tube in the direction
of the E-field.

7:?xﬁzq7xﬁ (3.5)

Figure 3.12 shows a device made up of two gold electrodes spaced 10um apart
after undergoing DEP with a SWNT solution. As you can see, there is a great

degree of alignment of the nanotubes in the direction of the applied electric field.
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FIGURE 3.11: Diagrams of droplets containing CNTs across two electrodes,

connected to an AC function generator. Here the red line represents the sSSWNT

and the blue line represents the mSWNT. w and w, are the applied frequency

and the crossover frequency respectively. (a) shows negative DEP with respect

to the sSSWNT, and (b) shows positive DEP for both sSSWNT and mSWNTs.
28]

(a)

FiGURE 3.12: AFM images of a set of gold electrodes separated by a 10um

gap after undergoing DEP in a SWNT solution.(a) shows a section of the long

channel with bridging SWNTs. (b) a close up section of the gap between the
electrodes showing alignment of CN'T structures.

The density of CNTs is greatest in the gap relating to the position of the highest
potential gradient when DEP is applied [88][29]. This can also be seen in figure
3.13, which shows two examples of much narrower sets of electrodes separated by
a 2um gap. Again we can see the nanotubes have aligned to the direction of the
field lines. With these narrow devices, we are able to limit the number of CNTs
to as little as one bridging nanotube, which could have the potential to measure

single molecule interactions with the nanostructure.
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(b)

180 nm 120 nm

FIGURE 3.13: AFM images of narrow channel gold electrodes with a 2um gap

after undergoing DEP in a SWNT solution. There is visible alignment of the

CNTs with the field lines produced during DEP. (a) large number of SWNTs

deposited in 2um gap after 30s of DEP. (b) Lower number of SWNT's deposited
by reducing the time of applied DEP to 10s.

By using the method of DEP, CN'T's can be aligned across two electrodes to forming
a platform to perform electrical transport experiments, allowing us to monitor

protein-CN'T interactions in real-time.

3.8 Summary

In this chapter, I have described the main experimental techniques that I have
applied to my research. I have given a brief introduction to SPM techniques
and optical techniques, describing their role in characterising interactions between

proteins and CNTs.

Furthermore, 1 have described the methods I have developed for CNT disper-
sion and deposition. Here, I have discussed the advantages I have found with
sufractant-CNT dispersion over organic solvent dispersion. I found that using sur-
factants provides the solutions with higher dispersion and less aggregation. This
has allowed for effective deposition across neighbouring electrodes with separation
distances up to 10um. To achieve this, I have also described the process of DEP
as a highly effective method of aligning and bridging CNTs across neighbouring

electrodes.
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All these procedures have allowed me to investigate the protein-CNT interaction,

and progress in the development of reliable and reproducible protein-CNT hybrid

structures.



Chapter 4

Carbon Nanotube Sidewall

Functionalisation

4.1 Introduction

Creating a functional platform to study bio-molecular activity is a key focus of
this thesis. CNTs are ideal nanostructures to serve as an interface material for
bioelectronic purposes, with good biocompatibility, high sensitivity and the ability
to react with a wide range of chemical linker molecules. We have been successful
in modifying proteins with a functional linker group to bind to the sidewall of a

CNT as described in chapter 2.

Here we demonstrate defined protein-CN'T interactions with chosen orientations
and inter-molecular distances, through the use of AFM. We also show that protein
attachment can be monitored by measuring the resistance change under UV illu-
mination. By choosing the orientation of the protein, we can define the distance
between the active component within the protein and the m-electron system of the

CNT allowing for intimate electronic interactions.

In order to build a platform for bio-sensing, we bridged CNTs across a pair of

electrodes, forming a device with similar function and properties to a field effect

47
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transistor (FET). In this case, the CNTs act as the channel material with the
proteins and molecules that bind to them, effectively gating the current flow across
the device. We discuss the viability of this method as well as its versatility. We
also demonstrate the attachment of proteins non-covalent linker methods including

pyrene linker molecules and DNA-CNT hybrid structures.

4.2 Azide Chemistry Covalent Attachment of Pro-

teins

4.2.1 Position Defined Covalent attachment

Proteins were prepared with the uAA, p-azido-L-phenylalanine in order to cova-
lently cross link to the side wall of the CNTs. The linker is situated in predeter-
mined positions within the protein allowing exquisite control over the orientation
of the structure when bound to the CNT surface. Knowing how the protein is
linked to the CNT allows us to have a better insight into how they electroni-
cally interact. This is important to know when developing a bio-molecular sensor,

especially in terms of single molecule measurements.

The first step in this investigation was to study how the proteins bind to the
carbon surface and whether their orientation can be controlled as the theory would
suggest. This was done by analysing the height of different protein molecules when

attached to CNTs using AFM, and comparing this to the protein model.

In this section, I discuss the data gathered for analysis of sStGFP, cyt bsgo and TEM
[-lacatmase with the linker molecule placed at various positions. The position of
the AzPhe linker molecule is denoted as a number corresponding to its position in

the amino acid chain that makes up the protein as shown in Figure 4.1.



Carbon Nanotube Sidewall Functionalisation 49

FIGURE 4.1: Structures of modified proteins with AzPhe group shown in yel-
low and blue. (a)sfGFP-204AzPhe, (b)stGFP-132AzPhe, (c) cyt bsga -5AzPhe,
(d)cyt bsga -50AzPhe, (e)TEM-156AzPhe.

4.2.1.1 Experimental Setup

SWNTs in SDS solution were deposited on a variety of substrates for different
purposes including SiO, substrates for general distribution and height analysis,
as well as on electrodes for electrical studies and quartz cover-slips for optical
studies. For each experiment, the samples were analysed using tapping mode

AFM to determine the distribution and quality of the attached proteins.
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For the majority of the height analysis studies, samples of SWNTs on SiO, were
prepared and rinsed in ethanol for 1 hour to ensure all surfactant is removed before
protein attachment. The modified proteins were prepared in a dark environment
as the azide group in the AzPhe is highly susceptible to degradation in ambient
light.

The protein solutions were drop cast onto the SWNT samples with concentrations
ranging from 10nM for low densities of proteins to 1uM for higher densities. All
proteins with AzPhe reactive groups were diluted in 50mM tris buffer at pH 8.
Samples with protein solutions were then illuminated with 305nm light at an
intensity of 18Wm™2 for 5 minutes to cross-link the proteins to the SWNTs. The
excess solution was then rinsed away with a flow of de-ionised water for 1 minute,
ensuring all unbound proteins were removed from the samples, then dried under

a flow of Ny gas.

These samples were studied using tapping mode AFM to produce topographical

images in which the heights and distribution of the bound proteins were analysed.

4.2.1.2 Results and Discussion

I conducted a number of control tests in which unmodified proteins, denoted as
“wild type” (wt) proteins, were deposited on SWNT samples. This provided us
with a comparison to AzPhe modified proteins, showing evidence that the linking

of the protein is through this position defined group.

Figure 4.2 shows images of wt-cyt bsgs control tests on SWNTs under AFM. There
is some visible debris which could be bound protein molecules, however, there is
no coherent shape or structure which would suggest there is no defined binding
taking place. In comparison, Figure 4.3 shows more regular, defined structure
of bound molecules on the CNTs. Here we can also see the molecules are all of
similar height and width, which would suggest that they are bound in a defined
way as the protein in question has a linker at one end of an elongated structure.

This provides strong evidence that these bound molecules are cyt bsge-50AzPhe
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FIGURE 4.2: AFM image of 1uM wt-cyt bsge on sSWNTs after 5 minutes

incubation followed by rinsing with a flow of de-ionised water. (a) We see some

aggregates and what could be proteins binding to the CNTs. (b) Again som
aggreagates but little structure to bound debris.

(b)
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FIGURE 4.3: AFM image of 1uM cyt bsez -50AzPhe on sSSWNTs after incu-

bation with under 305nm UV illumination followed by rinsing with a flow of

de-ionised water. (a) lagre aggregates and a number of proteins bound to CNTs

with no noticeable defined spacing between them. (b) Defined high concentra-

tion of proteins bound to CNTs with most proteins bunching together with little
spacing between them.

with the orientation defined by the azide. As additional control, the experiment
was repeated for cyt bsgo-50AzPhe deposition without UV illumination, resulting

in little to no bound proteins to the CN'T surfaces as seen in Figure 4.4.

Further evidence of photo induced cross-linking can be seen when comparing wt-

sfGFP to a modified variant as seen in Figure 4.5 and Figure 4.6 respectively.

It is clear from Figure 4.6 that there is defined binding for proteins to SWNT's with
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(a) (b)
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FIGURE 4.4: AFM image of sSSWNTs after 5 minutes incubation in cyt bsge-
50AzPhe solution without UV illumination, followed by rinsing with a flow of
de-ionised water. (a) Webs of CNTs with no visible proteins bound. (b) Large
scan showing visible debris but no clear evidence of protein-CNT attachment.

15.0nm

14.0

500nm 0.0

FIGURE 4.5: AFM image of 1uM sfGFP on sSWNTs after 5 minutes incubation

followed by rinsing with a flow of de-ionised water. (a) sSSWNTs with some

visible attachment but little definition. (b) Again some visible debris attached
to the CNTs but very little definition.

very little proteins binding to the substrate surface, suggesting that the proteins

have chemically bound to the SWNTs.

TEM-165Az has proven to bind effectively to SWNTs under UV illumination show-
ing regular structure along the nanotubes with high stability under multiple scans
with AFM. It can be seen from Figure 4.7 that the wild type protein tends to
stick along the CNTs however there is no defined structure or orientation with

high concentrations of aggregates forming along the CNTs.
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FIGURE 4.6: AFM image of 1uM sfGFP-204AzPhe on sSSWNTs after incubation

with under 305nm UV illumination followed by rinsing with a flow of de-ionised

water. (a) Visible attachment of sfGFP to CNTs with highly defined structures.

(b) Large scale scan showing high degree of protein coverage on CNTs in random
distributions.

(a)
15.0 nm
14.0

FIGURE 4.7: AFM images showing a comparison between (a) TEM-165AzPhe
bound to SWNTs with good coverage and definition, and (b) wtTEM on SWNTs
showing uneven coverage and lots of aggregation.

These control tests allow us to say with some confidence that the attachment of
each of these proteins in question is defined through the AzPhe linker group. This
result was also demonstrated using Raman spectroscopy, which is explained in
chapter 5. Further analysis was done in order to prove that the orientation of the
proteins can be controlled by this linker group. To do this, variants of stGFP and
cyt bsge were developed with the AzPhe implemented at adjacent positions on the

protein allowing us to compare their heights when bound along their short axis
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or their long axis. From Figure 4.1, you can see the short axis variants; sfGFP-

204AzPhe and cyt bsge-5AzPhe, as well as the long axis variants; sSftGFP-132AzPhe

and cyt bsga-50AzPhe. The results of this can be seen in Figure 4.8.
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FIGURE 4.8: AFM images of proteins on SWNTs with respective profiles of

the highlighted blue regions, showing the topography along the length of the

nanotube for (a) sftGFP-132AzPhe, (b) stGFP-204AzPhe, (c) cyt bsga -5AzPhe,

(d) cyt bsga-50AzPhe. The plots shown in the centre are the profiles for their

respective AFM images. The models on the right hand side show how the

proteins stack on the SWNTs with their predicted heights taken from models
and measured in the molecular modelling program, PyMol.

There are a number of interesting points that can be taken from studying the

AFM images for the various proteins. Figure 4.8 shows a clear difference in
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heights between the protein variants with the long axis proteins standing taller
on the CNTs than their short axis counterparts. This was an expected result
with sfGFP-132AzPhe having an average height of (3.114£0.92)nm compared with
sfGFP-204AzPhe with an average height of (2.454+0.82)nm (see Figure 4.9). The
long axis variant of cyt bsgo has an average height of (3.1940.52)nm, compared
with the short axis variant standing at about (2.564+0.55)nm (see Figure 4.10),
although the orientation of this particular protein made it difficult to obtain a re-
liable average height. The SA-cyt bsgo variant appears to stack end to end long the
CNT structure, forming a chain of proteins which effectively coat the sidewall of
the CNT. Apparent heights were taken from the drop off where the protein chain
ends and the CNT becomes visible. This is predominantly seen in the short axis
variants of the proteins with cyt bsgo-5AzPhe aligning its long axis parallel along
the length of the CNTs, and sfGFP-204AzPhe in most cases, binding with the
long axis sitting perpendicular to the length of the CNT. This meant the variation
of heights was not the only result taken from these studies, as we can see visible

alignment of the proteins when bound to the CNTs.
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FIGURE 4.9: Histograms of heights of sfGFP-AzPhe attached to SWNTs with

a normalised line fit applied to each. (a) Short axis sfGFP with an average

height of (2.4540.82)nm taken from 39 proteins. (b) Long axis sfGFP with an
average height of (3.114+0.92)nm taken from 46 proteins

This alignment could possibly be an effect of the inherit dipole moment within the
protein structure. The structure of sfGFP is mainly defined by the S-barrel as seen
in figure 4.1. The dipole moment of S-sheets are defined by their hydrogen bonding

network which act between neighbouring sheets. This would result in the dipole
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FIGURE 4.10: Histograms of heights of cyt bsga-AzPhe attached to SWNTs

with a normalised line fit applied to each. (a) Short axis cyt bsgz with an

average height of (2.56£0.55)nm taken from 21 proteins. (b) Long axis cyt bsgo
with an average height of (3.19+0.52)nm taken from 27 proteins

moment acting perpendicular to the direction of the sheets. Any induced dipole
moment in the CNT structure would align along the length of the structure which
could suggest that the perpendicular alignment of sfGFP-204AzPhe on SWNTs

arises from alignment of dipole moments.

The heights don’t all agree with the predicted heights shown in Figure 4.8, with
both the long axis variants measuring a bit shorter than predicted. This may
be due to the stability of the protein standing on its end being lower than of it
were on its side. Using AFM, we would assume that measuring the heights of soft
matter could introduce an error which could also be a factor in measuring heights
to be shorter than predicted. Nevertheless, this study has shown a clear difference
between long and short axis variants of these two different proteins, demonstrating

a high degree of control over the attachment.

From all of the images gathered for these protein-CNT experiments, there doesn’t
seem to be any specific pattern to the attachment with most proteins binding in
random positions along the CNTs. There does seem to be a tendency for the
proteins to aggregate close to each other which is very apparent in the SA-cyt bseo
variant. It is unclear at the moment as to why this variant aggregates more than

the others.
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Only one variant of TEM [-lactamase was studied in this investigation. The vari-
ant, TEM-165AzPhe was successfully attached to the CNTs with regular heights
and structure showing clear specific attachment. Due to the lack of available pro-
teins, heights were only taken from 10 proteins attached to mixed SWNTs and
therefore, a histogram was not made. The average measured height of the molecule
is (1.88£0.61)nm from 10 proteins which doesn’t agree with the theoretical model
height of about 4.5nm, although more data is needed to draw conclusions from
this. The binding of TEM to CNTs demonstrates the versatility of this method
of protein attachment and the potential of producing a biosensor platform for

antibiotic detection.

4.2.2 Monitoring Covalent Attachment

Under irradiation of 305nm light, the engineered proteins covalently bind to CNT's,
disrupting the electron network as well as acting as a bio-molecular dopant, which
can greatly affect the electron flow through the CNTs. By integrating the CNT's
into a transistor-like device using DEP, these changes in electronic transport can

be measured in real time.

The binding events can be monitored by measuring the change in resistance across
the CNTs upon UV irradiation. The electronic structure of the CNTs makes them
highly sensitive to small changes within their local environment. When a protein
solution is introduced, a combination of environmental changes causes an increase
in the CNTs resistance. The rate of change or resistance increases upon UV

illumination as a result of photo-chemical cross linking.

4.2.2.1 Experimental Setup

Electrodes were fabricated with a separation of 2-5um to bridge CNTs. Separate
devices were prepared for sSSWNTs and mSWNTs to compare their properties for
this type of system. CNTs were deposited across the electrode gap using DEP,
producing webs of partially aligned nanotubes. For sSSWNT samples, DEP was
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performed by drop-casting a solution of CNTs in SDS solution onto the electrodes
and applying 3V, at a frequency of 100kHz for 30 seconds, across them. mSWNT's
use a higher frequency of 1-5MHz for a positive DEP force, which ensures any
sSWNTs in the solution undergo negative DEP. The excess CN'T solution is then
washed away from he devices in a flow of de-ionised water and annealed on a
hot plate at 100°C for an hour to reduce the contact resistance between the gold

electrodes and the CNTs.

The typical resistance across these devices are about 100€2 to 1k for high densities
of CNTs. The number of CNT's can be reduced by limiting the time or the potential
applied during DEP with very low densities achieving resistances of 20k{) and up.
High densities have the advantage of being more stable and resistant to electrical
breakdown with low noise. However, this can limit the protein to CNT ratio due
to dense packing of aggregates which can affect the signal measured across the
device. Lower density devices have better sensitivity for single molecule detection
but are prone to high levels of noise and electrical breakdown due to build up
of charge withing the CN'Ts. Therefore, devices with mid range resistances are

preferred for better sensitivity with good signal to noise ratio.

For real time measurements of the resistance across the CN'T devices as proteins are
bound, a simple potential divider circuit was set up with the purpose of measuring
the voltage change across a series resistor as the resistance across the CN'T device
varies. A voltage applied using a wave form generator and the voltage across
the series resistor is monitored using a lock-in amplifier, allowing us to monitor
electrical changes with high sensitivity with a high signal to noise ratio. The
resistance of the CN'T device, denoted as Ronr is given by the following potential

divider equation:

Vin

RCNT = Rl ( V
out

—1) — Ry, (4.1)

Here, R; is the resistance of the series resistor, V;, is the voltage applied to the

circuit, V,, is the voltage measured across the resistor and Ry, is the internal
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resistance of the wave form generator.

Initial experiments showed that CN'T's are highly susceptible to atmospheric changes
under UV light exposure which can greatly alter the resistance across the devices.
Studies conducted by various groups have shown that irradiating SWNTs with
UV-light can enhance oxygen adsorption over both pristine SWNTs and ones with
structural defects [89][90]. This could be a chemisorption event in which the oxy-
gen molecule binds across a C=C double bond or a physisorption event in which
the oxygen becomes weakly bound to the surface of the CNT. Molecular adsorp-
tion can have large effects on the electrical structure of the CNT, acting as a
dopant and an structural defect, causing a change in its conductance properties.
This can be seen in Figure 4.11 as an increase in the resistance across the CNT

device under UV illumination in air.

After the CNT devices is illuminated with UV light, they begin to recover, with
molecules slowly de-adsorbing from the SWNTs with a long recovery time of 12
to 24 hours where it finally reaches its original state. As it relaxes, the dopant
molecules are released and electrons within the SWNT slowly recover from an
exited state as they overcome a potential barrier. This recovery time can be
reduced by heating up the sample, providing energy to overcome the potential

barriers and increase the rate of molecular de-adsorption [90].

To ensure this UV-light enhanced oxygen adsorption was limited in our experi-
mental setup, the experiment was conducted in an oxygen free environment with
low humidity. This was done by placing our circuit inside an air tight box with
a nitrogen source and drain. This meant the box could be flushed with a con-
stant flow of nitrogen, providing an oxygen limited environment. A humidity and
temperature sensor was added to the box to monitor the conditions throughout
the experiment. The box also kept any ambient light from affecting the system,

reducing the margin for error.
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FIGURE 4.11: Resistance plot over time in air using mixed SWNTs. 305nm UV
light was switched on at 200s causing a rise in the resistance across the device.
Once the UV is switched off, the device starts to recover.

4.2.2.2 Results and Discussion

Each device had a different number of CN'Ts bridging which meant there was vari-
ation in resistances between devices. Therefore, the change in resistance caused
by the protein attachment during the experiments is displayed as a normalised
figure where the value of the resistance at a particular time is normalised to the
initial resistance of the device. The first set of experiments were done on mixed
SWNTs for monitoring the attachment of TEM-165AzPhe under UV illumination.
The results are shown in Figure 4.12. Here we notice the initial large increase in
resistance as the droplet is added which can be understood as a result of large
environmental changes with a degree of confinement and molecular interactions
within the solution. The temperature difference between the solution and the
sample can play a big part in the observed resistance change. The solutions used
are kept refrigerated to preserve protein structures whereas the devices are kept
at room temperature. The large increase caused by the droplet being added can
be partially due to the drop in temperature of the device. As it reaches thermal

equilibrium, the rate of change in the measured voltage decreases. After the device
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FIGURE 4.12: Resistance plot over time for TEM-165AzPhe on mixed SWNTs
in buffer solution. The sample was illuminated with 305nm UV light

has reached this equilibrium, it is illuminated with UV light causing a convincing
increase in the resistance, caused the formation of sp® bond orbitals as the azide
molecule bonds across C=C double bonds, disrupting the 7 electron structure of
the CN'Ts. Cross-linking reactions continue to take place as the UV is on, with the
rate of change in resistance slowly decreasing as the CNTs become coated in pro-
tein molecules leaving less and less space for additional cross linking events. Just
before the UV source is turned off, there is a small increase in resistance before it
sharply drops and settles at a new resistance before relaxing. This is caused by
the droplet evaporating, which deposits a large concentration of proteins and salts
on the surface causing the initial increase, followed by the environmental changes
when the solution evaporates, resulting in sharp variations in the resistance. Al-
though this result is not ideal to show protein attachment, it does demonstrate

the effect of UV illumination on the photo-cross-linking reaction.

Once this initial experiment was done, a number of improvements were introduced
to the set up, including O-rings to suspend larger volumes of solution on the devices
and the use of sorted SWNTs so that sSSWNTs and mSWNTs could be compared.

We tested this setup on different proteins and control tests on buffer solutions to
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ensure it was the AzPhe causing the resistance change under UV illumination.
Figure 4.13 compares the effect of UV illumination on buffer solution and cyt
bseo-b0AzPhe solution. Here we see the same effect as seen in the TEM-165AzPhe
experiment where UV exposure causes a rise in resistance for the protein solution
relating to the photo-cross-linking to the CNTs. Interestingly, the UV light does
not appear to affect the resistance in the buffer solution test. When compared
with the preliminary tests in air, we can attribute this change in resistance to the
absorption of molecules in the atmosphere under UV illumination. However this
effect does not appear to take place in solution. The continuous rise in resistance
tells us that these devices take quite a while to reach equilibrium and the sSSWNT's
are very sensitive to these environmental changes. There is some periodic noise in
this particular plot, which arises from a slight mismatch in frequency between the
wave-function generator and the lock in amplifier causing a beat frequency in the
recorded signal. Due to limited resources, this experiment was not repeated, but

corrections to the experimental setup were made for further experiments.

Droplet
added UV on UV off

— sSWNTs with cyt bss,-50AzPhe
— sSWNTSs without proteins

Normalised Resistance
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FIGURE 4.13: Resistance plot over time during incubation in solution under
UV light. Here is a comparison between the resistance changes with a buffer
solution and a solution containing cyt bsea-50AzPhe on sSSWNTs. The noise
seen in both curves is a beats frequency arising from a frequency mismatch
between the wave function generator and the lock in amplifier.
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Further experiments were performed with sSftGFP-204AzPhe on sSSWNTs and mSWNTs
in Figures 4.15 and 4.16 respectively. The results from these experiments clearly
demonstrate the immediate effect the UV illumination has on the chemical reac-
tion cross-linking these molecules. For sSWNTSs, the overall change in resistance
is more gradual than with the metallic device, showing longer periods of time to
reach a static equilibrium. However, the semiconducting device displays a resis-
tance change of over double its original value. This was to be expected as the
proteins not only form surface defects in the CN'T structure, but also cause a shift
in the density of states in the system. This effect could be similar to that of chem-
ical dopants semiconductor technology which would effectively alter the electronic
properties of the sSSWNTs. GFP in particular, is known to be an electron donor

molecule[91].
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FIGURE 4.14: Diagram of sfGFP with the positions of the 132 and 204 AzPhe
molecules with respect to the chromophore.

Furthermore, the position of the AzPhe in the 204 variant is about 134 to the
chromophore of the protein which may have an effect on the electronic interaction
between the CNT and the protein’s fluorophore (See figure 4.14). The effect of

the linker’s proximity to the fluorophore will be discussed further in chapter 5.

On the other hand, the mSWNT device is far more stable displaying clear evidence
of photo induced protein cross-linking. Equilibrium within the solution is achieved
relatively quickly for the buffer, although the protein solution still shows a steady

rise in resistance even without UV illumination. This could be a result of proteins
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FIGURE 4.15: Resistance plot over time of sSSWNTs during incubation in solu-
tion under UV light. Here is a comparison between the resistance changes with
a buffer solution and a solution containing sfGFP-204azPhe on sSWNTs.

within the solution physisorbing to the CNT sidewalls, disrupting the 7 electron

orbitals.

Using AFM, we can image the CNTs before and after photo-cross-linking of the
proteins giving us an idea of the overall coverage of protein molecules on the

resulting device. An example of this with sfGFP-204AzPhe on a sSSWNT device

is shown in Figure 4.17.

In each of these experiments, we see a definite rise in the electrical resistance of
the SWNT devices after protein attachment. Once the devices are left to relax
(which takes between 12 and 24 hours as mentioned earlier), the functionalised
CNTs have a higher resistance then when they were pristine. This demonstrates
the strong effect introducing these sp® defects has to the electronic structure of

the CNT.

Despite experimental difficulties arising from lack of resources including proteins
and electrodes for these devices, we have managed to demonstrate the immediate

effect the covalent attachment has had on the electronic properties of the CNTs.
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FIGURE 4.16: Resistance plot over time. Here is a comparison between the
resistance changes with a buffer solution and a solution containing sfGFP-

204azPhe on mSWNTs.
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FIGURE 4.17: AFM image of SWNT device (a) before addition of proteins and

(b) after photo cross-linking of sftGFP-204AzPhe.

This has proved to be an useful tool to probe in-situ attachment of proteins to

CNT, although there are difficulties in quantitatively monitoring this attachment.
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4.2.3 Photoresponce of sftGFP at Longer Wavelengths

One interesting aside regarding the covalent attachment of sStGFP to sSSWNTs was
the observation of a photoresponse at a wavelength close its activation wavelength.
By shining light near this activation wavelength, stGFP will fluoresce causing an
energy transfer event. With such close proximity to the CNT, there is a high
probability that some of the energy released from the sftGFP molecules will transfer
to the CNTs, affecting their electronic properties. As previously mentioned, GFP

acts as an electron donor upon light activation, which would therefore dope the

CNT, resulting in a shift in the density of states.

The activation wavelength of sfGFP-204AzPhe is around 480nm, as seen from

Figure 4.18, and emits at around 510nm giving the protein its green glow.
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F1GURE 4.18: Plot of light absorbance for sftGFP-204AzPhe over a range of
wavelengths.

We used the same potential divider circuit to measure the shift in potential dif-
ference across the device as it is illuminated with light at the protein activation
wavelength. Here, a 480nm LED was implemented in place of the 305nm UV
LED, and positioned 1ecm away from the SWNT-sfGFP device, ensuring complete

device illumination and reducing the margin for error. Each sample was rinsed
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with de-ionised water and dried with a flow of nitrogen after the initial photo
cross-linking experiment, ensuring that all non-specifically bound proteins were
washed away. These devices were then left overnight to settle to a stable state be-
fore taking measurements. All experiments were conducted at room temperature

with a forward bias of 100mV.

Figure 4.19 shows the photo-response when illuminating a sSSWNT device with
sfGFP-204AzPhe bound, compared with a device without proteins. The samples
were illuminated for 60 seconds, 5 minutes apart. From the plots, you can see
a clear, sharp response under illumination for the protein functionalised CNTs.
This indicates that the proteins are still active post CN'T functionalisation. One
possible explanation for this is that sSftGFP acts as an electron donor under exposure
to 480nm light which would indicate a n-doping event. If this is the case, it seems
to have reduced the number of holes in the CNT electronic structure, resulting in
an increase in the resistance across the device. This photo-response has caused a
very small shift in resistance compared with the cross-linking experiment which is
expected as no additional defects are being produced, making this purely a charge

transfer phenomenon.

One thing to notice from this plot, is that after the light source is switched off,
there is no switching effect with the resistance dropping back to its initial level.
Instead, it appears to remains relatively steady, which could suggest that that the
initial excitation has resulted in resonantly transferred excitons to the CNTs. This
is characteristic of light induced doping, causing charge traps at defect sites in the
nanotube structure. This is highly probable as the photo induced cross-linking
reaction forms one defect site per protein bound, creating a charge trapping site
at the point of protein-CNT interaction[10][92]. The resistance slowly returns
to its original level after a number of hours in ambient conditions as the charge

gradually dissipates, tunnelling from the trap through a potential barrier.

Another group has observed similar results with charge trapping sites formed be-

tween CNTs and layered a porphyrin hybrid[10]. Here, Chen et.al. attributes
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FIGURE 4.19: Plot of the effect of a 480nm light induced photo-response on
a sSSWNT device with and without sfGFP-204AzPhe attached. The 480nm
illumination takes place in the regions coloured in pale blue.

charge trapping to a Coulomb blockade regime with the charge tunnelling through

the potential barrier formed between the trap and the nanotube.

4.3 Non-Covalent Linker Methods

As I mentioned in chapter 2, by implementing the AzPhe moiety in the proteins
structure, we get an additional degree of control over the protein, opening up
different linker possibilities in addition to covalent photo-cross-linking. We have
been successful in engineering the protein to include a pyrene linker, able to non-
covalently link to the CNT sidewall via 7-7 stacking, as well as functionalising
short stand DNA with a functional group to link to a protein with an alternative

uAA incorporation.
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The protein hybrid structures were made in small quantities so therefore, we did
not have much material to conduct these experiments. Nevertheless, we were
able to test these non-covalent CN'T attachment methods and in this section, I'll
briefly demonstrate their use and discuss their potential in developing protein-CNT

hybrid nanostructures.

4.3.1 Pyrene Chemistry Non-Covalent Attachment of Pro-

teins

Pyrene attachment is an attractive method for non-covalent cross-linking to CNT's
as it doesn’t cause a structural defect in the nanotube upon attachment. Instead,
the pyrene molecule with its 7 orbital structure will readily stack onto the side-
wall of a CNT through -7 stacking. This may have a significant impact on the
electronic properties for a number of reasons. First of all, incorporation of an ad-
ditional molecule to the AzPhe functional group would increase the protein-CNT
distance, reducing the electron interaction between the protein and the CNT. Sec-
ondly, by not introducing a surface defect to the CNT structure, we reduce the
chance of charge trapping, altering the way these systems behave when compared

with the covalently bound proteins.

4.6 nm
0.0 nm

FIGURE 4.20: An AFM image of cyt bsge-5AzPhe (long axis) on a SWNT. (a)
A typical AFM image from top down. (b) This is a 3D representation of a
section of the protein-CNT structure taken from the same image.
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FIGURE 4.21: An AFM image of cyt bsga-50AzPhe (short axis) on a SWNT.
(a) A typical AFM image from top down. (b) This is a 3D representation of a
section of the protein-CNT structure taken from the same image.

By simply drop casting protein-pyrene solution onto pristine SWNT samples, we
are able to link these bio-molecules to the nanotubes without the need for UV
illumination. Figures 4.20 and 4.21 demonstrate the effective binding of the long
and short axis variants of cyt bsgo respectively. Notice that they stack along the
CNTs in the same manner as their covalently attached counterparts, meaning
that this method of stacking is characteristic of these orientations of cyt bsgs. It
is also further evidence of the exquisite control over the orientation of the bound
protein, with the short axis stacking end to end, and the long axis variant standing

perpendicular to the CNT.

4.3.2 DNA-Functionalised Protein Attachment

Forming protein-CNT hybrids in solution with a DNA functionalised linker is quite
an attractive prospect with the ability to modify the DNA with various functional
groups, additional control over the structure of the DNA at the nanoscale, as well
as having surfactant free solutions. Although my work with DNA-CNT structures
only covers preliminary attachment studies, I will demonstrate the capabilities of
such a system and discuss the potential it has for building nanoscale bioelectronic

structures.
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For this study, I have investigated 2 different methods of protein-DNA cross-linking

by incorporating either acetylene or azide linker moieties into the DNA sequence.

4.3.2.1 DNA-Acetylene Functionalisation

Solutions of (GT)s-U(acetylene)-(GT)4-G-U(acetylene)-T-(GT)7; wrapped around
SWNTs, suspended in de-ionised water, were produced with Mark Freely in the
department of chemistry at Queen Mary University of London. The acetylene
group is an alkyne CoHs molecule which means the carbons are bound via a triple
bond. This can undergo copper(I)-catalysed azide-alkyne cycloaddition (CuAAC)
with an azide molecule in the presence of a copper(I) catalyst, forming a 1,2,3-
triazole[62]. This is the same process in which we bind pyrene to the AzPhe moiety

in a protein as I described in chapter 2.

The key note to take on board during this reaction is the effect of the toxicity of
the copper (I) catalyst to the protein over time[62]. This reaction must go on long
enough to ensure sufficient binding between the proteins and the DNA-CNTs, but

not too long as it can cause degradation of the protein structure.

To produce solutions of protein-DNA-CNT nanostructures, we first added 0.8ul
of 20mM CuSOy, 1.3ul of 50nM tris(benzyltriazolylmethyl)amine (TBTA), and
10p] of 100mM amino guanadine buffer solution to 4 separate tubes. Here, the
CuSOy acts as a source of Cu(II) which can be reduced to Cu(I) when reacted
with ascorbic acid. This is added later on to activate the reaction. The TBTA
acts to stabilise the Cu(I) oxidation state which enhances its catalytic effect in the

azide-acetylene cycloaddition reaction.

The next step was to add 40ul of 1mg/ml DNA-SWNT solution to each tube along
with 10ul of 1uM cyt bsge-50AzPhe. This protein was chosen for this experiment
due to its stability under harsh conditions as proved with the previous pyrene
reactions. Once the was done, 5ul of 100mM ascorbic acid was added to each tube
to initiate the reaction. The 4 solutions were left to react over different periods

of time to give us an idea of the optimal time for reaction. The reactions were
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performed for 15, 30, 45 and 60 minutes, after which the reactions were quenched
with 300ul of de-ionised water and 10ul ethylenediaminetetraacetic acid (EDTA).
The EDTA absorbs the cations from the copper reaction, which helps to quench

the chemical reaction.

(a) L)

30 minute
reaction

- ©

45 minute
reaction _'w

J W B W oo
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reaction

FIGURE 4.22: AFM images of SWNT-DNA-acetylene structures after CuAAC
reaction with cyt bsee-50AzPhe at different time intervals. (a,b,c,d) 30 minute
reaction. (e,f) 45 minute reaction. (g) 60 minute reaction
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Finally the solutions were filtered in a centrifuge at 13,300g for 30 minutes and
drop cast onto SiO, for AFM analysis. This led to some success in Cu-activated
cross linking for the 30 and 45 minute reactions as seen in figure 4.22. No SWNT
structures were found from the 15 minute reaction sample, which could have come

from a problem when processing the sample.

Here, we can see the 30 minute reaction has yielded protein-DNA-SWNT hybrid
structures with, in some cases, seemingly well formed protein structures. There
are also some large aggregates which is a strong indication that the optimum
reaction time is around 30 minutes or less. The 45 minute reaction produced what
looks like protein aggregates attached to the DNA-SWNT structure, indicating
structural degradation of the protein over this time period. The 60 minute reaction
sample showed what looked like total degradation of the proteins, leading to large

aggregated structures all over the surface of the substrate.

These experiments did not yield high numbers of success protein-DNA-SWNT
hybrid structures. Combining this with the toxicity problem the copper(I) catalyst
poses, we concluded that this is not the optimal approach to take to form these
hybrid structures. Therefore we opted for a copper-free alternative using azide

functionalised DNA oligos.

4.3.2.2 DNA-Azide Functionalisation

For these experiments, we used U(azide)-(GT)q wrapped around SWNTs which
allowed us to bind through to an alkyne linker group in the protein. This process
allows us to chemically link these molecules without the need for copper or UV
treatment though a reaction known as strain-promoted azide-alkyne cycloaddi-
tion (SPAAC)[93][94][95]. To do this, we incorporate the uAA, s-cyclooctyne-L-
pyrrolysine (SCO) into the protein. Here the alkyne group is under ring strain,
allowing for it to readily react with an azide group under physiological conditions

as seen in figure 4.23.
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FIGURE 4.23: SPAAC reaction mechanism forming a triazole link without the
need for a copper catalyst.

As the reaction is determined by the internal energy of the strained molecule, this
is a relatively slow reaction which can take a number of hours. With this in mind,
we ran this reaction for different time trials to allow us to determine the optimum
time for a successful click reaction and ensure sufficient non-covalent binding of

proteins to DNA-CNTs.

Mixtures were made up of 100nM sfGFP-204SCO and 0.1mg/ml DNA-SWNTs
in equal parts and left for time trials of 1, 3 and 5 hours. The resulting hybrid
structures were centrifuged through 3000Da filters to remove smaller particles from

the bulk solution. These were then analysed using AFM, seen in figure 4.24.

The analysis showed mixed results with high coverage of proteins along CNTs
in some cases, and very little coverage in others. The 1 hour reaction showed
some evidence of binding with some aggregated structures attaching to the end
of the DNA-CNT. When looking at the structure of the DNA oligo which coats
the CNT's, one notices the azide linker group is at the end of the molecule. This
means its available space for binding is determined by its separation from the
neighbouring oligo. With that in mind, the easiest place fro proteins to access this
linker molecule would be at the end of the DNA chain, positioned at the end of
the SWNT. We achieved a higher coverage of proteins along DNA-CNTs after 3
hours with evidence of single, non-aggregated proteins. As you increase the time

to 5 hours, the density of proteins becomes very high with substantial aggregation

on and off the DNA-CNTs.
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FI1GURE 4.24: AFM images of SWNT-DNA-azide structures after SPAAC reac-
tion with sfGFP-204SCO at different time intervals. (a) 1 hour reaction. (b,c)
3 hour reaction. (d,e) 5 hour reaction

These results show that this can be an effective way of producing protein-DNA-
CNT hybrid structures in solution although the process would need to be refined.
The 3 hour reaction showed the best results for protein attachment although there
were still some aggregates in the solutions. This can be reduced with more vigorous

filtering and post deposition rinsing procedures.
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4.4 Summary

In this chapter, I have discussed the process of attaching various proteins in pre-
defined orientations to CNTs. We have done this with a great deal of success,
allowing us to decorate CNTs with a variety of proteins and apply them to an
electronic device. Using an azide moiety to covalenlty cross-link proteins to CNT's
under UV photo illumination, proved to be an effective method of attachment
which could be applied to a variety of proteins with highly reproducible results.
Defining the position of the chemical linker has also produced data indicating that
the proteins assemble along the nanotubes under the influence of the orientation
with respect to the nanotube, as well as how they stack along with neighbouring
proteins as seen in Figure 4.8. This was primarily seen with SA-cyt bsge which
always appeared to stack end to end in a tightly packed formation along the
length of the CNT. stGFP-204AzPhe also showed interesting stacking when bound,
where they appear to be binding with their long axis pointing perpendicular to
the direction of the CNT. This indicates the possibility of a dipole influence then
the proteins align along the CNTs.

Attachment of proteins has shown to increase the electrical resistance of the SWNT
devices, demonstrating the strong effect the introduction of these sp? defects has
on the CNT’s electronic structure. We were able to monitor this effect in real time
using a simple potential divider circuit, observing distinct rises in the resistance of
the devices when exposed to UV light in protein-azide solution. This rise was not
observed when the devices were exposed to UV light in buffer solution, suggesting

it’s the protein binding event which is giving rise to this resistance increase.

Some progress has been made to study the protein post-deposition activity with
electrical studies on the interaction between sfGFP-204AzPhe and SWNTs. Here
I introduced the idea of possible charge trapping at CN'T defect sites as a result of
photo-induced exciton transfer of the fluorescent protein. This phenomenon could
be further investigated at a wider range of wavelengths in order to understand the
selectivity of the proteins response to light. This idea will be discussed further in

the next chapter. Future work could be achieved with these devices, studying the
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redox properties of cyt bsge through the use of cyclic voltammetry, and studying

single molecule interactions with bound enzymes such as TEM S-lactamase.

We have explored the different possibilities that come from pre-functionalising pro-
teins with uA As which allows us to control their deposition on the nanoscale. With
this we have been able to demonstrate the implementation of a non-covalent pyrene
linker to an AzPhe uAA as well as the cyclo-octane uAA, used for DNA-Az CNT
functionalisation. Although these have presented some additional experimental
challenges; they do introduce extra degrees of control at the nanoscale with the

potential of studying single molecule interactions using pristine SWNTs.






Chapter 5

Optical Studies of Protein-Carbon

Nanotube Systems

5.1 Introduction

Optical properties of CNTs has been thoroughly investigated across many groups,
resulting in vast amounts of information of their fluorescent properties, photo-
absorption and Raman spectra. Each method characterises one or more of the
fundamental properties of CNTs, including their structural and electrical proper-
ties. Using techniques such as Raman spectroscopy, we are able to investigate the
bond network and structural properties of a large number of CNTs. This provides
us with the information needed to understand the binding mechanism of each pro-
tein as well as possible electronic interactions which cause a shift or even splitting

of the Raman vibrational modes.

The nanoscale structure of individual nanotubes makes it difficult to optically
study each CN'T with single molecule resolution. Understanding how the optical
properties of CNT's change after protein functionalisation could provide a wealth of
information about the electronic properties of the system and the mechanism of the

inter-molecular interaction. However, with changing chirality between individual

79
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CNTs comes variation in its electronic structure and therefore, changes in their

absorption and emission spectra.

Proteins are widely studied using optical techniques, providing an insight into their
structure and function at single molecule resolution. Furthermore, fluorescent
proteins such as GFP can be selectively studied via their excitation wavelength
using various techniques such as confocal microscopy and TIRFM. As GFP has
a well defined emission peak around 510nm, we can filter out other wavelengths
allowing us to only study the proteins. Gaining an understanding of the dynamics
of the protein in question gives information into how these molecules may interact

with nano-materials like CNTs.

In this chapter, I discuss the use of optical techniques to investigate the interaction
between proteins and CNTs. Raman spectroscopy was used to characterise the
binding of a protein to a CNT by monitoring its effect on the vibrational dynamics
and electronic structure of the nanotube. In order to understand how the binding
affects the protein, we have studied the fluorescent properties of sftGFP using
TIRFM, giving us an insight into how the protein behaves once bound, and the

electronic interaction between the protein and CNT.

5.2 Raman Spectroscopy of Protein-CNT Hy-
brids

As described in chapter 3, Raman spectroscopy is a powerful tool which can be
used to probe the bond network of CNTs. By using this method, we have been
able to measure small shifts in vibrational modes within the CNTs caused by the

formation of a covalent bond with a protein molecule.

The modes most associated with CN'T structural defects are the D mode, occurring

! and its overtone, the G’ mode at around 2670cm~!. The

at around 1340cm™
relative strength of these peaks would scale with the number of defects. However,

as our approach for covalently linking proteins does not introduce many defects
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with respect to the number of carbon atoms present, we do not expect the relative
intensities of these peaks to change much upon functionalisation. Nevertheless,
these additional defects have an effect on the CN'T modes which results in a shift

and maybe even splitting of the peaks.

The D peak arises from a single localised phonon mode in the presence of a defect.
To illustrate this process, we can plot the electronic Brillouin zone of sp? carbon
with its electronic dispersion described as Dirac cones as seen in figure 5.1. Here,
a phonon near the K point in the Brillouin zone inelastically scatters an electron
to K’ then elastically back-scattered to the K point. In order to abide by the
conservation of momentum, a defect must be present to account for this momentum

difference of the back-scattered phonon|[69][96].
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FIGURE 5.1: Raman scattering along the high symmetry direction between
two Dirac cones at K and K’ separated by a wave vector q, in reciprocal space,
representing the electronic dispersion.(a, b)(i) A photon excites an electron/hole
from its occupied state (blue shaded region). (a, b)(ii)Inelastic scattering by
a phonon. (a, b)(iii) Electron/hole recombination, (a)(iv) Red arrows indicate
interaction with defect accounting for momentum conservation.

The G’ mode, also known as the 2D mode, is an overtone of the D mode arising
from a 2 phonon interaction of the same nature. However, as this peak originates
from a process where momentum is conserved, it can arise from self annihilating
pairs of phonons. This means a defect is not required for this peak to appear.
Therefore, these modes are present in pristine CNTs, though variations to this

spectral peak follow the same set of rules as the D mode[96].

Both of these Raman modes are known as inter-valley scattering modes, in which

phonons are scattered from one Dirac cone to the other. Therefore, the wave vector
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is determined by the relative positions of these Dirac cones in reciprocal space (see
figure 5.1) [97][69]. When an sp?® bond is introduced though the cross-linking of
an AzPhe molecule across the C=C double bond, this can result in a strain on the
neighbouring bonds. This in turn can result in a shift in the Dirac cones which
can change the inter-valley phonon wave vector. This symmetry breaking causes

a movement which can result in peak broadening and splitting[96].

Using this theory, we can determine if a defect is present, and possibly infer the

nature of this chemically induced defect.

5.2.1 Experimental Methods

All Raman measurements were taken by Prof. Monica Craciun at University of
Exeter using a 532nm laser with a spot size of 2um. The samples were prepared
by drop casting a SWNT-SDS solution onto SiOy substrates and left to dry on

ambient conditions before rinsing in de-ionised water and ethanol.

Initial experiments were conducted with TEM-165AzPhe at a concentration of
10nM. Some samples were illuminated with 305nm UV light at 18Wm™2 for 10
minutes in order to covalently bind the proteins to the CNTs, while others were
left in the dark to provide a comparison between the two. Showing evidence of a
difference between these Raman spectra can be used to determine the effect of the

azide cross linking on the phonon modes.

Though these preliminary tests yielded some interesting results, the density of
CNTs on the substrates were fairly low causing the spectra to be dominated by
the SiOq as seen in figure 5.2. To resolve this, the density of CNTs was increased

in further experiments.

Further experiments were conducted with sfGFP-204AzPhe and cyt bsgo-50AzPhe
at 1uM with a higher concentration of SWNTs to ensure strong CNT Raman
peaks.
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FIGURE 5.2: Full Raman spectra for a low concentration of sSSWNTs on SiOs.
Due to the low number of CNTs, the low frequency spectra is dominated by the
substrate causing reduced intensity of CNT modes.

5.2.2 Results and Discussion

A number of control tests were conducted on unmodified SWNTs, providing data
on a range of Raman modes to compare with the protein functionalised SWNTs.
The middle to high frequency modes for unmodified SWNTs can be seen in figure
5.3. The D peak shows up more prominent in sSSWN'T samples than mSWN'T sam-
ples. As mentioned earlier, the G’ peak will still be present before functionalisation

as it does not need defects to be observed.

The radial breathing modes (RBM) showed considerable variation in frequency
due to a distribution of chiralities in both the semiconducting and metallic CNTs.

These variations in chirality did not affect the higher frequency modes significantly.

For each Raman spectrum, a Lorentzian curve was fitted to the D and G’ peaks

as shown in Figure 5.4. From this, we could obtain the positions and widths of
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FIGURE 5.3: Raman spectra for non-functionalised mSWNTs and sSWNTs
displaying the middle to high frequency modes.

each of these peaks. Due to the shape of the peaks, a Lorentzian fit was chosen

over a Gaussian fit.

The preliminary data showed a larger variation between samples in terms of peak
intensity as the low density of CNTs meant most of the data was overwhelmed
by the peaks measured from the substrate. However, some interesting data was
found from the TEM functionalisation of mSWNTs as seen in figure 5.5. Here,
we measure a clear increase in intensity of the D mode when the CNTs are func-
tionalised with TEM after UV illumination. This increase in D mode intensity is
not seen when the same protein variant is deposited without the UV illumination.
This indicates that the intensity increase comes as a result of photo-cross-linking,
causing defects to be formed. In addition to this result, the G’ peaks show a
position shift to higher wavelengths when functionalised with TEM as a result of
sp? orbitals being formed. Moreover, the TEM samples without UV illumination

display no significant shift in position from the unmodified sample. As mentioned
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FIGURE 5.4: Raman spectrum at higher frequencies for pristine sSWNTs.
Lorentzian curves were fitted to the D peak shown in region A, and the G’
peak shown in region B.

earlier, this could be a result of minor peak splitting from a chemically induced de-
fect, producing strain on the CN'T bond structure, increasing the observed Raman

frequency.

This initial result was very encouraging, indicating that covalent bonds were being
formed between the proteins and the CNTs. To further this investigation, the
experiment was repeated with a higher concentration of SWNTs and proteins,
this time using sfGFP-204AzPhe and cyt bsgo-50AzPhe to test the versatility of
the attachment method.

Both proteins showed a significant shift in the position of the D peak as seen in
figure 5.6 where the protein functionalised samples show a similar shift to higher
wavenumbers indicating an influence of strain as a result of sp? orbitals being

formed. A shortening of the bond-length would stiffen the bond which could be
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FIGURE 5.5: Comparison of the D and G’ modes between pristine mSWNTs,

and ones funtionalised with TEM-165AzPhe with and without UV exposure.

Each curve is fitted with a Lorentzian line fit (red curves). (a) Raman spectra

around the D peak. (b) Raman spectra around the G’ peak. The red dotted
line shows the position of the pristine mSWNT G’ peak.

the origin of the shift to higher frequencies. An example of where a large D mode
shift is seen in a case analysed by Craciun et.al where a far higher percentage of

the sp? carbon is converted to sp® carbon through fluorination of graphene[98].

Peak frequencies and full width half maximums (FWHM) were obtained by fitting
each peak to a Lorentzian curve line-fit. From these values shown in figure 5.6, we
can see that the protein functionalised samples not only show peak shifts to higher
frequency from the un-modified SWNTs, but the FWHM also increase. This can

reflect a spread in peak positions due to induced disorder.

These shifts in peak position are consistent across multiple samples, with measure-
ments taken for 3 different areas on each sample. The peak frequency positions for
both sSSWNTs and mSWNTs are shown in figure 5.7. We see a narrow spread in
the position of SWNTs modified with proteins which could be a result of a specific

phonon mode caused by an abundance of a defect of a specific type. In this case
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FIGURE 5.6: Raman spectra showing the shift in the D peak for protein deco-
rated sSSWNTs. Each curve is fitted with a Lorentzian line fit (red curves). The
red dotted line indicates the position of the unmodified SSWNT D peak.

(a) (b)

1350 T T T 1350

1345 | ' § 1345 |
_ i . ;
§ 5 : :
£ Baof § 5 aof }
£ . £
8 8

1335 | 1335 |

1330 1330

Pristine SfGFP-204AzPhe LA cytbsgs -AzPhe Pristine SfGFP-204AzPhe LA cytbsgo -AzPhe

FIGURE 5.7: Positions of D peaks for unmodified SWNTs, sftGFP-204AzPhe on
SWNTs and cyt bsga-50AzPhe on SWNTs for (a) sSSWNTs and (b) mSWNTs.

it’s the carbon binding through to the azide moiety. The pristine SWNTs show
some variation in peak frequency across the surface. The pristine mSWNTs had
no measurable D peak in two out of the three measurements taken, indicating
a very low number of structural defects. Nevertheless, for both sfGFP and cyt
bse2, the D mode is seen to consistently shift to higher frequency and broaden on

functionalisation by azide binding.

Figure 5.8 displays the G’ peaks from the samples in the previous figure. As G’ is
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FIGURE 5.8: Raman spectra showing the shift in the G’ peak for protein deco-
rated sSSWNTs. Each curve is fitted with a Lorentzian line fit (red curves). The
Red dotted line indicates the position of the unmodified SSWNT G’ peak.

an overtone of the D peak, we expect to see the resulting shift in frequency and
broadening of the peaks compared with the pristine sample which is seen in the
D peak. Here it is clearer to see with the G’ peak being more prominent than the

D peak in the pristine samples.
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FIGURE 5.9: Positions of G’ peaks for unmodified SWNTs, sftGFP-204AzPhe on
SWNTs and cyt bsga-50AzPhe on SWNTs for (a) sSSWNTs and (b) mSWNTs.

Similar to with the D peaks, the G’ peaks also show a narrow spread of peak

positions for protein-SWN'T samples and a larger spread for the pristine sample as
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see in figure 5.9. Here we can see the overall increase in position when the SWNT's

are modified with proteins, characteristic of sp® forming.

Raman spectroscopy has proved to be an important tool for providing evidence of
the binding mechanism of the AzPhe linker molecule with sp? carbon and allowing
us to understand the effect this has on the structure of the SWNTs. We measure
peak shifts to higher frequencies of the D and G’ modes for SWNTs functionalised
with TEM, sfGFP and cyt bsgs, indicating stiffer bonds, which is likely to relate to
sp? coordination. Protein functionalisation also resulted in peak broadening which
is likely to be a result of increased disorder in the CNT structure. Overall, Raman
spectroscopy has provided strong evidence of covalent bonds being made when

SWNTs are functionalised with azide linker molecules under UV illumination.

Now we have evidence of how the proteins bind to the SWNTs, we will discuss

how the CNTs has affected the properties of the proteins using TIRFM.

5.3 TIRFM of sftGFP on SWNTs

Total internal reflection fluorescence microscopy (TIRFM) is a tool used to selec-
tively excite molecules within a narrow region of the substrate in order to study
emission from surface bound particles at a specific, predefined wavelength. This
is used to record fluorescence data from large arrays of molecules over time which
provides us with information on the dynamics and electronic properties of the

system.

The fluorescent properties of CNTs vary with chirality giving them a wide range
of emission wavelengths in the near infrared [44][42]. This makes them difficult
to study when trying to understand single molecule interactions. Therefore, we
chose to investigate how CNT functionalisation affects the fluorescent properties
of stGFP. From this we were able to gather a wealth of information on the protein

intensities, photobleaching and blinking dynamics.
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Photobleaching of the fluorescent molecule is a term used to describe when a
fluorophore permanently loses its fluorescence due to over exposure to a photon
source. Photo-excitation causes the fluorophore to undergo a number of excitation
cycles as transitions between an electronic states[99]. This causes breaking in the
covalent bonds around the fluorophore resulting in an irreversible modification to
the molecule. In the case of GFP, the barrel structure protects the fluorophore from
chemical reactants like oxygen, allowing it to undergo large numbers of excitation
cycles. Typically, GFP will undergo 10° to 10° excitation/photon emission cycles
before photobleaching[56][100].

Singlet excited state

A

Triplet excited state

all

Emission

4

Ground state

FiGUurRE 5.10: Diagram illustrating the electronic transitions between the
ground state, the singlet excited state and the triplet excited state. The red
arrow indicates the “forbidden” electronic transition to the triplet state.

Another phenomenon associated with fluorescent molecules such as GFP, is fluo-
rescence blinking[101]. This is where the light emitted from the fluorophore cycles
between on and off states[102]. Although this phenomenon is not fully understood,
there are explanations which can shed some light on the mechanism taking place
including electronic transitions from singlet to triplet states and protonation of

the protein’s chromophore.

As noted previously, photo-excitation will cause the fluorophore to go through
a number of excitation and de-excitation cycles which will cause a continuous
emission from the molecule resulting in an “on” state. Here, the cycles will be

between the ground state of the electron and the singlet state of the electron,
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where the spin of the excited electron is opposite to the spin of the ground state,
fulfilling the Pauli exclusion principle. Another, less likely transition, is to the
triplet state, where the spin of the excited electron matches that of the ground
state. As these energy transitions are forbidden by the Pauli principle, the most
likely transition for this to occur is when the level of the singlet and triplet states
overlap, causing a transition between these states. This would mean little energy
is gained or lost in the transition. However, as transitions are far less likely from
this triplet state to the ground state, this can cause electrons to become trapped
in this excited state, resulting in no emission and therefore an “off” state. These
quantum jumps between levels run through a cycle becoming less probable over

time resulting in a power law blinking phenomena[99].

For fluorescent proteins such as sftGFP, it is believed that protonation of the chro-
mophore facilitates its fluorescence[103]. Protons are shuttled along water chan-
nels to the chromophore when activated by photo-excitation[104]. One of these
water channels connects the chromophore to the external environment via the
Ser205 residue, close to our AzPhe situated at the 204 position in the short axis
variant[104][105]. The position of this molecule could be key to describing differ-

ences in fluorescent properties between the 204 and 132 sfGFP variants.

By recording intensities from these molecular light emitters at certain time inter-
vals, we have been able to gather information on these processes to further our

understanding on this protein-CNT electronic interaction.

5.3.1 Imaging of sfGFP on sSWNTs

Before attempting to understand how the fluorescent properties of stGFP varied
upon CNT functionalisation, we needed to perform a few preliminary studies. We
needed to first find out if the UV exposure in the cross-linking reaction had any
effect on the fluorescence of the proteins. Secondly, we needed to see if CN'T's were
visible in this “blue” range of the spectrum under TIRF. Finally, we needed to

check if the attachment of proteins would act as fluorescent markers for the CNTs.
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An important experiment to provide evidence of protein activity, prior to CNT
modification was to image an area before and after the addition of proteins, and

co-localising these images with AFM studies.

In this section, we discuss the results of these preliminary studies, allowing us to

image sfGFP bound to CNTs using TIRFM.

5.3.1.1 Experimental Methods

In order for TIRFM to work, glass coverslips of a particular thickness must be used.
The thickness is important as the incident light has to pass though a certain critical
angle in order for total internal reflection to take place. For these experiments, the
thickness of the coverslips were 0.13 to 0.16mm. These coverslips were first cleaned
in an oxygen plasma to ensure all fluorescent contaminants are removed from the
surface. This subsequently leaves the surface extremely hydrophilic, meaning any
solution deposited on the surface will quickly disperse and spread over the cover

slip.

(a) (b)

FIGURE 5.11: (a) Photo of coverslips being plasma treated in a plasma reactor.
(b) Picture of the TIRF microscope.

As the spatial resolution of TIRFM is inferior to that of AFM, the concentration
of SWNTs in the solution was reduced to 0.1mg/ml as the higher concentrations
make it more difficult to distinguish between individual SWNTs. The surfaces

of the coverslips were coated in sSSWNT solutions and left for 10 minutes before
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rinsing in a flow of de-ionised water. This ensured that the solutions did not
have time to dry on the surface which can leave a drying pattern of potentially
fluorescent contaminant material. The coverslips were then rinsed in ethanol for

60 minutes to remove the surfactant and residual contaminants from the surface.

Fluorescent micrographs and associated single molecule data were gathered using
a Nikon Ti-U inverted microscope and Andor iXon ultra 897 EMCCD camera. I1-
lumination was provided by a Ventus 473nm gallium(I1I) nitride (GaN) laser, used
to excite sfGFP, with a power output of 100mW (laser power at the microscope
stage averaged at 20mW). Laser coupling into the microscope was achieved via
a custom built optical circuit followed by a single mode fibre-optic launch. The
total internal reflection illumination angle was generated using a combination of
fibre-optic micro-positioning and a high numerical aperture TIRF objective. The
excitation and fluorescence emission wavelengths were separated using a dichroic
mirror with a 488nm edge. Emitted wavelengths were further filtered using a
500nm edge long pass filter and a 525nm band pass filter. Acquisitions were con-
trolled using the Andor Solis software package. Frame exposure times were set to

60ms and an electron-multiplying (EM) gain of 250 was used.

The proteins used for this investigation were the 132AzPhe and 204AzPhe variants
of sfGFP as they have different distances between the fluorophore and the linker
position. These were imaged on clean coverslips at 1-10pM in solution on order
to obtain single molecule data of unbound sfGFP. For the sSSWNT samples, they
were imaged before protein modification, then functionalised with protein ranging
from 10nM to 1uM with a 5 minute exposure to 305nm UV light at 18 Wm™2.
Samples were rinsed with a flow of de-ionised water and dried before imaging.
This allowed us to determine if the proteins maintained their fluorescent properties
in ambient conditions. Further experiments regarding studies of protein-CNT

systems in solution will be discussed in section 5.3.2.

Once the samples were analysed with TIRFM, we were able to image them with
tapping mode AFM. Here we co-localised the TIRFM images using the marker
made using the scalpel blade, and imaged various areas to match AFM to TIRFM.
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All TTIRFM experiments were done in collaboration with Dr. David Jamieson and
Dr. Oliver Castell in the School of Pharmacy and Pharmaceutical Sciences in

Cardiff University.

5.3.1.2 Results and Discussion

When dealing with fluorescent molecules, we must ensure limited exposure to light
before investigating them with TIRFM. However, the attachment of proteins with
the azide moiety to CNT's is done using prolonged exposure to UV light. Therefore,
as a preliminary experiment, the effect of UV exposure on the fluorescence and

potential photo bleaching was investigated and the results are shown in figure 5.12.
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FI1GURE 5.12: Photobleaching test of a dense array of sfGFP-204AzPhe with

UV intermediate test. (a) TIRFM images displaying the relative intensities of

the same area over time while being exposed to 473nm light. (b) Plot of intensity

over time. At 6 seconds, TIRF is tuned off and a 305nm LED illuminates the

sample for 5 minutes before TIRF is turned back on and records for a further 6

seconds. The dip in the midpoint of the plot comes from the aperture shutter
opening and closing between measurements.

In this experiment, 10uL of 100nM sfGFP-204AzPhe was drop cast onto a plasma
treated coverslip and imaged using a 30mW laser for 6 seconds. After this point

the shutter to the laser was closed and the sample was illuminated with a 305nm
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LED at 18Wm~2 for 5 minutes. These were the same conditions used for all the
protein attachment experiments used for TIRFM. Once the UV LED was turned
off, the same area was imaged using TIRFM for a further 6 seconds. As figure
5.12 shows, there is a linear decay in the intensity as a result of photo bleaching
with no significant bleaching caused by the UV illumination step. This is a strong
indication that the UV exposure has little to no effect on the fluorescent properties
of stGFP, which was expected as the photo bleaching and emission properties of
the fluorophore depend on its specific excitation wavelength. As the excitation
wavelength of sfGFP is about 475nm, the 305nm LED used for azide attachment

should not have any significant effect on the fluorescent properties of the protein.

Another important prerequisite for these experiments was to image unmodified
SWNTs in order to determine if they fluoresce under TIRFM with the same con-
ditions used for sftGFP. We know from optical studies done on sSSWNT's, that their
excitation and emission wavelengths are longer than the wavelength of the laser
used to illuminate the samples and the wavelength of the collected fluorescence
data. Therefore, sSSWNTs appear invisible under these TIRFM conditions. As
the coverslips are plasma treated before CN'T deposition, they are extremely hy-
drophilic. CNTs have a hydrophobic surface making them highly susceptible to
interactions with non-polar contaminants which could make them show up un-
der TIRF conditions. Therefore, more care was taken when preparing samples
for TIRFM and time between preparation and experiment was made as short as
possible to reduce the risk of contamination. To assess the possible fluorescence
of sSSWNTs, we marked an area of a sSSWN'T coated coverslip and imaged it be-
fore and after sftGFP modification, and studied the intensity of photons given off.

These results are shown in figure 5.13.

The sSWNT samples were modified with 100nM sfGFP-204AzPhe under 305nm
light for 5 minutes, followed by a rinse in a flow of de-ionised water and dried
in air. The minimum counts for before and after the addition of sfGFP were
very similar, giving a strong indication of comparable background intensities. The
maximum and mean intensities in this region are significantly higher after protein

modification giving us evidence of post modification protein activity as well as
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(a)
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u Counts before sSfGFP m Counts after sfGFP
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Mean Min Max
m Counts before sfGFP 90520.877 82507.102 90878.5
= Counts after sfGFP 125949.246 94619.102 230530.797

FiGure 5.13: TIRFM images of a coverslip coated with sSSWNTs. The cross
is made using a scalpel blade post-sSWNT deposition as a marker for repeat
analysis of the same area for (a) before the addition of sftGFP-204AzPhe and (b)
after the addition of 100nM sfGFP-204AzPhe followed by induced photo cross-
linking of the proteins to the sSSWNTs. The variations in contrast between
the two images is quantified by selecting an area within the yellow squares and
measuring the number of counts recorded.(c) Differences in the mean, minimum
and maximum counts between the same areas before and after the addition of
sfGFP-204AzPhe.

successful attachment to CNTs. From the images, it is clear that after protein
modification, fibre like structures have become visible on the surface as a result of

protein-CNT hybrid structures being formed.

By taking a closer look into one of the corners of the marker, as shown in fig-
ure 5.14, you can see defined tube-like structures with varying coverage of sfGFP.
There are still areas which look like they may contain contaminants, showing a
dull fluorescent background in some areas. However, the rinsing procedure seems
to have effectively removed the majority of unbound protein with most of the
fluorescence coming from the hybrid structures. Further evidence of protein func-
tionalisation and activity can be seen in figure 5.15, where we have been able to

co-localise there TIRFM images with AFM studies.
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FicURE 5.14: TIRFM image of marked area with sSSWNTs decorated with
sfGFP-204AzPhe molecules in air.

From these images we can confirm that these fluorescent fibres are sSSWNTs dec-
orated with sfGFP, with the higher density of proteins showing up much brighter
in TIRFM. The AFM studies show very little unbound proteins around the CNTs
meaning the additional background fluorescence must be coming from alternative
contamination. One thing to note is the overall intensity of photons from low
density areas of sftGFP is quite low and can be comparable to the background
fluorescence. This low level of fluorescence is not expected from GFP, which sug-
gests there is a large amount of fluorescent quenching between the proteins and
the CNTs. In order to get a better idea of this phenomena and the mechanism
causing this fluorescence drop, we decided to study the fluorescent properties of
single molecule, unbound sfGFP (204 and 132AzPhe variants) and compare this
with CNT bound protein.
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FIGURE 5.15: sSWNTs decorated with sfGFP-204AzPhe molecules. (a) and
(d) TIRFM image showing lighter areas where there is a higher count of fluo-
rescence compared with the darker background. This fluorescence comes from
the inherent fluorescent properties of sfGFP. (b) and (¢) AFM images showing
topography of the area studied using TIRFM. The white boxes show the areas
imaged in (c) and (f) respectably. The elongated structures are the sSWNTs
with proteins along them. The proteins can be seen as small oval structures
bound along the surface of the CNTs.

5.3.2 Photophysics of sfGFP on sSWNTs

With the system and experimental setup established, we turned our attention
studying how the fluorescent intensity of sfGFP changes over time. By studying
this intensity variation over time, we have gathered a wealth of information regard-
ing photobleaching and blinking fluorophores, as well as the effect of the position
of the protein’s linker molecule on these fluorescent properties. This allows us to
postulate possible mechanisms which govern these phenomena and the physical

interactions between the proteins and the CNTs.
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5.3.2.1 Experimental Methods

The proteins used for this investigation were the 132AzPhe and 204AzPhe vari-
ants of sfGFP as they have different distances between the fluorophore and the
linker position. Single molecule data was acquired by drop casting 1ul of 1nM
sfGFP solution onto plasma-treated coverslips. The concentration needed to be
low enough to allow us to distinguish between individual protein molecules when

analysing fluorescent characteristics.

For the data acquired from proteins bound to sSSWNT to be compared with single
molecule data, we needed to maintain the same imaging conditions. This meant
all the images were to be taken in solution in order to study proteins in the
same environmental conditions. Furthermore, if we were to change from imaging
in solution to imaging in air, we would change the refractive index above the
coverslip which would strongly affect the observed evanescent wave. Therefore,
all protein-sSWNT samples were prepared by depositing protein solution onto
the sSSWNT coated coverslips, illuminating with 305nm UV light, followed by a
solution dilution stage. This stage was done by applying a flow of de-ionised water
over the sample, while the coverslip was resting on a 3D printed TIRFM stage with
a reservoir channel as seen in figure 5.16. The excess solution would drain into
the channel, allowing us to rinse the protein solution away, whilst maintaining a

water solution on top of the coverslip.

5.3.2.2 Results and Discussion

Figures 5.17 and 5.18 shows time averaged TIRFM images of sftGFP-132AzPhe
and sfGFP-204AzPhe respectively with examples of fluorescence intensity traces

over a sequence of 60ms frames.

These intensity traces share very similar properties between each protein sample
in terms of photobleaching times. Here we can see evidence of rapidly blinking
fluorophores which switch between a fluorescent state of high intensity, to that of

low intensity near the background level. One difference we note from these traces
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FIGURE 5.16: TIRFM stage for protein-CNT imaging. The UV LED is posi-

tioned above the coverslip and used for protein photo cross-linking in between

TIRFM measurements. The 3D printed stage allows liquid to drain into a sur-
rounding reservoir.

is the different fluorescent blinking rates before photobleaching. sftGFP-132AzPhe
undergoes more “on/off” cycles in quick succession whereas the 204 variant tends
to stay in its “on” state for much longer. This could be a consequence of having
the linker molecule next to a water channel, close to the chromophore in the 204
variant as I briefly mentioned earlier in this chapter. The 204AzPhe variant is
also significantly brighter than its counterpart. It is unclear at the moment what

causes these differences.

Photobleaching occurs at the point when the fluorescence intensity drops suddenly
to background level without recovery. For individual sfGFP molecules, the time
it takes to photo-bleach is very short with the majority of the proteins bleached
after about 20 seconds as we can see in the overall average intensity plots over

time shown in Figure 5.19.

The wavy background seen in the TIRFM images is an artefact of the CCD and
is only observed when averaging all frames and applying a low intensity scale.
To acquire these decay curves, intensity data were selected from the brightest
points which displayed single molecule characteristics. Pixels were selected based
on a threshold intensity, chosen based on the average fluorescence of the brightest

pixels, filtering out low-level fluorophores from the fluorescence decay calculation.



Optical Studies of Protein-Carbon Nanotube Systems 101

100

F2.0 é 00

200

|||||

300

10 2"

400

500

0.0,

100 200 300 400

Dimensions: 512x512 pixel = 73x73um

FIiGURE 5.17: TIRFM image for the 100th frame of unbound sfGFP-132AzPhe

in buffer solution. The red circles on the image show selected single molecules,

from which the intensity/time traces on the right were taken. A Gaussian filter

was applied to individual pixels, to smooth noisy data. This is shown as a blue
line over the observed data shown in grey.

By collecting the average fluorescent intensity over time for the brightest 100
molecules, we were able to form decay curves shown in Figure 5.19, from which
we applied an exponential line-fit to and solved for the time constant 7, using the

following equation:

N(t) = Noe /7 (5.1)

where N(t) is the average number of counts per pixel at time ¢, which decays
exponentially from it’s initial number of counts at start of the trace N,. The
fluorescence decays with respect to it’s time constant 7, which is commonly known
as the mean lifetime. We use this value to determine the average lifetime of the

sfGFP fluorescence before photobleaching.
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F1GURE 5.18: TIRFM image for the 100th frame of unbound sfGFP-204AzPhe

in buffer solution. The red circles on the image show selected single molecules,

from which the intensity/time traces on the right were taken. A Gaussian filter

was applied to individual pixels, to smooth noisy data. This is shown as a blue
line over the observed data shown in grey.

The mean lifetimes for sfGFP-132AzPhe and sfGFP-204AzPhe are (3.07+0.02)s
and (3.6740.01)s respectively. This is an interesting result as it means sfGFP-
204AzPhe remains fluorescent for longer on average than the 132 variant. They
are both as bright as each other as we can see from their initial intensities which

suggests that the 204 variant is more stable under excitation.

We can now compare these results with data acquired from sfGFP variants bound

to sSSWNT's in solution.

Figures 5.21 and 5.22 show time averaged images of sftGFP-132AzPhe on sSWNT's
and sfGFP-204AzPhe on sSWNTs respectively, with examples of individual time
traces obtained from single fluorophores. The first thing we notice when comparing

these traces to the earlier ones for unbound proteins, is the large drop in intensity
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F1GURE 5.19: Fluorescent intensity decay curves for sfGFP-132AzPhe and
sfGFP-204AzPhe. These were made from the intensity/time traces of 100 single
molecules and fitted to an exponential to determine the decay constant.

seen for these individual proteins attached to CNTs. This makes it hard to dis-
tinguish between an on state and the background noise, also making it extremely
difficult to analyse the blinking behaviour of the individual fluorophores. Overall,
the fluorophores seen in these images remain in their “on” state throughout most
of the time exposed in TIRF for both protein variants. This is a key observation
which could relate to the CN'T’s electronic interaction with each protein molecule,

though it is difficult to say how they are interacting. There are some short lived
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FIGURE 5.20: TIRFM images for (a)time averaged sfGFP-132AzPhe with (b)
the 100 selected bright molecules in red circles, and (c)time averaged sfGFP-
204AzPhe with (d) the 100 selected bright molecules in red circles.

fluorescent molecules of a higher overall fluorescent intensity than the the majority
of the molecules in the image. These could be non-specifically bound proteins as
they still have lower intensities than that of unbound proteins, but are more prone

to photobleaching than the other “specifically bound” proteins.

When comparing the time averaged images of sSftGFP-132AzPhe and sfGFP-204AzPhe,
we can see that the 204 variant has more visible protein coverage of CNT's making
more visible in the field of view than the 132 variant. Post-TIRFM analysis of

these coverslips using AFM showed us that both samples had similar densities of
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FIGURE 5.21: Time averaged TIRFM image sfGFP-132AzPhe bound to sS-

WNTs in solution. The red circles on the image show selected single molecules,

from which the intensity/time traces on the right were taken. A Gaussian filter

was applied to individual pixels, to smooth noisy data. This is shown as a blue
line over the observed data shown in grey.

CNTs bound to them, but lower numbers of proteins for the sfGFP-132AzPhe
bound to the CNTs. This was an observation we noticed in previous experiments
and we believe this 132 variant is less prone to cross-linking with the side-walls
of CNTs than the 204 variant. A possible explanation to this is the tendency for
the azide group to react with the surrounding solvent solution. As the 132AzPhe
linker molecule is situated on the end of a loop in the protein structure, it has a
low density of neighbouring residues, leaving it exposed to the surrounding solvent
(water/ buffer). The 204AzPhe group is situated on the side of the S-barrel, and
is therefore only partially exposed to the surrounding solvent. When the azide
group is photo-activated in UV light, it will look for an electron rich environment
by which to react with. Therefore, if the azide is more exposed to a solvent, it will

tend to react with that solvent under UV exposure, thus limiting its possibility of
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FIGURE 5.22: Time averaged TIRFM image sfGFP-204AzPhe bound to sS-

WNTs in solution. The red circles on the image show selected single molecules,

from which the intensity/time traces on the right were taken. A Gaussian filter

was applied to individual pixels, to smooth noisy data. This is shown as a blue
line over the observed data shown in grey.

binding to CNTs.

Figures 5.23 and 5.24 show the average decays of selected fluorescent molecules on

SWNTs for sfGFP-132AzPhe and sfGFP-204AzPhe respectively.

As expected from the individual time traces, the intensities are far lower on average
for proteins attached to SWNTs than on their own. This has allowed them to emit
photons for a much longer period of time. We were not able to fully photo-bleach
these fluorophores within the acquisition time with the decay curves not showing
typical exponential decays. Instead, we see much noisier fluorescent behaviour
over time (red lines) when compared with the background (black lines). In some
cases, we see some recovery of the fluorescence, shown as an increase in average

intensity over time. These increases can be attributed to prolonged dark states
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F1GURE 5.23: Fluorescent decays of sfGFP-132AzPhe on sSWNTs 2 different

regions (a and b) with their respective time averaged TIRFM images. The red

lines in the decay plots depict the fluorescent data gathered from the proteins
bound to CNTs with the black line showing the background fluorescence.

where the fluorophore switches to a “oft” state for a longer time than usual before
returning to an “on” state. Interestingly, this phenomena appears to occur around
the same time on average for the sfGFP-204AzPhe sample in different areas. This
occurs at around 20 to 30 seconds before it returns to a steady decay. A similar

recovery is seen in figure 5.23 (b).

Another interesting finding is that although the starting intensities of each protein
variant bound to CNTs are around that same value, as seen with the unbound

protein data, the 204AzPhe variant appears to decay to near zero much faster than
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FIGURE 5.24: Fluorescent decays of sftGFP-204AzPhe on sSSWNTs 2 different

regions (a and b) with their respective time averaged TIRFM images.The red

lines in the decay plots depict the fluorescent data gathered from the proteins
bound to CNTs with the black line showing the background fluorescence.
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that of the 132AzPhe variant. For the unbound protein data, the 132AzPhe variant

had the shorter decay time which must mean the position of this linker molecule

on the protein has a very strong influence on the protein-CNT interaction. One

possibility is that with the distance between the chromophore and the CNT has a

strong influence on the electronic interaction between the structures. This would

reduce the distance for electron transfer, which could increase the possibility of

electron hopping or tunnelling, upon photo-excitation. In the previous chapter,

we briefly discussed possible charge trapping sites at the point of a CNT defect.

This could act to quench the electrons from the protein, reducing the number
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FIGURE 5.25: Models of water channels between the chromophore and the

CNT, calculated in CAVER. (a) Tunnels between the CNT and sfGFP-

204AzPhe, shown in blue and red. (b) Tunnel between the CNT and sfGFP-

132AzPhe, shown in cyan. All CAVER calculations were performed by Harley
Worthy of the School of Biosciences, Cardiff University.

of electronic cycles over a period of time. An alternative explanation is that
the protein-CNT interaction is blocking the water channel at the 204 position,
preventing protonation of the chromophore[104], thus reducing the rate of photo-
cycles and therefore, reduce the fluorescence. However, this does pose the question
as to why the starting fluorescence of the 132AzPhe variant is the same as the
204AzPhe variant. Figure 5.25 shows the possible water channels between the
chromophore of the protein and the CNT for both variants of stGFP, calculated by
Harley Worthy (School of Biosciences, Cardiff University) in molecular modelling
program, CAVER. Given the presence of these channels, this may indicate possible
routes of communication between the chromophore and the CN'T. These proton
channels may play a part in the charge transfer mechanism with the 204 variant

having a much shorter route to couple with the CNT than the 132 variant.

It isn’t completely clear what is the mechanism of electronic interaction between
sfGFP and CNTs, but it has produced some interesting results. We have concluded
that the position of the linker molecule on the protein is not only important of

binding, but also has a large effect on how the protein interacts electronically with

the CNT.
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5.4 Summary

In this chapter, we’ve presented data suggesting effecting covalent binding of pro-
teins to CN'Ts with further evidence to show an electronic interaction between the
two structures. Raman spectroscopy was used to confirm covalent cross linking of
various proteins to carbon nanotubes by observing shifts in their Raman spectra
compared with that of pristine CNTs. Using TIRFM, we have been able to show
protein activity post deposition, both in solution and in ambient conditions. This
was a key experiment to determine that this method of covalent cross-linking to

CNTs via pheyl-azide chemistry was viable to form protein-CNT hybrid structures.

The evidence gathered from the Raman plots shows a strong indication of co-
valent binding between the AzPhe moiety in the protein and both metallic and
semiconducting SWNTs. This complements the results from the AFM imaging
and resistance plots, with clear evidence of control over the method of protein-

SWNT cross linking.

Here, we have concluded that the increase in peak frequency and FWHM of the

D and G’ peaks is evidence of sp? carbon forming with the presence of an azide

group.

In the second half of this chapter, we discussed the use of TIRFM to analyse
protein-CNT interactions by using sfGFP as a fluorescent marker. The use of
TIRFM also allowed us to see fluorescent proteins decorating CNTs as well as
studying their dynamic photo-physical properties. Attachment and post-attachment
activity was confirmed by co-localising TIRFM images with AFM. Here, higher
densities of proteins showed up much brighter under TIRFM, with much of the
fluorescence being quenched by the CNT.

We conclude that covalent attachment to CNTs greatly reduces the fluorescence
of the proteins giving evidence of a clear interaction. We also concluded that the
position of the linker molecule can greatly affect the fluorescent properties of the
protein with the 204AzPhe variant (closer to the chromophore), had a greater de-
cay rate than the 132AzPhe variant when attached to the CNTs. Though distance
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between the chromophore and the CNT does not explain all the effects seen; it
does highlight the importance of position of the protein for potential coupling and

communication along intramolecular networks within the biomolecule.






Chapter 6

Conclusions

The research presented in this thesis was driven by our recent advances in single
molecule electrical studies with protein structures. This work introduced a level
of control over the deposition and orientation of protein structures when bound
to gold[106][31]. The main idea was to use this novel method of biomolecular
control to build a sensor platform that enables us to develop an understanding of
bioelectronics at the nanoscale and the electron transfer characteristics of individ-
ual proteins. To do this, we used CNTs as the interface material allowing us to
have control of our structures at the nanoscale and it in turn, provided us with a

reactive, compatible surface upon which to cross link individual proteins.

The main goals of this study were to establish the basis upon which to build a
sensor device and understand the mechanism from which proteins interact with
the carbon surface. To do this, we have employed numerous techniques and in-
vestigated multiple proteins in order to develop a broader picture to explain the

interactions taking place on the nanoscale.

To build a platform from which to study electronic interactions between CNT's
and proteins, we needed to produce CNT based electrical devices and establish an
effective and reproducible method of attaching proteins to the CNT sidewalls. The
devices were successfully created by bridging SWNT's, separated between sSWNT's
and mSWNTs, across gold electrodes via DEP. This method aligned the CNTs and

113
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proved to be a reliable way of bridging neighbouring electrodes with a high success

rate.

The next step was establishing nanoscale control over protein deposition and effec-
tive cross linking to CN'Ts. This was achieved by incorporating the uAA, AzPhe
into the sequence which formed the protein structures. This provided a method
of covalently cross linking the proteins across the sp?> C=C double bond forming
a single sp® defect site per protein attached. By pre-defining the position of the
linker molecule in the protein structure, we were able to define the point at which
the protein interacts with the CNT surface. This has been demonstrated with
sfGFP and cyt bsgo for linker molecules in orthogonal positions and the heights of
these proteins when bound to CNTs were analysed using AFM. We found that the
long axis and short axis variants of sSfGFP were measured to extend (3.1£0.4)nm
and (2.440.5)nm above the CNTs respectively which was good evidence of de-
fined orientation upon chemical linking. This result was also demonstrated with
the long axis and short axis variant of cyt bsge, with heights of (3.1£0.4)nm and
(2.840.4)nm respectively.

These experiments also showed some evidence that the proteins have a tendency
to align themselves in a specific orientation dependent on the orientation of the
CNT. This was observed with both the short axis variants of sfGFP, which aligned
perpendicular to the length of the CNT, and cyt bsgo which aligned parallel to the
length of the CNT. The same phenomena was observed with the pyrene variant
of cyt bsge which suggested it was an inherent property of the protein. A likely
explanation is that the alignment comes from the hydrogen bond network within
the proteins, causing a small dipole moment within the biomolecule which aligns
to the length of the CNT when it comes into close proximity. Another interesting
finding was the difference in tendency of sfGFP-132AzPhe and sftGFP-204AzPhe to
bind to the sidewall of CNTs, with the 204AzPhe variant binding more frequently
than the 132AzPhe variant. We hypothesised that this was caused by differences
in solvent exposure to the AzPhe molecule with the 132 position allowing a large
amount of exposure to solvents whereas the 204 position is on the $-barrel, making

it only partially exposed to solvents.
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Aside from the AzPhe covalent linking, we managed to briefly investigate the use
of non-covalent linker methods by using pyrene or short-strand DNA. The pyrene
moiety was cross-linked to the azide molecule in the modified protein via CuAAC,
which, although this can be detrimental to the structure of the protein, allowed
us to non-covalently bind cyt-bsee in two different orientations to CNTs via n-7

stacking.

We had some minor success in binding proteins to a linker molecule present on
a modified DNA strand, wrapped around a CNT. This would provide a way of
linking proteins to CNT's in solution without the need for a surfactant. This is a
process which could be developed to produce reproducible, reliable results, however

we did not manage to further this investigation in the scope of this project.

In order to study how the proteins interacted with CN'T's when covalently cross-
linked, we used the optical techniques Raman spectroscopy and TIRFM. Raman
spectroscopy provided information about the binding mechanism to help confirm
the covalent nature of the bond between the proteins and CNTs. We were able
to demonstrate a clear induced D peak in Raman spectra upon addition of TEM-
165AzPhe to pristine mSWNTs with UV exposure, which was not seen in the
same samples without UV exposure. This information provided evidence of defect
sites being produced in the sp? carbon surface through covalent attachment of
the azide group. We went further to demonstrate clear shifts on the D and G’
modes to higher frequencies upon covalent cross linking of sfGFP-204AzPhe and
cyt bsga-50AzPhe. This is evidence of an induced strain in the sp? as a result of
sp? orbitals being formed. When combining this evidence with that found from
AFM imaging and CNT resistance measurements, we can conclude that we have
successfully covalently cross-linked proteins to CNT's with control over the position

of protein-CNT interaction.

TIRFM provided a powerful method of detecting single molecule fluorescence dy-
namics on and off CNTs. By using sfGFP as a biological fluorescent marker, we
were able to image CN'Ts using optical microscopy methods, demonstrating both

effective cross-linking and post deposition activity of the protein on the nanotubes.
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These experiments were conducted both in solution and in ambient conditions,
demonstrating the stability and versatility of such a system. In addition to this,
We were able to use TIRFM data to measure the decay times of sftGFP-132AzPhe
and sfGFP-204AzPhe, as well as observing their dynamics as unbound molecules
and when bound to SWNTs. There was a clear difference in fluorescence and
decay times between the two sfGFP variants, with sfGFP-132AzPhe having the
shorter decay time and the lower fluorescent intensity. Although we are unsure
of the exact reason of these differences, it does highlight the importance of the
position of the linker molecule to the dynamics of the protein. When bound to the
SWNTs, we saw very different results to the unbound protein data, with sftGFP-
204AzPhe decaying much quicker than sfGFP-132AzPhe. We can hypothesise
that this difference was caused by a combination of the shorter distance between
the chromophore and the CNT, as well as the possibility of the CNT blocking a
water channel around Ser205. These processes would suggest a combination of
proton shuttling and electron transfer in determining the nature of the fluorescent
dynamics of the protein. Nevertheless, we have shown in intimate electronic inter-
action between proteins and CNTs with the position of the linker molecule with
respect to the active centre of the protein being a key variable when developing

protein-CNT hybrid systems.

6.1 Future work

With the growing demand for fast, intimate diagnostic techniques for disease and
drug delivery, this work can be developed to meet the requirements for real-time
diagnostic measurements. Although we didn’t test this platform for use as a
biomedical detector, our efforts in attaching proteins such as TEM (-Lactamse to
CNTs can developed in the attempt to detect electrical changes upon interactions
with an inhibitor protein. We can improve the electrical setup by reducing the
size of the electrodes and fine tuning the DEP conditions, to enable us to bridge

far fewer CNTs (less than 10) across the electrodes in order to measure single
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molecule interaction events, without the electrical signal being suppressed by the

signal from the ensemble of CNTs.

This work can also be taken in a different direction, with the possibility to use
CNTs to try to further our understanding of protein electrical dynamics. We
touched upon this when studying the dynamics with TIRFM. Though further
analysis could be done, incorporating more protein variants and fine tuning the
system with single chirallity CNTs. Furthering our understanding of the blink-
ing dynamics of a protein could shed light on the mechanisms which govern the

protein’s function.

While our efforts in developing protein-CNT hybrids with DNA as the interme-
diate material were short lived, this work can be developed further to produce
CNT-protein-CNT junction systems. This work has been demonstrated by our
collaborators in Queen Mary University, London. By incorporating this structure
into an electrical device, we could perform single molecule electrical measurements
to develop our understanding of the electron transfer phenomenon in individual
protein structures. We have been successful in providing a reliable method of cross-
linking a variety of proteins to CN'Ts in pre-defined orientations using a variety of
linking techniques. This work has stressed the importance of the position of the
linker molecule while demonstrating the versatility of such a platform. With fur-
ther development, this platform can be used to perform real-time single molecule
measurements for understanding fundamental protein dynamics, electron transfer,

medical diagnostics and physiology.
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