Chapter 9

Summary and Perspective
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Detection of biologically relevant targets, including small molecules, proteins,
and nucleic acids, is vital for both fundamental research as well as clinical and field
diagnostics. Sensing strategies that feature biological substrates for analyte capture
provide a natural foundation for bioassays, owing to the inherent molecular-recognition
nature of substrate-ligand binding. Nucleic acid-based platforms in particular comprise
an especially robust and flexible class of sensors, capable of detecting a variety of small-
molecule, protein, and DNA/RNA targets.’”

Protein targets, in particular, have garnered significant interest because of their
roles in the initiation and development of many diseases, including cancer. While DNA
arrays using fluorescence-based technology have changed the way we probe gene
expression and the variations therein that lead to disease, they generally cannot directly
detect proteins. Additionally, they inherently require expensive optical systems for
readout and exhibit significant signal variability.

DNA-based electrochemistry, in contrast, enables fast, facile detection of a
variety of biomolecules, with high sensitivity, low cost, and the capacity to incorporate
multiplexing.’” All of these features are vital for the clinical applicability of a detection
platform. Many DNA-modified electrodes employ the same strategies for detection as
fluorescence-based sensors, but with the added sensitivity and lower complexity of
electrochemistry (i.e., hybridization with labeled targets,”® structural changes to a DNA

hairpin to turn on a signal,””° and impedance measurements’” "/

). These similarities in
detection strategies lead many of these platforms to have the same issues as the

fluorescence-based assays, including non-specific hybridization interactions, yielding

false positive signals and difficulty directly detecting protein activity.
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If the intrinsic structural and electronic properties of DNA are harnessed, the
sensitivity and selectivity of DNA-based electrochemical detection is significantly
increased.”” > One especially sensitive method of detection relies on the phenomenon
known as DNA-mediated charge transport (DNA CT). DNA CT is based on the ability
of electrons to flow through the stacked, aromatic bases that comprise the core of DNA.
The structure of the stacked DNA bases is very similar to the structure of the known
conductor, graphene; the vertical rise between the aromatic bases, as between the layers
of graphene, is 3.4 A, which is sufficiently small to enable the m orbitals of the DNA
bases to overlap, creating a conduit for electron flow. The ability of DNA to conduct
charge through its core was initially shown with excited-state solution experiments,’*
and this process was found to be efficient over long distances on fast time scales.
Importantly, this process is extremely sensitive to anything that disturbs the & stacking of
the DNA bases.'”*’

For DNA CT to be an effective method of biomolecule detection, the DNA must
be anchored to provide a handle for detection. DNA-modified gold electrodes provide a
solid support and simple electrochemical readout to facilitate detection by DNA CT.
Conventionally, DNA-modified electrodes are formed from the self-assembly of thiolated
DNA duplexes on gold electrode surfaces. These monolayers have enabled single-base
mismatch and lesion detection, irrespective of sequence context.’” ?’ DNA-mediated
electrochemistry also offers a sensitive means to monitor protein activity at low
concentrations. Proteins that perturb the base stack or chemically modify DNA are easily
detected by DNA CT-based platforms, including methyltransferases, photolyases, and

transcription factors. Selectivity is governed by the sequence-specificity of the protein.”



325

! Self-assembly of thiolated DNA for DNA film formation has enabled the detection of
a variety of biomolecules, but little control is afforded with this method over the spacing
between individual DNA helices.” Increased access for biological targets to bind,
particularly in congested, crude lysate samples, is a critical parameter for sensitive,
relevant biomolecule detection. The importance of interhelical spacing was previously
demonstrated by the effect of DNA deflection angles on nanostructured microelectrodes.
Increasing the deflection angle between helices enabled significantly lower detection
limits of oligo targets.’”

In this thesis work, we have improved i) control over the morphology of DNA
monolayers and ii) platforms to facilitate sensitive biomolecule detection. We first
utilized copper-free click chemistry to better control the density and homogeneity of
DNA monolayers. Subsequently, we applied click chemistry-based formation of low-
density DNA monolayers to the patterning of DNA arrays. The platform developed for
DNA array formation also incorporated a secondary electrode for detection, which, when
coupled with electrocatalysis, enabled especially sensitive protein and nucleic acid
detection. This platform was subsequently multiplexed for simultaneous detection from
multiple biological samples. When a signal-on assay for methyltransferase detection was
combined with this electrochemical platform, methyltransferase activity from crude tissue
lysates was detected. Differential activity between tumor tissue and healthy adjacent
tissue was consistently observed when measured with this platform. We have increased
the control over DNA monolayer morphology and combined this control with improved

sensitivity to facilitate detection of an important cancer biomarker from clinical samples.
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Extensive characterization of conventional thiolated DNA monolayers has
confirmed their inhomogeneity. Some control over the total amount of DNA assembled
is obtained by varying the ionic strength of the assembly solution. Thiolated DNA
monolayers contain some regions of very high DNA density and other regions with little
to no DNA, making biomolecule detection difficult, as different regions of the surface
will respond differently to the addition of biomolecules.

To improve the morphology of DNA monolayers, we first developed a method of
monolayer formation using copper-free click chemistry, which enables control over the
amount of DNA assembled. Extremely low-density DNA monolayers, with as little as
5% total surface coverage of DNA, have been formed. These DNA-modified electrodes
(DMEs) were fully characterized both visually and electrochemically, and were found to
be significantly more homogeneous than traditional thiol-modified DNA monolayers.
Furthermore, these monolayers support greater accessibility to individual DNA helices,
resulting in more sensitive detection of the transcriptional activator TATA-binding
protein (TBP), with detection limits on the order of the dissociation constant of the
protein. The improved DNA helix accessibility, and therefore sensitivity, afforded by
these DNA monolayers reflects their general utility for electrochemical sensor
development.

We further developed click chemistry-based DNA monolayer formation to create
patterned DNA arrays, which facilitate direct comparisons between multiple sequences of
DNA on a single electrode surface. These arrays are electrochemically formed and
addressed with a two-electrode platform. Electrochemical activation of a copper catalyst

at a particular location on a bare secondary electrode precisely places multiple sequences



327

of DNA onto a single, substrate electrode surface. The incorporation of a secondary
microelectrode with electrocatalytic signal amplification for electrochemical readout
provides improved sensitivity with spatial resolution of the DNA array on the primary
electrode surface. We have applied this two-electrode platform to form DNA arrays that
enable differentiation between well-matched and mismatched sequences, detection of
TATA-binding protein, and sequence-selective DNA hybridization, all with greater
control than was previously available.

Multiplexing of this two working electrode platform has enabled simultaneous
and specific detection of multiple proteins. In this platform, which contains two
complementary electrode arrays, DNA duplexes are patterned onto the primary electrode
array, while the secondary array is used for DNA patterning and biomolecule detection.
Particular sequences of DNA are specifically placed on the primary electrode array using
electrochemically-activated click chemistry. We have found that catalyst activation at the
bare secondary electrode array is essential to maintain the integrity of the DNA
monolayer. The deleterious effects of catalyst activation at the DNA-modified electrode
have been confirmed by impedance spectroscopy, cyclic voltammetry, and constant
potential amperometry. Electrochemical readout at the secondary electrode has further
eliminated the need for large background corrections, as current is only generated at the
secondary electrode when DNA CT occurs at the primary electrode. We expanded our
protein detection capabilities with this platform through the sensitive detection of the
transcription factors TATA-binding protein and CopG on the same electrode array with

sequence specificity.
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Clinically relevant detection with this two working electrode platform was
established by incorporating an electrochemical signal-on methyltransferase activity
assay. Epigenetic modifications, namely DNA methylation, have been found to
necessitate tight regulation in the cell to prevent the development of cancer.”””® As such,
abnormal DNA methyltransferase activity has been connected to the development and
progression of cancer. However, detection methods to assess methyltransferase activity
from crude tumor samples are limited because they rely on radioactivity or fluorescence

and require bulky instrumentation.”” *

We developed an electrochemical platform for
the label-free detection of the activity of the most abundant human methyltransferase,
DNMT]1, that enables measurements from crude cultured colorectal cancer cell lysates
(HCT116) and biopsied tumor tissues. We specifically and selectively measured
DNMTT1 activity within these congested cellular samples using this platform and, based

on differences in DNMT1 activity, we can distinguish colorectal tumor tissue from

healthy adjacent tissue.

As differences in DNMT1 activity between tumor tissue and healthy adjacent
tissue were measureable with our platform, we evaluated ten sets of tumors to determine
the clinical relevance of this technology. With our multiplexed, two working electrode
platform, we have found a direct correlation between higher DNMTI1 activity and
tumorous tissue. In the majority of samples analyzed, the tumorous tissue had
significantly higher DNMT]1 activity than the healthy adjacent tissue. No such
correlation was observed in measurements of DNMT1 expression by quantitative PCR,

DNMT1 protein abundance by Western blotting, or DNMTT activity using a radiometric
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DNA labeling assay. Our electrochemical platform provides a direct measure of DNMT1

activity in crude, clinically relevant samples.

DNA CT-based electrochemical sensors offer many advantages over other nucleic
acid sensors. The inherent sensitivity of CT to small perturbations in the base stack of
DNA has enabled the detection of proteins, nucleic acids, and even epigenetic DNA
modifications. With conventional DNA-modified electrodes, however, we have been
limited to the detection of purified biomarkers. It has been especially rewarding to have
developed platforms that enable detection from clinically relevant crude samples, a great
step toward real-world applications of these DNA sensors. The platforms described here
offer a basis for further development, with the goal of methyltransferase analysis on a
single-cell level, detection of the epigenetic modification hydroxymethylation, and the
further application of this technology to the development of assays that could provide

better diagnostics for disease.



330

References

1. Cederquist, K. B., and Kelley, S. O. (2012) Nanostructured biomolecular detectors:
pushing performance at the nanoscale, Curr. Opin. Chem. Biol. 16,415-421.

2. Das, J., Cederquist, K. B., Zaragoza, A. A., Lee, P. E., Sargent, E. H., and Kelley, S.
0. (2012) An ultrasensitive universal detector based on neutralizer displacement,
Nat. Chem. 4,642-648.

3. Das, J., and Kelley, S. O. (2013) Tuning the bacterial detection sensitivity of
nanostructured microelectrodes, Anal. Chem. 85, 7333-7338.

4. Kang, D., White, R. J., Xia, F., Zuo, X., Vallee-Belisle, A., and Plaxco, K. W. (2012)
DNA biomolecular-electronic encoder and decoder devices constructed by
multiplex biosensors, NPG Asia. Mater. 4,el.

5. Lai, R. Y., Plaxco, K. W., and Heeger, A. J. (2007) Aptamer-based electrochemical
detection of picomolar platelet-derived growth factor directly in blood serum,
Anal. Chem. 79,229-233.

6. Caruso, F., Rodda, E., Furlong, D. N., Niikura, K., and Okahata, Y. (1997) Quartz
crystal microbalance study of DNA immobilization and hybridization for nucleic
Acid sensor development, Anal. Chem. 69, 2043-2049.

~

. Cheng, J., Sheldon, E. L., Wu, L., Uribe, A., Gerrue, L. O., Carrino, J., Heller, M. J.,
and O'Connell, J. P. (1998) Preparation and hybridization analysis of DNA/RNA
from E. coli on microfabricated bioelectronic chips, Nat. Biotechnol. 16, 541-546.

oo

. Gooding, J. J. (2002) Electrochemical DNA Hybridization Biosensors, Electroanalysis
14,1149-1156.

Ne)

. Kelley, S. O., Mirkin, C. A., Walt, D. R., Ismagilov, R. F., Toner, M., and Sargent, E.
H. (2014) Advancing the speed, sensitivity and accuracy of biomolecular
detection using multi-length-scale engineering, Nat. Nanotechnol. 9, 969-980.

10. Kafka, J., PAenke, O., Abendroth, B., and Lisdat, F. (2008) A label-free DNA sensor
based on impedance spectroscopy, Electrochimica Acta 53, 7467-7474.



11

12

13

14

15.

16

17

18

19

20

331

. Leasen, S., Sritunyalucksana-Dangtip, K., Hodak, J., Srisala, J., Kulsing, C., and
Veerasia, W. (2012) Using Electrochemical Impedance Spectroscopy of
Methylene Blue and Ferricyanide for DNA Sensing Surface Characterization, In
Chemistry for Sustainable Development (Gupta Bhowon, M., Jhaumeer-Laulloo,
S.,Li Kam Wah, H., and Ramasami, P., Eds.), pp 249-264, Springer Netherlands.

. Gorodetsky, A. A., Buzzeo, M. C., and Barton, J. K. (2008) DNA-mediated
electrochemistry, Bioconjug. Chem. 19, 2285-2296.

. Muren, N. B., Olmon, E. D., and Barton, J. K. (2012) Solution, surface, and single
molecule platforms for the study of DNA-mediated charge transport, Phys. Chem.
Chem. Phys. 14, 13754-13771.

. Holmlin, R. E., Dandliker, P. J., and Barton, J. K. (1997) Charge Transfer through the
DNA Base Stack, Angew. Chem. Int. Ed. 36,2714-2730.

Holmlin, R. E., Dandliker, P. J., and Barton, J. K. (1999) Synthesis of
metallointercalator-DNA conjugates on a solid support, Bioconjug. Chem. 10,
1122-1130.

. Kelley, S. O., Barton, J. K., Jackson, N. M., and Hill, M. G. (1997) Electrochemistry
of methylene blue bound to a DNA-modified electrode, Bioconjug. Chem. 8, 31-
37.

. Kelley, S. O., Boon, E. M., Barton, J. K., Jackson, N. M., and Hill, M. G. (1999)
Single-base mismatch detection based on charge transduction through DNA,
Nucleic Acids Res. 27,4830-4837.

. Murphy, C. J., Arkin, M. R., Ghatlia, N. D., Bossmann, S., Turro, N. J., and Barton, J.
K. (1994) Fast photoinduced electron transfer through DNA intercalation, Proc.
Natl. Acad. Sci. USA 91,5315-5319.

. Murphy, C. J., Arkin, M. R., Jenkins, Y., Ghatlia, N. D., Bossmann, S. H., Turro, N.
J., and Barton, J. K. (1993) Long-range photoinduced electron transfer through a
DNA helix, Science 262, 1025-1029.

. Slinker, J. D., Muren, N. B., Renfrew, S. E., and Barton, J. K. (2011) DNA charge
transport over 34 nm, Nat. Chem. 3,228-233.



21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

332

Boon, E. M., Ceres, D. M., Drummond, T. G., Hill, M. G., and Barton, J. K. (2000)
Mutation detection by electrocatalysis at DNA-modified electrodes, Nat.
Biotechnol. 18, 1096-1100.

Gorodetsky, A. A., Ebrahim, A., and Barton, J. K. (2008) Electrical detection of
TATA binding protein at DNA-modified microelectrodes, J. Am. Chem. Soc. 130,
2924-2925.

Muren, N. B., and Barton, J. K. (2013) Electrochemical assay for the signal-on
detection of human DNA methyltransferase activity, J. Am. Chem. Soc. 135,
16632-16640.

DeRosa, M. C., Sancar, A., and Barton, J. K. (2005) Electrically monitoring DNA
repair by photolyase, Proc. Natl. Acad. Sci. USA 102, 10788-10792.

Murphy, J. N., Cheng, A. K., Yu, H. Z., and Bizzotto, D. (2009) On the nature of
DNA self-assembled monolayers on Au: measuring surface heterogeneity with

electrochemical in situ fluorescence microscopy, J. Am. Chem. Soc. 131, 4042-
4050.

Jones, P. A., and Baylin, S. B. (2002) The fundamental role of epigenetic events in
cancer, Nat. Rev. Genet. 3,415-428.

Jones, P. A., and Laird, P. W. (1999) Cancer epigenetics comes of age, Nat. Genet.
21,163-167.

Jones, P. A., and Takai, D. (2001) The role of DNA methylation in mammalian
epigenetics, Science 293, 1068-1070.

Heyn, H., and Esteller, M. (2012) DNA methylation profiling in the clinic:
applications and challenges, Nat. Rev. Genet. 13,679-692.

Jurkowska, R. Z., Ceccaldi, A., Zhang, Y., Arimondo, P. B., and Jeltsch, A. (2011)
DNA methyltransferase assays, Methods Mol. Biol. 791, 157-177.



