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6 DNA Block Copolymer Doing It

All: From Selection to

Self-Assembly of Semiconducting

Carbon Nanotubes1

6.1 Introduction

In the second chapter (page 29), DNA block copolymers were combined with virus-

like particles, which represent proteins and are important for future drug delivery

strategies. Here DNA/polymer hybrids are utilized in combination with carbon nan-

otubes, materials that may play an important role in novel nanoelectronic devices.

The selective and controlled manipulation of carbon nanotubes has long been a

key objective for the integration of these superb quasi one-dimensional materials

into real technologies to take advantage of their unique electronic, mechanical,

thermal, and optical properties.[229] A particular focus of carbon nanotube research

has been the solubilization of bundled nanostructures to obtain individual tubes.

Such a process allows for easier characterization, fabrication and incorporation

of functionalities in solution. Techniques for this purpose range from covalent

chemical functionalization of the nanotube sidewalls and termini, which alters the

electronic structure and can impair performance,[230, 231] to sonication in solutions

of hydrophobic, aromatic, or amphiphilic dispersing agents.[232, 233, 234, 235] The

1Parts of this chapter were accepted as a communication in Angewandte Chemie International
Edition, Wiley.
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6 DNA-Assembled Carbon Nanotube Architectures

latter method affords dispersions of SWNTs with minimal introduction of defects,

and an additional purification process, namely density gradient ultracentrifugation,

allows the isolation of narrow diameter distributions.[236] More advanced dispersing

agents, such as poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) derivatives, are even

able to selectively solubilize certain semiconducting nanotube species with narrow

diameter distribution that are of particular technological interest.[237, 238]

More complex systems where SWNT is involved are nanotube field-effect transis-

tors (FETs), which from their first report on,[239] have advanced a great deal.[240]

Most fabrication methods, however, still entail locating and manipulating individual

SWNTs on a substrate, a laborious serial process.[241, 242] A much more desirable

production technique is the programmable, large scale positioning of semiconducting

carbon nanotubes, which is still the holy grail for carbon nano-tube electronics.[243]

As one of the most powerful building blocks for self-assembled nanostructures,[77,

76, 244] DNA has the potential to play a major role in any such development.

Although the selective dispersion of SWNTs with pristine DNA was realized,[245,

246] the subsequent controlled assembly through hybridization with complementary

DNA (cDNA) is unfeasible due to unwrapping of the DNA bound to the tube.[247]

Other studies combining DNA and SWNT have entailed covalent bond formation

between them[248, 249, 250] or chemical modification of DNA wrapped around the

nanotubes.[251, 252] These examples, although very important, had only partial

success for versatile functionalization and scalable device application mostly because

of the limited condition and yield of the fabrication process, and because of the

presence of copious metallic tubes in the sample.[253, 254, 255]

Here, we report a straightforward solution to many of the key concerns facing

SWNT technology (Figure 6.1) non-destructive dispersion of individual nano-tubes,

enrichment of semiconducting species and precise supramolecular addressability us-

ing amphiphilic DNA block copolymers (DBCs) (Figure 6.1a). DBCs are best known

for multifunctional self-assembled micelles[186, 174] and especially the biomedical

applications thereof,[95] but we demonstrate that they effectively and selectively

disperse SWNTs and offer a platform for manipulation and precise placeability. To

the best of our knowledge, this represents the first combination of high semicon-

ducting SWNT affinity and versatile non-destructive functionalizability in a single

material (Figure 6.1b). The DBC used throughout this study consist of PFO being
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Figure 6.1: Graphical overview of programmed functionalization of SWNTs and their sequence
specific assembly in nanoelectronic devices as detailed in this chapter. (a) Am-
phiphilic DBC structure for solubilization of SWNTs (Figure 6.2a). (b) Diameter
selective dispersion of SWNTs in aqueous media employing DBCs and a simple
experimental procedure – mixing, sonication and centrifugation using tabletop ap-
paratus, see Figure 6.2b, 6.2c and 6.3 for characterizations and computer simulation
of dispersed SWNTs. (c) Straightforward functionalization of the SWNT surface
by hybridization (Figure 6.4). (d) Unprecedented programmed assembly of SWNTs
on surfaces or within nanoelectronic devices (Figure 6.5, top). The electrodes in
devices are bridged in extremely good yields (99%) by hybridization (Figure 6.5,
bottom) with only 1% short circuits. The majority of devices exhibited ambipolar
behavior (Figure 6.6).
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6 DNA-Assembled Carbon Nanotube Architectures

covalently connected to 22mer single-stranded (ss) ODNs. The hydrophobic poly-

mer segments interact with the SWNT sidewall, enabling dispersion of particular

semiconducting nanotube species, as characterized by a range of spectroscopic and

microscopic techniques, through a very simple procedure. This interaction leaves

the DNA block free for facile hybridization with targets in solution and site-specific

immobilization onto surfaces (Figure 6.1c), allowing the bottom-up fabrication of

electronic devices on extended surface areas in extremely high yields (98% working

device) (Figure 6.1d).

6.2 Result and Discussion

6.2.1 Synthesis of PFO-b-DNA

Terminally hydroxymethyl-functionalized PFO (Mw: 6,000 g/mol) was

synthesized in five steps starting from 9,9-di-n-octyl-2,7-dibromofluorene,

and the polymer was subsequently phosphitylated using 2-cyanoethyl

N,N -diisopropylchlorophosphoramidite[256]. As shown in Figure 6.2a, this

activated polymer was connected to the 5′-end of a 22mer ODN with sequence

5′-CCT CGC TCT GCT AAT CCT GTT A-3′ using standard solid-phase synthesis

(Figure 6.2a, see page 122 for detailed preparation and characterization). This

sequence was selected for its lack of secondary structure and compatibility with

a wide range of experimental conditions.[95, 186, 174] At this point it should be

highlighted that this material represents the first DBC containing a conjugated

polymer segment that was produced in a single and fully automated process

employing a DNA synthesizer. Thanks to the utilization of phosphoramidite

polymers, our fabrication process requires scarcely any more effort than the

synthesis of pristine ODNs.

6.2.2 Dispersion of SWNT with PFO-b-DNA and PPO-b-DNA

To prepare carbon nanotube dispersion, an aqueous solution of DNA block copoly-

mer, PFO-b-DNA, was added to dry SWNT, sonicated and centrifuged to remove

large bundles in the solution, using standard bench-top equipment throughout. Af-
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6.2 Result and Discussion

ter centrifugation, the grey supernatant was directly used for all characterization

and application experiments without further purification. Other reference disper-

sions including a DBC with hydrophobic block, poly(propylene oxide) (PPO),[70]

were prepared under the same conditions unless otherwise noted.

6.2.3 Characterization of the Dispersions by AFM and TEM

To check the suitability of this procedure for producing well-dispersed individ-

ual SWNTs, we performed AFM measurements in tapping mode in air on DBC-

dispersed HiPCO SWNTs (hPFO and hPPO) and DNA-dispersed HiPCO SWNTs

(hDNA) using the same 22 mer sequence, all deposited on mica (see experimen-

tal section, page 129). A representative height image of hPFO is presented in

Figure 6.2b. All nanotubes observed had a height of less than 3 nm, suggesting

individually dispersed SWNTs or small bundles – larger aggregates were not ob-

served (experimental section, Figure 6.14). This is to be expected, as it is well

known that DNA is especially effective at keeping SWNTs stably separated due

to electrostatic repulsion. This effect is reflected in the long-term stability of the

dispersions, which lasted at least three months without notable changes in opti-

cal characteristics. In contrast, non-ionic triblock copolymer (Pluronic™ F127) and

anionic surfactant (sodium dodecyl benzene sulfonate, SDBS) dispersions result in

significant bundling as observed in TEM (experimental section, Figure 6.17). The

F127- and SDBS-dispersed nanotubes appear as large rope-like structures while

single nanotubes are clearly resolved in hPFO (Figure 6.2b), hPPO and hDNA

(additional TEM images are presented in the experimental section, Figures 6.15 and

6.16).

6.2.4 Photophysical Characterization of the Dispersions

The DBC dispersions hPFO and hPPO were further investigated by UV/Vis/NIR

absorption, NIR photoluminescence (PL), and Raman spectroscopy. The absorp-

tion spectra of both hPFO and hPPO showed the typical S1 and S2 bands of

semiconducting species in wavelength ranges of 1000 – 1600 nm and 600 – 900

nm, respectively, which correspond to SWNTS with diameters in the range of 0.7

– 1.2 nm (Figure 6.2c). Furthermore, the absorption spectrum of hPFO showed
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6 DNA-Assembled Carbon Nanotube Architectures

markedly better-resolved structure[257] than that of hPPO, though they were pre-

pared in the same way, indicating that PFO-b-DNA can more effectively disperse

individual SWNTs from bulk HiPCO. This is presumably due to the strong interac-

tion between PFO and SWNT sidewalls, as predicted by simulation results detailed

below. The presence of strong characteristic near-infrared PL bands is direct evi-

dence of individually dispersed SWNT species in hPFO and hPPO (Figure 6.2a

and 6.2b).[235]
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Figure 6.2: Synthetic scheme of DNA block copolymers, visualization of PFO-b-DNA dispersed
HiPCO (hPFO) by AFM and TEM and spectroscopic characterizations of SWNT
dispersions with DNA block copolymers. (a) Synthetic scheme of DBCs, PFO-b-
DNA and PPO-b-DNA. 1) N,N-Diisopropylethylamine, THF. 2) Coupling: direct
coupling of a polymer phosphoramidite onto the 5′-end of ODNs on solid supports
using a DNA synthesizer. 3) Deprotection: concentrated ammonia, 55 ◦C, 16
h. (b) AFM topography of hPFO in contact mode (left) and uranyl acetate
stained TEM micrograph of hPFO (right), respectively. Scale bars are 200 nm.
(c) Absorption (black, top) / PL spectra (blue: λex = 380 nm, red: λex = 760
nm) of dispersions with PFO-b-DNA and PPO-b-DNA, respectively. Each arrow
indicates the corresponding axis of the spectrum.

Corresponding emission peaks show the presence of primarily 4 or 5 (n,m) indexed

nanotube species in hPFO, whereas hPPO contains more species under the same

conditions.[258] Due to the different local dielectric environment, these peaks are 15

110



6.2 Result and Discussion

nm red-shifted relative to the reported spectrum for an aqueous surfactant dispersion

(Figure 6.3a).[259] For hPFO, the SWNT dispersion used most throughout this

report, we assigned the most prominent PL peaks to the semiconducting (7,5 ),

(7,6 ), (8,6 ), and (8,7 ) chiral indices (see experimental section, Figure 6.19 for the

full assignment of hPFO). The (8,7 ) SWNT (marked in inset of Figure 6.20 in

the experimental section) and other peaks were observed in the radial breathing

mode (RBM) range (200 – 280 cm-1, λex = 785 nm) of the Raman spectrum. As

anticipated, low D- / G-band intensity ratios were observed for both dispersions,

indicative of a low degree of structural defects, a clear advantage of this separation

technique.

6.2.5 Interactions between SWNT and PFO-b-DNA

Due to the ability of both PFO and DNA to sort SWNTs, the question remains

what the individual components of our new nucleic acid amphiphile, PFO-b-DNA,

contribute to the dispersion. For this purpose we compare the PL spectra of hPFO

and HiPCO SWNTs dispersed in PFO or DNA alone. From the spectra shown in

Figure 6.3a, it is clear that PFO-b-DNA and both individual components are much

more selective than a widely used aqueous dispersant, SDBS. The population in

hPFO more closely resembles that of PFO-dispersed HiPCO in toluene,[238] con-

sidered the gold-standard for selective dispersion, than that of hDNA, particularly

with regard to the diameter distribution. However, the population balance evident

in hPFO is not quite identical to that of PFO in toluene – this difference can be

partially attributed to the change of solvent, which is known to have a direct influ-

ence on selectivity.[260] We further propose that DNA wrapping contributes to this

observation; the higher-than-expected population of small-diameter SWNTs (λem <

1200 nm) in hPFO may correlate with the most prominent bands of the hDNA

PL spectrum. It could thus be that in hPFO both the PFO and the DNA blocks

contribute to SWNT dispersion.

6.2.6 Molecular Dynamics Simulation of the Dispersions

In the cases where polymer-wrapping is dominant, we claim that the hydrophobic

PFO block of PFO-b-DNA envelops the SWNT surface while the DNA block ex-
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Figure 6.3: PL spectra with PFO-b-DNA and common dispersants and MD simulation of
hPFO. (a) Normalized PL spectra of HiPCO dispersions with PFO-b-DNA (solid),
PFO (dashed-dot), DNA (dotted), and SDBS (dashed). Excitation: 760 nm. Note
that PFO dispersion is in toluene while others are in H2O. (b) Images produced
from a MD simulation of a system with PFO-b-DNA and SWNT (8,6), found in
PL of (a) in water environment. Inset is in an axial view of hPFO.
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6.2 Result and Discussion

tends out from the nanotube and provides water solubility as well as steric and

electrostatic stabilization. Such a preference for PFO wrapping could be due to the

hydrophobic nature and aromatic π-system of the conjugated polymer block and

the correspondingly greater binding energy than for heterocyclic nucleobases. This

assertion is supported by a molecular dynamics (MD) simulation of the hPFO sys-

tem (Figure 6.3b, see page 135 in the experimental section for simulation details). A

short segment of (8,6 ) SWNT, assigned in Figure 6.3a, was simulated in close prox-

imity to four PFO-b-DNA molecules in two initial configurations, with either the

PFO or DNA block being closer to the sidewall (experimental section, Figures 6.21

and 6.22). In the former case, the complex was stable for the entire simulation2 with

a PFO-sidewall separation and conformation in good agreement with other reported

simulations (3.3 ± 0.1 Å).[238, 260] In the latter case, the interaction between the

DNA block and the sidewall proved too weak and the binding was unstable – the

entire molecule detached from the SWNT in less than one ns. Thus the interaction

between SWNT sidewall and PFO is more favorable than that between sidewall

and DNA. Indeed, in an additional simulation in which the SWNT segment was ini-

tially surrounded by four PFO-b-DNA molecules in a stable configuration, these four

DBCs shifted to accommodate the approach and complexation of the PFO block of

a fifth DBC (experimental section, Figure 6.23). The significance of these affinity

results lies in the availability of the extended DNA strands for further manipulation

through DNA hybridization.

6.2.7 Gold Nanoparticle Functionalization of the Dispersions

To demonstrate the facile functionalization of this hPFO system, gold nanoparticles

were chosen for convenient high-contrast visualization and lined up along dispersed

SWNTs using DNA hybridization (see Figure 6.1c). For this study, 5 nm diameter

gold nanoparticles were conjugated to a single thiol-modified ODN (cDNA) with

sequence complementarity to the 22 mer DNA block of PFO-b-DNA (see page 136

in the experimental section) , and subsequently passivated with monothiolated

poly(ethylene glycol) to prevent non-specific adsorption.[161] These DNA labeled

2Supporting movie is available via http://www.youtube.com/watch?v=IxKOPTsVgro (case sen-
sitive).

113

http://www.youtube.com/watch?v=IxKOPTsVgro


6 DNA-Assembled Carbon Nanotube Architectures

nanoparticles (Au-cDNA) were incubated with hPFO in hybridization conditions.

The mixtures were subsequently imaged by TEM without any further treatment or

purification of the materials. The results were unambiguous, with a large population

of dark spots arranged in close proximity to linear fibrils (Figure 6.4a and 6.4b). Both

hPFO and hPPO results showed similar alignment of gold nanoparticles along the

SWNTs (experimental section, Figures 6.25, 6.26 and 6.27). Analogous structures

were found in AFM in air and fluid (experimental section, Figure 6.28).

a! b!

Figure 6.4: Hybridization of Au-cDNA onto hPFO. (a) TEM micrograph of hPFO hybridized
with Au-cDNA. (b) Higher magnification image of the same system. TEM grids
are stained with uranyl acetate. Scale bars are 50 nm.

6.2.8 Deposition on Gold Surfaces

Just as the fully addressable ss DNA block allows supramolecular assembly onto nan-

otubes in solution, it also enables their specific deposition from solution onto cDNA-

functionalized surfaces (experimental section, page 142). This was most simply

demonstrated with an AFM study of hybridization onto sparse thiol-ODN monolay-

ers on gold. The SWNT coverage observed on the cDNA-functionalized surface was

over 4 times higher than that on a surface functionalized with non-complementary

DNA (experimental section, Figure 6.29 and Table 6.5). While some deposition of

nanotubes through unspecific interactions is evidently unavoidable, the consistently
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higher coverage throughout the cDNA surface is a clear indication of successful im-

mobilization through hybridization. The presence of SWNTs on the surface was also

confirmed by Raman spectroscopy (experimental section, Figure 6.30).

6.2.9 Field-effect Transistor Device Fabrication

As an extension of this concept, we took advantage of the enriched semiconducting

SWNT population of hPFO and our straightforward solution-processing paradigm

to fabricate functional electronic devices. As shown in Figure 6.5, a mixed mono-

layer of complementary thiol-ODN and mercaptohexanol (MCH) was formed on

lithographically-defined electrodes (Figure 6.5a-c, see page 144 in the experimental

section for detailed preparation).[261] The final preparation of functional devices

was then a simple matter of depositing a drop of hPFO solution on the substrate,

repeatedly rinsing, and subsequently drying under N2. Electrical contact was es-

tablished in surprisingly high yield through the bridging of SWNTs between two

electrodes upon DNA hybridization (Figure 6.5d) – fully 99% of the 170 devices

thus fabricated carried current (left on Figure 6.5f), as compared to only 10% of the

136 devices fabricated from hDNA (right on Figure 6.5f), which does not have ad-

dressable ss DNA. Markedly, 98% of total hPFO devices had non-Ohmic behavior,

which we defined as functioning device. Here one should distinguish that the number

of Ohmic circuits is always a subset of bridged electrodes. Our device fabrication

yielded 9% higher bridging compared to a large area method using dielectrophoretic

deposition[262] (99% vs. 90%) with merely 1.2% of metallic SWNT bridging (left

on Figure 6.5f). However, in this example, the ratio of functional devices were

not reported. In another comparable self-assembled system, the reported efficiency

of functioning devices using covalently bonded DNA-SWNTs was only 10% (albeit

with a wider channel) with no particular selectivity for semiconducting or metallic

species.[263] Analysis of our I-V curves suggests that, as in the devices fabricated

by Hazani et al.,[248] conductivity in our devices may be governed by strong Schot-

tky barriers at the contacts and junctions between SWNTs within the gap. SEM

images of the hPFO and hDNA devices (Figure 6.5e and experimental section,

Figure 6.33) revealed clear differences in the density of immobilized SWNTs bridg-

ing the electrodes, in agreement with conductance measurements. Out of the 168
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Figure 6.5: Schematic representation and efficiency of device fabrication process of hPFO.
(a) Top-view of bottom gate substrate prepared by EBL. The two red checked
pads are in electrical contact and served as a common electrode for all devices.
Thus there are 34 devices in a set of 2 by 2 mm substrate. A SEM image of
the circled area and the bridging region (inset) from the diagram. Scale bars are
20 µm. (b) The geometry and the size of bridging region (top). Droplets of
MCH and 5′- thiolated cDNA were sequentially deposited on the plasma-cleaned
substrate. A droplet (∼ 60 µl) covers 4 sets (136 in total) of device (bottom).
(c) Resulting SAM of MCH and thiolated cDNA on the gold surface after the
deposition. The chemical structure on the SAM (inset). (d) Hybridization of
hPFO in the presence of NaCl and MgAc2 induces bridging between two electrodes.
Proposed architecture in solution (inset). (e) After drying electronic measurements
were performed. SEM image of a sample bridging region from a hPFO device. (f)
Comparison of fabrication efficiencies, 99% and 10% bridging in total, for hPFO
(left) and hDNA (right) devices, respectively. Numbers in parentheses denote the
number of devices exhibiting the corresponding electrical behavior.
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functioning hPFO devices, fewer than 1.2% showed metallic behavior, far less than

expected on the basis of the absorption spectra. Considering the geometry of our

devices (inter-electrode gap: 240 – 360 nm, overlap region: 15 µm, Figure 6.5a and

b) and the rarity of short circuits, our approach results in an extremely low popula-

tion of addressable metallic SWNTs. A possible explanation of this finding may be

that the vast majority of metallic species observed in UV/Vis absorption (< 600 nm

absorption in Figure 6.2c, Table 6.2) are dispersed by the wrapping of both the DNA

block and the PFO segment, leaving such nanotubes unavailable for immobilization

through Watson-Crick base-pairing. Device fabrication using DNA hybridization

would then represent an additional level of selectivity by removing imperfectly dis-

persed metallic SWNTs through rinsing away unhybridized material. A subset of

25 non-Ohmic hPFO devices was further investigated for FET behavior using the

bottom gate electrode in vacuum (Figure 6.6). Remarkably, in light of the relatively

crude aqueous device preparation and extended exposure to air, 80% of the devices

worked as ambipolar FETs, with on/off ratios of up to 5 × 104 (experimental sec-

tion, Figure 6.32).[264] Investigations are currently underway to determine whether

the ambipolarity is related to the dense wrapping of the PFO layer or mediation of

the SWNT-Au contact by the MCH/DNA mixed monolayer.[265, 266]

6.3 Conclusion

In conclusion, we have demonstrated a new concept for carbon nanotube manipu-

lation based on a hybrid material and offering an unprecedented degree of control

over nanotube functionalization and assembly. This versatile system combines the

advantages of polymers, such as the capability to selectively disperse semiconducting

SWNT species, with the high degree of structural control inherent to DNA nanotech-

nology through solid-phase synthesis and self-recognition properties. The DBC as

generated in a single synthetic process, and the hydrophobic polymer block is able

to selectively disperse carbon nanotubes in water. This represents, to the best of

our knowledge, the most selective aqueous carbon nanotube dispersion attainable

without additional purification steps. This result is already noteworthy for stabiliz-

ing a range of semiconducting nanotubes for aqueous processing in a nondestructive

manner, but the main impact of this work stems from the accessibility of the DNA
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Figure 6.6: Electrical characteristics of the ambipolar hPFO-immobilized FET. FET character-
istics for a representative hPFO device showing ambipolarity and an on/off ratio of
1 × 103. (a) Measurements in p-type range: Vg from 0 to - 40 V (top), Vd-s from
- 1.5 to - 0.5 V (bottom). (b) Measurements in n-type range: Vg from 0 to 40 V
(top), Vd-s from 0.5 to 1.5 V (bottom). Note the significant hysteresis, which is
typical for SWNT-FETs. This may be due to trapping at electronic defects caused
by the dispersion procedure or residual water molecules.
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block, which is not involved in the selective dispersion, for further manipulation. As

we have demonstrated with gold nanoparticles, it is a simple matter to functional-

ize our nanotube dispersion through predictable and controlled Watson-Crick base

pairing.

While dispersions with PFO and DNA alone do not offer further versatile self

assembly, in hPFO presented here, the entire DNA sequence is available for spatial

adressability, leading to better-defined and stronger base-pairing interactions. This

offers the possibility to integrate the SWNT dispersions into protocols allowing

the functionalization and manipulation of DNA on surfaces. Likewise, dispersion

of SWNTs with our DBC material allows the easy fabrication of operating SWNT-

FETs in high yield entirely by self assembly. Even without optimization of contacts,

SWNT alignment or dielectrics, many of our transistors achieved a performance

level comparable to reported single-SWNT-type devices with ambipolar conduction.

Such simple and efficient solution processing also makes it the only techniques for

single-SWNT-type device fabrication which could be easily adapted to large-scale

production. Further investigations should focus on other practical uses of the DNA

in combination with different polymers, for instance for nanotube-based biosensors

and targeted therapeutics.[267, 268, 269]

6.4 Experimental Section

6.4.1 Materials and General Methods

Reagents and solvents for chemical synthesis: All chemicals and reagents

were purchased from standard commercial suppliers and used without further pu-

rification, unless otherwise noted. Reagents for oligonucleotide synthesis were pur-

chased from Novabiochem (Merck, UK) and SAFC (Sigma-Aldrich, Netherlands).

Solid supports (Primer Support™, 200 µmol/g) from GE Healthcare were used for

the synthesis of DNA. Anhydrous solvents, acetonitrile (DNA synthesis grade),

N,N -dimethylformamide (DMF), N,N -dimethylacetamide (DMAc), tetrahydrofu-

ran (THF), dichloromethane (DCM), ethyl acetate and methanol (MeOH) were

purchased from Aldrich, Merck or Fluka and stored under argon over molecular

sieves. Diethyl ether and toluene were purchased from Sigma-Aldrich, Netherlands
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and were distilled over sodium/benzophenone.

Other materials: Thiol-modified DNA (thiol-ODN, thiol with C6 linker at the

5′-end of 22 mer, 5′-TAA CAG GAT TAG CAG AGC GAG G-3′), complementary

to the sequence of three DNA-related dispersions (hPFO, hPPO and hDNA),

was purchased from Biomers (Germany). Gold colloid (5 nm) was purchased from

BBinternational (UK). α-methoxy-ω-thiol poly(ethyleneglycol) (mPEG-SH, Mw =

365.5 g/mol) was purchased from polypure (Norway). Ultrapure water (18 MΩ)

dispensed through 0.22 µm membrane filter using arium 611 UF (Sartorius, The

Netherlands) was used during all experiments.

Nuclear Magnetic Resonance Spectroscopy (NMR): 1H–NMR and 13C–

NMR spectra were recorded on a Varian Mercury (400 MHz) NMR spectrometer at

25 ◦C. Coupling constants are given in Hz and chemical shifts are quoted in the δ–

scale in ppm using tetramethylsilane (TMS) as the internal standard. The following

splitting abbreviations were used: s = singlet, d = doublet, t = triplet, q = quartet,

b = broad.

Mass Spectrometry (MS): High-resolution mass spectra (HRMS) were

recorded on a LTQ Orbitrap XL (ESI+) using electrospray ionization (ESI).

Matrix-assisted laser desorption ionization (MALDI) mass spectra were recorded

on an ABI Voyager DE-PRO MALDI TOF (delayed extraction reflector)

Biospectrometry Workstation mass spectrometer.

UV-Vis Spectroscopy: The concentration of the DNA was measured on a

SpectraMax M2 spectrophotometer (Molecular Devices, USA) using 1 cm light-path

quartz cuvettes.

High Performance Liquid Chromatography (HPLC): Analytical and

preparative anion exchange (AIEX) HPLC were performed using a HiTrap™ Q HP

1 mL and 5 mL column (GE Healthcare) through linear or custom gradient eluted

with buffer A (25 mM Tris-HCl, pH 8.0) and buffer B (25 mM Tris-HCl and 1.0

M NaCl, pH 8.0). Desalting of fractions from AIEX-HPLC was carried out using

two HiTrap™ desalting 5 mL columns in series eluted with elution buffer (25 mM

Tris-HCl, pH 8.0).

Atomic Force Microscopy (AFM): All AFM measurements were performed

with a MultiMode 2 Scanning Force Microscope with Nanoscope IIIa controller

(Veeco). N-doped single crystalline cantilevers for Tapping Mode in air (ACTA, k
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= 25 – 75 N/m) were purchased from ST Instruments (The Netherlands). Silicon

nitride cantilevers for Tapping Mode in fluid and Contact Mode (SNL, f0 = 40 – 75

kHz, k = 0.32 N/m) were purchased from Veeco Probes (USA). V-1 grade mica plates

for immobilization of dispersions were purchased from Electron Microscopy Sciences

(USA). Au-coated glass microscope slides for hybridization studies were purchased

from ssens (The Netherlands). MgAc2 buffers were prepared by diluting a 1.0 M

stock solution (Sigma Aldrich) with ultrapure water to the desired concentration.

Transmission Electron Microscopy (TEM): TEM images were obtained

using a CM10 or CM120 electron microscope (FEI, Eindhoven, The Netherlands)

operating at 100 or 120 kEV. Samples were placed on glow discharged plain carbon

grids and subsequently stained with 2% uranyl acetate. Pictures were recorded on

a low scan CCD camera.

UV/Vis/NIR Spectroscopy: SWNT dispersions of PFO-b-DNA and PPO-b-

DNA were prepared in D2O and transferred to 2 mm light path quartz cuvettes. A

UV/Vis/NIR spectrometer (Jasco V-570) was used for the measurements.

Resonance Raman Spectroscopy: Analysis was carried out using PerkinElmer

Raman Station 400F with λex = 785 nm.

Photoluminescence (PL) Spectroscopy: PL measurements were performed

exciting the solutions at 760 or 380 nm by a 150 fs pulsed Kerr mode-locked Ti-

sapphire laser. The steady-state PL of SWNTs and polymers was measured with

an InGaAs detector.

Other methods are presented in corresponding sections in detail.

6.4.2 Key Protocols

Three key protocols are described below. Other methods such as microscopy tech-

niques (AFM and TEM) and spectroscopic measurements (UV/Vis/NIR, PL, and

Raman), deposition of hPFO onto mixed cDNA monolayer, device fabrication, and

electronic measurement are described in detail in each individual section.

Synthesis and purification of DBCs: The PFO-b-DNA and PPO-b-DNA

with the 22 mer sequence, 5′-CCT CGC TCT GCT AAT CCT GTT A-3′, were syn-

thesized using ÄKTA Oligopilot 100 plus DNA synthesizer as described previously

and purified by ÄKTA purifier high performance liquid chromatography (HPLC)
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from GE Healthcare. Buffer A (Tris-HCl, 25 mM, pH 8.0) and B (Tris-HCl, 25

mM and NaCl, 1.0 M) were used for anion exchange and desalting chromatography

with HiTrap Q HP and HiTrap Desalting (GE Healthcare) during the purification

of DNA diblock copolymers.

Dispersion of SWNT: In the general SWNT dispersion procedure with PFO-

and PPO-b-DNA, mixed solutions were sonicated on a VWR Ultrasonic bath. An

aqueous solution of the DBC (500 µl, 1 mg·ml-1) was added to the nanotubes (100

µg as received), weighed using a microbalance from E. Mettler, and sonicated in a

stepwise manner (5× 100 µl addition and sonication for 30 min for each step). After

centrifugation (model: 5415 R, Eppendorf) at 16k RCF for 1 h, the grey supernatant

from the tubes were taken out for the characterization and other experiments.

Hybridization of hPFO with Au-cDNA: A mixture of hPFO and Au-cDNA

in hybridization buffer (end concentration: 250 mM NaCl, 10 mM MgAc2, 0.5×
TAE) was heated to 48◦C and slowly cooled to 18 ◦C for 10 h.

6.4.3 Synthesis and Purification of DBCs

Synthesis and Characterization of poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO)

with terminal hydroxy group

C8H17 C8H17

n

OHC8H17 C8H17

n

O

HBr
C8H17 C8H17

Br

4 1 2

Scheme 6.1: Synthetic route to PFO with terminal hydroxy group.

The synthesis of hydroxy-functionalized PFO (2) was carried out using a

modified Suzuki coupling protocol starting from 2,7-dibromo-9,9-dioctylfluorene

(4) as starting material, as reported by Marsitzky et. al.[256]

1H–NMR (400 MHz, CDCl3) δ (ppm): 0.70–0.91 (s, b), 0.99–1.32 (s,

b), 1.95–2.2 (s, b), 4.7 (s, 2H), 7.24–7.35 (m), 7.40–7.52 (m), 7.55–7.8 (m).
13C-NMR (100 MHz, CDCl3) δ (ppm): 14.0, 22.6, 23.9, 29.2, 30.0, 31.8, 40.4, 55.3,

65.2, 120.0, 121.5, 126.2, 127.2, 127.5, 128.8, 132.1, 140.0, 140.5, 141.8, 151.8.
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1703 cm-1 

Figure 6.7: FT-IR Spectra of hydroxy functionalized polymer 2 (dark) and its precursor (light)
with formylphenyl end-group.

FT-IR (KBr, cm-1): 2953, 2925, 2855, 1622, 1462, 1393, 1202, 1030, 829, 754.

Polymer 2 and its aldehyde-functionalized precursor (1) were charac-

terized by FT-IR spectroscopy. The C–H stretching vibrations of the alkyl chain

appear at 2925 and 2855 cm-1. A strong absorption was observed at 2953 cm-1 for

the C-H stretching of the aromatic ring and a peak at 1462 cm-1 corresponds to

aromatic ring C=C stretching vibration. The alkyl C–H rocking mode is at 829

cm-1. The absence of the 1703 cm-1 peak (green, Figure 6.7), which corresponds to

the carbonyl stretching of the aldehyde group, in the IR spectrum of polymer 2

(red, Figure 6.7) also confirms the complete reduction of the aldehyde end group to

an alcohol. Photophysical Characterization: The photophysical properties of the

polymer were investigated in THF solution (Figure 6.8). Polymer 2 shows typical

absorption and emission features of a poly(fluorene) derivative, with a maximum

absorption wavelength of 375 nm and fluorescence maxima at 415 and 338 nm (λex

= 360 nm).

MALDI-TOF Mass Spectrometry: The molecular weight of the polymer

2 was determined by MALDI-TOF MS using an α-cyano-4-hydroxycinnamic acid

(CHCA) matrix. The mass spectrum of polymer 2 exhibited four major peaks

per degree of polymerization that are assigned to partially end-capped materials
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!
Figure 6.8: Absorption (solid) and fluorescence (dotted) spectra of polymer 2 in THF.

with Ph/Br and boronic-ester/PhCH2OH terminal group, and the product (2 with

Ph/PhCH2OH end groups) ionized with K+ and Na+ ions (Figure 6.9).

!
Figure 6.9: MALDI TOF Mass spectrum of polymer 2.

Gel Permeation Chromatography (GPC): GPC analysis of polymer 2 was

performed in THF solution (poly-p-phenylene calibration) using UV as well as

refractive index (RI) detectors. The molecular weight (Mw) was determined as

5000 – 6000 g/mol, which corresponds to about 13 to 15 fluorene repeating units,

in good agreement with the value determined by MALDI-TOF mass spectrometry.
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!

UV detector 

RI detector 

Figure 6.10: GPC analysis of polymer 2 in THF at 25 ◦C.

Table 6.1: Molecular weight and polydispersity of polymer 2 determined by GPC.

Detector Mn (g/mol) Mw (g/mol) D (Mw/Mn)

UV S3702 2200 6000 2.73
RI 101 1700 5300 3.12

Synthesis and characterization of PFO-b-DNA

Synthesis of PFO-phosphoramidite: The hydroxy-terminated polymer 2 was

converted into the polymer-phosphoramidite derivative (3) in order to perform solid

phase synthesis of DNA block copolymer using an automated DNA synthesizer.

!
Scheme 6.2: Synthetic route to PFO-phosphoramidite.

In a glove box, to a mixture of polymer 2 (Mw = 5300 g/mol, 0.19

mmol, 1.0 g) and N,N -diisopropylethylamine (1.0 mL) in dry THF (25 mL),

N,N -diisopropyl-2-cyanoethyl-chlorophosphoramidite (CEPA-Cl) (3.0 mmol,
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700 µL) was added at room temperature. The reaction mixture was stirred

for 6 h under argon atmosphere. After completion of the reaction, THF was

evaporated under reduced pressure and the crude reaction mixture was dissolved in

CH2Cl2 (100 mL) and washed with 0.1 M solution of Na2CO3 (2 × 20 mL) and

water (3 × 20 mL). The organic layer was further washed with brine (30 mL)

followed by drying over Na2SO4. After evaporation of the solvent, the product

was dried under high vacuum to give a yellow solid in quantitative yield. The

polymer-phosphoramidite (3) was characterized by 31P-NMR spectroscopy.

31P-NMR (200 MHz, THF-d8) δ (ppm): 146.23.

Synthesis of PFO-b-DNA: The PFO-b-DNA was synthesized

using solid-phase synthesis as previously reported with PPO by our group.[70]

First of all, a 22 base oligonucleotide (5′-CCT CGC TCT GCT AAT CCT GTT

A-3′, Mw = 6612 g/mol) was synthesized in a scale of 260 µmol (of Primer

Support dA) using ÄKTA oligopilot 100 plus (GE Healthcare) and standard

β-cyanoethylphosphoramidite (CEPA) coupling chemistry. Then polymer 3 was

dissolved in dry DCM (0.1 M) and coupled to the detritylated 5′-end of the

oligonucleotide chain on the solid support, using an optimized coupling procedure.

The coupling time of this step was increased to 1 min whereas the coupling time

was 0.25 min for the standard DNA phosphoramidites. The mixture of 3 and

activator (60:40, v/v) was recycled through the column for 30 min to achieve a

higher coupling efficiency.

!
Scheme 6.3: One pot solid-phase synthesis of PFO-b-DNA.
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Finally, deprotection of phosphate groups and protected amino nucleobases and

cleavage of the product from the solid support was carried out by incubation in

concentrated ammonia for 5 h at 55 ◦C. The solid support was filtered and washed

with an ethanol/water (50:50, v/v) mixture. The filtrate was then concentrated

under reduced pressure and dried. PFO-b-DNA was isolated by anion exchange

chromatography, HiTrap™ Q HP 1 mL or 5 mL column (GE Healthcare) through

custom gradients using elution buffers (A: 25 mM Tris-HCl, pH = 8.0 and B: 25

mM Tris, 1.0 M NaCl). Fractions were further desalted by either desalting column

(HiTrap™ desalting, GE Healthcare) or dialysis membrane (MWCO 2000, Spectrum

Laboratories). Finally, the identity of isolated product was confirmed by denatured

poly(acrylamide) gel electrophoresis (PAGE) analysis, which allowed determination

of the coupling yield (25%) and purity, and MALDI-TOF mass spectrometry (Fig-

ure 6.11).

Denaturing PAGE: Precast TBE-Urea polyacrylamide (15%) gel was purchased

from Invitrogen (Netherlands). After electrophoresis, the gel was stained with

ethidium bromide and transilluminated at 260 nm.

!
Figure 6.11: Denaturing 15% PAGE of PFO-b-DNA. Lane 1: the crude reaction mixture; lane

2: ultra-low DNA ladder; lane 3: 22 mer DNA with the sequence used in PFO-b-
DNA and lane 4: PFO-b-DNA isolated by HPLC (Figure 6.13).
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MALDI-TOF MS: MALDI-TOF spectrum of PFO-b-DNA was recorded in

linear negative mode on an ABI Voyager DE-PRO MALDI-TOF mass spectrometer

using 3-hydroxyl-picolinic acid (HPA) matrix.

!
Figure 6.12: MALDI-TOF mass spectrum of PFO-b-DNA, calculated Mw = 13,463 (17

monomer units of PFO with the 22 mer ODN) found 13,457 m/z.

Anion Exchange (AIEX) Chromatography: Purified PFO-b-DNA, PPO-b-

DNA and DNA, all with the same 22 mer sequence, were analyzed by anion exchange

chromatography using HiTrap™ Q HP 1 mL with elution buffers (A: 25 mM Tris,

pH = 8.0 and B: 25 mM Tris, 1.0 M NaCl) through a linear gradient (Buffer B : 16

mM / min).

Removal of extra salt from AIEX fraction: Fractions from AIEX chro-

matography were further desalted by either desalting column (HiTrap™ desalting,

GE Healthcare) using elution buffer (25 mM Tris, pH = 8.0) or dialysis using dial-

ysis membrane (MWCO 2000, Spectrum Laboratories) against ultrapure water, at

least 6 – 7 times with 100 times more water volume in the reservoir than the sample

volume in the bag. To concentrate the desalted or dialyzed sample, the solution was

lyophilized by VaCo 2 freeze-drier (Zirbus, Germany).

Quantification of DNA block copolymer products: The UV absorption

spectrum of PFO-b-DNA or DNA-b-PPO solution in ultrapure water was measured
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Figure 6.13: Normalized AIEX chromatograms of PFO-b-DNA (right), PPO-b-DNA (center)
and DNA (left), respectively. UV absorbance at 260 nm is monitored during
elution. Numbers denote retention time (min) and purity (%) of the material
estimated by each band area of product versus byproduct.

on a SpectraMax M2 spectrophotometer (Molecular Devices, USA) using 1 cm light-

path quartz cuvettes. Recorded optical density at 260 nm (OD260) was used to

determine the concentration of the solution using the extinction coefficient of the

DNA sequence as calculated by an online nucleic acid calculation tool.[270]

6.4.4 Microscopic Characterization

AFM characterization of HiPCO dispersions

Height distributions for HiPCO dispersions were obtained using Tapping Mode in

air. For the dispersions hPFO and hPPO, freshly cleaved mica was covered with

a 50 µL droplet of 50 mM MgAc2 and blown dry after 5 minutes. Subsequently, 5

µL of a 5 × dilution of hPFO or hPPO stock in 5 mM MgAc2 was applied to the

surface. After 20 minutes, the sample was gently blown dry under N2, rinsed twice

with 50 µL of ultrapure water, dried once more under N2 and immediately used for

imaging. An identical sample preparation was used for the dispersion hDNA, but

the solution applied to the surface was instead 5 µL of a 30 × dilution of hDNA

stock in 1 mM MgAc2.
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Figure 6.14: AFM characterization of HiPCO dispersions. Representative height images and
the corresponding diameter distributions extracted from section analysis for (a)
hDNA, (b) hPPO and (c) hPFO immobilized on mica in air showing primarily
individually dispersed SWNTs with no large bundles. The total populations for
statistics were as follows: hDNA – 276, hPPO – 207, hPFO – 212. All scale bars
are 250 nm. Vertical color scale is the same for all figures and is 25 nm. Note
the correspondence of the hDNA and hPFO data with PL spectroscopic analysis.
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TEM characterization of HiPCO dispersions

Sample preparation: Onto a carbon coated copper grid, treated with glow-discharge

prior to use, samples were prepared by placing a drop of dispersion sample followed

by addition of a drop of the staining solution (2% uranyl acetate). Excess solution

was carefully blotted off using filter paper and samples were air dried for at least 5

minutes before analysis. TEM images are presented in Figures 6.15, 6.16 and 6.17.

Figure 6.15: (a) and (b) TEM images of hPPO. (c) TEM image of hDNA. (d) Higher magni-
fication image of the marked area. White and grey scalebars are 200 and 50 nm,
respectively.
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Figure 6.16: High-resolution TEM images of hPFO. Scalebars are 50 nm.

Figure 6.17: TEM images of dispersions with (a) Pluronic F127 and (b) SDBS. Scalebars are
200 nm.
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6.4.5 Spectroscopic Characterization

UV/Vis/NIR Absorption Spectroscopy: The absorption spectra of HiPCO

dispersions hPFO and hPPO in D2O are quite similar, as are the weight ratios

of metallic and semiconducting components. However, the PFO-b-DNA dispersion

shows better structure and lower background, indicating that there are more in-

dividually dispersed SWNTs in hPFO than in the case of hPPO. In addition,

absorbance area correspondent to metallic/semiconducting SWNTs were calculated

from the spectra to determine the quantity of the species using a background sub-

straction method from [257] (Figure 6.18 and Table 6.2).

!
Figure 6.18: Absorption spectra of (a) hPFO and (b) hPPO in D2O. The baselines for the

estimation of metallic/semiconducting ratio are marked (dotted lines).

Table 6.2: Metallic/semiconducting ratios of SWNTs from absorption spectra

Integrated wavelength range Ratio of hPFO (%) Ratio of hPPO (%)

Metallic: 400 – 530 nm 14 19
Semiconducting: 1000 – 1600 nm 86 81

Photoluminescence (PL) spectrum of hPFO for assignment of SWNT species

and Resonance Raman spectra of DBC dispersions are presented in Figures 6.19

and 6.20.
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Figure 6.19: Fitted curves (blue) from PL spectrum (red) of hPFO excited at 380 nm using
Lorentzian function. Assigned chiralities (n,m) of 9 SWNTs are noted.
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Figure 6.20: Resonance Raman spectra of PPO-b-DNA (a) and PFO-b-DNA (b) dispersions,
hPPO and hPFO, respectively, excited at 785 nm. The marked resonant peak in
RBM range (inset) is assigned to (8,7), also found in the PL spectra (Figure 6.19).
Other RBM peaks correspond to nanotubes with around 1 nm diameter. D- and
G-bands are marked in dashed squares.
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6.4.6 Molecular Dynamics

Computer simulations of hPFO were performed by a freeware package, Gromacs

v 3.3.1,[271] using the following force fields: AMBER99p and OPLS.[272, 273] The

5′-end of a 22 mer ssDNA (5′-CCT CGC TCT GCT AAT CCT GTT A-3′) was

connected via a phosphodiester linkage to PFO, consisting of six monomer (9,9-

dioctylfluorene) units with a phenyl group at the other terminus. The length of

the SWNT used was approximately the same as the length of PFO block to reduce

simulation time and to induce excluded volume effect on CNT surface. Complete

macromolecules with the atomic precision were used during the MD simulation.

The molecular complexes were solvated in a periodic 11 × 13 × 12 nm box with

TIP3P water[274] as the solvent and four or five PFO-b-DNA molecules per box.

The negative charges on the oligonucleotides were balanced in each box with an

equal number of Na+ ions. The carbon nanotube was generated using parameters

in Table 6.3.

Table 6.3: Selected parameters for (n, m) CNTsa

Name Parameter or formula

C–C bonding length aC−C 0.142 nm

Unit vector ~R1, ~R2 (1, 0), (1/2,
√

3/2)

Chiral vector ~B ~B = n ~R1 +m ~R2

Circumference of nanotube L L = aC−C
√

3(n2 + nm+m2)

1-D translation vector ~T ~T = t1 ~R1 + t2 ~R2

Length of ~T |~T | =
√

3L
d

Number of atoms per unit cell N N = 4(n2+nm+m2)
d

Chiral angle θ θ = arctan(
√
3m

2n+m
)

a d Is the highest common divisor of (2n + m, 2m + n).

In our case indices (n,m) are equal to (8, 6) semiconducting nanotube found in PL

spectra (Figure 6.19). The carbon atoms of nanotubes were treated as uncharged

Lennard-Jones particles and the force-field parameters are shown in Table 6.4.[275]

In the initial state, all PFO-b-DNA molecules were aligned along the nanotube.

Two cases were investigated using four PFO-b-DNA molecules per box. The whole

simulation time was equal to 8 ns. (1) First, the PFO block of PFO-b-DNA
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Table 6.4: Selected parameters for (n, m) CNTs a

KCr = 478.9 kJ mol−1 Å−2 rC = 1.418 Å
KCθ = 562.2 kJ mol−1 θC = 120.0 ◦

KCϕ = 25.12 kJ mol−1 γ = 2.1867 Å−1

εC−C = 0.4396 kJ mol−1 σC−C = 3.851 Å

a KCr, rC, and γ are the parameters of the Morse potential, KCθ and θC
the angle parameters, and KCϕ is the torsion parameter; εC-C and σC-C are

the Lennard-Jones parameters for the carbon-carbon interaction.

was initially closer to the CNT than the DNA block (Figure 6.21). During the

first 100 ps, the distance between the PFO block and the CNT surface rapidly

decreased. While the PFO blocks were covering CNT, the DNA blocks were stable

in water, exhibiting free waving throughout the simulation. Because of the initial

close proximity between CNT and PFO, there was no DNA-CNT interaction. (2) In

the second case, the DNA block of PFO-b-DNA started closer to CNT than the PFO

block (Figure 6.22). This conformation proved unstable. The DNA blocks covered

CNT surface for the first 200 ps, but then after less than one ns, the whole DNA

block detached from CNT. This is probably due to the relatively great loss in entropy

due to confinement of the DNA on the CNT surface, which outweighs the gain of

energy from complex formation between CNT and DNA. An additional simulation

was performed in which four PFO-b-DNA molecules are initially surrounding the

CNT in the stable configuration from case (1) above and a fifth molecule is free in

solution. Within one ns, the four closer molecules rearrange to accommodate the

fifth DBC, the PFO block of which also forms a complex with the CNT surfaces

(Figure 6.23).

6.4.7 Hybridization of Dispersions with Au-cDNA

Preparation of Au-cDNA

Au-cDNA conjugation: A single gold nanoparticle conjugated with a single

cDNA, which is complementary to the DNA of dispersions used throughout this

work, and surface-passivated by α-methoxy-ω-thiol poly(ethyleneglycol) (mPEG-

SH) was prepared as reported by Alivisatos and coworkers.[161]
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Figure 6.21: Snapshots from MD simulation of PFO blocks in close proximity to CNT (case
1) at (a) initial state, (b-c) intermediate states and (d) final state. Nonpolar
hydrogens are omitted for clarity.

Figure 6.22: Snapshots from MD simulation of DNA blocks in close proximity to CNT (case
2) at (a) initial state, (b-c) intermediate states and (d) final state. Nonpolar
hydrogens are omitted for clarity.
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Figure 6.23: Snapshots from MD simulation of five PFO-b-DNA molecules interacting with
the CNT via the PFO blocks, showing (a) an initial stable four-molecule complex
with the CNT and (b-c) rearrangement (d) to accommodate a fifth DBC over a
timescale of 1 ns. Hydrogens are omitted for clarity.
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Gold colloid (5 nm with < 15% coefficient variation) from a supplier (BBinter-

national, UK) was used as received. A negatively-charged water-soluble ligand,

bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt (BSPP, 30 mg)

was added to 50 mL of the gold colloid and stirred overnight. Sodium chloride was

added until the burgundy solution turns into violet. The solution was centrifuged

at 3500 RCF for 10 min, and then the yellow supernatant was discarded. The dark

pellet at the bottom of the tube was dissolved in BSPP buffer (1 mg mL−1) and

quantified by UV/Vis spectrometer using the extinction coefficient (λ520 = 9.3 ×
106 M−1 cm−1) yielding ca. 1 mL (3.5 µM) colloid. A mixture of phosphate buffered

saline (95 µL, 20 mM, pH7.4), concentrated BSPP (95 µL, 50 mg mL−1), thiol-ODN

(25.6 µL, 100 µM), and the quantified colloid (760 µL, 3.5 µM) was mixed by an

orbital shaker (IKA, The Netherlands) overnight. To the mixture, mPEG-SH (3 µL

in 150 µL of ultrapure water) was added and further mixed for 4 h.

Isolation of Au-cDNA: The crude mixture of Au-cDNA was purified by anion

exchange chromatography using HiTrap™ Q HP 1 mL with elution buffers (A: 25

mM Tris, pH = 8.0 and B: 25 mM Tris, 1.0 M NaCl) through a linear gradient

exhibiting baseline separation (Figure 6.24) as reported.[161] Au-cDNA fractions

were collected and concentrated using MWCO 50 kDa centrifugal membrane filter

(Millipore, France). The concentrated Au-cDNA was again quantified and used for

hybridization with hPFO.
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Figure 6.24: Anion exchange chromatogram of Au-cDNA crude mixture. Blue curve is moni-
tored absorbance at 520 nm (gold) and red is 260 nm (DNA) during elution. The
colored area was fractionated.
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Hybridization of hPFO and Au-cDNA

Au-cDNA and hPFO were hybridized under optimized buffer conditions of 250 mM

NaCl, 10 mM MgAc2 and 0.5 × TAE in a thermocyler (Eppendorf, Netherlands).

The mixture was heated to 48 ◦C and slowly cooled to 18 ◦C for 10 h.

Characterization of Au-NPs alignment by TEM

TEM sample preparation is described on page 122 and 131. Recorded images are

presented in Figure 6.25, 6.26, and 6.27.

Figure 6.25: (a-c) TEM images of Au-cDNA hybridized hPFO, (Au-dsDNA-hPFO) without
uranyl acetate staining. (b) Higher-magnification image of the marked region in
(a). (d) A control image with only Au-cDNA. All scalebars are 50 nm.
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Figure 6.26: TEM images of Au-dsDNA-hPPO with uranyl acetate staining. All scalebars are
50 nm.

Figure 6.27: TEM images of Au-dsDNA-hPFO with uranyl acetate staining. All scalebars are
50 nm.

141



6 DNA-Assembled Carbon Nanotube Architectures

Statistical analysis of Au-dsDNA-hPFO: A TEM image of Au-dsDNA-

hPFO negatively-stained by uranyl acetate and showing 787 gold particles was

analyzed. The distance distribution of gold particles to the nearest SWNT was

counted using image-processing software. On the image, a total of 47% of parti-

cles were in close proximity to a SWNT: 31% (228 particles) under stained shadow

of a SWNT and 16% (119 particles) closer than 30 nm from the edge of nearest

SWNT. Still, this kind of analysis may be ambiguous due to inconsistent numbers

of particles on TEM images through local concentration variations of Au particles

or due to the distortion of 3-dimensionally aligned Au particles in solution onto a

2D TEM grid in vacuum. For this reason, we investigated deposition of hPFO onto

a flat Au surface with a sparse self-assembled monolayer (SAM) of cDNA in fluid

(see page 142).

Characterization by AFM

Au-dsDNA-hPPO was initially imaged in Tapping Mode in a standard fluid cell to

ensure the aggregation of AuNPs was not simply a drying effect. A 50 µL droplet

of 12.5 mM MgAc2 was placed on freshly cleaved mica and blown dry after 5

min. Then a sample solution consisting of 0.3 µL hPPO stock, 2.7 µL purified

Au-cDNA stock and 15 µL ultrapure water was applied to the surface. After a

further 10 minutes, another 30 µL of ultrapure water was added and the sample

was immediately used for imaging (Figure 6.28a). Similar structures prepared from

hPFO (Au-dsDNA-hPFO) were examined in Tapping Mode in air. Freshly cleaved

mica was covered with a 50 µL droplet of 12.5 mM MgAc2 and blown dry after 5

minutes. Subsequently, 18 µL of a 1:5 dilution of hPFO stock in ultrapure water

was applied to the surface. After 10 minutes, the sample was gently blown dry under

N2 and imaged without rinsing (Figure 6.28b-e).

6.4.8 Deposition of hPFO onto Mixed cDNA Monolayer

Immobilization of hPFO onto DNA-functionalized surfaces

Plasma-treated 10 × 10 mm Au-coated glass slides were soaked in a 1 mM solution of

mercaptohexanol solution for 60 s, then rinsed 4 times with 1 mL of ultrapure water.
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Figure 6.28: AFM study of AuNP-SWNT hybrids. (a) hPPO with attached Au-cDNA in fluid.
The gold particles identified in section analysis are indicated for clarity. (b) And
(d) are height images of hPFO with attached Au-cDNA in air. (c) And (e) are
the The corresponding phase images. All Au-cDNA particles were confirmed by
section analyses. Scale bars in (a), (b) and (c) are 100 nm and in (d) and (e) are
250 nm. Vertical scale is 100 nm in (a), 50 nm in (b) and (d) and 90 in (c) and
(e).

The substrates were then immersed for 3 hours in thiol-modified ODN immobiliza-

tion solution consisting of 2.5 µM thiol-modified cDNA, 5′-TAA CAG GAT TAG

CAG AGC GAG G-3′, or thiol-modified non-complementary DNA, 5′-CGT ACA

CGT AGC ATG GAT TAG C-3′, in phosphate buffer (1.0 M KH2PO4/K2HPO4,

pH = 7.2). Each substrate was gently rinsed 4 times with 100 µL of phosphate buffer

and twice with 100 µL of 0.1 times phosphate buffer. The surface was subsequently

covered with 150 µL of hybridization solution, consisting of 50 µL of hPFO stock

and 100 µL of immobilization buffer (250 mM NaCl, 10 mM MgAc2), and left in a

sealed container for 15 hours. Excess solution was shaken off and the surface was

rinsed four times with 100 µL of rinsing buffer (250 mM NaCl, 5 mM MgAc2), gently

blown dry under N2, rinsed twice with 100 µL of ultrapure water and dried once

more under N2. Images were immediately collected in Contact Mode in air with

scan sizes of 5 µm and 3 µm.

AFM images were collected over a total scan area of 254 µm2 for cDNA surfaces

and 134 µm2 for non-complementary DNA surfaces. As shown in Table 6.5 below, the

coverage was variable but consistently higher on the cDNA-functionalized surface.

Interestingly, the coverage of SWNTs on cDNA showed a significant increase when
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images were collected at smaller scan sizes, presumably due to a combination of

AFM resolution limits and the extreme roughness of the Au substrate relative to the

size of SWNTs. The increase in coverage for the non-complementary DNA surface

upon reducing the scan size was far more modest, suggesting that the coverage

on the cDNA surface may be still more than 4 times greater than that on non-

complementary DNA.

Figure 6.29: Immobilization of hPFO onto DNA-functionalized surfaces. (a) hPFO immobi-
lized onto cDNA. The coverage for the entire scan area was found to be 5.08
SWNTs/µm2. (b) The same image presented in (a), with SWNTs highlighted
for clarity. (c) hPFO immobilized on non-complementary DNA. The coverage for
the entire scan area was found to be 1.43 SWNTs/µm2. Large particles seen
in (a) and (c) are residual salts from the DNA buffer solutions and can only be
removed through excessive rinsing. Scale bars are 500 nm. Vertical scale is 100
nm. Images are taken from 5 µm scans.

Raman spectra supported the presence or absence of SWNT on prepared Au

surfaces (Figure 6.30).

6.4.9 Device Fabrication and Electronic Measurements

Preparation of SWNT devices

Substrate preparation: Devices were made on highly n-doped (0.007 Ω cm) 4-

inch Si wafers covered with a 500 nm silicon oxide dielectric. We spin-coated a 350

nm thick electron beam sensitive resist (ZEP-520, Zeon corporation) and baked it

on a hot plate at 180◦C for 90 s. After exposing the resist with 30 keV electrons

(nominal dose of 100 µC/cm2, using the eLine EBL from Raith GmbH, Germany)
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Table 6.5: Coverages of SWNTs deposited on cDNA- and non-complementary DNA-
functionalized Au surfaces

cDNA Scan Area SWNTs Coverage Non-cDNA Scan Area SWNTs Coverage

Surfaces (µm2) (N) (N/µm2) Surfaces (µm2) (N) (N/µm2)

1 25 138 5.52 1 25 23 0.92
2 25 103 4.12 2 25 35 1.40
3 25 96 3.84 3 25 33 1.32
4 25 127 5.08 4 25 37 1.48
5 25 118 4.72 5 25 45 1.80
6 25 100 4.00 6 9 16 1.78
7 25 100 4.00
8 25 109 4.36
9 9 75 8.33
10 9 101 11.22
11 9 59 6.56
12 9 76 8.44
13 9 88 9.78
14 9 106 11.78

Navg = 6.55± 2.83 Navg = 1.45± 0.33

RBM 
D 

G 

Figure 6.30: Raman spectra of DNA immobilized Au surface (excited at 785 nm). (a) Mixed
self-assembled monolayer (SAM) of MCH and thiol-cDNA (black). (b) On an
identical SAM, hPFO was immobilized (red).
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we developed the exposed structures in n-Amyl-acetate. Using an e-gun evaporator

we deposited 5 nm of Ti and 35 nm of Au at P = 10−7 mbar vacuum. Liftoff was

done in hot PRS300 (70◦C) and after rinsing in water we blew the wafer to dryness

using nitrogen gas.

Self-assembly of devices: The chip (Figure 6.31) was cleaned under O2 plasma

for 90 s before DNA immobilization. After plasma treatment, the chip was sub-

merged in 1 mM mercaptohexanol (MCH) solution for 60 s, then rinsed 4 times

with 1 mL of ultrapure water. A well was then constructed around each device

using adhesive DNA immobilization chambers (Bio-Rad, USA). To each well was

added 10 µL of immobilization solution consisting of 4 µM thiol-modified cDNA in

phosphate buffer (1.0 M KH2PO4/K2HPO4, pH = 7.2). After 3 hours each well was

gently rinsed 4 times with 40 µL of phosphate buffer and twice with 40 µL of 0.1 ×
phosphate buffer. After excess solution was carefully removed with filter paper, each

well was filled with 15 µL of hybridization solution, consisting of 5 µL of hPFO or

hDNA stock and 10 µL of immobilization buffer (250 mM NaCl, 10 mM MgAc2),

and left under a watch glass for 13 hours. Excess solution was shaken off and each

well was rinsed four times with 10 µL of rinsing buffer (250 mM NaCl, 5 mM MgAc2)

and twice with 15 µL of ultrapure water before being completely dried under a N2

stream.

Figure 6.31: (a) A device photo taken from probe station. (b) Self-assembly of device and
silver paste contact to bottom gate electrode. Usually 60 µl is sufficient to cover
four device squares (4 by 4 mm).
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Electronic Measurement

Current-voltage (I-V) measurements were performed in a home-built probe station

using a Keithley 4200 Semiconductor Analyzer Characterization System. The probe

station was pressurized at 10−6 – 10−7 mbar before the measurements. To make

electrical contact with the back gate electrode, the SiO2 layer was scratched off and

covered with silver paste (Figure 6.31b). I-V characteristics at no gate voltage

were collected on all devices (170 hPFO, 136 hDNA) with maximum source-

drain voltages ranging from 1.0 to 5.0 V. FET behavior was studied for one half

block of hPFO devices as well as for several other hPFO and hDNA devices that

had shown interesting I-V characteristics (for a total of 25 hPFO devices and 2

hDNA devices). For these measurements gate voltages from -50 V to 50 V were

used with source-drain voltages ranging from -1.5 to 1.5 V. Neither of the hDNA

devices showed an observable field effect. On the other hand, all 25 of the hPFO

devices demonstrated some degree of field effect, with 20 of them demonstrating

sufficiently strong switching to be considered unambiguous FETs. Furthermore, the

most effective of these devices yielded an on/off ratio of 5 × 104 with such low off-

state conductivity that in the non-gated measurements it had been counted as one

of the two non-functioning devices (Figure 6.32).

!
Figure 6.32: Device characteristics of hPFO SWNT-FET. (a) Output characteristics for p-

channel operation for VG = -50 to -10 V (step: 5 V, bottom to top). (b)
Transfer characteristics for VDS = -0.25 to -1.5 V (step: 0.25 V, bottom to top).
The on/off ratio for this device is 5 × 104.
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SEM evaluation of devices

After the completion of all I-V measurements, portions of the bridging regions of

selected hPFO and hDNA (Figure 6.33) devices were examined by SEM (JSM-

7000F from JEOL).

Figure 6.33: (a and b) SEM images of devices with hPFO. SWNTs in inset in (a) are colored
for clarity. The contrast of the image (b) was enhanced by software. (c) SEM
image of the only observed bridging SWNT in an hDNA device. Scalebars are 1
µm.
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