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The azobenzene-modified DNA is an oligonucleotide molecule with azobenzene moieties
covalently linked to the DNA backbone via the d-threoninol bond. The reversible photoswitching
capability of azobenzene allows optical irradiation (light) to control the hybridization of
azobenzene-modified DNA. Meanwhile, gold nanoparticles functionalized with natural
oligonucleotides show increased sensitivity in nucleic acid detection due to the DNA-directed
biorecognition and nanoparticles’ plasmonic effects. In the dissertation, I present my studies of
surface functionalization of gold nanoparticles with azobenzene-modified oligonucleotides and
the relevant photochemical characterization of the new system.

In chapter 2, | synthesize the photoswichable gold nanoparticle assemblies cross-linked
with azobenzene-modified DNA. Beyond the classic DNA-directed assembly and sensing
behaviors associated with DNA-modified nanoparticles, these particles exhibit reversible
photoswitching of their assembly behavior. Exposure to UV light induces the dissociation of
nanoparticle aggregates due to trans-to-cis isomerization of the azobenzene which destabilizes
the DNA duplex. The assembly of nanoparticles is reversible upon exposure to blue light due to
the reverse cis-to-trans isomerization of azobenzene-modified DNA. | further find that perfectly
complementary and partially mismatched strands exhibit clearly distinguishable photoinduced

melting properties, and | demonstrate that photon dose can thus be used in place of temperature



or ionic strength to control hybridization stringency with the ability to discriminate single-base
mismatches.

In chapter 3, | study the sequence dependence of the photoinduced isomerization
quantum yield of azobenzene-modified DNA. Compared to the free azobenzene, the trans-to-cis
isomerization quantum yield is decreased 3-fold (from 0.0944-0.004 to 0.036+0.002) when the
azobenzene is incorporated into single-strand DNA (ssDNA), and is further reduced 15-fold (to
0.0056+0.0008) for azobenzene incorporated into double-strand DNA (dsDNA). Quantum yield
is also sensitive to the local sequence including both specific mismatches and the overall
sequence-dependent melting temperature.

In chapter 4, | study hybridization and light-induced dehybridization of azobenzene-
modified DNA bound to glass substrates with fluorescently-labeled oligonucleotide targets in
solution. I show that fluorescent readout using a commercial array scanner is compatible with
azobenzene-modified DNA capture sequences. In addition, | demonstrate that | can photoswitch
azobenzene molecules on a surface in the presence of fluorophores and thus that | am able to
control the dehybridization behavior of the immobilized azobenzene-modified DNA with its
target sequence in solution. | further study the dehybridization of perfectly-matched target
sequences and the single-base-mismatched sequences as a function of radiant fluence. | measure
lower fluorescent signals for sequences with a single-base mismatch than that for perfectly-
matched sequences, showing that mismatched sequences dehybridized more efficiently upon UV
illumination. The extension of this photoinduced differential dehybridization phenomenon to
surfaces in the presence of fluorophores indicates that optical DNA hybridization stringency is

compatible with chip-based applications for heterogeneous assays.
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Chapter | Background and Motivation

1.1 Azobenzene and photo-induced isomerization

Azobenzene, a phenyl derivative of diazene family (Figure 1.1a), has two
configurations—the trans-azobenzene® and the cis-azobenzene that Hartley?® had isolated 80
years ago. Trans-azobenzene is a planar molecule with zero dipole moment. X-ray data*®
indicates that CNNC dihedral angle is 180° and CNN angle is 114°.5 Cis-azobenezenen, with 3-
Debye dipole moment,’ is a non-planar molecule with CNNC dihedral angle being 172° and
phenyl group twist angle being 53°.8 Azobenzene has unique photoswitching property that trans-
azobenzene isomerizes to cis-azobenzene under UV irradiation (~300-370 nm) and cis-
azobenzene converts to trans-azobenzene upon blue irradiation (~430-460 nm) or heat.(Figure
1.1a) This trans-to-cis photoswitching is almost completely reversible because azobenzene is
photo-stable.® No photo-induced decomposition happens after prolonged irradiation time,° and

the trans-form to cis-form ratio stays unchanged after photo-stationary state achieves.!*

(a)
f—1.00m —no |——0.59 nm —|
@‘"‘»O QO
N=N
trans-azobenzene cis-azobenzene

moaaoanmuowo«omm

Wavelength (nm)

Figure 1.1 Structural and electronic features of azobenzene molecules.
(a) Photo-isomerization of trans-azobenzene and cis-azobenzene; (b) Optical extinction coefficient spectra
of trans-azobenzene and cis-azobenzene in ethanol. (Image is preprinted with permission of reference 10

Copyright Elsevier Science.)
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Trans-azobenzene and cis-azobenzene have unique absorption spectroscopy features that
affect their photo-isomerization reactions. Figurel.1b shows the plot of the absorption coefficient
versus wavelength for azobenzene molecules.® Notably, trans-azobenzene has its main
absorption band maximized at 330 nm with absorption coefficient being ~22000 L/mol/cm).!2 It
is reported that the n-to-n* electronic transition of the nitrogen atoms is responsible for 330 nm
absorption in the UV region. Meanwhile, trans-azobenzene has a weaker absorption band in the
visible region centered at ~450 nm with absorption coefficient being ~400 L/mole/cm.® This
blue absorption at 450 nm corresponds to the n-to-n* electronic transition which virtually
requires lower energy.

Cis-azobenzene has a weaker n-to-n* electronic transition and shows absorption feature
in the UV region centered at ~240 nm (11000 L/mol/cm) and ~280 nm (5000 L/mol/cm).X® The
n-to-m* transition of cis-azobenzene absorbs energy at ~450 nm (1500 L/mol/cm)® and exhibits a
relatively stronger absorption than that of trans-azobenzene at the same wavelength.

Photo-induced isomerization happens in both directions under optical irradiation from
trans-form to cis-form and from cis-form to trans-form. The thermal-induced cis-to-trans
isomerization is usually negligible because it is slow at room temperature with a half-life time
being 2-3 days.}*1 In order to quantify the photonic efficiency of the photo-isomerization
reaction, quantum yield (QY) is measured as an important parameter. There are two types of QY
the trans-to-cis isomerization QY and the cis-to-trans QY. This dissertation focuses on
discussions of trans-to-cis QY in chapter 3. The trans-to-cis QY is defined and calculated as the
ratio of “the number of isomerized trans-azobenzene” to “the number of absorbed photons™ at the

irradiation wavelength and at the incident time.1%!
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The trans-to-cis QY depends on the irradiation wavelength such that the QY reduces at
high-energy irradiation (shorter wavelength), whereas the QY increase at low-energy irradiation
(longer wavelength).1®1® For example, Zimmerman et al measured the trans-to-cis QY being
~0.1 for 365 nm UV irradiation and being ~0.4 for 450 nm blue irradiation.! Other conditions
like solution viscosity®?° and azobenzene molecular substitution?! affect the trans-to-cis
isomerization QY.

The kinetics of photo-isomerization reactions can be monitored by spectroscopy features

of azobenzene molecules. The following rate equation describes the reaction:12?

dlcis]y Tl (1 — 10—abs(t)) * Ptrans * Etrans
dt V x abs(t)

([trans]o — [cis]e)

I*1x (1 - 10—abs(t)) * d)cis * Ecis
V * abs(t)

[cis]e

where [cis], is the concentration of cis-azobenzene at time t; [trans], iS concentration of trans-
azobenzene before photoisomerization which is assumed to be the total concentration of
azobenzene; I is the intensity of the excitation; [ is the beam path length of UV-vis absorption
measurement; abs(t) is the absorbance of the sample at the excitation wavelength, and t is time;
birans and ¢ ;s are the quantum yields of trans-to-cis and cis-to-trans isomerization; &;,-4ns and
&.is are the absorption coefficients at the excitation wavelength of trans-azobenzene and cis-
azobenzene; V is the volume. There will be more explanations in chapter 5.

Photo-induced isomerization reaction at 315 nm reaches its photo-stationary state with
more than 90% of trans-azobenzene converting to cis-azobenzene.??23 The fraction of cis-
azobenzene at photo-stationary state also depends on irradiation wavelength. In the recent 20

years, ultrafast time-resolved spectroscopy techniques have enabled measurement of short-lived
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excited states of trans-azobenzene and cis-azobenzene, answering questions of photo-
isomerization kinetics in ultrafast time scale.?4%

The trans-to-cis isomerization mechanism is also a hot topic that is under investigation
using advanced experimental®* and simulation?” methods. The following two pathways?®2°—
rotation and inversion—are in the center among all other mechanism.(Figure 1.2) Studies support
that the UV-induced trans-to-cis isomerization (S2 < SO0) tends to follow the rotation pathway;
while the blue-induced trans-to-cis isomerization (S1 < SO) favors the inversion mechanism.
More recent studies have proposed new mechanisms based on the rotation and inversion such as

converted inversion and inversion-assisted rotation.®

/_\ R p @N
MR -~
S O

/

N
< gega
NQ N NN

— o ©

trans-azobenzene cis-azobenzene

Inversion
Figure 1.2 Trans-to-cis photoisomerization mechanism.
(Image is reprinted with permission of reference 9.) Copyright RSC Publishing.

1.2 Azobenzene-modified DNA

Azobenzene has been embedded via chemical methods to many light-inert systems such
as small molecules, -3 polymers,**=" and proteins.3®4° The motivation beneath azobenzene

modification is to create a photo-reactive system whose functionality is manipulated by optical
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triggers via photo-isomerization of azobenzene units.***2 Virtually, azobenzene is a good
candidate to be coupled to proteins, DNAs or RNAs to create a photo-responsive system because
the azobenzene-modified system is fully reversible with no side reactions.®

Asanuma research group has pioneered in synthesizing and characterizing azobenzene-
modified DNA.*4* Using azobenzene-modified phosphoramidate precursor in the DNA
synthesizer,”® Asanuma et al successfully synthesized azobenzene-modified oligonucleotide that
bear multiple azobenzene units*® in the backbone via d-threoninol covalent linkage (Figure 1.3).
Despite some structural distortion resulting from extra volume of azobenzene moieties,*’ the
modified single-stranded DNA (ssDNA) is able to form double-stranded (dsDNA) with its

complementary sequence.*8

d-threoninol
bond

Figure 1.3 Chemical structure of the d-threoninol bond in azobenzene-modified DNA.
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It is discovered that the trans-azobenzene stabilizes the dsSDNA as the melting
temperature of azobenzene-modified (in trans-form) duplex is measured with an increased value
than that of unmodified duplex.*® NMR studies*’ show that phenyl groups of the trans-
azobenzene form n-x stacking interaction with the nearby nucleotide bases, which increases the
stability of dSDNA. However, when trans-azobenzene isomerizes to its cis-form upon UV
irradiation, the n-n electronic interaction disappears and the steric hindrance appears. The cis-
azobenzene, with a reduced melting temperature relative to the corresponding unmodified
duplex, cause the dsDNA to dehybridize into ssDNA.*° Furthermore, the dehybridized ssDNA is
able to rehybridize to dsSDNA when blue irradiation reverse the isomerization reaction by
converting cis-azobenzene to the trans-form.>® As a result, the hybridization and dehybridization
of azobenzene-modified DNA are controlled in a fully-reversible manner by optical irradiation,
when other factors such as temperature and buffer concentration are maintained the same.
Azobenzene-modified DNA has been studied for applications including control of genetic

expression,>>3 photo-driven DNA nanomotors,**°® enzyme inhibition®***" and so on.
1.3 DNA-functionalized gold nanoparticles

Gold nanoparticles covalently functionalized with a dense layer of oligonucleotides®® are
widely studied for their unique properties,®%! which are markedly different from gold
nanoparticle and DNA. Gold nanoparticles exhibit localized surface plasmon resonances®
(LSPRs) that are sensitive to nanoparticle’s size and shape, refractive index® and interparticle
coupling.®®® The LSPR contributes to the physical and chemical characteristics of gold
nanoparticle such as the strong catalytic ability®”°® and improved light scattering efficiency.’®"?

Densely-coated oligonucleotides on gold nanoparticle surface,”® in addition to its usually base-
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pairing recognition feature, add new characteristics such as increased stability’*" and sharp
dissociation transition’® to the newly-created DNA-functionalized gold nanoparticles.

Oligonucleotides bear three unique regions—the thiolate end, the spacer and the base-
pairing region.(see Figure 2.1) The thiolate region at either 5’ or 3’ end of the oligonucleotide is
covalently modified with a hexylthiol group, forming Au-S bond’’-’® that enables covalent
attachment of oligonucleotides to gold nanoparticles. The spacer region aims to physically
separate the gold nanoparticle core and the base-paring region by consisting of 10-30 poly-
adenine (polyA) or poly-thymine (polyT). The base-pairing region contains well-designed DNA
sequences that are able to hybridize with their complementary oligonucleotides. It is the active
and functional region of the oligonucleotide that can be tailored for applicable purposes.
Virtually, the base-pairing region can be built in a DNA synthesizer with chemically-altered
nucleotides via the advancement of phosphoramidite chemistry.8%8! This dissertation will discuss
the azobenzene-modified “artificial base” embedded for the DNA-functionalized gold
nanoparticle system.

In 1996, Mirkin et al successfully created DNA-functionalized gold nanoparticles by
using 8-nucleotide thiolated oligonucleotides with 15-nm gold nanoparticles.>® The group
achieved high density loading of oligonucleotides on the surface of gold nanoparticles® with the
coverage being ~10" DNA/cm?.”® It was challenging to functionalize oligonucleotides on
nanoparticle surfaces in a densely-packing manner because oligonucleotides are negative
charged in the backbone, and thus repel neighboring strands. The Mirkin group developed a
synthetic method to gradually screen the repulsive electrostatic force by step-wisely increasing

the sodium ion concentration, a method that they name it salt-aging.8 They also discovered that
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sonication and elevated temperature help increase the packing density of DNA molecules on
nanoparticles.®® | adapted most of their methods in chapter 2.

Single nanoparticles form large nanoparticle assemblies because of the hybridization
between complementary DNA that are coated on nanoparticle surface. Immobilized
oligonucleotides exhibit increased binding affinity to complementary DNA strands®* with
increased dehybridization temperature (also called “melting temperature) compared to that of
free unmodified DNA.”® The thermal-induced dehybridization exhibit a sharper and narrower
transition compared to that of free DNAs,>® allowing DNA-nanoparticle conjugates being
extremely sensitive to detect even a single-base mismatch in DNA sequence. 828586

Mirkin and Schatz groups’® have explored experimental and theoretical approaches to
study the increased and sharper DNA melting behavior when DNA molecules are heavily
functionalized on the nanoparticle surface. They discovered two factors—the dense coverage of
surface-coated oligonucleotides and the high local sodium ion concentration around
oligonucleotides®” —that make oligonucleotide interact more collectively with the neighboring
strands in close proximity. The collective and strong interactions give rise to higher effective
oligonucleotide concentration, and thus result in higher melting temperature and sharper melting
transition.

DNA-functionalized gold nanoparticle conjugates have demonstrated applications in
programmable assembly of complex nanostructures,®-°! biological sensing,’>° and gene
regulation,®*% The assembly and binding properties of DNA-functionalized nanoparticles have
been controlled primarily by chemical reagents (e.g. the presence of complementary DNA
sequences or aptamer targets®) or by classical inputs that affect DNA hybridization such as salt

concentration or temperature. Conferring DNA-nanoparticle conjugates with additional stimulus-
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response behavior could open many opportunities for new diagnostic, sensing, and
nanofabrication applications by enabling the reversible triggering of DNA-directed nanoparticle
assembly and associated optical responses.

In the dissertation, | seek to confer such stimulus-response functionality to these versatile

materials by functionalizing gold nanoparticles with azobenzene-modified DNA.
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Chapter Il Photoswitchable Nanoparticles Assembled With

Azobenzene-DNA

This chapter is mostly adapted from the original publication “Photoswitchable
Oligonucleotide-Modified Gold Nanoparticles: Controlling Hybridization Stringency with
Photon Dose” Yungi Yan, Jennifer I. L. Chen, and David S. Ginger, Nano Letters, 12(5), 2530-
2536, DOI: 10.1021/n1300739n

Section 2.3 is written by co-author Dr. Jennifer Chen, and modified by Yunqi Yan.
2.1 Introduction

In this chapter, I describe my studies of azobenzene-modified DNA-functionalized gold
nanoparticles.! I show that the functionalized nanoparticles cross-link to form aggregates that can
be dissociated to single nanoparticles under UV light, and that the aggregates re-form under blue
light. I show that the wavelength-dependent photoisomerization enables remote optical stimuli to
modulate the nanoparticle assembly process and therefore control the optical properties of the
resulting solution. I further demonstrate a new and useful property of these particles: because the
kinetics of the reversible photo-dissociation process depends on temperature and the relative
stability of the duplex (i.e. the complementarity of the strands), light can be used to distinguish
perfect from partially mismatched targets in hybridization stringency “washes” based on
“photomelting”.

Scheme 2.1 depicts my approach to obtain DNA-functionalized nanoparticle assemblies.
| functionalized one set of 15-nm nanoparticles with 5’-thiolated azobenzene-modified DNA
(Seq1Azo) and another set of 15-nm nanoparticles with a complementary native 5’-thiolated

DNA (Seg2). In the initial experiment, |1 used a DNA sequence (SeqlAzo, see Scheme 1),
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consisting of 10 natural nucleic acid bases and 4 evenly spaced azobenzenes moieties, that has

been shown to photoswitch reliably in the absence of gold nanoparticles.?

O-S-AAAAAAAAATGXAAXCTXAAXCG Seq1Azo
X=Azobenzene
AC--TT-GA--TT---GCAAAAAAAAAA-SO Seq2
3 . 3 & . y it
Base-pairing region Spacer Thiolated end

Figure 2.1 Schematic of photoswitch-modified DNA-functionalized gold nanoparticle
conjugates.

Gold nanoparticles are functionalized with azobenzene-modified, thiol-terminated DNA. Hybridization of
nanoparticles bearing complementary sequences is then controllable by illumination with UV and blue light

via trans-cis photoisomerization of azobenzene.
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Once prepared, the resulting DNA-functionalized gold nanoparticle (AuNP) conjugates
(denoted as Seq1Azo-AuNP and Seq2-AuNP) exhibit the classic sequence-specific cross-linking

typical of DNA-functionalized gold particles as seen in Figure 2.1.
2.2 Photoswitchable gold nanoparticles

Figure 2.2a shows a series of photographs demonstrating reversible optical control of
DNA-directed nanoparticle assembly. Figure 2.2a(i) shows a solution of a mixture of SeqlAzo-
AUNPs and Seg2-AuNPs (in 0.01 M phosphate buffer, 0.1 M NaCl and 0.01% SDS) held at
room temperature for > 4 h after initial mixing. The solution is nearly colorless because the
DNA-linked nanoparticle aggregates have precipitated. The aggregates are visible to the naked
eye as black powder on the bottom of the cuvette.

Figure 2.2a(ii) shows the same solution after being stirred under UV exposure of 0.83
mW/cm? (UV LED centered at 330 nm, FWHM < 10nm) for 1 h at 45 °C (15 °C below gold
nanoparticle assemblies’ melting temperature). The solution is the bright red characteristic of
dispersed gold nanoparticles (15nm in diameter) as a result of the UV-induced photomelting of
the double-stranded DNA linking the aggregates together.

Exposure to blue light reverses the process, allowing the nanoparticles to reassemble into
large aggregates. Figure 2.2a(iii) shows a photograph of the same solution after turning off the
UV light and further exposure of the solution to 11 mW/cm? of blue light from the LED
(wavelength centered at 470 nm, FWHM of 30 nm). After 2 h of blue irradiation under stirring
and additional 20 min in the dark without stirring (to allow complete precipitation), the solution
has again become colorless, with the nanoparticle aggregates visible to the naked eye as fine

black powder on the bottom of the cuvette. Figure 2.2a(iv) and 2.2a(v) display images of the
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same solution after one more cycle of UV and blue illumination with the same experimental

treatment.
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Figure 2.2 Reversible photo-controlled assembly and disassembly of DNA-nanoparticle

conjugates made with azobenzene-modified oligonucleotides.
(a) Photographs of the solution containing Seql1Azo-AuNPs and Seq2-AuNPs after alternating UV and blue
irradiation. (b) Corresponding UV-Vis spectra of the solution in (a) for three photoswitching cycles, with

the extinction at 526 nm after each irradiation plotted in (c).

As anticipated, the photoisomerization process is reversible over many cycles. Figure
2.2b and 2.2c show the UV-vis extinction spectra and extinction changes at 526 nm, respectively,
for the same solution cycled 3 times between the completely disaggregated and sedimented
states. One hour of UV irradiation leads to an increase of the solution’s extinction to around 1.5,
with narrow LSPR at 526 nm, as large aggregates dissociate and the single gold nanoparticles
become resuspended. Then, after 2 h of blue irradiation the nanoparticles again fully precipitate

as large aggregates and the solution exhibits an extinction of almost zero. The negligible
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variations in the extinction change after each cycle confirm that | can achieve complete and
reversible photoswitching with these nanoparticles.

By studying the photoswitchable nanoparticle assemblies linked with Seq1Azo-AuNP
and Seg2-AuNP, | achieved reversible photoswitching of 10 cycles with minor attenuation
(Figure 2.3) by monitoring the spectroscopy features of the nanoparticle solution. The solution
started as suspended nanoparticle aggregates with the typical LSPR peak at 542 nm as the
starting point. I immediately irradiated the starting solution with 330-nm UV LEDs for 50 min,
and | measured the LSPR of the solution blue-shifting to 526 nm. The 526-nm point corresponds
to individual nanoparticle dispersion solution after the dissociation initial aggregates because of
the trans-to-cis isomerization. | subsequently exposed the nanoparticle dispersion to blue LEDs
for 50-60 min, and observed a red-shift LSPR peak to 542 nm, which is the peak at the starting
point. In short conclusion, the 1 photoswitching cycle, monitored as LSPR peak of the solution,
starts at 542 nm, changes to 526 nm after UV for 50 min, and returns back to 542 nm after blue
for ~50 min. The photosiwtching cycles continues for another 9 cycles such that UV irradiation
makes the peak shift to 525-526 nm for all cycles, while the blue irradiation nm leads to 542 nm
only for fist 5 cycles and reduces its power to shift the peak to ~537 nm for the last 5 cycles.
Azobenzene molecules are quite chemically stable under UV and blue irradiation and I noticed
that longer waiting time under blue light results in larger peak shifts as larger aggregates have
more time to form. | suspect that the LSPR peak attenuation might relates to the instability of

DNA-linked nanoparticle system (e.g. viscosity change) that reduces the aggregation speed.
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Figure 2.3 Reversible photoswitching of SeqlAzo-AuNPs and Seq2-AuNPs for 10 cycles

shown by the LSPR peak shift of the solution.

For the purpose of saving time to attain more cycles, | irradiated the sample with 50 min of UV and 50-60
min of blue light. After UV irradiation, LSPR peak fully reverses to 526 nm for all 10 cycles. After blue
irradiation, the peak shifts to 537 — 542 nm, corresponding to the extinction of aggregated small clusters

suspended in the solution.

While gold nanoparticles can undergo local heating when illuminated,®* and unusual
light-induced melting has been reported,® | state the photomelting | describe here is due to the
robust photoisomerization of the azobenzene modifications. First, the relative intensities of the
UV and blue LEDs used to collect the data in Figure 2.2 are such that the blue LEDs deliver at
least 10 times more absorbed power to the sample than the UV LEDs (see supporting
information). Nevertheless the blue LEDs cause hybridization and aggregation, while the lower
powered UV LEDs cause melting—as expected for photoisomerization-controlled melting, but
inconsistent with reported photothermal and light-induced melting mechanisms.

As an additional control experiment, | irradiated the SeqlAzo-AuNPs with UV light prior
to mixing them with the Seq2-AuNPs. The resulting cis-form SeqlAzo-AuNPs show very little

aggregation with the Seq2-AuNPs, even hours after the illumination when no residual local
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heating or light-induced melting could possibly be present (Figure 2.4a). In contrast, an
identically prepared control mixture without any pre-mixing illumination show fast aggregation,
as does a solution of SeqlAzo-AuNPs that was exposed to blue light (to photoisomerize the cis-
azobenzene back to trans-azobenzene) immediately after UV exposure. Furthermore, | irradiated
gold nanoparticle aggregates linked by DNA without azobenzene modification (Seql and Seq2,
see supporting information for sequences) with UV and blue light as a control, and | observed no
change in the extinction spectra (Figure 2.4b). This observation is in stark contrast to the spectral
evolution under UV light for aggregates linked by azobenzene-modified DNA (SeqlAzo-AuNPs
and Seg2-AuNPs, Figure 2.4c), where the solution extinction gradually increases and LSPR
sharpens and blue shifts eventually to 526 nm, matching the spectrum of individually dispersed

15 nm-diameter gold nanoparticles.
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Figure 2.4 Aggregation of SeqlAzo-AuNPs and Seq2-AuNPs as monitored by UV-vis
extinction at 526 nm for different pre-mixing illumination conditions on Seq1Azo-AuNPs.

Illumination with UV before mixing (blue circles) prevents hybridization and nanoparticle aggregation,
while nanoparticles not exposed to UV (red diamonds) or to UV then blue light (green triangles) both form
aggregates. (b) Extinction spectra of control nanoparticle assemblies linked by native DNA (without
azobenzene) upon UV and subsequent blue illumination. (c) Spectral evolution of SeqlAzo-AuNP and

Seq2-AuNP assemblies at different UV time intervals.
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I note that while azobenzene-based photocontrol of gold nanoparticle aggregation has
been reported previously,®® these earlier demonstrations used azobenzene that was directly
covalently bonded to the gold nanoparticles using alkanethiol linkages.® The advantage of this
approach is that it combines the opportunities of photoswitch-based control with the
programmable recognition properties of DNA-functionalized nanoparticles to enable new
applications. For example, aside from the obvious applications in light-controlled DNA-
programmed nanoscale assembly, photoswitchable DNA-nanoparticle conjugates could be useful
to discriminate specific binding from nonspecific target interference in diagnostics: because
foreign or interfering species can often cause nanoparticles to precipitate from solution (resulting
in false positives) in colorimetric assays, | suggest that photomelting of DNA-linked aggregates
could be used as a general strategy to confirm the presence of specific targets. These
photoswitchable DNA-nanoparticle conjugates also enable a unique new form of DNA-

hybridization stringency as | demonstrate below.

2.3 Photoinduced disassociation of azobenzene-modified DNA-linked

nanoparticle aseemblies

In order to better understand the photomelting process, Dr. Jennifer Chen initiated to
investigate the temperature and photon dose dependence of the light-induced disaggregation
process. | assisted her in sample preparation and instrument setup. Dr. Jennifer Chen did all
measurement and data analysis. Because the relationship between the ensemble solution extinction
spectrum and aggregate size is complicated by the heterogeneity and precipitation of the large
aggregates, we used darkfield microscopy to measure the kinetics of photomelting on many
individual, surface-attached aggregates in parallel. Figure 2.5a shows SEM calibration data

confirming that the light-scattering intensity scales linearly with aggregate area. There is more
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spread in our data for larger aggregates because they can be multilayer and have a wider
distribution in the number of particles, but the linear correlation holds well for smaller aggregates.
Hence we can derive the disaggregation kinetics by analyzing the temporal evolution of the
scattered light intensity from a series of darkfield images by choosing aggregates that fall on the
linear calibration curve. In a typical experiment, the sample was irradiated with continuous UV
light at 375 nm, with different intensity shown in Figure 2.5b, for a total of 8-16 min with
intermittent brief 106 ms exposure to darkfield light ranging from 2 to 6 s when images were
captured. As the aggregates disassemble, the scattering intensity decreases with time. Typically,
we analyzed 3040 individual aggregates to obtain average disaggregation kinetics under a given

set of conditions.
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Figure 2.5 Photoinduced disaggregation kinetics of DNA-linked nanoparticle assemblies.
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(a) Calibration curve showing linear dependence of scattering intensity on cross sectional area of the
aggregates obtained from SEM-darkfield correlation. The linear fitis y=-11.2+10.7 + 0.0070+0.0005x, with
a Pearson’s correlation of 0.89. The inset shows a SEM image of a typical surface-anchored multi-
nanoparticle assembly. Normalized scattering intensity obtained from an average of 3040 aggregates as a
function of UV irradiation time at: (b) different temperatures; and (c) different light intensities. (d) The

same curves in (c) plotted as a function of photon dose.

Figure 2.5b shows the disaggregation kinetics at a series of temperatures from 32 °C to 53
°C for nanoparticle aggregates linked by SeqlAzo and Seq2. Under these conditions, the DNA-
linked nanoparticle aggregates photomelt following ~6 min of exposure to UV light. It is clear
that, even well below the melting temperature, the photoinduced disaggregation is temperature
dependent and becomes faster at higher temperatures. We speculate that this temperature
dependence may be associated with the degree of local thermal motion in the DNA helix
surrounding the azobenzene photoswitches that ultimately influences the rate of
photoisomerization-induced dehybridization.

Figure 2.5c shows that the light-scattering intensity of the anchored gold nanoparticle
assemblies drops faster with higher UV intensity. The photomelting rate thus depends on the
intensity of the UV illumination, suggesting that faster photomelting could be achieved using
sufficiently intense light sources. Importantly, over the intensity ranges and temperatures
investigated here, photomelting appears to be controlled by total UV photon dose. Figure 2.5d
shows that the measured dissociation curves overlap when the x-axis is plotted as total photon
dose, even though melting likely requires absorption of multiple photons since there are multiple
azobenzenes per DNA strand, and multiple DNA strands per nanoparticle. Such photon dose
dependent behavior is consistent with a negligible rate of cis-trans thermal isomerization over the

course of the experiment. This dose-dependent behavior could be used, for example in microfluidic
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and lab-on-a-chip application to minimize the need for heating, mixing and fluid processing—thus

reducing system complexity.
2.4 Photo-controlled DNA hybridization stringency

| further studied this photomelting process of nanoparticles assembled by perfectly
matched sequence and single-base-mismatched sequences. With the help of my advisor and Dr.
Chen, we hypothesized that it would be possible to distinguish mismatched sequences from
perfect sequences via controlled photon dose during photomelting to achieve a “photon
stringency wash”. Next, I demonstrate that photon dose stringency can indeed be used instead of
conventional temperature- or salt-dependent stringency washes to distinguish single-base
mismatches in target strands using these new photoswitchable DNA-functionalized

nanoparticles.
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Figure 2.6 Schematic of DNA Sequences and 3-strand capture motif used in the
photostringency experiments.

DNA functionalized gold nanoparticles (A) form aggregates in the presence of target nucleic acids (B),

which dissociate at different rates upon UV irradiation (C) depending on the presence or absence of a single-
base mismatch in the target.
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For these experiments, | utilized a classic 3-strand target-probe capture strategy® as
depicted in Figure 2.6: gold nanoparticles are functionalized with SeqlAzo and Seq3, which are
each complementary to opposite ends of the target sequence (Seg4). When mixed, solutions of
gold nanoparticles that are functionalized with Seql1Azo and Seq3 thus form aggregates in the
presence of the Seq4 target. In addition to the perfectly complementary target, nearly
complementary targets with partial sequence mismatches can also cause cross-linking of the
nanoparticles.!! Although the target linking strand is native DNA, SeqlAzo (attached to the gold
nanoparticles) contains 4 azobenzenes and the resulting nanoparticle aggregates can thus be
reversibly photoswitched.

Distinguishing between perfect complements and partial mismatches is an important part
of DNA and RNA assays, and is usually accomplished with a stringency wash.? A stringency
wash typically involves washing with buffers of different temperatures,'®!* or salt
concentrations,'® with the temperature/salt concentration chosen so that the perfect complement
(which is thermodynamically more stable) remains bound to the probe DNA, while the
mismatched targets are preferentially dehybridized.

Figure 2.7 shows that the photoswitchable gold nanoparticles allow photon dose to be
used to achieve hybridization stringency and discrimination of single base mismatches. Figure
2.7a and 2.7b show the photomelting data for four solutions of nanoparticles, one with a
perfectly complementary target (Seq4) and three with single-base mismatches (Seg4mmA,
Seg4mmC, SegdmmT, see Figure 2.6) during exposure to 330 nm light from UV LEDs at 30 °C.
I track the photomelting process by monitoring the UV-vis spectra of the solutions and plotting
the LSPR peak (Figure 2.7a) and extinction change (Figure 2.7b) as a function of photon dose.

Figure 2.7a shows that mismatch-linked assemblies photomelt to almost all single nanoparticles
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with LSPR peaks shifting from ~560 nm to 526-528 nm. However, assemblies linked by the
complementary target remain as small aggregates with a very small LSPR shift from 566 nm to
557 nm. | further examine the extinction changes at 526 nm because dispersed single gold
nanoparticles in our experiment have the strongest optical response at that wavelength. Figure
2.7b shows that gold nanoparticle assemblies linked by Seg4mmC and Seg4mmA exhibit the
fastest rise in extinction as they photomelt, with an overall change in extinction of ~0.5 after 1.6
J of UV light exposure. Nanoparticles linked by Seq4mmT also photomelt, though to a lesser
degree over the same time period (extinction change of 0.3). On the other hand, the
complementary target linked gold assemblies yield only a small increase in extinction. This trend
in the photomelting kinetics is in line with the relative stability of the aggregates (i.e. the melting

temperatures of assemblies are Seq4mmC = Seq4mmA < Seq4mmT << Seq4, see Table 2.1).

AuNP assemblies Tm (°C)
Seq4 60.5
Seg4dmmA 40.5
Seqg4mmC 41.5
Seq4mmT 44.9

Table 2.1 Melting temperatures (Tm) of 3-strand AuNP assemblies at 0.01 M phosphate buffer, 0.05
M NaCl and 0.01% SDS.

The temperature ramp starts at 20 °C and ends at 60 “C or 80 °C with 1 “C temperature steps and 2 min
hold time.

These changes in extinction can also be visualized by the color change of the solution as
shown in the photographs of Figure 2.7c. Initially, after stirring and equilibration in the dark, the

solutions are faintly pink as the aggregates are uniformly suspended inside the cell (did not form
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sediment). After 1.6 J photon dose of UV irradiation, the color of mismatched samples

transitions to red due to photomelting of the DNA-linked gold nanoparticle aggregates. In

contrast, the extinction of perfect target solution hardly changes—indicating little photomelting

of gold nanoparticle aggregates. These colorimetric changes demonstrate that facile

discrimination of mismatches can be achieved using light, and that more detailed analysis could

possibly further differentiate between the types of mismatches under certain circumstances.
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() LSPR peak wavelengths and (b) changes in the extinction at 526 nm of the four solutions as a function
of UV photon dose. The complementary sequence (blue squares) is clearly distinguished from the single-

base mismatches. (c) Photographs of the solutions before and after 1.6 J (2 h) of UV irradiation exposure.

2.5 Conclusion

In summary, | have synthesized and characterized photoswitch-modified DNA-
nanoparticle conjugates. These particles exhibit new reversible stimulus-responsive properties of
photoswitch-modified nanomaterials. Importantly, | have demonstrated that these materials
provide a unique new means for distinguishing base-pair mismatches in DNA targets via
photostringency, and offer the potential to establish new sensing platforms based on light-

modulated signals.
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Chapter 111 Photo-isomerization Quantum Yield Depends On DNA

Sequences

This chapter is mostly adapted from the original publication “Photoisomerization Quantum
Yield of Azobenzene-Modified DNA Depends on Local Sequence” Yungi Yan, Xin Wang
Jennifer I. L. Chen, and David S. Ginger, Journal of the American Chemical Society, 135(22),

8382-8387 DOI:10.1021/ja403249u
3.1 Introduction

Asanuma and co-workers have pioneered the development of an azobenzene-modified
phosphoramidite,™2 which allows virtually any DNA sequences amenable to solid-phase synthesis
to be readily functionalized with multiple azobenzene photoswitches. In this approach, the
azobenzenes are incorporated by tethering them to additional sugar/phosphate linkages along the
DNA backbone via a d-threoninol group (Figure 3.1). The incorporation of a trans form
azobenzene stabilizes a DNA duplex by intercalation between the neighboring bases.** This
stabilization raises the melting temperature of the azobenzene-modified DNA above that of an
otherwise identical native sequence.® Absorption of UV light (320-370 nm) excites the So — S2
transition of the azobenzene groups, promoting trans-to-cis photoisomerization. In the cis form
the azobenzenes destabilize the DNA duplex, significantly lowering the melting temperature of
the DNA. Blue light (~450 nm) converts the cis form back to trans, thereby permitting reversible

optical control of DNA hybridization.
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Figure 3.1 Spectra and structural features of azobenzene-modified DNA.

() Absorption spectra of free trans-azobenzene in isooctane (green) and azobenzene-modified sSSDNA (red)
in buffer. The structure of free azobenzene in the trans form is shown in the inset. (b) Structure of
azobenzene-modified DNA with the d-threoninol linkage highlighted in red, and adenine and cytosine
labeled. (c) DNA nucleotide structures of the abasic site, thymine, and guanine used in the sequences and
described in the text.

These developments have enabled applications ranging from photo-controlled gene
regulation,*® and drug delivery,® to optically-powered molecular motors.”® They have motivated
proposals for DNA-based optical energy harvesting,® and even allowed the creation of
DNA-hybridization assays capable of differentiating single-base mismatches using a photonic
stringency wash.©

Virtually all of these applications are sensitive to the quantum yield for azobenzene
photoisomerization: the total amount of optical energy required to achieve DNA denaturation, and
the efficiency of optically-powered molecular motors will depend on the quantum vyield of

photoisomerization. Surprisingly, while the quantum yield for azobenzene photoisomerization is
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known to depend on the local environment, 123 there is very little data on how the quantum yield
for photoisomerization of azobenzene is affected by incorporation into different DNA sequences.

Here, | address this question by studying the quantum yield of trans-to-cis
photoisomerization of azobenzenes inserted into DNA sequences via the popular Asanuma
chemistry.? | show that the quantum yield for photoisomerization decreases upon incorporation
into single stranded DNA (ssDNA), and decreases further upon incorporation into double stranded
DNA (dsDNA). Importantly, | show that the quantum yield in dsDNA is sensitive to the melting

temperature of the sequence and very sensitive to the presence of local mismatches.
3.2 Quantum yield decreases for azobenzene-modified DNAs

To assess how incorporation into various DNA sequences alters the trans-to-cis
photoisomerization of azobenzene | measured the quantum yields in various modified DNA
molecules by quantifying the fraction of cis-azobenzene as a function of UV (330 nm) irradiation
time using UV-vis absorption spectroscopy.'* Figure 3.2(a) compares the absorption spectra of
free trans-azobenzene dissolved in isooctane and trans-azobenzene incorporated in sSDNA in
phosphate buffer. The free azobenzene exhibits the typical n to n* absorption at 315 nm, whereas
the azobenzene incorporated into SSDNA has its absorption band shifted to about 340 nm as
previously reported.t®

Figure 3.2(a) compares the fraction of cis-azobenzene as a function of the integrated
photokinetic factor (excitation time converted to photon dose to account for the changing
absorption of the solution over time) at 28 °C for free azobenzene, azobenzene attached via d-
threoninol linkages to a ssSDNA sequence and the same DNA sequence hybridized to its
(azobenzene-free) complement. For free azobenzene, the fraction of cis-azobenzene at the photo-

stationary state is 0.93, which decreases to 0.51 for azobenzene incorporated into ssDNA, and 0.15
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for azobenzene incorporated into dsSDNA. | extracted the photoisomerization quantum yield from
the curves in Figure 3.2(a) by fitting the data to Equation 1:

Y = (Yo = Yeo)eXp(—AX) + Yo Equation 1
where x is the integrated photokinetic factor defined via Equation 2, y is the fraction of cis-
azobenzene (y, and y,, are the fractions of cis-azobenzene before photoisomerization and at the
photo-stationary state), and A is a pre-factor related to the trans-to-cis quantum yield (see

supporting information for details). The integrated photokinetic factor is given by:

_10—abs(t) .
x(t) = f;%dt Equation 2

Figure 3.2(a) shows fits of Equation 1 to the data as solid lines. From these fits | obtained a
quantum yield for free azobenzene of 0.094+0.004 when excited at 330 nm, which is consistent

with literature values.'*
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Figure 3.2 Photoinduced isomerization kinetic plots of azobenzene-modified DNA.
(a) Representative plots of the measured fraction of cis-azobenzene vs. the integrated photokinetic factor
(Equation 2) used to obtain quantum yield. Solid lines are fits of Equation 1 to the data shown, and are

labeled with the average quantum yield values measured from at least three separate experiments. Traces
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are for azobenzene in isooctane (green circles), azobenzene incorporated in ssSDNA (blue squares) and
dsDNA (red triangles). (b) Similar plots for azobenzene incorporated in different dsSDNA sequences
including Seq-mm-abasic (yellow circles), Seg-mm1T (blue squares), Seq-mm2 (green triangles) and Seq-

complement (red diamonds) (see Table 3.1 for sequences)

As can be seen from the decrease in cis-azobenzene fraction in the photo-stationary state
at a given illumination intensity, incorporation into the ssSDNA sequence decreases the
photoisomerization quantum yield by a factor of ~3 to 0.036+0.002. Hybridization of the sSSDNA
to its complement (Seq-complement) results in an even more dramatic decrease of the quantum
yield to 0.0056+0.0008. Since the DNA solutions do not absorb at the UV excitation wavelength
used here, | attribute these differences entirely to the attachment of the azobenzene to the DNA

sequences.
3.3 Quantum yield increases for mismatched dsDNA

While the structure—ssDNA and dsDNA—has a strong influence on the azobenzene
photoisomerization quantum yield, | also find that the sequence of the dsDNA—particularly
mismatches in the sequence near the azobenzene site—plays a role. To explore sequence effects,
| used azobenzene-modified dsSDNA with one sequence having azobenzene incorporated in the
center, and the other sequence bearing a single-base mismatch at varying distance from the
azobenzene site (see Table 3.1 for sequence data). Figure 3.2(b) compares the fraction of cis-
azobenzene as a function of the integrated photokinetic factor (Equation 2) for several different
dsDNA sequences at 28 °C. By fitting Equation 1 to the data in Figure 3.2(b), | extracted the
photoisomerization quantum yields of the azobenzene in these different dSDNA sequences. The
quantum yields for all studied sequences are summarized in Table 3.1. Figure 3.2(b) and the

accompanying fits show that the varying fractions of cis-azobenzene achieved at the photo-
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stationary state are due to sequence-dependent variations in the azobenzene photoisomerization
quantum yield.

Of the sequences used in Figure 3.2(b), the lowest quantum yield of 0.0056+0.0008 comes
from azobenzene-modified dsDNA with no mismatches (Seq-complement). The quantum yield
increases to 0.011+0.001 for dsDNA having an A*C mismatch two bases away from the
azobenzene position (Seq-mm?2). In contrast, a C*T mismatch immediately next to the incorporated
azobenzene (Seq-mm1T) increases the quantum yield by an additional 45% to 0.01640.001.
Finally, | measure the largest quantum yield (0.0204+0.001) using modified dsDNA having an
abasic site (with no purine or pyrimidine, Figure 3.1(c), Seg-mm-abasic) as the nearest neighbor

to the azobenzene in the unmodified sequence.

Names Sequences Quantum Yield Tm (°C)
ssSDNA 5’ -AGACTGAACXCAATGTATG-3’ 0.036+0.002
X: azobenzene
Seq-mme-abasic 5’ -AGACTGAACXCAATGTATG-3' 0.020+0.001 46.7
(mm: mismatch) TCTGACTTG OTTACATAC
O:abasic site
Seq-mm1T 5’ -AGACTGAACXCAATGTATG-3’ 0.016+0.001 48.0
TCTGACTTG TTTACATAC
Seq-mm1C 5’ -AGACTGAACXCAATGTATG-3’ 0.015+0.001 48.0
TCTGACTTG CTTACATAC
Seg-mm1A 5’ -AGACTGAACXCAATGTATG-3’ 0.0078+0.0007 48.0
TCTGACTTG ATTACATAC
Seg-mm2 5’ -AGACTGAACXCAATGTATG-3’ 0.011+0.001 52.0
TCTGACTTG GCTACATAC
Seq-mm3 5’ -AGACTGAACXCAATGTATG-3’ 0.0070+0.0002  54.0
TCTGACTTG GTGACATAC
Seq-mm4 5’ -AGACTGAACXCAATGTATG-3’ 0.0069+0.0006 54.0
TCTGACTTG GTTGCATAC
Seg-complement 5’ -AGACTGAACXCAATGTATG-3’ 0.0056+0.0008 60.0

TCTGACTTG GTTACATAC
Table 3.1 Quantum yields and melting temperatures (Tm) of the azobenzene-modified DNA.
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To examine the effects of dsDNA stability and DNA sequence on quantum yield, Figure
3.3 plots the quantum yield as a function of the measured melting temperature (Tm) of the modified
dsDNA sequences listed in Table 1. Broadly, the data show that the azobenzene quantum yield
tends to decrease with increasing Tm of the embedding DNA sequence. | measure the highest
azobenzene quantum yield (0.020+0.001) for the dsDNA with the lowest Tm (46.7°C) (Seq-mm-
abasic). Likewise, | measure the lowest photoisomerization quantum yield (0.0056+0.0008) for
the dsDNA with the highest Tm (60.0°C) (Seq-complement). Our data are consistent with previous
work showing that photoisomerization can be used to modulate Tm,*??* but importantly, our work
shows that the converse is also true: the Tr, of the dsSDNA sequence can in turn affect trans-to-cis

isomerization efficiency.
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Figure 3.3 The trans-to-cis isomerization quantum vyield plotted as a function of melting
temperature (Tm) of azobenzene-modified dsDNA.

Quantum yield decreases as T rises. The quantum yield is very sensitive to the single-base mismatch at
the nearest neighbor position of the azobenzene (red circles), but is less sensitive for dSDNAs having the

mismatched base multiple bases away from the azobenzene (blue triangles and the green square)
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Looking at these endpoints, one might be tempted to conclude that Tm is the primary
controlling factor in determining the azobenzene quantum yield. However, closer inspection of the
data reveals that more complicated effects are at work. For instance, Figure 3.3 shows that three
sequences with very similar T have dramatically different quantum vyields for azobenzene
photoisomerization. Interestingly, all three of these sequences have a single-base mismatch
immediately next to the position of the azobenzene (Seq-mm1T, Seq-mm1C, Seq-mm1A). The
photoisomerization quantum yield is less sensitive to mismatches that are two or more bases away

from the position of the azobenzene (e.g. Seq-mm2, Seq-mm3, Seq-mm4).
3.4 Quantum yield depends on DNA sequences

| propose that the variations | observe in photoisomerization quantum yield when the
azobenzene is incorporated into DNA are largely due to differences in the local free volume
available to the azobenzene in the different sequences. Generally, the azobenzene quantum yield
is known to depend on the free volume surrounding the azobenzene site,*2*® and this explanation
would be consistent with our results that the quantum yield decreases on going from an azobenzene
free in solution to being incorporated in sSDNA to being incorporated in dsDNA. Furthermore,
this hypothesis could account for the large differences | observe between single-base mismatches
that are next to the azobenzene site, and those that are further removed: distortions in the double
helix are known to recover over a decay length of only a few bases.*®

However, it is also possible that electronic interactions, including both energy and charge
transfer between the azobenzene and the nucleic acid bases'’*® are modulating the quantum yield
by changing the energy relaxation pathways available to the azobenzene on an ultrafast
timescale.'® In this case, one would explain the sequence-dependent differences in quantum yield

as arising from different electronic interactions between the azobenzene and the different bases.
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Figure 3.4 The plot of quantum yield and oxidation potential of sSSDNA.

The quantum yield (bars) for the azobenzene incorporated into the 18-base ssDNA of poly(dC), poly(dA),
and poly(dT). The oxidation potential for the individual DNA nucleotides (C, A, T) vs. saturated calomel
electrode (SCE) is also plotted (dots). There does not appear to be a correlation between the oxidation
potential for the nucleotides and the quantum yield of the azobenzene incorporated into the sSSDNA
sequences as might be expected if charge transfer was the dominant factor governing azobenzene

guantum yield differences between the sequences.

To test this alternative hypothesis, Figure 3.4 plots the photoisomerization quantum yield
(bars) for the azobenzene incorporated in the middle of 18-base ssSDNAs comprising
polydeoxyadenosine (poly(dA)), polydeoxycytidine (poly(dC)) and polydeoxythymidine
(poly(dT)). In comparison, Figure 3.4 also plots the oxidation potential of DNA nucleotides (dots)
measured in buffer (pH=7) as measured by Fukuzumi et al.?° | note that if electronic coupling were
dominant, one might expect to see some correlation between oxidation potential of the neighboring
bases and the quantum yield. However, Figure 3.4 shows that the quantum yield of azobenzene

contained in poly(dA), poly(dC), and poly(dT) sequences appears uncorrelated with the oxidation
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potentials of the bases. On the other hand, it is known that poly(dT) is more flexible than
poly(dA).# This result also fits well with the free volume hypothesis: azobenzene in more
structurally flexible poly(dT) has a higher quantum yield than azobenzene in more rigid poly(dA).

Likewise, if energy transfer were dominant, one might expect a correlation between the
positions of the UV-vis spectra of the nucleotides and the measured quantum yields — however |
was unable to observe such a correlation. Figure 3.5 displays spectroscopy features of the trans-
azobenzene?? and four type of nucleotides?® (adenosine, cytidine, guanosine, thymidine) by
plotting the extinction coefficient versus wavelength at 200-500 nm. The plot clearly shows that
there are no overlaps in the absorption spectroscopy for trans-azobenzene and DNA nucleotides,
because trans-azobenzene shows the absorption transition around 320 m while the nucleotides
show transitions well below 280 nm. Thus, | propose that free volume is likely to be more
important, while acknowledging that it will be difficult to completely separate electronic and
structural control over variation in the azobenzene photoisomerization quantum yield because an
increase in local free volume around the azobenzene should also tend to weaken intermolecular

electronic interactions.

- Adenosine
Cytidine

- Guanosine

- Thymidine

- Trans-azobenzene

20000 +

15000 =

10000 -

5000 ~

Absorption coefficient (1/M*cm)

- 1 . l .
200 300 400 500
Wavelength (nm)

52



Figure 3.5 Absorption coefficient spectra of DNA nucleotides in buffer (pH=6.5) (adapted
and adjusted from Handbook of Biochemistry and Molecular Biology) and trans-azobenzene.
The spectra show that DNA nucleotides absorb photon energy mainly between 240 — 280 nm while the
trans-azobenzene absorbs between 300 — 350 nm. There is little overlap in the transition band between
DNA nucleotides and the trans-azobenzene.

3.5 Quantum yield of azobenzene-modified oligonucleotides explain photonic
stringency

Finally, | can use the observed variation of azobenzene quantum yield with the DNA
sequence to explain the properties of azobenzene-modified DNA that facilitate its use in novel
DNA-hybridization assays. Previously | have shown that using only optical inputs, DNA
sequences containing single-base mismatches can be resolved in hybridization experiments
involving gold nanoparticles that are heavily functionalized with azobenzene-modified DNA. The
resulting photonic hybridization stringency wash works because the denaturation of azobenzene-
modified DNA strands occurs at lower photon doses for sequences with less complementarity. The
results presented herein provide a fundamental mechanistic understanding of this process: partially
mismatched sequences denature at lower photon doses because the azobenzenes in those sequences

photoisomerize more efficiently than azobenzenes in perfectly complementary sequences.
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Figure 3.6 The trans-to-cis isomerization quantum vyield explains photon-dose-controlled
DNA hybridization stringency wash.

(a) DNA sequences used to incorporate azobenzenes and also to crosslink gold nanoparticles. (b) The
quantum yield of the azobenzene is shown against each embedding dSDNA. The inset in (b) is a plot of the
gold nanoparticle localized surface plasmon resonance (LSPR) peak position as a function of the photon
dose. The azobenzene photoisomerization quantum yield increases from Seq-perfect, to Seq-mmT, to Seq-
mmA and to Seg-mmC. Nanoparticle conjugates linked by these dSDNA show the same increasing order

of photoinduced disaggregation rate.

To test this hypothesis, | measured the trans-to-cis isomerization quantum vyield of
azobenzenes incorporated in dSDNAs in a classic three-strand capture assay using a linker strand
as shown in Figure 3.6(a). The assay consists of the capture DNA modified with multiple
azobenzenes (Sequence-1), the unmodified probe DNA (Sequence-2) and the unmodified
target/linker (Sequence-3) that cross-hybridizes with the capture and probe sequences. | varied the
target sequence by introducing a single base mismatch in the center where it will form a
mismatched base pair next to the azobenzene (See sequences in Figure 3.6(a)). | measure the
lowest quantum vyield for the perfectly complementary sequence (Seq-perfect), and observe an
increase in quantum yield from Seg-mmA, to Seq-mmC and to Seg-mmT—all having the single-

base mismatch next to one of the azobenzenes. In order to compare the trend in quantum yield
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with that of optical hybridization stringency, | functionalized gold nanoparticles with the same
capture and probe DNAs and measured the disaggregation rate of nanoparticle conjugates cross-
linked by the same target DNA, which I have previously shown can exhibit photon-dose-controlled
hybridization stringency.® | quantify the disaggregation rate by monitoring the localized surface
plasmon resonance (LSPR) peak shift of nanoparticle conjugates, which is expected a blue shift as
conjugates undergo photoinduced dissociation. Indeed, the inset in Figure 3.6(b) shows that the
photon-dose dependence of the nanoparticle disaggregation process follows the exact same
sequence-dependent order as the measured azobenzene quantum yields, providing strong evidence

that the two trends are linked.
3.6 Control experiments exclude the influence of UV-vis illumination

Azobenzene molecules—trans-form and cis-form—absorb photonic energy at UV and
visible region, which triggers the isomerization reaction. We were concerned that the UV-vis
absorption spectroscopy method used to monitor the isomerization kinetics would, however,
interfere the reaction because the spectrometer would illuminate the sample with wavelength at
190-1100 nm. Though the illumination intensity of the spectrometer was less than that of the
excitation UV LEDs, we decided to perform the control experiment by monitoring the fraction

change of azobenzene molecules that are exposed only to the UV-vis spectrometer beam.
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Figure 3.7 Experimental results exclude the influence of UV-vis absorption measurement on
azobenzene isomerization. Fraction of cis-azobenzene is plotted as a function of absorption

measuring time for free azobenzene in isooctane.

(a) Azobenzene started in trans form. The fraction of cis-azobenzene was almost zero after intense
absorption spectrum was taken every half min for 1 h, proving that trans-azobenzene does not isomerize
to cis-azobenzene after exposure to the light source of UV-vis spectrometer; (b) Azobenzene started in cis
form after being converted from trans form by UV excitation. The absorption spectra were measured
every 1 min for 1 h. The small decrease in the fraction of cis-azobenzene proves the minimal influence on

cis-to-trans isomerization from UV-vis spectrometer light source.

Trans-azobenzene sample was kept in dark at room temperature with about 1-sec
intermittent exposure to the spectrometer beam for 1 hr, during when there would be 40-time
exposures compared to 21-time exposures for the quantum vyield tests. Figure 3.7(a) plots the
fraction of cis-azobenzene as function of time, the value of which started as zero and remained
almost zero for the entire 40-time intermittent exposures in 1 hr. This suggests to us that the optical
illumination from the spectrometer does not trigger the trans-to-cis photoisomerization reaction.

Meanwhile, we did the same control experiments for the cis-azobenzene by first converting the
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trans-azobenzene to the cis-form with 40-min 330-nm irradiation, which shown as “-40 min” in
Figure 3.7(b). The sample, kept in dark at room temperature, started as ~ 95% of cis-azobenzene
and ended as ~ 92% of cis-form after 1-hr exposure with almost 40 times of exposures. It implies
to us that the cis-azobenzene slowly isomerize to the trans-form, but the rate is small enough to be
neglected. Considering that cis-azobenzene can be thermally-induced to isomerize to trans-
azobenzene with a half-life time being 2 days, we suspect that this slow cis-to-trans isomerization
could be the thermal isomerization, which is not related to the spectrometer beam.

3.7 Conclusion

| have shown that the trans-to-cis photoisomerization quantum yield for azobenzene

decreases upon incorporation into DNA, and is sensitive to both the local DNA sequence and
DNA hybridization state. In general, the photoisomerization quantum yield tends to increase as
the Tm of the attached dsSDNA decreases. However, the biggest variations in quantum yield are
associated with dsDNAs bearing a single-base mismatch immediately next to the azobenzene
site. | propose that these variations arise due to the structural fluctuations caused by the adjacent
mismatched base inducing an increase in the local free volume. Not only do these results provide
a mechanism to explain optically-controlled DNA hybridization stringency, but I believe they
will also prove useful for designing systems to more effectively photomodulate gene regulation

and drug delivery, or transduce optical energy into work using DNA nano-machines.
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Chapter IV Photoisomerization of Azobenzene-Modified DNA on

Solid Substrates

This chapter is mostly adapted with minor modifications from the manuscript
“Photoinduced DNA Hybridization Stringency with Fluorescence Detection in Heterogeneous
Assays ” Yungi Yan, Soumyadyuti Samai, Kristi L. Bischoff and David S. Ginger that is submitted

to ACS Sensors.
4.1 Introduction

Control over the hybridization and dehybridization of DNA is essential for processes
ranging from PCR* and gene regulation®® to molecular sensing*® and bio-inspired materials
assembly.®7 In the lab, the hybridization state of DNA is usually manipulated by temperature,®
ionic strength,® or the use of synthetic nucleic acids.'®!! Recently however, the covalent
incorporation of molecular photoswitches into oligonucleotides has opened up a route to control
DNA hybridization using specific wavelengths of light as an external stimulus.*?%°

By covalently linking azobenzene moieties onto the DNA backbone via the threoninol
bond (Scheme 1a),'>'® Asanuma et al have shown that light can be used to manipulate the
hybridization of azobenzene-modified DNA in a reversible manner with ultraviolet light'’ due to
the photoinduced isomerization of the azobenzene moieties.'®*° Photo-control of hybridization
using azobenzene-modified DNA has been demonstrated in applications such as optical
regulations of gene transcription®® and polymerase reactions,?* and the creation of photo-reactive
biomaterials,?>?3 optically-triggered drug delivery?* and enzyme inhibition.2®> Using azobenzene-
modified DNA-functionalized gold nanoparticles, | showed in chapter 2 that photon dose can be
used as a variable to control hybridization stringency.?® This effect arises from the variation of
the azobenzene quantum yield with the local sequence in a way that local mismatches result in an
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increase in azobenzene photoisomerization quantum yield,?® and hence a faster decrease in DNA
stability upon irradiation for partially complementary as compared to fully matched sequences.
So far, these experiments have been dominated by homogeneous solution environments.
Here, motivated by the popularity of DNA chips in molecular diagnosis and genetic
regulations,?”?8 | explore the possibility of using azobenzene-modified DNA on solid substrates.
In chapter 4, | study photo-induced hybridization and dehybridization of azobenzene-modified
DNA bound to glass substrates with fluorescently-labeled oligonucleotide targets in solution.
Scheme 1 depicts my approach. Through maleimide-thiol chemistry, azobenzene-
modified capture sequences are covalently functionalized onto glass slides which are prior-
treated with heterobifunctional molecules and thiol-reactive moieties. (Pease see Figure 4.1 for
DNA sequences.) | detect fluorescence from immobilized azobenzene-modified DNA spots after
soaking them with the hybridization solution containing rhodamine-labeled target sequences,
indicating that the azobenzene-modified sequence is compatible with commercial fluorescence
readout. | further study the photo-controlled dehybridization of azobenzene-modified capture
sequences and fluorescent targets with slightly-different sequences under continuous 365-nm
irradiation. I find that target sequences with a single-base mismatch lead to more rapid
dehybridization compared to targets with matched sequences, extending the photonic

hybridization stringency to azobenzene-modified DNA chips under heterogeneous environments.
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Azobenzene-modified DNA (FL-4azo0)
5'-SH-A9 CCA CCG C/azo/ACl/azo/CClazo/GG/azo/C CAATGG

Perfectly Matched Target (PM)
5'-dye-CCATTG GCC GGG TGC GGT GG

Single-base Mismatched Target (SM)
5-dye-CCATTG GCC AGG TGC GGT GG

Dye is 5-carboxytetramethylrhodamine (TAMRA)

lc‘1312’\'

Figure 4.1 Experimental design that uses azobenzene-modified DNA microarrays.

(a) Azobenzene-modified oligonucleotides are chemically immobilized on the glass surface; target DNA
(complimentary to azobenzene-modified DNA) are free of azobenzene, but are labeled with
tetramethylrhodamine; target DNA binds to the surface via hybridization; cross-hybridization occurs if the
target DNA varies in only one base. (b) UV light (365 nm) preferentially causes the de-hybridization of
double-stranded DNA with mismatched base pairs; while perfectly matched DNA remains intact. (c) DNA

sequences used in the research.

4.2 Hybridization of azobenzene-modified DNA chips

| first studied the hybridization of the functionalized azobenzene-modified capture DNA
with fluorophore-labeled perfectly-matched targets. Though azobenzene has been reported to

quench the fluorescence of various dye molecules,*®3! | did not see marked quenching in this
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format and was able to measure fluorescence after the hybridization. Figure 4.2(a) shows post-
hybridization fluorescent images of azobenzene-modified DNA slides (“Azo” image on the
right) and azobenzene-free DNA slides (“Non-azo” image on the left) with the target
concentration between 0.1 nM and 1000 nM. The grey spots correspond to areas that are
functionalized with DNA capture sequences. The grey scale darkness level is proportional to the
emitted fluorescence intensity from target sequences that are captured by azobenzene-modified
DNA. The “Non-azo” image shows control data for unmodified azobenzene-free DNA. As
expected, the fluorescence intensity decreases as the target concentration reduces from 1000 nM
to 10 nM. The duplicate spots on the same slide (the 2" column in the image) show the same
trend with only minor variations we attribute to variations in surface properties. Similarly, the
“Az0” image—corresponding to the azobenzene-modified DNA slide—shows the expected trend
of decreasing fluorescence intensity as the target concentration drops from 1000 nM to 10 nM.
For both sequences, under these conditions, the fluorescence is difficult to detect when the target

concentration drops to below 1 nM, consistent with literature reports.3%34
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Figure 4.2. Hybridization results azobenzene-modified DNA chips.
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(a) Fluorescent images of normal non-azo DNA substrates and azobenzene-modified DNA substrates after
hybridization at 50 °C in 10 mM phosphate buffer. Two columns in each image are repeated data. (b) shows
the box and whisker plots of fluorescent intensity counts as a function of target concentration. The box and
whisker plot shows the distribution of 8-12 data points. The center line in the box is the median value; the
bottom edge of the box is the 3™ quantile; the upper edge of the box is the 1t quantile; the bottom error bar
is the minimum value and the upper error bar is the maximum value. The comparable fluorescent counts
indicate that azobenzene-modified DNA does not quench surface fluorescence, although there is a small
decrease in intensity for azobenzene-modified DNA arrays.

Figure 4.2(b) shows a box and whisker plot of the fluorescence intensity value versus the
target concentration over multiple slides, reflecting the distribution of slide-to-slide variability
associated with our manual spotting. The center line of the box is the median value; the bottom
edge of the box is the 3™ quantile; the upper edge of the box is the 1% quantile; the bottom error
bar is the minimum value and the upper error bar is the maximum value. Both the slides with
azobenzene-modified capture sequences, and the azobenzene-free control slides show the
expected increase in fluorescence intensity with DNA concentration. Importantly, despite reports
of azobenzene being able to quench the emission of nearby fluorophores via pi-pi
interactions,3%! the signal from the fluorescent DNA captured onto the azobenzene-modified
spots was almost as intense as that captured on the control slides, with only a small (25% - 32%)
decrease in the fluorescence median value for the azobenzene-modified slides being observed at
the highest target concentrations. | thus thus conclude that DNA chips functionalized with

azobenzene-modified capture sequences are compatible with commercial fluorescent readout.
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Figure 4.3 Hybridization results of perfectly-matched targets, single-base-mismatched
targets, and non-complementary DNAs using azobenzene-modified DNA substrates.

Using azobenzene-modified DNA substrates, we compared the hybridization of perfectly-matched targets,
single-base-mismatched targets, and non-complementary DNA. The non-complementary DNA (the control
sample) shows very low fluorescence intensity after hybridization, indicating only a small degree of non-
specific binding. In addition, the average fluorescence intensity is plotted as a function of target DNA
concentration. Perfect matches exhibit higher fluorescence intensity than those of single mismatches from
10 nM to 1 pM.

Next, | compared the fluorescence signal under low stringency conditions (10 mM
phosphate buffer, 0.01M NaCl, and temperature is 50°C) for three different sequences captured
onto azobenzene-functionalized slides. Figure 4.3 shows a box and whisker plot of fluorescence
intensity versus target concentration for azobenzene-functionalized slides with the perfectly-
matched target (red circles), the single-base-mismatched target (green triangles) and the non-
complementary target (blue diamonds). As expected, both the perfectly-matched and single-base-
mismatched targets bind under these conditions and show increasing fluorescence intensity with

increasing target DNA concentration. Consistent with its slightly lower binding affinity, the
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median fluorescence intensity from the partially-mismatched sequence is slightly lower than the
fluorescence signal from the perfect complement. As expected, the non-complementary control
sequences shows much lower binding and almost no change in fluorescence up to concentrations
of 1000 nM, and allowing us to estimate the background level due to non-specific binding.

In addition to the aforementioned maleimide-epoxy chemistry, | studied the amine-epoxy
attachment chemistry using azobenzene-modified capture sequences with amine functionality
and same target sequences labeled with tetramethylrhodamine. (See Chapter 5.10 for attachment
chemistry). Figure 4.4 shows the hybridization results of azobenzene-functionalized slides with
perfectly-matched (red), single-base-mismatched (green), and non-complementary targets (blue)
by plotting fluorescence intensity as a function of target concentration. As expected,
hybridization with completely-complementary and partially-complementary sequences show
detectable fluorescence intensities that are 5 — 8 times higher than intensities of non-
complementary targets across all concentrations studied here. | thus conclude that azobenzene-
modified DNA arrays, regardless of surface attachment chemistry, are compatible with surface

fluorescence readout upon hybridization with complementary fluorophore-labeled targets.
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Figure 4.4 The graph of fluorescent intensity in counts versus target concentration in nM for
amino-functionalized azo-DNA chips.

It shows that the amino azobenzene-modified capture sequences can hybridize to the perfectly matched
targets (red circles) and single-base mismatched targets (green triagles), however, the probes cannot
hybridize to non-complement sequences (blue diamonds). The plot implies that azobenzene-modified DNA
chips, regardless of thiol-maleimide attachment or amino-epoxy chemistry, are compatible with the
fluorescent detection method.

4.3 Photoinduced dehybridization of azobenzene-modified chips

Next, I study photoinduced dehybridization of the DNA upon exposure to UV light, made
possible by incorporation of the azobenzene modifications into the capture strands. Figure 4.5(a)
shows fluorescent images of azobenzene-functionalized slides before/after UV irradiation (365
nm, 6.99+0.05 mW/cm?, 30 min), tested for both complementary targets and single-base-
mismatched targets. The spots capturing target DNA are dark with intense fluorescence prior to
UV exposure. The spots fade as 365-nm photons induce azobenzene photoisomerization and thus
dehybridization of captured targets. Importantly, the intensity of the single-base-mismatched
DNA spot decreases more (becomes fainter) than that of the perfectly-matched DNA. Figure
4.5(b) shows the corresponding data of fluorescence intensity changes for a number of samples
in a box and whisker format. The median value of the fluorescence intensity of single-base-
mismatched targets reduces by ~76% while the median of perfectly-matched targets drops by a
lesser extent after UV.

One might worry that exposure of the fluorescently-labeled DNA to UV light could result
in premature photobleaching. However, any photobleaching is much smaller than changes due to
photoinduced dehybridization. Figure 3(c) and 3(d) show control experiments using azobenzene-
free DNA chips and demonstrate much smaller losses in intensity (~5-10%) under same UV
illumination conditions. Compared to the significant reduction observed on azobenzene-
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functionalized slides, we conclude that the decrease in fluorescence intensity is due to the light-

induced dehybridization of the azobenzene-modified capture sequences.
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Figure 4.5 Photo-induced DNA de-hybridization happens at solid-liquid interface only on

azobenzene-modified DNA arrays.

Fluorescent images are shown for azobenzene-modified DNA chips (a) and azobenzene-free DNA chips

(b) before and after UV irradiation in which both perfectly-matched targets and partially-matched targets

are studied. The corresponding box and whisker plots are shown in (c) for azobenzene-modified slides and

in (d) for azobenzene-free slides. The fluorescence intensity decreases for azobenzene-modified slides after

the irradiation while the fluorescence barely changes for azobenzene-free slides, indicating that the

photoinduced dehybridization happening on the surface is due to the photoisomerization of azobenzene-

modified DNA.
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4.4 Photonic hybridization stringency with azobenzene-modified DNA chips

Next, | explore the possibility of photon dose to control hybridization stringency for
DNA bound to solid surfaces. Figure 4.6 shows the plot fluorescence intensity as a function of
UV irradiation time in a box and whisker format for target DNA with perfectly-matched
sequences and single-base-mismatched sequences. Initially, the ratio of fluorescence intensities
between the perfectly complementary and partially mismatched sequences is only ~1:1. After
only 60 seconds of UV exposure, the fluorescence from the spot with the single-base mismatch
has decreased by ~50%, while the intensity of the spot with the perfect complement has dropped
by only ~7%, making the ratio of intensities increase to ~2:1 (complement: mismatch). At
longer times (higher doses) the perfect complement also begins to show more significant
dehybridization (decreasing to ~50% of its initial intensity after 5 min) but the partially
mismatch sequence also continues to drop, and the ratio of intensities continues to increase to
~3:1 (complement: mismatch). After 10 minutes at this intensity the ratio begins to plateau
around ~3:1 (complement:mismatch) under these conditions. We attribute the more rapid
decrease in fluorescence observed with the single-base mismatches due to the more rapid
dehybridization of mismatched sequences under UV. This result is consistent with the sequence-
dependent quantum yield for azobenzene photoisomerization that we have previously
measured.3” We anticipate that this rapid change in differential hybridization (~1-5 min)
achieved with the use of a low-cost commercial UV LED and without change in temperature or
buffer conditions will be of interest as a possible new way to control hybridization stringency

with external stimulus in DNA assays.

69



10000

- Parfect Match

— Sinagle Mismatch
8000 - é $ : '
6000 T = !

Fluorescent Intensity (counts)
1

4000 - &3 ?-
2000 - -
X I
il E;:J = == J
0 1 1 1 ) 1
0 0.5 1 5 10 30
UV Time (min)

Figure 4.6 Photo-induced differential de-hybridization between perfectly-matched and
single-base-mismatched targets.

I observe photo-induced differential de-hybridization between perfectly-matched and single-base-
mismatched targets. | plotted the fluorescent intensity versus UV time (UV at 365 nm, 6.94+0.04
mW/cm?). At UV 30 seconds, | measured little decrease in fluorescence for both types of targets.
However, in 1 minute | began observing decrease in fluorescence between perfectly-matched sequences
(~10% decrease) and sequences with a single-base mismatch (~40% decrease). | observe larger decrease
in fluorescence for single-base-mismatched target when UV irradiates longer than 1 minute. At
equilibrium, single-base-mismatched targets exhibit ~80% decrease in fluorescence while perfectly-
matched targets exhibit ~60% decrease.

4.5 Conclusion

| have demonstrated that azobenzene-modified DNA immobilized on solid chips as
capture sequences is compatible with fluorescence readout using a commercial array scanner.
Furthermore, | show that | can photoswitch azobenzene molecules on a surface in the presence of
fluorophores, and that | can use light to control the dehybridization behavior of the azobenzene-

modified DNA immobilized on surface with the target sequences in solution. Most importantly, |
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demonstrate the successful use of azobenzene-modified DNA as a means to achieve photonic
hybridization stringency on heterogeneous assays with the ability to distinguish sequences with
single-base resolution.
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Chapter V Experimental Methods

5.1 Surface-functionalization of gold nanoparticles with azobenzene-modified

DNA

Colloidal gold nanoparticles (AuNPs) of 15 nm in diameter (~10*? particles/mL) were
purchased from Ted Pella Inc. and used as received. All oligonucleotides were purchased from
Integrated DNA Technology. Water used was deionized to 18.2 MOhm with Millipore filtration
system.

Aliquots of thiolated DNA sequences (SeqlAzo, Seql, Seq2, Seq3) were freshly cleaved
by incubating with 0.1 M DTT (dithiothreitol, 0.17 M phosphate, pH=8.0) for 15 min and
subsequently purified with a Bio-Spin Column. The resulting volume of 30-40 uL. of DNA in
water (O.D. =~2.0 at 260 nm) was combined with 900 puL of 15 nm AuNP solution. The mixture
was vortexed and sonicated, and left for 20 min at room temperature. The solution was then
brought to 0.01% SDS using 1% SDS stock and 0.01 M PBS (Phosphate buffered saline, 0.137
M NacCl) using 0.1 M PBS stock. In the subsequent steps, the NaCl concentration was gradually
raised to 0.4 M in increments of 0.05-0.1 M by adding buffer solution of 2 M NaCl, 0.01 M PBS
and 0.01% SDS while keeping the concentration of PBS and SDS constant.! After each addition
of NaCl, the solution was sonicated for 1 min and then incubated for 20 minutes (at room
temperature for most sequences, 45 °C for Seq1Azo-AuNP) and finally incubated overnight at
0.4 M NaCl at room temperature. The DNA-functionalized AuNP (DNA-AUNP) samples were
washed 3 times by repeated centrifugation and redispersion into 400 pL 0.01% SDS solution,
and eventually diluted back to 900 pL of 0.01 M phosphate buffer (pH=6.6), 0.1 M NaCl, 0.01%
SDS and 0.02% sodium azide for storage at 4°C in the dark.

DNA sequences:
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SeqlAzo. 5’-S-AAAAAAAAATGXAAXCTXAAXCG-3’, X = Azobenzene
Seql. 5’-S-AAAAAAAAATGAACTAACG-3’

Seq2. 5’-S-AAAAAAAAAACGTTAGTTCA-3’

Seq3. 5’-CAATCATGAGCAGCCTAGCAGAGAAGTAAAAAAAAAA-S-3’
Seq4. 5>-ACTTCTCTGCTAGGCTGCTCATGATTGCGTTAGTTCA-3’
Seq4mmA. 5’-ACTTCTCTGCTAGGCTGCTCATGATTGCGTTAATTCA-3’
Seq4mmC. 5’>-ACTTCTCTGCTAGGCTGCTCATGATTGCGTTACTTCA-3’

Seq4mmT. 5’>-ACTTCTCTGCTAGGCTGCTCATGATTGCGTTATTTCA-3’
5.2 Preparation of DNA-crosslined nanoparticle aggregates

For a typical photoswitching experiment, 600 puL of solution containing azobenzene-
modified DNA-AUNP aggregates was placed inside a stirring cuvette (Starna Cells). The
aggregates were formed by mixing equal amounts of SeqlAzo-AuNPs and Seq2-AuNPs for at
least 4 h at room temperature. For the 3-strand motif, a volume of 300 uL of Seq3-AuNP
solution was first combined with 3 uLL 10° M Seqg4 linker (or Seg4mmA, Seqg4mmC, Seq4mmT),
annealed at 45-50 °C, and then incubated at 25 °C for > 4 h followed by the addition of 300 pL of
SeqlAzo-AuNPs at room temperature. The melting temperature for Seq1lAzo-AuNP + Seqz2-
AuUNP is 61.7 °C and that of Seql-AuNP + Seg2-AuNP is 52.1 °C (in 0.01 M PBS, 0.1 M NaCl
and 0.01% SDS). Values were determined with extinction-based melting curves using the
Agilent 8453 UV-Vis spectrometer, and Tm points were obtained with its built-in
denaturalization mode. The temperature ramp starts at 25 °C and ends at 75 °C with 1 °C

temperature steps and 2 min hold time.
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5.3 Photoswitching azobenzene-modified DNA-AUNP aggregates in solution

The photoswitching setup consists of an LED light source, an aluminum block (with light
accessible windows) as a thermal mass holding the quartz cuvette, and a temperature-controlled
stirring plate with a thermocouple inserted into the Al block. (Figure 5.1) It was verified that the
cuvette solution temperature was the same as the thermocouple setpoint. The UV LEDs
(UVTOP325HS) were purchased from Sensor Electronic Technology, Inc. and blue LEDs
(Rebel 7, 470 nm) fitted with Optics Lens (Polymer Optics 264 7 Cell Cluster 12° Diffused
Optic® array) were obtained from LuxeonStar®. Typically, 4 UV LEDs at ~7 cm away from the
cuvette were aligned to give a total power of 0.83 mW/cm?, as measured by a calibrated Si

photodiode. Blue LEDs gave uniform illumination at 11 mW/cm?,

hermo
ouple | Stir
cell
C—
uv =

LED

i, B

uv
Al block
bloc LED

Heating and stiring plate

Figure 5.1 Schematic showing the photoswitching set-up.
The azobenzene-modified DNA-functionalized nanoparticle solution, with the stirring bar, sits in the
cuvette in the center of the aluminum block. The plate underneath it provides temperature and stirring

controls. The LEDs illuminates the sample from both directions.
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Prior to any irradiation, the sample was thermally equilibrated for at least 15 minutes. For
SeqlAzo-AuNPs and Seg2-AuNPs in 0.01 M PBS, 0.1 M NaCl and 0.01% SDS, photoswitching
was performed at 45° C. For discriminating between different Seq4 linkers, photostringency was
performed at 30 °C in 0.01 M PBS, 0.05 M NaCl and 0.01% SDS. UV-vis spectra of the solution

were taken with an Agilent 8453 diode array spectrophotometer.
5.4 Photoinduced dissociation study with the dark field microscope

Dr. Jennifer Chen contributed to the measurement and data analysis. | learned and
assisted her with the microscope setup and sample preparation.

The azobenzene-modified DNA-linked nanoparticle aggregates were prepared as
described in section 5.1(2). About 5-10 uL of the nanoparticle aggregates solution was dropped
on the 1-inch-by-1-inch microscope coverslip whose surface was coated with 3-
aminopropyltrimethoxysilane. We let the solution sitting on the coverslip surface for ~10-20
min, and then we rinsed the solution with phosphate buffer solution and 0.3M ammonium acetate
solution before drying it with nitrogen. The area on the coverslip where the aggregates deposited
was immediately covered with phosphate buffer (0.01 M PBS, 0.1 M NaCl and 0.01% SDS)
using a sealed hybridization chamber (SecureSeal™ SA8SR, Grace Bio-Labs). The nanoparticle
sample stayed in the buffer during the UV irradiation and data acquisition process.

We used the Nikon TE-2000 inverted microscope coupled with a transmitted darkfield
condenser and a color CCD camera (Diagnostic Instrument, FX1520) to obtain the scattering
images of the azobenzene-modified nanoparticle system.(Figure 5.2c) A total magnification of
75X was reached by using a 50X objective lens and an intermediate 1.5X lens. The tungsten
halogen lamp provides light to illuminate the sample after passing through the darkfield

condenser, which created the darkfield scattering images. The intense white light from the metal
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halide lamp and the 375+10-nm optical filter together served as the UV irradiation source. After
the filter, the UV light beam was focused by the objective lens to a micrometer-sized spot on the

glass surface, and the UV intensity was varied to be 0.25-1.8 W/cm?. The sample stage was

mounted with a home-made copper plate for temperature control.

BEEE

(c)

shutter
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lamp

darkfield [
condenser

\ copper plate

{for heating)

stage and sampile 2l

objective e |" /

I ;'::h“ —gxcitation filter
color CCD
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Figure 5.2 Darkfield microscopy data of photoinduced disaggregations of anchored gold

nanoparticles.
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(a) Darkfield images of aggregates on a substrate at different duration of UV irradiation (with intermittent
exposure to darkfield light when images were captured). (b) Darkfield image at low magnification showing
an area that had been UV irradiated vs an area without irradiation at same temperature. (c) Schematic

showing the microscope setup.

The sample was exposed to the UV irradiation for a total of 8-16 min while a series of
black-and-white images were captured by the CCD camera.(Figure 5.2a) However, the sample
was briefly exposed to another light source (which gives rise to the darkfiled scattering images)
for 106 ms, with a total exposure time being 2-6 s considering all images that were taken. About
30-40 individual white spots in a single image were calculated and the corresponding average
intensity was reported for that irradiation time. Figure 5.2b is a darkfield image with lower
resolution, showing that the UV area is dimmer than non-UV area. It proves that it was the UV
irradiation that caused the dissociation of nanoaprticle aggregates, because both areas were kept

under same conditions otherwise.
5.5 Discussions on photothermal effect

| calculate the maximum energy from UV and blue LEDs absorbed by single AuNPs.
Note that the extinction of the aggregated solutions is actually lower than for the dispersed single
AUNPs; hence the value calculated here is an overestimate. From Figure 2.2b, dispersed single
AUNPs exhibit an extinction of 1.14 at wavelength 330 nm and 0.978 at wavelength 470 nm,
corresponding to absorption of 93 % of the UV and 90 % of the blue light, respectively
(scattering is negligible for 15 nm-diameter AUNP). Based on the amount of absorption, the
intensity of the LEDs and the illumination area on the sample (0.601 cm?), the particles absorb
1.7 Jof UV light after 1 h and 42 J of blue light after 2 h irradiation under the conditions we
employed in our experiments. These energies are substantially lower than what is typically

required for photothermal melting.
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Additionally the temperature increase on the surface of an individual nanoparticle in
aqueous solution has been derived by Baffou et al?> where

Gabsl

AT =
4’7'[ReqﬁKW(1ter

Gabs IS the absorption cross section (m?), 1 is the light intensity (W/m?), Req is the radius of a
sphere (m), B is the thermal capacitance coefficient (1 for spherical particles), and kuater IS the
thermal conductivity of water (0.6 W/m*K). For gold nanoparticles with caps ~ 10° m??2 the
temperature changes upon exposure to 330 nm UV light at the power used here are 1.5x107 K,
and 1.9x10° K for blue (470 nm) light. The negligible heating strongly argues against
photothermal heating as the disassembly mechanism, as confirmed by the native DNA (without
azobenzene modification) controls. Furthermore, the more intense blue LED causes
hybridization and aggregation in our experiment, while the lower powered UV LED causes
melting. Hence the assembly process agrees with photoisomerization-controlled melting

mechanism.

5.6 Preparing azobenzene-modified DNA solution for quantum yield

measurements

(1) Materials

Unmodified DNAs and azobenzene-modified DNAs were purchased from Integrated
DNA Technology (IDT Inc, IA). All sequences used are shown in Table 3.1. Water was
deionized to 18.0 MOhm with the Millipore filtration system.
(2) Preparation of dsDNA solution

Aliquots of lyophilized DNA were dissolved in water and a desired amount of DNA
aqueous solution was then brought to 0.01M phosphate buffer (pH=6.5), 0.1M NaCl and 0.02%

sodium azide. Equal moles of complementary DNAs were mixed at room temperature and
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annealed at 95 °C for 5 min. The concentration* of azobenzene modified dsDNA for quantum
yield tests was prepared to be 10 uM; and the concentration for Tm test was 2 pM. The dsDNA
solution was kept at 4 °C before use.
(3) Preparation of the dsDNA that has three-sequence structure

The sequences for the three-strand capture assay are shown in Figure 3.6(a). Sequence-1
and Sequence-2 are both complementary to part of Sequence-3. The annealing process consisted
of two steps. First, Sequence-2 and Sequence-3 were combined and annealed at 95 °C for 5 min,
followed by gradual cooling to 55 °C and being held at 55°C for 30 min. Then, Sequence-1 was
added to the solution and annealed for an additional 10 min at 55 °C. The DNA solution was

lowered to room temperature and kept at 4 °C before use.
5.7 Photoinduced isomerization quantum yield measurement

The UV irradiation setup for quantum yield measurement consisted of an LED light
source centered at 330 nm with FWHM less than 10 nm (UVTOP325HS Sensor Electronic
Technology, Inc.), a home-made aluminum stage, a quartz cuvette with 1 cm optical path length,
a stir plate, and a temperature controller. The temperature of the DNA solution as a function of
temperature controller set point (measured in the aluminum stage) was calibrated using a
thermometer. The temperature of the DNA solution was kept at 28 °C for all quantum yield
measurements using the calibrated temperature controller. The UV LEDs were warmed up for 1
h and then the illumination intensity was monitored using a silicon photodiode positioned at the
other end of the aluminum stage. The UV intensity was typically 0.37 to 0.42 mW/cm?,
Azobenzene-modified DNA solutions were added to the quartz cuvette and were thermally
equilibrated at 28 °C for 1 h in the dark before UV irradiation. During UV irradiation, UV-vis

absorption spectra were recorded by an Agilent 8453 UV-vis spectrometer every 1 min for 15
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min and then every 5 min for the rest 45 min. The DNA solution was stirred during the
measurement. We verified that the low intensity white light source of the spectrometer had no
significant effect on the photoisomerization process.
5.8 Quantum yield calculation methods

The azobenzene trans-to-cis isomerization quantum yield is the ratio between the number
of isomerized trans-azobenzenes and that of absorbed photons at the actual time (a differential
quantum yield). We use the following isomerization rate equation:

dlcis]y I*l*(1—10_abs(t))*¢trans*£trans
ac V*abs(t)

I*l*(l_10_abs(t))*¢cis*£cis
Vxabs(t)

([trans]o — [cis].) [cis]

Equation 1
where [cis], is the concentration of cis-azobenzene at time t; [trans], is concentration of trans-
azobenzene before photoisomerization which we assume to be the total concentration of
azobenzene; I is the intensity of the excitation; [ is the beam path length of UV-vis absorption
measurement; abs(t) is the absorbance of the sample at the excitation wavelength, and t is time;
brrans and ¢ ;s are the quantum yields of trans-to-cis and cis-to-trans isomerization; &;,-4,,s and
£.is are the absorption coefficients at the excitation wavelength of trans-azobenzene and cis-
azobenzene; V is the volume.

The left side of the equation 1 describes how fast cis-azobenzene is produced by
guantifying the cis-azobenzene concentration change against time. On the right side of the
equation, the first term corresponds to how fast the trans-azobenzene isomerizes to the cis-
azobenzene, which contributes positively to the production of cis-azobenzene; the second term

on the right side corresponds to how fast cis-azobenzene isomerizes to the trans-from, which

contributes negatively to the production of cis-azobenzene.
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The term “I (1 —1079bs (t))” corresponds to the amount of light being absorbed by the
whole system; the term “&;,q4ns * L * ([trans], — [cis]y)” corresponds to the light absorption of
the trans-azobenzene, while “abs(t)” is light absorption of the total system measured by the
device; a ratio of the multiply by the amount of light absorbed by the system ((/ *

(1 _ 10—abs(t)) % Etrans*L*([trans]o—[cis

abs (D) ]°)) gives rise to the total amount of light absorbed only by

the trans-azobenzene, which gives rise to the number of trans-azobenzene consumed by

Etrans*x([trans]o—[cis]o)
abs(t)

multiplying with the trans-to-cis quantum yield (1 — 1072s®)) «

brans)- DoINg similar to the second term on the right side, cis-to-trans quantum yield is included

in the equation; the rest is to solve the equation.

[cis]

Since % = 0 at the photostationary state, we get the following relation

¢trans _ [Cis]oo * Ecis

¢cis ([trans]o - [CiS]OO) * Etrans

Equation 2

where [cis] is the concentration of cis-azobenzene at photo-stationary state. By defining the

[cis]

fraction of cis-azobenzene as y =
[trans]

and the fraction of trans-azobenzene as 1 — y, and by
0

solving Equation 1 and 2, we obtain the following equation

| Yoo — Y [ = l * ¢t7‘ans * Etrans Jt 1- 10_absl ® dt
n = —
Yo = Yo V * yo ¢, abs’ (t)
Equation 3
: Ixlx@rrans*Etrans t 1—10‘“175}‘ ® . ]
By replacing ——Hs—=4 as pre-factor A, and [, —;—5—-—dt as variable x, we obtain

Equation 4 shown below

Y= (Vo — Yo )eXp(—Ax) + Voo
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Equation 4
As described in the chapter 3, y value (the fraction of cis-azobenzene) is plotted against x value

and quantum yield is calculated after A value is extracted from the curve fitting. The term

t1-10"abs(®) . . L.
x(t) = fo T@dt an integration of photokinetic factor.

5.9 DNA melting temperature measurements

An Agilent 8453 UV-vis spectrometer operating in the thermal denaturation mode was
used to measure the melting temperature. The temperature ramp started at 5 °C and ended at 95
°C with 2 °C step interval and a 5 min hold time. Melting temperature was determined as the
temperature at which the first derivative of the absorbance vs. temperature plot was maximum.

(Figure 5.3)
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Figure 5.3 An example plot of the absorbance at 260 nm as a function of temperature to
obtain the melting temperature (Tm) of azobenzene-modified dsDNA.
The Tw is determined as the temperature at which the first derivative of absorbance against temperature is

the largest. The plot shown here corresponds to the dsSDNA of Seg-complement with T equals to 60 °C.
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5.10 Preparation of DNA immobilized glass substrates

| adapted the method from O’Ferral et al to covalently attach thiol oligonucleotides to
glass substrates.® Briefly, plain glass microscope slides were purchased from Fisher Scientific,
and cleaned by 15 min sonication in isopropyl alcohol and 5 min exposure to air plasma. Glasses
were then modified with an amino monolayer via reaction in 1% (v/v) 3-
aminopropyltriethoxysilane ethanoic solution for 20 min at room temperature. Soon after, glasses
were annealed at temperature of ~95-100 °C for 5 min. Hetero-bi-functional succinimidyl 4-
[malemido-phenyl]butyrate (SMPB, 10 mM in 1:4 DMSO:ethanol solution) was added onto
glass substrates immediately after heating and was kept for 2 hr at room temperature. Newly
cleaved 0.5 uL10 uM thiolated DNA was quickly dropped onto glass substrates using a digital
pipette; each glass had 8 drops and was kept at 40%-50% humidity for 2 hr at room temperature.
After DNA attachment, substrates were submerged in 1x SSPC buffer for 5 min; then glass
substrates were dried and stored at room condition. Modified substrates were used within one
week.

| followed instructions from Arrayit Cooperation to covalently attach amino-terminated
oligonucleotides onto substrates. The glass substrates (SuperAmine slides, SME2, Arrayit) were
already modified with epoxy groups. Newly prepared 0.5 pL 10 uM amino oligonucleotide in
Micro Spotting Solution Plus (MSP, Arrayit) was kept on SuperAmine slides overnight. Slides
were then rinsed with deionized water and stored at room condition. Right before usage, slides
were pre-treated with Blocklt blocking buffer (BKT, Arrayit) for 1 hr followed by multiple wash

steps.
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5.11 Hybridization of the immobilized DNA substrates

Glasses immobilized with DNA spots were sealed with a SecureSeal™ hybridization
chamber (#621503, Grace Bio-Labs) before adding the target DNA solution. Figure 5.4 depicts
the DNA sequences used for the experiment and the outline of hybridization chamber.
Hybridization happened at a controlled elevated temperature, but below the melting temperature
of to-be-formed double-stranded DNA. After 2-hour hybridization, the glass was immediately
exposed to 365 nm home-made UV LED assembly (LZ4-00U600, LED Engine). After UV
irradiation, the hybridization chamber was peeled off by hand and the microarray glass was

rinsed with 4 °C 20 mM phosphate buffer silane solution. The glass was then scanned.

8-well hybridization chamber

+—DNA spots
~Holes and seals

Figure 5.4 Schematic of DNA sequences used in the azobenzene-modified DNA chip

experiment.
The diagram of DNA microarrays in the hybridization and photo-induced de-hybridization experiments.
The glass array was covered with an 8-well hybridization chamber, whose cell holes were able to be sealed.

The green dot at the center of each cell had spotted DNA molecules.

5.12 Fluorescent scanning

A fluorescent scanner (Typhoon™ FLA 9000, GE Healthcare) was used to excite the
“substrate” fluorophores linked on target DNA and to obtained images at the same time. The linked
fluorophore is tetramethylrhodamine, and the excitation source was a 532-nm laser, and the

scanning pixel resolution was set at 50 um.
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Chapter VI. Conclusions and Future Work

6.1 Conclusions

The dissertation includes photochemical studies of azobenzene-modified DNA with the
purpose to pursue applications of light-controlled hybridization stringency with gold
nanoparticles and DNA-immobilized chips. Chapter 2 describes the construction of
photoswitchable gold nanoparticle materials that are heavily functionalized with azobenzene-
modified oligonucleotides. Nanoparticle solutions have exhibited reversible color and structural
change with alternate UV and blue irradiations caused by the photoinduced hybridization and
dehybridizaiton of azobenzene-modified DNA. In addition to heat- and salt-controlled
hybridization stringency, photo-controlled hybridization stringency has been discovered that
DNA duplexes with partially matched sequences dehybridize more rapidly under light than that
of perfectly-matched sequences.

Further effort has been spent to study the photochemical kinetics and photoisomerization
quantum yield of azobenzene-modified DNA. Chapter 3 shows that the isomerization quantum
yield of azobenzene-modified DNA has decreased by 3-fold to 15-fold compared to that of free
azobenzene that is not functionalized with DNA. However, for azobenzene-modified DNA, the
guantum yield increases when the duplex has the single-base-mismatched pair, and rises further
when the mismatched pair is immediately next to the azobenzene. Control experiments exclude
the impact of electronic interactions, proving that the quantum yield variation depends on DNA
sequences.

Last part of the dissertation presents studies of covalently attaching azobenzene-modified
oligonucleotides on glass slides with the goal to pursue chip-based applications for photonic

hybridization stringency. Chapter 4 demonstrates that immobilized azobenzene-modified DNA is
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compatible with surface fluorescent detection, opening opportunities for azobenzene-modified
DNA in a variety of chip-based applications with fluorescent readout. Controlling DNA
hybridization stringency with light has been achieved on DNA arrays in this chapter, expanding
the possibilities to apply photonic hybridization stringency to heterogeneous array applications.

The appendix A describes a chemical approach to synthesize nanoparticle dimers from
DNA-functionalized nanoparticles without additional surface modifications or purifications.
Collaborating with Dr. Lucas Parents and Dr. James Evans at pacific northwestern national
laboratory, we used liquid TEM cells to capture motions of dimer nanoparticles in aqueous
buffer in order to independently and directly calculate/calibrate the interparticle distance of
DNA-linked dimers.

Results in chapter 2-4 have been published or ready for publication; and results in
appendix A is preliminary with comments for future directions below.

6.2 Future Work

(1) Applications of photonic hybridization stringency

It is demonstrated in chapter 2 that azobenzene-modified DNA-functionalized
nanoparticles have allowed photonic energy to control DNA hybridization stringency with the
ability to detect a single base difference in the sequence. Chapter 4 shows that one can achieve
photonic hybridization stringency on DNA immobilized substrates. With either platform, it
would be worth to use photonic hybridization stringency to detect a nucleic acid sequence of
interest; which would require literature search to design target and probe sequences. A further to-
do test is to assess the photonic hybridization stringency through side-by-side comparison with
heat- and salt-induced stringency in single base mismatch detection.

(2) Temperature dependence of quantum yield
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Chapter 3 discovers that the photoisomerization quantum yield of azobenzene-modified
DNA depends on DNA sequences as well as the DNA melting temperature. We have proposed
the “free volume™ hypothesis to explain the phenomenon that photoisomerization quantum yield
is suppressed when the mismatched base pair is further away from the azobenzene. As increasing
temperature would destabilize the duplex which could result in more “free volume™ around the
azobenzene, | would predict an increase in azobenzene quantum yield with increased
environmental temperature. Chapter 3 describes the dependence of quantum yield on the melting
temperature for different sequences, and the next step is to uncover the dependence of quantum
yield on temperature for azobenzene-modified sequences.

We have started the collaboration with Prof. Lutz Maibaum to further understand the
sequence-dependent quantum yield of azobenzene-modified DNA using molecular dynamic
simulations. We would support and assess the simulation methods by designing azobenzene-
modified sequences and measuring experimental quantum yield values.

(3) Complete interparticle-distance measurement with liquid TEM

I would propose the continued collaboration with the liquid TEM experts to acquire more

data of DNA-linked nanoparticle dimers, in order to calibrate the interparticle distance as a

function of sequence length and particle size.
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Appendix A. Measuring the interparticle distance by using in-situ
liquid TEM

Introduction

Gold nanoparticles, which are heavily functionalized with DNA, have been widely studied
for applications ranging from biological and chemical sensing! to programmable assembly of 3-D
crystals.23 These applications rely on constructions of metal nanoparticles in well-defined
structures in order to exhibit unique plasmonic features that are sensitive to the interparticle
distance. For example, plasmon rulers* are constructued with DNA-functionalized nanoparticles
to measure distance change in sub-nanometer range by monitoring of the plasmonic peak shift. In
order to calibrate and assess the accuracy of plasmon ruler materials, | study to develop an
independent method that can measure the interparticle distance with a distinct mechanism.®

Researchers have used small angle X-ray scattering (SAXS) technique,®® cryo TEM® and
theoretical simulations'® to independently measure the interparticle distance of nanoparticle
structures that are created with DNA modified nanoparticles. SAXS can only provide ensemble
average values of concentrated nanoparticle sample; and it neglects the particle shape by assume
particle being spherical. Cryo TEM loses the information of interparticle distance in dynamic bio-
environment because it can only measure frozen particles. To overcome these limitations, | explore
to utilize liquid-enabled TEM to measure the interparticle distance by capturing the motion of
nanoparticles in-situ.

Liquid TEM, though operated under extreme vacuum, can allow direct visualization of
aqueous DNA-linked nanomaterials by using a special sample holder that completely seals the
liquid in a micro-chamber.!! TEM captures one video of nanoparticle materials that consist of
thousands of projected frames. Each frame is a two-dimensional projected image that is processed
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to calculate the interparticle distance. The free motion of nanoparticles in buffer gives particles the

opportunity to reach the same focal plane at the same time during the video period. It results in a

plot of interparticle distance versus frame number (time), in which the largest distance is

considered the interparticle distance in aequous buffer.

The liquid TEM instrument locates at Pacific Northwestern National Laboratory. The

experiment is collaborated with graduate student Lucas Parent and with staff scientist James Evans.

| prepare the nanoparticle solutions and analyze the TEM video data. Lucas and James operates

the TEM to obtain the video data.

Synthesis of nanoparticle dimers

The nanoparticle structure in our measurement consists of two gold nanoparticles (referred

Add quenching
DNA

Scheme A-1. Preparation method
of dimers. DNA modified
nanoparticles with two different
sizes are mixed. Quenching DNA
is added, after mixing, to stop the
nanoparticles from growing into
large clusters.

as “dimer”) with different sizes that are linked by dsDNA.
Scheme A-1 shows the preparation method. It starts by mixing
two types of gold nanoparticles—the larger nanoparticles
functionalized with sequence A and the smaller particles
functionalized with sequence B. Through hybridization of
sequence A and B, bigger particles and smaller particles are
cross-linked to form structures such as dimer, trimer (that have
three particles), multimer (that have more than three particle)

and even larger clusters. In order to make dimer, the quenching

DNA is added in the mixed solution to stop the nanoparticles from growing larger in size because

the quenching DNA will form duplex DNA with sequence A. To obtain a solution with highest

possible number of dimer and lower possible number of larger clusters, the quenching DNA needs
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to be added at the right time. Therefore, we study the change in dimer’s yield while varying the
length of time nanoparticles are mixed before quenching DNA is added.

The dimer’s yield is calculated by counting the ratio between the number of dimers and the
total number of particles with varied structures. The scanning electron microscope (SEM) is used
to take images of the prepared nanoparticle solution. Figure A-2(a) shows one example of SEM
images of the sample with 30 nm and 15 nm gold nanoparticles functionalized with 90-base-long
DNA. In this image, the number of dimer is 33, and total number of particles is 150, so the dimer’s
yield is 0.22. To report a reliable dimer’s yield, the total number of particles counted must exceed
1000. Figure A-2(b) shows the plot of dimer’s yield and other structures’ yields versus the length
of mixing time for the sample of 30 nm and 15 nm nanoparticles attached with 90-base-pair long
DNA. The plot indicates that as mixing time increases, dimer’s yield, trimer’s yield, larger
cluster’s yield all increase while yields of single nanoparticles decrease; the plot suggests an
optimal mixing time of 15 min because it leads to a higher dimer’s yield and lower cluster’s yield.
Figure A-2(c) plots dimer’s yield versus mixing time for different nanoparticle samples (red for

30 nm and 15 nm with 90-base-pair DNA, green for 100 nm and 60 nm with 90-base-pair DNA,
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Figure A-2. The result of dimers prepared in solution. (a) An example of one SEM image of the nanoparticle
solution that is used to count the number of clusters. (b) The yield of dimer, trimer, multimer and single
nanoparticles versus mixing time before quenching DNA is added. (c) The yield of dimer versus mixing time.
The dimer is prepared by using nanoparticles with varied sizes and DNAs with varied length
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and blue for 100 nm and 60 nm with 48-base-pair DNA). It indicates, in this plot, that relation

between dimer’s yield and mixing time depends on the sizes of nanoparticles and the base-length
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Figure A-3 (a) The diagram of liquid TEM. The
liquid sample is sandwiched between two silicon
chip. The window in the center allows electrons to
travel through to generate TEM images. (b) An
example of analyzing TEM video to get
interparticle distance. The pictures are frames of
the video at different time points. The interparticle
distance is measured in each frame and plotted
versus time.

of DNAs that are attached on these nanoparticles.

Dimer’s yield reaches the highest at 1 hour for red,
and 2 hour for green, and 1.5 hour for blue. It

suggests that the larger the size of nanoparticles
and the longer the linked DNA, the longer the
mixing time will be.

The interparticle distance of dimers
formed by 60 nm and 100 nm nanoparticles with
90-base-pair DNA is measured using the liquid
TEM study. The solution is sandwiched between
two silicon TEM chips, with a 50 pum by 50 pm
viewing window for electron beam to pass
through (Figure A-3(a)). The free movement of
dimer is capture by a CCD video for known time.

Each frame of this video is analyzed to firstly

locate the centroids of two nanoparticles, and secondly calculate the interparticle distance, and

lastly calculate the distance per base pair. Figure A-3(b) shows video frames of nanoparticles at

different time points and the plot of interparticle distance versus time. The dimer exhibits its

longest interparticle distance as 18 nm, and shortens its interparticle distance after that time point.

The distance of each base pair is 0.2 nm, taking into account the duplex DNA has 90 base pairs.

The longest distance of the dimer is obtained when two nanoparticles are in the same focal plane.
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The dimers need good mobility in solution so that its longest interparticle distance has a higher
chance to be captured when two particles have a higher chance to rotate into the sample focal plane.
The hypothesis explains why dramatically differently distances

Conclusion

Liquid TEM is used to measure the interparticle distance of dimers made of DNA modified
gold nanoparticles. The interparticle distance is 18 nm for a 60 nm and 100 nm dimer with 90-
base-pair DNA, which leads to a length of 0.2 nm per base pair.

Proposed Research

The preliminary data shown in Figure A-2(b) and A-2(c) demonstrate the option and
limitations of using liquid TEM to measure interparticle distance of DNA-linked dimers in buffer
solution. To improve this method, | propose the following experiments.

(1) Repeating dimer preparation and liquid TEM experiments to obtain the errors of interparticle
distance measurement;

So far, we measured reliable interparticle distance from four dimer samples. As the
interparticle distance value varies a lot from sample to sample, | have not obtained a reliable error
value. So, I seek to repeat the experiments and measure more dimers to get the idea of the error of
liquid TEM method.

(2) Measuring interparticle distance of dimers that are made of particles with different size and
DNAs with different length;

| only measured the interparticle distance of dimers that are made of 60 nm and 100 nm

gold nanoparticles and DNA with 90-base-pair length. DNA length has an effect on the flexibility

of dsDNA, and thus has an effect on the interparticle distance because two nanoparticles are linked
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by dsDNA. The size of the particles may also have an effect on interparticle distance. | seek to
find out these effects.
(3) Attaching nanoparticles on TEM chip to achieve more dimers under TEM view;

Given the size of the TEM viewing window (2.5E-12 L) and the concentration of
nanoparticle solution (~0.01-0.1 nM for 100 nm and 60 nm particles), the theoretical number of
dimer one can detect in the view is 1 — 3 (20% dimer’s yield). To achieve more dimers in the view,
| seek to chemically attach one nanoparticle on the TEM chip, and let the other nanoparticle attach
to the substrate nanoparticle and stay free in solution.

(4) Studying in-situ photoswitching of dimers

The liquid TEM instrument at Pacific Northwestern National Laboratory is going to be
launched with laser pulse which can send the light trigger into the sample while watching the effect
of the trigger. In conjunction with the photoswitchable nanoparticle experiments, | propose to
photoswitch DNA linked nanoparticle clusters in solution inside the liquid TEM chamber and

study the photoswitching process in situ.
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