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1. Introduction

I submit this document with two intentions. First and for most, I submit this to fulfill a
requirement for obtaining a Bachelor’s of Science degree in Physics. But secondly, and
almost as important to me, (and certainly to anyone who might “follow in my foot steps”)
as a thorough and comprehensive account of the work that I have done over the past year
under the supervision of professor Elisabeth Gwinn and graduate student Daniel Schultz;
that is to say, the results that I found and present here, as well as the tools and methods I
used in going about obtaining the data.

I. Background
It was recently discovered that short synthetic DNA strands can stabilize small clusters of
a few to roughly 10 silver (Ag). Ag:DNA molecules electronic transition occur in the
visible spectrum. Principally we are interested in the Ag:DNA molecules that exhibit
electronic excitations in the visible spectrum,

[1][2][3]

and not simply any silver cluster

stabilized on a DNA strand. In what follows I may refer to a particular Ag:DNA
molecule as Ag6:DNA, this means a cluster of 6 silver atoms bound to the DNA, as
opposed to Ag:DNA which is purposefully ambiguous.
DNA itself is particularly interesting because of its potential as a construct for
nano-scale fabrication. Artificial DNA has been shown to self-assemble into nano–scale
structures ranging from simple squares, triangles, etc. to much more complex ones built
out of these simpler structures. This method of designing DNA sequences that will form

larger structures was first theoretically formulated in the early 1980’s by Nadrian C.
Seeman[4]. Octahedron structures were later created using DNA strands roughly 1700
bases long along with much shorter “staple” strands (roughly 40 bases).[5] This research
has been followed by a number of ventures into the study of DNA based nanoarchitecture, most notably by Paul Rothemund[6] (Figure 1.1). Rothemund demonstrated
the use of DNA hairpins (hairpins are DNA strands which exhibit both a single stranded
region, the “loop,” and a double stranded region, the “stem”) (Figure 1.2) to decorate, or
label, larger DNA tiles with 6 nm spatial-resolution. High fidelity between desired
(theoretical) and realized structures, high yields, a fast reaction time and low cost of
production make these DNA structures ideal for nano-scale fabrication.
My group has shown that these silver nano-clusters, which produce fluorescence,
stabilize on the single stranded regions of the DNA[2]. The ultimate aim of this project is
to produce optically addressable quantum systems that can be positioned with nano-scale
precision without relying on coupling chemistries. In other words, design a nano-scale
device from self-assembling DNA that can store and spontaneously process information
optically. To accomplish this DNA hairpins, which stabilize fluorophores in their single
stranded regions, can be incorporated into larger DNA structures by inserting a hairpin
sequence into a staple strand. The basic structures (i.e. fluorescent Ag:DNA decorating
DNA nano-structures) have been realized by my group already, specifically creation of
DNA nanotubes with hairpin protrusions. Though the results are, as of now, unpublished
they are currently being compiled into a paper (Figure 1.2).

(a)

(b)

(c)

(d)

Figure 1.1 - DNA Origami by P. Rothemund, (a) and (c) are desired structures; (b) and (d) are
examples of realized structures. Both the rectangle and smiley face are roughly 100 nm across.

Figure 1.2 – (a) DNA hairpin as incorporated
into a “staple” strand that binds together larger
DNA strands into tubes; arrows indicate that
the (b.1)
sequence continues that bind to more
bases (there are no unpaired bases in the tube
design). (b.1) Atomic Force Microscope
(AFM) image of DNA “tiles” where
alternating tiles have staple (darker tiles) and
staples with hairpins incorporated (bright
tiles); (b.2) Fluorescence image of a DNA
tube where the incorporated hairpins stick
radially outward and have stabilized
fluorescent clusters. (b) Courtesy of Patrick
O’Neill.

(a)
(b.2)

II. My Project
In general my group wishes to classify and categorize the photo-physical properties of the
fluorescent Ag:DNA molecules, as well as eventually understand the mechanism which
causes the molecules to become fluorescent. The basic motivation for my project was
that the study of these Ag:DNA molecules would be greatly simplified if we are able to
isolate a single fluorescent species, rather than having an inhomogeneous solution
containing anywhere from 2 to over a dozen Ag:DNA species (some fluorescent, some
not).
Before I began working with my group they had already been using gel
electrophoresis to purify fluorescent solutions. However this purification process was far
from ideal. At best it filtered out some Ag:DNA species but still left a heterogeneous
solution. My project consisted in investigating the use of use of DNA hybridization as a
tool that could potentially simplify and greatly improve this purification process. In an
electrophoresis gel (explained more thoroughly in chapter 2, Methods and Materials)
molecules separate under the influence of an externally applied electric field such that
larger, more massive, molecules move more slowly through the gel than smaller, less
massive, ones.

Our idea was that, if we added complementary DNA strands to

fluorescent DNA solutions, different Ag:DNA molecules (i.e. DNA with 0 silver atoms, 1
silver atom, etc. bound) might hybridize more or less readily with the complement strand.
If that is the case then running the "hybridized" Ag:DNA solution in a gel would result in
greater separation between bands of molecules with different Ag atom numbers, or we
might see entirely different bands than in an non-hybridized solution. Either way, if

hybridization occurs in a non-uniform manner, we would be more able to remove just the
fluorescent species from the gel and have a truly "pure" solution.
Experimental methods I used in my investigation are given a thorough
explanation in chapter 2, but briefly they are: Fluorescence, Absorbance, and Mass
Spectroscopy as well as Gel Electrophoresis.

2. Methods & Materials

I. DNA
My primary DNA strand of interest was what we have dubbed the “9C Hairpin,” (or 9C
HP) with a base sequence: 5’ – TATCCGTCCCCCCCCCACGGATA – 3’. I chose to
focus on this strand based on the fact that it produces a very photo-stable fluorophore
(remains fluorescent for months), and it has already been well studied by our group,
which has managed to identify the size of silver clusters that produce visible
fluorescence.3 In addition to the 9C Hairpin I also used its fully complementary sequence
5’ – TATCCGTGGGGGGGGGACGGATA – 3’, which will be referred to as the “9G
Hairpin,” or simply 9G HP, as potential DNA strand that would to bind to the 9C
Hairpin. Later on in my experiments, when it became apparent that the 9G HP was not a
best candidate for my purposes, I began using a DNA strand that was complementary to
just the loop (to be explained momentarily) of the 9C HP; this sequence was 5' TGGGGGGGGGT - 3': I’ll refer to this is “TG9T”. The thymine end caps are added to
ensure a more higher yield from the manufacturer, IDT, since the process is complicated
by long runs of guanine, particularly when a guanine sits at the 3' end of the DNA base
sequence (IDT's FAQ: https://www.idtdna.com/InstantKB/article.aspx?id=13108).
All DNA sequences were ordered from Integrated DNA Technologies (IDT) with
standard desalting, and used without further purification.
The term “Hairpin” refers to the particular secondary structure of the DNA, which
consists of a single stranded region (the loop) and a double stranded region (the stem).

(Figure 2.1) In the case of the 9C Hairpin all of loop bases are cytosines bases, while for
the 9G Hairpin all of the loop bases are guanines.

LOOP

STEM

Figure 2.1 - Schematic of the 9C Hairpin
structure, indicating "stem" and "loop" sections.
From IDT's "mFold SciTool"; Stewart and
Zuker - Washington University

II. Synthesis
To create fluorescent DNA molecules I begin by hydrating the DNA strands, which are in
powder form when received from IDT, to 100 µM (nominally) in Nuclease Free Water,
also ordered from IDT with 0.2 µM filter rating (I'll refer to this as "IDT water"). I then
dilute a small amount of the "100 µM" solution to ~"5 µM" by adding one part of the
"100 µM" DNA to nineteen parts IDT water and measure the absorbance of this solution.
By measuring the absorption at 260 nm, and given the Molar Extinction Coefficient of
the DNA strand, I can use the Beer-Lambert Law:

A = εLC
to relate the Absorbance (A) of the solution to its Concentration (C) of molecules in
solution, the path length light travels through the solution (L) and the molecule’s Molar
Extinction Coefficient (ε). The extinction coefficient, ε, is provided by IDT. This lets me

test whether the actual concentration of the DNA in my 100 µM stock solution agrees
with the expected value. The test is needed to make sure that all of the DNA dissolved (if
it didn't, the measured concentration would be lower than expected) and that I added the
volume of water that I intended to add. Small corrections, by adding more IDT water, are
generally needed.
Next I add the DNA to an Ammonium Acetate buffer, NH4OAc, (GR ACS grade
crystals from EMD Chemicals Inc., assay min. 97%) anneal this solution by submerging
it in approximately one liter of boiling water inside a thermos so that the water remains
above the strand’s melting temperature (~68 oC) for at least an hour, and then allow the
water and solution to cool down slowly by leaving the thermos lid off. This takes
roughly 12 hours but depends on the amount of water used and how insulating the
thermos is. The purpose of the annealing is to ensure
that I am working with the DNA in its hairpin
configuration.

Hairpins

This is important because the re-

hydrated DNA stands could have other secondary
structures that melt at temperatures between room
temperature and the melting temperature of the
hairpin (or higher).

By heating the solution and

slowly cooling it, the strands can adopt the
configuration of lowest free energy, which for the
strands I study is the hairpin.
After the solution has cooled to room
temperature I add Silver Nitrate, AgNO3, (Sigma-

Figure 2.2 - Ag:DNA synthesis
starting with DNA hairpins.
Courtesy of Patrick O'Neill.

Aldrich, 99.9999% metal basis) and then allow the solution to rest in a refrigerator (at ~2
o

C) for 1 hour to allow the Silver to decorate the DNA. The last step in the synthesis

process is to reduce the solution with Sodium Borohydride, NaBH4 (Sigma-Aldrich,
Reagent Plus grade, 99%). (Figure 2.2)
Since specific concentrations varied slightly between experiments I will quote
them at a later time when appropriate.
For the purpose of creating a full duplex I perform an analogous synthesis of the
9G Hairpin strand up to the point of annealing the strand (i.e. hydrating to “100 µM,”
checking absorbance to identify actual concentration, then add in an Ammonium Acetate
buffer, etc.) such that the concentration of the complement strand solution is equal to that
of the 9CHP solution concentration (without the AgNO3 and NaBH4). The complement
strand is then mixed 1:1, volumetrically, with the reduced 9C HP between 0.5-2 hours
after having been reduced. To ensure that direct comparisons could be made between the
reduced 9CHP solution and the reduced 9CHP mixed with a complementary strand
added, additional buffer at was added to the reduced 9CHP solution (without
complement) in 1:1 volumetric ratio. In this way concentration of the 9CHP will be the
same in both cases (i.e. with and without the complementary strand).
In the case of the TG9T strand the annealing process is unnecessary since no
secondary structure is expected. So all that was needed was to hydrate the strand in IDT
water then mix in Ammonium Acetate such that the solution concentrations are equal to
that of the 9CHP, then proceed as described above.
As mentioned in the Introduction, this fluorophore synthesis process results in an
heterogeneous solution of a little less than a dozen Ag:9CHP species ranging from 1 to

over about 13 silver atoms making up the nano-cluster that bind to the hairpin. Mass
spectroscopy has shown that there are groups of silver atom cluster sizes that do not form
stable Ag:DNA species.[3] They are 4-5, and 7-9; it may be that these species do form but
in only very small amounts that are not detectable my our mass spectrometer.

III. Instruments
Absorption and Fluorescence Spectroscopy
I used a custom built set-up with an Ocean Optics QE65000 thermoelectrically-cooled
(TEC) array detector for light detection. For absorbance measurements, the light source
was a deuterium lamp. For fluorescence measurements, the light source was a much
higher power xenon lamp. A Mikropack Monoscan 2000 scanning monochromator
selected the wavelength of the light used to excite fluorescence. All elements of our
custom spectrometer are connected with optical fibers. (Figure 2.3)
Since the setup is custom the process of taking measurements, particularly
fluorescence measurements, is very much a manual process. The lamps are turned on and
off with switches and buttons on the lamps themselves so they require no software
connection to the computer; the light detector and monochromator do however interface
with the computer. Currently the detector runs on a Macintosh operating system, and the
monochromator on Windows. To operate both from one console we use a Macintosh
with a Windows emulator. To operate (and obtain data from) the light detector a program
called SpectraSuite is used, which receives and displays signal from the detector and
controls the thermo electric cooler (TEC), which is set to -5.6 oC but in practice the
detector temperature is usually closer to -10 to -12 oC.

The displayed emission

wavelength was checked against a line light source and a correction factor of
1.9233+0.99925*[wavelength read/displayed by spectrometer] was found to be
necessary. To operate the monochromator a program called Monoscan2000 is used
which allows you to select wavelengths 250 and 950 nm to pass through to the solution
between. The monochromators' output was checked to be sure that the wavelength
selected is what is outputted by the monochromator. A correction factor of -3.9332
+1.0042*[monochromators displayed output wavelength] was found to be necessary.
Again since our system is not automated (yet), to record a fluorescence spectrum I
would select an excitation wavelength using Monoscan2000 then save the emission
spectrum displayed in SpectraSuite. Then I would move to the next desired excitation
wavelength and save that emission spectrum, etc. (or simply 'overlay' the signals as I
moved in excitation and save all the spectra after scanning the desired excitation
wavelengths). A caveat: SpectraSuite copies spectra so that the last scan you "overlay"

Monochromator

Lamps

Monochromator

Sample Holder

(a)

Spectrometer

(b)

Figure 2.3 - (a) Schematic of spectrometer setup. [The input and out put of the monochromator
are actually reversed, input left - output right, but this would just have needlessly complicate
the schematic]. (b) Photograph of spectrometer setup.

will be the first scan in the data set, so if you start at 300 nm and scan to 700 nm the data
will go 700 nm scan, 690 nm scan... To make life a bit easier it's best to start at the
longest wavelength desired and work down to lower wavelengths.
Mass Spectroscopy – I used a Quadrupole/Time-of-Flight Tandem mass spectrometer
with Electrospray Ionization (ESI).
Gel Electrophoresis - I used a Dual Adjustable Slab Gel Unit setup from C.B.S. Scientific
Company Inc., along with a EPS-3000P-II: High Voltage Programmable Power Supply
also from C.B.S.

IV. Experimental Techniques
Absorption Spectroscopy
Absorbance measurements are made by first shining light from the deuterium source
through a reference solution of my buffer and detecting the signal that has passed straight
through the buffer to reach the detector. This is my Reference Signal “IR”. Next I
completely block the light path and measure the detector signal, which isn't zero in the
absence of light because there is some dark current. This is my Dark Signal “ID”. Finally
I place my sample solution in the light path. The detected signal is “I”. The absorbance
of the solution is then calculated using the formula:

A= -log10[(I - ID)/( IR - ID)]
Since absorbance measurements are made by comparing a ratio of transmitted light
through the buffer to transmitter light through my sample, the absorbance A reflects the
properties of the solute molecules only.

Typically there are several types of silver-DNA complexes in my sample
solutions. That means that the overall absorbance spectrum is the sum of the individual
absorbance spectra for each type of solute molecule: A=L[ε1C1+ε2C2+ε3C3+.....] where ε1
and C1 are the wavelength-dependent extinction coefficient and concentration of
molecule 1, and so on.
For all my absorption measurements, the signal was integrated for 800 ms, and
averaged over 2-3 scans.
UV absorbance
It is well known that nucleic acids (such as make up DNA) absorb light in the UV, with a
maximum occurring near 260 nm. The extinction coefficient depends on the secondary
structure of the DNA. When the bases are “stacked”, as they are in the double-stranded
stem of a hairpin, they typically absorb less UV light than when they are un-stacked.
When the DNA strands are dissolved in pure water, the bases are un-stacked (because
there aren't enough positive ions around to let the negatively charged phosphate groups
come close together). The extinction coefficients given by IDT assume un-stacked bases.
After the 9C Hairpin is mixed with a complementary strand and hybridization
occurs, we expect the absorbance cross section of the DNA would decrease, due to
increased base stacking. Absorbance measurements of the absorbance at 260 nm were
taken to in hopes of confirming that hybridization had indeed taken place in the “duplex”
DNA solution.
Fluorescence Spectroscopy
When detecting fluorescence of a solution we are interested only in the light that has been
absorbed by fluorophores and then re-emitted (as opposed to absorbance measurements

were we want to know which wavelengths of light are simply absorbed by our DNA
molecules). Because of this fluorescence measurements are performed by detecting light
emitted perpendicular to the incident light path (i.e. detected ninety degrees off of the
incident light axis). A Xenon source lamp is used for fluorescence because it produces
more light in the visible spectrum, which we are mainly interested in when measuring
fluorescence. To produce a fluorescence spectrum light, of only a certain wavelength at a
time, is shone on the fluorescing solution while light leaving the sample is detected.
In my experiments with the 9CHP I excited with light ranging in wavelength from
250 nm to 750 nm (700 nm in my initial experiments) with 10 nm resolution, and
detected light from 200 nm to 1000 nm (the detection range of the instrument) with
resolution of ~0.72 nm. The signal was integrated for 3 seconds. Although I did measure
fluorescence exciting the solutions from 250 nm to 750 nm it became apparent that the
excitation of the fluorophores peaked in excitation between 400 nm and 600 nm. While
these fluorophores are also excitable in the ultraviolet, at the absorbance maxima of the
base, the xenon light source is very dim at such short wavelengths. So I focused on the
excitation range of approximately 340 nm to 700 nm.
To select only the specific wavelengths desired the light from the lamp is passed
through the monochromator. Due to the non-uniform output of the lamp as will as the
attenuation by the monochromator the excitation spectrum has to be normalized to the
output of the monochromator. This was accomplished by feeding the output of the
monochromator directly into the detector then scanning the excitation spectrum. To
normalize my fluorescence signal this spectrum is divided out of the signal emitted from
my Ag:DNA solutions.

The main identification of the various Ag:DNA fluorophores that are created
through the synthesis process is through fluorescence spectroscopy. Any particular DNA
fluorophore will absorb a photon, which lifts the molecule into an excited state.
Fluorescence occurs when the molecule emits a photon to drop from its first excited state
to its ground state. If the molecule loses energy faster by other routes (to thermal or other
fluctuations) before it can emit a photon, it will be at most a dim fluorophore. The
“quantum yield,” Q, of the molecule gives the fraction of the absorbed photons that are
emitted as light.
It is common to identify a DNA fluorophore by the spacing between the ground
state and first excited state since this is what corresponds to the energy of the photon that
is emitted. In solutions with multiple fluorophores, like the 9C Hairpin, it is the presence
of differing numbers of silver atoms that cluster and bind to the DNA that produce these
different fluorophores with energy level spacing such that we see multiple peaks in the
fluorescence spectrum.
Peak excitation and emission wavelengths were determined by fitting 2D
Gaussians to raw data.
Mass Spectroscopy
When dealing with a DNA solution it is crucial that we are able to identify what sort of
molecules have formed, like how many silver atoms have bound to the DNA; and, vital to
my research, identifying hybridized molecules. To ascertain such information I used
electrospray ionization mass spectroscopy (ESI-MS). This technique injects a small
volume of a solution through a very small electrically charged capillary, which charges
the molecules in solution. An electric field is set up at where the capillary ends such that

the solution disperses into an aerosol form leaving the capillary. Ideally a Taylor cone
will form at the end of the capillary because this makes this facilitates the formation of
consistent droplets that are then dispersed from the capillary. (Figure 2.4) Once the
droplets leave the capillary they travel through counter-flowing nitrogen gas under the
influence of the electric field. During this flight time the solvent evaporates resulting in
smaller and smaller droplets until only solitary ions of the molecule are left. These ions
eventually enter a mass analyzer, which uses electric and magnetic fields to direct the
ions toward a detector that reads out relative amounts of mass per charge (M/Z)
molecules in the solution.
There are a large number of parameters which can be tuned on this instrument so
that I will not list them all, but a few that are especially important are Cone Voltage = 45
V, Capillary Voltage = 2 kV, Aperture = 15, Injection Rate = 10 µL/min, Scan Range:
500 – 3000 M/Z.

Ion Plume

Counter Electrode
Figure 2.4 - Schematic of electrospray process. The Taylor Cone is extremely important to
ensure formation of consistent ion droplets.

The mass of the 9C HP is 6865.5 amu, its complement has a mass of 7225.7 amu,
and the hybrid has a mass of 14091.2 amu (IDT OligoAnalyzer). The most abundant
charge species of the 9CHP and the 9GHP were between Z = 4 and Z = 7, while the most
abundant charge species of the hybrid was between Z = 7 and Z = 9.
When analyzing the mass spectrum of a solution there a couple different ways of
identifying what mass the different M/Z peaks in the spectrum correspond to. The most
straight forward technique is simply to look in the spectrum for where you expect to find
a peak based on the mass and charge of the molecule you are looking for. For example, if
I wanted to know if the bare (no silver) 9C HP was present in the solution with charge Z
= -5, I could subtract 5 (because five protons would have been stripped off of the DNA to
form a charge -5) from 6865.5 then divide by 5 and look for a peak at 1372.1 M/Z. If
there is a peak at the expected location it’s a pretty good indication that that species is
present. However, since there a usually a number of charged species with different Z
present, and, in the case when I mix a complementary strand with the 9C HP, there can be
molecules of differing masses in the solution, the straight forward technique can be
deceiving (i.e. in that a charge -4 of the 9CHP with an 11 Ag atom cluster has almost the
same m/z value as a charge -7 of the Hybrid strand with no Ag atoms attached).
A more reliable method of identification relies on examining the smaller
“isotope” peaks that make up the larger M/Z peaks (Figure 2.5). These peaks correspond
to molecules with different abundances of the naturally occurring isotopes of the atoms
that the molecules are made of. Thus the isotope peaks are separated by 1 mass unit. If
these peaks are identifiable then the charge of that peak can be assigned, because the
spacing in M/Z between the isotope peaks is equal to 1 divided by the charge (for

instance, if the spacing between isotope peaks is 0.2 that the charge is -5, 1/5 = 0.2).
Hence you can identify the mass of the species as Z x M/Z.
The last method of identification is to examine adduct peaks that come just after
the main M/Z peak in the spectrum. In my case it was common to find sodium adducts,
and given that the mass of sodium is ~23 amu, the spacing between the main M/Z peak
and the first adduct peak could be used to identify the charge of the peak (for instance, if
the spacing between the main peak and the first adduct was ~3.29 then the charge is -7,
23/7 = ~3.29).
Mass spectrometry using the QTOF instrument gives the mass of molecules in the
solution to very high accuracy, typically about 0.1 Dalton, or 1/10 the mass of a hydrogen
atom. It can also provide some very rough information on how much of a given molecule
is present in solution, through the number of counts per second detected for that
molecule. However, because the counts/sec depend on how easy it is to ionize the
molecule as well as on the concentration of the molecule in solution, it is very difficult to
use mass spectroscopy to get a quantitative estimate of the relative concentrations of
different molecules in solution.

Figure 2.5 - Example mass spectrum, zooming in on an m/z peak to show "isotope" peaks.

Gel Electrophoresis
As stated in the introduction the main purpose of this research is to evaluate whether
mixing complementary strands with fluorescent DNA solution can assist in separation of
different fluorescent species, allowing for each species to be studied individually. The
method that would be utilized to actually perform the separation is Gel Electrophoresis
(though my group is also looking into the use of high performance liquid
chromatography, HPLC). This technique uses an electric field to move molecules in
solution through a polymer gel matrix. The rates at which the molecules move through
the gel depend on their mass, charge, as well as their geometric structure (a loose,
sprawling DNA molecule will move much more slowly through the gel than a tight,
compact one). After a solution has been left to migrate through the gel for a certain
amount of time, usually several hours, bands of similar molecules (size and mass) form at
various vertical heights in the gel. These bands can then be cut out and studied.
A Polyacrylamide Gel (10% Acrylamide) was used for electrophoresis
experiments prepared in 40mL quantities with chemical amounts as follows: 10mL of
40% Acrylamide (Fischer Scientific, Electrophoresis Grade); 2mL of 800mM
Ammonium Acetate (GR ACS grade crystals from EMD Chemicals Inc., assay min.
97%); 350 µL of 10% Ammonium Persulfate (APS) (Acros Organics, Assay Iodometry
>99%);

30

µL

of

Tetramethylethylenediamine

(TEMED)

(Fischer

Scientific,

Electrophoresis Grade); and 27.132 mL of Deionized H2O (for final volume of 40 mL).
Just before injecting my solution sample into the gel the solutions are mixed with
glycerol, 5 parts sample to 1 part glycerol.

Six-inch plates were used, with a potential of 60 Volts setup for the gel runs.
After removing the gel from the "unit" we would first place it over a Spectronics,
Spectroline, Slimline UV Transilluminator, to see what material is fluorescent in the gel.
Then the gel is stained with SYBR Gold nucleic acid gel stain, from Invitrogen, so that
when placed over the UV Transilluminator all of the DNA can be seen.

3. Results

I. Hybrid Tests with the 9G Hairpin (Full Complement)
The first strand we choose to attempt to hybridize with the fluorescent 9CHP’s was its
full (reverse) complement (chapter 2, section I), the 9GHP. This seemed like the natural
choice seeing as how the more potential base pairs in the resultant molecule the lower its
energy state and hence the more likely that molecule will readily develop in aqueous
solution. The first step was to synthesize fluorescent 9CHP's (chapter 2, section II), then
test whether the addition of the complement strand would alter or destroy the
fluorescence since this technique would certainly be of little use, if this were the case, as
a tool to study the fluorophores. All Fluorescence and Mass Spectroscopy data presented
in this section is from solutions with final solutions concentrations:
25μM
25μM
40mM
75μM
25μM

9C Hairpin
9G Hairpin or TG9T
Ammonium Acetate
Silver Nitrate
Sodium Borohydride

(Where indicated that the complement was added)
(Where indicated that the solution was reduced)
(Where indicated that the solution was reduced)

*Absorbance data was taken after diluting the above solutions by a factor of 10.
Specific concentrations at each step of the synthesis process varied due to varying
amounts of solution that I was required to make up for a range of experiments. One
example of a synthesis process is: 1) Mix 140 μL of 75 μM 9CHP with 30 μL of 250
mM Ammonium Acetate, anneal solution. 2) Mix 20 μL of 1.575 mM Silver Nitrate with
the annealed solution, allow this solution to rest for ~1 hour in the fridge. 3) Reduce this
solution with 20 μL of 525 μM Sodium Borohydride. 4) For hybrid solutions mix this,
equi-volumetrically, with 50 μM 9G Hairpin in 40 mM Ammonium Acetate.

‘Red Peak’

‘Green Peak’

Figure 3.1 – Fluorescence of Reduced 9CHP + (a) more buffer (for equal concentration of
9CHP in both solutions (b) 9GHP, exhibiting nearly identical spectrums at ~1.5hours after
reduction, time variation of the “Green” and “Red” peak are shown in fig. 3.2. The color scale
goes from red, the lowest, to violet, the highest. The diagonal lines along the top left are
scattered light peaks.

(a)

(b)

Figure 3.2 – Time dependent behavior of the (a) “Red” and (b) “Green” fluorescence peaks. The
“Red” peak is very bright at first, peaking ~0.5 hrs after reduction, then decays to almost nothing
after ~24 hrs. The “Green peak is slow in it’s formation, reaches it’s max ~24hrs after reduction,
then is stable for well over a week.

The fluorescence spectrum was not alerted in any significant way by the addition
of the complement strand (Figure 3.1). The peak emission intensities of the fluorophores
were consistent in both their position in the spectrum (i.e. excitation-emission wavelength
'coordinate') as well as the time dependent behavior (i.e. formation and degradation)
(Figure 3.2 & 3.3). This indicates one of two things: either the complement strand is

blocked from binding to the 9CHP's which fluorescence, or the complement is binding
but this binding does not affect the fluorophore. Of these the first is far more likely since
it seems highly unlikely that, if the complement were to bind to a fluorophore, it would
not alter its photo-physical properties in some detectable way.

Figure 3.3 – Excitation Emission coordinates of “Red” and “Green” peaks, showing nearly
perfect agreement between solution with and without the addition of the 9GHP (complement)
strand. Gaussian fits of the raw data were used to determine these peaks and this method
results in an error of approximately 1 nm in both the excitation and emission coordinate; given
that the Green peak fluorescence coordinate, (emit λ, excite λ), is (530, 405) and the Red
coordinate is (625, 562).

An interesting result I found early on in this project (and which I have
subsequently confirmed through repeating the experiment) was that a solution showed
little to no fluorescence when a standard synthesis (chapter 2, section II) is performed on
strands which where first mixed then annealed. This was done to promote the most
hybridization possible, since the annealing process denatures the strands this process

should result in the formation of mostly double helix structures when the solution cools
(Figure 3.4).

This result, which I

didn’t think much of at the time,
turned out to be of significance later
on when the mass spectroscopy data
seemed

to

indicated

little

hybridization was occurring, even in
solutions where the strands had been
annealed together (more on this later).
The next step was to find out

Figure 3.4 – Fluorescence data from a solution
where the 9CHP and the 9GHP’s were annealed
together in solution, rather then adding the 9GHP
after reducing the 9CHP. This solution showed
very little fluorescence indicating that most of the
strands had hybridized.

if, in fact, there was any hybridization happening between the molecules (fluorescing or
not and with any number of silver atoms) when they were mixed. For this I turned, first,
to absorbance spectroscopy, and later, to mass spectroscopy. We thought, initially, that
absorbance measurement, of the various solutions (bare strands, reduced strands, mixed
9CHP and 9GHP solutions, etc.) would give us a good idea of the amount of
hybridization happening in mixed solutions, or at least an indicate if any was occurring at
all. As explained in chapter 2 section IV, it was expected that the hybrid molecule would
have a lower UV absorbance then the strands by themselves. However, it turned out that
the absorbance of the hybrid was very similar to that of the two strands mixed in solution,
more specifically the absorbance of the mixed strands did lower over time but the change
was not significant enough to warrant drawing firm conclusions (Figure 3.5).
Presumably this is because the base stacking may not lower the absorbance by a very
significant amount,. Or it may be due to the fact that absorbance measurements, in my

experience, are quite difficult to repeat. With this knowledge I have spent little time
analyzing the absorbance data since it is not likely to yield much pertinent information.

(a)

(b)

Figure 3.5 – (a) Absorbance measurements showing that the 260 nm absorbance of a solution
containing 9CHP (unreduced) and 9GHP, mixed together after being annealed separately, does
lowering over time. However the 260 nm absorbance of the “hybridized” solution (where the
9CHP and 9GHP had been mixed together then annealed) turned out to be in between these
measurements. (b) Detail of 260nm absorbance measurement with error bars indicating
uncertainty in concentration of solution through analysis of synthesis described at the
beginning of this chapter

At this point I turned to mass spectroscopy in hopes of getting a better picture of
what happens (how much hybridization) to the strands when mixed. The raw mass spec
data indicates that some, but not a lot, of hybridization was happening when the 9GHP
was mixed with the reduced (or bare) 9CHP (Figure 3.6).
From the hybrid peaks which are identifiable it appears that Ag:9CHP’s with
silver atom clusters larger then 3 or 4 atoms resisted hybridizing with the complement.
So it seems that the larger silver clusters make hybridization significantly more difficult.
It may be that the larger clusters do not allow binding to occur by basically getting in the
way of too many of the Watson-Crick pairs that the resulting structure is unstable, or it

may be that the larger clusters actually stabilize the hairpin structure of the fluorophore
making it difficult for the 9CHP to “unzip” and form a duplex. The data also suggests
that the small silver clusters bound to the 9CHP's actually making hybridization with the
complement strand easier. Since, regardless of the deceptively small sign of the hybrid
peaks, the data shows significantly more hybrid abundance when the complement is
added after reduction (Figure 3.6). This mostly like occurs because when a silver atom(s)
bind to the hairpin structure they destabilize the secondary structure (i.e. the hairpin
shape, as oppose to the primary structure, or base sequence) allowing the complement
move in and bind. As noted above, however, no hybrid strands where observed with
more than 4 silvers bound indicating there an interplay between the silver binding and
destabilizing the secondary structure, allowing for hybridization to occur more readily,
and too many silvers binding so that the cluster actually becomes a hindrance (by
blocking too many binding sites) to producing stable hybridized molecules.

z=-5, Bare 9CHP
z=-5, Bare 9GHP
(Complement)

z=-5, Bare 9CHP + 1Ag

z=-10, Bare Hybrid

m/z
Figure 3.6 – Mass spectra of Reduced and Unreduced (Bare) 9CHP mixed with the 9GHP
(complement). In both spectra the bare strands are visible, and the hybrid peak is visible,
though very small in the unreduced solution, its presence is slightly more pronounced for the
z=-7 charge state. The bare DNA m/z peaks were identified by the spacing of their isotope
peaks while the hybrid m/z peaks were identified by their Ammonium adduct peaks. Both
data sets were taken ~24 hours after reduction/mixing strands

z=-4, Bare 9CHP

z=-8, Bare Hybrid

z=-4, Bare 9GHP
(Complement)

m/z
Figure 3.7 - Mass spectroscopy measurement of the 9CHP and 9GHP together in solution;
either annealed separately then mixed or mixed together than annealed. This data shows the
height of the bare 9GHP peaks decrease by a factor of ~3 when the strands are annealed
together, and while the hybrid peaks do rise significantly the largest peak (z=-8) is still roughly
three times less than the highest bare 9CHP peak (z=-5, not shown here). Curiously the bare
9CHP peaks themselves are much the same when the strands are annealed together. I believe
this is because there was a slight excess of 9CHP in this solution so that while most hybridized
(and, as I'll explain in a moment, was not detected) the amount left was still the most abundant
species in our m/z range. The spacing of isotope peaks identified the single stranded m/z
peaks, the hybrid was identified by adduct peak.

As a check on the reliability of the mass spec data I ran a sample of a solution
containing 9CHP’s that had been annealed with 9GHP’s. This data, too, showed a small
amount of hybrid molecules relative to the bare DNA strands, particularly the 9CHP
(Figure 3.7). This outcome seemed highly suspect considering the fact that most of the
complementary DNA should hybridize when denatured in the same solution and allowed
to cool back down. A more thorough analysis of the hybrid (not annealed together) mass
spectrums shows that, while not much hybridized molecules can be detected, the peaks
representing single 9GHP strands dropped significantly when the annealed with the
9CHP (Figure 3.7). Similarly the heights of the reduced (or bare) 9CHP peaks in the
mass spectrum lowered significantly when the complement was introduced after the
annealing process (Figure 3.6), left versus right axis. When faced with this seeming
conflict (should be a lot of hybrid molecules, at least in the solution where the strands

where annealed tighter, but very little is seen in the data) I returned to the fluorescence
data taken when the synthesis is performed on the strands annealed together (Figure 3.4).
To assure myself that was not a fluke I redid the experiment (this time with my second
potential hybridizing strand as well, which I’ll describe in the next section) and found the
same results, i.e. very little fluorescence.
My hypothesis, as to what was going on here that would explain the inconsistency
is that our m/z range was simply not sensitive where the most abundant charge peaks of
the hybrid occur. Work done by K. J. Light-Wahl et al. shows that similar charge states,
of the hybrid (duplex) molecule, to that of the single stranded DNA were found to be the
most abundant.[7] The most abundant charge states of the 9CHP and the 9GHP and
between 7 and 4, where z = 5 is consistently the most abundant (Figure 3.9). Assuming
this is true for my strands as well (which seems reasonable considering their single
strands were 20 bases in length and mine are 23) I would expect to see the best signal for
the hybrid molecule at m/z = 2817 (z = 5). If one studies the mass spectrums (Figure 3.8)
one can see that the sensitivity range begins to die off at ~2000 m/z, so I conclude that

m/z
Figure 3.8 - Two segments from one mass spec measurement of the 9CHP annealed with the
9GHP; showing largest m/z peak of the bare 9CHP is still much larger than the largest m/z
peak of the hybrid.

z = -7

z = -6

z = -5
z = -4

z = -6

z = -5

z = -7

z = -4

m/z
Figure 3.9 - Mass spectra of (a) bare 9CHP and, (b) bare 9GHP, indicating most dominate
charge states of the bare strands is z = -5 to -6.

the range of m/z values I scan over are not the best for spotting the hybrid, and
consequently it would be better to begin the spectrum scan at ~1000m/z and look out to
~3500m/z. This I have not had a chance to do but may yet during the beginning of
summer break.
Even if this hypothesis turns out to be correct, however, the mass spec data still
does tell us for sure that there still is a significant amount of bare 9CHP in the hybrid
solutions which undermines the aim of my project, at least as far as using full
complement goes.
The last step in evaluating the full (reverse) complement to the 9CHP as an
effective isolation tool was to run an electrophoresis gel with the reduced solutions that
had the 9GHP added to them, and then check the solutions in the mass spectrometer to
see if in fact we produced a ‘pure’ solution. While it is pretty conclusive at this point in
this paper that this was probably a lost cause it was not so clear at the time we decided to
go ahead with the gel run, nor would it have been prudent to not perform such an
experiment regardless of what we thought was going on. As I’ve come to realize through

experimental work, in spite of what one thinks maybe going on in one’s experiments it’s
never best to assume that is what’s happening.
The gel run itself (specifically vertical position of “bands” in the gel) was not as
conclusive I might have liked. This was probably due to my inexperience performing
this type of experiment. However the photos of the gel before (when only fluorescent
molecules are visible) and after staining (when all DNA is visible) seem to confirm my
conclusions drawn from the previous data. Namely that there is some hybridization
occurring when the complement is added to the fluorescent 9CHP solution, but this
hybridization is only partial and hence not sufficient for the purpose of isolating the
fluorophores (Figure 3.10). Some things that can be said for sure are that, from (a), the
Green emitter was not affected significantly by the addition of the 9GHP. From (b), the
strands annealed together did not hybridize completely, since there are two distinct
“bands” in that lane. Also from (b), the addition of the complement strand was not
insignificant, since the reduced columns with 9GHP showed two distinct bands rather
than a continuum of bands like the reduced 9CHP without the complement added.
Mass spectroscopy data taken after the gel run of the fluorescent bands in figure
3.10 (1) showed almost solely 9CHP peaks (there were peaks where the 9GHP would be
expected but, even if they did correspond to that strand, they were extremely small)
(Figure 3.11). Again these results confirm what was previously thought to be occurring.
First, some hybridization does occur when the 9GHP is added to the 9CHP after full
synthesis. This can be drawn from the fact that the size of the 9CHP peaks is smaller in
the solution where the 9GHP was added then when it was not, the m/z peaks are on
average over the three prominent charge states is 3.23 times higher.

Second, the

hybridization is not complete, in the sense that every 9CHP does not bind to a
complementary strand when in solution.
If these experiments had succeeded in the desired manner I should have only
observed Ag11:9CHP in the mass spectrum.

Ag0:9CHP
Ag1:
9CHP

Ag2:
9CHP Ag3:
9CHP

Ag4:
9CHP

Ag6:9CHP

Ag11:9CHP

m/z
Figure 3.11 – Mass spec measurement taken of material eluted from slice cut out of gel before
staining, “9CHP (no MeOH) + 9GHP”. A separate gel was made for the purpose of cutting
bands out and sending material through the mass spec; this is necessary because the stain
cannot go in to the mass spectrometer. In this spectra bare as well as Ag:1-7, and barely 11,
are visible.

(a)

(b)

Figure 3.10 – Photographs of the electrophoresis gel (a) before staining with SYBR Gold and
(b) after staining the gel with SYBR Gold. I have concerns about the reliability of these
experiments, first because this was my first gel run and it usually takes several before one starts
to get good results with this technique. But secondly, and more pressing, is the fact that the
“Empty Lane” did not turn out to be empty, implying that (at least near the edge of the gel) there
was bleeding between columns.

I. Hybrid Tests with the TG9T (Loop Complement)
The next step in my project, after that the full (reverse) complement was found to not be a
viable candidate, was to move onto another complementary strand that may do the trick.
We decided that a strand which was complementary to the loop of the 9CHP may be able
to bind easier since (theoretically at least) the 9CHP doesn’t have ‘unzip’ to bind to this
new strand.
Again my first tests were fluorescence measurement to see that introduction this
new strand does kill the fluorescence. As with the 9GHP, the addition of the TG9T did
not alter the fluorescence of the solution (Figure 3.12).

(a)
(b)

(b)

Figure 3.12 – Fluorescence taken ~26 hours after reduction of the (a) 9CHP and the (b) 9CHP +
TG9T complementary strand. The spectra are essentially identical.

When analyzed in the mass spectrometer I saw almost no peaks corresponding to
the hybrid, 9CHP+TG9T, and the bare strand peaks were significantly smaller in the
solutions where the strands had been mixed together (Figure 3.13). So there may be
hybridization occurring when the TG9T strand is added though not, it seems, in
significant quantities to render this strand a good candidate for our purposes.

Z = -6,
Bare 9CHP

Z = -3,
Bare TG9T

m/z
Figure 3.13 – Mass spec measurements of the bare 9CHP, bare TG9T strand, and those
strands mixed together. In the mixed solution the bare peaks are significantly smaller;
however hybrid peaks are not observed. All peaks were identified by spacing of isotope peaks.

Figure 3.14 - Normalized fluorescence spectrum, taken 1.4 hours after reduction, of solution
where a reduction was preformed on 9CHP that had been annealed together with the TG9T,
showing characteristic Red and Green 9CHP fluorophore peaks (i.e. coordinate peaks (530, 405)
& (625, 562)). There is something interesting going on is this solution, however since the green
and red peak intensities are roughly equal (~0.034 au), and this happens at ~10 hours after
reduction in solutions with just the 9CHP. The intensity is characteristic of the green peak for
this time but the red is approximately 3 times dimmer than expected (should be around 0.1 au).

Additionally I performed the same sort of fluorescence test I had with the 9GHP,
where the two strands are first annealed together in solution then silver is added and
finally the solution reduced.

Here, unlike with the 9GHP, I saw a far amount of

fluorescence, and the spectra were characteristic of the 9CHP fluorescence (Figure 3.15).
This indicates that the 9CHP less likely to form a duplex then with the TG9T then the
9GHP since the fluorescence being characteristic of the 9CHP is indicative of silver
binding to the loop cytosine’s, and this is where (presumably) the TG9T strand would
bind.
To date I have not performed an electrophoresis gel experiment with were the
TG9T was add as the complementary strand, and in all likelihood I will not do this
mostly because it seems highly unlikely that I would get a positive result but also because
I’ve simply run out time.

4. Conclusion

The results of these hybridization tests have been, while not completely successful, very
positive and promising. It was shown that the mixing of the complement strand (at least
the 9G Hairpin) bound to 9C Hairpin in a way that may allow us to isolate the (or
possibly even a single) fluorescent species.

This would be possible because the

Ag:9CHP species that did hybridize to the complement were only those with small (1-4)
silver atom clusters, while the fluorophores are formed by significantly larger (11 or 13)
clusters.[3]

The binding of the full reverse complement was shown to differentiate

between fluorescent and non-fluorescent species.
There are two promising routes that might assist in forcing more complete
hybridization to occur in solution.
First, by altering the DNA strands (9CHP and 9GHP) slightly we may be able to
promote complete hybridization of the 9C Hairpin’s with small silver atom clusters. This
alteration is known as an “overhang,” sticky end,” or “toehold” [8] (Figure 4.1, Toehold).
By creating a toehold for the strands to latch on to each other that is not part of the
hairpin structure, specifically a single stranded segment that continues off one end of
each hairpin, we can increase the preferability of the complement to bind to the 9CHP’s
because the strands would each have (complementary) segments that do not need to
“unzip” in order to hybridize. With this starting point it will be much more likely that
complete hybridization of the non-fluorescent species would occur.
Second, we might invoke Le Châtelier's principle, stated generally as “Any
change in status quo prompts an opposing reaction in the responding system,” and

simply increase the concentration of the complement strand (9GHP), a reactant in the
hybridization reaction. By doing so we might force a more complete hybridization with
the non-fluorescent 9C Hairpin species.

Since the reaction (i.e. hybridization) was

observed and the “status quo” in this case is a 1:1 ratio of 9CHP to 9GHP which resulted
in only incomplete hybridized of the non-fluorescent molecules, increasing the amount of
9GHP relative to 9CHP would presumably result in more hybridized molecules. A 1:3 is
probably the least that the concentration of complement should be increased by; 1:5,
1:10, and 1:15 would good to tests as well.

Toehold

Figure 4.1 – Schematic of hairpin with “toehold” added to the 5’ end of one of the base
sequences and the 3’ end of the other.
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